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Serravallian (middle Miocene) coralline algal assemblages at the southern margin of the Guadalquivir Basin (southern Spain) occur as rhodoliths preserved in situ or very close to their growth habitats (autochthonous–parautochthonous assemblages) and also as reworked remains (allochthonous assemblages). The former assemblages consist of spherical rhodoliths built up by encrusting to warty plants and also of large fragments of branches, whereas the latter are mostly unrecognizable small fragments occurring in channeled packstone–grainstone beds. In both cases, the most abundant components are members of the order Hapalidiales (Mesophyllum roveretoi, Mesophyllum sp., Lithothamnion ramosissimum, and less frequently Phymatolithon group calcareum and Lithothamnion group corallioides). Laminar growths of Lithoporella minus and branches of Spongites group fruticulosus and Sporolithon sp. occur very rarely. There are also anecdotal records of Subterraniphyllum thomasii, extending its upper stratigraphic range up to the Serravallian in the western Tethys. The autochthonous–parautochthonous coralline algal assemblages formed in a middle ramp, at several tens of meters of water depth, as suggested by the dominance of Hapalidiales. The allochthonous assemblages represent fragments of coralline algae derived from the middle ramp and redeposited in deeper settings, most likely the outer ramp, due to storm-generated currents.
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INTRODUCTION
The Serravallian (middle Miocene) is a time interval of global temperature decline following the middle Miocene climatic transition. Superimposed to the climatic trend, deep paleogeographic transformations affected the Mediterranean during the middle Miocene, mostly due to tectonism associated with the relative movements of the African, Arabian, and Eurasian Plates: 1) restriction of the Paratethys to become a megalake during the late Miocene (Rögl, 1998; Meulenkamp and Sissingh, 2003; Palcu et al., 2011), 2) disconnection of the Mediterranean from the Indian Ocean (Rögl, 1998; Cornacchia et al., 2021), and 3) folding and thrusting at the western Mediterranean that led to the uplifting of the Betic-Rif mountain belt (Galindo-Zaldívar et al., 2000; Pedrera et al., 2012; Ruiz-Costán et al., 2012). The interplay of the climatic evolution, tectonic–paleogeographic changes, and sea-level fluctuations during the middle Miocene had critical effects on the paleoceanography of the Mediterranean, which, in turn, controlled carbonate production (Cornacchia et al., 2021).
In the Betic Cordillera, several carbonate ramps with varying siliciclastic supplies developed associated with the newly emerging reliefs during the Serravallian. These carbonate deposits, although widespread in the region, are poorly known, except for the Serravallian carbonate ramp located at the western end of the North-Betic strait (Braga et al., 2010a), which connected the Mediterranean Basin with the Atlantic Ocean at the front of the uplifting Betic orogen (Martín et al., 2009). Further west–southwest, coeval Serravallian carbonates occur at the southern margin of the Guadalquivir Basin, the foreland basin of the Betic Cordillera. They are heterozoan carbonates dominated by coralline algae, larger benthic foraminifera (LBF), echinoderms, bryozoans, serpulids, and mollusks.
In this study, we investigated the coralline algae in Serravallian limestones at the southern margin of the Guadalquivir Basin that crop out in the vicinity of Jimena, Bedmar, and Jódar (Jaén Province, SE Spain). The coralline algae are major biotic components in these carbonates, occurring in densely packed rhodolith beds and as dispersed fragments together with other bioclasts. Rhodolith coralline algal composition, shape, and size are valuable tools to infer the paleoenvironmental contexts in which they grew (e.g., Aguirre et al., 2017). In a regional context, the paleogeography and tectonic scenario at the southern margin of the Guadalquivir Basin during the middle Miocene played an important role in controlling carbonate deposition and the main biotic carbonate producers. At last, rhodolith-dominated deposits were widespread in the Mediterranean during the middle Miocene (Braga, 2017; Cornacchia et al., 2021). Therefore, the study of the Serravallian coralline algae and rhodolith beds, together with the analysis of their lithofacies and stratal geometry, is key to understanding the significance of this type of deposit in carbonate production within the western Mediterranean.
GEOGRAPHIC LOCATION AND GEOLOGICAL SETTINGS
The Serravallian carbonates were studied in three areas of the Jaén Province (SE Spain): 1) Cerro de la Atalaya, a hill immediately south of Jimena, 2) southeast of Serrezuela de Jódar, and 3) Cerro Hernando–Cerro de Fontanar, east of Jódar (Figure 1).
[image: Figure 1]FIGURE 1 | (A) geological map of the Betic Cordillera with indication of the study area NE Jaén. (B) geological map of the study area. Asterisks indicate the location of the stratigraphic columns.
These areas are located at the southern margin of the Guadalquivir Basin, the foreland basin of the Betic Cordillera (Figure 1A). This is a mountain belt in the western Mediterranean Alpine orogen that can be divided into three main tectonic domains: 1) the Internal Zones, mostly made up of metamorphic rocks; 2) the External Zones, consisting of the thrusted and folded sediments accumulated at the southern margin of the Iberian Plate; and 3) the Campo de Gibraltar or Flysch units, formed in deep-water fan systems in areas between the two former domains (García-Hernández et al., 1980) (Figure 1A). The External Zones can be divided, in turn, into the Prebetic Zones, the paleogeographic area closest to the continent, and the Subbetic Zones, corresponding to more distal settings further to the south.
During the formation of the Betic Cordillera, the overgrowth of the orogenic wedge led to the flexure of the crust underneath, originating the Guadalquivir foreland Basin between the passive margin to the north and the active margin of the orogen to the south (Perconing, 1960-62; García-Castellanos et al., 2002). Large amounts of allochthonous deposits derived from the orogen frontal wedge, the Olistostrome unit (Figure 1A), were transported into the Guadalquivir Basin (Perconing, 1960-62; Roldán, 1995, 2008; Berasátegui et al., 1998; Rodríguez-Fernández et al., 2012, 2013). The study limestones unconformably overlies chaotic deposits of the Olistostrome unit and Mesozoic carbonates of the Prebetic Zones. They are folded and faulted due to the northward thrusting of the Betic front units (García-Tortosa et al., 2008; Sanz de Galdeano et al., 2013). Marls in the lower part of the study sections contain rich planktonic foraminifer assemblages of the late Serravallian, attributable to biozone M9 of Wade et al. (2011), including Fohsella fohsi, Sphaeroidinellopsis spp., Paragloborotalia siakensis, Globorotalia praemenardii, and Globigerina bulloides.
MATERIALS AND METHODS
Six sections were logged in the three study areas (Figure 1B). One hundred and five limestone samples were collected from the distinguished lithofacies intervals throughout sections. One rock sample was collected in each of these intervals, except in the rhodolith beds, where several samples were taken in the selected sampling sites. Ultrathin sections were prepared from all collected samples to analyze their microfacies and coralline algal assemblages. Relative abundance of bioclastic and terrigenous components was estimated using the comparison charts of Baccelle and Bosellini (1956). Coralline algae were identified at the lowest taxonomic level possible. Taxonomic identification of fragments was difficult because, in most cases, there were insufficient diagnostic characters preserved. The relative species abundance in lithified rhodolith beds is difficult to estimate as any quantification of component proportions had to be performed in thin sections under the microscope. The collection of rock samples and thin-section preparation is conditioned by several factors that prevent a simple random or systematic sampling and, therefore, bias the results. Taxonomic subdivisions follow the most recent molecular phylogenetic schemes (Peña et al., 2020; Jeong et al., 2021). The cementation of the study rocks precluded the extraction of isolated rhodoliths; therefore, the rhodolith shape has been analyzed in 2D sections at the outcrops. Rhodolith description (external shapes, algal growth forms, inner arrangement, etc.) and rhodolith bed characterization follow the terminology reviewed by Aguirre et al. (2017).
STRATIGRAPHIC SECTIONS
Both in the Cerro de la Atalaya and in the Cerro Hernando–Cerro Fontanar areas, Serravallian successions show similar stratigraphic patterns, consisting of marls at the base that change upwards to limestones and, finally, to silts and marls (Figure 2A). In the Serrezuela de Jódar area, Serravallian sediments unconformably overlie Cretaceous limestones (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) panoramic view of the stratigraphic section corresponding to the CH-2 section: Cerro Hernando–Cerro Fontanar area. Note the whitish marls in the lower part of the section and the carbonates on top of the marls. (B) panoramic view of the Serravallian carbonates unconformably overlying Cretaceous limestones in the Serrezuela de Jódar area.
Cerro de la Atalaya
The Serravallian deposits in Cerro de la Atalaya form a northward-verging anticline north of Sierra del Aznaitín, which is made up of Cretaceous limestones of the Prebetic Zones (García-Tortosa et al., 2008; Sanz de Galdeano et al., 2013) (Figure 1B). The lower part of the sections consists of marls rich in planktonic foraminifers. In the transition to the carbonate above, thin planktonic foraminifera-rich packstone beds intercalate with the marls (Figure 3). They change upwards to channeled fine- to coarse-grained packstones, rarely rudstones (Figure 3). The beds are decimeters up to a meter in thickness. The major components are benthic foraminifera (LBF and small forms), bryozoans, coralline algae, echinoderms, and bivalves, with varying proportions of planktonic foraminifera. Siliciclastic content, consisting of fine angular quartz grains, ranges from 10 to 50%. Above the channeled deposits, the coralline algal content substantially increases. In a lower interval, they occur in rudstone beds, 20–50-cm thick, as branch fragments and small rhodoliths (1–2 cm in diameter). This facies changes upwards to densely packed rhodolith beds (rudstones with rhodoliths embedded in a packstone matrix), up to 2-m thick (Figure 4A). The algal nodules reach up to 17 cm in the longest diameter (Figures 4B and C). The matrix includes LBF, bryozoans, echinoderms, bivalves, Ditrupa worm tubes and other encrusting serpulids, and scarce barnacles. On occasions, planktonic foraminifera are significant. Above the rhodolith beds, the Serravallian sections end with marls rich in planktonic foraminifers (Figure 3).
[image: Figure 3]FIGURE 3 | Stratigraphic sections in the Cerro de la Atalaya area, S of Jimena.
[image: Figure 4]FIGURE 4 | (A) plane-parallel densely packed rhodolith beds from the La Atalaya area: At-2 section. (B,C) massive rhodolith beds in the La Atalaya area: At-1 section. (D) trough crossbedding at the lower part of the Serravallian carbonates in the Jódar section. (E) channeled beds in the Jódar section. (F) Breccia including large angular boulders and cobbles in the CF section (Cerro Hernando–Cerro Fontanar area). (G) same breccia bed as in F but including numerous rhodoliths and coralline algal debris (whitish spots).
Serrezuela de Jódar
The Serravallian limestones crop out in a belt surrounding Serrezuela de Jódar and Serrezuela de Bédmar (also called Sierra de Bédmar–Jódar), a series of hills made up of Prebetic Cretaceous limestones (García-Tortosa et al., 2008; Sanz de Galdeano et al., 2013) (Figures 1B and 2B). One stratigraphic section, about 3 km south of Jódar, was logged (Figure 5). The lower part of the limestones consists of centimeter–decimeter-thick packstone–grainstone beds displaying rough trough cross-bedding (Figure 4D). The major components are LBF, bryozoans, echinoderms, bivalves, fragments of coralline algae, and scattered barnacles and serpulids (including Ditrupa). The terrigenous content (angular, fine-grained particles of quartz), although scarce, reaches up to 10%. Higher up in the section, decimeter-thick channeled beds of packstones occur (Figure 4E). They are rich in LBF, echinoderms, and bryozoans. The coralline algal content progressively increases upwards, and rhodoliths become the main components, originating densely packed rhodolith rudstone beds up to several meters in thickness (Figure 5) with a packstone matrix dominated by LBF, bryozoans, echinoderms, and, less frequently, serpulids and bivalves (pectinids and oysters). Above the rhodolith beds, the grain size decreases passing to centimeter–decimeter-thick packstone beds rich in planktonic foraminifera. Silts and marls end the Serravallian succession (Figure 5).
[image: Figure 5]FIGURE 5 | Stratigraphic section in the Jódar area (symbols as in Figure 3).
Cerro Hernando–Cerro Fontanar
The Serravallian deposits form the hills named Cerro Hernando and Cerro Fontanar, ENE of Jódar, and unconformably overlie chaotic materials of the Olistostrome unit (Figure 1B). The study carbonates form a homoclinal sequence dipping ∼15° to the NNW in Cerro Hernando and to the E in Cerro Fontanar. The study sections can be divided into two parts: the lower part made up of planktonic foraminifera-bearing marls and the upper part consisting of bioclastic limestones (Figures 2A and 6). The transition between both is gradual, characterized by fine-grained packstone beds, centimeter to decimeter in thickness, intercalated in the marls. The packstone beds are made up of planktonic foraminifer ooze and show a rough parallel lamination. Higher up in the section, marls pass to decimeter-thick plane-parallel bedded packstone rich in planktonic foraminifera with abundant benthic foraminifera as well as fragments of coralline algae, echinoderms, bryozoans, bivalves, and serpulids. Limestones change upward to decimeter–meter-thick channeled beds formed by alternating finer-grained (packstone) and coarser-grained (rudstone) beds up to the top of the Serravallian succession. Some beds show incomplete Bouma sequences, preserving layers A and B and, occasionally, layer C. The proportion of the terrigenous components can reach up to 5% of the rock volume. They are quartz sand grains and angular pebbles to boulders of Mesozoic limestone and sandstone. In the Cerro Fontanar, a 3-m-thick breccia containing cobbles and boulders (up to 1.2 m in diameter) is observed (Figures 4F and G). This breccia contains rhodoliths and abundant coralline algal debris, LBF, and bryozoans with varying amounts of echinoderms, bivalves, serpulids (including Ditrupa), and rare barnacles.
[image: Figure 6]FIGURE 6 | Stratigraphic sections in the Cerro Hernando–Cerro Fontanar area (symbols as in Figure 3).
In the upper half of the Serravallian succession, some channeled beds, 25–50-cm thick, contain rhodoliths and fragments of coralline algal branches as the main components, together with angular lithoclasts derived from the basement (Figure 6).
CORALLINE ALGAL OCCURRENCE AND TAXONOMIC COMPOSITION
In the Cerro de la Atalaya and Serrezuela de Jódar areas, rhodoliths occur in loosely to densely packed massive rudstone beds (Figures 7A–D), as well as in channeled facies. In the Cerro Hernando–Cerro Fontanar, rhodoliths are only found in channeled beds (Figures 7E and F). In all cases, rhodoliths are mostly spheroidal in shape with some ellipsoidal nodules. On average, the ratio between the shorter and larger axes is ca. 0.75, indicating the dominance of spheroidal nodules (Figure 8).
[image: Figure 7]FIGURE 7 | (A,B) rhodolith concentrations in the At-2 section (Cerro de la Atalaya area). Rhodoliths are spheroidal in shape, and some of them show an ellipsoidal morphology. Inner algal arrangement is characterized by concentric laminar-encrusting algal thalli. Rarely, i.e., right of the finger in (A), rhodoliths are made up of warty–fruticose algal plants. (C,D) rhodolith rudstones in the Jódar section (Serrezuela de Jódar area). As in Cerro de la Atalaya, rhodoliths are mostly spheroidal in shape and made up of laminar-encrusting algal thalli. (E,F) small rhodoliths and coralline algal fragments observed in the channeled facies of the Cerro Hernando–Cerro Fontanar area. Note that the size of the rhodoliths is smaller than the size of those present in Serrezuela de Jódar and Cerro de la Atalaya.
[image: Figure 8]FIGURE 8 | Size of the rhodoliths in the three study areas represented as the relationship between large and short axes. Red dots denote the average rhodolith sizes. Note the good adjustment of the size values to a straight line, indicating the dominance of spheroidal morphology. Number of measured rhodoliths: Atalaya, n = 25; Jódar, n = 23; Cerro Hernando–Cerro Fontanar, n = 13.
In the massive rhodolith rudstone beds, rhodoliths attain similar mean sizes both in Cerro de la Atalaya (5.2 × 3.8 cm) and Serrezuela de Jódar (4.5 × 3.5 cm), although the size range of the largest dimension is higher in Cerro de la Atalaya (from 1.3 to 17.4 cm) than in Serrezuela de Jódar (1.4–8.8 cm) (Figure 8).
Rhodoliths show nearly concentric inner arrangements with dominantly encrusting and warty coralline algal growth forms, less frequently fruticose, and small proportions of constructional voids (Figures 7A–D). Rhodoliths are built up by complex intergrowths of corallines with other encrusting organisms, such as benthic foraminifera, bryozoans, serpulids, and, occasionally, barnacles (Figure 9). In a very few cases, encrusting benthic foraminifera are more abundant than coralline algae, forming the so-called for-algaliths (Prager and Gingsburg, 1989) or macroids (Hottinger, 1983; Bassi et al., 2012). The nuclei of rhodoliths are bioclasts, mainly bivalves, bryozoans, coralline algae, and LBF, or lithoclasts.
[image: Figure 9]FIGURE 9 | Intergrowth of different organisms building up the rhodoliths. (A) laminar-encrusting Lithoporella minus (Lm) and Lithothamnion sp. 1. (Lh) intergrowing with bryozoans (Bry). Sample JOD-5 (Serrezuela de Jódar section). (B) Lithothamnion sp. 1 growing with bryozoan (Bry) and benthic foraminifera (BF). Sample JOD-8ii (Serrezuela de Jódar section). (C) intergrowth of different coralline algal species and BF. Sample JOD-9ii (Serrezuela de Jódar section).
Sixteen species of coralline algae have been identified, with representatives of the three calcified orders Sporolithales, Corallinales, and Hapalidiales (Table 1). However, in terms of taxonomic composition, rhodoliths are generally monospecific or paucispecific, with two to three species. Hapalidiales is the dominant group, with Mesophyllum roveretoi, Mesophyllum sp., and Lithothamnion ramosissimum being the most abundant, followed by Lithothamnion group corallioides and Phymatolithon group calcareum, (Figure 10). Additional Hapalidiales are anecdotal: Lithothamnion sp. 1 and Melobesia sp. (Figures 11A and B). The order Corallinales is scarcely represented, with Spongites group fruticulosus and Lithoporella minus standing out as the most frequent species (Figures 11C and D), with occasional records of Spongites spp., Hydrolithon lemoinei, and very rare fragments of calcified intergenicula of unidentifiable geniculates. It is also worth highlighting the scarce occurrence of Subterraniphyllum thomasii fragments in the lower part of the Cerro Fontanar (Figures 11E–G). At last, Sporolithales are only anecdotally present as branch fragments of Sporolithon sp. (Figure 11H).
TABLE 1 | Distribution of the coralline algal species identified in the study areas.
[image: Table 1][image: Figure 10]FIGURE 10 | (A) encrusting plant of Mesophyllum roveretoi. Sample JIM-CR-3 (Cerro de la Atalaya-2 section). (B) encrusting–warty thallus of M. roveretoi. Sample JOD-7 (Serrezuela de Jódar section). (C) superposition of encrusting thalli of M. roveretoi (Mr) and Mesophyllum sp. (Msp). Sample JIM-CR-4 (Cerro de la Atalaya-2 section). (D) fruticose plant of Mesophyllum sp. Sample JIM-CR-4 (Cerro de la Atalaya-2 section). (E) Lithothamnion ramosissimum. Sample JOD-7i (Serrezuela de Jódar section). (F) Lithothamnion group corallioides. Sample JIM-CR-5i (Cerro de la Atalaya-2 section). (G) Phymatolithon group calcareum. Sample JIM-CR-3 (Cerro de la Atalaya-2 section).
[image: Figure 11]FIGURE 11 | (A) Lithothamnion sp. 1. Sample JOD-8ii (Serrezuela de Jódar section). (B) Melobesia sp. Sample JOD-9ii (Serrezuela de Jódar section). (C) Spongites group fruticulosus. Sample CH-1.7 (Cerro Hernando-1 section). (D) Lithoporella minus. Sample JOD-9ii (Serrezuela de Jódar section). (E–G) Subterraniphyllum thomasii. Sample CH-3–1 (Cerro Hernando-1 section). (H) Sporolithon sp. Sample JOD-8 (Serrezuela de Jódar section).
Coralline algae in the packstone channeled lithofacies are mostly abraded fragments of branches and crusts. They occur in highly varying proportions, from 3% up to 50% of the rock volume. Small rhodoliths, from 0.9 to 5 cm in the largest diameter (mean, 2.6 cm) (Figure 8), and broken rhodoliths also occur. They show an inner concentric arrangement of thin encrusting and warty algal growth forms, with very rare fruticose plants. In some cases, the sediment filling up the internal voids of these rhodoliths is different (wackestone) from the sediment surrounding them (packstone), indicating that they are displaced from their growth places.
Most fragments do not show enough taxonomic features to be identified at any taxonomic level. Among the identifiable ones, the most abundant are branch fragments of L. ramosissimum, as well as crusts of M. roveretoi and Mesophyllum sp. On occasions, there are fragments of P. group calcareum, S. group fruticulosus, and Sporolithon sp.
DISCUSSION
Paleoenvironmental interpretation and sedimentary model
In Cerro de la Atalaya and Cerro Hernando–Cerro Fontanar, Serravallian carbonates rest conformably on top of planktonic foraminifera-rich marls and marlstones, which were deposited in basinal settings. The sediments at the transition between the marls and the carbonates represent a gradual facies change, characterized by sediment gravity flow deposits intercalated in the marls.
The overlying channeled packstones are interpreted as sediments reworked during storm events and redeposited offshore in low-relief channels formed by storm rip currents (see below). Similar storm-related deposits were described in Oligocene–Miocene carbonate ramps from southern Italy and Malta (Pedley, 1998). In Cerro Hernando–Cerro Fontanar, channeled beds dominate the Serravallian carbonate successions. Some of them contain abundant rhodoliths and angular lithoclasts, indicating that they were reworked from shallower parts of the ramp.
In the Cerro de la Atalaya and Serrezuela de Jódar areas, densely and loosely packed rhodolith beds overlie the channeled facies. The external algal covers of the rhodoliths are well preserved. In the case of fruticose algal growth forms, they show well-preserved slender branches. In addition, they do not show significant inner erosive surfaces, indicating that rhodoliths grew nearly continuously, without substantial interruptions due to episodic reworking and/or temporal burial that hindered algal growth. These features suggest that rhodoliths formed autochthonous–parautochthonous accumulations (factory facies) in low-energy conditions in the middle ramp. In parallel, in the Mediterranean Sea, present-day rhodolith beds extend from 9 to 150 m of water depth, but they preferentially occur at 30–75-m depth on average (Bressan and Babbini, 2003; Aguilar et al., 2009; Basso et al., 2017; Rendina et al., 2020; Del Río et al., 2022).
The most abundant rhodolith-forming species belong to the order Hapalidiales, Mesophyllum roveretoi, Mesophyllum sp., and Lithothamnion ramosissimum, with accompanying Phymatolithon group calcareum and Lithothamnion group corallioides. In the present-day Mediterranean, the genera Lithothamnion and Phymatolithon preferentially live at tens of meters of water depth, mainly below 30–40-m depth (Basso, 1995, 1998; Peña et al., 2015; Basso et al., 2017; Bracchi et al., 2019; Rendina et al., 2020). Recent Mesophyllum species in the Mediterranean have a wide depth range, from a few meters down to 80–100 m (e.g., Fravega and Vannucci, 1989; Athanasiadis 1999; Athanasiadis and Neto, 2010), but they show the highest abundance at 30–50 m (Hamel and Lemoine, 1952; Basso, 1995). Therefore, the dominant coralline algal association indicates that rhodolith beds formed in middle-ramp settings, most likely at about 40–50 m of water depth. The presence of the serpulid Ditrupa, a calcified worm typically inhabiting in deep-water settings of shelves (Le Loc’h et al., 2008; Aguirre et al., 2015), is consistent with this paleobathymetric interpretation.
As observed in present-day settings, the movement of rhodoliths in deep-water, low-energy settings could be produced either by the action of vagile organisms (Prager and Gingsburg, 1989; Marrack, 1999; Pereira-Filho et al., 2015; Millar and Gagnon, 2018; O’Connell et al., 2020) or by exceptionally intense storm events (Basso and Tomaselli, 1994; Joshi et al., 2017). Some of these high-energy events would rework sediment from shallow settings, including siliciclastic particles of variable sizes and fragments of different organisms. In our study case, storm events transported particles to deeper settings forming the channeled facies. The abraded fragments of coralline algal branches and other organisms, together with the presence of angular terrigenous granules to pebbles, account for the allochthonous nature of the algae. Therefore, the channeled packstone beds represent more distal deposits formed offshore the rhodolith beds and fed by biogenic components produced in the middle ramp. The homoclinal strata geometry observed in the Cerro Hernando–Cerro Fontanar area can be interpreted as the most distal parts of the middle-ramp or upper outer-ramp growth due to the accumulation of these storm-dominated deposits. In the recent Bay of Naples, Toscano et al. (2006) documented a similar rhodalgal facies system, characterized by production areas (rhodolith factories) in shallow ramps connected with offshore-transported rhodoliths in channeled facies.
Rhodoliths in the channeled beds are smaller and better sorted (smaller variance in size) than those present in massive rhodolith beds in Cerro de la Atalaya and Serrezuela de Jódar. These differences in rhodolith size among areas represent a sorting of particles in a proximal–distal transect along the ramp. That is, storm events swept rhodoliths from shallower areas on the ramp, and the smaller ones were able to travel longer distances offshore.
Rhodolith beds in the context of the middle Miocene Mediterranean Sea
During the early–middle Miocene, rhodolith-dominated deposits were globally widespread (Halfar and Mutti, 2005). In the Mediterranean, rhodalgal lithofacies peaked during the Langhian, coinciding with the Miocene climatic optimum and the subsequent mid-Miocene climatic transition, up to the Tortonian, when they started to decline (Braga, 2017). The final closure of the Eastern Mediterranean and Indian Ocean connections during the middle Miocene led to significant paleoceanographic changes and a major shift in carbonate producers in the Mediterranean, with coralline algae being one of the major carbonate producers in carbonate platforms (Pedley, 1998; Cornacchia et al., 2021). In addition, tectonics in the Mediterranean generated shallow carbonate platforms with reduced or no terrigenous supply that promoted widespread development of rhodalgal facies (Braga, 2017).
The autochthonous–parautochthonous rhodolith beds in the study area formed in ramps located at the southeastern margin of the Guadalquivir foreland Basin, in a wide passage connecting the Atlantic and the Mediterranean. Coeval deposits occur further to the northeast, in the Prebetic Zone (Braga et al., 2010a). Here, rhodoliths and loose algal branches, dominated by Lithothamnion, Mesophyllum, and Sporolithon species, as well as bryozoan colonies, formed at several tens of meters of water depth in the middle ramp (Braga et al., 2010a). All these Serravallian ramps formed surrounding newly emerged reliefs as a consequence of the Betic Cordillera uplift.
In parallel, during the middle Miocene, major development of rhodolith beds throughout the entire Mediterranean occurred overall in the middle–outer ramps, from 30 to 80 m of water depth (Studenki, 1979, 1988; Scott and Govean, 1985; Bucur and Filipescu, 1994, 2011; Randazzo et al., 1999; BouDagher-Fadel and Clark, 2006; Ruchonnet and Kindler, 2010; Brandano et al., 2017; Cornacchia et al., 2021). The rhodoliths in these rhodalgal facies are mostly accompanied by large and small benthic foraminifera, mollusks, echinoids, serpulids, and bryozoans (Halfar and Mutti, 2005). On occasions, scattered coral patch-reefs also occur associated with these rhodolith-dominated facies (Pedley, 1979; Bosence and Pedley, 1982; Scott and Govean, 1985; Studencki, 1988; Bucur and Nigorici, 1992; Buchbinder et al., 1993).
Offshore-transported rhodoliths, together with coralline algal debris, have been described in lower–middle Miocene deposits from the Piedmont Basin (NW Italy) (Vannucci, 1980; Fravega and Vannucci, 1982; Fravega et al., 1984, 1993; Basso et al., 2012), southern Apennines (SW Italy) (Checconi et al., 2010; Bassi et al., 2010, 2017), and Sardinia (Murru et al., 2015). In all these cases, reworked rhodoliths are mostly spheroidal in shape and built up by encrusting–laminar and warty plants concentrically arranged. Inferred basinward transport mechanisms are sediment gravity flows (Bassi et al., 2010, 2017; Basso et al., 2012; Murru et al., 2015) and, occasionally, storm currents (Checconi et al., 2010; Bassi et al., 2017). As aforementioned in the study of Serravallian deposits, allochthonous rhodoliths concentrate in wide and shallow channels piled up in continuous carbonate successions formed in the distal middle ramp or upper outer ramp due to storm events. Just in one particular case, in the Cerro Fontanar section, rhodoliths are embedded in a breccia with angular pebbles to cobbles (sometimes boulders). In this case rhodoliths were redeposited due to a high-density mass transport.
In terms of taxonomic composition and species abundance, it is difficult to compare our results with those previously published in other Mediterranean areas due to discrepancies in taxonomic practices and lack of chronologic precision (Braga et al., 2010b). For instance, middle Miocene Paratethys coralline algal assemblages from different areas in Poland are represented by up to 62 species (Studencki, 1979, 1988). Other studies, however, show more conservative figures, indicating approximately 20 coralline algal species from different Mediterranean areas (Vannucci, 1980; Fravega and Vannucci, 1982; Fravega et al., 1984, 1993; Bucur and Filipescu, 1994, 2011; Basso et al., 2012; Hrabovsky, 2019), a species richness similar to that identified in the Betic Serravallian coralline algal assemblages (16 species).
At last, it is worth highlighting the presence of Subterraniphyllum thomasii in the Cerro Hernando–Cerro Fontanar area (Figures 11E–G). This species was originally described by Elliott (1957) to refer to a geniculate coralline alga with a “distinctive vey coarse and irregular cell-mesh of the medullary tissue” (Elliott, 1957; p.73). Despite disagreements concerning its thallus organization, either geniculate (Elliott, 1957; Vannucci et al., 2000) or nongeniculate (Bassi et al., 2000), S. thomasii has been traditionally cited in upper Eocene–lowermost Miocene (Aquitanian) deposits, with its highest abundance and largest expansion during the Oligocene (Elliott, 1957; Bassi et al., 2000; Vannucci et al., 2000). Nonetheless, this species has been recently cited in middle Eocene deposits of the Betic Cordillera (S Spain), extending its lower stratigraphic range (Aguirre et al., 2020). In this study, we recorded S. thomasii in Serravallian carbonate deposits from SE Spain; thus, also widening the stratigraphic range of the species.
CONCLUSION
The coralline algae of Serravallian (middle Miocene) carbonate deposits cropping out in Jimena and in the vicinity of Jódar (Jaén Province, S Spain) have been studied. They occur forming rhodoliths and as coralline algal debris in two different paleoenvironmental contexts. Autochthonous–parautochthonous rhodolith beds, up to 2-m thick, were originated by the in situ production of the algal nodules in the middle ramp, at several tens of meters of water depth. The rhodoliths, averaging 4.5–5 cm in size, are spheroidal in shape and are built up by the intergrowth of laminar-encrusting coralline algae, less frequently warty and fruticose plants, with other encrusting organisms, such as benthic foraminifera, bryozoans, serpulids and, rarely, barnacles. Rhodolith-forming algal species are dominated by Hapalidiales: Mesophyllum roveretoi, Mesophyllum sp., Lithothamnion ramosissimum, and, less frequently, Lithothamnion group corallioides and Phymatolithon group calcareum. Accompanying species are Lithothamnion sp. 1, Spongites group fruticulosus, Spongites spp., Lithoporella minus, Hydrolithon lemoinei, and Sporolithon sp. It is worth mentioning the presence of a few fragments of Subterraniphyllum thomasii, a species previously considered extinct in the early Miocene.
Coralline algae also occur as rhodoliths and algal fragments in channeled beds characterized by rudstone containing angular cobbles to pebbles. Large and small benthic foraminifera, echinoderms, bryozoans, bivalves, serpulids (including Ditrupa), and barnacles occur with the algae. Rhodoliths are smaller than those formed in the middle ramp, averaging 2.6 cm in the largest diameter, spherical in shape, and formed by laminar-encrusting algal plants. These rhodoliths are composed of the same species as those described above. The rhodoliths and algal debris in the channeled facies are interpreted as elements formed in the middle ramp and transported offshore by storm currents. These mechanisms of transport produced segregation by rhodolith size; thus, the smaller ones traveled longer distances downslope.
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