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During the Paleocene/Eocene Thermal Maximum, ~55.6 Ma, the Earth experienced the
warmest event of the last 66Ma due to a massive release of CO2. This event lasted for ~100
thousands of years with the consequent ocean acidification (estimated pH = 7.8-7.6). In this
paper, we analyze the effects of this global environmental shift on coralline algal
assemblages in the Campo and Serraduy sections, in the south-central Pyrenees
(Huesca, N Spain), where the PETM is recorded within coastal-to-shallow marine
carbonate and siliciclastic deposits. In both sections, coralline algae occur mostly as
fragments, although rhodoliths and crusts coating other organisms are also frequent.
Rhodoliths occur either dispersed or locally forming dense concentrations (rhodolith beds).
Distichoplax biserialis and geniculate forms (mostly Jania nummulitica) of the order
Corallinales dominated the algal assemblages followed by Sporolithales and Hapalidiales.
Other representatives of Corallinales, namely Spongites, Lithoporella as well as
Neogoniolithon, Karpathia, and Hydrolithon, are less abundant. Species composition
does not change throughout the Paleocene/Eocene boundary but the relative abundance
of coralline algae as components of the carbonate sediments underwent a reduction. They
were abundant during the late Thanetian but became rare during the early Ypresian. This
abundance decrease is due to a drastic change in the local paleoenvironmental conditions
immediately after the boundary. A hardground at the top of the Thanetian carbonates was
followed by continental sedimentation. After that, marine sedimentation resumed in shallow,
very restricted lagoon and peritidal settings, where muddy carbonates rich in benthic
foraminifera, e.g., milioliids (with abundant Alveolina) and soritids, and eventually
stromatolites were deposited. These initial restricted conditions were unfavorable for
coralline algae. Adverse conditions continued to the end of the study sections although
coralline algae reappeared and were locally frequent in some beds, where they occurred
associated with corals. In Serraduy, the marine reflooding was also accompanied by
significant terrigenous supply, precluding algal development. Therefore, the observed
changes in coralline algal assemblages during the PETM in the Pyrenees were most likely
related to local paleoenvironmental shifts rather than to global oceanic or
atmospheric alterations.

Keywords: rhodolith beds, thermal maximum, paleocene/eocene boundary, ocean acidification, pyrenean basin
in.org July 2022 | Volume 9 | Article 8998771

https://www.frontiersin.org/articles/10.3389/fmars.2022.899877/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.899877/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.899877/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:jaguirre@ugr.es
https://doi.org/10.3389/fmars.2022.899877
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.899877
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.899877&domain=pdf&date_stamp=2022-07-04


Aguirre et al. Coralline Paleocene/Eocene Thermal Maximum
INTRODUCTION

Recent studies on the present-day global change, particularly
increasing temperature and ocean acidification linked to the
massive release of greenhouse gasses to the atmosphere due to
anthropogenic activities, are progressively demanding detailed
analyses of events of similar magnitude throughout the Earth
history (Ridgwell and Schmidt, 2010; Gattuso and Hansson,
2011; Hönisch et al., 2012; Hansen et al., 2013; Lunt et al.,
2013; Zeebe and Zachos, 2013; Burke et al., 2018; Haynes and
Hönisch, 2020). One of the targets is to analyze the effects of
these global processes on marine calcified biota in the geological
record to model and compare with the predicted biological
changes for the future. The Paleocene/Eocene thermal
maximum (PETM) is a spike-like thermal event (Kennett and
Stott, 1991; Thomas and Shackleton, 1996), at which researchers
are looking as an ancient analogue to understand the ongoing
biotic changes (Zeebe and Westbroek, 2003; Sluijs et al., 2007;
Ridgwell and Schmidt, 2010; McInerney and Wing, 2011; Zeebe
and Ridgwell, 2011; Hönisch et al., 2012; Zeebe, 2012; Norris
et al., 2013; Zeebe and Zachos, 2013; Mudelsee et al., 2014;
Haynes and Hönisch, 2020).

During the Paleocene/Eocene boundary ~55.6 million years
ago (Ma), the Earth witnessed the warmest event of the last 66
Ma due to a huge delivery of CO2 to the atmosphere mostly
linked to volcanism (Haynes and Hönisch, 2020). This event is
recorded by an abrupt negative carbon stable isotope (d13C)
excursion (CIE) (Koch et al., 1992). It is estimated that about
1,500 ppmv of CO2 were released to the atmosphere during a
short time interval of 120-220 thousands of years (kyr) (e.g.,
Sluijs et al., 2007; McInerney and Wing, 2011) or even less
(Kennett and Stott, 1991; Zachos et al., 2005). The most recent
time model suggests that there was a first pulse of CO2 release 5-6
kyr after the CIE that was followed by sustained high values for
ca. 40 kyr and ended ~100 kyr (Haynes and Hönisch, 2020). As a
consequence, ocean pH decreased to 7.8-7.6 and global ocean
surface temperature increased 5-9°C (Zachos et al., 2005; Zachos
et al., 2008; McInerney and Wing, 2011; Zeebe and Ridgwell,
2011; Zeebe, 2012; Norris et al., 2013; Zeebe and Zachos, 2013;
Mudelsee et al., 2014; Haynes and Hönisch, 2020).

Despite the drastic atmospheric, temperature, and oceanic
alterations taking place during the PETM, only deep-sea benthic
foraminifera were significantly affected, and 35-50% of the
species became extinct (Thomas, 1990; Thomas, 2007; Alegret
et al., 2009a; Alegret et al., 2009b), whereas the event had a lesser
impact on marginal platform inhabitants (Thomas, 2003; Alegret
et al., 2005). Coral reef ecosystems also showed considerable
reduction in coral species diversity, number of reef sites, reef size,
and reef carbonate production during the Paleocene/Eocene
boundary (Flügel and Kiessling, 2002; Schneibner and Speijer,
2008; Kiessling, 2010; Perrin and Kiessling, 2010). Norris et al.
(2013) called this reef collapse as the early Eocene reef gap.

Larger benthic and planktonic foraminifera, calcareous
nannoplankton and deep-sea ostracods experienced diversity
turnovers during the PETM (Schaub, 1951; Hottinger, 1960;
Canudo and Molina, 1992; Canudo et al., 1995; Kelly et al., 1998;
Frontiers in Marine Science | www.frontiersin.org 2
Speijer and Morsi, 2002; Scheibner et al., 2005; Gibbs et al.,
2006a; Gibbs et al., 2006b; Speijer et al., 2012). In addition,
aberrant forms (teratologies) of calcareous nannoplankton (Raffi
and De Bernardi, 2008), as well as dwarfism in deep-sea
ostracods (Yamaguchi et al., 2012), have been recorded.

Coralline algae, fully calcifiedmarine autotrophicorganisms, are
one of the most endangered algal groups due to global temperature
increase and ocean acidification (e.g., Martin and Hall-Spencer,
2017; Cornwall et al., 2021). Laboratory studies and field
observations indicate that coralline algae might be negatively
affected due to ocean acidification derived from the greenhouse
gasses release (Anthony et al., 2008; Hall-Spencer et al., 2008;
Martin and Gattuso, 2009; Büdenbender et al., 2011; Diaz-Pulido
et al., 2012; Kamenos et al., 2013; Guy-Haim et al., 2016;Martin and
Hall-Spencer, 2017; Peña et al., 2020a; Cornwall et al., 2021).
Nonetheless, contradictory or non-conclusive results have also
been obtained (Martin and Hall-Spencer, 2017; Peña et al., 2020a;
Cornwall et al., 2021; and references therein) due to acclimation of
coralline algae to acidification, physiological advantages (pre-
adaptations) or interaction with other non-calcified epiphytes
growing on corallines (Martin and Hall-Spencer, 2017; Guy-
Haim et al., 2020; Peña et al., 2020a; Cornwall et al., 2021).

In order to explore the long-term effects of the global change
on coralline algae and their biological/evolutionary responses to
these environmental alterations, here we analyzed coralline algal
assemblages across the Paleocene/Eocene boundary and the
PETM. The main aim was to assess how behaved/responded
coralline algae to this major temperature change and ocean
acidification event. We studied the classical sections of Campo
and Serraduy, in the south-central Pyrenees (Huesca province, N
Spain), which record upper Thanetian and lower Ypresian
shallow-water carbonates as well as the PETM. These sections
have been largely studied mostly focusing on the stratigraphy,
sedimentology, biostratigraphy, and geochemistry across the
Paleocene/Eocene interval (Eichenseer and Luterbacher, 1992;
Payros et al., 2000; Pujalte et al., 2000a; Pujalte et al., 2000b;
Orue-Etxebarria et al., 2001; Molina et al., 2003; Pujalte et al.,
2003; Schmitz and Pujalte, 2003; Schmitz and Pujalte, 2007;
Scheibner et al., 2007; Domingo et al., 2009; Pujalte et al., 2009a;
Pujalte et al., 2009b; Robador et al., 2009; Arostegi et al., 2011;
Baceta et al., 2011; Manners et al., 2013; Pujalte et al., 2014;
Hamon et al., 2016; Duller et al., 2019; Li et al., 2020; Serra-Kiel
et al., 2020; Pujalte et al., 2022). Regarding the fossil content,
studies have focused mostly on planktonic and benthic
foraminifera (both larger and small forms) as well as corals
(Serra-Kiel et al., 1994; Orue-Etxebarria et al., 2001; Molina et al.,
2003; Scheibner et al., 2007; Li et al., 2020; Serra-Kiel et al., 2020).
Nonetheless, no detailed analysis of the coralline algae
throughout the Paleocene-Eocene transition has been carried
out. We analyze the type of occurrence, species diversity and
relative abundance of coralline algae with respect to other fossils
throughout the late Thanetian (late Paleocene)-early Ypresian
(early Eocene) interval to check how global alterations during the
PETM affected coralline algae. In the case of rhodoliths, we also
examine the coralline algal growth forms, as well as the inner
algal arrangements and external morphology.
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GEOLOGICAL SETTING

The Pyrenees is a reference area in Western Europe for the
study of Paleogene shallow to deep-marine deposits and the
series of distinct biotic and physical events that punctuated
the beginning of the Cenozoic. During the Paleocene and early
Eocene, the Pyrenean basin was a large marine embayment
opening to the Bay of Biscay, to the WNW, with a central
(hemi)pelagic trough flanked on the north, south and east by
extensive shallow marine carbonate platforms (Baceta et al.,
2004; Baceta et al., 2011) (Figure 1A). The platform systems
evolved with general ramp profiles and most sectors exhibit a
wide range of carbonate facies representative of beaches, tidal
flats, lagoons, seagrass banks, shoals, tidal bars and a variety of
reefal constructions. Most inner to mid ramp lithofacies are
relatively rich in photic-dependent organisms (calcareous red
algae, corals, larger benthic foraminifera –LBF–) and also
comprise a varied heterozoan biota, represented by mollusks,
bryozoans, echinoderms (Eichenseer, 1988; Serra-Kiel et al.,
1994; Baceta, 1996; Baceta et al., 2004; Robador, 2008; Baceta
et al., 2011). Landwards, the platform successions interfinger
with siliciclastic and mixed sediments with subordinate
Frontiers in Marine Science | www.frontiersin.org 3
evaporites and discontinuous paleosols, known as the
Garumnian facies, which represent alluvial to coastal plain
depositional environments (Figure 1A).

Sedimentation during the Paleocene and early Eocene in the
Pyrenean basin margins evolved under general transgressive
conditions, punctuated by a number of third order relative sea-
level falls of variable magnitude and regional extent. These sea
level drops are recorded by abrupt facies shifts and more or less
prominent erosional discontinuities, commonly associated to
enhanced subaerial exposure. Based on mapping and regional
correlation, up to five depositional sequences recording shallow
marine settings have been distinguished within the upper
Thanetian-lower Ypresian succession (Eichenseer and
Luterbacher, 1992; Baceta, 1996; Baceta et al., 2004; Baceta
et al., 2011).

Our study focuses on the Paleocene to lower Eocene coralline
red algae recorded in the Campo and Serraduy sections, which
form part of continuous outcrops along the Ferrera and Morillo-
Merli ridges, on the northern flank of the Tremp-Ainsa area
(Figure 1B). Previous studies in these two sections and on coeval
outcrops in the whole Tremp-Ainsa area have provided a well-
constrained stratigraphic framework for the alluvial-coastal to
FIGURE 1 | (A) General paleogeography of the Pyrenean area during the earliest Eocene, at the time of the so-called Ilerdian transgression (adapted from Baceta
et al., 2004). (B) Enlarged geographic map of part of the Ainsa-Tremp sector of the Pyrenean basin with location of the Campo and Serraduy sections (yellow starts).
(C) Integrated stratigraphy of the upper Paleocene-lowermost Eocene strata of the Ainsa-Tremp area (adapted from Baceta et al., 2011; Pujalte et al., 2014). The
rectangles indicate the position of the two study stratigraphic sections within the general stratigraphic framework.
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shallow marine successions embedding the PETM event (e.g.,
Eichenseer, 1988; Payros et al., 2000; Baceta et al., 2004; Baceta
et al., 2011). A detailed biostratigraphic scheme has been
proposed based on LBF biozonation calibrated with standard
calcareous plankton zonations and magnetostratigraphy (e.g.,
Hottinger and Schaub, 1960; Schaub, 1973; Serra-Kiel et al., 1994;
Serra-Kiel et al., 1998; Orue-Etxebarria et al., 2001; Pujalte et al.,
2009b; Serra-Kiel et al., 2020) (Figure 1C).

The upper Paleocene to lower Eocene strata of the area
involves the interbedding of four lithostratigraphic formations
(Figure 1C). The Esplugafreda and Claret Formations are made
up of siliciclastic deposits formed in alluvial to coastal settings.
The Navarri and Serraduy Formations are dominated by
carbonate lithofacies representing coastal, lagoonal and shallow
marine environments. In terms of sequence stratigraphy, the
upper Paleocene Esplugafreda and Navarri Formations embrace
two third-order depositional sequences (the Th-1 and Th-2) and
the lower Ypresian Claret and Serraduy Formations comprise
three depositional sequences (IL-1, IL-2 and IL-3) (Figure 1C).
The PETM, as determined from detailed geochemical and
isotopic studies (Pujalte et al., 2014; Pujalte et al., 2022) lies
within the lowermost Ypresian IL-1 sequence, encompassing
most of the alluvial Claret Fm. and the lowermost marine
deposits of the Serraduy Formation (Figure 1C).

According to paleogeographic reconstructions of the area
(Pujalte et al., 2014), the Serraduy section represents a
shallower position relative to the Campo section. This is clearly
Frontiers in Marine Science | www.frontiersin.org 4
evidenced by the architecture of the upper Paleocene succession,
which at Campo section mainly consists of shallow marine
carbonates, whereas at Serraduy section it is mostly made up
of continental Garumnian facies. In both sections, the early
Eocene comprises coastal and shallow-marine carbonates
defining a deepening succession that culminates with middle to
outer ramp deposits. In most outcrops of the Tremp-Ainsa area,
the PETM event lies within continental siliciclastic deposits. In
the Campo section, it is recorded within an interval of
continental clastics with discontinuous palustrine carbonates
passing vertically to inner ramp and restricted tidal flat
carbonates (Figure 1C). The vertical facies succession of the
Paleocene-lower Eocene deposits exposed at Campo and
Serraduy is synthetized in Figure 2.
STRATIGRAPHIC SECTIONS

Campo Section
This section is located along the banks of the Esera River, 1 km
south from the village of Campo (Figure 1B). Three main
outcrops (along the old road to Ainsa, the local road to
Navarri, and the road from Campo to Graus) allow the bed-
by-bed analysis of 173 m of the upper Paleocene to lower Eocene
deposits (Figure 2A). Sampling was focused in two intervals. The
lower one comprises the uppermost 38 m of the Thanetian Th-2
sequence, which is made up of middle ramp bioclastic carbonates
FIGURE 2 | Stratigraphic logs of the Campo (A) and Serraduy (B) sections, with indication of facies, main intervals, stratigraphic sequences (Th and IL),
biostratigraphy, and the location of the samples studied for coralline algae (after Eichenseer, 1988; Serra-Kiel et al., 1994; Robador, 2008; Baceta et al., 2011; Serra-
Kiel et al., 2020). Wck, Wackestone; Pck, Packstone; Grst, Grainstone; Rudst, Rudstone; Flst, Floastone; SB, Sequence boundary.
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with decimeter- to meter-thick sigmoidal cross bedded tidal bars
trending towards the east and southeast. This interval culminates
with a massive muddy limestone rich in corals, red algae and
mollusks, just below the prominent discontinuity at the top of
the Th-2 sequence that marks the Paleocene-Eocene boundary.
According to Serra-Kiel et al. (1994; 2020), the LBF assemblage
of this upper part of the Th-2 sequence comprises Glomalveolina
levis, Assilina yvettae, A. azilensis, and Daviesina garumnensis, all
characteristic of the SBZ4 biozone of Serra-Kiel et al.
(1998) (Figure 2A).

The upper interval, up to 41 m thick, belongs to the lower
Eocene and comprises the upper part of the IL-1 and most of the
IL-2 depositional sequences (Figure 2A). This interval mainly
consists of shallow, inner-ramp carbonates rich in alveolinids,
small milioliids, and soritids, associated with subordinate
gastropods and bivalves (oysters and lucinids). A 2.5 m thick
massive coral-rich limestone bed defining the base of sequence
IL-2 was the only providing significant amounts of coralline
algae. Therefore, this bed was sampled in two different outcrops:
1) samples CPE-14 and 15 on the new road to Graus, and, 2)
samples CPN-1 to 3 on the old road to Ainsa. According to
Serra-Kiel et al. (1994; 2020), this interval encompasses LBF
association characteristic of the SBZ5 (Alveolina vredenburgi, A.
aramea, A. varians) and the lower part of SBZ6 (A. ellipsoidalis,
A. pasticillata, A. aff. aragonensis) (Figure 2A).

Serraduy Section
The Serraduy section is located 0.5 km north of Serraduy del
Pont, on the Isabena valley, ~12 km to the SE of Campo
(Figure 1B). Correlation through mapping of the outcrops on
both river banks, the Serraduy East and Serraduy West, allowed
analyzing in detail a 130 m thick section of upper Paleocene
(66 m) and lower Eocene (64 m) deposits (Figure 2B).

The upper Paleocene is mostly siliciclastic and consists of red
to brownish calcareous lutites with intercalations of medium to
coarse-grained lithic sandstones forming lenses, sheets and
discrete channel fills (alluvial floodplain deposits), and
discontinuous development of calcrete paleosols. Two discrete
intervals of shallow marine carbonates, respectively up to 4 and
8 m thick, define the maximum flooding stages within the
upper Paleocene depositional sequences Th-1 and Th-2
(Figures 1C, 2B). We sampled the upper one (Th-2 sequence)
(Figure 2B). The lower beds of this upper limestone unit are
sandy coralgal limestones, which are the only ones in the
Thanetian of Serraduy section containing significant amount of
red algae (samples SEW-0 to 2). According to Serra-Kiel et al.
(1994; 2020), the lower limestone interval (Th-1 sequence)
comprises a LBF assemblage of Glomalveolina primaeva,
Idalina sinjarica, and Miscellanea yvettae, indicative of the
SBZ3, whereas the upper limestone interval (Th-2 sequence)
includes Glomalveolina levis and Daviesina garumnensis, two
characteristic taxa of the SBZ4 (Figure 2B).

The lower Eocene deposits belong to depositional sequences
IL-1 to IL-3 (Figure 2B). The IL-1 is entirely made up of
continental deposits, including the characteristic Claret
conglomerate member of the Claret Formation, which
Frontiers in Marine Science | www.frontiersin.org 5
according to Pujalte et al. (2014; 2022) marks the beginning of
the PETM event in the whole Tremp-Ainsa area.

The IL-2 consists of shallow marine carbonates. The bulk
deposits correspond to bedded packstone-grainstones rich in
alveolinids and soritids with a LBF assemblage of Alveolina
vredenbrigi, A. aramea and Opertorbitolites gracilis (SBZ5) in
the lower beds, and A. ellipsoidalis, A. dolioliformis and
Opertorbitolites (lower part of SBZ6) in the upper beds
(Figure 2B). On the Serraduy West outcrop, a bed with
scattered corals 13 m above the base of the sequence is the
only one with significant red algal content (samples SEW-3). On
the east outcrops of the valley, a distinct massive bed package of
coralgal limestones, up to 17 m thick, interfingers with the
dominant Alveolina-rich deposits and comprises the main
interval sampled for red algae (samples SEE-1 to 10)
(Figure 2B). Eichenseer and Luterbacher (1992) interpreted
these massive limestones as a low-relief coral biostrome.

The overlying IL-3 sequence rests unconformably onto the
IL-2 sequence and consists mainly of bioturbated sandstones,
silty marls, and sandy limestones that eventually form meter-
thick tidal bars with sigmoidal cross bedding trending towards
the northeast and southeast. The fossil content in the mixed
deposits is a mixture of small nummulitids, milioliids, rare
Alveolina, green algae (dasyclads), bivalves, echinoids and
gastropods. Vertically, the basal mixed deposits of the IL-3
pass gradually into Alveolina-rich packstone-grainstones,
similar to those defining the bulk of sequence IL-2. The LBF
assemblage of these uppermost limestones comprises Alveolina
ellipsoidalis , A. dolioliformis , Glomalveolina lepidula,
Opertorbitolites, and Nummulites bigurdensis, defining the
upper part of the SBZ6 (Serra-Kiel et al., 1998).
METHODS

Coralline algae occur mostly as fragments, which do not preserve
enough taxonomic features to be identified at any precise
taxonomic level. In these cases, we estimate the relative
abundance of coralline algal fragments using the charts of
Baccelle and Bosellini (1956).

In the upper Thanetian carbonates, coralline algae occur
forming rhodoliths concentrated in particular beds. Here,
preservation of the coralline algae is better allowing more
precise taxonomic identifications. In these cases, the relative
abundance of species was quantified by point-counting the
area occupied by each taxon (Perrin et al., 1995). We identified
the coralline algae at the lowest possible taxonomic level, in most
cases at species level. When the specimens could not be
confidently assigned to a described species, we used an open
specific nomenclature. The taxonomic schemes of orders,
families, subfamilies and genera follow recent molecular
phylogenies (Peña et al., 2020b; Jeong et al., 2021).

The external rhodolith morphology was examined in different
2-D sections at the outcrops, as extraction of complete and
isolated rhodoliths was impossible due to cementation of
limestones. The internal arrangement, algal growth form, and
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algal composition of rhodoliths were analyzed in thin sections.
We use the terminology proposed byWoelkerling et al. (1993), as
well as the recent terminology updated by Aguirre et al. (2017).

All data are compiled in Table 1, and a discussion of some of
the identified taxa is provided in the Taxonomic Appendix.
RESULTS

Coralline Algal Occurrences
Most of the coralline algae occur as fragments in rudstone,
grainstone and packstone lithofacies. They occur with other
bioclasts, mostly, larger and small benthic foraminifers, corals,
mollusks, bryozoans, echinoids, serpulids, and barnacles, as well
as additional rhodophytes, such as Marinella lugeoni Pfender
1939 and the peyssonneliacean Polystrata alba, (Pfender)
Denizot 1968 and chlorophytes of the orders Dasycladales and
Bryopsidales (Halimeda spp) (Figure 3).

Coralline algal fragments are small (up to 2 mm; very
exceptionally larger) and abraded due to reworking
(Figures 4A, B). In both sections, coralline algae represent up
to 30% of the rock volume in the upper Thanetian sediments.
The proportion decreases substantially in the lower Ypresian
deposits, with values ranging from 1 to 5% (exceptionally, up to
10% in sample CPE-15).

Due to high fragmentation and abrasion in these lithofacies,
most coralline algal remains do not show diagnostic
characteristics to be properly identified, even at family and
order levels. Nonetheless, in some fragments reproductive
structures are preserved allowing their identification. In the
case of Distichoplax biserialis, the characteristic laminar growth
forms and the isobilateral cell arrangements facilitate
its identification.

In the small coral buildups found both in the upper Thanetian
and lower Ypresian deposits, coralline algae occur as fragments in
thematrix and as thin laminar crusts attached to corals (Figures 4C,
D). More rarely, they form small rhodoliths with bioclastic nuclei,
mostly corals or other algal fragments (Figure 4E).

Coralline algae also occur loosely to densely packed in
rhodolith beds (Aguirre et al., 2017), such as those found in
the upper part of the Navarri Formation in the Campo section
(samples CPE-8 and CPE-10) (Figures 5A–E). The loosely
packed beds consist of ellipsoidal rhodoliths, from 1 to 3 cm in
largest diameter, made up of encrusting to warty corallines
(Figures 5A, C). They are embedded in a fine-grained
packstone-wackestone matrix with accompanying organisms
such as echinoids, benthic foraminifers, and bryozoans.
Densely packed rhodolith beds contain spheroidal to ellipsoidal
rhodoliths, up to 7 cm in largest diameter, consisting of
encrusting, fruticose and warty corallines (Figures 5B, D, E).
In this case, rhodoliths are included in a packstone (rarely
grainstone) matrix.

Internally, rhodoliths are either multispecific or monospecific
(Figure 6). They are built up by coralline algae intergrown with
encrusting foraminifera (mainly Solenomeris), serpulids,
bryozoans, and Polystrata alba (Figures 3A, 6). The nuclei of
Frontiers in Marine Science | www.frontiersin.org 6
rhodoliths consist of lithoclasts or bioclasts, such as corals
(Figures 5F, 6). Internal voids are filled with the matrix
sediment or are open and later filled up with cement. In some
cases, rhodoliths are asymmetrical and geopetal structures
indicate that the preferential algal growth coincided with the
upright position of the rhodolith. This suggests that rhodoliths
are preserved in their original growth position, without
substantial reworking.

Coralline Algal Diversity
The orders Corallinales, Hapalidiales, and Sporolithales are
represented throughout the late Thanetian-early Ypresian
interval in the study sections, being the two former groups the
most diversified (Table 1; Figure 7). In the late Thanetian,
coralline assemblages include up to 16 species. Maximum
coralline diversification is found in the coral floatstone facies
sampled at Serraduy section (samples SEW-0 and SEW-1)
(Figures 2B, 7). The three algal orders underwent a drastic
reduction in the number of species in the earliest Ypresian, with a
virtual disappearance within the first marine beds encompassing
and immediately above the PETM at the Campo section. Here,
the limestones were almost exclusively dominated by LBF
packstones-grainstones, with alveolinids and subordinate
soritids. After this interval, the species richness of corallines
increases in the early Ypresian. This diversity recovery is
associated with the development of coral buildups at the base
of IL-2 in both Campo and Serraduy sections.

The estimation of the relative abundance of species is
hampered by preservation. Among the easily identifiable ones,
the best represented is Distichoplax biserialis, which occurs in all
samples, followed by geniculate species. The abundance of D.
biserialis embedded in a packstone-wackestone matrix found in
the uppermost Thanetian carbonates in the Campo section
(samples CPE-9 and CPE-10) is remarkable, as it ranges from
73% to 95% of the coralline assemblages (Figure 8).

In contrast, preservation of coralline algae in the upper
Thanetian rhodolith beds of Campo allows estimating species
abundance. Here, members of the order Sporolithales were the
most abundant (up to 75%), being Sporolithon lugeoni the best-
represented species, followed by Spongites sp. 1, a few
Hapalidiales, and anecdotal presence of laminar crusts of
Lithoporella spp.

The thin laminar algae encrusting corals, both in the
Thanetian and in the Ypresian, are mostly Lithoporella spp,
and Lithothamnion crispithallus and Lithothamnion sp 5.
DISCUSSION

Paleoenvironmental Evolution
High fragmentation and rounding of coralline algae and other
bioclasts, in the cross-bedded deposits defining the lower part of
the upper Thanetian Navarri Formation indicate high-energy
conditions in an open inner ramp setting. Dominance of
Corallinales is consistent with these shallow water conditions
(Braga and Martıń, 1988; Braga and Aguirre, 2001; Braga and
July 2022 | Volume 9 | Article 899877
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TABLE 1 | Coralline algal species distribution in the two study sections, indicating presence (X) of each taxon in the samples.
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Campo section
early Ypresian CPE-20 1 Wck.-Pck. Milioliids+Nummulitids 0%

CPE-19 1 Pck.-Grn. Alveolina+Milioliids 0%
CPE-18 1 Grn. Alveolina+Milioliids 0%
CPE-17 1 Sandstone Milioliids+Alveolina 0%
CPE-16 1 Pck-Grn. Alveolinas 0%
CPE-15 4 Flst.(Frm.) Corals+CCA crusts+Milioliids 5-10% Dispersed rhodos. CPN-3 x x x x
CPE-14 1 Pck.-Wck. Milioliids+oysters 1% CPN; CPN-1; CPN-2 x
CPE-13 1 Pck.-Grn. Alveolina 0%
CPE-12 1 Pck. Alveolina 0%
CPE-11 1 Pck. Alveolina 0%

late Thanetian CPE-10 5 Wck.-Pck. BF+Corals+Bryos+Distichoplax 10-20% Dispersed rhodos. x x
CPE-9 1 Wck. Solenomeris+Distichoplax 10-20%
CPE-8 5 Flst. Rhodos. 20-25% Rhodolith bed x x ?
CPE-7 2 Rud. BF+CCA 20-25% x x x
CPE-6 1 Pck. LBF+CCA 35-40% x x x
CPE-5 7 Rud. BF+CCA+Mollusks+Corals 10-30% x x x x
CPE-4 3 Rud. BF+CCA 5-15%
CPE-3 1 Pck. LBF+SBF+CCA 3-5% x
CPE-2 1 Pck. LBF+SBF+serpulids+gastropods 3-5%
CPE-1 2 Grn.-Pack. LBF+serpulids < 1%
Serraduy section

early Ypresian SEE-10 2 Calcareous sandstone 0%
SEE-9 2 Pck. Corals+Milioliids+CCA 1-3%
SEE-8 3 Flst.(Frm.) Corals+CCA crusts+Milioliids 1-5%
SEE-7 2 Flst.(Frm.) Corals+CCA crusts+Milioliids 3-5% x x x
SEE-6 2 Pck. Corals+BF+CCA 5% x x x
SEE-5 4 Pck. Corals+BF+CCA (crusts) 1-5% x x
SEE-4 2 Pck. Bioclastic 1-5% x
SEE-3 3 Grn. Bioclastic < 1%
SEE-2 1 Grn. Alveolina+Corals+BF 1-3% x x
SEE-1 2 Grn. Alveolina+Milioliids < 1%
SEW-3 4 Flst.(Frm.) Corals+CCA+Milioliids 1-3% x x

late Thanetian SEW-2
SEW-1 8 Grn.-Pck. Corals+BF+CCA 20-50% x x x x
SEW-0 2 Flst.(Frame.) Corals+Forams 1-3% x x x

Wck, Wackestone; Pck, Packstone; Grn, Grainstone; Rud, Rudstone; Flst, Floastone; F, Framestone; CCA, Crustose coralline algae; Bryos, B
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Aguirre et al. Coralline Paleocene/Eocene Thermal Maximum
Aguirre, 2004; Aguirre et al., 2017). Particularly interesting is the
relative abundance of geniculate coralline algae, which dominate
in high-energy intertidal, shallow-subtidal settings, both in the
present day (Garbary and Johansen, 1982; Canals and
Ballesteros, 1997; Couto et al., 2014) and in the fossil record
(Scheibner et al., 2007; Quaranta et al., 2012; Brandano, 2017). In
these settings, they are prone to disarticulation and breakage
after death, thus, reducing their fossilization potential (Aguirre
et al., 2000a; Aguirre et al., 2010; Basso, 2012). During the late
Thanetian, coralline algae diversified in small coral buildups,
such as those found in the Serraduy section (samples SEW-0 and
SEW-1) (Figures 2B, 7).

In addition to coralline algal fragments, loosely and densely
packed rhodolith beds developed at the upper part of the Navarri
Formation.Although rhodolith shape and algal growth forms in the
outer parts of the rhodoliths can bewater-depth andhydrodynamic
indicators (Bracchi et al., 2022), laboratory experiments and field
observations have shown that in most cases there is no correlation
between those factors (Aguirre et al., 2017; Braga, 2017; O’Connell
et al., 2020; and references therein). In the Campo section, several
evidences suggest that rhodolith beds formed in relatively deep,
calm marine settings, most likely in a middle ramp: 1) the matrix
surrounding the rhodoliths is fine grained-muddy carbonate; 2)
Sporolithon spp. aremajor components of the rhodoliths, indicating
growth in relativedeepwaters (several tensofmeters), as abundance
of Sporolithales increases with water depth (Adey and Macintyre,
1973; Adey, 1979; Minnery et al., 1985; Adey, 1986; Fravega et al.,
1989;Minnery, 1990;Aguirre et al., 2000a; Braga andAguirre, 2001;
Braga and Aguirre, 2004; Braga and Bassi, 2007; Braga et al., 2009);
and, 3) geopetal fillings point to a normal polarity of rhodoliths and
preservation in growth position without significant reworking.

The uppermost carbonate beds of the upper Thanetian
Navarri Formation, immediately below the karst surface, are
overwhelmingly dominated by large laminar thalli of D. biserialis
Frontiers in Marine Science | www.frontiersin.org 8
dispersed in a muddy (packstone-wackestone) matrix (Figure 8).
Loose laminar growth forms of this coralline alga in fine-grained
sediments suggest low energy conditions. These sediments at the
top of the Navarri Formation are interpreted as middle ramp
deposits as well (Scheibner et al, 2007; Li et al., 2020).

In the Campo section, the Paleocene-Eocene boundary is
represented by a subaerial erosional surface that reflects a
profound paleoenvironmental change in the study region.
Overlying the unconformity, continental clays, sands, and
discontinuous palustrine limestones of the Claret Formation
formed. Continental sedimentation was coeval with a sea level
lowering during the carbon isotope excursion (CIE) recorded at
the Paleocene/Eocene transition (e.g., Pujalte et al., 2014; Pujalte
et al., 2022). In the Campo section, the continental interval is
overlain by packstone-wackestone beds of alveolinids, which are
topped, in turn, by laminated microbial carbonates (upper
deposits of IL-1 sequence). The almost exclusive dominance of
Alveolina indicates that they formed in a very restricted lagoon
with probable fluctuations in salinity (BouDagher-Fadel, 2018).
The profuse development of microbial laminites, with evaporite
minerals, reveals marginal/very restricted to eventually
hypersaline environmental conditions. Coralline algae were
absent in all these settings. Stratal geometry of these first
marine beds shows an onlap indicating relative sea-level rise,
which increased accommodation.

Higher up into the study sections, milioliids and locally
oysters (sample CPE-14), together with Alveolina, dominate
the fossil assemblages. Milioliids are small benthic foraminifers
preferentially inhabiting lagoons (Murray, 1991; Murray, 2006).
Dasyclads are also abundant in the lower Ypresian carbonates,
particularly in the Serraduy section (Table 1). They preferentially
inhabit low latitude, shallow bays and lagoons (Flügel, 1985;
Flügel, 1991; Berger and Kaever, 1992; Aguirre and Riding, 2005;
Berger, 2006).
FIGURE 3 | (A) Superimposed thalli of Polystrata alba (nucleus of the rhodolith) and coralline algae (sample SEW-15). (B) Marinella lugeoni (sample CPE-7).
(C) Longitudinal section of a Halimeda plate (sample CPE-5). (D) Oblique section of a dasycladalean green alga (sample SEE-6i).
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Aguirre et al. Coralline Paleocene/Eocene Thermal Maximum
Locally, small coral patches, corresponding to samples CPE-
15 and CPN-3 of the Campo section, as well as samples SEW-3
and SEE-5—SEE-9 of the Serraduy section, grew in these
shallow-water environments dominated by alveolinids. Corals
are embedded in a wackestone-packstone matrix, very rich in
milioliids, and suggest relatively normal marine conditions,
probably in lagoonal areas with connection with open marine
waters. The only records of corallines in the lower Ypresian
deposits of the Campo section are found in the coral patches at
the base of sequence IL-2. In the Serraduy section, coralline algae
are present but scarce in all samples from the lower Ypresian IL-2
sequence, being more abundant in the coral buildups (Table 1).
Frontiers in Marine Science | www.frontiersin.org 9
In theCampo section, the lowerYpresian carbonates above the coral
buildups represent a progressive deepening trend, as inferred by the
progressive diversification of the larger benthic foraminifer assemblages
(particularly, nummulitids) as well as other invertebrates (bivalves,
gastropods, and echinoderms). In the uppermost part of the section, a
monospecific bed of lucinids preserved in life position (below sample
CPE-19) is found. The family Lucinidae is one of the most diversified
groups of bivalves in chemosynthetic communities associated with
hydrothermal vents and cold seeps, disoxic bottom conditions and/or
eutrophic settings (Taylor and Glover, 2006). This suggests the
prevalence of harsh conditions for coralline algae during the early
Ypresian deepening in the Campo section.
FIGURE 4 | (A, B) Grainstone-rudstones of bioclasts including geniculate coralline algae (gen), D. biserialis (Db), larger benthic foraminifera (LBF), echinoids (ech),
small benthic foraminifera (sbf), and M. lugeoni (Ml) (A: sample CPE-4; B: sample CPE-7). (C, D) Thin laminar encrusting coralline algae coating corals (Co)
embedded in a wackestone matrix (C: sample SEW-2ii; D: sample SEE-6). (E) Sporolithon sp. engulfing geniculate coralline algae (sample SEW-1ii).
July 2022 | Volume 9 | Article 899877
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Coralline Algal Diversity During the PETM
In terms of number of species, coralline algae maintain similar
species richness along the late Thanetian-early Ypresian interval
in our study case (Figure 7). During the Thanetian, diversity
peaked in particular beds, such as the rhodolith beds of the
Campo section and in the coral buildups of the Serraduy section.
In addition, the three coralline algal groups, namely
Sporolithales, Hapalidiales, and Corallinales, keep similar
diversity values, being Corallinales and Hapalidiales the most
diversified ones (Figure 7).

Our results also show that the species found in the early
Ypresian are also found in the late Thanetian deposits (Table 1).
This means that no extinction event is recorded at the Paleocene-
Eocene transition at Campo and Serraduy sections. Furthermore,
no significant turnover is observed since no new species occurred
in the lower Ypresian deposits.

The global diversification history of coralline algae shows a slight
increase in diversity during the late Paleocene-early Eocene
transition due to the diversification of Hapalidiales (Aguirre et al.,
2000a). Nonetheless, no significant diversity change is observed in
the Pyrenean study areas. Both in Campo and Serraduy sections,
coralline algae disappeared during the deposition of the Claret
Formation and recovered long time after the Paleocene-Eocene
boundary, within the Serraduy Formation.

After the continentalization during the PETM interval,
represented by the Claret Formation, marine deposition
Frontiers in Marine Science | www.frontiersin.org 10
restarted in the early Ypresian but in very restricted lagoonal
settings, unfavorable for the growth of coralline algae (Woelkerling
et al., 1993). These paleoenvironmental conditions remained
during accumulation of Alveolina-rich deposits that form the
bulk of the Serraduy Formation, inhibiting extensive coralline
algal development. In the Campo section, siliciclastic content
increases in the two topmost samples (CPE-19 and CPE-20)
representing the inner to middle ramp transition. This might
account for the virtual absence of coralline algae since terrigenous
supply inhibits their profuse development (Aguirre et al., 2017).

Coralline algae, however, occurred associated with the lower
Ypresian coral patch reefs, as laminar and thin crusts coating the
coral colonies (Figures 4C, D, 5F). Coral growth and expansion
of coralline algae denote the reestablishment of fully marine
conditions. In these settings, coralline algae became totally
diversified, with species richness similar to that of the late
Thanetian (Table 1; Figure 7). It seems, therefore, that, in the
Pyrenean localities, coralline algae disappeared after the PETM
due to drastic shifts in local environmental conditions, not as a
consequence of global events.

We are not able to ascertain that the massive release of CO2 to
the atmosphere ~55.6 Ma, with the consequent ocean
acidification due to lowering pH and temperature rise, affected
negatively to coralline algae. Indeed, species richness and species
composition were the same when fully marine conditions
resumed in the region.
FIGURE 5 | (A) Loosely packed rhodolith bed. (B) Densely packed rhodolith bed. (C–E) Detail of warty-fruticose rhodliths. (F) Thin encrusting algae coating corals.
(A–E): pictures of the upper part of the Navarri Fm. (late Thanetian) in the Campo section. (F) picture of the lower part of the Serraduy Fm. (early Ypresian) in the
Campo section.
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Furthermore to analyze inventories of coralline algal species
to evaluate diversity changes throughout the Paleocene-Eocene
transition, it is also interesting to investigate the PETM effects on
rhodolith beds. After the mass extinction affecting coralline algae
at the end of the Cretaceous (Aguirre et al., 2000a; Aguirre et al.,
2000b), rhodolith beds spread significantly during the late
Danian and early Thanetian (Aguirre et al., 2007); i.e., after a
long time of recovery. In the Pyrenees, rhodolith beds were
present by the end of the Thanetian (uppermost interval of
Navarri Formation) but they were absent during the early
Ypresian. Globally, a significant reduction of rhodolith-rich
deposits, which are rarely recorded, took place during the early
Eocene (Howe, 1934; Lemoine and Mengaud, 1934; Aguirre
et al., 2011), and continued during the middle Eocene, at least
in mid and high latitudes (Aguirre et al., 2020). Rhodolith beds
became widely recorded again in the late Eocene (Aguirre
et al., 2020).
CONCLUSIONS

We studied coralline algal assemblages in shallow-marine
carbonate and siliciclastic deposits during the Paleocene/Eocene
FIGURE 6 | Composite pictures of three rhodoliths. (A) Rhodolith formed by the intergrowth of encrusting coralline algae and Solenomeris (So) embedded in a
packstone matrix (sample CPE-8iii). (B) Encrusting-warty thalli of Sporolithon spp. overgrowing a lithified carbonate nucleus. Geopetal filling, coinciding with the
asymmetrical algal development to the upper part of the picture, is indicated in the lower part of the photo (sample CPE-8). (C) Laminar-encrusting algae
overgrowing corals. The rhodolith is embedded in a wackestone-mudstone marly matrix (sample CPE-10).
FIGURE 7 | Coralline algal species abundance in the study sections.
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Thermal Maximum (PETM) in the Campo and Serraduy sections,
in the south-central Pyrenees (Huesca, N Spain). Coralline algae
occur mostly as fragments of branches and forming rhodoliths,
which occur either dispersed or in densely packed concentrations
(rhodolith beds). Representatives of the orders Sporolithales,
Hapalidiales, and Corallinales are present, being Corallinales and
Hapalidiales the most diversified ones. Species composition and
diversity do not change throughout the Paleocene/Eocene
boundary but the relative abundance of coralline algae as
components of the carbonate sediments underwent a
considerable reduction: from abundant during the late Thanetian
to scarceduring the earlyYpresian.This abundance dropwasdue to
a drastic change in the local paleoenvironmental conditions
immediately after the Paleocene/Eocene boundary. The
Thanetian marine sedimentation ended with a hardground,
which is followed, in turn, by continental deposits formed during
the PETM. Marine deposition resumed in shallow, very restricted
lagoon and peritidal settings, as indicated by the almost exclusive
dominance of Alveolina, milioliids and soritids in muddy
carbonates. These paleoenvironmental conditions were
unfavorable for the development of coralline algae. They
reappeared, and were locally abundant, associated with corals in
lower Ypresian beds, where they show diversity values and species
composition similar to pre-PETM deposits.
TAXONOMIC APPENDIX

Species identification of fossil specimens is always challenging
since it is based on morpho-anatomical features and depends
mostly on their preservation state. Concerning fossil coralline
algae, taking into consideration the ongoing phylogenetic
classification schemes of recent taxa, their identification is
complicated even at supraspecific levels. Preservation of the
sporangial reproductive structures is needed to assign fossil
Frontiers in Marine Science | www.frontiersin.org 12
specimens to any of the four fully-calcified coralline algal
orders (Jeong et al., 2021). Unfortunately, this is not always the
case and many fossil specimens cannot be correctly identified at
any supraspecific level. Based on characters usually preserved in
the fossil record, the most feasible taxonomic approach is, at best,
the subfamily or family level. The problem is exacerbated when
trying to use an already proposed species epithet based on fossil
material. Historically, authors have defined species based on
ambiguous anatomical characters and have preferred to
proposed new names for their findings instead of using already
existing ones (Braga and Aguirre, 1995; Aguirre and Braga,
2005). An additional trouble is the inconsistent use of
published species names by other scientists to name their
specimens. This has produced an overabundance of species
names to designate entities that cannot be unambiguously
separated (Aguirre and Braga, 2005).

Regarding our study case, we checked species names of
coralline algae described in Paleocene-Oligocene deposits. To
avoid reinterpretations of original species definitions by later
authors, we resort to the original descriptions and illustrations of
the species. A description of the anatomical and reproductive
features of some coralline algal species recognized in our samples
and their similarities with closest species are given below. We
focus only on those species that deserve some discussion since
they underwent diverse taxonomic interpretations. Thus, we
discuss the possible species names that can be assigned to
some of the identified morphospecies. For those specimens
that are not easily attributed to any species name, we keep an
open species nomenclature. In addition, we provide a taxonomic
key for all the identified species (Table 2) and illustrate all of
them in Figures 9–12.
Order Sporolithales (Figures 9A–E)

1. Sporolithon lugeonii (Pfender) Ghosh and Maithy 1996
(Figures 9D, E) We have identified some plants with small
FIGURE 8 | Disctichoplax biserialis concentration at the upper part of the Navarri Formation (late Thanetian) in the Campo section (sample CEP-9).
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uniporate, pear-like shaped conceptacles (100-125 mm in
diameter and 100 mm in height) (Figure 9E). They show
vegetative anatomy and cell sizes similar to Sporolithon
lugeonii. Therefore, we interpret these plants as gametangial
(male) conceptacles of S. lugeonii. Nonetheless, these
gametangial conceptacles coincide both in shape and size to
those described as Sporolithon sp. 2 by Basso et al. (2019) or
as S. airoldii by Vannucci et al. (2010).
Frontiers in Marine Science | www.frontiersin.org 13
2. Sporolithon brevium (Lemoine) Aguirre and Braga 1988/
Sporolithon airoldii (Fravega) Vannucci, Quaranta and
Basso 2010 (Figure 9C). Based on vegetative anatomy,
thallus construction and reproductive structures, this
species shows similarities with Sporolithon airoldii (Fravega,
1984; Vannucci et al., 2010). It also recalls the type material of
Sporolithon brevium (Aguirre and Braga, 1998), and
Sporolithon keenani Howe 1934.
TABLE 2 | Identification key with the anatomical and reproductive features characterizing the genera and species found in the study areas.

1. Sporangial compartments Sporolithales
1. Multiporate sporangial conceptacles Hapalidiales
1. Uniporate sporangial conceptacles Corallinales
Sporolithales
1. Few sporangial cavities per sori 2
2. Sporangial compartments 65-75 mm in height 3
3. Ovoid sporangial cavities in section; diameter = 40-50 mm, high = 70-75
mm

Sporolithon cf. oulianovii Pfender 1926

3. Sporangial cavities in nemathecium-like protruding sori Sporolithon sp. 1
3. Rectangular sporangial cavities in section; 65-70 mm in height Sporolithon brevium (Me.Lemoine) Jul.Aguirre & J.C.Braga 1998/S. airoldii (Fravega)

Vannucci, Quaranta & Basso 2010
1. Numerous sporangial cavities per sori 4
4. Sporangial cavities rectangular in section and narrow; diameter = 40-50
mm, high = 70-90 mm

Sporolithon lugeonii (Pfender) Ghosh and Maithy 1996

Hapalidiales
1. Thallus dimerous Melobesia sp.
1. Thallus monomerous 2
2. Warty to fruticose thalli 3
3. Rectangular sporangial conceptacles in section Lithothamnion camarasae Pfender 1926
3. Large rectangular-polygonal cells with no lateral alignment of cells in
adjacent filaments; thick cell walls

Lithothamnion cf. corallinaeforme Me.Lemoine, 1924

3. Non-protruding, flat sporangial conceptacles (up to 750 mm in diameter
and 100 mm in height).

Lithothamnion concretum M.Howe, 1919a

3. Regularly zonate thallus; slightly protruding sporangial conceptacles <200
mm in diameter

Lithothamnion cf. exuberans Mastrorilli, 1967

3. Regularly-irregularly zonate thallus; sporangial conceptacles > 400 mm with
high pore canals.

Lithothamnion vaughani M.Howe, 1919b

3. Non-zonate thallus; slightly protruding sporangial conceptacles 200 mm-
260 mm in diameter

Lithothamnion sp. 1

3. Groups of protruding sporangial conceptacles piled up in warts Lithothamnion sp. 2
2. Thin encrusting thalli 4
4. Protruding sporangial conceptacles isolated in the thallus Lithothamnion crispithallus J.H.Johnson, 1957
4. Protruding sporangial conceptacles >400 mm in diameter Lithothamnion sp. 3
4. Sporangial conceptacles 200-400 mm in diameter Lithothamnion sp. 5
4. Sporangial conceptacles < 200 mm in diameter Lithothamnion sp. 4
Corallinales
1. Geniculate thallus 2
2. Palisade-like medullar cells; medullar region made up to 13 tiers of cells Jania nummulitica Me.Lemoine, 1928
2. Sporangial conceptacle in a terminal position in the intergeniculum Geniculate sp. 1, cf. Corallina prisca J.H.Johnson, 1957
2. Sporangial conceptacle surrounded by lateral branches Geniculate sp. 2
2. Sporangial conceptacle in lateral position Geniculate sp. 3
1. Non-geniculate thallus 3
3. Thallus dimerous 4
4. Ventral layer of polygonal-irregular cell filaments Karpathia sphaerocellulosa Maslov 1962
4. Ventral layer of quadrangular cells Hydrolithon lemoineii (Miranda) Jul.Aguirre, J.C.Braga, Bassi 2011
4. Large, rectangular ventral palisade cell filaments; small dorsal cells Lithoporella melobesioides (Foslie) Foslie 1909
4. Single layer of rectangular-quadrangular, non-palisade ventral cells with
small, cap-like epithallial cells

Lithoporella minus J.H.Johnson, 1964

3. Thallus monomerous 5
5. Isobilateral organization of the ventral filaments Distichoplax biserialis Dietrich 1927
5. Plumose ventral core 6
6. Encrusting thalli Spongites sp. 3
6. Warty and fruticose thalli 7
7. Highly protruding sporangial conceptacles with eccentric, large pore canal Spongites sp. 1
7. Slightly protruding sporangial conceptacle Spongites sp. 2
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3. Sporolithon sp. 1 (Figure 9B). This species has been found in
one sample. It is a monomerous plant with a laminar and
encrusting growth form. Thallus is thin, with a thin plumose
ventral core, made up by 2-3 cell rows that bend upwards to
the peripheral region, which consists of up to 15 cell rows.
Reproductive structures consist of a few isolated sporangial
cavities (3-5 cavities) grouped into very protruding
nemathecia-like sori.
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4. Undifferentiated Sporolithales. Under this category, we include
small unidentifiable fragments of plants preserving sori.
Order Hapalidales (Figures 9F, G, 10, 11A–C).

1. Melobesia sp. (Figure 9F). This species shows dimerous,
laminar, very thin thalli made up of 2-3 cell rows that
thicken around multiporate conceptacle cavities. The study
specimens show similarities with Melobesia sp. from the
FIGURE 9 | (A) Sporolithon oulianovii (sample CPE-10). (B) Sporolithon sp. 1 (sample CPN-3). (C) Sporolithon brevium/airoldii (sample CPE-3). (D) Sporolithon
lugeonii (sample CPE-8). (E) Spermetangial conceptacles of S. lugeonii (sample CPE-8). (F) Melobesia sp. Arrowheads indicacte two pore canals at the conceptacle
roof (sample CPE-8). (G) Branch of Lithothamnion cf. corallioides (sample CPE-6).
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middle Eocene from the Subbetic of the Betic Cordillera (S
Spain) (Aguirre et al., 2020).

2. Lithothamnion concretum Howe 1919a (Figure 10C). The
study material fits with the original description of this species
by Howe (1919a). That is, fruticose plants, occasionally
encrusting, with cell filaments arranged in regular zones in the
center of the branches, with a relatively well-defined lateral
alignmentof cells of adjacentfilaments. Sporangial conceptacles
are up to 750 mm in diameter and 100 mm in height and do not
Frontiers in Marine Science | www.frontiersin.org 15
protrude on the thallus surface. This species is close to
Lithothamnion pianfolchi Mastrorilli, 1967 and that identified
asMesophyllum ryukyuensis Johnson, 1964. Nonetheless, these
two species have smaller sporangial conceptacles. The species
also resembles Lithothamnion ramosissimum (Reuss) Piller
1994 (Piller, 1994; Aguirre et al., 1996), although this species
is more recent (Neogene).

3. Lithothamnion cf. corall inaeforme Lemoine 1924
(Figures 9G, 10A). The specimens identified within this
FIGURE 10 | (A) Spermatangial conceptacle of Lithothamnion cf. corallioides (sample CPE-6). (B) Lithothamnion camarasae (sample CPE-6). (C) Lithothamnion
concretum (sample SEW-1). (D) Lithothamnion cf. exhuberans (sample CPE-15). (E) Lithothamnion vaughanii (sample SEW-1). (F) Lithothamnion sp. 1 (sample CPE-
7). (G) Lithothamnion sp. 2 (sample SEE-2). (H) Lithothamnion crispithallus (sample SEE-6).
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species epithet show growth form, thallus construction,
vegetative anatomy and reproductive structures comparable
with the type material of L. corallinaeforme Lemoine, 1924 as
reassessed by Aguirre et al. (2012). Lithothamnion marianae
Johnson, 1957 presents similarities with Lemoine’s species.
The growth forms (slender, long branches), as well as the cell
size and shape (rectangular to polygonal with a thickened cell
Frontiers in Marine Science | www.frontiersin.org 16
wall) are anatomical features highlighted both by Johnson
(1957) and by Aguirre et al. (2012) in the description of the
two species.

4. Lithothamnion cf. exuberans Mastrorilli 1967 (Figure 10D).
This species occurs as fragmented branches. Cell filaments in
the center of the branch form regular growth zones.
Sporangial conceptacles slightly protrude above the thallus
FIGURE 11 | (A) Lithothamnion sp. 3 (sample CPE-15). (B) Lithothamnion sp. 4 (sample SEE-5i). (C) Lithothamnion sp. 5 (sample SEW-3ii). (D) Jania nummulitica
(sample CPE-4i). (E) Geniculate sp. 1 (cf. Corallina prisca) (sample CPE-4). (F) Geniculate sp. 2 [sample (CPE-4ii)]. (G) Geniculate sp. 2 (sample SEE-5i).
(H) Geniculate sp. 3 (sample SEE-6i). (I) Karpathia sphaerocellulosa (sample CPE-5iii). (J) Hydrolithon lemoineii (sample SEE-6i). (K) Lithoporella minus (sample SEW-
1i). (L) L. minus showing a uniporate sporangial conceptacle partially preserved (sample CPE-8iii). (M) Lithoporella melobesioides (sample CPE-10iii).
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surface and measure about 200 mm in diameter and 100-130
mm in height. They are slightly trapezoidal but irregular in
shape and possess conspicuous pore canals in the roof. The
specimens showing these features can be assigned to the
species Lithothamnion exuberans Mastrorilli, 1967, who
highlighted the irregular shape of the sporangial
conceptacles, which is a typical character of the study
material. Similar coralline algae were described as
Lithothamnion sp. 4 by Aguirre et al. (2020) from the
middle Eocene carbonates of Subbetic Zones, Betic
Cordillera (S Spain), Colombia, and Dominican Republic.

5. Lithothamnion crispithallus Johnson 1957 (Figure 10H).
Thin thallus with a well-developed plumose ventral core
and a thin peripheral region, which thickens substantially
surrounding conceptacles. Sporangial conceptacles, which
Frontiers in Marine Science | www.frontiersin.org 17
are crowded in portions of the thallus, protrude on the
thallus surface generating a wart-like structure. They are
rectangular or dome-like in shape ranging from 190 mm to
250 mm in diameter and from 100 mm to 140 mm in height.
This alga occurs attached to hard skeletons or as crusts
isolated in the sediment. Johnson (1957) highlighted the
crowding of the conceptacles as characteristic of the species.
Lithothamnion charollaisi Segonzac and Charollais 1974
shows similarities with L. crispithallus. Nonetheless, the
description of the species is very limited precluding feasible
comparisons.

6. Lithothamnion vaughani Howe 1919b (Figure 10E). In the
protologue of this species, Howe (1919b) indicated “primary
hypothallia somewhat reduced,…. rather irregularly arranged
(i.e., not distinctly “coaxial”)” (Howe, 1919b; p. 6).
FIGURE 12 | (A) Lithoporella melobesioides (sample SEW-3ii). (B) Laminar thalli of Distichoplax biserialis in a wackestone matrix (sample CPE-9). Arrows mark cell
fusions. (C) D. dbiserialis showing a uniporate sporangial conceptacle (sample SEE-9). Arrow marks cell fusions. (D) Oblique section of a lamina of D. biserialis
(sample CPE-9). Arrows mark cell fusions. (E) Spongites sp. 3 (sample CPN-3). (F) Spongites sp. 2 (sample CPN-5ii). (G) Spongites sp. 1 (sample CPE-7).
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Later, Lemoine (1928; see also Lemoine, 1939) transferred the
species to the new genusMesophyllum that she described: “Les
espèces fossiles qui me paraissent faire partie du genre
Mesophylllum sont: … M. vaughani Howe” (Lemoine, 1928;
p. 253). This new genus attribution has been followed by later
authors. Nonetheless, taking into consideration the clear
reference to the plumose ventral core we keep the original
genus attribution by Howe (1919b).

7. Lithothamnion sp. 2 (Figure 10G). This species occurs as
fruticose or encrusting plants with branches showing
irregular internal zones. The most characteristic feature is
that numerous multiporate sporangial conceptacles are
grouped in the tips of branches or warts. They are mostly
secondarily filled by adventitious cells. Thallus morphology,
internal organization, conceptacle shapes and sizes, and their
distribution allow comparing this species with Mesophyllum
schenckii Howe, 1934, Lithothamnion wallisium Johnson and
Tafur, 1952, later figured by Johnson and Stewart (1953), and
Lithothamnion sp. Stockar (2000). It also shows certain
resemblance with Mesophyllum galettoi Mastrorilli, 1967.
Members of the genus Mesophy l lum present a
predominantly coaxial hypothallus. Nonetheless, in the
protologue of M. schenckii and M. galettoi, both Howe
(1934) and Mastrorilli (1967), respectively, indicate the
presence of a plumose ventral core. The specimens we have
studied show plumose ventral core, so, we assign them to
Lithothamnion.
One specimen in sample SEW-1 shows a large triangular
conceptacle with a long single pore in the roof. The pore
canal protrudes above the thallus surface generating a wart-
like protuberance. This alga shows the same growth
morphology and thallus organization as that of
Lithothamnion sp. 2, thus, we interpret it as a gametangial
plant of the species.

8. Undifferentiated Hapalidiales. Under this category, we
include small unidentifiable fragments of encrusting thalli
with well-developed plumose hypothallus and a thin
perithallus, which thickens around sporangial multiporate
conceptacles.
Order Corallinales (Figures 11D–M, 12)

1. Geniculate sp. 1 (Figure 11E). It occurs as calcified
disarticulated portions of intergenicula with cell fusions.
One portion presents a uniporate conceptacle located in a
terminal position of the intergeniculum (Figure 11E).
Fragmentation precludes genus identification; however,
preserved features remind those of Corallina prisca
Johnson, 1957 from the late Eocene of Saipan (Mariana
Islands).

2. Geniculate sp. 2 (Figures 11F, G). Dispersed fragments of
portions of calcified intergenicula with cell fusions. Two of
these intergenicula preserve uniporate conceptacles in the
terminal position that are surrounded by lateral branches.
One of the specimens show a small conceptacle with a high
pore canal (Figure 11F) and the other is biggerwith a short pore
canal (Figure 11G). The former is tentatively interpreted as a
possible gametangial conceptacle of the same taxon.
Frontiers in Marine Science | www.frontiersin.org 18
3. Geniculate sp. 3 (Figure 11H). A single thallus showing cell
fusions and a big uniporate sporangial conceptacle derived
from cortical cells in a lateral position of the intergeniculum.

4. Distichoplax biserialisDietrich 1927 (Figures 12B–D). This is
a widely known species, although its attribution has been
debated. In the study material, we have found laminar thalli
of D. biserialis showing both conceptacle primordia and void
uniporate sporangial conceptacles (Figure 12C), enabling the
assignment of this species to the order Corallinales. Similar
reproductive structures have been figured by Kiej (1963;
1964) and Dieni et al. (1979). Recently, Sarkar (2018)
included this species within the subfamily Lithophylloideae,
based on the absence of cell fusions, an interpretation also
erroneously made by Aguirre et al. (2010). This species shows
evident cell fusions, although they are sometimes nearly
absent in some portions of the thallus (Figures 12C, D).
Therefore, it cannot be considered a lithophylloid any longer
(Rösler et al., 2017; Peña et al., 2020b). Athanasiadis (1995)
already questioned the attribution of Distichoplax to
Lithophylloideae and proposed its affinity with Mastophora
or Lithoporella.

5. Spongites sp. 1 (Figure 12G). This species is relatively
frequent in the study material. It occurs as crusts or
broken branches and is characterized by uniporate
sporangial conceptacles that show slightly eccentric pore
canals in the conceptacle roof. (Figure 12G). The eccentric
pore canal is highlighted by Stockar (1997) while describing
what he identified as Lithophyllum atrum Conti 1945.
Nonetheless, Conti (1945) did not mention this feature in
the original description of the species. Furthermore,
sporangial conceptacles of L. atrum are much bigger than
those found in the present study. Based on the vegetative
anatomy and the reproductive structures, additional names
that fit with our material are those originally described as
Lithophyllum vicetinum Mastrorrilli, 1973 or Lithophyllum
ligusticum Airoldi, 1932. Vannucci (1970) figured a
specimen identified as Lithophyllum ligusticum showing a
uniporate sporangial conceptacle with an eccentric pore
canal. The reassessment of the Airoldi’s type material by
Vannucci et al. (2008) led them to synonymize L.
ligusticum and Lithophyllum perrandoi, Airoldi 1932
favoring the latter as the valid species name. Airoldi
(1932) described a coaxial ventral core, the same thallus
organization that can be observed in Figure (1A and
Figure 4) of Vannucci et al. (2008). Nonetheless, these
authors described the type material as having a plumose
ventral core (their Figure 2).

6. Spongites sp. 2 (Figure 12F). Fragment of a fruticose plant
obliquely cut showing numerous cell fusions. At the tip of the
branch, a uniporate conceptacle, 270 mm in diameter and 110
mm in height, is observed. The pore canal is partially visible.

7. Spongites sp. 3 (Figure 12E). Thin encrusting monomerous
plant with thin ventral core and peripheral region. The latter
thickens around a protruding uniporate conceptacle 310 mm
in diameter and 115 mm in height (Figure 12E). Conceptacle
shape and size remember Lithophyllum bassanense
Mastrorrilli, 1973.
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8. Undifferentiated Corallinales. Fragments of coralline algae
that show cell fusions and uniporate sporangial conceptacles
but that do not show enough features to assign them to any
species.
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De La Región Vasco-Cantábrica: Secuencias Deposicionales, Facies Y
Evolución Paleogeográfica,” in Basque Country UPV-EHU (Bilbao: Univ.
Basque Country).

Baceta, J. I., Pujalte, V., Serra-Kiel, J., Robador, A., and Orue-Etxebarrıá, X. (2004).
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