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Despite the abundance of seagrass-related deposits in the geological record, seagrassmacrofossils are scattered in
time and space, due to the low preservation potential ofmarine angiosperms. Fossil seagrass impressions, mainly
rhizomes occur in Messinian (late Miocene) marl beds intercalated in cross-bedded bioclastic limestones in the
Guadalquivir Basin near Alcalá de Guadaíra in southern Spain. Vegetative characters indicate that most remains
can be attributed to Cymodocea cf. nodosa, to which also probably belong a few molds of fruits. Two other fossil
fragments can only be assigned to Alismatales indet. The plants lived in sheltered ephemeral areas among
shallow-water submarine dunes, inwhich deposition of fine-grained sediment favored their fossilization. During
the lateMiocene theGuadalquivir Basinwas open to theAtlanticOcean and, therefore, these fossil occurrences lie
within the modern biogeographic distribution of C. nodosa, the only species of the genus out of the Indo-West
Pacific region. At the moment, it is the only record of seagrass fossils in the Miocene of Europe.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seagrass fossils are rare and dispersed in time and space. The oldest
records are from the Upper Cretaceous (early Campanian, ca. 82.5 Ma)
of the southeast Netherlands, Thalassocharis muelleri. Relatively com-
mon silicified stems with roots and rarer leaf remains of seagrasses
occur in Upper Cretaceous formations from Belgium and the
Netherlands (Van der Ham et al., 2007, 2017; Jagt et al., 2019), and
Germany (Van der Ham et al., 2007) in western Europe. Seagrass leaves
and rhizomes have also been described in the Maastrichtian of Tennes-
see, USA (Dilcher, 2016). Eocene seagrass macrofossils are known from
several localities in England, Belgium, France, Germany and Italy (Reich
et al., 2015; Larkum et al., 2018 and references therein) as well as from
the Avon Park Formation in Florida, USA (Benzecry and Brack-Hanes,
2008 and references therein). No seagrass macrofossils have been re-
ported from Oligocene deposits and the onlyMiocene records so far de-
scribed are from Sulawesi, Indonesia (Laurent and Laurent, 1926; Reich
et al., 2015) and from the late Miocene in South Island, New Zealand
(Larkum et al., 2018). External molds of seagrass leaves in basal surfaces
of encrusting bryozoans (bioimmuration) are known from the
Burdigalian in India (Reuter et al., 2010) and from the Mio-Pliocene of
the Dominican Republic (Cheetham and Jackson, 1996). Pliocene mac-
rofossils are also scarce and found in very distant localities. Fossil fruits
were recorded in northern Italy (Ruggieri, 1951), a rich concentration of
. This is an open access article under
Posidonia leaves and rhizomes was found in the late Pliocene of Rhodes
Island in Greece (Moissette et al., 2007), Larkum et al. (2018) illustrate
Pliocene leaves from North Island, New Zealand, and Tuya et al.
(2017) report Halodule rhizomes from the Canary Islands.

The oldest seagrass macrofossils were allied to the Cymodoceaceae–
Zosteraceae–Posidoniaceae clade (Van der Ham et al., 2007). Some of
the Eocene seagrasses both from western Europe and Florida were at-
tributed to Cymodocea (Lumbert et al., 1984; Benzecry and Brack-
Hanes, 2008 and references therein), the Miocene plants from Sulawesi
and the Pliocene fruits from Italy (Ruggieri, 1951) were also attributed
to this genus. Cymodocea, therefore, seems to have a long evolutionary
history, although there is some uncertainty of the fossil affinities (Iles
et al., 2015).

As can be seen in the above listed records no seagrass macrofossils
have been found in European Oligocene to Miocene rocks despite the
many references to seagrass-related deposits based on indirect indica-
tors (Reich et al., 2015; Brandano et al., 2019, and references therein).
These references include a number of late Miocene localities in the
Betic Neogene basins in southern Spain, in which the occurrence of
seagrass was interpreted from the benthic foraminifer assemblages
(Brachert et al., 1998; Betzler et al., 2000; Puga-Bernabéu et al., 2007),
coralline algalmorphology and assemblages (Sola et al., 2013), and sed-
iment features of (Betzler et al., 2000) of carbonate units.

In this paper, a concentration of seagrass macrofossils and its
paleoenvironment of formation in Messinian (late Miocene) deposits
in the Guadalquivir Basin in southern Spain are described. The fossil
plant assemblage is nearly monospecific and, although no flowers or
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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complete fruits are preserved vegetative characteristics indicate they
belong to Cymodocea. This is the first record ofMiocene seagrassmacro-
fossils in Europe and adds a new site to the scarce number of known
marine angiosperm vegetative fossils.
Fig. 2.View from south of the pinnacle preserved from limestone extraction in the Pie Solo
quarry, in which the fossiliferous marl bed (yellow arrowhead) is exposed. Marl beds
(green arrowheads) intercalate and pinch out among cross-bedded bioclastic
grainstones to rudstones. Scale bar = 5 m.
2. Location and geological setting

The site is located north of Alcala de Guadaíra, in the Sevilla province
in southern Spain (Fig. 1). The fossiliferous beds occur in two of four pin-
nacles of poorly cemented limestone preserved from the extensive ex-
traction of limestone gravel in an abandoned quarry (Latitude 37° 21′
29″ N to 37° 21′ 34″ N, Longitude 5° 50′ 21″ W to 5° 50′ 26″ W, Figs. 1,
2). From a geological point of view, the locality is at the southernmargin
of the Guadalquivir Basin, the foreland basin of the Betic Cordillera, the
westernmost peri-Mediterranean Alpine orogen (Fig. 1A). The Guadal-
quivir Basin originated during the Miocene by the tectonic flexure of
the Iberian margin, due to nappe stacking in the frontal wedge of the
Betic Cordillera at the southern active margin (Fernàndez et al., 1998;
García-Castellanos et al., 2002). In themiddleMiocene, olistostrome de-
posits from the Betic front mixed with autochthonous sedimentation,
reaching the basin axis (Sanz de Galdeano and Vera, 1992). Along the
southern margin, marine sedimentation took place on top of the accre-
tionary wedge of the Betic Cordillera during the late Miocene. In the
Alcalá de Guadaíra area, the upper Miocene marine deposits include
blue marls at the base (Ecija Formation, Verdenius, 1970), followed by
sandy silts with abundant glauconite (Transition Unit, Galán Huertos
and Pérez Rodríguez, 1989), and bioclastic limestoneswith interspersed
thin marl beds (Guadaíra Formation, Verdenius, 1970; Alcor Formation,
Viguier, 1974). The fossil beds that are the subject of this study belong to
the latter unit (Fig. 1B). The presence of Globorotalia miotumida and
Globorotalia margaritae in the planktonic foraminifer assemblages indi-
cates a late Messinian age for the Guadaíra Formation (Aguirre et al.,
2015; González-Delgado et al., 2004; Perconig, 1968; Sierro et al.,
1996). The succession from the Ecija to the Guadaíra formations consti-
tutes the Andalusia Depositional Sequence, one of the stratigraphic se-
quences into which the sedimentary fill of the Guadalquivir Basin was
divided (Martínez del Olmo and Martín, 2016, 2019).
Fig. 1.A, Location of the study site in the Guadalquivir Basin in southern Spain. Inset shows area
access (black lines) and densely populated areas (gray polygons).
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3. Materials and methods

Ninety-eight samples of marl each containing one to many fossil
fragments of seagrass were collected from the study site. The majority
of samples were consolidated with a solution of 3% REGALREZ 1126
resin in ligroin. Voucher specimens are stored in the herbarium of the
University of Granada (GDA). The rest of samples are stored in the
Museo de Alcalá de Guadaíra (Sección Paleontología).

A sample ofmarl waswashed for examination of its foraminifer con-
tent, usingmeshes of 0.5 and 0.125mm, and then dried up in an oven at
40 °C. Only the residue in the 0.125 mm fraction was studied. The min-
eralogical composition of two samples ofmarl with fossil fragmentswas
identified usingX-ray diffraction. The elemental analyseswere obtained
with a Dual EDS (energy dispersive X-ray spectroscopy) system coupled
in B. B, Geological setting of the Pie Solo quarry, north of Alcalá deGuadaírawithmain road



Table 1
Macroinvertebrates and trace fossils in the bioclastic limestones from the Pie Solo
section, and foraminifers in the marl bed with seagrass macrofossils.

Bivalves
Gigantopecten latissimus (Brocchi, 1814)
Aequipecten scabrellus (Lamarck, 1819)
Flabellipecten expansus (Sowerby, 1847)
Oppenheimopecten praebenedictus Tournouër, 1920
Pecten benedictus Lamarck,1819
Ostrea edulis lamellosa (Brocchi,1814)
Anomia ephippium Linnaeus,1758
Glycymeris insubrica (Brocchi,1814)
Modiolus adriaticus Lamarck,1819
Limaria tuberculata (Olivi,1815)

Gastropods
Epitonium turtonis (W. Turton,1819)

Echinoids
Schizechinus duciei (Wright, 1855)
Psammechinus dubius (Agassiz, 1840)
Arbacina catenata (Desor, in Agassiz & Desor, 1846)
Rhabdobrissus costae (Gasco, 1876)
Echinocyamus sp.

Annelids
Serpula sp.

Trace fossils
Entobia
Sinusischnus sinuosus
Bichordites
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to an environmental scanning electron microscope (ESEM), Qemscan
650FEG (Thermofisher-FEI). The EDS detectors are Bruker XFlash 6/30
SDD (Silicon drift detector). The analyses were processed by the
ESPRIT software at the “Centro de Instrumentación Científica” (CIC,
Universidad de Granada). Four thin sections were cut from limestones
above and below the fossiliferous marl beds to perform petrographic
analysis of carbonates.

4. Results

4.1. Pie Solo section

Sample collection focused on one of the pinnacles in the quarry in
which twomarl bedswith fossil plants are exposed (Figs. 2, 3). The pin-
nacle section begins with poorly exposed, trough cross-bedded
grainstones to rudstones, up to 4 m thick. These beds are overlain by
an interval, 1 m thick, of amalgamated rudstone lenses with erosive
base and rough normal gradation. Individual lenses are some meters
wide (up to 15 m, the lateral extent of the outcrop) and centimeters
to decimeters in thickness. The rudstone consists of centimeter-sized,
randomly oriented bioclasts with sharp edges in a packstone matrix
with quartz grains. The bioclasts are mainly disarticulated bivalves
and echinoids (Table 1), and minor gastropods, scaphopods, serpulids,
barnacles, and fish teeth. The rudstone lenses laterally interfinger with
trough cross-bedded laminated grainstone to rudstone.
Fig. 3. Stratigraphic column of the Pie Solo section.

Foraminifera %
Elphidium sp. 35.8
Biastigerinata sp. 20
Lobatula sp. 16.5
Cibicidoides sp. 10
Ammonia sp. 7
Florilus sp. 5.3
Planorbulina sp. 1
Uvigerina sp. <1
Pullenia sp. <1
Other benthic <1
Planktonic 3.5
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The interval is followed by a 10-cm-thick rippled rudstone with
packstone matrix with up to 15% of quartz grains. Bivalve fragments
are the main components, with secondary small benthic foraminifers,
hooked and tubular coralline red algae, and bryozoans. Valve fragments
show a preferred concordant convex-up orientation. This thin bed gives
way to a marl bed, 10–16 cm in thickness, rich in the fossil marine an-
giosperms that are the subject of this report (see below). The marl bed
is overlain by trough cross-bedded rudstones to coarse grainstones,
with bed sets decimeters to a few meters thick and a total thickness of
12 m. The majority of beds dip to the W-SW (Fig. 2). These limestones
intercalate thin lenses of marl, some centimeters thick and several me-
ters in lateral extent. One of these lenses, 20–50 cm above the base of
the rudstones also yielded angiosperm remains. Bivalve fragments are
the main components in the rudstones/grainstones with small benthic
foraminifers as minor components and up to 25% of quartz grains.
Shell fragments generally show a concordant convex-up orientation.
Both rudstones-grainstones and marls are locally densely bioturbated
by Sinusichnus sinuosus and Bichordites (Beláustegui et al., 2014).

4.2. The fossiliferous bed

Seagrass remains appear in twomarl beds in the pinnacle section, al-
though the abundance is higher and the preservation better in the lower
one. A marl bed exposed in another preserved pinnacle 90 m to the
southwest of the study section also contains some seagrass fossils. The
bed with the highest fossil plant concentration is a 10–16 cm thick
and consists of marl with very scarce, thin and laterally discontinuous
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laminae of bioclastic sand. The marl is composed of smectite clays,
quartz and calcite, with minor amounts of illite and kaolinite clays and
Fe hydroxides. Angiosperm fossils appear as impressions of plant frag-
ments from millimeters to centimeters (rarely more than 10 cm) in
size (Plate I, 1–10) with diverse degrees of preservation conditioned
by alteration of marl. Thin films of Fe hydroxides, and varying amounts
of Fe andMn oxides in some samples appear in the impressions (Plate I,
1–11). Several potential molds of fruits were also found (Plate I, 7–9).
Fossil angiosperms occur at different levelswithin the bed but their con-
centration is higher at a surface in the middle (Plate I, 1). All plant re-
mains except two (Plate I, 10) seem to belong to a single species of
marine angiosperm. Bioturbation locally disturbs the plant preserva-
tion. In a few cases, impressions of epiphytic bryozoans were observed
(Plate I, 11).
4.3. Systematic description

Order: ALISMATALES Dumortier, 1829
Family: CYMODOCEACEAE Vines, 1895
Genus: Cymodocea K.D. König, 1805
Type species: Cymodocea nodosa (Ucria) Ascherson, 1870
Cymodocea cf. nodosa (Ucria) Ascherson, 1870
Plate I, 1–9
Description: The most abundant remains are horizontal (plagiotro-

pic) rhizomes, 3–5 mm wide (mean 3.9, standard deviation 0.5 mm)
with nodes from which vertical (orthotropic) rhizomes arise (Plate I,
1,2). Observable separation of nodes (internode length) is
10.5–36 mm (Plate I, 2). No roots have been recognized. Vertical rhi-
zomes are also common and typically show a series of nodes (leaf
scars) separated by internodes 1–1.8 mm long (Plate I, 2,3,5). Vertical
rhizomes are 2.8–5.2 mm wide (mean 3.7, sd 0.5 mm) and up to
30 mm long. Leaf sheaths arising from vertical rhizomes are scarce,
2.8–3 mm wide and up to 13.2 mm long (Plate I, 3, 5). Only in one
case the base of a leaf in connection with the sheath at a ligule can be
clearly observed (Plate I, 3). Leaves are scarce as well, elongated,
ribbon-shaped with 7–9 observable nerves (Plate I, 4, 6). Leaves are
2.7–2.9 mm wide and the longest recorded remain is 40 mm long. No
leaf tips have been recognized. Internal molds of pericarps are semicir-
cular in outline and 6–10.5 mm long (Plate I, 7–9).

Remarks: Vegetative characteristics can be used in the identification
of species and genera of seagrasses (Kuo and den Hartog, 2001; den
Hartog and Kuo, 2006). In the study assemblage, despite the absence
of flower remains, the vegetative characters preserved can be used for
a confident identification of Cymodocea. The strap-shaped leaves devel-
oping on top of vertical rhizomeswithmany nodes, aswell as leaves dif-
ferentiated in a sheath and a bladewith a ligule andwith 3-manynerves
are characteristic of the family Cymodoceaceae (Kuo and den Hartog,
2001; den Hartog and Kuo, 2006). The combination of monopodial hor-
izontal rhizomes with single short vertical rhizomes in nodes, and flat
leaves with 7 or more longitudinal veins are typical of Cymodocea
(Kuo and denHartog, 2001; den Hartog and Kuo, 2006). The occurrence
of only 7–9 veins differentiates C. nodosa from the other Cymodocea spe-
cies, which are distributed in the Indo-West Pacific (Kuo and den
Hartog, 2001). Closed circular sheath scars in vertical rhizomes are
Plate I. Cymodocea cf. nodosa and Alismatales indet. 1, Cymodocea cf. nodosa impressions partial
colored). Concentration of fossil fragments of plagiotropic (red arrowheads) and orthotropic (
Fanero 68311. Scale bar=20mm. 2, Plagiotropic rhizome of Cymodocea cf. nodosawith two ort
The right-hand orthotropic rhizome gives way to a poorly preserved sheath or sheath and leaf
(green arrowhead) with sheath (orange arrowhead) and base of a leaf separated by a lig
Cymodocea cf. nodosa, GDA-Fanero 68304. Scale bar = 5 mm. 5, Orthotropic rhizome with sh
68309. Scale bar = 5 mm. 6, Potential leaf bundle of Cymodocea cf. nodosa; at least two leaves
= 5 mm. 7, Molds of two pericarps attached to rhizomes of Cymodocea cf. nodosa. The righ
68314. Scale bar = 5 mm. 8, Incomplete mold of pericarp of Cymodocea cf. nodosa, GDA-Fan
68317. Scale bar = 2 mm. 10, Alismatales indet., this leaf impression is wider than the majorit
of an epiphytic colony of bryozoans, GDA-Fanero 68316. Scale bar = 5 mm.
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typical of C. nodosa aswell, although Cymodocea rotundata also presents
this character (Kuo and den Hartog, 2001). The thickness of the impres-
sions of horizontal and vertical rhizomes falls well within the variability
of this species (Reyes, 1993, 2011; Terrados and Marbà, 2004), particu-
larly taking into account that cylindrical rhizomes of living plants
underwent compression that modified their diameters to fossil rhizome
widths. According to the degree of compression the resulting width
value is from 1 (no compression) to 1.57 (total compression to a
plane) times the original diameter. Length of vertical rhizomes, sheath
and leaf widths are also in accordance with values of living C. nodosa
plants (Reyes, 1993, 2011; Terrados and Marbà, 2004). Nevertheless,
the absence of flowers and better-preserved fruits implies a certain de-
gree of uncertainty in the species assignment of the remains. In addition,
the size of fruits (Plate I, 7–9) is smaller than that of living C. nodosa
(Reyes, 1993, 2011; Reyes et al., 1995; Terrados and Marbà, 2004;
Moreno and Guirado, 2006).

ALISMATALES indet.
Plate I, 10
Description: Two fossils of a different seagrass taxon consist of im-

pressions of leaf fragments with iron hydroxides and manganese oxide.
The best preserved one (Plate I, 10) is 4.5 cm long and 0.8 cm wide.
Leaves show ribbon shapes and poorly defined longitudinal nerves.

Remarks: The leafwidth clearly distinguish these fragments from the
rest of seagrass fossils examined. Similar broad, strap-shaped leaves can
be found in several genera belonging to different families within
Allismatales, such as Zostera and Posidonia. However, nopreserved char-
acters allow a more precise identification at the genus or family level.

5. Discussion

5.1. Paleoenvironmental interpretation

The main deposits in the study section and adjacent pinnacles,
trough cross-bedded grainstones to rudstones, formed in submarine
dunes moved by tractive currents. The concordant convex-up orienta-
tion of shells in the beds also indicates current action (Kidwell and
Bosence, 1991). The predominant dip direction to theW-SW is compat-
ible with a littoral drift roughly parallel to the southern margin of the
Guadalquivir Basin. The amalgamated lenses of rudstones with erosive
bases, rough normal gradation and sharp shell fragments can be
interpreted as proximal storm deposits (Aigner, 1985; Einsele and
Seilacher, 1991).

Lithology, sedimentary structures and fossil assemblages indicate
that the fossiliferous beds formed in a shallow-water, open marine en-
vironment, with a seafloor covered by submarine dunes mainly fed by
bioclastic particles. Macroinvertebrate assemblages (Table 1) and
small but significant proportions of planktonic foraminifers support
the open nature of the environment. The marl lenses probably accumu-
lated in the relatively ephemeral and small interdune lows sheltered by
dunes. The baffling effect of seagrasses presumably contributed to the
low turbulence at the seafloor promotingmarl deposition. The pinching
out of marl lenses between trough cross-bedded grainstones/rudstones
indicates that themarls formed on and were covered bymoving dunes.
ly coated/filled by Fe hydroxides (brown colored) andmixtures of Fe andMn oxides (black
green arrowheads) rhizomes at a surface in the middle of the fossiliferous marl bed, GDA-
hotropic rhizomes (green arrowheads) delimiting an internode, and other plant fragments.
, GDA-Fanero 68307. Scale bar = 10 mm. 3, Orthotropic rhizome of Cymodocea cf. nodosa
ula (yellow arrowhead), GDA-Fanero 68310. Scale bar = 5 mm. 4, Leaf impression of
eath and leaf? of Cymodocea cf. nodosa; no defined ligula can be observed, GDA-Fanero
are superimposed and converging to their bottom left end, GDA-Fanero 68316. Scale bar
t-hand one is associated with an orthotropic rhizome (green arrowhead), GDA-Fanero
ero 68301. Scale bar = 2 mm. 9, Mold of pericarp of Cymodocea cf. nodosa, GDA-Fanero
y of remains in the fossiliferous bed, GDA-Fanero 68306–2. Scale bar = 20 mm. 11, Mold
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Growth of seagrass patches is common in submarine dune fields (e.g.
Marbá and Duarte, 1995). The benthic foraminifer assemblage in the
marls, dominated by Elphidium, Biasterigerina and Lobatula (Table 1),
is typical for seagrass beds (Langer, 1993; Mateu-Vicens et al., 2010,
2014; Frezza et al., 2011). The depositional setting was episodically af-
fected by storms that removed and redeposited loose sediment concen-
trating invertebrate fossils.

5.2. Paleobiogeography

In the late Miocene, the Guadalquivir Basin was a large embayment
of the Atlantic Ocean (Esteban et al., 1996). By the lateMessinian, no di-
rect connections with the Mediterranean Sea through the Betic Cordil-
lera were still active and the basin only opened to Atlantic in the Gulf
of Cádiz area (Martín et al., 2014). This area is part of the present-day
dispersion area of Cymodocea nodosa, which in addition to theMediter-
ranean Sea extends in the eastern Atlantic coasts from southern
Portugal to Senegal (Global Biodiversity Information Facility, 2020).
Therefore, the occurrence of Cymodocea cf. nodosa in the Guadalquivir
Basin does not indicate any larger distribution area of the genus in the
late Miocene. In contrast, Cymodocea, which is a genus of tropical affin-
ities (Den Hartog and Kuo, 2006; Larkum et al., 2018) was present in
much higher latitudes in Europe (northern France, southern England)
(Reich et al., 2015 and references therein) in thewarmer early andmid-
dle Eocene times (Zachos et al., 2001;Westerhold et al., 2020). The east-
ward connection of the Mediterranean with the Indian Ocean was
closed millions of years before the late Miocene (Rögl, 1998; Bialik
et al., 2019), consequently, the marked biogeographic separation of
C. nodosa lineage from the rest of Cymodocea species, which have a trop-
ical Indo-Pacific distribution, had already taken place when the Alcalá
de Guadaíra Cymodocea plants lived.

5.3. Exceptionality of seagrass macrofossils

Despite the increasing number of records, fossils of seagrasses are
sparse and always represent cases of exceptional preservation. The little
or no lignification of the xylem in seagrasses (Kuo et al., 2018; Kuo and
den Hartog, 2001) highly reduces the fossilization potential of these
herbaceous plants. In addition, the shallow habitats of open marine
grasses generally entail relatively high turbulence and, consequently,
oxygenated, coarse-grained sediments that do not favor plant preserva-
tion. The fossil seagrasses from Alcalá de Guadaíra are the only known
Miocene records in Europe up to now, although indirect indicators sug-
gest that seagrasses were widespread in shallow marine environments
in the Mediterranean Basin and Paratethys (Reich et al., 2015). The
unique plant preservation in this site might be due an unusual deposi-
tion of marl lenses in small low-energy areas among submarine dunes
that probably sheltered them. In beds with fossil plants, the lateral dis-
placement of dunes probably covered the ephemeral marl lenses and
seagrass meadows in relatively short times, preventing the develop-
ment of bioturbation that would have destroyed the plant remains.
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