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A B S T R A C T

The global trend towards a colder and more arid climate at the Eocene-Oligocene boundary triggered significant
changes in the European flora. Here we study the latest Eocene (Priabonian) flora from lacustrine deposits at
Sarral in the Ebro Basin, Catalonia, Spain, to evaluate vegetation changes near this boundary. Three main ta-
phofacies are recognised: (1) assemblages composed of small, size-sorted leaves represented by Zizyphus,
Fabaceae leaflets and Pinus needles, inferred to be wind transported from open woodlands located distal from the
lake; (2) assemblages composed of whole unsorted leaves belonging to Salicaceae, Myricaceae (Myrica arensi and
Comptonia schrankii), Lauraceae (Daphnogene and Laurophyllum) and helophytic plant stems, interpreted as re-
mains of a riparian community; (3) assemblages comprising disarticulated organs of Tetraclinis, Cupressaceae
and a few torn leaves of Myrica arensi and Salicaceae, interpreted as derived from riparian or open woodland
vegetation upstream from the lake. The Priabonian Sarral flora is similar to the nearby early Oligocene flora of
Cervera, making it difficult to distinguish the effects of the Eocene-Oligocene climatic crisis upon the vegetation.
Sedimentological analysis indicates that the Sarral leaf bed represents deposition during a drier period of small-
order climate cycles, whereas the Cervera flora represents vegetation during a wetter period of a similar cycle
but under the cooler and more arid environmental conditions of the early Oligocene, thereby disguising large-
scale Eocene-Oligocene climatic change. Understanding such short-term sedimentary and climatic cycles is
crucial in order to correctly interpret the regional climatic signal based on leaf physiognomy.

1. Introduction

The Eocene-Oligocene boundary represents the time when one of
the most important global climatic changes of the Cenozoic took place
(Zachos et al., 2001). These changes significantly affected vegetation in
temperate and higher latitudes, which needed to adapt to more arid and
colder conditions (Mosbrugger et al., 2005). Palaeoclimatic studies
based on leaf physiognomy and the nearest living relative methods
indicate that the global climatic change affected vegetation across
Europe in different ways (Hren et al., 2013; Sheldon, 2009). In Central
Europe (Germany, Austria, Czech Republic and Hungary), it is char-
acterised by the spread of broad-leaved deciduous flora (Quercus, Be-
tula, Alnus, etc.), which migrated southwards from higher latitudes in
consequence of decreasing temperatures (Mai and Walther, 1985;
Collinson, 1992, 2000; Mihajlović, 1993; Collinson and Hooker, 2003;
Utescher and Mosbrugger, 2006). This flora differs from the con-
temporaneous vegetation of southern Europe (Spain, southern France,
Italy and Serbia) with a prevalence of subtropical elements (e.g., Phoebe

and Cinnamomum according to Mai, 1991, Mai, 1995; Knobloch et al.,
1993; Kvaček, 2010). The latter palaeogeographic area is considered to
have been a refugium for this subtropical flora during the Eocene-Oli-
gocene boundary and seems to be related to the origin of the Medi-
terranean flora (Mai, 1995; Kovar-Eder, 1996, 2003).

Knowledge of the Eocene-Oligocene flora from the southern part of
Europe, especially in the Iberian Peninsula, is relatively poor and is
based on a few palaeobotanical localities in the Ebro Basin (Catalonia,
NE Spain). In this study, we focus on the upper Eocene plant-bearing
beds from Sarral, located ca. 80 km east of Barcelona. The Sarral lo-
cality contains one of the few well-dated, latest Eocene (Priabonian)
palaeobotanical records (vascular plant macroremains, palynomorphs,
charophytes) in southern Europe and has long been studied from
taxonomic, biostratigraphic, palaeoecological and palaeoclimatic per-
spectives (Fernández-Marrón, 1971a, 1971b, 1973a, 1973b; Feist et al.,
1994; Cavagnetto and Anadón, 1996; Sanjuan et al., 2014). However,
the plant taphonomy of this palaeobotanical site has yet to be analysed.
As a result, nothing is known about fossilisation biases that may have
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affected the current view we have of this flora. For instance, one of the
main characters of the Sarral flora is the small size of the fossil leaves.
This character has been attributed to increasing aridity across the Eo-
cene-Oligocene boundary (Fernández-Marrón, 1971b). However, an
alternative hypothesis, which is tested here, would be that the final leaf
deposit was taphonomically biased.

With the objective of characterising the fossilisation features of the
Priabonian Sarral flora, we carried out a combined sedimentological
and taphonomic analyses, mainly focused on the biostratinomic pro-
cesses. A new palaeoenvironmental reconstruction is proposed and
compared to the recent taphonomic and palaeoenvironmental results
obtained from the other significant fossil plant locality in the same
basin, i.e., the early Oligocene flora from Cervera (Tosal and Martín-
Closas, 2016). In addition, we compare the uppermost Eocene Sarral
flora and the lower Oligocene Cervera flora to characterise the pa-
laeoecological changes across the Eocene-Oligocene boundary in the
Ebro Basin to obtain crucial information for future palaeoclimatic stu-
dies based on leaf physiognomy in southern Europe.

2. Geological setting

The Ebro Basin was formed in the Palaeogene as the south-Pyrenean
foreland basin (Fig. 1A). Subduction of the Iberian plate beneath the
European plate resulted in the uplift of the Pyrenees and the Catalan
Coastal Chain, the two mountain belts that frame the basin to the north
and east respectively (Puigdefàbregas et al., 1992). Sedimentation in
the Ebro Basin was mainly marine during the early and middle Eocene,
but shifted quite suddenly to non-marine deposition during the late
Eocene, at chron C16n, when the entire basin became endorheic (Costa
et al., 2010). Large alluvial systems developed adjacent to the Pyrenees
and the Catalan Coastal Chain, and passed into lacustrine systems to-
wards the basin centre (Colombo and Vergès, 1992; Nichols, 2004).
Five such lacustrine systems ranging from latest Eocene (Priabonian) to
early Miocene were described by Anadón et al. (1989). The develop-
ment and extension of these lacustrine systems is related to eccentricity
of the Earth's orbit (Valero et al., 2014). The second of these paleolakes,
called the Anoia System, is of Priabonian age and includes the Sarral
plant locality described here (Fig. 1B, C). It lies stratigraphically below
the Segarra lacustrine system that contains the other well-known pa-
laeobotanical locality in the Eastern Ebro Basin, called Cervera (Sanz de
Siria, 1992, 1996; Tosal and Martín-Closas, 2016), which is of early
Oligocene (Rupelian) age (Costa et al., 2010; Sanjuan et al., 2014).

2.1. Sarral stratigraphy

The sedimentation at Sarral (Anoia System) was mainly controlled
by the uplift of the Coastal Catalan Range, in contrast with other la-
custrine systems in the same basin, i.e., the Tàrrega or Segarra systems,
which were influenced by the uplift of the Pyrenees (Colombo, 1986;
Gómez-Paccard et al., 2012). The Anoia System has been widely studied
from the stratigraphic and sedimentological point of view by Colombo
(1980, 1986), Colldeforns et al. (1994) and Ortí et al. (2007). The
formal lithostratigraphic subdivision of the Eocene-Oligocene from the
southeast Ebro Basin proposed by Colldeforns et al. (1994) will be
followed here. The studied sequence, up to 62m thick, includes part of
three successive lithostratigraphic units, from base to top called the
Pira, Sarral and Blancafort Formations (Fig. 1B, C).

The Pira Formation is up to 200m thick. It is mainly composed of
massive gypsum, banded gypsum and gypsiferous red lutites that re-
present the evaporitic belt of a lake margin (Ortí et al., 2007). Laterally
this formation grades to red clays, grey lenticular sandstones with cross-
bedding and conglomerates, which form the Francolí River Member
defined by Colldeforns et al. (1994), interpreted as fluvial deposits
laterally fed by alluvial fans (Fig. 1C). To the northeast, gypsum of the
Pira Formation grades to carbonate and siliciclastic deposits that cor-
respond to the Rocafort Member, interpreted by Colldeforns et al.

(1994) as corresponding to fluvio-lacustrine deposits.
The Sarral Formation overlies the Pira Formation and passes lat-

erally into the Francolí River Member of this formation and to the
Espluga Formation according to Colldeforns et al. (1994). It is up to
70m thick but, this thickness varies considerably laterally (Fig. 1C).
The Sarral Formation consists of alternating tabular grey calcarenites,
marlstones rich in plant remains and limestones rich in gastropods,
ostracods and charophytes. This formation was attributed by
Colldeforns et al. (1994) to deposition in a perennial lacustrine system
with substantial fluvial influence. Based on the magnetostratigraphic
data reported by Barberà et al. (2001), the Sarral Formation was de-
posited between 34.7 and 34.0Ma ago (chron C13r). The micro-
palaeontological content belongs to the Theridomys golpeae (MP19-20)
local mammal reference level (Anadón et al., 1987; Agustí et al., 1987)
and the European charophyte biozone of Lychnothamnus vectensis
(Sanjuan et al., 2014).

The Blancafort Formation overlies the Sarral Formation. It was
formally defined by Anadón et al. (1989) and consists of up to 75m of
fine- to medium-grained lenticular sandstones with large-scale epsilon
cross-stratification covered by red to greenish mudstone, representing
meandering river channels and their overbank deposits. Locally, the
same formation includes marls with plane-parallel lamination rich in
charophytes (Sanjuan and Martín-Closas, 2014). Based on the magne-
tostratigraphic data reported by Barberà et al. (2001), the Blancafort
Formation was deposited 34.0–32.8Ma ago. From the biostratigraphic
point of view, this formation belongs to the Theridomys golpeae (MP19-
20), Th. aquatilis (MP21) and Th. calafensis (MP22) local mammal re-
ference levels (Anadón et al., 1987) and the Lychnothamnus vectensis
European charophyte biozone (Sanjuan et al., 2014).

3. Palaeobotanical setting and collection history

The palaeobotanical locality of Sarral was first reported at the be-
ginning of the 20th century by Vidal and Depéret (1906) and Fliche
(1906). These authors studied the plant-bearing beds from a biostrati-
graphic perspective and attributed them to the Sannoisian local stage
(lower Oligocene). Later, Bataller and Depape (1931, 1950) described a
few species from Sarral within a more comprehensive study of the
Oligocene flora of Catalonia. However, the first insight into the biodi-
versity of the Sarral flora was provided by Fernández-Marrón (1971a,
1971b, 1973a). Her results were later summarised in Sanz de Siria
(1988) and some taxa were studied in more detail by Hably and
Fernández-Marrón (1998). These studies were based on the collection
obtained by Fernández-Marrón during her PhD thesis and stored in the
Instituto Lucas Mallada, Consejo Superior de Investigaciones Científicas
(CSIC, Madrid).

The taxonomy of Fernández-Marrón (1971a, 1971b and 1973a),
Hably and Fernández-Marrón (1998) and Sanz de Siria (1992) is pro-
vided in Table 1. A complete revision of this taxonomy is needed but
provisionally a simplified taxonomy has been used (Table 1).

From the palaeoecological point of view, Fernández-Marrón
(1973a) recognised two plant communities in the Sarral flora. The pa-
laeoenvironmental model was based on plant physiognomy analysis
and comparison with extant relatives. At the lakeshore, the vegetation
was dominated almost monospecifically by Salix, which would have
formed a riparian community, whereas beyond this community and
distally from the lake, a leguminous-dominated plant assemblage would
have grown in association with species from the Fagaceae, Betulaceae
and Lauraceae. Fernández-Marrón (1973b) also provided the first pa-
laeoclimatic interpretation of the Sarral flora, whereby the abundance
of xerophytic plants was interpreted as indicating a subtropical climate
with a long season of drought.

The first data on the palynology from the middle Eocene (Bartonian)
to the early Oligocene of the Ebro Basin, including the Sarral
Formation, were provided by Cavagnetto and Anadón (1996). This
study revealed the large-scale evolutionary trends of the regional
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floristic assemblages during the Eocene-Oligocene global cooling events
in the Ebro Basin. The results of these authors were largely consistent
with the conclusions of Fernández-Marrón (1973b) in documenting a
subtropical palaeoclimate with a prolonged dry season during the
Priabonian.

The Sarral macroflora dataset increased substantially during the
1990s, when palaeontological excavations led by Mr. Toni Vilaseca, a
teacher at the local high school from Montblanc, were carried out in a
quarry near Sarral. Sampling was performed with taphonomic criteria,
rendering this collection extremely valuable for carrying out a pa-
laeoecological analysis. Nevertheless, most of the material has largely
remained unstudied to date, with the exception of one minor study
(Cartañà, 1992).

For a long time, the plant locality of Sarral was thought to be

Oligocene in age, almost coeval with another important plant locality in
the Eastern Ebro Basin at Cervera. While Sarral was considered to in-
clude fluvial-influenced lacustrine facies, Cervera was thought to re-
present open lacustrine facies (Fernández-Marrón, 1973b). This view
was challenged by the stratigraphic and biostratigraphic studies of
Anadón et al. (1989), which showed that the localities belonged to two
different lacustrine systems of different age, called the Anoia and Se-
garra systems, respectively. Furthermore, Anadón et al. (1992) and
Feist et al. (1994) carried out thorough studies of the charophyte
biostratigraphy from the Ebro Basin, which indicated that the Sarral
flora corresponds to the Lychnothamnus vectensis biozone that includes
the Eocene-Oligocene boundary, whereas the Montmaneu Formation
(Cervera locality) belonged to the Chara microcera biozone, which
belongs to a younger age in the early Oligocene. Despite this

Fig. 1. Geological setting of the study area. A., Geological map of the Ebro Basin with location of the study area, modified from Vergés et al. (1998); B., Geological map of Sarral with the
location of the sections studied; C., Chronostratigraphy of the Cenozoic in Ebro Basin (modified from Barberà, 1999). Key to stratigraphic numbering: St. Miquel de Montclar Formation
(1), Bellprat Member (2), Pira Formation (3), Rocafort Member (4), Sarral Formation (5), Riu Francolí Member (6), Espluga Formation (7), Montsant Formation (8), Rauric Member (9),
Gavatxa Formation (10), Blancafort Formation (11), Montmaneu Formation (12), Panadella Formation (13), Talavera Formation (14), Solsona Formation (15) Tàrrega Formation (16),
Margalef Formation (17), Albí Formation (18), Cogul Formation (19), Marqueses Formation. (20).
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biostratigraphic dating, Sarral was still assigned solely to the Oligocene
for years (e.g. Cavagnetto and Anadón, 1996), until Barberà (1999)
devoted his PhD to the magnetostratigraphy of the NE Ebro Basin. This
study yielded a more precise age for the Sarral plant-bearing bed, which
was assigned to chron C13r of latest Priabonian age (34.7–34.0Ma).

4. Material and methods

In order to undertake stratigraphical and sedimentological analyses,
three representative sections were measured and correlated from the
lithostratigraphic point of view. The Sarral quarry section (base co-
ordinate 41°27′02″N, 01°14′17″E, top coordinate 41°26′59″N,
01°14′22″E) is located in an abandoned quarry 500m north of the
village of Sarral, next to the T-233 road, and corresponds to the eastern
section. The Pira section (base coordinate 41°26′06″N, 01°11′35″E, top
coordinate 41°26′21″N, 01°11′21″E) corresponds to the central section
and is located along a concrete track from Pira to Solivella, near a ra-
vine called Barranc Xano. Finally, the western section was built up 8 km
west from Sarral (base coordinate 41°22′08″N, 01°09′21″E, top co-
ordinate 41°22′11″N, 01°09′24″E), about 2 km south of Solivella and
next to the C-14 road. Based on these sections, a study was conducted of
sedimentology, carbonate microfacies and plant taphonomy.

The plant remains studied in the Sarral quarry were collected during
several excavations from 1991 to 1995 with permission from the owner
of the active quarry, Mr. Florenci Mateu. Several horizons of the same
plant-bearing bed were sampled systematically. In parallel, plant ta-
phonomic characters were taken into account, particularly the size of
leaves and leaftlets and the type and degree of leaf preservation. The
collection consists of nearly 850 macroremains (quotation numbers SA-
1001 to SA-1850)-stored in the Conca de Barberà county Museum
(Museu Comarcal de la Conca de Barberà, MCCB), specifically in the
building housing the Natural History Centre, Montblanc, Catalonia,
Spain.

The taphonomic study is mainly referred to the leaf assemblage.
Comminuted plant debris and other indeterminable plant remains were
excluded from the quantitative characterisation of these assemblages
although they were taken into account in the qualitative taphonomic
analysis. However, some taxa have been reassigned taxonomically,
based on recent systematic studies. The collection studied is composed
of representatives of 11 families (Table 1). Liliopsida are represented by
Arecaceae; Poaceae and Typhaceae (Fig. 2A). Magnoliopsida include
eight families: Fagaceae with only one specimen of Quercus sp., Myr-
icaceae composed of elongate leaves similar to those found in Cervera
and attributed by Sanz de Siria (1992) to M. arensi Arenes and Depape
(Fig. 2B) and Comptonia schrankii (Fig. 2C). The Salicaceae is re-
presented by Salix sp. and the Rhamnaceae by Zizyphus zizyphoides
(Fig. 2D). The Lauraceae include Daphnogene sp. (assigned to Cinna-
momum by Fernández-Marrón, 1971b) and Laurophyllum (Fig. 2E) that
was assigned to two species of genus Phoebe by Fernández-Marrón
(1971a, 1971b). The Fabaceae are represented by undetermined leaves
with resemblances to the three subfamilies (Faboideae, Mimosoideae
and Caesalpinioideae, Fig. 2F). Meanwhile, conifers were represented
by Pinaceae (Fig. 2G) and Cupressaceae. (Fig. 2H, I and J). Besides
plants, only a few specimens of arthropods were found in the upper
Priabonian of Sarral (Cartañà, 1992). In addition, small fishes be-
longing to genus Prolebias were described by Gaudant (1982).

Lacustrine facies were also sampled for microfacies analysis. Thin-
sections, 30 μm in thickness, were prepared from selected limestone,
calcarenite and marlstone beds. Microfossils, mainly gyrogonites, were
obtained from unconsolidated marls after disaggregation in a solution
of water and hydrogen peroxide, followed by sieving through 0.2, 0.5
and 1mm meshes. Microfossils were handpicked under a stereomicro-
scope Wild at ×40. These thin sections and the microfossils are housed
in the same repository as the macroremains (quotation numbers SA-
1851 to SA-1875).

5. Stratigraphic and sedimentologic analyses

The sedimentological study of three sections in the Sarral Formation
(Fig. 3) in combination with plant taphonomic data form the two cor-
nerstones to construct a palaeoenvironmental model for the Sarral ve-
getation.

Table 1
Taxonomic list of the Priabonian macroflora species from Sarral.

Previous studies
Fernández-Marrón (1971a, 1971b,
1973a),
Hably and Fernández-Marrón (1998)
Sanz de Siria (1992)

Present study

Cl. Liliopsida
Or. Poales
Fam. Poaceae

Poacites Brongniart

Cl. Liliopsida
Or. Poales
Fam. Poaceae
Fam. Typhaceae
Typha Linné

Or. Arecales
Fam. Arecaeae

Flabellaria Stenberg
Sabal Adans

Or. Arecales
Fam. Arecaeae
Sabal Adans

Cl. Magnoliopsida
Or. Fagales
Fam. Betulaceae

Betula Linnaeus
Fam. Fagaceae

Fagus gautieri Laurent and
Marty

Quercus hispanica Unger
Q. provectifolia Saporta
Q. weberi Heer
Q. elanea Unger

Cl. Magnoliopsida
Or. Fagales
Fam. Fagaceae
Quercus Unger

Or. Myricales
Fam. Myricaceae

Comptonia schrankii Berry
Myrica oligocena Boulay
M. aff. faya Aiton

Or. Myricales
Fam. Myricaceae
Comptonia schrankii Berry
Myrica arensi Arenes and

Depape
Or. Salicales

Fam. Salicaceae
Salicites
Salix angusta Al. Braun
S. media Heer

Or. Salicales
Fam. Salicaceae
Salix Linné

Or. Laurales
Fam. Lauraceae

Cinnamomum lanceolatum Heer
C. martyi Fritel
C. polymorphum Heer
Phoebe cervarensis Depape
P. sarrealensis Fernández-

Marrón

Or. Laurales
Fam. Lauraceae
Daphnogene Unger
Laurophyllum Goeppert

Or. Rhamnales
Fam. Rhamnaceae

Zizyphus zizyphoides Unger

Or. Rhamnales
Fam. Rhamnaceae
Zizyphus zizyphoides Unger

Or. Sapindales
Fam. Anacardiaceae

Rhus pyrrhae Unger
Or. Fabales

Fam. Fabaceae
Acacia parschlugiana Unger
Colutea salteri Heer
Podogonium knorii Al Braun
Caesalpinia micromera Heer
Dalbergia bella Heer

Or. Fabales
Subfamily Faboideae
Subfamily Mimosoideae
Subfamily Caesalpinioideae

Or. Ebenales
Fam. Sapotaceae

Bumelia minor Unger
Cl. Pinopsida

Or. Pinales
Fam. Pinaceae

Pinus Linnaeus
Fam. Cupressaceae

Sequoia Endicher
Tetraclinis Masters

Cl. Pinopsida
Or. Pinales
Fam. Pinaceae
Pinus Linnaeus

Fam. Cupressaceae
Tetraclinis Masters
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Fig. 2. Some characteristic fossil plants in the Sarral plant-bearing bed. Scale bar 1 cm. A., Poaceae SA-1708; B., Myrica arensi SA-1520; C., Comptonia schrankii SA-1618; D., Zizyphus
zizyphoides SA-1562; E., Lauraceae (SA-1161); F., Fabaceae SA-1118; G., Pinus sp. SA-1008.; H., Tetraclinis shoot SA-1171; I., Tetraclinis cone SA-1395; J., Cupressaceae bract-scale
complex SA-1174.
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5.1. Facies

The thickness of the Sarral Formation is laterally variable. In the
easternmost section, corresponding to the Sarral quarry, it is 17m thick.
In contrast, at Pira, 6 km to the west, it increases to 37m thickness,

whereas in the westernmost section, near Solivella, it is only 6m thick.
The base of this formation, mainly composed of bluish grey marls, is
clearly visible in the Pira section. The central part of the succession is
characterised by alternating calcarenite and finely laminated marl-
stone. Calcarenite is better represented in the Pira section, while

Fig. 3. Correlation of the three stratigraphic sections with sample-position.
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laminated marlstone prevails in the Sarral quarry section. In all the
sections, the top of this formation is marked by lenticular sandstones
and red clays. Eight different facies have been recognised as follows:

Facies 1 consists of massive, grey calcarenites (0.1–1m thick),
sometimes slightly dolomitised, with grainstone fabrics and well-sorted
grain sizes, of 127 μm in mean value (Fig. 4A). They are composed of
50% subrounded micritic limestone grains, 48% angular quartz and 2%
of other components including opaque minerals, feldspars and small
portions of wood. Rarely, at the bottom of these bodies, there are len-
ticular gypsum crystals (1–3 cm across), preserved as casts, with the
longer axis oblique or perpendicular to the stratification. The tabular
shape of the calcarenite beds, the lack of sedimentary structures and
presence of grainstone fabrics and well-sorted, small-sized detritic
components suggest that they were transported by low energy laminar
flows before being deposited on the lake bottom, similar to the model
presented by Surdam and Wolfbauer (1975) for a Eocene playa-lake
from the Green River Formation (Wyoming, USA). According to Ortí
et al. (2007), the gypsum crystals observed at the base of the calcarenite
beds grew within the water-sediment interface of an evaporitic en-
vironment.

Facies 2 is composed of bluish grey, poorly laminated marls, 1–3m
thick. These contain abundant lacustrine fauna and flora, such as os-
tracods, gastropods, charophyte thalli (Charaxis sp.), gyrogonites
(Lychnothamnus stockmansii, Harrisichara tuberculata and Psilochara aff.
acuta) and terrestrial remains such as micromammal remains. The marl
was deposited by decantation of mud in a shallow and permanent al-
kaline lake. The abundant and well-preserved benthic fauna and flora
represent an autochthonous benthic assemblage indicating a fresh-
water, alkaline and well‑oxygenated lake, where the carbonate content
was mainly biogenically produced. The poor lamination is the result of
intense bioturbation.

Facies 3 is represented by beige, finely laminated marlstones,
0.2–5m thick, rich in well-preserved plant remains, including the leaf
assemblage studied here, aquatic isopods and insects, and sporadically
small fishes and bird tracks. The millimetre-thin plane-parallel lami-
nation, occasionally building small domes (Fig. 5A), is composed of
alternating horizons of light and dark grey marlstone, the latter

sometimes ferruginised. About 10 μm thick calcified filaments are
visible in thin-sections (Fig. 4B). At the bottom of some marlstone beds,
there are isolated lenticular gypsum casts (Fig. 5B), placed in vertical
position, similar to those observed in facies 1. In the Sarral quarry
section, the marlstone beds are topped by a millimetre thick ferruginous
crust with ripple lamination (Fig. 5C), raindrop marks and mud cracks.
These top beds are also rich in comminuted plant debris and helophytic
plant remains. This facies is interpreted as recording the cyclic growth
of microbial mats in a very shallow brackish lake with abundant sili-
ciclastic inputs. The dark and sometimes ferruginous organic horizons
are interpreted as being the result of biodegradation of microbial bio-
films under anoxic conditions. The size and calcification of the fila-
ments suggest cyanobacterial affinity for these microbes. The well-
preserved gypsum casts found at the base of some marlstone beds were
probably formed interstitially within the sediment in an aquatic en-
vironment with a high sulphate concentration and subject to con-
siderable evaporation (Gibert et al., 2007; Ortí et al., 2007). The saline
and very shallow water column was oxygenated but could only host an
impoverished fauna made up of poorly diverse small fishes, isopods and
aquatic insects. These conditions of high salinity would have enhanced
the development of microbial mats, which would have trapped the re-
mains of plants, fish, isopods and aquatic insects deposited on the lake
bottom, preserving them underneath the mat surface in an anoxic en-
vironment. Microbial mats have been shown in recent indoor experi-
ments to be crucial for the exceptional preservation of fossil organic
remains (Guerrero et al., 2016). Lastly, the ferruginous crust situated at
the top of this facies represents a pause in detrital sedimentation and
probably the end of the freshwater input, leading to rapid evaporation
of the water table and final subaerial exposure of the lake bottom, as
shown by mud cracks and drop casts.

Facies 4 is composed of dark grey limestone beds, up to 10 cm thick,
with wackestone fabrics. These beds are tabular and limited in lateral
continuity to 50m. They are rich in ostracods, limnic gastropods, bi-
valves, and charophyte gyrogonites and corticated thalli (Fig. 4C),
which occasionally show attached whorls of branchlets (Fig. 4D), but
without plant macroremains. The articulated charophytes and other
calcified remains of lacustrine benthic organisms found in this facies

Fig. 4. Microfacies of carbonate facies from
Sarral Formation. A., calcarenite from facies 1 of
Solivella section; B., cyanobacterial mat (dark
horizons marked with arrows) from facies 3 of
Sarral section; C., Gyrogonite of Harrisichara sp.
(arrow) from the limestone facies 4 of Pira sec-
tion; D., Thallus (t) with attached whorls of
branchlets, ostracod (o) from facies 4 obtained
from Pira section.
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indicate in situ deposition in a well‑oxygenated lake bottom, which
prevented the preservation of organic remains such as plant leaves.
According to the palaeoenvironmental model proposed for the Moià
Limestone Member (Artés Formation) from the late Eocene of the
Eastern Ebro Basin (Spain) by Sanjuan and Martín-Closas (2012), this
facies would correspond to sedimentation in a shallow, permanent and
alkaline lake with well-developed charophyte meadows.

Facies 5 consists of grey, medium to fine-grained sandstones with
epsilon cross-bedding, forming lenticular beds, 0.5–1m thick and
10–20m wide. The cross-bedding sets are 0.5 m thick and 10m long,
and separated from each other by 5 cm of grey siltstone. Occasionally,
the bottom of this facies is rich in small, rounded plant axes (up 3 cm
long).This facies is interpreted as the infilling of small meandering river
channels. The epsilon cross-bedding sets correspond to lateral accretion
of point bars within these channels and their lax shapes indicate low
energy flux. The plant axes are found as a lag deposit of the fluvial
channel. Their small size indicates a low energy water flow.

Facies 6 is composed of siltstone from dark grey to beige colour and
40–60 cm thick. These siltstone beds are usually found above previous
facies. Their bottom is slightly laminated and dark grey coloured, while
the top is massive, beige in colour, and locally slightly carbonated. The
top of the siltstone beds shows cylindrical burrows, vertically or-
ientated, up to 0.2 cm in diameter, probably corresponding to the ich-
nogenus Skolithos, and branched burrows, 5 cm long and 0.2 cm wide,
rich in organic matter. These types of siltstone were deposited in
abandoned fluvial channels during flooding events, based on Miall's
(1981) depositional model. The dark colour and plane-parallel lami-
nation from the base indicate an undisturbed bottom under anoxic
conditions, which were probably produced by the degradation of
abundant organic matter. In contrast, massive fabrics from the top of
this facies are the result of intense bioturbation in an oxygenated en-
vironment. Vertical burrows attributed to Skolithos were generated by
invertebrates, while the vertical and branched burrows are related to
root traces.

Facies 7 is represented by poorly laminated red clays, 10–50 cm
thick, with horizontal continuity of hundreds of metres. Sporadically,
these are intercalated with grey tabular silts, up to 5 cm thick and 50m
wide, rich in gyrogonites corresponding to Psilochara aff. acuta. Red
clays represent floodplain deposits sedimented by decantation of the

suspended load at late stages of flooding events. Occasionally, tem-
porary and well‑oxygenated small ponds with a strong terrigenous in-
fluence remained after a flood and could host monospecific charophyte
communities.

Facies 8 consists of tabular, grey, fine-grained sandstones with rip-
ples and planar cross-bedding. These bodies are up to 10 cm thick and
25–50m in width. Locally, the lamination may contain abundant
comminuted plant debris up to 2 cm in diameter, composed of helo-
phytic plant portions, seeds, undetermined axes and portions of leaves.
These sandstone beds are interpreted as proximal deposition beyond the
river banks during flooding events. The abundant comminuted plant
remains were transported in suspension within the river during a high
regime flow and deposited overbank. Abundant helophytic plant re-
mains suggest a direct supply from river bank communities.

5.2. Facies associations

The stratigraphic and sedimentological study carried out in Sarral
Formation shows three facies associations:

(1) Facies association A (Fig. 6A) is characterised by the succession of
bluish grey marls (facies 2) at the base, passing upwards to lime-
stones with wackestone fabrics (facies 4), both rich in benthic la-
custrine fauna and flora. This facies association occurs at the base of
the Sarral Formation in the Pira section and would represent shal-
lowing-upward lacustrine sequences ranging from the relatively
deeper lake, represented by marls, to the lakeshore represented by
charophyte limestones. The abundance of benthic organism fossils
in both facies indicates a permanently oxygenated lake bottom.

(2) Facies association B (Fig. 6B) is formed by a succession of calcar-
enite (facies 1 Fig. 4A), followed by bluish grey marls (facies 2),
covered by finely laminated beige marlstones with abundant and
well-preserved plant remains and topped by a ferruginous crust
(facies 3). Although this facies association is very common in the
three sections studied, it is best exposed in the Sarral quarry and
Pira sections, the former showing better development of facies 3
(Fig. 5D) while facies 1 is best represented in Pira. In the Solivella
section, finely laminated marlstones (facies 3) are interrupted by an
intercalation of limestone rich in remains of a benthic community

Fig. 5. Lithofacies of Sarral Formation. A., Finely laminated
marlstone with occasional dome lamination from facies 3
(Sarral section); B., Base of marlstones from facies 3 of
Sarral section with moldic porosity of gypsum crystals
(arrows);C.,Millimetric ferruginous crust from the top of
marlstone from facies 3 with ripple lamination (Sarral
section); D., Vertical facies association of Sarral Formation
(Sarral section) forming shallowing upward cycles (vertical
arrows); f2., marls rich in benthic fauna f3., finely lami-
nated marlstone with fossil plants studied. Arrowhead point
leaf bed studied. Hammer length for scale: 32 cm.
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(facies 4). The cycles of facies 1-2-3 are attributed to shallowing-
upward lacustrine sequences with a gradual increase in salinity.
The basal interval corresponds to massive calcarenite (facies 1) that
is interpreted as a sheet-flow of low hydrodynamism, riverine in
origin, and would represent an initial flooding event after an in-
terval of subaerial exposition. The middle interval corresponds to
marl rich in biogenic content (facies 2) and represents the main
development of a shallow, freshwater and permanent lake with a
well‑oxygenated lake bottom. Finally, these lacustrine facies grade
upwards to a temporary, evaporitic lake dominated at the lake
bottom by cyanobacterial mats (facies 3). At Solivella, saline con-
ditions during the development of the evaporitic lake ceased for a
short period and freshwater conditions resumed, inducing the de-
mise of the microbial mat and the development of a diverse benthic
community dominated by charophytes (facies 4). Facies association
B is extremely significant to understand the origin of the plant-
bearing assemblages (thanathocoenoses and taphocenoses) studied
here.

(3) Facies association C (Fig. 6C) is represented by the superposition of
lenticular sandstones with epsilon cross-stratification (facies 5)
followed by grey silts with rootlet marks at the top (facies 6), and
finally covered by red clays (facies 7) with sporadic intercalations
of thin tabular sandstones (facies 8). This succession is observed in
all studied sections, but is better exposed in the Sarral quarry sec-
tion. The entire succession corresponds to a fining-upward sequence
representing the infilling of a meandering river channel grading to
floodplain deposits. The lenticular sandstones with epsilon cross-
stratification represent an active meandering river channel with
lateral accretion of point bars. Locally, lateral river migration led to
the abandonment of channels that were filled in with grey organic
silts (facies 6). The final stages of this channel abandonment al-
lowed hygrophilous plant to grow, as indicated by rootlet marks on
top. Finally, red clays and thin tabular sandstones (facies 7 and 8
respectively) correspond to floodplain deposits. This facies asso-
ciation represents the transition of the Sarral lake to the fluvial
system of the Blancafort Formation.

5.3. Depositional model of the Sarral lacustrine system

The Sarral lacustrine system appears to have developed in two
stages, the first of which (Stage 1, Fig. 7B) is dominated by facies as-
sociation A, corresponding to limestones and marls rich in charophytes,
ostracods and gastropods. These benthic organisms indicate a shallow,
freshwater and alkaline lake with a well‑oxygenated lake bottom. The
lake centre was occupied by marls (facies 2) while the lake margin was
composed of charophyte-rich limestones, produced by charophyte
meadows that would represent the main carbonate factory (facies 4). At
this stage, the lake was relatively small, mostly limited to the Solivella
and Pira areas.

Stage 2 is represented by facies association B (Fig. 7C). This stage is
characterised by a larger, shallow lake, well-represented from Solivella
to Sarral and showing an alternation of freshwater and higher salinity
(sulphate) conditions. The source of the sulphate would have been the
gypsum from the underlying Pira Formation and/or other regional
sulphate sources, such as the Triassic Keuper facies of the Catalan
Coastal Chain. Of most significance for this study is the finding that
during the episodes of high salinity, the benthos was restricted to cy-
anobacterial mats (facies 3) while the nekton included rare small fishes,
isopods and aquatic insects. The macroremains that reached the lake
(mainly the leaves studied here) were trapped by the cyanobacterial
mat and sealed under anoxic conditions in the deeper mat horizons,
where they were partly ferruginised by anoxic bacteria.

The recurrent alternation of freshwater and saline conditions was
probably climatically driven, with wetter periods first producing sheet-
flow deposition of the basal calcarenite of each cycle and later allowing
deposition of lacustrine marl with a well-developed freshwater flora
and fauna. In contrast, drier periods are represented by laminated
marlstones. During these intervals, increased evaporation raised the
sulphate concentration, leading to the interstitial precipitation of
gypsum and the development of microbial mats. Eventually, the
freshwater and sediment inputs ceased and a ferruginous crust devel-
oped before the lake bottom became subaerially exposed.

6. Plant taphonomic analysis

The palaeobotanical collection from Sarral was obtained from a
50 cm thick bed of finely laminated marlstones, sampled at the Sarral
quarry section, corresponding to facies 3. The top of this bed, a ferru-
ginous crust, was also sampled. Based on the sedimentary and the ta-
phonomic features of plant macroremains, four taphonomic assem-
blages which reflect the necrobiotic and biostratinomic processes, i.e.
thanatocoenoses and taphocoenoses, were recognised and are described
below. Most of the plant remains are preserved as extremely fine fer-
ruginous pellicles that allowed the details of the leaf venation to be
studied, but did not preserve cellular (cuticular) details. This pre-
servation was the result of the sulphate-reducing bacteria during the
fossil diagenesis and characterises the oryctocenosis.

6.1. Plant taphofacies from finely laminated marlstones

(1) Taphofacies characterised by complete leaves without size or shape
selection and well-preserved helophytic stem portions. This in-
cludes 46% of the total plant remains recorded in the collection
studied. From the taxonomic point of view, this assemblage is
composed of stems of helophytic plants corresponding to Typha and
Poaceae (20%), large and complete Lauraceae leaves corresponding
to Laurophyllum and Daphnogene (9%), Comptonia schrankii (5%),
Myrica arensi (7%) and Salicaceae (2%) and indeterminate elongate

Fig. 6. Conceptual facies association (A–C) described in the text.
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leaves that probably correspond to Myricaceae or Salicaceae (3%).
The helophytic stem portions range between 1–8 cm in length and
0.2–0.7 cm in width. Elongate and complete angiosperm leaves (up
to 10 cm long) that generally preserve the petiole are represented
by Myrica arensi and Salicaceae. A few Myrica arensi specimens
show well-marked skeletonisation (Fig. 8A). Most of the Lauraceae
leaves are complete and range between 3–12 cm in length (Fig. 8B).
Many of the dissected leaves of Comptonia schrankii are complete
and their size varies between 0.4–2.2 cm in length (mean 1.4 cm)
and 0.2–0.6 cm in width (mean 0.4).
Based on the field observations carried out by Gastaldo (1988),
complete and non-selected leaves, such as those of Lauraceae, Sal-
icaceae and Myricaceae in Sarral, indicate a direct supply to the
lake by gravitational fall. The skeletonisation ofMyrica arensi leaves
reflects a longer stay in the oxygenated lake bottom, where they
began to decay, before being sealed by the cyanobacterial mat.

Whole leaves with the petiole still attached from Comptonia
schrankii suggest that they were directly supplied to the lake by
gravitational fall. As with the extant Comptonia, which is only re-
presented by Comptonia peregrina, this plant was probably decid-
uous, enhancing the gravitational fall process. The short or null
transport distance of the plant remains of this assemblage suggests
that they were parautochthonous in the depositional setting.

(2) Taphofacies characterised by small, size-sorted and complete leaves
and leaflets. These remains represent 35% of the total plant remains
of the collection studied and correspond to leaflets of the Fabaceae
(20%), small leaves of Zizyphus zizyphoides (14%), and small Pinus
needles (1%). All of them are relatively small (mean 2–5 cm) and
well-preserved, generally with the petiole still attached. Leaflets of
Fabaceae are usually 2–3 cm long (Fig. 8C) but rare specimens may
reach up to 7 cm in length (Fig. 8D). Leaves of Zizyphus are 5 cm
(rarely up to 10 cm) long and are generally complete. Pinus needles

Fig. 7. Depositional model of the lacustrine deposits from Sarral. A., Early stage of lake development with deposition of calcarenite; B., Wet interval of a climate cycle with deposition of
marls and limestones;C., Dry interval of a climate cycle with deposition of finely laminated marlstones.
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are scarce (1%). Most of them are articulated in pairs and their
length varies from 1 to 4 cm.
According to actuo-taphonomic studies by Spicer (1981), assem-
blages formed by abundant, complete small leaves are the result of
size selection during wind transport. Scarce larger specimens of the
same species found in the Sarral assemblage give an insight into the
leaf size variation. The presence of exceptional Pinus needles and
the lack of other organs of this plant (i.e. winged seeds, cones or
cone bracts) indicate strong plant organ selection. These tapho-
nomic results suggest that most of the plant remains in this

taphofacies were transported far from their source by the wind until
reaching the lake and forming an allochthonous assemblage.

(3) Taphofacies characterised by relatively disarticulated Cupressaceae
shoots and cone bract-scales, torn leaves of angiosperms and palm
remains. This assemblage represents 17% of the entire Sarral col-
lection. It is mainly composed of shoots of Tetraclinis (7% of the
total assemblage), Cupressaceae bract-scale complexes (7%) which
may also belong to Tetraclinis, a few slightly damaged leaves with
acrodomous venation that belong to Zizyphus and Daphnogene (1%),
torn leaves of Myricaceae (M. arensi and Comptonia schrankii) and

Fig. 8. Plant taphonomy of the flora from Sarral found in the finely-laminated marlstone. A., Complete Myricaceae leaf with skeletonisation (arrows) SA-1250; B., Whole Lauraceae leaf
with the petiole attached SA-1161; C., Small and complete Fabaceae leaf SA-1120; D., Rare, whole Fabaceae leaf much larger than other similar leaves found in the same facies SA-1117;
E., Tetraclinis fragment composed of only two whorls SA-1056; F., Isolate bract-scale complex of Cupressaceae SA-1151; G., Zizyphus with the margin slightly damaged along the basal vein
(arrow) SA-1032; H., Comminuted plant debris composed of small rounded axes and undetermined plant remains (field picture). Scale bar 1 cm.
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Salicaceae, which represent up to 2% of the total assemblage and
two palm leaf fragments. Tetraclinis shoot fragments range from 0.3 ̶
2.2 cm in length and are generally composed of 2 whorls of scaly
leaves (Fig. 8E), exceptionally up to 8 whorls. One complete ovu-
liferous cone of Tetraclinis was also found and is composed of two
compressed bract-scale complexes 1 cm long and 0.7 cm wide, fused
at the base. The isolated bract-scales attributed to Cupressaceae are
0.6–1 cm long. Many of them are well-lignified and preserve the
basal attachment scar (Fig. 8F). Daphnogene and Zizyphus leaves
show only slightly damaged margins, along the basal or suprabasal
veins (Fig.8G). A few large leaves of M. arensi and Salicaceae
(7–10 cm long) are torn along the secondary veins. In contrast, 15%
of the Comptonia schrankii leaves are broken at the rachis between
leaflets. They are 0.5–1.2 cm long, composed of 3–6 pairs of leaflets,
and many of them lack the base and apex. Finally, palm remains
consist of 2 costae, up to 3.5 cm long and 1.2 wide. Their petiole is
short (0.5 cm) and torn. The palm leaf blade is completely lacking.
Extant Cupressaceae tend to abscise their vegetative organs, pro-
ducing well-articulated portions of shoots. Many of the Tetraclinis
specimens from Sarral are composed of only two whorls. These
features indicate a significant degree of disarticulation compared
with other specimens from the same genus found in different upper
Eocene European plant localities in France or Hungary (e.g. Kvaček
et al., 2000). Isolated and lignified bract-scale complexes attributed
to Cupressaceae also show significant disarticulation since Cu-
pressaceae cones, especially the valvate ones, remain well-articu-
lated after abscission and can withstand a certain amount of
transport without breaking (personal observations). Thus, bract-
scales are interpreted as being supplied to fluvial streams and
transported by traction flows until reaching the lake. The few torn
palm leaves from Sarral were produced by traumatic abscission as
with most palm leaves, which remain attached on the producing
plant even after marcescence (Martín-Closas and Gomez, 2004).
They certainly underwent long degradation and fragmentation by
traction flows before only their most resistant parts (costae) ex-
ceptionally reached the lake. In contrast, the slightly damaged leaf
margin of some Daphnogene and Zizyphus zizyphoides leaves suggests
moderate tearing of the weakest and most exposed part of the
blade, i.e. the segment between the suprabasal veins and the leaf
margin. Moreover, these tears are sometimes still connected to the
leaf, showing that the transport was short, whereas leaves broken
along venation would indicate a higher hydrodynamism in their
transport by water flows, as demonstrated by Ferguson (1985). This

may be the case of torn leaves of Comptonia schrankii, Salicaceae
and Myrica arensi. The taphonomic dataset for this assemblage
suggests different intensities and durations of transport prior to the
deposition of all these plant organs on the lake bottom, where they
formed an allochthonous assemblage. Palms, Cupressaceae organs
and torn leaves of Salicaceae, Myrica arensi and Comptonia schrankii
were probably subject to longer transport than Zizyphus zizyphoides
and Lauraceae leaves.

6.2. Taphofacies from a ferruginous crust

Taphofacies dominated by comminuted plant debris, small portions
of rounded axes and unidentified seeds with random orientation con-
stitute the only taphofacies found in ferruginous top beds, which re-
present the latest infilling stages of the lake. These remains may con-
stitute remarkable accumulations of> 5 elements/cm2, but frequently
cover the whole bed surface (Fig. 8H). Fragments of axes are 3–10 cm
long (3.5 cm in mean length). Comminuted plant remains are usually
about 5mm in diameter but may reach up to 3 cm across. They are
mainly composed of small rounded fragments of woody axes and less
abundant unidentified polygonal leaf fragments. Seeds, around 1 cm
long, have an ellipsoidal or spherical shape and most of them preserve a
thin coaly layer.

Axes and diaspores have high buoyancy, as observed by Brenchley
and Harper (1998). During river transport, axes frequently impact with
other objects in the river channel, resulting in erosion and rounding
(Gastaldo et al., 1987). These features are observed in many axes of this
assemblage, indicating long transport by traction in river inlets. Similar
processes would produce the fragmentation of leaves until becoming
comminuted (Ferguson, 1995). The size sorting of all these remains
indicates that they were eventually selected by weak currents and sank
to form an allochthonous assemblage in the shallow lake bottom.

6.3. Reconstruction of the upper Eocene plant communities from Sarral

The taphonomic analysis of the upper Eocene flora from Sarral
provides significant new palaeoecological data in comparison with
previous studies. The combined results of sedimentology, taphonomy
and palaeoecology suggest that the plant remains studied represent four
plant communities (Fig. 9):

(1) Palustrine helophytic belt: this was mainly composed of helophytic
plants (Typha and Poaceae) which would have grown at the lake

Fig. 9. Palaeoenvironmental reconstruction of the upper Eocene from Sarral.
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margin and on the river banks. Remains of lakeshore plants were
directly supplied to the lake by gravitational fall, while plant por-
tions from river banks were transported together with other plant
macroremains by tractive flows over long periods, which produced
their fragmentation, until reaching the lake, where they sank and
were deposited.

(2) Riparian vegetation: this was mainly composed of the Salicaceae,
Myricaceae (Myrica arensi and Comptonia schrankii) and Lauraceae
(Daphnogene and Laurophyllum.). Most of these leaves would prob-
ably have fallen directly into the lake from the lake shores.
However, some specimens of Myrica arensi, Comptonia schrankii and
the Salicaceae have been interpreted as having been transported by
river flows indicating that they may also have grown on the river
banks upstream from river inlets. Comptonia schrankii would have
grown in permanent humid soils at the lakeshore. This genus has
also been related to swamps surrounding a lake in the Oligocene
from northern Hungary (Erdei and Rákosi, 2009). This is in contrast
with extant Comptonia peregrina, which is a plant endemic from
Canada (Nova Scotia) to Northern United States (North Carolina)
that grows on wet and sandy soils that are frozen for a long season
(Gleason and Cronquist, 1991).

(3) Open xerophytic woodland: taking into account the different
transport intensities described above, two vegetation belts have
been distinguished in this biome, based on taphonomic features.
One vegetation belt was dominated by the Cupressaceae, mainly the
genus Tetraclinis. Most remains from this plant occur in the as-
semblage but they were found disarticulated. The taphonomic
features suggest that they were transported to the lake by traction
flows from an area located not far from the lake, perhaps im-
mediately beyond the riparian vegetation, in an open landscape. A
similar habitat was found for Tetraclinis in the late Eocene of
Bohemia by Kvaček (2002). This is in contrast to the distribution of
living Tetraclinis articulata (Vahl), which grows as a relict in isolated
stands in limited areas in the Moroccan Atlas (North Africa), and
near Cartagena in southeast Spain (Farjon and Filer, 2013), loca-
tions which correspond to an arid climate with a precipitation of ca.
340mm3/year (Nicolás et al., 2004). The other belt would be
mainly constituted by the community composed of Fabaceae and
Zizyphus. The small leaves of these plants were transported by the
wind towards the lake and would represent only a small and biased
part of the whole community. This vegetation grew distally from
the lake, beyond the Tetraclinis belt, forming open vegetation which
was highly exposed to the action of wind.

The distribution of palms is difficult to ascertain given the few re-
mains available. Generally, palm leaves remain attached to the stem
even after their death (Martín-Closas and Gomez, 2004). Their well-
lignified leaves also provide excellent resilience against fluviatile
transport. The torn and scarce palm portions found in Sarral indicate
long transport by traction flows, suggesting that they grew far from the
lake with an indirect supply to rivers. Only a few exceptional remains
reached the lake.

7. Discussion

The latest Eocene flora of Sarral (Eastern Ebro Basin) is one of the
few well-known plant localities from this age in southern Europe. The
taphonomic results obtained have provided new palaeoecological and
palaeoclimate insights of Priabonian flora from Sarral in comparison
with previous studies based on macroremains and pollen. Besides, the
palaeoecological results obtained here are significant to understand the
evolution of plant communities during the global Eocene-Oligocene
climatic crisis in this particular region.

7.1. Comparison with previous studies about the fossil flora from Sarral

A notable characteristic of the Sarral flora is that most leaves in the
assemblage belong to the nanophyllous category, as already highlighted
by Fernández-Marrón (1973b). Indeed, about half of the leaves re-
covered in Sarral were very small; however, while Fernández-Marrón
(1973b) related this small size to climatic control (seasonal drought),
the taphonomic study conducted here indicates that this leaf assem-
blage, formed by Zizyphus and Fabaceae, may have resulted from leaf
sorting by wind transport. A few much larger specimens from these
plants also occur in the assemblage, confirming that leaf sorting was
significant.

A palynological study carried out by Cavagnetto and Anadón
(1996), which included samples from the Sarral Formation, provides
significant data for comparison with the leaf flora studied here. The
high abundance of Pinaceae pollen in Sarral (33–38%) was attributed
by Cavagnetto and Anadón (1996) to an extended open woodland
(savannah type). This contrasts with the poor representation of Pina-
ceae macroremains (1%), suggesting that these only reached the lake
under exceptional circumstances. Similar discrepancies are observed in
the Cupressaceae pollen record. According to the palynological study,
Cupressus-Juniperus type pollen accounted for up to 40% of the total
pollen assemblage, and would represent a well-developed scler-
ophyllous forest. In contrast, Cupressaceae shoots and bracts are rela-
tively scarce (14%) and were interpreted here as representing a small
community located not far from the river inlets. The impressive richness
of Cupressaceae and Pinus in the Sarral pollen diagram may be tapho-
nomically exaggerated, since both conifer families have an extremely
high pollen production, for instance the Pinaceae were considered by
Traverse (2008) to be pollen super-producers. The angiosperm pollen
assemblage in Sarral is mainly constituted by herbs, which are not
preserved as macroremains. However, arboreal and shrubby plants are
represented by similar genera in both the pollen and macroremain re-
cords, showing dominance of the Myricaceae and the Fabaceae (Cae-
salpinoidae). In sum, the comparison between pollen and macroremains
provides a more comprehensive overview of the Sarral flora, and the
records are not contradictory when analysed from a taphonomic per-
spective.

7.2. Comparison with the Oligocene plant-bearing beds from Cervera (Ebro
Basin)

The early Oligocene flora from Cervera, Eastern Ebro Basin, studied
by Sanz de Siria (1996) and Tosal and Martín-Closas (2016), allows for
a comparison with the flora from Sarral. Although similar communities
have been obtained in both localities, their composition varies con-
siderably (Fig. 10). A first significant difference between these two lo-
calities is the composition of the arboreal plants from open woodlands.
While in Sarral they are dominated by Zizyphus zizyphoides and Faba-
ceae, in Cervera this biome was constituted by Rhus, Rhamnus and Fa-
baceae (mainlyMimosites). In both cases, the information recorded from
this community is strongly biased by aerial transport and only part of it
may be represented in the macroremains studied. Probably, the most
abundant plants and those that were growing relatively closer to the
lake had a greater chance to be recorded. This may be the case of the
genus Rhus. According to Cavagnetto and Anadón (1996), Rhus pollen
occurred in the lacustrine deposits from Sarral whereas their leaflets
were not found in the collection studied here. In contrast, Rhus leaflets
constitute up to 25% of the Cervera collection (Tosal and Martín-Closas,
2016).

Another difference between the two palaeobotanical localities is the
diversity of Lauraceae. Based on the taxonomic study by Sanz de Siria
(1992) and the foliar architecture of the leaves, Cervera comprises
abundant Lauraceae species. In contrast, according to Fernández-
Marrón (1973a, 1973b), in the Sarral plant-bearing beds, this family is
only composed of few species. Although the taxonomy of Lauraceae in
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both sites needs to be revised, the higher diversity of early Oligocene
Lauraceae species in Cervera as compared with the late Eocene laurels
from Sarral holds probably true, somehow contradicting the result ex-
pected from the global climate trend towards more arid and cooler
climate across the Eocene-Oligocene boundary.

The Cervera and Sarral plant assemblages also display distinct ta-
phonomic features. In Sarral, only 17% of the total plant assemblage
shows evidence of being transported by fluvial flows, whereas in
Cervera, the total macroremains transported by this means represent up
to 70%. This disparity suggests different hydrological conditions that
might have been climatically controlled. As a matter of fact, the Sarral
flora was formed during the driest part of a sedimentary cycle with a
minimum flow rate into the lake. In contrast, the Cervera plant-bearing
beds correspond to the wetter stage of a similar sedimentary cycle
(Tosal and Martín-Closas, 2016), meaning higher flow rates into the
lake and the possibility that many more plant macroremains were
transported by fluvial flows.

In sum, the differences between the leaf floras of Sarral and Cervera
are hypothesized to correspond rather to variations within small order
climatic cycles than to the global climatic change across the Eocene-
Oligocene boundary. These minor order cycles would represent a
smaller period than the large-term eccentricity orbital cycle attributed
by Valero et al. (2014) to the whole Anoia lacustrine system including
the Sarral Formation. Therefore they may represent short term eccen-
tricity cycles, obliquity cycles or even smaller-period orbital cycles.
However, detailed cyclostratigraphic analyses need to be performed to
precise to which type of orbital cycle belong the sedimentary cycles
observed. These small climatic cycles could strongly affect the flora
masking the general trend to an increase of seasonality.

7.3. Implications for late Eocene – early Oligocene European plant
bioprovinces

In a review of European Palaeogene flora, Kvaček (2010) proposed a
new classification of the European flora in bioprovinces. Based on this
author, the flora from southern Europe was formed by abundant
Lauraceae and xerophytic plants, i.e. Zizyphus, Comptonia and Fabaceae,

which were adapted to the arid climates. In contrast, conifers and
broad-leaved deciduous trees, e.g. Quercus, Platanus and Alnus, pre-
vailed in Central Europe. The Ebro Basin leaf floras fit well within the
southern bioprovince. According to Mai (1989) this distribution was the
result of the global decrease in temperature.

In a synthesis of Eocene-Oligocene flora from Hungary, Hably
(1993) has noted that the Arctotertiary flora from Central Europe
mainly represented edaphically mediated environments, i.e. swamp and
flood plains. She concluded that although this flora expanded to the
South, the plants would grow in azonal environments being in-
dependent of the palaeoclimate. Hence, the Arctotertiary plants had a
greater chance to reach the mainly lacustrine depositional sites. In
contrast, xerophytic plants i.e. Fabaceae and Zizyphus, would have
grown distally and the likelihood of them reaching the lake was much
lower. These taphonomic biases could provide an exaggerated cold
signal through the Eocene-Oligocene boundary. The present study in-
dicates that similar taphonomic biases are significant to understand the
leaf floras from the Eocene southern bioprovince. In this case the pre-
valent wind transport of leaves exaggerated the arid signal of floras. In
addition to taphonomic processes, minor order sedimentary cyclicity,
which was climatically driven, may also exert a strong influence on the
composition of leaf floras, exaggerating or, on the contrary, moderating
the differences between localities of the same bioprovince and similar
ages. All these factors should be taken into account to interpret the
climatic parameters provided from an analysis of leaf physiognomy,
such as CLAMP.

8. Conclusions

The conditions under which the plant remains from Sarral were
buried were strongly influenced by small-order sedimentary cycles that
are climatically driven. These are characterised at the base by calcar-
enite and bluish grey marls representing the wetter periods, followed by
laminated marlstones with gypsum crystals and a ferruginised top re-
presenting the drier stage. These cycles may represent smaller-order
orbital cycles, than the large-order eccentricity cycle attributed by
Valero et al. (2014) to the whole lacustrine system. The leaf bed was

Fig. 10. Comparison between the main vegetation belts in the late Eocene from Sarral (A) and the early Oligocene from Cervera (B).
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found in the laminated marlstones corresponding to drier periods of
sedimentary cycles. Three main taphofacies were recognised forming
different vegetation belts. (1) Stems of helophytic plants and complete
leaves without selection of Lauraceae, Myricaceae and Salicaceae
forming a parautochthonous assemblage were supplied directly to the
lake by gravitational fall from riparian plants. (2) Size-selected leaflets
of Fabaceae, small complete leaves of Z. zizyphoides and rare Pinus
needles were wind transported and formed an allochthonous assem-
blage. These plants would grow in an open woodland distally from the
lake. (3) Rare disarticulated Cupresaceae remains, broken leaves of
Myrica arensi and Salicaceae were transported by sporadic inlet flows
forming an allochthonous assemblage issued from plants growing in
arid areas near temporary streams. Noteworthy Tetraclinis and Comp-
tonia schrankii grew in very different habitats compared with their ex-
tant counterparts. Future ecophysiological studies may provide a more
precise insight into their palaeobiogeographic evolution. The Priabo-
nian Sarral flora resembles the neighbouring Oligocene flora from
Cervera in terms of plant communities, which does not correspond with
the expected differences between two floras separated by the late Eo-
cene − early Oligocene global climatic change. This resemblance is
interpreted here as reflecting opposite terms of minor climatic cycles
that would mask the global climatic trend towards increasing aridity
and temperature decrease at the Eocene-Oligocene boundary.
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