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A study of the paleoenvironmental evolution of the middle Eocene platforms recognized in the westernmost Te-
thys has been carried out in the well-exposed middle Eocene succession from Sierra Espuña-Mula basin (Betic
Cordillera, S Spain). Eight microfacies (Mf1 to Mf8) have been recognized, based mainly on fossil assemblages
(principally larger benthic foraminifera), and rock texture and fabric. The fossiliferous assemblage can be
assigned to the ‘subtropical’ heterozoan association or to the low-latitude ‘foralgal facies’, which are dominated
by non-framework building, light-dependent biota such as perforate larger benthic foraminifera, coralline
algae, and sometimes green algae and solitary corals. Larger benthic foraminifer assemblages, corresponding
from euphotic to oligophotic conditions and the large surface showed, suggest a progressive marine ramp
under essentially oligotrophic conditions. Eventually, supply of detrital sediments from the continent and/or up-
welling currents increases the nutrients of marine waters. Comparisonwith other Tethyan sectors allows stating
that coral-reef buildups (z-corals) were widespread on shallow platforms of the central and eastern Tethys
Ocean, but these were neither of great dimensions nor dominant because of the muchmore dominant presence
of larger benthic foraminifera. Moreover, these coral constructions were completely absents in the westernmost
Tethys. The dominance of larger benthic foraminifera and the absence of z-corals in the westernmost Tethys are
explained by particular paleogeographic features due to the occurrence of a narrowand deep oceanic branch (i.e.,
the Maghrebian Flysch Basin) connecting the Tethys with the Atlantic Ocean. The various issues regarding the
morphological characters and evolution of larger benthic foraminifera in the study area, such as sizes of tests, spe-
cific diversity and/or intraspecific variability, number of appearances and last occurrences during themiddle Eo-
cene are analyzed and compared with those appearing in other Tethyan sectors. In addition, the early to late
Bartonian boundary is recognized in the study area as critical for the biological change as in other shallow-marine
environments along the Tethys margins.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The predominance of larger benthic foraminifera (LBF) in the shal-
low-marine carbonate environments of the Tethys throughout the Eo-
cene was favored by high temperatures (Fig. 1). This caused the
reduction of other groups as zooxanthellate corals (z-corals) that in-
stead dominated during the Paleocene (Scheibner and Speijer, 2008;
Pomar et al., 2017). Z-corals and LBF, as well as algal symbiont-bearing
and specialized organisms (k-strategists), being competitors occupy
very similar ecological niches. These groups required favorable ecologi-
cal conditions such as light, nutrients and euphotic and oligotrophic
marine habitats, and also, tropical to subtropical water temperature
(Hottinger, 1983; Hallock, 1985, 2000). Nevertheless, LBF are better
adapted than corals to unfavorable conditions of higher temperatures,
UV exposure and/or presence of nutrients (Hallock, 2000; Scheibner
tín).
and Speijer, 2008; Payros et al., 2010; Pomar et al., 2017; Sarkar,
2017). This is explained since symbiont algae in corals also tend to be
expelled out of the coral tissue, causing bleaching in the corals when a
temperature threshold is exceeded (Glynn, 1996; Hallock, 2000;
Höntzsch et al., 2013; Pomar et al., 2017). A reduction of LBF has been
indicated in literature (Prazeres et al., 2017), when very low light levels
conditions and in inorganic nutrient-very rich waters occur together.

During the middle Eocene, from 49 to 45 Ma to the earliest middle
Eocene, (Shallow Benthic Zone 14: SBZ 14) warm periods occurred
with minor hyperthermal events (middle Eocene Climatic Optimum:
MECO; late Lutetian Thermal Maximum: LLTM; Bohaty and Zachos,
2003; Edgar et al., 2007; Sexton et al., 2011; Westerhold et al., 2018;
Rivero-Cuesta et al., 2019, 2020) (Fig. 1). This period followed the
sharp rise of temperatures at the onset of the Eocene (Kennett and
Stott, 1991; Zachos et al., 2008) and the early Eocene Climatic Optimum
(EECO; Zachos et al., 2008) (Fig. 1). These warm conditions were main-
tained until the climate cooling, which occurred at the Eocene-Oligo-
cene boundary (Zachos et al., 1996).
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Fig. 1. Chart with the middle Eocene epochs, ages, numerical time scale, shallow benthic zones (SBZ), main climatic events, trophic resources, LBF specific diversity and LBF and coral events.
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Wide shallow-marine carbonate platforms developed during the Eo-
cene in the circum-Tethyan sectors. In these broad carbonate shallow-ma-
rine areas, larger benthic foraminifera (LBF) rim facies developed (Fig. 1),
which were dominated by nummulites and coralline algae. Contrarily,
coral patch-reef usually decreased or disappeared during these warming
events. In fact, some authors consider that the peaks of great diversifica-
tion of LBF were mainly related to warm periods, thus giving less impor-
tance to the nutrient availability (Scheibner et al., 2005; Whidden and
Jones, 2012) or to sea-level rises that increased the area of the biotope
and the emergence of new ecological niches (Ungaro, 1994). In this way,
a hyperthermal event in the early Lutetian (Fig. 1) coincides in the Te-
thyan area with the development of alveoline-rich shallow inner ramps
thus justifying the peak in specific diversity of alveolinids (Hottinger and
Drobne, 1988; Serra-Kiel et al., 1998a; Whidden and Jones, 2012; Pomar
et al., 2017). The middle Lutetian to Bartonian time span was a period
characterized by an extensive development of hyaline LBF-rich facies,
forming large and thick nummulite banks. They developedon the temper-
ate northern Tethyan margin of the N Spain (Pyrenees), at paleolatitudes
around 38°N, in Italy, at paleolatitudes around 35°N (Philip et al., 2013),
and in localities of the southern Tethyan margin, on the Africa-Arabian
shelf, at paleolatitudes between 10°N and 20°N (Höntzsch et al., 2013).
Coeval, small to medium-scale coral patch-reefs have been described in
2

the Pyrenean region above the nummulite banks (Martín-Martín et al.,
2001) preceding the main phase of coral-reef buildups developed at the
middle-late Eocene transition (late Bartonian-early Priabonian). This fea-
ture is recorded in numerous localities of the circum-Tethyan region
with the progressive cooling in the post-MECO interval (Perrin and
Kiessling, 2010; Höntzsch et al., 2013; Pomar et al., 2017).

Eocene carbonate platforms developed in the Betic-Rif orogen both
in the internal Malaguide-Ghomaride domain, at paleolatitudes around
25°N (Serrano et al., 1995; Martín-Martín, 1996; Martín-Martín et al.,
1997a, 1997b; Martín-Martín et al., 2020c) and in the Prebetic units of
the External Betic Zone (Geel et al., 1998; Geel, 2000; Höntzsch et al.,
2013; Guerrera et al., 2014), at paleolatitudes around 30°N. The fossil
Malaguide-Ghomaride shallow-marine areas represented the transition
to the proto-Atlantic domain at low latitudes, in a paleogeographic area
still little studied.

The post-Cretaceous paleogeography of the westernmost Tethyan
domain shows that the western Mediterranean area was characterized
by different oceanic branches the most important of which was repre-
sented by theMaghrebian Flysch Basin (MFB). This basinwas connected
with a sector of the proto-Atlantic Ocean at the present corresponding
to a portion of the Betic-Rifian Gibraltar Arc (Guerrera and Martín-
Martín, 2014; Guerrera et al., 2021; Martín-Martín et al., 2020a, 2020b).
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Changes in the fossiliferous assemblages and the evolution of
the LBF deduced from the stratigraphic sections studied allow es-
tablishing both environmental changes and the biogeographic con-
tent (Hottinger, 1983; Brasier and Bosence, 1995). The use of
biozones based on characteristic LBF assemblages allows extracting
Fig. 2. A) Location of the study area in the Murcia Province (SE Spain). B) Western Medite
Paleogeographic sketch of the western Mediterranean area at the late Cretaceous (after Guerr
(Pi), Prebetic domain (Pb), Rifian domain (Ri), Moroccan domain (Mo) and Tunisian domai
geological cross section shown in E and the studied stratigraphic sections (1 to 4); E) Geologic

3

sedimentary, paleoenvironmental, paleoclimatic and paleoceanographic
information.

The Sierra Espuña area displays one of the most complete and well-
exposed Paleogene shallow-marine successions of the Betic-Rif Chain
and neighboring Mediterranean areas (Fig. 2A, B). This research
rranean Alpine chains with location of the Murcia Province in the Betic Cordillera. C)
era and Martín-Martín, 2014) with the location of the study area (SE), Pyrenean domain
n (Tu). D) Geological map of the Sierra Espuña-Mula basin area with the location of the
al cross section.
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presents the description and interpretation of micro- and macro-facies
of four stratigraphic sections from the middle Eocene outcropping in
this area. The biostratigraphic analyses are based on benthic communi-
ties living in shallow-marinewaters and, in particular, on larger benthic
foraminifera. On the basis of the biozonation by Serra-Kiel et al. (1998a),
a precise dating of the LBF associations recognized in the study areawas
published by Serra-Kiel et al. (1998b). This permits reconstructing
the main evolutionary stages of the LBF, which then helps in the
paleoenvironmental interpretation of the middle Eocene carbonate
shallow-marine areas. Our results reveal significant differences and co-
incidences of theseMiddle Eocene carbonate platforms of the Betic Cor-
dillera, located at paleolatitudes around 25°N and around 10°W, when
compared with results concerning other Tethyan sectors.

2. Background

2.1. Geology

The Betic Cordillera is part of the westernmost Alpine Chain in the
Mediterranean area (Fig. 2B). The birth of this mountain chain system is
derived from the closing of several Tethyan oceanic branches and the col-
lision of different microplates against the Iberia-Eurasia and Africa plates
(Fig. 2C) (Wildi, 1983; Martín-Algarra, 1987; Doglioni, 1992; Guerrera et
al., 2005; Guerrera and Martín-Martín, 2014; Guerrera et al., 2021;
Martín-Martín et al., 2020a, 2020b).

The area considered corresponds to the Sierra Espuña-Mula
basin which exposes a well-developed Meso-Cenozoic sedimentary
succession belonging to the Morrón de Totana Tectonic Unit of the
Malaguide Complex (Internal Betic Zone), one of the upper tectonic
units involved in the structure of the Sierra Espuña area. This sedi-
mentary succession comprises several stratigraphic formations
grouped in two cycles (pre-orogenic: Paleocene-Early Oligocene;
syn-orogenic: Late Oligocene-Burdigalian) (Figs. 2D, 3). The middle
Eocene stratigraphic record of theMorrón de Totana Unit (Fig. 2D, 3)
Fig. 3. Stratigraphic framework of the Tertiary suc
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comprises four formations: the Espuña, Valdelaparra, Malvariche,
and Canovas fms. The Malvariche Fm unconformably rests above
the Espuña and Valdelaparra Fms (Cuisian-Lower Lutetian in age).
In turn, the Malvariche Fm shows a lateral and upward transition
to the Canovas Fm (Martín-Martín, 1996; Martín-Martín et al.,
1997a, 1997b, 1998; Serra-Kiel et al., 1998b; Martín-Martín et al.,
2006; Martín-Martín and Robles-Marín, 2020).

The tectonic structure of the Morrón de Totana Unit (Fig. 2E) is con-
stituted by an antiformal stack followednorthward by a syncline includ-
ing several thrust sheets in the Mula Basin, which in turn northward
contacts with the External Betic Zone by a backthrusting over the Inter-
nal Zone.

2.2. Stratigraphy

Stratigraphic-biostratigraphic studies carried out in the Espuña,
Valdelaparra, Malvariche, and Cánovas Fms provided a detailed
stratigraphic architecture (Fig. 3) including LBF, planktonic forami-
nifera and calcareous nannoplankton dating from literature. These
data allow an accurate chronologic control of the middle Eocene
sedimentation in the area. In the present work, the biostratigraphic
data (Fig. 4) by Serra-Kiel et al. (1998b) based on the Shallow Ben-
thic Zones (SBZ, Serra-Kiel et al., 1998a) and modifications by
Papazzoni et al. (2017) for the LBF are followed. The planktonic fo-
raminifera and calcareous nannoplankton data by Martín-Martín
(1996) and Martín-Martín et al. (1997a, 1997b) were integrated
in a chronologic framework according to the Geologic Time Scale
(Gradstein and Ogg, 2012). In the considered area, the boundaries
between the middle Eocene formations are marked by lithological
changes and an unconformity surface at the base of the middle
Lutetian (Fig. 3). The middle Eocene sedimentation is represented
by two couples of heteropic formations, which are separated by
an unconformity surface at the early-middle Lutetian boundary
(Martín-Martín et al., 1997a, 1997b).
cession of the Sierra Espuña-Mula Basin area.



Fig. 4.Biochronostratigraphic distribution and stratigraphic range of larger benthic foraminifera recognized in themiddle Eocenedeposits of the study area based on data fromSerra-Kiel et
al. (1998a), revised and updated.
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The lower couple of stratigraphic formations is Ypresian to early
Lutetian in age (Martín-Martín et al., 2020c), but in this work, only the
early Lutetian portion has been studied. These formations are: (a) the
Espuña Fm, which crops out in the entire study area and is represented
by inner to outer ramp deposits consisting of limestones and/or
calcarenites with numerous LBF, and open marine marly sandstones,
siltstones and marls with deeper benthic foraminifers, planktonic fora-
minifers and calcareous nannoplankton; (b) the Valdelaparra Fm,
which crops out in the PradoMayor andMalvariche sections and repre-
sents a lagoonal tomarshy inner ramp environment. The upper twohet-
erotopic formations (middle Lutetian to Priabonian in age) resting
above an unconformity (Martín-Martín et al., 1997a, 1997b) are: (c)
the Malvariche Fm (middle Lutetian to late Bartonian), which crops
out in the entire study area and is constituted by an inner to outer
ramp facies consisting of limestones and/or calcarenites with numerous
LBF, and open marine marly sandstones, siltstones and marls with
deeper environment benthic foraminifers, planktonic foraminifers and
calcareous nannoplankton; (d) the Cánovas Fm (late Bartonian to
Priabonian), which represents amore distal unit. This formation is com-
posed of middle to outer ramp deposits, consisting in the lowermost
part of limestones and/or calcarenitic beds with common LBF, that
evolve in the middle and upper part of the formation to sandy marls,
silts and marls alternating with calcarenite beds with abundant plank-
tonic foraminifers and calcareous nannoplankton.

The LBF association analyzed in the Malvariche Fm covers a time
span extending from the middle Lutetian to the early Bartonian (SBZ
14–17). Planktonic foraminifers and calcareous nannoplankton ob-
served in the middle part of this unit belong to the P12-P14 and
NP18–20 zones, respectively (Martín-Martín, 1996; Martín-Martín et
5

al., 1997a, 1997b). On the other hand, the LBF assemblage from the
Cánovas Fm spans from the early Bartonian to the early Priabonian (SBZ
17–19). The presence in the nannoplankton association of Chiasmolithus
oamaruensis suggests a late Eocene age for the upper levels of the Cánovas
Fm, not documented by LBF.

The sedimentary cycles, depositional sequences (stratigraphic bodies
separated by unconformity surfaces), and formations of the Mula-Sierra
Espuña basin and their lateral relationships are summarized in Fig. 3.

2.3. Paleoplatforms in the Betic Cordillera

In the Betic Cordillera, the middle Eocene neritic deposits are only
represented in the External (Prebetic) and the Internal (Malaguide)
zones (southeastern Spain). In the External Subbetic zone, the middle
Eocene consists mainly of pelagic and turbidite deposits (Grupo Cardela
and Capas Rojas Fm.; Vera, 2000). In this period, the area between the
Iberian and African plates and the Mesomediterranean microplate, the
so-called ‘flysch trough’ (Vera, 2000) or Maghrebian Flysch Basin
(Guerrera et al., 2014), is characterized only by turbidite sedimentation.

Shallow-marine Prebetic successions of middle Eocene age are
mainly described in the Onil, Ibi, Carrasqueta and Penaguila sections of
the Alicante region (Geel et al., 1998; Geel, 2000; Höntzsch et al.,
2013) and in the Internal Prebetics from the Jaen-Albacete provinces
(Jerez, 1981). In the same domain of the Murcia and Albacete sectors,
shallow carbonate deposits are represented by Nummulite-, Alveolina-
and algae-richmarine limestones (Jerez, 1981; Vera, 2000). Finally, sed-
iments of an imprecise middle Eocene age and related to an analogous
depositional setting are also recognized in the Jumilla-Cieza area (Mur-
cia region). In this area, a shallowing-upwards sequence developed in



Table 1
Lithostratigraphic data of the studied stratigraphic sectionswith the representation of the interval thickness, name of formation, samples collected, age, fossils visible to the naked eye and
lithofacies description (Martín-Martín, 1996; Martín-Martín et al., 1997a, 1997b; Serra-Kiel et al., 1998a).

Stratigraphic section 1 (Log 1) – locality: Castillo de Mula (Mula Basin)

Thickness
(m)

Formation Samples Age Field lithofacies Fossils recognized in the field Microfacies

5
MALVARICHE
(75 m)

9–10 Late
Lutetian p.
p. (SBZ16)

Lithofacies M9: prevalent limestones and/or calcarenites
and yellowish-reddish sandy marls with occasional
Fe\\Mn nodules

Algae Mf1

40
6–7–8

Middle
Lutetian
(SBZ15)

Lithofacies M8: conglomeratic beds yellowish sandy
marls alternation and reduction of calcareous blocks and
nodules

Mf2

30
3–4-5

Middle
Lutetian
(SBZ14)

Lithofacies M7: prevalent chaotic conglomerates and
calcareous blocks

Mf1

Erosion surface
0,1–03 ESPUÑA

(>20 m) 1–2
Early
Lutetian
(SBZ13)

Lithofacies M6: as below, but here between two
decametric ocraceous nodular discontinuous levels

Mf1
10
0,2–0,4

>10
Cuisian
(SBZ12)

Lithofacies M6: discontinuous biocalcarenites (fine to
coarse grained matrix)

Frequent flat Nummulites (gr. Millecaput); size of
Nummulites and Assilines can reach and exceed
3–5 cm; algae

Stratigraphic section 2 (Log 2) – locality: Prado Mayor (Sierra Espuña Basin)

Thickness
(m)

Formation Samples Age Field lithofacies Fossils recognized in the field Microfacies

130

MALVARICHE
(75 m)

19–20
16–17
−18

Middle
Lutetian
(SBZ15) p.p.

Lithofacies I1 + I2. I1: as below;
I2: similar to I1 but here with Nummulites

I2: not flat but globulose Nummulites. Mf2

100
15

Middle
Lutetian p.p.
(SBZ15-SBZ14)

Lithofacies H3: as below Gastropod-rich micritic limestones
(freshwater or
transitional environment)

Mf3

130 13–14 Middle
Lutetian p.p.
(SBZ14)

Lithofacies I1: alternating frequent decametric and
pluri-decimetric biocalcarenite beds and pelitic-sandy
beds

Mf2

Erosion surface
30 VALDELA-

PARRA
(>180)

12 Early Lutetian
(SBZ 13)

Lithofacies H3: yellowish gray homogeneous silty-sandy
pelites; occasional muscovite-rich quartzose arenites
with carbonate cement. Pelites/(arenites + limestones)
ratio is about 95/5; instead the pelites/limestones ratio is
about 70/30

Gastropod-rich micritic limestones
(freshwater or
transitional environment)

Mf3

120 – Semicovered interval
>30 11

Cuisian
(SBZ12)

Lithofacies G: amalgamated grayish-blackish and
brownish micritic limestones with indistinct bedding

Abundant Miliolids, occasional Alveolines and
Orbitolides; the association indicates a very
restricted environment (e.g. estuary, lagoon,
marsh)

Stratigraphic section 3 (Log 3) – locality: Malvariche (Sierra Espuña Basin)

Thickness
(m)

Formation Samples Age Field lithofacies Fossils recognized in the field Microfacies

16

MALVARICHE
(490 m)

40–41–42 Early
Bartonian
(SBZ17)

Lithofacies S: bioclastic limestones Small Nummulites and probable
Ostreids and Echinoderms

Mf2

4 39 Lithofacies N: as below Mf4
5 38

Late
Lutetian
(SBZ 16)

Lithofacies R: as below Mf5
5 37 Lithofacies N: as below Mf4
10 36 Lithofacies R: very cemented biocalcarenites (fine to medium

grained and with much larger fossils); presence of brecciated
structures

Nummulite perforates, N. planes,
encrusting organisms, elongated
Alveolines; fossiliferous intraclasts

Mf5
35 Mf7
34 Mf2

6 – Semicovered interval
74 33

Middle
Lutetian
(SBZ 15)

Lithofacies O: as below
50 – Semicovered interval Mf4
25 32 Lithofacies N: as below
15 30–31 Lithofacies O + Q: as below Mf2
15 Lithofacies Q: lens shaped, poorly stratified brecciated

biocalcarenites
Very frequent Ostreids (size 5–10 cm),
Nummulites, Discocyclines, Assilines,
Annelids, Lamellibranches

10 29 Lithofacies N + P. N: as below; P: Mf4
10 27–28 Lithofacies O: lenticular bodies of medium-grained biocalcarenites

with a brecciated structure
Frequent fossils of (various cm in size)
including Discocyclines, grouped in
lenses of different dimensions

Mf2

5 26
Middle
Lutetian
(SBZ 14)

Lithofacies N: as below Mf4
75 24–25 Lithofacies M: alternating limestones and sandy-pelites with

Nummulites; brecciated limestone beds in the upper portion
Large Nummulite and Alveoline aff.
fusiformis (2–3 cm at least); Algae and
Rodolites

Mf6
Mf5
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Table 1 (continued)

Stratigraphic section 3 (Log 3) – locality: Malvariche (Sierra Espuña Basin)

Thickness
(m)

Formation Samples Age Field lithofacies Fossils recognized in the field Microfacies

38 Lithofacies N: yellowish homogeneous silty-sandy pelites Abundant Assiline and Nummulites Mf4
2 – Semicovered interval

25 22–23 Lithofacies I: metric thick beds of
stratified biocalcarenites (medium to
coarse grained)

Abundant

Nummulites
(diameter
1.5–2 cm),
Assiline,
Echinoderms,

Lamellibranches Mf2

Erosion surface
35 VALDELA-

PARRA
(>220)

– Early
Lutetian
(SBZ 13)

Lithofacies H1-H3. H1: described below; H3: described in log 2.

Mf3
5 21 Lithofacies H: micritic massive limestones Gastropods
60 – Lithofacies H1: yellowish-gray homogeneous silty-sandy pelites

and occasional decimetric muscovite-rich quartzose arenites, with a
carbonate cement, (pelites/arenites ratio = 95/5); occasional
micritic limestones

80 – Semicovered interval
>40 – Cuisian

(SBZ12)
Lithofacies G: similar characteristics checked in the Log 2

Stratigraphic section 4 (Log 4) – locality: Cánovas (Sierra Espuña Basin)

Thickness
(m)

Formation Samples Age Field lithofacies Fossils recognized in the field Microfacies

30 CÁNOVAS
(100 m)

59–60 Priabonian
(SBZ19)

Lithofacies Y: unstratified brownish to pinkish
silty-marls with planktonic foraminifers and
characterized by the absence of larger foraminifera.

Planktonic foraminifers, absence of larger
foraminifera

Mf4

30 57–58
Late
Bartonian
(SBZ18)

Lithofacies W: brownish silty-marls, occasional metric
calcarenite beds

Discocycline (of a deeper environment than the
Assiline); Discocycline and occasional Operculine

Mf8

20 – Semicovered interval
20 55–56 Lithofacies Z: fossiliferous sands Abundant Assiline
40

MAIVARICHE
(340 m)

52–53-54
Early
Bartonian
(SBZ17)

Lithofacies U: as below Mf2

25 51 Late
Lutetian
(SBZ16)

Lithofacies T: as below Mf4
7 50 Lithofacies U: as below Mf8
18 49 Lithofacies T + N.

T: as below; N: as Log 3
Mf4

Middle
Lutetian
(SBZ15)

65 47–48 Lithofacies Q: as Log 3

Mf8
50

45–46
Lithofacies U: poorly stratified bioclastic limestones
and limestones (fine grained; 50 m thick); the size of
fossils is much larger than the grain size of the
limestones; sometimes abundant carbonaceous
frustules.

Corals, deep Ostreids, Gastropods (e.g. Turritellids);
the size of fossils is much larger than the grain size
of the limestones; carbonaceous frustules.

15 – Lithofacies Q: as Log 3
40 – Lithofacies T: as below
20 44 Lithofacies Q: as Log 3
50 43 Lithofacies T: unstratified brownish silty-marls Planktonic foraminifers, corals and solitary corals,

large and flat Nummulites, Lamellibranches,
Gastropods (e.g. Turritella), sometimes fossils are
isooriented producing a pseudo-lamination
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this period testifies an evolution from inner marine platform to conti-
nental settings (Sierras del Carche, Enmedio, Benis and Caramucel;
Kenter et al., 1990).

In theAlicante region, in thenortheastern part of the Betic Cordillera,
the Paleogene sedimentation is extremely variable due to the complex
paleogeography of the area, which is controlled by the onset of tectonic
uplift of the Betic orogen. Shallow-marine deposits are mainly distrib-
uted in the northern sector of the region, passing southward to external
platform and slope deposits. The morphology of the platform is highly
compartmentalized, generating deposits and interspersed erosion sur-
faces in different sedimentary settings. Geel et al. (1998) recognized a
wide early-middle Eocene platform in the westernmost Onil-Ibi-
Carrasqueta areas that would constitute an uplifted block with a shal-
low-marine sedimentation. For the late middle Eocene, these authors
recognized an additional carbonate platform in the northernmost
Alcoy, Penaguila and Sierra de Aitana areas. A tectonic tilting of the
7

region at the end of this period caused an emersion and erosion of the
highest parts of the succession, marking the end of the middle Eocene
sedimentation (Kenter et al., 1990; Geel et al., 1998). Regarding the se-
quence-stratigraphy interpretation, Geel (2000) described in detail the
middle Eocene deposits of the Ibi-Onil and Penaguila areas, recognizing
in the Ibi section, the most developed and representative shallow-ma-
rine platform for this time, and five shallowing-upwards depositional
cycles of mainly hyaline LBF-rich limestones (nummulites, assilines
and discocyclines) limited by sequence boundaries mainly controlled
by tectonics and sea-level changes. The middle Eocene shallow-marine
deposits are alsowidely represented in the Internal (Malaguide) zone of
the Sierra Espuña (Murcia) area, and they have been studied in the
present work. Around the city of Malaga, possible coeval deposits are
recognizable in the ‘Chaotic Complex’, which includes larger alveolinid
limestone blocks in olistostrome-like structures of marine slope envi-
ronments (Serrano et al., 1995).
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3. Methods and materials

The methodology applied in the study area consists of classic
field observations and sampling, laboratory analyses, and interpre-
tation. The field observations were aimed at characterizing the sed-
imentary lithofacies of the studied stratigraphic successions. The
laboratory study was aimed to the characterization of the various
middle Eocene biofacies and to a relative estimation of fossil com-
ponents and, in particular, of the biochronostratigraphic distribu-
tion of the larger benthic foraminifera (LFB). The collected data
allow a paleoenvironmental interpretation and a reconstruction of
their evolution. In addition, a new geological map (Fig. 2D) shows
the different formations, the tectonic elements, and the location of
the studied stratigraphic sections (Castillo de Mula, Prado Mayor,
Malvariche and Cánovas). A geological cross section showing the
thrust-and-fold structure of the area is reported in Fig. 2E. The in-
volved stratigraphic formations (Espuña, Valdelaparra, Malvariche
and Cánovas Fms) belonging to the Malaguide Complex (Internal
Betic Zone) have been measured for a total thickness of 1695 m.

Different litho-biofacies have been recognized (Table 1). A total
of 60 samples have been analyzed in order to the microfacies char-
acterization (Figs. 5, 6 and 7), both as hand samples and as thin-
sections (3 to 8 thin-sections for each sample). Paleoecological
and depositional paleoenvironment characteristics have been de-
fined by the study of standard thin-sections by means of a Nikon
optical microscope model Eclipse E 200. In order to characterize
the microfacies, photographs were taken with a Nikon digital cam-
era model DS-Fi2, transferred with a camera controller to a PC and
treated using a Nikon software (Digital Sight DS-U3, NIS Elements
F4).

The microfacies analysis (Figs. 6 and 7) has been carried out using
the method of Flügel (2010): (1) description of lithology; (2) grain
type (skeletal/non skeletal); (3) grain size and sorting; (4) textures;
and (5) microfossil assemblages. For the microfacies, denomination
and carbonate classification were followed (Dunham 1962).

Loeblich and Tappan (1987) have been followed for the taxo-
nomic classification of nummulitids (genus Assilina includes Assilina
s.s. and operculiniform Assilina from Tosquella and Serra-Kiel, 1998).
Themarine paleoenvironment reconstruction is carried out using the
ramp subdivision terminology according to Burchette and Wright
(1992) and Pomar (2001), but also considering the photic subdivi-
sions according to 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 ‘upper-
most photic zone’ of Hottinger (1997) and the deepest occurrence
of marine vegetation (Pomar, 2001). In turn, the lowermost bound-
ary could coincide with the lower limit of the ‘upper photic zone’ of
Hottinger (1997) at near 80m of depth, with the onset of a large ben-
thic foraminifera assemblage dominated by orthophragminids
(Hottinger, 1997). Finally, the Nebelsick and Bassi (2000) terminol-
ogy has been used when samples contained crustose coralline red
algae.

4. Results

4.1. Litho- and biostratigraphy

The main lithofacies features of themiddle Eocene successions have
been reconstructed by means four stratigraphic sections (logs) mea-
sured in the Mula-Sierra Espuña Basins (Figs. 2D, 3) and their descrip-
tions are summarized in Fig. 5 and Table 1. Log 1 has been measured
in the Mula Basin (Castillo de Mula locality) and the other three logs
in the Sierra Espuña area (in the localities Prado Mayor, log 2;
Malvariche, log 3; and Cánovas, log 4). In the four stratigraphic sections,
sixty samples have been collected, which are distributed as follows: ten
(1 to 10) in the Castillo de Mula section; ten (11 to 20) in the Prado
8

Mayor section; twenty-two (21 to 42) in the Malvariche section; and
eighteen (43 to 60) in the Cánovas section.

4.1.1. Stratigraphic section 1 (Castillo de Mula)
The succession of this log, belonging to the Mula Basin, extends

over 85 m from the upper part of the Espuña Formation to the
Malvariche Formation, from the Cuisian (SBZ12) to the late Lutetian
(SBZ 16, p.p.).

In this stratigraphic section, the lower tenmeters, which belong to the
Espuña Fm (Lithofacies M6, early Lutetian/SBZ13), are topped by an un-
conformitymarked by a 10–30 cm thick yellowish Fe-hydroxydesminer-
alized bed probably related to an emersion. The Lithofacies M6 consists of
discontinuous fine- to coarse-grained biocalcarenites, with frequent flat
nummulites (e.g. N. gr. millecaput-maximus) and red algae. The dimen-
sions of nummulites and assilines can reach and exceed 3–5 cm. This
level was dated (Martín-Martín et al., 1997a, 1997b) as early Lutetian
(SBZ13) with the LBF assemblage consisting of Nummulites lehneri, N.
verneuili,N. alponensis, Assilina tenuimarginata and A. aff. exponens (Fig. 4).

Above the unconformity surface, the stratigraphic section shows 75
m of the Malvariche Fm constituted by three main stratigraphic inter-
vals (Lithofacies M7, M8 and M9), characterized by various lithofacies
(Fig. 5, Table 1).

The Malvariche Fm is interrupted at the top by a tectonic contact
(fault at the core of a syncline in whose limb the log has been mea-
sured). This formation is made up of chaotic conglomerate blocks that
pass to less chaotic and stratified matrix-supported conglomerates,
with a calcareous mud matrix (re-mobilized in situ) alternating with
yellowish sandy marls and algal biocalcarenites. The limestone clasts
gradually decrease upwards until they disappear in the last 10–15 m
of the succession.

Three main stratigraphic intervals have been recognized in this for-
mation: (i) Lithofacies M7 (lower portion, 30m thick;middle Lutetian p.
p./SBZ14), where chaotic conglomerates and calcareous blocks prevail;
(ii) Lithofacies M8 (middle portion, 40 m thick; middle Lutetian p.p./
SBZ15), characterized by alternating conglomeratic beds and yellowish
sandy marls and by a reduction of calcareous blocks; (iii) Lithofacies M9
(upper portion, 5 m thick; late Lutetian p.p./SBZ16), prevalently repre-
sented by amalgamated algal biocalcarenites and yellowish-reddish
sandy marls with occasional Fe\\Mn nodules.

The early middle Lutetian (SBZ14) was dated (Martín-Martín et al.,
1997a, 1997b) with the LBF assemblage consisting of Nummulites
aspermontis, N. boussaci, N. alponensis, N. aff. millecaput, N. hilarionis, N.
beneharnensis,N. aff. tavertetensis,N. discorbinus,N.lorioli, A. aff. exponens
and A exponens (Fig. 4). This level was followed by the late middle
Lutetian (SBZ15) dated by Martín-Martín et al. (1997a, 1997b) with
the LBF assemblage consisting of N. aff. millecaput, N. aff. deshayesi, N.
aff. tavertetensis, N. discorbinus, N.lorioli, N. beaumonti and A exponens
(Fig. 4). The LBF assemblage consisting of Alveolina gr. fragilis, N. aff.
deshayesi, N. herbi, N. deshayesi, N. praepuschi, N. discorbinus, N. aff.
biarritzensis, N. maximus, N. beaumonti and A exponens (Fig. 4) allowed
to date the late middle Lutetian (SBZ16) (Martín-Martín et al., 1997a,
1997b) to the top of this stratigraphic section. In the stratigraphic sec-
tion 1, two main microfacies (Mf1, Mf2), described afterwards, have
been recognized.

4.1.2. Stratigraphic section 2 (Prado Mayor)
This stratigraphic section (Sierra Espuña Basin, Log 2,more than 520

m thick) is made up by the upper portion of the Valdelaparra Fm (more
than 160 m) and the Malvariche Fm (360 m thick) extending from the
Cuisian (SBZ12) to middle Lutetian (SBZ15) where different lithofacies
have been recognized (Fig. 5 and Table 1). The early middle Lutetian
(SBZ14) was dated (Martín-Martín et al., 1997a, 1997b) with the LBF
assemblage consisting of Nummulites aspermontis, N. boussaci, N.
alponensis, N. aff. millecaput, N. hilarionis, N. beneharnensis, N. aff.
tavertetensis, N. discorbinus, N.lorioli, A. aff. exponens and A exponens
(Fig. 4). The LBF assemblage consisting of N. aff. millecaput, N. aff.



Fig. 5. Studied stratigraphic sections represented as columns. Sections have different scales because Section 1 is much thinner than the others. The distribution of defined lithofacies and
microfacies (Mf1 to Mf8), and the location of studied samples are represented.
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deshayesi,N. aff. tavertetensis,N. discorbinus,N.lorioli,N. beaumonti and A
exponens (Fig. 4) allowed to date the late middle Lutetian (SBZ15)
(Martín-Martín et al., 1997a, 1997b).

The lower Lithofacies G (Cuisian/SBZ12-early Lutetian/SBZ13 p.
p.) of the Valdeparra Formation, analyzed in detail for ten meters,
shows grayish-blackish and brownish amalgamated micritic lime-
stones with indistinct bedding, containing abundant miliolids and
occasional alveolines and orbitolites, whose fossil association indi-
cates a very restricted environment (e.g. estuary, lagoon, marsh).
The following early Lutetian p.p. Lithofacies H3 (Valdelaparra Fm)
observed for 30 m (after a semicoverd interval of 120 m) shows
9

homogeneous yellowish-gray silty-sandy pelites with occasional
decimetric muscovite-rich quartzose arenites, carbonate cement
and occasional micritic limestones with abundant freshwater or
brackish gastropods. In this lithofacies, the pelite/(arenite + lime-
stone) ratio is about 95/5, while the pelite/limestone ratio is about
70/30.

The top of the Valdeparra Fm is represented by an unconformity
surface, which separates this formation from the overlying
Malvariche Fm, in which three main stratigraphic intervals have been
recognized (Lithofacies I1, H3 and I1 + I2). Lithofacies I1 (50 m thick;
middle Lutetian/SBZ14 p.p.) is represented by frequent decimetric



Fig. 6. Photomicrographs of the middle Eocene microfacies of the study area: A)Mf3M1: sample 12; B)Mf5 M2: sample 36; C)Mf6 M3: sample 25; D)Mf7 M4: sample 35; E) Mf2 M5:
sample 13; F) Mf1 M6: sample 3; G) Mf8 M7: sample 58; H) Mf4 M8: sample 23. Scale bar: 1000 mm. Key: a, alveolinid; ac, acervulinid; agf, agglutinate foraminifer; am,
amphisteginid; an, annelid; as, asterocyclinid; bo, bolivinid; co, colonial coral; cc, crustose coralline algae; d, discocyclinid; g, gastropod; gc, geniculate coralline algae; m, miliolid; mo,
mollusk; n, Nummulites; oas, operculiniform Assilima; or, Orbitolites; os, ostracod; pf, planktic foraminifer; pl, planorbulinid; so, solenomeris.
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and pluridecimetric biocalcarenite beds alternating with pelitic-sandy
beds, which include frequent flattened nummulites. The following 100
m of succession are similar to the previously described Lithofacies H3
10
(here middle Lutetian/SBZ14–15 p.p.), recognized at the top of the
Valdelaparra Fm. The stratigraphic section 2 endswith 130m of succes-
sion consisting of an alternance of Lithofacies I1 (just described, but here



Fig. 7. Relative abundance of components recognized in the studied thin sections a) Stratigraphic Sections 1 (Castillo de Mula) and 2 (Prado Mayor); b) Stratigraphic Sections 3
(Malvariche) and 4 (Cánovas). Component is divided into three categories, according to the relative abundance estimated under the optical microscope: (1) present is used when the
element is seen at least once in the whole thin-section; (2) common is indicated when the element appears at least once using an objective ×4; (3) abundant is considered when the
element appears 2 to 4 times using an objective ×4.
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middle Lutetian/SBZ15) and Lithofacies I2. The latter is similar to I1 but
contains globulose nummulites instead the flattened ones.

In the stratigraphic section 2, two main microfacies (Mf2,
Mf3) were recognized, which repeated at different levels of the
succession. The characteristics of these microfacies are described
afterwards.

4.1.3. Stratigraphic section 3 (Malvariche)
This stratigraphic section (Sierra Espuña Basin, Log 3, more than 690

m thick) comprises the upper portion of the Valdelaparra Fm (more
than 200 m thick) and the Malvariche Fm (490 m thick), in an area
where different lithofacies have been recognized (Fig. 5 and Table 1).
The age of the succession of Log 3 extends from the Cuisian (SBZ12) to
the early Bartonian (SBZ17). The early Lutetian (SBZ13) was dated
(Martín-Martín et al., 1997a, 1997b)with the LBF assemblage consisting
of Nummulites lehneri, N. verneuili, N. alponensis, Assilina tenuimarginata
and A. aff. exponens (Fig. 4). This level is followed by the early middle
Lutetian (SBZ14) dated by Martín-Martín et al. (1997a, 1997b) with
the LBF assemblage consisting of Nummulites aspermontis, N. boussaci,
N. alponensis, N. aff. millecaput, N. hilarionis, N. beneharnensis, N. aff.
tavertetensis, N. discorbinus, N.lorioli, A. aff. exponens and A exponens
(Fig. 4). The LBF assemblage consisting of N. aff. millecaput, N. aff.
deshayesi, N. aff. tavertetensis, N. discorbinus, N.lorioli, N. beaumonti, and
A exponens (Fig. 4) allowed to date the following level as late middle
Lutetian (SBZ15) (Martín-Martín et al., 1997a, 1997b). The late middle
Lutetian (SBZ16) was dated (Martín-Martín et al., 1997a, 1997b) with
the LBF assemblage consisting of Alveolina gr. fragilis, N. aff. deshayesi,
N. herbi, N. deshayesi, N. praepuschi, N. discorbinus, N. aff. biarritzensis,
N. maximus, N. beaumonti, and A exponens (Fig. 4). This level is followed
by the late middle Lutetian (SBZ16) dated by Martín-Martín et al.
(1997a, 1997b) with the LBF assemblage consisting of Alveolina gr.
fragilis, N. aff. deshayesi, N. herbi, N. deshayesi, N. praepuschi, N.
discorbinus,N. aff. biarritzensis,N.maximus,N. beaumonti, andA exponens
(Fig. 4). The early Bartonian (SBZ17) was dated (Martín-Martín et al.,
1997a, 1997b) with the LBF assemblage consisting of Orbitolites
complanatus, Alveolina gr. fragilis, N. aff. biarritzensis, N. maximus, N.
perforatus, N. praegarnieri, N. beaumonti, N. hottingeri, A exponens,
Discocyclina pratti pratti and Asterocyclina stellata stellata (Fig. 4).
In the lower part of the formation predominates Lithofacies G
(Cuisian/SBZ12-early Lutetian/SBZ13 p.p.). This lithofacies was ana-
lyzed over a thickness of twentymeters and shows similar character-
istics to those seen in the previous Log 2. After 80 m of semicovered
succession ocurrs Lithofacies H1 (60 m thick). This lithofacies shows
homogeneous yellowish-gray silty-sandy pelites with occasional
decimetric muscovite-rich quartzose arenites, with a carbonate ce-
ment (pelite/arenite ratio = 95/5) and occasional micritic lime-
stones. After five meters of Lithofacies H, which consists of micritic
massive limestones with gastropods, follow Lithofacies H1 just de-
scribed and Lithofacies H3 described in the previous Log 2, for a
total thickness of 35 m.

After the same unconformity surface observed in the previous logs,
the succession passes to the Malvariche Fm, within which different
lithofacies have been detected. The succession of this formation starts
with Lithofacies I (25 m thick) characterized by metric beds of medium-
to coarse-grained stratified biocalcarenites, rich in nummulites (diame-
ter of 1.5–2 cm) and assilines, and with frequent echinoderms and la-
mellibranchs. After 2 m of semicovered succession appears Lithofacies
N (38 m thick) characterized by yellowish homogeneous silty-sandy
pelites with a poor macrofossil content. There follows Lithofacies M
(75 m thick), which consists of limestones with large nummulites and
Alveolina aff. fusiformis (at least 2–3 cm in diameter) alternating with
sandy-pelites containing nummulites. The upper portion of this
lithofacies shows a biostromal structure constituted by the encrusting
foraminifer Solenomeris. Lithofacies N reappears for 5 m and then is
followedby Lithofacies O (10m thick) characterized bymedium-grained
biocalcarenites arranged in lenticular bodies, with breccias rich in large
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fossils (including discocyclines), grouped in lenses. We recognized
nummulites (up to 4.5 cm in diameter) and discocyclines (up to 2.0
cm in diameter) grouped in lenses of centimetric to decimetric sizes.
In the next 10 m, Lithofacies N is associated to Lithofacies P, consisting
of homogeneous reddish marls with planktonic foraminifers indicative
of a relative deepening. Upwards there follows Lithofacies Q (15 m
thick), characterized by lenticular bodies of poorly stratified brecciated
biocalcarenite bodies, which are rich in ostreids (5–10 cm in size),
nummulites, discocyclines, assilines, annelids and lamellibranchs. Up-
wards, Lithofacies O+Q andN (40m thick) and again the just described
Lithofacies O appear between two semicovered intervals, for a total
thickness of 30 m. The succession of Log 3 continues with Lithofacies R
(10 m thick) consisting of well-cemented biocalcarenites (fine- to me-
dium-grained, with larger foraminifera) containing globular nummulites
(N. perforatus) andotherflat forms, encrusting foraminifers andelongated
alveolines. Brecciaswith fossiliferous intraclasts alsooccur. This lithofacies
is followed by a new interval of LithofaciesN (5m thick) and a new inter-
val of Lithofacies R (5m thick). After another interval of Lithofacies N (5
m thick) the succession ends with Lithofacies S (16 m thick), which is
constituted by bioclastic limestones with small nummulites, ostreids
and echinoderms.

In the stratigraphic section 3, six main microfacies (Mf2, Mf3, Mf4,
Mf5 Mf6, Mf7) repeated several times and at different levels of the suc-
cession, and described afterwards, have been recognized.

4.1.4. Stratigraphic section 4 (Cánovas)
This stratigraphic section (Sierra Espuña Basin, Log. 4, 440 m thick)

comprises the upper portion of the Malvariche Fm for a thickness of
340 m and the lower portion of the Cánovas Fm for a thickness of 100
m. In these two formations, different lithofacies have been recognized
(Fig. 5 and Table 1). The age of the analyzed succession extends from
middle Lutetian (SBZ15) to the Priabonian (SBZ19). The late middle
Lutetian (SBZ15) was dated (Martín-Martín et al., 1997a, 1997b) with
the LBF assemblage consisting of N. aff. millecaput, N. aff. deshayesi, N.
aff. tavertetensis, N. discorbinus, N.lorioli, N. beaumonti, and A exponens
(Fig. 4). The LBF assemblage consisting of Alveolina gr. fragilis, N. aff.
deshayesi, N. herbi, N. deshayesi, N. praepuschi, N. discorbinus, N. aff.
biarritzensis, N. maximus, N. beaumonti, and A exponens (Fig. 4) allowed
to date the late middle Lutetian (SBZ16) (Martín-Martín et al., 1997a,
1997b). The LBF assemblage consisting of Orbitolites complanatus,
Alveolina gr. fragilis, N. aff. biarritzensis, N. maximus, N. perforatus, N.
praegarnieri, N. beaumonti, N. hottingeri, A exponens, Discocyclina pratti
pratti and Asterocyclina stellata stellata (Fig. 4) allowed to date the
early Bartonian (SBZ17) (Martín-Martín et al., 1997a, 1997b). Finally,
the late Bartonian (SBZ18) was dated (Martín-Martín et al., 1997a,
1997b) with the LBF assemblage consisting of N. praegarnieri, N. biedai,
N. striatus and D. augustae augustae (Fig. 4). The lower portion of this
formation comprises Lithofacies T (50 m thick), which is characterized
by unstratified brownish silty marls with planktonic foraminifers, colo-
nial and solitary corals, large and flat nummulites, discocyclines, lamel-
libranchs, gastropods (e.g. turritellids); the fossils are oriented to
delineate a pseudo-lamination. After an alternance of the previously de-
scribed LithofaciesQ, T, Q for 75mof thickness, there is Lithofacies U con-
stituted by poorly stratified fine-grained bioclastic limestones (50 m
thick) with corals, ostreids, gastropods (e.g. turritellids). The size of
the fossils is much larger than the size of the other grains of the lime-
stones. The Malvariche Fm ends with a new alternance of Lithofacies Q,
T + N, U, T, U for a total thickness of 155 m.

After the last Lithofacies U of the Malvariche Fm, the succession
passes to the upper Cánovas Fm (late Bartonian/SBZ18 to Priabonian/
SBZ19). This formation was analyzed for the first 100 m, where three
different lithofacies are recognized. The lower Lithofacies Z (thickness
40m, including a 20m thick semicovered interval) consists of fossilifer-
ous marls and sands rich in assilines. Upwards there are 30 m of
Lithofacies W characterized by brownish silty-marls with discocyclines
(indicative of a deeper environment than the assilines according to



Table 2
Mf1 toMf8 description with the relative abundance of components, and depositional environment interpretation. Studied samples and fossil content (common, abundant, present and/or
rare) are also shown.

Microfacies Samples Description Fossils and non-skeletal grains common and/or
abundant*

Fossils and non-skeletal grains present and/or
rare

Depositional
environment

Mf1 1 to 5,
9 to 10

Coralgal
rhodolith
packstone with
hyaline LBF

Crustose coralline algae (Sporolithon,
Lithoporella)*; Solenomeris macroids*,
Nummulites*, Discocyclina*, Asterocyclina*,
hyaline encrusters (acervulinids, planorbulinids,
homotrematids), rotaliids, haddonids;
vinculariform bryozoans; annelids (Ditrupa);
echinoid debris

Alveolina, Aktinocyclina, asterigerinids,
discorbids, planktic foraminifers, miliolids,
textulariids, hooked acervulinids; geniculate
coralline algae

Proximal middle ramp
LBF accumulations
(nummulitids)
Mesophotic
environment

Mf2 6 to 8, 13, 14, 16 to
20, 22, 23, 27, 28,
30, 31, 33, 34, 40 to
42, 52 to 54

Hyaline LBF
biocalcarenitic
packstone

Nummulites*, Discocyclina*, Asterocyclina*,
pellets*, Amphistegina; rotaliids; hooked
acervulinids; Fabiania cassis; solitary corals;
pelecypods; annelids (Ditrupa); echinoid debris

Alveolina, Assilina, and operculiniform Assilina,
Aktinocyclina, asterigerinids, discorbids,
planktic foraminifers, miliolids, textulariids,
geniculate coralline algae; bryozoan remains

Proximal middle ramp
LBF accumulations
(nummulitids)
Mesophotic
environment

Mf3 11, 12, 15, 21 Wackestone
calcisiltite with
gastropods

Gastropods, ostracods, small bivalves Unspecific rotaliids Inner ramp lagoon
Euphotic upper
subtidal environment

Mf4 26, 29, 32, 37, 39,
49, 51, 59, 60

Silty-marl
wackestone
with planktic
foraminifers

Planktic and hyaline small benthic foraminifers
(bolivinids); ostracods; mollusks

Miliolids, unspecific rotaliids Outer ramp lacking
LBF
Oligophotic
environment

Mf5 24, 36, 38 Quartzarenitic
packstone with
porcelaneous
LBF

Alveolina*, Orbitolites*, discorbids*, pellets*,
Nummulites, miliolids, rotaliids, hyaline
encrusters (hooked acervulinids, planorbulinids,
homotrematids), Fabiania cassis, rotaliids;
dasyclades; geniculate coralline algae;
pelecypods and gastropods; annelids (Ditrupa);
echinoid debris

Amphistegina, asterigerinids, Sphaerogypsina,
textulariids, haddonids, planktic foraminifers;
bryozoan remains, lithoclasts

Inner ramp
Sea grass
Euphotic subtidal
environment

Mf6 25 Solenomeris
framestone

Solenomeris*, haddonids Discorbids, undeterminate rotaliids; corals;
dasyclade and crustose coralline debris

Inner ramp
Euphotic lower
subtidal environment

Mf7 35 Acervulinid
bindstone in
quartzarenitic
matrix

Acervulinid
(Solenomeris-Acervulina)-planorbulinid
macroids*, pellets*, Solenomeris fragments,
hooked acervulinids, flat Nummulites, rotaliids,
textulariids; geniculate coralline algae; echinoid
debris; annelid worm tubes (Ditrupa)

Miliolids, Sphaerogypsina, Amphistegina;
dasyclades; bryozoan fragments

Inner ramp
Euphotic lower
subtidal environment

Mf8 43 to 48, 50, 55 to
58

Silty marl
packstone with
hyaline LBF and
solitary corals

Discocyclina*, Asterocyclina*, Assilina*,
Nummulites*, solitary corals*, operculiniform
Assilina, Amphistegina, planktic foraminifers;
mollusks (turritellid gastropods, pectinids);
echinoid debris

Sphaerogypsina; annelids; bryozoans Distal middle ramp
LBF accumulations
(ortophrag-minids)
Mesophotic
environment
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Hottinger, 1997); occasional metric calcarenite beds with discocyclines
and occasional operculiniform assilines. The succession ends with
Lithofacies Y (30 m thick) consisting in unstratified brownish to pinkish
silty marls, with planktonic foraminifers and characterized by the ab-
sence of larger foraminifera.

In the stratigraphic section 4, mainly three microfacies (Mf2, Mf4,
Mf8) are repeated several times and at different levels of the succession
and will described afterwards.

In general, the litho- and biostratigraphic data indicate that the pas-
sage from Cuisian to early Lutetian (Espuña Fm) occurs in sedimentary
continuity and transitional lithologies. On the contrary, an unconfor-
mity, observed in field, marks the contact between the Espuña Fm and
the Malvariche Fm at the early-middle Lutetian boundary. This uncon-
formity is considered a minor one since although it is recognized also
in Logs 1 to 3, it does not have an associated biostratigraphic gap. The
contact Malvariche/Cánovas Fms, corresponding to the early-late
Bartonian, is transitional. The studied stratigraphic sections thus repre-
sent a complete or almost uninterrupted succession of the middle Eo-
cene, from the SBZ13 to the SBZ18 and also of the underlying (late
Cuisian/SBZ12) and overlying (Priabonian/SBZ19) stratigraphic inter-
vals (Serra-Kiel et al., 1998a).

4.2. Microfacies description

On the basis of the fossiliferous assemblage, texture, and fabric, eight
microfacies (Mf1 toMf8) have been recognized and named according to
14
the first appearance in the analyzed stratigraphic sections (Table 2; Figs.
6 to 7A,B).

4.2.1. Microfacies of stratigraphic section 1 (Castillo de Mula)

4.2.1.1. Mf1 - coralgal rhodolith packstone with hyaline LBF (Table 2; Figs.
6F and 7A). This microfacies, poorly to moderately sorted, presents a
floatstone to packstone texture with abundant crustose coralline algae
(Sporolithon) in small- to medium-sized free warty to lumpy rhodoliths
(ϕ: 3–10mm) (15–20%)wrapped by the hyaline encrusting foraminifer
Acervulina linearis and the agglutinate Haddonia, sometimes growing
around bioclastic components such as bryozoans. Tests of Nummulites
(20–25%), Discocyclina (10–15%) and Asterocyclina (10–15%) are also
abundant. Frequently Nummulites tests make up the core of multilay-
ered red algae encrusting successions (Type 2 of Nebelsick and Bassi,
2000) with alternating layers of Lithothamnion and Lithoporella
thalli, acervulinids (Solenomeris, Acervulina linearis), planorbulinids,
homotrematids (Mniacina multiformis), isolate discorbids and annelid
worm tubes. Likewise, medium to large Solenomeris macroids (ϕ: >10
mm) (20–25%) in encrusting successions with hyaline foraminifer
encrusters Acervulina linearis or Miniacina sp., agglutinate encruster
Haddonia heissigi (1–2%), discorbids and annelids (Ditrupa) (2–3%) are
also abundant. Common components distributed in the carbonate
matrix are represented by rotaliids (Gyroidinella laevis, Redmondina
garganica,Neorotalia litothamnica) (5%), bryozoans (5%), annelids, echi-
noid debris (2–3%) and remains of bivalves (ostreids) (2–3%). Other
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components such as Amphistegina, Sphaerogypsina, asterigerinids,
textularids, dasycladales and geniculate coralline algae can be observed
occasionally. This microfacies is present only in this stratigraphic sec-
tion with a thickness of about 45 m corresponding to the lithofacies
M6, M7 and M9 (Fig. 5).

4.2.1.2. Mf2 - hyaline LBF biocalcarenitic packstone (Table 2; Figs. 6E and
7A). This facies, poorly to moderately sorted, is constituted mainly by
abundant tests of Nummulites (30–35%), Discocyclina-Asterocyclina (5–
10%) and numerous pellets (5–10%). Other common components are
Amphistegina (2–3%), rotaliids (Gyroidinella laevis, Carpenteria sp.,
Neorotalia sp.) (5%), solitary corals (5–10%), undeterminate hook-like
forms of acervulinids (5%), cymbaloporid Fabiania cassis (5%), geniculate
coralline algae fragments (2%), pelecypods (2–5%) and echinoid debris
(5%). Tests of Alveolina, Assilina, operculiniform Assilina, Aktinocyclina,
asterigerinids, discorbids, planktic foraminifers, miliolids, textularids,
valvulinids, Acervulina linearis, unspecific planorbulinids, bryozoan and
annelid (Ditrupa) remains appear occasionally in the matrix. This
microfacies is present in sections 1 to 3 with a total thickness of more
than 485 m, and corresponds to the lithofacies M8, I, I1, I2, O, Q and R
(Fig. 5).

4.2.2. Microfacies of stratigraphic section 2 (Prado Mayor)

4.2.2.1. Mf3 - wackestone calcisiltite with gastropods (Table 2; Figs. 6A and
7A). This microfacies is composed of calcareous fine-grained compo-
nents in a wackestone texture that contains a low diversity biogenic as-
semblage constituted by abundant thin-walled ostracods (2–5%) and
small bivalves (2–5%), and common ceritid gastropod shells (10–15%).
Low abundant undeterminate rotaliids (2–3%) are also present. This
microfacies is present in the stratigraphic sections 2 and 3 with a thick-
ness of about 460 m and corresponds to the lithofacies G, H and H1–3
(Fig. 5).

4.2.3. Microfacies of stratigraphic section 3 (Malvariche)

4.2.3.1. Mf4 - silty-marly wackestone with planktic foraminifers (Table 2;
Figs. 6H and 7B). The main components are planktic (5–10%) and
hyaline small benthic foraminifers (bolivinids) (5–10%), common
fine-walled ostracod (1–2%) and small mollusk shells (2–3%), rare
miliolids and unspecified rotaliids. This microfacies, which is moder-
ately sorted, is very common in stratigraphic sections 3 and 4 with a
total thickness of about 275 m, corresponding to the lithofacies N, P,
T, Z and Y (Fig. 5).

4.2.3.2. Mf5 – porcelaneous larger benthic foraminifer (LBF) quartzarenitic
packstone (Table 2; Figs. 6B and 7B). This poorly- to moderately-sorted
microfacies is made up of a fine- to medium-grained quartzarenite
showing a main fossil association constituted by abundant Alveolina
(10–15%), Orbitolites (10–15%) and discorbid tests (2–3%), peloids of
unknown origin (5–7%), and an encrusting foraminifer assemblage
composed by acervulinids (Solenomeris ogormani, Acervulina linearis
and other undeterminate hook-like forms) (5–15%), planorbulinids
(Planorbulina aff. uva, P. cf. cretae), homotrematids (Miniacina sp.) and
Fabiania cassis (3–5%). Common to abundant tests of Nummulites
(5–10%), miliolids (2–3%), rotaliids (Gyroidinella laevis, Carpenteria
sp., Neorotalia sp.) (5%), dasyclade (1–2%) and geniculate coralline
algae (2–5%), mollusk remains (pelecypods, gastropods) (2–5%),
encrusting annelids (Ditrupa) (2–3%) and echinoid debris (5%)
are also present. Other minor components are Amphistegina,
asterigerinids, Sphaerogypsina, textulariids, agglutinate encrusting
foraminifers (Haddonia heissigi), planktic foraminifers, bryozoan
remains and lithoclasts. This microfacies is only present in this
stratigraphic section with a thickness of about 65 m and corre-
sponds to the lithofacies M and R p.p. (Fig. 5).
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4.2.3.3. Mf6 - Solenomeris framestone (Table 2; Figs. 6C and 7B). This
microfacies shows abundant Solenomeris growths (50–70%) encrusted
by common agglutinate haddonid foraminifers (Haddonia heissigi) (10–
15%). Other minor components dispersed in the matrix are discorbids
(2–3%), undeterminate rotaliids (2–3%), corals (sometimes as nucleus
of Solenomeris growths) (15–20%), dasycladales (2–3%) and crustose
coralline algal debris (5%). This microfacies is only present in this strati-
graphic section with a thickness of about 30 m and correspond to the
lithofacies M p.p. (Fig. 5).

4.2.3.4. Mf7 - acervulinid macroids in quartzarenitic matrix (Table 2; Figs.
6D and 7B). This poorly- to moderately-sorted microfacies shows a
floatstone to packstone texture mainly constituted by rounded
acervulinid macroids and hyaline LBF tests within a well-sorted
quartzarenitic matrix. Macroids (ϕ: 5.0–8.0 mm) are composed by
encrusting acervulinids (Solenomeris ogormani, Acervulina linearis)
(20–25%) and planorbulinids (Planorbulina aff. uva, P. sp.) (5–10%).
Also unidentified hook-like acervulinid forms (?Pseudogypsina sp.)
(10–15%) and peloids of unknown origin (5–10%) are a very abun-
dant component. Fragmented Solenomeris (5%), flat Nummulites (5–
10%), rotaliids (Gyroidinella laevis, Neorotalia sp.) (5%), textulariids
(2–3%), geniculate coralline algae (5%), bivalve remains (ostreids)
(2–3%), echinoid debris (5%) and annelid worm tubes (Ditrupa) (2–
3%) are a common component interspersed in the matrix. Occasion-
ally, tests of Sphaerogypsina, Amphistegina, miliolids, dasycladales
and bryozoan fragments can be observed. This microfacies is present
only in this stratigraphic section with a thickness of about 5 m and
corresponds to the lithofacies R p.p. (Fig. 5).

4.2.4. Microfacies of stratigraphic section 4 (Cánovas)

4.2.4.1. Mf8 - silty marly packstone with hyaline LBF and azooxanthellate-
like corals (Table 2; Figs. 6G and 7B). This moderately sorted microfacies
presents a texture where macrofossils are mainly represented by LBF
tests and solitary azooxanthellate-like corals (10–15%). These corals
are shaped like a regular cone (cerioid-trocoid morphology), some of
them flatted laterally (cupulate-flabellate morphology) which are up
to 4 cm in both diameter and height, and showing regular radial septae.
The assemblage of LBF is constituted by abundant to very abundant
Discocyclina-Asterocyclina (25–30%) and Nummulites (10–15%). Also
operculiniform Assilina (5–10%), Assilina (5%) and Amphistegina (5%),
planktic foraminifers (2–3%), mollusks (turritellid gastropods, pectinid
bivalves) (5–10%) and echinoids (5%) are a common component.
Occasionally Sphaerogypsina, annelids, and bryozoans can appear. This
microfacies is only present in this stratigrahic section with an elevate
thickness of more than 285 m corresponding to the lithofacies T, Q, U
and W (Fig. 5).

5. Discussion

5.1. Litho- and biofacies interpretation

In this section a paleoenvironmental interpretation will be provided
based on the main litho- and microfacies characteristics. The marine
inner to outer ramp paleoenvironments can be interpreted from proxi-
mal to distal areas as follows (Fig. 8):

5.1.1. Inner ramp

5.1.1.1. Mf3 - wackestone calcisiltite with gastropods. This microfacies is
recognized in the Prado Mayor and Malvariche stratigraphic sections
(Tables 1, 2). The lithofacies associationmainly consists ofmicritic lime-
stones and silty-sandy pelites with occasional quartzose arenites. This
lithofacies from the Valdelaparra Fm shows low diversity of biogenic as-
semblage. It comprises abundant thin-walled ostracods, small bivalves
and ceritid gastropods suggesting lagoonal deposits. The early Eocene
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portion of this stratigraphic formation was interpreted by Martín-
Martín et al. (2020c) as the transition to shallow-marine (subtidal) en-
vironments in euphotic conditions. The presence of non-evergreen
vegetation (possibly seasonal vegetation, likely algal) is not ruled
out given the numerous small herbivorous-like gastropods observed
(Beavington-Penney et al., 2004; Reich et al., 2015).

5.1.1.2. Mf5 – porcelaneous LBF quartzarenitic packstone. This microfacies
is recognized in the Malvariche stratigraphic section (Tables 1, 2) and
comprises alternating limestones and sandy-pelites, and storm brecci-
ated limestone beds and biocalcarenites. The dominant bioassociation
is constituted by Orbitolites, hooked acervulinids (due to encrustation
on organisms with a blade or cylindrical morphology, such as leaves of
marine phanerogams, vegetative structures of algae or branchy colonies
of bryozoa),miliolids, discorbids andoften associated encruster annelids
(Ditrupa), suggesting the presence of seagrass meadows (Beavington-
Penney et al., 2004; Reich et al., 2015; Tomás et al., 2016; Tomassetti
et al., 2016). Orbitolites, like the current Sorites, is often considered a
temporary to permanent attached foraminifera, which is a common
component associated to blades and rhizomes of marine phanerogams
but also to smaller algae (Langer, 1993; Mateu-Vicens et al., 2014).
Discorbids, with the flat-convex or concave-convex morphology of
their tests, are another group of foraminifers habitually related to an epi-
phytic way of life (Murray, 2006). Small miliolids and textulariids, as
permanently motile and grazing foraminifers, are often associated to
sediment-rich plant microhabitats such as rhizomes of both phanero-
gams and algae (Langer, 1993; Murray, 2006; Mateu-Vicens et al.,
2014). The presence of terrigenous quartz grains can be explained
by the baffling-trapping effect of the vegetation, and Alveolina, as
one of the main components of this facies, would be the result of
reworking and trapping by currents from neighboring inner ramp
areas without vegetation. The joint presence of other components
such as dasycladales and geniculate coralline algae, mollusks and
echinoids is also compatible with euphotic subtidal seagrass envi-
ronments in the inner ramp.
Fig. 8. Environmental microfacies distribution for the Middle Eocene marine Depositional Seq
depositional environments: Mf3, Inner ramp lagoon, upper subtidal environment; Mf5, Inne
subtidal environment; Mf2, Proximal middle ramp LBF accumulations (nummulitids), meso
Distal middle ramp LBF accumulations (orthophragminids), mesophotic environment; Mf4, O
and Wright (1992), and photic zones are analogous to those described by Pomar et al. (20
vegetation and the storm wave base (swb).
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5.1.1.3. Mf6 - Solenomeris framestone. This microfacies is shown in the
Malvariche stratigraphic section (Tables 1, 2), which is mainly rep-
resented by limestones (brecciated limestones related to storms in
the upper portion), alternating with Nummulite-rich sandy-pelites.
The microfacies is mainly made up of a bioconstruction of the
encrusting acervulinid foraminifer Solenomeris covering a coral
substrate. Autochtonous Solenomeris bioconstructions have been
interpreted by several authors as marine bioherms in conditions of
light reduction in deeper environments than coral reefs (Perrin,
1992; Bosellini and Papazzoni, 2003). This fact could indicate a
deepening of the depositional environment after a first phase of
coral colonization, or alternatively an increase in the turbidity of
the waters due to terrigenous input, with a parallel increase in the
trophic conditions of the environment that would result in a reduc-
tion of light intensity. The infilling matrix in this biogenic structure
is mainly composed by discorbids, rotaliids, dasyclade green algae,
bryozoa and crustose coralline algae suggesting mesotrophic condi-
tions in low to medium energy environments. The deduced light re-
duction would indicate that this environment could correspond to
the lower euphotic inner ramp in the transition to the mesophotic
middle ramp.

5.1.1.4. Mf7 - acervulinid bindstone in quartzarenitic matrix. This
microfacies appears in the Malvariche stratigraphic section (Tables 1,
2) and consists of biocalcarenites, sometimes showing storm brecciated
structures. The microfacies is characterized by the presence of rounded
acervulinid macroids, which require for their formation the presence of
some bottom currents. The main components (abundant peloids, hook-
like acervulinids, rotaliids, textulariids and geniculate coralline algal
fragments) suggest euphotic inner ramp environments, with the pres-
ence of a seagrass meadow. The important quartzarenitic component
of thematrix comes from baffling and trapping by vegetation of the ter-
rigenous material, generating a mixing siliciclastic-carbonate sedimen-
tary facies (Mount, 1984; Mateu-Vicens et al., 2012a). The input of
terrigenous depends on the rainfall in the hinterland and on sea-level
uence 2 (Malvariche and Cánovas fms) in Sierra Espuña, arranged from proximal to distal
r ramp seagrass, euphotic subtidal environment; Mf6 - Mf7, Inner ramp, euphotic lower
photic environment; Mf1, Proximal middle ramp maërl, mesophotic environment; Mf8,
uter ramp lacking LBF, oligophotic environment. Ramp subdivision is based on Burchette
17), with a ‘mesophotic zone’ comprised between lower limit of occurrence of marine
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changes. This period correspondwith a relative sea-level fall and with a
warm climate (LLTM) probably with high rainfall. Both factors agree
with the input of terrigenous sediments derived from erosion in the
emerged lands.

5.1.2. Middle ramp

5.1.2.1. Mf1 – coralgal rhodolith packstone with hyaline LBF. This
microfacies is in the Castillo de Mula stratigraphic section (Tables 1, 2).
The prevalent associated lithotypes is related to storm levels and emer-
sion moments. They consist of amalgamated biocalcarenites, sandy
marls with occasional Fe\\Mn nodules (related to emersion moments),
chaotic intraformational conglomerates, calcareous blocks sometimes
including decametric ocraceous nodular discontinuous levels and
storm discontinuous beds of biocalcarenites. Themicrofacies, with dom-
inant red algae and Solenomeris, is attributed to a maërl environment in
the upper portion of a middle ramp. It consists of a foraminiferal-coral-
line algal facies with free-living warty rhodoliths on a coarse-grained
mobile substrate. The great abundance of parautochtonous Solenomeris
macroids suggests reduced light conditions (Perrin, 1992; Bosellini and
Papazzoni, 2003). Also the abundant presence of hyaline-LBF tests of
Nummulites and orthophragminids (Discocyclina and Asterocyclina)
imply initial oligotrophic and mesophotic conditions for this deposit
(Hottinger, 1997; Geel, 2000), which could undergo a change to meso-
trophic conditions as indicated by the important presence of red algae
and encruster foraminifers overlaying the LBF.

5.1.2.2. Mf2 - hyaline LBF biocalcarenitic packstone. This microfacies was
recognized in the Castillo deMula andMalvariche stratigraphic sections
(Tables 1, 2). These lithofacies consist of biocalcarenites and bioclastic
limestones (sometimes in lenticular bodieswith a brecciated structure),
alternating with pelitic-sandy levels (sometimes with nummulites),
intraformational conglomerates related to storms (coming from the
inner ramp) and sandy marls.

The dominance of hyaline-LBF accumulations of Nummulites and
orthophragminids (Discocyclina, Asterocyclina) tests indicates oligotro-
phic and mesophotic conditions in a marine middle ramp (Hottinger,
1997; Geel, 2000). Notwithstanding abundant peloids and a consider-
able presence of a shallow-marine assemblage consisting of hook-like
acervulinids possibly associated to seagrass environments (Tomás et
al., 2016), geniculate coralline algal fragments and isolate alveolinids
characteristic of an inner ramp suggest a contribution of reworked ele-
ments from shallower areas during some energetic high energy events
such as storms.

5.1.2.3. Mf8 - siltymarl packstonewith hyaline LBF and solitary corals. This
microfacies is represented in the Malvariche stratigraphic section
(Tables 1, 2), which mainly consists of silty-marls and occasional
calcarenites. The biofacies assemblage of hyaline LBF, mainly
composed by orthophragminids (Discocyclina, Asterocyclina) and
Nummulites, has been regularly associated to oligotrophic and
mesophotic environments (Hottinger, 1997; Geel, 2000; Racey,
2001) corresponding to the lower part of the middle ramp. The ad-
ditional presence of solitary corals suggests also deeper marine
conditions (Cairns, 2007; Kiessling and Kocsis, 2015) near the tran-
sition to the oligophotic outer ramp but with a noticeable nutrient
content, which contrasts with the oligotrophic habitats of LBF. It
could be explained from sudden nutrient supply events in a mainly
oligotrophic environment, which would drive to solitary corals
thrive in these depositional settings (Kiessling and Kocsis, 2015).
These authors indicate that in the non-photosymbiotic group nu-
trition comes exclusively from heterotrophic feeding, whereas
the photosymbiotic group achieves a good part of its nutrition
from algae hosted in the coral's tissue. The middle-late Eocene
transition was a warm period with an increase in rainfall on the
continent and in sedimentary contributions from there. In such
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conditions, Kiessling and Kocsis (2015) attributed the migration
of solitary corals to deep environments in non-reef habitats and
on siliciclastic substrates, and their consequent development to in-
creased nutrient concentrations in deeper waters.

5.1.3. Outer ramp

5.1.3.1. Mf4 - silty-marly wackestone with planktic foraminifers. This
microfacies was mainly observed in the Castillo de Mula, Malvariche
and Cánovas stratigraphic sections (Tables 1, 2). It consists of unstrati-
fied silty-marls and homogeneous silty-sandy pelites. The low diversity
of this facies, which is made up mainly of abundant planktic foramini-
fers in a calcareous muddy sediment suggests open marine conditions
in oligophotic outer ramp environments, located distally to the hya-
line-LBF accumulation belts, as in the models proposed by several au-
thors (Buxton and Pedley, 1989; Burchette and Wright, 1992; Flügel,
2010). Furthermore, the dominant presence of small benthic bolivinids
indicates outer shelf and upper bathyal settings (Bandy, 1960), and their
reduced surface sculpture denotes low oxygen concentrations in bot-
tom sediments (Lutze, 1964; Obiosio, 2013).

5.2. Paleoenvironmental evolution

All the above reported description indicates that the Espuña,
Valdelaparra, Malvariche and Canovas Fms deposited during a fluctuat-
ing trend of relative sea-level changes during the middle Eocene. The
shallow-marine environments show an inner ramp (lagoon or seagrass,
with a certain energy to roll the rhodoliths, both in euphotic upper
subtidal environments), evolving upward to middle ramp (Maërl in
mesophotic environments) and later to a distal middle ramp (LBF-
orthophragminid accumulations in mesophotic environments) and fi-
nally to oligophotic outer ramp environments (circalittoral). In the
study area, inner ramps usually show mesotrophic conditions, middle
ramps settings mainly show oligotrophic conditions, and outer ramps
show oligotrophic to mesotrophic conditions. A representation is
shown in Fig. 9, where a synthetic stratigraphic sectionwith the relative
sea-level changes, terrigenous-nutrients inputs, environments, trophic
and photic conditions, and main biotic assemblages of the study area
are correlated. This figure allows giving more details on the evolution
as follows.

In detail, during the early Lutetian inner ramp (lagoon) mesotrophic
to eutrophic conditions arranged in a regressive trend took place (Fig. 9).
This was followed by two transgressive sequences with terrigenous-nu-
trients inputs where all the ramps environments alternated and meso-
trophic evolved upwards to oligo-mesotrophic conditions during the
early middle Lutetian (Fig. 9). During the late middle Lutetian, two
transgressive followed by a regressive sequence accounted, where the
middle andouter ramp environments andmesotrophic andoligotrophic
conditions alternated (Fig. 9). This was followed by two transgressive
sequenceswith terrigenous-nutrients inputswhere the inner (seagrass)
and theouter ramp environments alternated andoligo-mesotrophic and
oligotrophic conditions also alternated during the late Lutetian (Fig. 9).
The early Bartonian is also characterized by two transgressive sequences
representing the outer and the middle ramp with oligotrophic to highly
oligotrophic conditions (Fig. 9). The studied succession ends with the
late Bartonian to Priabonian transgressive sequence, where the middle
and outer ramp is represented with mesotrophic, oligo-mesotrophic
and oligotrophic conditions alternate (Fig. 9).

The fossiliferous assemblage described in themiddle Eocenedeposits
of Sierra Espuña shows a mixing of mainly photozoan (coralline/green
algae, LBF and azooxanthellate-like corals) and heterotrophic compo-
nents (small benthic and planktic foraminifers, ostracods, mollusks,
echinoids, bryozoans, annelids and solitary corals). The photozoan asso-
ciation indicates variable photic (euphotic to oligophotic) conditions in
oligotrophic marine warm-water environments at low to middle lati-
tudes. Heterotrophic components, traditionally ubiquitous, dominate



Fig. 9. Synthetic column from the middle Eocene from the Sierra Espuña-Mula area with correlation with the transgressive-regressive trends, terrigenous-nutrients inputs, sedimentary
environments, photic and trophic conditions, and main biotic assemblages.
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mesotrophic to eutrophic marine habitats of any depth. They can occur
associated to the photozoan assemblage or as unique association. Their
presence sharing habitat with LBF suggests some local mesotrophic
conditions for recycling organic matter from the soft sea-bottom by
burrowing activity in mainly oligotrophic settings (Hottinger, 1983);
however, they can also occur as a unique association indicating steps
of increase in the nutrient availability. The biogenic assemblage of
middle Eocene deposits of this area can be assigned to the ‘subtropical’
Heterozoan+ association (James, 1997), or to the ‘foralgal facies’
(Wilson and Vecsei, 2005), which indicate low-latitude deposits domi-
nated by non-framework building, light-dependent biota such perforate
18
LBF, coralline algae and sometimes green algae. These environments
correspond to warm-water marine environments. The presence of a
complete depth-related LBF assemblage, from euphotic to oligophotic
conditions, suggests a progressivemarine rampmodel under essentially
oligotrophic conditions eventually influenced by detrital sediment sup-
ply from continent currents that increase the nutrient content of marine
waters. In such conditions, the presence of upwelling currents cannot be
discarded in moments of coral appearance (Kiessling and Kocsis, 2015).
Analogous depositional models have been described in the literature by
Buxton and Pedley (1989), Racey (2001), and Beavington-Penney et al.
(2006) for Middle Eocene deposits of the Seeb Fm of Northern Oman,
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and for the same time interval in the Central Pyrenees by Payros et al.
(2010) or Silva-Casal (2017). A paleogeographic 3D representation
is shown in Fig. 10, where paleoenvironments are displayed lat-
erally for the whole Middle Eocene according to the Walter Law
rules.

5.3. Middle Eocene paleoenvironmental evolution of other sectors of the Te-
thyan domain

The middle Eocene paleoenvironmental evolution of the studied
area is compared with other Tethyan sectors, starting from the
Betic and Rifian sectors, in order to obtain general constraints for
the evolution of theWestern Tethys platforms during the considered
time span.

5.3.1. Betic and Rifian sectors
Middle Eocene shallow-marine successions are mainly described in

Malaguide and Prebetic units of the Betic Chain. A paleogeographic
sketch ofmiddle Eocene Tethys is shown in Fig. 11, where the paleo-po-
sition of studied sector is marked with the number (1) and the com-
pared areas are reported with the numbers 2 to 13. The Sierra Espuña
succession shows similarities with Prebetic ones (2). This unit is widely
represented in the Alicante region (Geel et al., 1998; Geel, 2000;
Höntzsch et al., 2013), and locally in Albacete and Murcia areas (Jerez,
1981; Kenter et al., 1990; Vera, 2000). The Prebetic platforms show
highly varied paleogene sediments: shallow-marine deposits are
mainly distributed in the northern sector of the region, passing to
deep deposits in the southern one. The more complete middle Eocene
shallow-marine deposits have been described by Geel (2000) in the
Ibi section (Alicante region). These deposits are arranged into five
shallowing-upwards sequences composed by mainly hyaline LBF-rich
Fig. 10. Paleogeographic and paleoenvironmental 3
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limestones (nummulites, assilines and discocyclines), deposited in an
inner to middle marine ramp. According to the former author,
these sequences should be controlled by tectonics and relative
sea-level changes. A tectonic tilting in the region at the end of this
period would cause an emersion and erosion of the highest parts
of the general stratigraphic succession, marking the end of the mid-
dle Eocene sedimentation (Kenter et al., 1990; Geel et al., 1998). Co-
eval shallow-marine deposits are also found in the Malaguide units,
around the city of Malaga where they are represented by alveoline-
limestone olistostromic blocks in a marine slope environment
(Serrano et al., 1995), and in the Velez Rubio corridor in Almería,
where they show similar features to those of Sierra Espuña area
but are reduced in extension and thickness (Jabaloy Sánchez et al.,
2019).

In the Internal Unit of the Rif Chain (Ghomarides) in theNEMorocco
at the surroundings of the city of Tetouan, a fairly complete Paleocene to
Middle Eocene shallow-marine succession showing a clearly deepening
trend is reported (Maaté et al., 2000). The Ghomarides (3) have a paleo-
geographic origin close to the Malaguide units of the Betic Cordillera
(Martín-Martín et al., 2020c) in thewesternmost Tethys. Middle Eocene
deposits are represented by micritic limestones with a diverse and
abundant assemblage of LBF (alveolins, nummulites, assilins and
discocyclins), where the presence of N. boussaci indicates a middle
Lutetian 1 (SBZ 14) age. Z-corals were not found by these authors. The
sequence ends with planktonic foraminifera-rich marls and silts of an
imprecise middle Eocene age, probably corresponding to the middle
Lutetian-Bartonian interval.

5.3.2. Other Tethyan sectors
Shallow-marine middle Eocene environments are represented at a

wide range of paleolatitudes ranging from 40°N to 40°S (Philip et al.,
D sketch of the Sierra Espuña-Mula basin area.



Fig. 11. Paleogeographicmap near the Cretaceous/Cenozoic boundary (about 70Ma) showing the location of the study area and the compared sectors (after Scheibner and Speijer, 2008;
Martín-Martín et al., 2020b; modified).
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2013). In the circum-Tethyan area, these environments are well de-
veloped along its northern margin from the Pyrenean region to the
Tibetan area across the Alps, Adriatic, Appenines, Carpathian, Great
Caucasus, Hellenian, Anatolian and Indian domains (Fig. 11). In the
southern circum-Tethyan margin, these platforms extend between
Morocco and Oman across Tunisian, Libyan, Egyptian and Arabian
platforms. In general, sediments are represented by wide LBF-rich
belts, extended in homoclinal ramps ranging from euphotic to
oligophotic conditions, with interspersed seagrass and coralline
algal mäerl environments, and sporadic development of coral
patch-reefs.

- Pyrenees (4). Middle Eocene shallow-marine sediments of Lutetian
age are widely spread in the southern passive margin of the Central
Pyrenean basin (External Sierras) and are represented by several
shallowing-upwards limestone sequences with abundant and di-
verse LBF assemblages (Martín-Martín et al., 2001; Barnolas et al.,
2004; Rodríguez-Pintó et al., 2012). Scattered corals in the Early
Lutetian (Rodríguez-Pintó et al., 2012), coral-mounds in the late
middle Lutetian (Poblet et al., 1998; Pomar et al., 2017) and local
small coral biostromes/bioherms of late Lutetian age (Morsilli et
al., 2012;Mateu-Vicens et al., 2012b; Pomar et al., 2017) are present.
In the southeastern Pyrenean foreland basin, this interval shows four
nummulitid-rich transgressive-regressive sedimentary cycles in
Lutetian sediments, and other two ones in Bartonian deposits
(Taberner et al., 1999; Serra-Kiel et al., 2003a). Some isolated coral
patch-reefs are recorded in the late Lutetian of the Vic area
(Taberner and Bosence, 1985). The early Bartonian cycle (SBZ 17)
is characterized by well-developed Nummulite-banks and isolated
coral patch-reefs (Serra-Kiel et al., 2003b), and the upper one (SBZ
18) ends with a well-developed coral reef interval (Taberner et al.,
1999; Romero et al., 2002).

- Hungarian (5) Paleogene basin. The middle Eocene shallow-marine
sedimentation starts with terrigenous coastal deposits of the early
Lutetian (Nummulites laevigatus level) topped by unconformable
middle Lutetian-early Bartonian carbonates with LBF (Assilina spira
marls and Nummulites perforatus-N. millecaput-maximus groups
20
limestone) and some rare coral reefs. The deposition is arranged in
a deepening sequence that ends with glauconite- and planktic
foramifers-rich calcareous marls (Báldi-Beke and Báldi, 1991;
Kazmer et al., 2003).

- East Adriatic domain (6). This region comprises a major part of the
entire carbonate succession cropping out in the Croatian part of
the Karst Dinarides (Vlahovic et al., 2005). The middle Eocene shal-
low-marine sedimentation of this area is especially developed in
the Istrian area and is represented mainly by wide LBF-dominated
belts with the only presence of ahermatypic corals in late Lutetian
deposits (Cosovic et al., 2004). However, Maticec et al. (1996) cite
the presence in W Istria of corals, in a Middle Eocene transgressive
sequence constituted by foraminiferal and coralgal packstones. Like-
wise, data from wells drilled in middle Eocene platform carbonates
in thenorthern andmiddle Adriatic point to thepresence of coral de-
bris and isolated corals within transgressive LBF-rich limestones de-
posited on shallow-marine platforms, and on marginal platform
buildups (Kovacic, 1997). Finally, the presence of corals is also re-
ported for shallow-marine limestones of early Lutetian reworked
in younger slope deposits of the W Herzegovina platforms
(Dragicevic et al., 1992).

- West Adriatic domain (7). The middle Eocene shallow-marine sedi-
mentation is representedmainly in the Apulian Platform outcrops of
the Maiella Mountains (Vecsei et al., 1998) and the Gargano Prom-
ontory, where these deposits include nummulite and discocycline
calcarenites with small coral patch-reefs (Bosellini et al., 1999;
Morsilli et al., 2017).

- Anatolian domain in Turkey (8). In the northern Turkish Thrace
Basin, the shallow-marine middle Eocene sedimentation is charac-
terized by LBF-rich carbonates, which alternate with coral-domi-
nated levels that developed notorius patch-reefs in late Lutetian
and early Bartonian deposits, but especially at the late Bartonian-
Priabonian transition (Özcan et al., 2010).

- Iran (9). Data onmiddle Eocene shallow-marine sediments from the
northern Iran Alborz region report a deepening sequence extending
from late Lutetian?-early Bartonian limestones, with nummulites,
corals and coralline red algae (SBZ 16?-17), to late Bartonian marly
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limestones, with abundant nummulites, orthophragmines and cor-
alline red algae (SBZ 18) (Hadi et al., 2019).

- South Arabian Plate (10). The middle Eocene sequence in Yemen is
represented by shaly lagoonal deposits (early Lutetian, SBZ 13)
overlain by an inner tomiddle ramp carbonate sedimentation (mid-
dle-late Lutetian) with alveolines, orbitolites and nummulites. The
uppermost nummulite-rich member (SBZ 17–18) contains abun-
dant hermatypic corals, algae, and mollusks (Robinet et al., 2013;
Serra-Kiel et al., 2016).

- Egypt. In the northern Egypt, the Bartonian deposits of the eastern
sectors (11) are dominated by LBF-rich bioclastic and marly lime-
stones that include coral-debris and dendroid coral patches (Tawfik
et al., 2016). On the contrary, in the Western Desert (12) the pres-
ence of corals decreases and they are replaced by nummulite banks
and bryozoan-mollusk facies. Similar facies are widely developed
westwards in the rest of the northern African margin.

- Moroccan Atlas (13). Coeval sediments are also represented in the
Atlas region, and are included in the so-called Subatlas Group
(Herbig and Trappe, 1994), which integrates a latest Cretaceous to
middle Eocene transgressive-regressive megacycle. This area is the
closest to the Atlantic domain, and consists of a non-deformed pre-
tectonic unit, deposited in an epicontinental sea that is characterized
by peritidal and inner ramp sedimentation in eutrophic settings as
indicated by the absence of LBF and corals. Also, a limestone
bioclastic highly fossiliferous sequence is reported from the eastern
Ouarzazate Basin, containing mollusks (oyster lumachelles), echi-
noids, green algae, small benthic foraminifers (miliolids, rotalids,
discorbids) and ostracods (Herbig and Trappe, 1994; El Harfi et al.,
2001). Locally, palynologic data suggest a mangrove environment,
and likewise, the presence of selacean teeth, dominated by batoids,
is characteristic of shallow-marine environments (Tabuce et al.,
2005).

The above-mentioned occurrences suggest that during the middle
Eocene coral-reef buildups (z-corals) were widespread on shallow-ma-
rine environments of the central and eastern Tethys Ocean, but these
deposits are neither of great dimensions nor dominant, because of the
muchwidespread presence of LBF. Only coral-reef patches are scattered
on the broad LBF-rich belts developed in shallow-marine settings, espe-
cially with thermal events (LLTM and MECO; SBZ16–17). A general zo-
nation of LFB and z-coral buildups was proposed by Pomar et al. (2017)
and references therein (Fig. 12). Nevertheless, our study allows to con-
crete that these coral constructions are completely absent in the west-
ernmost Tethys.

According to Adams et al. (1990) and Langer and Hottinger (2000),
the LBF distribution is restricted to a worldwide climatic belt with tem-
peratures above 15–20 °C and controlled by the extent of low-nutrient
water masses. However, these authors also argue that the current
areas of high LBF diversity coincide with regions of high sea-surface
temperatures. Thus, the middle Eocene, as the peak for LBF diversity in
the Tethys, reaches optimal conditions to make this group thrive in an
intertropical beltwith broad homoclinal ramps, developing new ecolog-
ical niches to be colonized. In these conditions, z-corals were not very
widespread, being only present as small patches scattered in various
ramp environments, at several periods throughout the circum-Tethyan
region. As a consequence, it is not possible to recognize a direct relation-
ship with climate or ecological factors. For example, they are present in
eastern Egypt but disappearwestward in the remainingpart of northern
African Tethyan domains. This absence in thewesternmost Tethys could
be explained by the presence of nutrient-rich upwelling (Herbig, 1986;
Herbig and Trappe, 1994; Scheibner and Speijer, 2008). LFB seem to be
better adapted to such conditions than corals. In our oppinion, the par-
ticular paleogeography of the westernmost Tethys, with the proximity
of a narrow and deep basin (as the MFB) connected to the Atlantic
Ocean (Guerrera et al., 2021) could explain this absence of z-corals,
and even the absence of LFB in the Atlas Moroccan zone.
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5.4. LBF distribution, specific diversity and test size: ecological vs climate
controls

The main environmental parameters that explain the widely pres-
ence of LBF in several time intervals are temperature and oligotrophy
(Hottinger, 1983; Hallock, 1985, 2000). Thus, warming climate, the
rainfall (including the influence in the terrigenous runoff), but also
ocean circulation pattern, controlling the trophic conditions, could ex-
plain several questions regarding the morphological characters and
sizes of tests, specific diversity and/or intraspecific variability, number
of appearances and last occurrences of species in the circum-Tethyan
LBF assemblage during the middle Eocene. We can highlight among
others the following issues:

- Highest diversities of Tethyan LBF coincide with this period (Adams
et al., 1990; Hallock et al., 1991; Brasier and Bosence, 1995;Whidden
and Jones, 2012; Pomar et al., 2017). According to Hottinger (1983),
they are well represented in peripheral Atlantic basins (Pyrenees)
and especially in the northern Tethyanmargin, from the Alps to Tur-
key,with low values in diversity in the northern African subprovince.
In the Sierra Espuña area, the diversity is remarkable (Figs. 12 and 4)
but without reaching the high values of the Pyrenean domain.

- Largest tests in dominant genera have been reported for this period:
Nummulites in the late Lutetian and early Bartonian (Schaub, 1981;
Ungaro, 1994; Brasier and Bosence, 1995), Assilina in the middle-
late Lutetian (Schaub, 1981), and Alveolina from middle Lutetian to
early Bartonian (SBZ 14–17; Hottinger and Drobne, 1988). For
Nummulites, this fact occurs with the terminal species of every
philetic group (i.e. N. perforatus-N. biedai, N. puschi-N. brongniarti,
N. millecaput-N. maximus, N. gizehensis, N. carteri) (Schaub, 1981),
which are characterized by a high intraspecific variability that in
some cases can hinder the precision in the taxonomic determination.
In the Sierra Espuña area, bothN. perforatus-N. biedai andN. puschi or
N.millecaput-N. maximus groups arewell represented in late Lutetian
(SBZ 16) and early Bartonian deposits (SBZ 17). So some giant forms
ofN.maximus have been observed in these sediments, with tests that
can reach 10 cm in diameter. Furthermore, these species, although
generally represented throughout the Tethys, are usually dominant
in certain subprovinces:N. perforatus-N.biedai,N. puschi-N. brongniarti
and N. millecaput-N. maximus groups in the peripheral Atlantic basins
but also in theMalaguide Sierra Espuña area and on thenorthernmar-
gin of the circum-Tethyan area, N. syrticus and N. gizehensis in the
North African domain, and N. carteri in the Indian subcontinent
(Blondeau, 1972; Schaub, 1981). This suggests a certain provincialism
among these faunas, as it happens in the Sierra Espuña area.

- Maximum specific diversity in Alveolina is observed in the early Eo-
cene (Hottinger and Drobne, 1988; Serra-Kiel et al., 1998a), prior to
maximum development in test size. Despite the sharp decline in di-
versity observed at the Ypresian-Lutetian boundary, a newdiversifica-
tion phase is observed in the Early Lutetian according to data of Serra-
Kiel et al. (1998a), indicating the wide presence of ecologically stable
inner ramp environments. Then, a widespread decline in diversity is
observed through the middle Eocene, in negative correlation with
the trend of alveolines to reach maximum sizes and elongation of
their tests (Hottinger and Drobne, 1988; Brasier and Bosence, 1995).
In the Sierra Espuña area, alveoline-rich inner ramp settings are
mainly represented in theMalvariche section, during the late Lutetian
and early Bartonian (Fig. 7b), by alveoline specimens of the A. fragilis
group with very elongated, length tests. The last occurrence (LO) of
alveoline in the study area (Fig. 12) takes place in the earliest
Bartonian (SBZ17) slightly before to that proposed by Hottinger
(1960, 1997) probably conditioned by the absence in this area of
inner ramp realms in the late middle Eocene.

- Maximum specific diversities in nummulitids and orthophragminids
are observed in the middle Lutetian (SBZ14–15), with values main-
tained during the late Lutetian-early Bartonian (SBZ16–17) (Schaub,



Fig. 12. Biochronostratigraphic chart with numerical time scale, magnetochrons, magnetic polarity, planktonic foraminifera and calcareous nannoplankton zones based on GTS 2012
(Gradstein and Ogg, 2012), correlated with shallow benthic zones (SBZ). Interpretations of main climatic events, trophic resources continuum, LBF specific diversity and coral events in
the Tethyan domain are also represented. A synthetic column with the stratigraphic formations and the main trophic conditions and LBF and coral (*) events of the Sierra Espuña-
Mula Basins are also included.
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1981; Serra-Kiel et al., 1998a;Whidden and Jones, 2012; Pomar et al.,
2017), to indicate widespread marine middle to outer ramp environ-
ments at this time span. On the other hand, maximum diversities in
LBF are related to generalized oligotrophic to highly oligotrophic
conditions (Brasier andBosence, 1995),whichdenotes amarkedenvi-
ronmental stability that favors the dominance of k-strategist commu-
nities (Hottinger, 1983). This has also led us to re-interpret data
concerning the “Trophic Resources continuum” provided by
Hallock et al. (1991) that considered the middle Eocene as a pe-
riod of ‘decreasing oligotrophic habitats’. According to systematic
data of nummulitids from Serra-Kiel et al. (1998b) revised in this
work (Fig. 4), this variation in specific diversity is well reflected in
sediments of middle Lutetian age (SBZ 14–15) from the Sierra
Espuña area. Here, the number of taxa recognized is relatively
high (13 species), but it decreases in the late Lutetian (9 species),
early Bartonian (7 species) and late Bartonian (3 species).

- Highest values on first occurrences (FO) in nummulitid and
orthophragminid species (Fig. 12) are found in the middle
Lutetian (mainly SBZ14), and they decrease abruptly in the late
Lutetian-early Bartonian interval (SBZ16–17; Whidden and
Jones, 2012; Pomar et al., 2017), coinciding with the above-men-
tioned provincialism of many of the species of nummulitids
represented at this period and with hyperthermal events re-
ported in literature (LLTM and MECO). According to the data of
nummulitids recognized by Serra-Kiel et al. (1998b) in the Sierra
Espuña area and revised in this work (Fig. 4), the number of FO of
species with a well-recognized stratigraphic range has a low
value, being 6 in the early-middle Lutetian (SBZ 14), 1 in the
late middle Lutetian (SBZ 15), 4 in the late Lutetian (SBZ 16), 3
in the early Bartonian and 2 in the late Bartonian, in correspon-
dence with the low specific diversity recognized in this area.
According to Hottinger (1997), ‘when the full specific diversity
is reached, the communities start to diverge in separate faunal
provinces’, which is observed in this timespan. This evolutionary
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step, especially in large nummulitids can also be associated to the
‘critical phase of the radiation interval’ prior to the ‘mass extinc-
tion interval’ according to Brasier and Bosence (1995) that hap-
pens at the end of early Bartonian (SBZ 17). In the Sierra Espuña
area the considered timespan iswell represented,with a nummulitid
assemblagemainly composed by species ofNummulites perforatus,N.
puschi-N. herbi andN.millecaput-maximus groups. The late Lutetian is
represented, respectively by N. deshayesi, N. praepuschi-N. herbi and
N. maximus. On the other hand, the early Bartonian is mainly repre-
sented by Assilina exponens, N. perforatus and some small forms (N.
praegarnieri, N. hottingeri and N. beaumonti). The base of the Cánovas
Fm is represented in the type-section byN. biedai,N. praegarnieri and
N. striatus, indicating the lowermost part of the late Bartonian (SBZ
18).

The importance of the early-late Bartonian boundary (SBZ17–18)
should be emphasized as a critical scenario of biological change recog-
nizable in all shallow-marine environments across the Tethys (Fig. 11)
with the end of increasing of LBF size, which is also reflected in the Si-
erra Espuña Basin (Fig. 12):

- The end of increasing size of LBF tests, the LO of Alveolina, Orbitolites
and giant Assilina s.s. (only “operculiniform Assilina” cross this
threshold), and the first occurrence of the genre Heterostegina are
noted (Loeblich and Tappan, 1987; Less et al., 2008).

- A noticeable reduction in specific diversity of hyaline LBF, mainly
nummulitids and orthophragminids (Whidden and Jones, 2012),
allowed to consider an oligotrophic to mesotrophic setting for the
marine carbonate neritic environments of this interval, coinciding
with the ‘demise of k-strategists’ according to the Trophic Resources
continuum by Hallock et al. (1991) and with the end of the MECO
climate event.

- The general dominance of LBF in shallow-marine environments of
the Tethys decreases sharply through this boundary and a recovery
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of the zooxanthellate corals is observed (not in our study area), with
a gradual increase in size, number, and diversity of coral-buildup
ecosystems, replacing LBF-dominated environments. This event
will become especially effective from the late Eocene with decreas-
ing global temperatures related to the formation of first glaciation
on the Antarctic continent. A paleogeographic control does not
seem the origin for this change since in the westernmost Tethys
the MFB was not closed until the early Miocene (Guerrera et al.,
2021). The increase in the presence of coral bioherms across this
boundary is not reflected in the Sierra Espuña deposits due to the
deepening-upwards sedimentary trend that during this period
does not allow the development of shallowest marine facies in this
area.

6. Conclusions

Themiddle Eocene period, as the peak for LBF diversity in the Tethys,
indicates optimal conditions for thriving of this group in an intertropical
belt with broad homoclinal shallow-marine ramps free to be colonized
and to develop new ecological niches. Z-corals were much reduced
through the circum-Tethyan region. A clear direct relationship to cli-
mate or ecological changes has not been recognized. Even, these are ab-
sent in the westernmost Tethys.

Nevertheless, both issues seem to be related to the increasing tem-
peratures throughout this interval. Symbiont algae present in corals
tend to disappear when a temperature threshold is exceeded, unlike
those found in LBF, allowing these to thrive in warmer sea-waters. The
conjunction of high temperatures and low nutrient content of ocean
waters, as well as the available space on continental margins, all closely
related to the high sea level conditions in this period. The sea-level rise
propitiated a transgression allowing the extensive development of shal-
low-marine environments in theflooded areas. All the above give rise to
the high specific diversity recorded in LBF during this timespan.

It is worth noting the differences in the fossiliferous assemblage of
most marine platforms on the northern Tethyan margin with respect
to those on the southern margin. In eastern Egypt, z-coral buildups are
present but disappear in the rest of northern African Tethyan domains,
west of the Central Egypt desert. In the Atlas region, not only corals
are missing but also LBF, suggesting eutrophic conditions related to nu-
trient-rich upwelling areas making LFB life impossible (Herbig, 1986;
Herbig and Trappe, 1994; Scheibner and Speijer, 2008).

The great specific diversity in LBF across the Pyrenean area and the
northern Tethyan margin during middle Eocene is not reflected in the
Sierra Espuña area. Others issues affecting themorphological characters
and evolution of LBF as sizes of the tests, specific diversity and/or intra-
specific variability, number of appearances and last occurrences of spe-
cies in the circum-Tethyan LBF assemblage during this time, have been
also revised in the LBF assemblage of the Sierra Espuña area. The pres-
ence of largest tests during the late Lutetian-early Bartonian interval
has been evidenced for the genera Alveolina, with centimetric very elon-
gated tests, but also for Nummulites, especially in the N. millecaput-
maximus group, with tests that reach 10 cm in diameter, and in the N.
perforatus group, parallel to an increase of intraspecific variability in
these taxa. The loss of specific diversity along this period has also been
observed inNummulites, the best-represented generus, from themiddle
Lutetian (SBZ14–15) to the late Bartonian (SBZ18). The greatest number
of first occurrences in nummulitid species (Nummulites and Assilina), as
in the rest of the Tethys, is observed at the onset of the middle Lutetian
and decreases progressively in the late Lutetian, and Bartonian, in corre-
spondence with the decrease in specific diversity. All these data can be
related to moments of increase in global temperatures coinciding with
main warmer events through the middle Eocene (LLTM and MECO)
and only secondarily to the nutrient content of marine waters.

Finally, the importance of the early-late Bartonian boundary
(SBZ17–18) as a critical scenario of biological change recognizable
across the shallow-marine environments must be highlighted. This
23
scenario is also reflected in the Sierra Espuña Basin, with (i) the
end of increasing size of LBF tests; (ii) the last occurrence of
Alveolina, Orbitolites and giant Assilina and the FO of the genus
Heterostegina; and (iii) a marked reduction in specific diversity of
hyaline LBF (nummulitids and orthophragminids). This reduction
can be explained by an increase of trophism in the shallow-marine
waters, which led to a reduction in the prevalence of LBF and a recov-
ery of the zooxanthellate corals, with a gradual increase in size, num-
ber, and diversity of coral bioherms, replacing LBF-rich belts.
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