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The Eocene Penicas (Almeria) and Harania (Mélaga) stratigraphic sections from the Malaguide Complex (Betic
Cordillera, South Spain) belonging to the Mesomediterranean Microplate from the westernmost Tethys (about-
35°N and 0° to 5°E according to the Eocene coordinates) have been studied. The Eocene sections cover the
Cuisian to middle Lutetian deposits, which show several lithofacies representing shallow marine platform realms.
Based on the fossiliferous assemblage, texture and fabrics, eight microfacies related to inner to outer ramp
settings were defined. In the inner ramp of the Harania section abundant colonial corals have been recognized.
The Eocene deposits are arranged into a transgressive succession composed by three minor transgressive-
regressive sedimentary cycles. The Eocene fossiliferous assemblage shows a mixture of photozoan (Larger Ben-
tic Foraminifera -LBF-, green and red calcareous algae and corals) and heterotrophic (mollusks, echinoids,
bryozoans, small benthic and planktic foraminifers) elements, suggesting euphotic to mesophotic conditions in
oligo-mesotrophic marine warm-waters at low-middle latitudes. This assemblage indicates a transition from
photozoan to heterozoan carbonates and in particular a shift towards outer marine ramp settings. During the
Early Eocene, the widespread distribution of LBF leads in the Tethyan domains to disappearance or extreme
reduction of coral constructions. Nevertheless, abundant corals associated to inner ramp realms have been
observed in the Harania stratigraphic section indicating that corals could continue to develop in the westernmost
Tethys at the transition to the Atlantic Ocean, in contrast with respect to other Tethyan sectors. Therefore, the
Ypresian-Lutetian time-span is a transitional period for the global temperature during which corals locally
survived only where optimal ecologic conditions occurred, preferably in marginal contexts, as it seems to have
happened in the studied area.

1. Introduction

The Paleocene-Eocene is a global mostly warm period (Kennett and
Stott, 1991) called Paleocene-Eocene Thermal Maximum (PETM; Zachos
et al., 2001), which maintained until the onset of a climatic cooling
corresponding to the latest Eocene culminating at the Eocene-Oligocene
boundary (Zachos et al., 1996). Nevertheless, successive short hyper-
thermal events alternating with cooler periods have been recognized
(Agnini et al., 2009; and references therein). So, the onset of the late
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Ypresian (Cuisian, SBZ10-11) corresponds to a warm period known as
early Eocene climatic optimum (EECO, 52-50 Ma; Zachos et al., 2001);
later, a cool period (post-EECO cooling event; Zachos et al., 2001)
dominated from the late Cuisian (SBZ12) to the early-middle Lutetian
(SBZ13-14), which was interrupted by two short warmer periods,
known as LLTM (late Lutetian thermal maximum) and MECO (middle
Eocene climatic optimum) (Zachos et al., 2001). Others terms used in
literature (Zachos et al., 2001) are Eocene Thermal Maximum —1 to —3
and Eocene Layer of Misterious Origin (ETM-1, ETM-2, ETM-3 and
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ELMO; this last equivalent to ETM-2). In this variable context, important
changes in biotic assemblages of shallow-marine environments also took
place.

Many extensive Eocene carbonate platforms are recognized in
different sectors of the alpine peri-Mediterranean chains and outside this
area. Their distribution fall on a wide range of paleolatitude ranging
from 50°N to 10°S and paleolongitude from 20°W to 80°E, according to
the Eocene coordinates (Miiller et al., 2019). Their shallow marine
(carbonate platform) deposits are well developed into two belts along
the Tethyan system (Scheibner and Speijer, 2008; Hontzsch et al., 2013;
Martin-Martin et al., 2020c). A northern belt (middle latitudes: about
40°N) was located from the Pyrenees to the Tibetan region comprising
the Alpine, Adriatic, Apennine, Carpathian, Great Caucasus, Hellenian,
Anatolian and Indian systems), while the southern belt (mostly below
25° N) extended from Morocco to Oman, including Tunisia, Libya, Egypt
and Arabia.

In these shallow marine settings, the Eocene deposits are usually
represented by wide platform belts. These platforms were rich in larger
benthic foraminifera (LBF) ranging from inner to open oligophotic ma-
rine conditions. It was also common the presence of interspersed sea-
grass and coralline algal maerl environments, and sporadic coral patch-
reef constructions (Martin-Martin et al., 2001; Kazmer et al., 2003;
Serra-Kiel et al., 2003a, 2003b; Vlahovic et al., 2005; Ozcan et al., 2010;
Rodriguez-Pinto et al., 2012; Serra-Kiel et al., 2016; Tawfik et al., 2016;
Morsilli et al., 2017; Pomar et al., 2017; Hadi et al., 2019; among
others). In these environments, the biostratigraphic analyses are based
on benthic communities living in shallow marine waters and, especially,
on LBF. Moreover, the recognized fossiliferous LBF associations have
allowed accurate dating of the stratigraphic sections with a good reso-
lution by using the Shallow Benthic Zones (SBZ) according to Serra-Kiel
et al. (1998).

Previous studies show that zooxanthellate coral-reef buildups (z-
corals) are widespread through shallow platforms along the central and
eastern Tethys during the Eocene p.p. These deposits are of neither great
dimensions nor dominant, because of the much widespread presence of
LBF. Only recurrent coral-reef patches are scattered on the broad LBF
accumulations, and developed in marine ramp settings in relation to the
temperature increase (EECO, SBZ10-11; LLTM and MECO events,
SBZ16-17). A general zonation and distribution of LBF and z-coral
events during the Cenozoic was deduced and formally proposed by
Pomar et al. (2017; and references therein).

According to Adams et al. (1990) and Langer and Hottinger (2000),
the LBF distribution is restricted to a worldwide climatic belt with a
minimum of temperature of 15-20 °C and controlled by the extent of
low nutrient water masses. The late Ypresian (Cuisian), corresponding to
the EECO event, was the peak in specific diversity in some groups as
alveolinids (Whidden and Jones, 2012) and nummulitid foraminifera
(Serra-Kiel et al., 1998). However, both groups suffered a significant
decrease in diversity during the late Cuisian, whereas a renewed phase
of increasing diversity is observed during the early Lutetian (Serra-Kiel
et al., 1998; Whidden and Jones, 2012; Martin-Martin et al., 2021). So,
the middle Eocene is usually considered the peak for LBF diversity in the
Tethys realm, which indicate optimal conditions to make this group
thrive in an intertropical belt, on broad homoclinal shallow marine
ramps free to be colonized and to develop new ecological niches
(Whidden and Jones, 2012; Martin-Martin et al., 2021). Under such
conditions, z-corals were not very widespread however, and they were
only present as small patches scattered in various ramp environments
throughout the circum-Tethyan region. A relationship with eco-climate
factors does not seem evident and this absence could be explained by the
presence of areas with nutrient-rich deep-water upwelling (Herbig and
Trappe, 1994; Scheibner and Speijer, 2008), locally controlled by
terrestrial run-off. In fact, the LFB are better adapted to these conditions
than corals.

A recent study (Martin-Martin et al., 2020c) concerning the upper
Ypresian (Cuisian) deposits of the eastern Malaguide Units (Sierra
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Espuna area, SE Spain; at about 35° N and 0° to 5°E according the
Eocene coordinates) pointed the presence of abundant z-coral buildups.
These deposits indicate that in the westernmost Tethys (transition at
mid-latitudes to the proto-Atlantic domain) coral-reefs continued to
develop as opposed to similar latitudes of other southern and western
Tethyan areas. In contrast, corals were found neither in the pene-
contemporaneous low latitude sedimentary successions of the moroccan
Ghomaride Unit and the north-african Rif (Maaté et al., 2000; Hlila
et al., 2007) nor in the Atlas platform (Morocco and Tunisia: Herbig and
Trappe, 1994; Scheibner and Speijer, 2008). In these north African areas
benthic associations are characterized by oyster reefs, coralline algae
and some heterotrophic elements as bryozoans, so noteworthing the
absence of LBF and corals with respect to coeval platforms of the
northern margin of the Mediterranean Tethys.

The paleogeography of the westernmost Tethys reconstructed by
many authors (e.g., Guerrera et al., 2021), showing the transition from a
narrow and deep ocean realm as the Maghrebian Flysch Basin (MFB) to
the Atlantic Ocean can explain fauna variations in these domains
(Martin-Martin et al., 2020a, 2020b, 2020c).

The present study proposes a lithostratigraphic reconstruction and
correlation of the Eocene successions outcropping in the Almeria and
Malaga sectors, and the description and interpretation of the micro- and
macrobiofacies recognized in these shallow-water marine successions
belonging to the central-western Malaguides (Internal Betic Zone: IBZ)
which was part of the Jurassic-lower Paleogene passive margins of the
Mesomediterranean Microplate (Guerrera et al., 2021).

The study reconstructs the main evolutionary stages and related
paleoenvironmental features of two Eocene p.p. carbonate platforms of
the Betic Cordillera located in the Almeria and Mélaga provinces (S
Spain) in the westermost Tethys. The results are discussed and compared
with coeval successions of other sectors of the Tethyan Domain.

2. Materials and methods

The methodological approach consists of field geological observa-
tions, including tectonic controls, reconstruction of the Eocene strati-
graphic record, lithological features, sedimentological observations, and
laboratory analyses, mainly addressed to define the fossiliferous content
especially for the large foraminifera, which are very abundant at
different stratigraphic levels.

The analyzed successions belong to the Malaguide Complex (Betic
Cordillera) and the study areas are located in two sectors (Fig. 1): (i)
Velez Rubio in the Almeria province (Central Malaguides) and (ii) El
Palo in the Malaga province (Western Malaguides). In particular, two
Eocene successions have been analyzed and sampled in detail, corre-
sponding to the Penicas section in Vélez Rubio, Almeria (log 1; thickness
115 m), and El Palo section in the Harania area, Mdlaga (Log 2; thickness
55 m), which show some well correlated stratigraphic intervals. During
the fieldwork several different litho-biofacies were differentiated and
described (Table 1). Nineteen samples from log 1 and 6 samples from log
2 were collected for thin sections (2,0 x 3.0 cm), which were prepared
for microfacies analysis (Table 2, Fig. 5) by using an optical microscope
Nikon Eclipse E 200, in order to interpret paleoecological features and
depositional paleoenvironments. Photographs were obtained by a digi-
tal camera (Nikon DS-Fi2) and images were transferred to a PC computer
using a Nikon’s Digital Sight DS-U3 microscope camera controller and
treated with the microscope imaging software Nikon NIS Elements F4.

The microfacies analysis and lithology description followed the
methodology of Fliigel (2010) and the terminology of Embry and Klovan
(1971). In order to differentiate microfacies assemblages, all the allo-
chem components and matrix were characterized and visually estimated
in thin sections (Table 2).

The identification of nummulitid foraminifera followed Loeblich and
Tappan (1987). Assilina genus includes both traditional evolute tests
with low spiral growth forms (Assilina s.s.) and the evolute open spiral
growth forms with simple septa (not folded) named ‘operculiniform
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Fig. 1. Introduction to the geological framework. A) Western Mediterranean alpine chains: Betic-Rif Cordillera, Tell, Apennines; B) Mesozoic Paleogeographic sketch
of the central-western Mediterranean area modeled by GPlates software according to Guerrera and Martin-Martin (2014; modified), with location of the studied and
compared sectors: Ma (Malaguides of the Internal Betic Zone, including the areas studied in this paper); Pi (Pyrenees), Pb (Prebetics of the External Betic Zone), Ri
(Ghomarides and Dorsal of the Internal Rifian Zone), Mo (Moroccan External Zone), Tu (Tunisian Tell); C) Synthetic geological map of the Betic Cordillera with

location of the studied areas.
Assilina’ according to Tosquella and Serra-Kiel (1998).
3. Geological setting

The Betic Cordillera constitutes the westernmost branch of the
Alpine peri-Mediterranean chains (Fig. 1A) derived from the Alpine
evolution of the western Tethyan area (Fig. 1B). This cordillera (Fig. 1C)
is classically divided into the Internal and External Zones, separated by
the Flysch Complex by means of interposed units (Martin-Algarra,
1987). In turn, the Internal Betic Zones (IBZ) are made up of three
stacked nappe complexes (Fig. 1C): Nevado-Filabride, Alpujarride and
Malaguide (Martin-Algarra, 1987) complexes, plus the so-called Frontal
Units (Serrano, 1997; Serrano and Guerra-Merchan, 2004; Martin-
Algarra et al., 2004; Jabaloy-Sanchez et al., 2019). The Mesozoic-
Cenozoic lithostratigraphy of the Maldguide Complex reflects the
tectono-sedimentary evolution occurred in the southwestern part of the
so-called Mesomediterranean Microplate (MM) located between Iberia-
Eurasia and Africa Plates and surrounded by some Tethyan oceanic
branches (Fig. 1B) (Guerrera et al., 2005; Guerrera and Martin-Martin,
2014; Guerrera et al., 2021; Martin-Martin et al., 2006, 2020a, 2020b,
2020c; and references therein).

The Malaguide Complex (Fig. 1C) shows a Paleozoic basement

mainly made up of slates and graywackes, with subordinated limestones
and siliceous levels, unconformably followed by Triassic continental
redbeds and Jurassic carbonate platform deposits, which are covered by
a thin Cretaceous marine pelagic succession topped by shallow to deep
marine Cenozoic rocks (Jabaloy-Sanchez et al., 2019). The deposition of
the youngest Cenozoic beds was coeval to the main deformation of the
Betic Internal Zone thrust stack, from which the Malaguide Complex
constituted its wedge-top (Martin-Martin et al., 1997a, 1997b, 1998;
Perri et al., 2017; Martin-Martin et al., 2020c; and references therein).
Regarding the Eocene Malaguide succession, it consists of shallow ma-
rine carbonate deposits made of alveolina and nummulite-rich lime-
stones, and coral-rich levels in some cases (Xiquena and Jardin fms of
Geel, 1973; Espuna, Malvariche and Canovas Fms of Martin-Martin,
1996; see also Serrano et al., 1995, and Martin-Martin et al., 2020c,
2021) and lagoonal to mangrove deposits with locally rich Nypa-bearing
pollen associations (Kevdes et al., 1996; Solé de Porta et al., 2007), marls
bearing lignite beds and limestones with gastropods and bivalves (Val-
delaparra Fm of Martin-Martin, 1996).

The Cenozoic of the Malaguide Complex has been studied in two
sectors (Fig. 2): Almerfa (Fig. 3A) and Malaga (Fig. 3B), both located in
South Spain, in central and western Malaguides respectively. The stud-
ied successions comprise two informally defined stratigraphic Cenozoic
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Lithostratigraphy of the Penicas and Harania stratigraphic sections (Malaguide Complex, Internal Betic Zone) in the Vélez Rubio (Almeria, log 1) and El Palo (Malaga,
log 2) localities, and the short description of lithofacies and fossils recognized in the field.

Penicas stratigraphic section (log 1) — Locality: Vélez Rubio (Almeria)

Thickness  Formation Samples Age Lithofacies Fossils recognized in the field Micro-
(m) (thickness) facies
S¢Espuna
equivalents
Lith ies F1, Poorly stratified algal limest: d
CH 20, .l ofactes. ’ ooF Vs ra.l ed a'ga 1'mes ones 'fm Abundant flat large nummulites, algae
6 fine to medium grained thick-bedded biocalcarenites . . . Mf6
13 K > (rhodoliths), sometimes up to some cm in size.
with amalgamation surfaces.
Abundant large nummulites
12 CH 19 middle Lithofacies N, Pinkish homogeneous silt-sandy pelites  Planktonic foraminifera visible with a hand Mf5
lens
12 (;;eztlla :)p P Lithofacies M, Biocalcarenites and alternating
5 CI—; 17 limestones and sandy-pelites, and sometimes Flat large nummulites Mf3
brecciated limestone beds
. . . . Large nummulites
Lith N, Pinkish h Ity-sand, . . . .
8 CH 16 ;lit(;j;acws 1ish homogeneous stty-sandy Planktonic foraminifera visible with a hand Mf5
P lens
Lithofacies M, Biocalcarenites and alternating
20 10,11 carly limestones and sandy-pelites, and sometimes Abundant flat large nummulites
brecciated limestone bed:
XIQUENA FM Lutetian p.p. feccna e. imestone beds . . Mf3
(115 m) (SBZ 13) Lithofacies R, Coarse and cemented biocalcarenites
24 Espuiia 9 (fine to medium grained and with much large fossils); ~ Abundant large nummulites
M(I: varichefms presence of brecciated structures
Lithofacies G, dark brownish thick-bedded micritic T . L
. . . ) Abundant miliolids, occasional alveolinids
5 7,8 limestones with amalgamation surfaces and with L
miliolids and orbitolites (lagoon)
Li ies F, Thick-b 1 i ith Mf2
ithof aaes' » Thick-bedded ca C,a fenltes ,Wlt . Abundant alveolinids, less frequent f:
amalgamation surfaces and stratified decimetric . .
8 6 . X . L . nummulites often in pockets and bands, very
.. limestones (fine to medium grain size) with up to 0,3 L. . . .
Cuisian . . rich in coarser fossils and with scarce matrix
cm in size rounded quartz grains
PP Lithofacies A, .
CH14,5 . . . . Very frequent large alveolinids up to 1-2 cm Mf2, Mf4
17 Thick-bedded calcarenites with amalgamation L .
2,3,4 (SBZ 10-12) . . . K in size; scarce nummulites and Mf7
surfaces and white massive alveolina limestones
Li ies D. 1 i 1 ifi
fthofaaes . Sanidy calcarenites, poorly sFratl ed Very abundant nummulites, alveolinids and
bio-calcarenites with quartz pebbles, occasionally echinoderms (without algae) often
10 CH13,1 with plane parallel lamination; the base of the beds is X & R Mf1
. o concentrated in pockets or in coarser levels
often conglomeratic (with limestone clasts up to 4-8 ! .
m) (fine to coarse sand grain size)
Unconformity (erosive surface)
>30? CASTILLONFM - Jurassic Massive limestones
Harania stratigraphic section (log 2) — Locality: El Palo (Malaga)
Thickness ~ Formation Samples  Age Lithofacies Fossils recognized in the field Micro-
(m) facies
Li ies F2, Algal li 1 ifi
Ma 18 thofaCles Y &2 1ijstones :.md po.or Y stratll ed Abundant alveolinids, corals and algae; less
5 Ma 17 early thick-bedded fine to medium grained biocalcarenites frequent nummulites Mf8
Lutetian p. with amalgamation surfaces. 4
8 p. Lithofacies B, White to grey marly pelites and clays M7
with lignite beds
17 Ma 16 (SBZ 13) Lithofacies A, Massive white Very frequent up to 1-2 cm large alveolinids; M2
alveolina limestones nummulites are missing
5 HARANIAFM Lithofacies B, White to grey marly pelites and clays M7
(55 m) with lignite beds
Espuia Lithofacies G, Thick-bedded blackish-gray and
6 v ;l’ delaparrafms Ma 14 Cuisian brownish micritic limestones with amalgamation Abundant miliolids Mf4
P D-p- surfaces and with miliolids
Lithofacies A, Massive white
10 Ma13 (SBZ alveolina limestones Mf2
10-12). Lithofacies D, Sandy calcarenites, poorly stratified bio- ~ Very abundant nummulites, alveolinids and
4 Ma 12 calcarenites with rounded quartz pebbles, occasionally ~ echinoderms (without algae) often Mf1
plane parallel lamination; the base of the beds is often  concentrated in pockets or in coarser levels
conglomeratic (limestone clasts up to 4-8 cm). (fine to coarse grain size)
Tectonic contact
<107 mﬁf(;anNE FM _ Paleocene xizzizgi‘tﬁ; conglomerates and calcarenites with Abundant Microcodium
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Microfacies with their description and relative abundance of components, and depositional environment interpretation. Studied samples and fossil content (commom,

abundant, present and/or rare) are also shown.

Microfacies ~ Samples  Description Fossils and not skeletal grains common and/or Fossils and not skeletal grains Depositional environment
abundant* present and/or rare
VR 1 Nurtlfnulite's*, rour}ded quartz' grains*, .f.llveolina, Miliolids, Orbitolites, operculiniform ‘Trans.g’re'ssi've rework.ed
. . Assilina, Discocyclina, rhodoliths, rotaliids, e deposit’ in inner to mid
Mf1 CH 13 Quartzarenite with LBF R . K . L Assilina; dasyclades, udotacean .
discorbids, textularids; Glomalveolina, Amphistegina, . ramp transition
MA 12 . ; L . Ovulites; ostracods; bryozoans X .
mollusks; annelids (Ditrupa); echinoid debris Mesophotic environment
Alveolina*, Glomalveolina*, Orbitolites*, miliolids*,
VR 2 . . .
discorbids*, dasycladal algae*, Nummulites, . o
VR 3 - RO . . Operculiniform Assilina,
rotaliids, amphisteginids, textularids; geniculate . . . . Inner ramp seagrass
VR 4 Porcelaneous LBF R . Discocyclina, planktic foraminifers; . X
Mf2 . coralline algae; mollusks (gastropods, ostreids and R R Euphotic subtidal
VR 5 packstone-grainstone L . . crustose coralline remains; .
other pelecypods); echinoid debris; peloids; ) i environment
CH 17 . X ostracods; annelids (Ditrupa)
cortoids: reworked and rounded grains of
MA 13 alveolinids, miliolids and rotaliids
MA 16 ?
CH1
4 Nummulites*, Assilina*, Amphistegina*, rotaliids
VR 6 (Gyroidinella, Rotalia)*, echinoid debris*, hyaline
VR 7 yroiainetia, Rotaia)”, . > a Sphaerogypsina, miliolids, planktic Middle ramp nummulitid
. encrusting foraminifers, operculiniform Assilina, .o .
Mf3 VR 9 Hyaline LBF packstone . ; Lo . . foraminifers; bryozoans; ostracods; accumulations
Discocyclina, Fabiania, discorbids, textularids; . . .
VR 10 . . . mollusk remains Mesophotic environment
VR 11 crustose and geniculate coralline algae; annelids
VR 12 (Dytrupa); quartz grains
Protected inner ramp
Miliolids*, peloids*, discorbids, rotaliids, dasyclad
VR 8 Miliolid and peloidal H10ds”, pelolds™, discorblds, rotalids, dasyclade Orbitolites, textularids; geniculate lagoon
Mf4 . algae; ostracods; mollusks (gastropods, . L . . .
MA 14 grainstone R coralline algae; echinoid debris Euphotic upper subtidal
pelecypods); quartz grains* .
environment
tzsiltiti kest
CH 16 Quartzsiltitic wackestone Bolivinids, planktic foraminifers; ostracods; mollusk ~ Unspecific rotaliids; echinoid Outer ramp

Mf5 CH 19 with b.ohvlmds. a.nd
planktic foraminifers

remains; quartz grains* and sparse glauconite grains

remains Oligophotic environment

Crustose coralline algae* (Lithothamnion?,
Sporolithon, Lithoporella); hyaline encrusting

foraminifers (Solenomeris, Acervulina,

. . . Proximal middle ramy
Operculiniform Assilina, textularids, P

CH 20 Nummulites-foralgal Planorbulina)*, Nummulites*, Amphistegina*, . .. maérl and macroid beds on
Mf6 o . . . ) planktic foraminifers; bryozoans; . .
VR 13 packstone Orbitolites, haddonids, Assilina, Discocyclina, . nummulite accumulations
- . . X . mollusk remains X 3
Fabiania, Sphaerogypsina, rotaliids, discorbids, Mesophotic environment
miliolids; geniculate coralline algae; annelids;
echinoid debris
Restricted inner ramp
mf7 Mérly-wackestone with Miliolids; ost.racods; plant debris; oogonia and cm-thick silt and lignite beds lagoon‘ ‘
miliolids and ostracods thallus remains of charophytes Euphotic upper subtidal
environment
Colonial corals*; hyaline encrusting foraminifers*
(acervulinids, planorbulinids, homotrematids);
miliolids*, crustose coralline algae* (Lithoporella, . . . . .
. . . o .. Discorbids, planktic foraminifers; Coral-algal inner ramp
Coral-foralgal Lithothamnion?); Alveolina, Orbitolites, rotaliids, . . . .
Mf8 MA 17 . . L . | ) geniculate coralline algae; Euphotic subtidal
boundstone discorbids, Fabiania cassis; textularids, haddonids, . . .
MA 18 bryozoans; boring bivalves environment

udotacean (Ovulites) and dasyclade green algae;

ostracods; annelids; mollusks (gastropods,

pelecypods); echinoid debris

formations: the Xiquena fm (Penicas stratigraphic section) in the Vélez
Rubio area, near Almeria (Geel, 1973) and the Harania fm (El Palo
stratigraphic section) in the Harania sector, near Malaga (Serrano et al.,
1995). Both stratigraphic formations have formal equivalents in the
Sierra Espuna area (Murcia province) (Table 1): Espuna, Valdelaparra
and Malvariche fms (Martin-Martin, 1996; Martin-Martin et al., 2020c,
2021). Both formations have been strongly deformed during the main
orogenic events, which mainly occurred during the Oligocene and the
Early Miocene. These formations were previously studied by a petro-
graphical, mineralogical and geochemical point of view, in order to
characterize the clastic supply (Critelli et al., 2020).

4. Studied outcrops
4.1. Structural framework of the studied outcrops

The Penicas section (Figs. 2A, 3A, C-D and 3G-H) is located a few
hundred of metres south of Vélez-Rubio and shows good outcrop con-
ditions (Geel, 1973; Voermans et al., 1978). The Eocene succession
unconformably rests over the Jurassic succession by mean of an

unconformity. The Eocene oucrop is made of a normal succession
(although locally can be overturned in near areas) made of alternations
of calcareous and marly-sandy beds where it has been measured and
sampled (Figs. 2A and 3A). The oldest Cenozoic deposits in the Harania
Cement Factory, near El Palo (Fig. 2B) are Paleocene-Eocene sandy--
calcareous and conglomeratic deposits rich in Microcodium debris and
crusts (Serrano et al., 1995). In this area, noticeable S and E vergent
thrusts locally stack Paleozoic deposits onto its (originally strati-
graphically overlying) Triassic and Meso-Cenozoic cover (both also
affected by thrusts and folds with overturned limbs), and a transgressive
Burdigalian p.p. succession affected by late normal faults seals some of
the mentioned structures in a few small outcrops in the Harania Cement
Factory area (Fig. 3B) and in other nearby areas around Malaga city
(Serrano et al., 1995). Even if the Paleogene succession is strongly
deformed and partially covered, it was possible to study and sample a
overturned stratigraphic Eocene interval (Fig. 3B and F).

4.2. Lithostratigraphy and chronostratigraphy

Ten lithofacies (Table 1) were recognized in the studied successions
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Fig. 2. Detailed geological maps and cross-sections of the study sectors: A) Vélez Rubio (Almeria area) with location of the Penicas stratigraphic section; B) El Palo

(Malaga area) with location of the Harania stratigraphic section.

(A, B,D, F, F1,F2, G, M, N and R) and the nomenclature used follows as
much as possible the letters defined by Martin-Martin et al. (2020c and
2021).

The succession measured in the Vélez Rubio Corridor area (log 1)
includes a Jurassic substratum of massive limestones (> 35 m thick) on
which the Eocene p.p. Xiquena outcrop from Geel (1973) (115 m thick)
rests by means of an evident and significant regional unconformity. An
early-middle Cuisian (SBZ10-11) age is dated in the base of the section
(VR 6 sample) by the presence of Nummulites burdigalensis burdigalensis
and N. cf. planulatus. Samples collected in the middle part of the section
(VR 9-10), with Fabiania cassis and Nummulites aff. obesus, respectively,
indicate an early Lutetian (SBZ13) age. Finally, samples from the upper
portion of the section (VR 12-13), with Nummulites aff. millecaput,
indicate a middle Lutetian age (SBZ 14; Fig. 4). In the studied outcrop
different lithofacies (from bottom to top: D, A, F, G, R, M, N and F1) have
been recognized (photos A, C, D, G and H in Fig. 3), which are syn-
thetically described in Table 1, and represented in Fig. 5. The succession
shows a variety of lithotypes such as: sandy calcarenites, thick-bedded
calcarenites with amalgamation surfaces, sandy pelites, micritic lime-
stones, biocalcarenites, which are variously associated to form different
lithofacies associations. These rocks often show a fossiliferous content
that allow characterizing each lithofacies. The most significant fossilif-
erous assemblage including alveolines, miliolids, nummulites and large
nummulites and algae has also been used for paleoenvironmental in-
terpretations (see below).

The Harania succession reconstructed in the El Palo sector (log 2)
comprises a Paleocene substratum constituted by microcodites and
conglomerates (> 45 m thick), onto which the Eocene p.p. of the Harania
succession (55 m thick) rests by mean of a well marked regional un-
conformity. The presence of a nummulitid assemblage with the

Nummulites subramondi (recognized in thin sections; Ma-13 sample)
dated the base of the section as early-middle Cuisian (SBZ10-11).
Instead, the presence of Nummulites cf. praelorioli and Fabiania cassis
(sample Ma-17) indicates a early Lutetian age for the top (SBZ 13;
Fig. 4). In this outcrop, which has been measured and sampled within
the quarry close to the cement factory (Figs. 2B and 3B), different lith-
ofacies (from below: D, A, G, B, and F2) have been recognized (photos B
and F in Fig. 3), which are synthetically described in Table 1 and rep-
resented in Fig. 5. The Harania succession shows also a variety of lith-
otypes similar to those previously mentioned for the Penicas outcrop. In
particular, locally thick-bedded sandy calcarenites with amalgamation
surfaces, marly pelites with lignite beds occur, showing variable fossil-
iferous content that characterizes most of the defined lithofacies and
microfacies. The most significant fossiliferous assemblages (alveolines,
miliolids, nummulites, corals and algae) and microfacies types been
used for paleoenvironmental reconstructions, as shown later.

5. Microfacies description

Based on the fossiliferous assemblage, texture and fabric, eight
microfacies (Mf1 to Mf8) were recognized and numbered according to
the first appearance in the succession (Table 2; Figs. 5, 6 and 7). The
identified microfacies distribution is as follows: Mf1 to Mf6 in the
Penicas section (log 1); and Mf1, Mf2, Mf4, Mf7 and -Mf8 in the
Harania section (log 2), as summarized in Table 2 and described below.

5.1. Mf1 - Quartz-rich calcarenites withLBFpackstone (Table 2; Figs. 5, 6
and 7)

This poorly- to moderately-sorted microfacies is made up of
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Fig. 3. Field photographs of the main lith-
ofacies. A) Penicas Section with location of
lithofacies; B) Harania Section with location
of lithofacies; C) Detail of nummulite-rich
limestone in the lower part of Penicas sec-
tion (Lithofacies D); D) Detail of nummulites
in the middle part of the Penicas section
(Lithofacies M); E) Detail of a limestone bed
rich in flat nummulite in the upper part of
the Penicas section (Lithofacies M); F) Black
beds (lagoonal-marshy) in the upper part of
the Harania section (Lithofacies B); G) Detail
of a limestone bed rich in rounded nummu-
lites in the upper part of the Penicas section

abundant rounded fine to medium quartz and feldspar (20-25%) grains
with a well diversified biotic assemblage, which is dominated by LBF
(Fig. 7, photo 1). As regards the bioclastic component, the main ele-
ments recognized are represented by Nummulites (15%), Assilina (5%),
Alveolina (10%), Discocyclina (5-10%), rotaliids (5%), discorbids (5%)
and textularids (5%) in an echinoid debris-rich matrix (5-10%), where
syntaxial cement is frequent. Other common components are: Glo-
malveolina (2-3%), Amphistegina (2-3%), miliolids (2-3%), annelids
(Dytrupa) (2-3%), crustose coralline (2-3%) and mollusk remains
(2-3%) and occasionally dasycladales, udotacean Ovulites, ostracods,

(Lithofacies M); H) Pinkish marly beds with
sands (open platform) in the upper part of
the Penicas section (Lithofacies N).

bryozoans, Orbitolites and operculiniform Assilina remains. This
microfacies is present at the base of both studied stratigraphic sections
with a thickness of 5 m in the Harania section and of 10 m in the Penicas
section, and corresponds to the lithofacies D (sandy calcarenites with
quartz pebbles; Table 1).

5.2. Mf2 - Porcelaneous LBF packstone-grainstone (Table 2; Figs. 5, 6
and 7)

This moderately- to well-sorted microfacies shows a fossil association
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Fig. 4. Biochronostratigraphic distribution of LBF recognized in the Lower-Middle Eocene deposits of the central and western Malaguides. Stratigraphic range of the
species based on data from Serra-Kiel et al. (1998) and Tosquella and Serra-Kiel (1998).

(Fig. 7, photo 2) mainly constituted by alveolinids (Alveolina and Glo-
malveolina), (15-20%), miliolids (10%) and rotaliid (5%) tests, even if
many of them are represented by reworked rounded grains. Other
abundant components are variously shaped micritic grains (10-15%),
mollusks (10%), dasycladacean algae (5-10%), discorbids (5-10%),
textularids (5-10%), Orbitolites (5%), Nummulites (5%), Amphistegina
(2-3%) and echinoid debris (5%). Tests of operculiniform Assilina, Dis-
cocyclina, planktic foraminifers, geniculate coralline algae, ostracods
and annelids (Ditrupa) have been observed, occasionally within an un-
defined recrystallized matrix. This microfacies is present in the lower
part of the Penicas section for a thickness of 17.5 m, and in a wide near
to 30 m thick portion of the Harania section, corresponding to the
lithofacies A p.p. (thick-bedded calcarenites with amalgamation surfaces
with alveolines; Table 1, Fig. 5).

5.3. Mf3 - Hyaline LBF packstone (Table 2; Figs. 5, 6 and 7)

This microfacies is poorly-to moderately-sorted, and is constituted by
abundant tests (Fig. 7, photo 3) of Nummulites (25-30%), Assilina
(15-20%), Discocyclina (10-15%), echinoid debris (5-10%) and, locally,
abundant rounded fine-sized quartz grains (5-10%). Other common
components are: rotaliids (5%), miliolids (5%), Alveolina (2-3%),
Amphistegina (2-3%), textularids (2-3%), udotacean Ovulites (2-3%),
annelids Ditrupa (2-3%) and bryozoan remains (2-3%). Tests of Orbi-
tolites, Glomalveolina, Sphaerogypsina, ostracods, and remains of crustose
coralline, dasycladales and mollusks appear only occasionally in the
matrix. This microfacies is only checked for a total thickness close to
100 m in the Penicas section and corresponds to the lithofacies A p.p.
(thick-bedded calcarenites with amalgamation surfaces with alveo-
lines), lithofacies F (thick-bedded calcarenites with amalgamation sur-
faces with nummulites), lithofacies R (coarse calcarenites with large
nummulites) and lithofacies M p.p. (biocalcarenites with flat large
nummulites) (Table 1, Fig. 5).

5.4. Mf4 — Miliolid and peloidal grainstone (Table 2; Figs. 5, 6 and 7)

Moderately- to well-sorted microfacies constituted mainly by mil-
iolids (20-25%) and variously shaped micritic peloids (15-30%) of
uncertain origin (Fig. 7, photo 4). Discorbids (5-10%), ostracods
(5-10%), echinoid debris (5-10%), mollusks (5%), rotaliids (2-3%) and
textularids (2-3%) represent also an important component. Fine-sized
subangular quartz grains have a variable amount, near 30% in the
Harania section and 5-10% in the Penicas section. Other bioclastic
components are spirolinids, unspecific hyaline encrusters, agglutinate
and hyaline small benthic foraminifers, and geniculate coralline algal
remains. This microfacies is present in the lower part of the Penicas
section for a thickness of 3,5 m, and in the lower portion of the Harania
section with a thickness near to 5 m, and corresponds to the lithofacies G
(micritic limestones with miliolids; Table 1, Fig. 5).

5.5. Mf5 - Quartzsiltitic wackestone with bolivinids and planktic
foraminifers (Table 2; Figs. 5, 6 and 7)

This moderately-sorted (Fig. 7, photo 5) microfacies,which shows a
scarce bioclastic content, is mainly constituted by hyaline small benthic
foraminifers (bolivinids) (10%), planktic foraminifers (5-10%) and
subangular fine-sized quartz grains (5-10%). Other common compo-
nents are unspecific rotaliids (2-3%), fine-walled ostracods (2-5%),
small mollusk remains (2-5%) and dispersed glauconite grains (2-3%).
Echinoid debris can be occasionally present. This microfacies has been
recognized in the upper part of the Penicas section to characterize two
intervals for a total thickness of about 26 m, and it corresponds to the
hardest and most calcareous beds intercalated in the lithofacies N
(pinkish sandy pelites and marls; Table 1, Fig. 5).

5.6. Mf6 — Nummulites-foralgal packstone (Table 2; Figs. 5, 6 and 7)

This microfacies, which is poorly- to moderately-sorted, shows a
bindstone to packstone texture (Fig. 7, photo 6) with abundant crustose
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Fig. 5. Stratigraphic sections with the vertical distribution of the defined lithofacies (Table 1) and microfacies (Table 2). Sea level trends and location of the analyzed

samples are also shown.

coralline algae (Lithothamnion?, Sporolithon and Lithoporella) in small to
medium-sized free warty to lumpy rhodoliths and coralline fruticose
branches (¢: 2-10 mm) (10-15%) wrapped by hyaline encrusting fora-
minifers (10-15%). Tests of Nummulites (20-25%), Assilina (5-10%),
Amphistegina  (5-10%), rotaliids (10-15%), and echinoid debris
(10-15%) are abundant. Sometimes Nummulites tests make up the core
of multilayered red algae encrusting successions with flattened thalli
devoid of protuberances (‘encrusting’ sensu Woelkerling et al., 1993) on
nummulite tests (Type 2 of Nebelsick and Bassi, 2000), with layers of
hyaline encrusting foraminifers (Solenomeris ogormani, Acervulina lin-
earis, Planorbulina aff. uva and P. sp). Common components distributed

in the carbonate matrix are represented by the cymbaloporid Fabiania
cassis (2-3%), annelid worm tubes (5%), coral fragments (2-3%), dis-
corbids (3-5%), miliolids (2-3%), bryozoans (5%), echinoid debris
(2-3%), and ostreid remains (2-3%). Other components such as Dis-
cocyclina, Sphaerogypsina, Orbitolites, planktic foraminifers, and dasy-
cladacean algae have been observed occasionally. This microfacies is
only present in the uppermost part of the Penicas section for a thickness
of 0,6 m, and is included in the lithofacies F1 (algal limestones with flat
large nummulites; Table 1, Fig. 5).
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oogonia of charophytes constitute the poor biotic content, which has
been recognized only in the field because it was not technically possible
to prepare thin sections of these levels. This microfacies is only present
in the Harania section to mark two separate intervals located in the
middle and upper part of the section, with a thickness of 4.0 m and 6.5 m
respectively, and is included in the lithofacies B (marly pelites with
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Fig. 6. Relative abundance of components recognized in the studied thin sections of samples from the Penicas and the Harania sections (Table 2).

This lithofacies is constituted by a blackish marly wackestone with

interspersed thin beds (cm-thick) of silts and lignite fragments. Fossil
plant debris, scattered miliolids, thin-walled ostracods, and some

5.7. Mf7 — Marly wackestone with miliolids and ostracods (Table 2;

Figs. 3F, 5 and 6)
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lignite beds; Table 1, Fig. 5).

5.8. Mf8 - Coral-foralgal boundstone (Table 2; Figs. 5, 6 and 7)

This microfacies is represented only in the Harania section for a
thickness of 6,5 m, and is included in the lithofacies F1 (algal limestones
with flat large nummulites; Table 1, Fig. 5).

In the lower levels (Fig. 7, photo 7), the microfacies is constituted by
a overall poorly-sorted coral-rhodalgal floatstone in a wackestone-to-
packstone matrix, where some coral cobbles (2-3 mm) (15-20%),
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Fig. 7. Microfacies from the Penicas and
Harania sections: 1) Mf-1, sample CH-13; 2)
Mf-2, sample Ma 16; 3) Mf-3, sample VR-6;
4) Mf-4, sample VR-8; 5) Mf-4, sample Ma-
14; 6) Mf-5, sample CH-16; 7) Mf-6, sample
VR-13; 8) Mf-7, sample Ma-18. Scale bar:
1000 mm. Key: al, alveoline; an, annelid; as,
assiline; b, bolivinid; bo, boring; cc, crustose
coralline algae; co, coral; d, discocycline; da,
dasycladacean algae; g, gastropod; gc,
geniculate coralline; he, hyaline encrusting
foraminifer; m, miliolid; n, nummulite; oas,
operculiniform assiline; or, orbitolite; os,
ostracod; p, peloid; pl, planorbulinid; q,
quartz; r, rotaliid; s, spirolinid; so,
solenomerid.

free-living small lumpy Sporolithon rhodoliths (up to 5 mm in diameter)
(10-15%) and an incipient crustose coralline algal pavement are
developed to form laminar (encrusting-to-foliose) thalli (10-15%),
which bifurcate and join. Coral cobbles form coating structures wraped
by the same encrusting foraminiferal assemblage (10%) described in the
upper beds of the facies. The matrix presents common rotaliids (5%),
udotacean Ovulites (5%), bryozoans (5%), textularids (3-5%), geniculate
coralline remains (3-5%), cymbaloporid Fabiania cassis (2-3%), and
occasionally, Orbitolites, miliolids, planktic foraminifers, ostracods, an-
nelids, mollusk remains and echinoid debris.
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In the upper levels this poorly- to moderately-sorted microfacies
(Fig. 7, photo 8) shows a coral framestone-bindstone texture, with
abundant colonial corals (20-25%). These are often wraped by crustose
coralline algae (15-20%), hyaline foraminiferal encrusters (10-15%),
and agglutinate Haddonia heissigi (2-3%) in multilayered red algae
encrusting successions (Type 2 of Nebelsick and Bassi, 2000) with
alternating thin layers of Lithoporella melobesioides and other crustose
coralline, acervulinids (Acervulina linearis), planorbulinids (Planorbulina
aff. uva, P. sp.) and homotrematids (Miniacina multiformis, M. sp.).
Sometimes, bivalves boring the corals have been observed, and the
matrix presents a packstone texture with abundant miliolids (10%),
dasycladacean algae (5-10%), echinoid debris (5-10%) and peloids
(5-10%). Alveolina (5%), Orbitolites (2-3%), cymbaloporid Fabiania
cassis (2-3%), rotaliids (Neorotalia and Gyroidinella among others)
(2-3%), textularids (2-3%), and ostracods (2—-3%) are also common, and
geniculate coralline segments, discorbids and planktic foraminifers are
also present occasionally.

6. Depositional environment

In this section a paleoenvironmental interpretation based on the
main litho- and microfacies features will be provided. The paleoenvir-
onmental model adopted (Fig. 8) is based on the so-called ‘distally-
steepened ramp’ proposed by Handford and Loucks (1993), but also
using the ramp subdivision terminology according to Burchette and
Wright (1992), but also considering the photic subdivisions according to
Pomar (2001) and Pomar et al. (2017), so that the ‘mesophotic zone’
appears. In particular, the uppermost boundary of this mesophotic zone
could coincide with the lower limit of the ‘uppermost photic zone’ of
Hottinger (1997), near to the depth of 40 m and the deepest occurrence
of marine vegetation (Pomar, 2001). The lowermost boundary could
coincide with the lower limit of the ‘upper photic zone’ of Hottinger
(1997), near the depth of 80 m, and coinciding with the dominance of
orthophragminids in the LBF assemblage. Morphologic terminology
used to describe samples with crustose coralline red algae is based on
Nebelsick and Bassi (2000).
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6.1. Inner ramp

This depositional environment is recognized from the microfacies
Mf1, Mf2 and Mf4, observed in the lower-middle portion of both Harania
and Penicas stratigraphic sections, and by the microfacies Mf7 and Mf8,
which were recognized only in the Harania section (Figs. 5 and 6).

The microfacies Mf7 represents the most internal inner ramp, due to
the presence of scattered miliolids, thin-walled ostracods, plant debris,
oogonia and thallus of charophytes, as well as the laminae of silt and
lignite interspersed in a general fine grain-sized sediment imply prob-
ably clastics contributions and flora remains from the nearby continent.
All this suggests a very restricted shallow-marine to peritidal setting in
eutrophic environments (Brasier, 1975; Wray, 1977; Fliigel, 2010). This
facies was interpreted as lagoonal to mangrove deposits with locally rich
Nypa-bearing pollen associations (Kevdes et al., 1996; Solé de Porta
et al., 2007).

The predominance of miliolids and peloids within a fine to medium
grain-sized sediment with a moderately to well-sorted texture (microf-
acies Mf4), suggests a mesotrophic protected lagoon environment
(Hallock et al., 1991; Murray, 2006; Amao et al., 2016). The abundance
of fine-sized micritic grains (peloids) is the result of syn- to post-
sedimentary reworking processes of weakly lithified carbonate mud in
shallow marine conditions subjected to tide and wave action, especially
in tropical settings (Fliigel, 2010). Abundant porcelaneous foraminiferal
tests, especially miliolids, indicate low turbulence warm water in
restricted settings and, in turn, sligthly hypersaline conditions (Rooz-
peykar and Moghaddam, 2016; Chan et al., 2017; Sarkar, 2019). Com-
mon dasycladales, discorbids, rotaliids, thin-walled ostracods, and
occasional remains of geniculate coralline algae, indicate warm water
lagoonal marine environments with normal salinity (Brasier, 1975;
Wray, 1977; Fliigel, 2010). The presence of quartz grains suggests a
proximity to the continent, which would have caused a siliciclastic
supply by runoff a nutrient increase in the marginal marine waters, as
well as sudden salinity changes in these extremely shallow marine en-
vironments. The poor bioclastic content observed locally, basically
constituted by heterotrophic small benthic foraminifers (discorbids,
miliolids, rotaliids, textularids and echinoid remains) could be explained
by the formation of restricted conditions in upper sublittoral settings

inner ramp

protected lagoon

seagrass/shoal

coral
mounds

middle ramp outer ramp

hyaline LBF

maérl gccumulations

om
euphotic zone

~40m
mesophotic zone

- swb ~80m

oligophotic
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Fig. 8. Synthetic environmental microfacies interpretation for the Eocene marine Depositional Sequence in the Malaguide of Vélez-Rubio/Malaga sectors with
location of facies and microfacies. 1-2 (Mf4) Protected inner ramp lagoon, subtidal environment; 3 (Mf2), Inner ramp seagrass/shoal, subtidal environment; 4-5
(Mf8), Coral-foralgal environment; 6 (Mf6), Nummulite-foralgal and 7 (Mf1) ‘transgressive lag deposit’ in the proximal middle ramp environment; 8 (Mf3), Middle
ramp hyaline LBF accumulations (nummulitids); 9 (Mf5), Outer ramp environment. Ramp subdivision is based on Burchette and Wright (1992), and photic zones are

after Hottinger (1997), Pomar (2001) and Pomar et al. (2017), modified.
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(Brasier, 1975; Davaud and Septfontaine, 1995; Murray, 2006), occa-
sionally influenced also by storm events that provide marine bioclasts to
the coastal plain environments. Beavington-Penney et al. (2006) report
an analogous microfacies model for the Middle Eocene deposits of
Oman.

In the intermediate portion of the inner ramp the biotic association,
which is mainly composed by porcelaneous LBF (alveolines and orbi-
tolites), miliolids, dasycladacean algae, and rotaliids (microfacies Mf2),
suggests a lagoonal environment with the presence of a conspicuous
marine plant cover (seagrass meadows; Hottinger, 1997; Reich et al.,
2015). Orbitolites, discorbids and some rotaliids are a common assem-
blage in seagrass inhabiting attached on the blades, thalli or rhizomes
both in marine phanerogams and in smaller algae (Hottinger, 1983,
1997; Langer, 1993; Beavington-Penney et al., 2004; James and Bone,
2007; Mateu-Vicens et al., 2014; Reich et al., 2015; Tomas et al., 2016;
Tomassetti et al., 2016; Brandano et al., 2019; Martin-Martin et al.,
2021). Other small foraminifers (as miliolids and textularids), with
motile and grazing life habit, are often found dwelling among rhizomes
of marine vegetation (Langer, 1993; Perry and Beavington-Penney,
2005; Murray, 2006; Reuter et al., 2011; Mateu-Vicens et al., 2014).
Green algae (dasycladales) often constitute an important element in
shallow illuminated seafloors (Wray, 1977; Mateu-Vicens et al., 2014;
Brandano et al., 2019). Alveolines, which are one of the main compo-
nents, are often found trapped in this facies as rounded reworked grains,
possibly as a result of waves and currents transport from neighboring
inner ramp areas without vegetal cover (Spanicek et al., 2017). Like-
wise, many miliolids and rotaliids have suffered the same rolling and
wear process. This microfacies can be associated to the green algal (GA)-
foralgal assemblage according to Brandano et al. (2019), where the
dominance of green algae and porcelaneous LBF on subordinate coral-
line algae could indicate low canopy seagrass meadows in tropical sea
waters.

The distal zones of the inner ramp (microfacies Mf8) show common
hermatypic corals with a related assemblage of coralline red algae,
characterized by thin layers of L. melobesioides alternating with a
diversified encrusting foraminifer association wraping the coral struc-
ture in multilayered and complex encrusting successions (‘foralgal
crusts’, Bosellini and Papazzoni, 2003; ‘coralline crusts’, Bassi, 2005).
These features suggest warm water and high-lightened conditions in
shallow marine environments. L. melobesioides has been traditionally
related to tropical and subtropical habitats (Wray, 1977; Bosence, 1983;
Brandano et al., 2005; Roozpeykar et al., 2019; Li et al., 2021). The
paleoecological comparison between the encrusting foraminiferal
assemblage dominated by hyaline flat forms, and the analogous genus in
recent associations seems to indicate a general shallow marine envi-
ronment (Hottinger, 1983; Bosellini, 1998; White, 2002; Bosellini and
Papazzoni, 2003; Nebelsick et al., 2005; Smith, 2015). Besides this, the
agglutinated encrusting forms as Haddonia heissigi could indicate cryptic
settings with subdued light conditions in the same environment (Mat-
teucci, 1996; Rasser, 2000; Bosellini and Papazzoni, 2003). In the lower
part of the Harania section, coralline crustose algae occur in the three
following different modes: (a) “coralline coatings” on coral pebbles; (b)
free-living lumpy rhodoliths (Sporolithon); and (c) lamellae (Nebelsick
and Bassi, 2000), in layered-to-foliose coralline thalli. All these mor-
phologies appear scattered on a medium to coarse-grained mobile sub-
strate, but the lamellar morphology could represent the onset of
stabilization and cementation of the sea-bottom (Taberner and Bosence,
1985; Basso, 1998; Bosellini and Papazzoni, 2003; Rasser and Piller,
2004; Basso et al., 2008). Also the presence of rotaliids, miliolids, tex-
tularids, dasycladales and Fabiania confirm the overall shallow marine
conditions for this microfacies. From the trophic point of view, in recent
environments the colonial hermatipic corals, like LBF, have a mixo-
trophic nutrition, which is highly advantageous in low-nutrient condi-
tions, and therefore they preferably occupy oligotrophic habitats
(Hallock, 2001; Hallock and Schlager, 1986; Mutti and Hallock, 2003;
Pomar et al., 2017). Contrarily, coralline red algae and encrusting
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foraminifers, which are more dependent on available light, compete for
space in oligotrophic to mesotrophic conditions (Adey and Maclntyre,
1973; Bosence, 1984; Hallock et al., 1991). The low occurrence of
oligotrophic LBF (only a few alveolines and occasional orbitolites), and
their replacement by small benthic foraminifers taxa and other hetero-
trophic biota, in addition to the conspicuous bioerosion observed in
corals, indicate an increased nutrient supply and support mixed
oligotrophic-mesotrophic conditions in a coral-reef environment (Hal-
lock and Schlager, 1986; Mutti and Hallock, 2003).

Finally, the microfacies MfI represents reworked deposits probably
related to a transgressive phase including an important content of well-
rounded quartz grains and pebbles within a packstone texture consti-
tuted by a mixed biogenic assemblage. This microfacies is also domi-
nated by large benthic foraminifers from both internal (alveolinids) and
middle ramp settings (nummulitids and orthophragminids) (Hottinger,
1997), and by other mainly shallow marine biota (miliolids, rotaliids,
textularids, green algae and mollusks). The siliciclastic input, the mixed
biotic association, and the stratigraphic position of the microfacies
suggest sedimentation in not-specifiable inner ramp environments.

6.2. Middle ramp

This depositional setting is recognizable from the microfacies Mf3
and Mf6. Both microfacies are dominated by accumulations of hyaline-
LBZ tests (nummulitids, amphisteginids, rotaliids and ortho-
phragminids), which are often wraped by crustose coralline algae and
interlayered encrusting foraminifers in the Mf6. The well developed
nummulite population marked by A and B-morphotypes (megalospheric
and microspheric forms respectively, linked with the sexual evolutive
stage) recognized in a packstone texture suggests an optimal habitat
range at mesophotic and oligotrophic marine conditions in the middle
ramp (Hottinger, 1997; Geel, 2000; Martin-Martin et al., 2020c, 2021).
The “encrusting” growth of coralline algae, with flattened thalli on
nummulite tests and fruticose branches observed, which indicate an
environmental change from the conditions described above, mark the
development of a mesotrophic maérl environment, where moderate
bottom currents probably related to storm events can turn over tests to
form rhodoliths (Rasser, 2000; Bassi, 2005; Nebelsick et al., 2013). The
additional presence of a heterotrophic biotic assemblage (echinoid
debris, small benthic foraminifers, annelids, bryozoans and ostreids)
supports mesotrophic conditions (Hallock, 1988b; Hallock et al., 1991;
Brasier, 1995) and does not rule out eventual nutrient input fluxes
(Hallock, 1988a; Hottinger, 1997; Afzal et al., 2011). So, fine-sized
quartz grains can be explained by the input of suspended debris sup-
ply from erosion of the hinterland, and some elements as discorbids,
occasional orbitolites and dasycladales can be reworked down ramp
from neighboring inner ramp areas during storm events.

6.3. Outer ramp

This depositional setting is only represented by the microfacies Mf5.
The scarcity and low diversity of fossils, the absence of LBF and the
common presence of planktic foraminifers suggest low luminosity hab-
itats in open marine settings (Hallock and Glenn, 1986; Buxton and
Pedley, 1989; Burchette and Wright, 1992; Romero et al., 2002; Fliigel,
2010; Silva-Casal et al., 2019; Martin-Martin et al., 2021). The hetero-
trophic fossil assemblage constituted by small benthic foraminifers
(bolivinids, unspecific rotaliids), fine-walled ostracods, small mollusk
and echinoid remains indicates mesotrophic to eutrophic conditions
(Wood, 1993; Brasier, 1995; Pomar, 2001; Mutti and Hallock, 2003;
Pomar et al., 2017), which could be explained by high rates of primary
production at the ocean surface. On the other hand, it can lead to low-
oxygen conditions on the sea floor where only eutrophic benthic taxa
may thrive (Mutti and Hallock, 2003). In this way, the dominance of
bolivinid in sediments has been commonly related to low-oxygen sea-
bottom conditions in outer shelf and upper bathyal settings (Lutze,
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1964; Brasier, 1995; Obiosio, 2013; Khanolkar and Saraswati, 2019).
Besides, the presence of common subangular fine-sized quartz grains
indicates episodic periods of nutrient supply by means of turbidite
currents triggered by storms and/or exceptional continental water flows
induced by increased fluvial run-off (Brasier, 1995).

7. Discussion
7.1. Paleoenvironmental cycles and paleogeographic reconstruction

The Eocene sedimentary record in the Penicas and Harania areas is
only represented by Cuisian to middle Lutetian deposits arranged in a
transgresive succession, and composed by several minor transgressive-
regressive depositional cycles. This Eocene p.p. succession overlies
Jurassic limestones (Penicas section) and Paleocene deposits (Harania
section) by means of an erosive surface (Fig. 5). In the Penicas section
the first depositional cycle is represented by a transgressive basal unit
with a LBF-rich mixed assemblage of an inner-to-middle ramp envi-
ronment. It is followed by an oligotrophic carbonate interval that passes
from porcelaneous LBF-rich limestones deposited in inner ramp seagrass
conditions, to nummulitid-rich limestones corresponding to a middle
ramp environment. Finally, a peloidal quatzsiltite, which is character-
istic of a restricted inner ramp environment, closes the cycle. In the
Harania section, the succession is similar but the last nummulitid-rich
interval is not represented, and the cycle ends with a miliolid and
peloidal packstone/grainstone related to inner ramp protected lagoon
settings followed by a last interval of marly pelites with lignite beds,
which marks the transition to the continental realm.

The second depositional cycle (mostly lower Lutetian) consists of a
nummulitid-rich limestone, which in the Penicas section evolves to a
quartzsiltitic interval with small bolivinids and planktic foraminifers of
middle to outer ramp settings. In the Harania section, this second
depositional cycle is represented by two intervals: the first one is made
of a seagrass porcelaneous LBF-rich limestone, which passes to marly
pelites with lignites in a transitional-to-continental context; the second
one, consists of a coral-foralgal boundstone deposited in inner ramp
settings.

In the Penicas section the third depositional cycle (middle Lutetian),
is only represented by a nummulite-foralgal packstone of proximal
middle ramp environments. The environmental distribution of the
recognized Early to Middle Eocene biotic assemblages is shown in Fig. 8,
together with selected images of the described microfacies.

The Cuisian-Lutetian fossiliferous assemblage of the analyzed Pen-
icas and Harania sections shows a mixture of photozoan and hetero-
trophic elements. The photozoan association, constituted by abundant
LBF, common green and red calcareous algae and some colonial corals,
suggests euphotic to mesophotic conditions in oligotrophic marine
warm-waters corresponding to low-middle latitudes. The heterotrophic
assemblage, which is constituted by small benthic and planktonic fora-
minifera, mollusks, echinoids, bryozoans, annelids and other filter-
feeding organisms occurs associated with photozoan components, or
isolated from the latter as a unique association, suggesting availability of
nutrients in meso- to eutrophic habitats related to neighboring upwell-
ing settings or from terrestrial clastic supply. In any case, the overall
recognized fossiliferous assemblage is arranged in characteristic marine
belts distributed in mobile mosaics (sensu Wright and Burgess, 2005).
These belts deepen from the innermost marine environments to the open
marine settings of the outer ramp. The euphotic inner ramp settings are
characterized by oligo- to mesotrophic conditions, characterized by
marine vegetation (seagrass) and/or coral-rich settings. Mesophotic
middle ramp environments are represented mainly by oligotrophic
nummulitid-rich deposits, which can evolve to mesotrophic maérl set-
tings. Oligophotic outer ramp environments are characterized by meso-
eutrophic bolivinid and planktonic foraminifera-rich quartzsiltites sug-
gesting temporary steps of nutrient availability as a result of hydraulic
discharges and detrital supply from the hinterland rivers, without ruling
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out the presence of neighboring upwelling settings. From the carbonate
“factory”’point of view, the model here proposed is analogous to that
described by Buxton and Pedley (1989) and Fliigel (2010) and can also
be compared to the warm temperate province of Betzler et al. (1997),
especially to the heterozoan warm water carbonates of Westphal et al.
(2010). As reported by these authors, the fossiliferous assemblage shows
a transition from photozoan to heterozoan carbonates, in particular
moving to outer marine ramp settings where the concentration of nu-
trients appears to increase. Furthermore, various proxies proposed by
Westphal et al. (2010) for the recognition of this type of carbonate
factory in the fossil record have also been observed in our work. Car-
bonate grain associations, with a mixture of autotrophic (coralline and
green algae), mixotrophic (LBF, corals) and heterotrophic components
(mollusks, echinoids, bryozoans, small benthic and planktic foramini-
fers) could point to warm temperatures and high nutrient conditions.
From the paleoceanographic point of view, also the presence of silici-
clastic silt grains in distal environments could indicate upwelling set-
tings, regional current patterns, fluvial influx from hinterland or dust
supply. Our data can also be related to the ‘oligo-mesotrophic, warm-
temperate system characterized by red algal and seagrass derived
biota’ proposed by Michel et al. (2018), and in particular to the ‘type 5,
warm-temperate, oligotrophic, distally steepened ramp’ of their depo-
sitional model for the distribution of heterozoan carbonates.

A paleogeographic 3D reconstruction is shown in Fig. 9, where
paleoenvironments are displayed laterally for the whole Middle Eocene
according to the Walter Law rules.

7.2. Eocene carbonate platforms of the westernmost Tethys and
comparison with other Tethyan sectors

The Ypresian-Lutetian paleoenvironmental evolution reconstructed
for the studied area has been compared to other Tethyan sectors
(Fig. 1B), with the aim to verify general constraints for the evolution of
the Western Tethyan platforms in the considered time span.

7.2.1. Betic and Rifian sectors

Eocene shallow marine deposits are widely known in the Betic
Cordillera, as well as in the Rif, although few detailed studies have been
performed.

The Eocene sedimentary record in the External Betic Zones, which
represents platform deposits in the Southern Iberian Margin, is mainly
represented in the Alicante (Penaguila-Ibi-Onil sections [Pb: Fig. 1B],
Geel, 2000; Ascoy section, Hontzsch et al., 2013) and Murcia areas (El
Carche-Jumilla-Cieza sections; Kenter et al., 1990; Chacon and Martin-
Chivelet, 2005). The latter is generally characterized by shallowing-
upwards carbonate successions controlled by tectonics and relative
sea-level changes.

The sedimentary record of the Ypresian-Lutetian transition is only
documented in the Onil section (Geel, 2000). Even if the proposed age is
inaccurate, the section shows a marked regressive depositional trend,
which evolves from inner-to-middle ramp environments (Ypresian) in
restricted marine settings (Lutetian). This sedimentation passes south-
wards to slope and deep marine facies: (1) the Alicante Penas Montesas-
Villafranqueza-Amadorio-Busot-Pantanet (Guerrera et al., 2006) and
Agost sections (Molina et al., 2000); (2) the Fortuna area in the Murcia
region (Kenter et al., 1990; Ortiz and Thomas, 2006). No corals are re-
ported in these areas.

The shallow-marine Eocene sedimentary record in the Internal Betic
Zones, which corresponds to platform deposits in the southwestern part
of the Mesomediterranean Microplate, is represented by the Malaguide
Complex (Ma: Fig. 1B) and its equivalent Ghomaride Complex, together
with the Internal Dorsale (Frontal Units) in the Rif (Ri: Fig. 1B). The
most complete Eocene successions are developed in the eastern Mala-
guide units of Sierra Espuna area (SE Spain), which show a continuous
Upper Ypresian (Cuisian) to Bartonian (SBZ10-18) stratigraphic record.
In this area the Ypresian-Lutetian transition shows a shallowing-
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Fig. 9. Paleogeographic and paleoenvironmental 3D-sketch model of the Central-Western Malaguides with location of facies and microfacies during the Eocene.

upwards trend, which evolves from inner-middle ramp environments to
restricted marine and continental settings in the Prado Mayor and
Malvariche sections, where some small z-coral buildups have been
recorded in the early Cuisian (SBZ10) deposits (Martin-Martin et al.,
2020c, 2021).

In the central and western Malaguides (here studied) the Eocene
stratigraphic record shows a much more fragmentary and discontinuous
character than in the eastern Malaguides, the latter studied by Martin-
Martin et al. (2020c, 2021). At present, it is difficult to verify if this is
due to the lithostratigraphic omission related to tectonic effects and/or
to the presence of sedimentary hiatuses, because only the lower-middle
Cuisian (SBZ 10-11?) and lower-middle Lutetian (SBZ 13-14) deposits
have been recognized in this area. Also the absence of LBF in the marly
beds, which did not lead to a realiable dating, could be responsible for
the impossibility of recognizing some of the late Ypresian biozones,
instead well characterized in the Sierra Espuna area. This sedimentary
succession is very condensed and indicates inner marine environments
in the Harania section, while it is better developed in the Penicas section
where it shows a more open marine realm. In both sections the Cuisian
deposits show a shallowing-upwards trend from middle to protected
inner ramp settings (Penicas) to restricted inner ramp lagoon environ-
ments (Harania). In the Harania section, the Lutetian succession evolves
from an inner ramp setting to a middle ramp environment. The Penicas
section upwardly shows middle to outer ramp settings followed by
inner-middle ramp conditions. In the inner ramp of the Harania section
colonial corals have been recognized.

In the westernmost Malaguide Complex, Maaté et al. (2000) pointed
out equivalent carbonate successions outcropping in the Ardales and
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Gaucin areas (western Malaga province), characterized by a similar
shallowing-upwards sequence composed of lower-middle Cuisian
(SBZ10-11) LBF-rich limestones, which unconformably lie above a
Jurassic substrate. No corals were reported in these areas by these
authors.

In the northern Morocco, the Ghomaride Domain (Ri: Fig. 1B) is also
an element to be considered to understand the lack of continuity in the
Eocene sedimentary record. The marly levels interbedded in the car-
bonate sequence can act as detachment/decollement levels for the
different superimposed nappes, whose evolution reduced certain sedi-
mentary sections and repeated other ones. In the locality of Ain Bou-
khalfa Maaté et al. (2000) an Eocene succession constituted by a LBF-
rich sandy limestone and a limestone unit with coralline algae and
LBF (lower-middle Cuisian; SBZ10-11), unconformably lying above a
Jurassic to Paleocene substrate has been pointed out. Contemporary
deposits have also been described (Maaté et al., 2000) at the localities of
Oued el Gharraq and Oued el Lile, in the Rifian internal Dorsale. In the
first section (Oued el Gharraq), a Paleocene unit (Danian: SBZ1) is un-
conformably covered by a lower-middle Cuisian (SBZ10-11) LBF-rich
limestone succession. The Oued el Lile is the most complete section in
this area and it is characterized by four stratigraphic levels extending
from Paleocene to middle Lutetian. In this section, the Eocene succession
consists of a transgressive sequence that begins with a sandy limestone
interval, with alveolines and glauconite, topped by micritic LBF-rich
limestones. Both intervals are lower-middle Cuisian (SBZ10-11). The
section is characterized upwards by a middle Lutetian (SBZ14) LBF-rich
calcarenitic interval and a planktonic foraminifers-rich upper marly bed,
referable to an imprecise middle Lutetian age. Late Cuisian (SBZ12) and
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early Lutetian (SBZ13) zones are believed to be either greatly reduced or
absent in this area. No corals are reported by the mentioned authors in
the Ghomaride Complex.

In short, the Harania section (shallow-water conditions) is similar to
the Ardales and Gaucin sections, of the western Malaga province and to
those of the Ain Boukhalfa and Oued el Gharraq in the Moroccan Rif.
Instead the Penicas section (deeper water conditions) shows correlation
with the Moroccan Rif Oued el Lile section (Maaté et al., 2000). The
comparison of the Sierra Espuna area (Martin-Martin et al., 2020c,
2021) with the studied successions points out similar features: Harania
and Prado Mayor; Penicas and Castillo de Mula or Malvariche sections.
The main difference is that the Sierra Espuna succession is more com-
plete showing in some cases deeper realms. Corals are reported in the
Harania sector (where the inner ramp is well developed) and in the Si-
erra Espuna area (Martin-Martin et al., 2020c, 2021), in contrast to the
other Betic-Rifian sectors where no z-corals are mentioned.

7.2.2. Other Tethyan sectors

A shallow-marine sedimentation is widely developed during the
Ypresian-Lutetian times both on the northern and southern belts of the
Tethys, at paleolatitudes ranging from 40°N to near 10°S.

In the northern belt of the Tethys, extensive LBF-rich carbonate
ramps dominate these environments, where broad LBF-rich platforms
developed from the Pyrenean realm to the Tibetan sector, across Alps,
Adriatic Platform, Apennines, Carpathians, Caucasus, Hellenian,
Anatolian and Indian domains, at paleolatitudes between 35 and 45°N
(Martin-Martin et al., 2001; Hontzsch et al., 2013; Martin-Martin et al.,
2020c, 2021). Coral reef buildups, which florished and dominated
shallow-marine environments mainly during the Paleocene and Middle
Eocene, show a decline in abundance and diversity during most of the
warm Ypresian EECO, due to excessively high temperatures, which
shifted their occurrence to marginal environments (Scheibner and
Speijer, 2008; Vescogni et al., 2016; Pomar et al., 2017). The few cita-
tions reported about their Late Ypresian occurrence refer to the ‘post-
EECO cooling’ event recognized in the uppermost Middle Cuisian
(SBZ11) deposits of the Monte Postale (Lessini shelf, NE Adriatic plat-
form, NE Italy; Vescogni et al., 2016). During the early Lutetian, which is
characterized by the same cooling period, several coral patch-reefs and
z-coral debris have been reported from several localities of the Pyrenees
(Pi: Fig. 1B). Here small coral-buildups have been recognized in the
early Lutetian (SBZ13) of Sierras Exteriores in the Mediano anticline
(Poblet et al., 1998) and Isuela section (Rodriguez-Pinto et al., 2012).
The z-coral record has been also reported from the Adriatic Platform. In
this area scattered coral debris of an imprecise Ypresian-Lutetian age has
been described in the western Istria deposits (Maticec et al., 1996), in
the lower-middle Lutetian deposits of the middle Adriatic Croatia
offshore (Kovacic, 1997), and in the lower Lutetian limestone blocks
reworked as younger sediments in the W Herzegovina platform (Dra-
gicevic et al., 1992).

LBF carbonate platforms developed on the southern Tethyan margin
between Morocco (Mo: Fig. 1B) and the Oman-Yemen domains at
paleolatitudes ranging from 20°N and the equator (Hontzsch et al.,
2013; Martin-Martin et al., 2020c, 2021). No z-corals oldest than middle
Lutetian have been reported in this realm. The main periods of coral
growth occurred during the warm periods of the Middle Eocene (LLTM
and MECO events, at late Lutetian-Bartonian times, SBZ16-17). This
growth was mainly restricted to the eastern sector (ie, northern Egypt
and Arabian domains) where the nutrient-enriched waters did not affect
biotic assemblages of shallow-marine environments (Martin-Martin
etal., 2021, and references therein). In the southern Tethyan Margin the
Ypresian-early Lutetian interval is mainly represented by wide LBF-rich
ramps, where especially nummulite-bank buildups thrived (Racey,
2001; Jorry et al., 2006). The Middle-Upper Eocene deposits are missing
at the top of the upper Ypresian El Garia and Jdeir formations, in the
marine platforms of central Tunisia (Tu: Fig. 1B) and NW Libya,
respectively. An increasing eutrophication of shallow marine waters is
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constated in these domains as a result of the detrital contribution (Ber-
nasconi et al., 1991; Loucks et al., 1998; Racey, 2001; Jorry et al., 2006).
During this time-span an analogous tectono-sedimentary activity has
been also documented in the platform areas of Saudi Arabia, United
Arab Emirates, Qatar, Kuwait, Iraq, Jordan and Palestine (Anan, 2010,
and references therein).

In short, the widespread distribution of LBF during the Early Eocene
leads to the disappearance or extreme reduction of coral constructions
(Martin-Martin et al., 2020c). Nevertheless, abundant corals have been
observed in the Cuisian beds of the Sierra Espuna (Martin-Martin et al.,
2020c, 2021) and also in the Harania section, in both cases associated
with inner ramp realms. This indicates that corals could continue to
develop in the westernmost Tethys at 35° N and 0° to 5°E (Eocene co-
ordinates), in contrast to other Tethyan areas. The Ypresian-early
Lutetian time-span is a period of transition for global temperature, tec-
tonic activity, and sea-level curve, which affected ecologic parametres
and biotic assemblages developed in shallow-marine environments. So,
during this period LBF-rich belts covered the euphotic-mesophotic car-
bonate marine ramps in oligotrophic settings, and z-corals only thrived
locally where optimal ecologic conditions made it possible. This occurs
preferably in marginal settings as in the eastern and central sectors of the
Malaguide Complex in the internal Betic realm (Martin-Martin et al.,
2021, and this work).

8. Conclusions

The Penicas (Almerfa) and Harania (Malaga) Eocene stratigraphic
sections from the Malaguide Complex in the Betic Cordillera (at about-
35°N and 0° to 5°E, according to the Eocene coordinates) and belonging
to the westernmost Tethys have been studied. In the mentioned sections
the Eocene succession is represented by Cuisian (SBZ 10) to middle
Lutetian (SBZ 14) deposits (Fig. 10).

In the Penicas and Harania sections the lithofacies A, B, D, F, F1, F2,
G, M, N and R were recognized. These lithofacies represent shallow
marine platform realms. On the basis of the fossiliferous assemblage,
texture and fabric, eight microfacies were also recognized and named
from Mf1 to Mf8, according to the first appearance. In the Harania
section the Eocene succession shows an evolution from an inner ramp
setting to a middle ramp environment, while in the Penicas section an
evolution from middle to outer ramp settings, which finally return to
inner-middle ramp conditions, has been recognized. In addition, colo-
nial corals have been observed in the inner ramp.

The Eocene deposits are arranged into a transgressive succession
constituted by three minor transgressive-regressive sedimentary cycles.
(1) The first one (mostly Cuisian) is represented by a transgressive basal
unit containing LBF-rich mixed assemblage from inner-to-middle ramp
environments. This cycle is followed by an oligotrophic carbonate in-
terval, where porcelaneous LBF-rich limestones, which deposited in
inner ramp seagrass or protected lagoon conditions, pass to nummulitid-
rich limestones of a middle ramp environment. (2) The second cycle
(mostly lower Lutetian) is made of a nummulitid-rich limestone
(sometimes seagrass porcelaneous LBF), which in the Penicas section
evolves to a quartzsiltitic interval with small bolivinids and planktic
foraminifers in middle to outer ramp settings. In the Harania section this
second cyle consists of clays with lignite (marshy or lagoonal realm)
which show a transition to coral-foralgal boundstone in inner ramp
settings. (3) The third depositional cycle (middle Lutetian) is only rep-
resented in the Penicas section consisting in a nummulite-foralgal
packstone in proximal middle ramp environments.

The fossiliferous assemblage analyzed in the Cuisian-Lutetian de-
posits shows a mixture of photozoan (LBF, green and red calcareous
algae and corals) and heterotrophic (mollusks, echinoids, bryozoans,
small benthic and planktic foraminifers) elements, suggesting euphotic
to mesophotic conditions in oligo-mesotrophic marine warm-waters
(Fig. 10) located at low-middle latitudes. It also indicates a transition
from photozoan to heterozoan carbonates, in particular towards outer
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Fig. 10. Biochronostratigraphic chart of the Early-Middle Eocene including numerical time scale, epochs, ages, LBF zonation (SBZ), main climatic events, trophic
resources interpretation, circum-Tethyan platfom stages, stratigraphic units in the Eastern Malaguides (Sierra Espuna), and stratigraphic units, biotic assemblages
and main LBF and coral events in the studied central-eastern Malaguide Complex (Vélez Rubio) and western Malaguide Complex (Harania sections). Key: PETM
(Paleocene-Eocene Thermal Maximum), ETM-1, ETM-2, ETM-3 (Eocene Thermal Maximum —1 to —3), X, K (Post- ETM-3 hyperthermal events), ELMO (Eocene Layer

of Misterious Origin), EECO (early Eocene climatic optimum).

marine ramp settings.

In the central (Almerfa) and western (Malaga) Malaguides the
Eocene record shows a much more fragmentary and discontinuous
character than in the eastern Malaguides (Sierra Espuna). The Harania
section is very condensed and represents an inner marine environment,
while the Penicas section is better developed and shows a more open
marine character.

During the Early Eocene, the widespread distribution of LBF leads to
the disappearance or extreme reduction of coral constructions. Never-
theless, abundant corals have been observed in the Harania section
(Fig. 10) and in the Eocene beds of the Sierra Espuna, associated with

17

inner ramp realms. This indicates that corals could continued to develop
in the westernmost Tethys at about 35° N and 0° to 5°E according the
Eocene coordinates (transition area to the Atlantic Ocean), in contrast to
other Tethyan sectors. The Ypresian-Lutetian time-span is a period of
transition in global temperature conditions, and corals only survived
locally due to optimal ecologic conditions occurring preferably in mar-
ginal settings, as it seems to happen in the eastern and central sectors of
the Malaguide Complex (internal Betic realm).
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