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Abstract

A global larger foraminiferal turnover (LFT), first identified in the Pyrenees in 1960, occurred around the Paleocene-Eocene
boundary. It is characterized by the replacement of Paleocene assemblages dominated by Glomalveolina and Lockhartia (west
and east Tethys, respectively), with others typified by Eocene Alveolina and Nummulites. Its relationship with the Paleocene-
Eocene Thermal Maximum (PETM), a brief interval of global warming, has been debated at length. This study confirms that
the LFT was triggered by the PETM. In the Pyrenean Basin the primary driver of the LFT was the influx of over 100 km? of
predominantly fine-grained siliciclastic sediment into the sea during the PETM, which disrupted the previous long-lasting
oligotrophic conditions. Unlike other K-strategists, Alveolina and Nummulites adapted to the new ecological conditions,
radiating and expanding during the Eocene. Although no comparable siliciclastic influx occurred in the Tethys Ocean, the
LFT also coincided with the PETM in Slovenia and Egypt (western Tethys). The link between both events is attributed to
adaptations to fluctuating nutrient levels and increased coastal water productivity. In Pakistan and the Himalayas (eastern
Tethys), the replacement of Paleocene assemblages appears to have been gradual, leading to the notion that the LFT was not
linked with the PETM, but rather resulted from natural evolution. A re-evaluation of the data demonstrates that before the
global warming Alveolina and Nummulites were minor components of the assemblages, but that they rapidly evolved and
diversified during the relatively short interval of the PETM, a shift also observed in the Pacific Ocean.
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Introduction: stating the problem

A significant early Paleogene larger foraminifera turnover
(LFT) was first reported by Hottinger and Schaub (1960)
in the Pyrenees. It was characterized by the rapid diversi-
fication of species of a restricted number of genera and a
considerable increase in their shell size and adult dimor-
phism. More specifically, according to data of the Early
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Paleogene Benthos project (IGCP 286), the main feature of
the LFT was the appearance and rapid expansion of large-
sized porcelaneous Alveolina and of lenticular Nummulites
(Hottinger 1998; Fig. 1). A diversification of Assilina and
a few extinctions (e.g., Miscellanea) also occurred, but this
is less noticeable (Fig. S1A). Building on their discovery,
Hottinger and Schaub (1960) established a new stratigraphic
stage, termed the Ilerdian. Its stratotype and parastratotype
were designated at the Tremp and Campo sections, respec-
tively, in the Spanish provinces of Lerida and Huesca. The
base of the Ilerdian Stage was fixed at the LFT (Hottinger
and Schaub 1960).

On the other hand, a short-lived global warming event
known as the Paleocene—Eocene Thermal Maximum
(PETM) occurred 56 million years ago (Ma). This event is
recorded in numerous terrestrial and marine sections world-
wide by a brief, prominent negative excursion in stable car-
bon isotopes () (MclInerney and Wing 2011). The onset
of this carbon isotope excursion (CIE), which occurs in the

@ Springer


http://orcid.org/0000-0001-9549-4119
http://crossmark.crossref.org/dialog/?doi=10.1007/s10347-025-00709-1&domain=pdf

19 Page2of22

Facies (2025) 71:19

ALVEOLINA NUMMULITES

LOWER
ILERDIAN 2
SBZ 6

EOCENE

A. vredenburgi
(ex- cucumiformis)

LOWER
ILERDIAN 1
SBZ5

N !

A. (G.) levis

PALEOCENE
UPPER
PALEOCENE
SBZ4

N. catari

Fig.1 A Chronostratigraphic chart depicting the most representative
larger foraminiferal species across the Palacocene—Eocene boundary,
from SBZ 4 to SBZ 6. B Line drawings of Nummulites aff. miner-
vensis, showing an equatorial section and external view of a mega-

lower part of Chron C24r and at the base of calcareous nan-
nofossil biozone NP10, was designated as the Paleocene-
Eocene boundary marker (Aubry et al. 2007). It is now well
established that the PETM impacted on a wide range of
ecosystems and organisms, including terrestrial mammals
(Gingerich 2003) and deep-marine benthic foraminifera
(Thomas 2007), caused the extinction and origination of
several calcareous nannofossil species (Gibbs et al. 2006)
and rapid evolutionary changes in planktonic foraminifera
(Kaiho et al. 2006; Petrizzo 2007).

However, the effect of the PETM on larger foraminifera,
one of the most prolific calcifying organisms of tropical and
mid-latitude carbonate platforms at the time, remains con-
tentious. Hottinger (1998) argued that no connection existed
between the two events, asserting that the LFT occurred
before the PETM and was the result of evolutionary pro-
cesses driven by the principles of population genetics. Inter-
estingly, however, this author proposed “fo fix the Paleocene-
Eocene boundary in shallow carbonate deposits at the LFT
[an event] easily recognized in the field with a hand lens.
[Consequently] all the well-known limestones with larger
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lospheric A-form, alongside an equatorial section of a microspheric
B-form. C Photomicrograph of an equatorial section of a micro-
spheric B-form. D Photomicrograph of Alveolina vredenburgi

porcelaneous forms, i.e. [notably] alveolinids, and involute
nummulitids (s.str.) would fall within the Eocene” [Hottinger
1998, p. 62]. llerdian Alveolina and Nummulites are, in fact,
easily observable even with the naked eye (Figs. S1B, C),
and limestones containing these foraminifera are so abun-
dant and conspicuous in the Pyrenees that they have been
incorporated into formal stratigraphic terminology (e.g.,
“Alveolina Limestone Group”, Mutti et al. 1988; “Ilerdian
Alveolina Limestone Formation”, Hamon et al. 2016, and
“Alveolina Member”, Orue-Etxebarria et al. 2001).

The assertion that the LFT and the PETM were unrelated
was primarily based on studies conducted in Campo (Fig.
S2). However, subsequent research in this section provided
compelling evidence for a temporal correlation between
the LFT and the PETM (Orue-Etxebarria et al. 2001; Fig.
S2). This correlation was later confirmed in other sections
across the southern Pyrenees (discussed below), as well as
in sections from Egypt (Scheibner et al. 2005; Scheibner
and Speijer 2009; Abd-Elhameed et al. 2023) and Slovenia
(Zamagni et al. 2012) in the western Tethys. As a result,
the correlation was formally incorporated into the 2012 and
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2020 versions of the Paleogene Time Scale (Vandenberghe
et al. 2012; Speijer et al. 2020).

However, several recent papers, mostly based on sec-
tions from the eastern Tethys and the United Arab Emirates
(UAE), contest both the correlation and any causal relation-
ship between the LFT and PETM (e.g., Afzal et al. 2011;
Zhang et al. 2013, 2019; Li et al. 2020; Hanif et al; 2021;
Kamran et al. 2021; Beasley et al. 2021). Furthermore,
Zhang et al. (2013) even oppose using the onset of the CIE/
PETM to define the base of the Ilerdian stage.

In order to address the issues raised, this paper has sev-
eral objectives. Firstly, to present compelling evidence that
the LFT and the PETM occurred contemporaneously in
the Pyrenean Basin. Secondly, to discuss data supporting a
causal relationship between both events. Thirdly, to explore
potential explanations for the alleged differing effects of the
PETM on larger foraminiferal communities in the UAE and
the eastern Tethys. Finally, to advocate for the onset of the
CIE/PETM as the primary criterion for defining the base of
the Ilerdian Stage.

Database

This contribution primarily draws upon published infor-
mation. The Pyrenean Basin, where the LFT was discov-
ered, is discussed first, mostly drawing on previous studies
conducted by the authors of this article. However, some of
their original conclusions have been reassessed in this work,
incorporating several new findings. The information about
other areas is entirely sourced from the literature, intending
a comprehensive overview of current knowledge. By inte-
grating both established research and our own insights, this
paper aims to offer a balanced and updated synthesis of key
developments in the topic.

The Pyrenean Basin
Setting and palaeogeographic evolution

During Paleocene times the Pyrenean Basin was an
east—-west elongate marine embayment, opening into the
North Atlantic at approximately 35°N (Scotese 2010). The
central part of the embayment consisted of a deep-marine
trough, named the Basque Basin, which was traversed by
an axial deep-sea channel (Fig. 2A). Hemipelagic lime-
stone/marl successions accumulated on the floor of the
trough, whereas calcarenites and siliciclastic sands were
deposited in the deep-sea channel. The Basque Basin was
flanked on both its northern and southern margins by base-
of-slope aprons of carbonate breccias and calciturbidites,
which originated from adjacent shallow marine carbonate

platforms. The carbonate platforms were in turn encircled
by subaerial coastal alluvial plains, which in the east were
fed from Cretaceous carbonate rocks and in the south from
Palaeozoic and lower Triassic siliciclastics of the Ebro
Massif (Plaziat 1981; Baceta 1996; Robador 2008; Baceta
et al. 2011).

The long-lasting dominance of carbonate sedimentation
in the Pyrenean Basin during Paleocene times was abruptly
but temporally interrupted during the PETM by a massive
influx of siliciclastic sediments (Figs. 2B, 3). Inland, the
influx was recorded by the Claret Conglomerate and Yel-
lowish Soils in the Tremp area, which document increased
sedimentation rates in the coastal plains (Fig. S3; Schmitz
and Pujalte 2003, 2007; Pujalte et al. 2022; Payros et al.
2022). In transitional and marine environments, the influx
included significant quantities of quartz sands and pebbly
sands (Pujalte et al. 2015, 2016) but was predominantly
composed of silty muds (Schmitz et al. 2001). Quartz-rich
sands, predominantly sourced from the Ebro Massif, were
deposited in valleys incised into the carbonate shelf and
their associated braid deltas (Figs. 4-5, S4), as well as in
the deep-sea channel. Muds accumulated on the periphery
of the braid deltas across the entire carbonate platform and
throughout most of the slope, the floor of the Basque Basin
and the flanks of the deep-sea channel (Figs. 6, 7, S6-8).

The relationship of these clastic sediments with the
PETM is evidenced by carbon isotope profiles (8'3C), as
shown in the terrestrial Esplugafreda section and the deep-
marine Zumaia section (Fig. S3). In Zumaia, along with
many other sections in the Basque Basin, the relationship is
further supported by data from planktonic and deep-marine
benthic foraminifera, calcareous nannofossils and, in some
cases, increased kaolinite concentrations (Table 1). The
PETM recovery is recorded in the alluvial deposits of the
Tremp area by gypsum-rich deposits, and in marine settings
by the resumption of carbonate sedimentation, which per-
sisted into the early Ypresian (Fig. S3).

An accurate calculation of the volume of clastic sedi-
ments delivered to the Pyrenean sea during the PETM is
hindered by outcrop constraints and Alpine tectonic defor-
mation, which reduced the original width of the Pyrenean
Basin. Despite these limitations, a rough estimate indicates
that no less than 14 km? of sand and approximately 100 km?
of mud were delivered to the Pyrenean Basin during the
PETM (Figs. S8—10). Regardless of the exact volume of the
clastic influx, it was sufficient to halt carbonate deposition
across the marine area of the Pyrenean Basin during the
PETM (Pujalte et al. 1998).

The PETM mudstones from the Ermua, Zumaia and
Orio sections reveal that their total organic carbon content
ranges from 0.13 to 0.8%, with values reaching up to 30%
in carbonaceous remains from Orio (Nufiez-Betelu and
Baceta 1994; Pujalte et al. 2015). Additionally, Rock—Eval
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analyses indicate that this organic carbon is of continental
origin (Nufiez-Betelu and Baceta 1994).

Larger foraminiferal changes across the PETM

The distribution of Alveolina and Nummulites on Paleogene
shallow carbonate platforms and ramps was not uniform:
the former predominantly occurred on inner platforms with
euphotic conditions, whereas the latter thrived on mid-
dle platforms characterised by mesophotic conditions, but
both coexisted at the inner-middle platform transition (e.g.
Martin-Martin et al. 2020; Fig. 3A). This suggests that the
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presence of these foraminifera in specific sections is deter-
mined not only by their age but also by their depositional
environment or facies.

This is evident in Paleocene-Eocene sections of the
southern Pyrenees, where the PETM allows for a precise
tracking (at geological scale) of the lower occurrences of
both organisms (Fig. 3B; Table 1). For instance, the first
occurrence of Alveolina in Tremp (Ilerdian stratotype)
is post-PETM and comprises a notably rich assemblage,
including A. dolioliformis, A. piper, A. globula, and A.
cucumiformis (a synonym of A. vredenburgi) (Luter-
bacher 1973; Serra-Kiel et al. 1994). In contrast, in Campo



Facies (2025) 71:19

Page50f22 19

Alveolina

>
>

A

A j Nummulites

outer ramp I middle ramp

inner ram
P Tidal flat -

euphotic zone
fear weather wave base

sea-grass > . o O . . . . . . .

Ermua Urrobi Arazas & Tozal Campo Tremp
(Base of slope) (mid-platform) (braid delta) (coastal) (coastal)
A ; A ;
\ / LT T T\ T T T 1 3 X ®
c
.......... E E -
] © 3 0
£ £ o2
......... o 9 - Qo
2 H >
Emmmn P K3 =
: A A AN AST
A A A A E 3
C T T T T 11 A A A A o 8

L 1T T 1T T 1T 1T 1T T 1

""""" T T T T T T T T 1

PETM

Upper
%Thaggtian onset & core

L - |
Key to symbols | Larger Q%;/Assmnas @@ Alveolinas /7 T, Nummulites 1y Microcodium

| _ _ _Lithologies _ _ _ 1 forams
Dolomite with Palustrine Marlstone with Yellow marl with Red marl with
gypsum nodules  Grey marl limestone plant remains Gypsum CaCO3 nodules Conglomerate = CaCOs3 nodules
= [ Ed Ed kA [d
Carbonate PP Green Grey silty CaCOs-cemented Quartz-cemented
Slump breccia Caloiturbidits limestone mudstone quartzarenites  quartzarenites Limestone

ol B= =

[ ] ==

Fig.3 A Environmental distribution of Alveolina and Nummulites in
the lower Eocene successions of Sierra Espuiia (SE Spain) (modified
from Fig. 9 of Martin-Martin et al. 2020). B Synthetic chronostrati-
graphic panels of representative sections of the Pyrenean Basin,

(Ilerdian parastratotype), loose and deformed Alveolina
sp. appear during the CIE recovery phase, within marls
intercalated with dolomitic marls and gypsum (Fig. 3B).
In the overlying well-stratified limestones that postdate
the PETM, a proliferation of Alveolina similar to that of
Tremp is observed (Schaub 1973). For descriptive pur-
poses, the proliferation is herein referred to as “radiation.”

showing the diachronous lower occurrences of Alveolina and Num-
mulites across the Paleocene-Eocene boundary interval in different
settings

In the Brecha de Arazas and Tozal del Cebollar sections,
Alveolina sp. appear in the lower part of the PETM core,
predating their occurrence in Tremp and Campo (Figs. 3B,
4). Most specimens of these Alveolina occur within tem-
pestites and are therefore resedimented (Fig. 4F, G),
although they must have originated from a nearby area.

@ Springer
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Brecha de Arazas
section

Fig.4 A Field view of the Brecha de Arazas section, Ordesa National
Park (modified from Fig. 5 of Pujalte et al. 2016), showing the PETM
intervals: Nummulites Band; 1, carbonate-cemented sandstone with
Alveolina; 2, coarsening-up quartz-cemented sandstone and pebbly
sandstone. B Field view of the Tozal del Cebollar section, Ordesa
National Park (modified from Fig. 14 of Pujalte et al. 2016), showing
the PETM intervals: Nummulites Band; 1, carbonate-cemented sand-
stone with Alveolina-rich tempestites and “pockets”; 2, carbonate-
cemented sandstone with whitish streaks rich in resedimented larger
foraminifera (undetermined); 3, coarsening-up, parallel-laminated
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'_'Ifozal del Cebollar section
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quartz-cemented sandstone and pebbly sandstone. C, D, E Thin-sec-
tion photomicrographs showing Assilina, Nummulites, and Alveolina,
respectively, from the Brecha de Arazas section (location of samples
in A). F Close-up of a tempestite from the Tozal del Cebollar sec-
tion, composed of a lag of Alveolina in its lower part and parallel-
laminated sandstone, with scape galleries, in its upper part. G Thin-
section photomicrograph of the lower part of a tempestite, showing
numerous Alveolina, with their imbrication indicating traction cur-
rents. H Examples of Alveolina-rich “pockets,” probably resulting
from bioturbation of tempestites
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Serra-Kiel et al. (2020) reported an even earlier appear-
ance of Alveolina in Korres, with a new species (A. korre-
sensis) which occurs just below the karstified surface cap-
ping the upper Thanetian limestones (Fig. 5). It is important
to note that, to date, this species has not been identified in
any other section, suggesting that its appearance was highly
localised.

During the PETM, Nummulites were abundant in middle
platform areas but absent from inner and outer platforms
(e.g., Korres and Isaba, Figs. 5, S5B; Table 1). The most
significant middle platform section studied is Urrobi, which
was sampled at high resolution (Pujalte et al. 2003; Fig. 6).
The samples from most of the upper Thanetian limestones
comprise two types of Assilina, plus local operculiniform
Nummulites (probably, N. catari), a typical association of
zone SBZ4 (Fig. 6B, C). However, a few specimens of len-
ticular Nummulites appear in the uppermost part of these
limestones (Fig. 6D), representing the lowest occurrence of
these organisms in this section and, to our knowledge, in
the Pyrenees and the Tethys Ocean. The Thanetian lime-
stones are concordantly overlain by a 0.9-m-thick interval
of PETM mudstones, which contains a markedly different
assemblage dominated by a single species of Nummulites (N.
aff. minervensis, sensu Schaub 1981, comprising 60-80% of
the foraminiferal population). Accordingly, this interval was
referred to as the Nummulites Band (Pujalte et al. 2003; NB
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in Fig. 6B). The population is largely composed of A-forms,
which originate through asexual reproduction from either
larger B-forms or other A-forms. Adult larger specimens
are sparse and diminutive within the lower 10—15 cm of the
Nummulites Band but increase both in abundance and size
upwards. Interestingly, Hottinger (1998, p. 63) concluded
that “shorter-lived gamonts and/or schizonts, produced by
asexual reproduction, exploit by their accelerate initial
growth the maxima of nutrient input, forming spring and
autumn blooms”. In the limestones overlying the Nummu-
lites Band, which belong to biozone SBZS5, the foraminiferal
assemblage becomes progressively more diverse (Fig. 6B).

The PETM is also recorded by a Nummulites-rich muddy
interval similar to the Nummulites Band in the Brecha de
Arazas and Tozal del Cebollar sections, both in the Ordesa
and Monte Perdido National Park (Figs. 4A, B; Table 1).
This Nummulites Band occurs along the so-called Faja de
las Flores ledge, a striking 3-km-long trail carved into a
near-vertical carbonate cliff formed by the differential ero-
sion of PETM mudstones (Figs. S8B, C). In fact, it can be
traced on maps as far as the Tena section, located 17 km to
the west (Fig. S5A), where nearly all the larger foraminifera
from the Nummulites Band were identified as N. aff. min-
ervensis (Robador et al. 1991). The Nummulites from the
Brecha de Arazas and Tozal del Cebollar sections remain to
be determined, but given their morphological similarity, they
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Fig.6 A Field view of the Urrobi section, showing the PETM mud-
stones of the Nummulites Band interbedded between upper Thanetian
and lower Ypresian carbonates. B Litholog with nummulitid mor-
photype distribution and specific diversity observed in thin sections
of close-spaced samples (slightly modified from Pujalte et al. 2003,
Fig. 3). Asterisks show the location of samples C-E. C Assemblage
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4 N. pernotus gr.

Nummulites sp.

Assilina azilensis
Assilina yvettae

Nummulites catari

composed of lenticular (“true”) Assilina, operculiniform Assilina and
operculiniform Nummulites. D Similar to C, but with scattered speci-
mens of lenticular Nummulites (arrowed). E Assemblage dominated
by A-forms of lenticular Nummulites in a sample from the Nummu-
lites Band (NB)
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Fig.7 A Field view of the base-of-slope Ermua section. A” Close-up
of the upper part of the PETM interval showing numerous calcitur-
bidites. B Litholog of the section with inorganic carbon isotopic pro-
file (modified from Schmitz et al. 2001, Fig. 4B) and the location of

are likely to predominantly belong to the same species. This
suggests that the sudden proliferation of N. aff. minervensis
was not confined to the Urrobi section but was, in fact, a
widespread phenomenon across the middle platform.

In the base of slope Ermua section the PETM muds con-
tain numerous fine-grained and several medium-grained
bioclastic calciturbidites up to 10 cm thick (Figs. 7A, B).
The latter contain Nummulites, arguably derived from the
middle platform (Figs. 7C).

Larger foraminiferal changes
across the PETM in the Tethys Ocean

In the western Tethys (Fig. 8A), the relationship between
the PETM and the LFT was analysed in Slovenia (Zamagni
et al. 2012) and on the Galala Plateau in Egypt (Scheibner
et al. 2007; Scheibner and Speijer 2009; Abd-Elhameed et al.
2023). These studies concluded that both events were coeval
and occurred at the SBZ4/5 boundary, in line with the Pyr-
enean findings.

Marly
limestone

Leg na
“Green”
limestone

Mudstone

calciturbidites containing lenticular Nummulites (diamonds). C Len-
ticular Nummulites from a calciturbidite at the PETM onset. D Pho-
tomicrograph of the topmost Thanetian “Green limestone”, a wacke-
stone with planktonic foraminifera

Contrarily, Beasley et al. (2021) challenged this rela-
tionship using data from a borehole in the UAE (Fig. 8B).
However, it is important to note that the Paleocene-Eocene
boundary interval in this borehole is incomplete. The onset
of the PETM is recorded in a 4 m-thick segment, within
which no larger foraminiferal changes were observed. This
segment is bounded below and above by two core gaps with
durations of 300 kyr and 1.5 Myr, respectively (Fig. 8B). The
upper gap spans the entirety of the PETM core and recov-
ery, as well as part of the early Ypresian. The foraminiferal
assemblage in the strata above this gap differs from that of
the Thanetian, indicating that significant changes must have
occurred during the 1.5 Myr missing interval. This ren-
ders the borehole unsuitable for addressing the issue under
consideration.

Results from the eastern Tethys are somewhat inconsist-
ent. For instance, a recent study from Baroch Nala in Paki-
stan (Ali et al. 2025) constrained the PETM using inorganic
and organic carbon isotopes, along with other proxy data.
The study found that Nummulites, and less commonly Alveo-
lina, appeared during the core and recovery of the PETM,
although their precise locations were not specified. After the
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Fig.8 A Global palacogeographic map for 56 Ma (modified from
Scotese 2010), with location of areas considered in the text. Oceanic
currents adapted from Fig. 1 of Haq (1981). The inset in the lower
right corner shows the present-day location of the Limalok Guyot
in the Pacific Ocean (ODP Site 871). B Carbon isotope data from a
borehole of the United Arab Emirates, with calcareous nannofossils

and SBZ zonations; note extensive core gaps (simplified from Fig. 7
of Beasley et al. 2021). C Lithologs, isotope profiles, SBZ zonations
and range of Alveolina and Nummnulites in two sections of Pakistan
(Dularen, modified from Fig. 6 of Kamra et al. 2021; Nammal gorge,
modified from Fig. 5 of Hanif et al. 2020)
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PETM, Nummulites and Assilina dominated the assemblage,
Alveolina becoming increasingly frequent. These findings
are not at odds with those from the Pyrenees and the western
Tethys.

However, other studies reached different conclusions.
According to Afzal et al. (2011), for instance, late Paleocene
larger foraminiferal assemblages in the Indus Basin are
taxonomically comparable to those in the western Tethys.
Contrarily, the earliest Eocene assemblages lack typical
western Tethys Nummulites, and Alveolina occurrences are
sparse. The authors attributed this to possible biogeographi-
cal barriers, potentially arising from the early stages of the
India-Asia collision. Afzal et al. (2011) did not conclusively
constrain the CIE/PETM due to limited sampling resolution.
Consequently, they placed the base of the Eocene at the first
appearance of Alveolina sp.

In the Dularen section of the Potwar Basin (Pakistan),
the onset of the PETM is characterised by an approximately
5%o CIE (Kamran et al. 2021; Fig. 8C). Although no sig-
nificant larger foraminiferal changes occur, it is noteworthy
that A. vredenburgi first appears during the onset of the CIE.
Kamran et al. (2021) observed a more prominent shift in the
foraminiferal assemblage during the recovery of the PETM,
which included the emergence of six Alveolina species and

two Nummulites species (Fig. 8C). They correlated this shift
with the Larger Foraminiferal Extinction and Origination
(LFEO) event originally described by Zhang et al. (2013) in
the Tethys Himalaya (discussed below).

Similarly, in the Nammal Gorge section of the Salt Range
(Pakistan), Hanif et al. (2021) reported a transition from a
typical Paleocene larger foraminiferal assemblage to another
dominated by Alveolina (including A. vredenburgi), Num-
mulites and Assilina. Most likely, by “typical Paleocene
assemblage” the authors referred to one dominated by
Lockhartia, which justifies the term “Lockhartia Sea” used
by Hottinger (1998) and Bassi (2014). They suggested that
this shift approximately corresponds to the LFT, as the first
occurrence of A. vredenburgi is observed around the middle
of the PETM (Fig. 8C). It should be noted, however, that
larger foraminifera are only present in a limited portion of
this section (Fig. 8C).

In the Tethys Himalaya, middle Paleocene to lower
Eocene carbonates are predominantly preserved in three
distinct outliers (Fig. 9A). Research conducted at Tingri
and Gamba by Zhang et al. (2013, 2019) and Li et al. (2017,
2020) highlighted several differences when compared to the
Pyrenees and the western Tethys, the most striking being the
presence of Alveolina in upper Thanetian deposits (Fig. 9B).
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However, these occurrences are irregularly distributed. At
Gamba, A. vredenburgi is found approximately 65 m below
the PETM onset in sections ZP, ZM and F, but only about
15 m below the PETM onset in Section 11 TMG. An even
older occurrence of A. cf. vredenburgi was identified in
a single sample located around 100 m below the CIE in
the Zongpu section at Gamba. At Tingri, A. vredenburgi
appears 11 m below the PETM in Section 09ZS, while a
single occurrence of Alveolina sp. is reported just under the

PETM in Section 13ZS (Fig. 9B). In contrast, no Alveolina
were detected below the PETM in the Shenkezha section at
Tingri (Fig. 9B).

Zhang et al. (2013) were the first to report a significant
foraminiferal extinction and origination event (LFEO) dur-
ing the CIE recovery in the Tethys Himalaya. This event was
characterised by the disappearance of several typical Pale-
ocene genera, alongside the initial dominance of Alveolina
(Figs. 9B, 10A,B). Thus, Paleocene Alveolina specimens
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Fig. 10 A, B Lithologs, isotope profiles, SBZ zonations and range of
selected larger foraminifera in two sections of the Tethys Himalaya
(1IMG at Gamba, modified from Fig. 4 of Zhang et al. 2019; Shek-
ezha, modified from figs. 3 and 4 of Li et al. 2020). C Lithological
log of the Zongpu section (Gamba area) across the Paleocene-Eocene

boundary, with distribution of larger foraminifera in carbonate clasts

of the conglomerate bed (modified from Fig. 3 of Li et al. 2017). D
8.13C curves for whole-rock carbonate and organic matter from the

Zengbudong section, Gamba area (modified from Fig. 7 of Li et al.

2017)
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belong to one single species, only occur in low numbers in
some sections, and are absent in others (Fig. 9B). In contrast,
Alveolina became more common and diversified during the
CIE recovery in all Sections (10 different species, Fig. 9B),
serving as the main evidence of the LFEO. Zhang et al.
(2013, 2019) tentatively attributed the LFEO to a eutrophi-
cation event triggered by intensified continental weathering
during the CIE recovery, but no sedimentological evidence
was provided.

Li et al. (2017), also studying the Tibetan Himalaya,
discovered an erosional disconformity near the Pale-
ocene—Eocene boundary that they claim can be traced for
approximately 200 km across southern Tibet. At the Zongpu
section in Gamba, the disconformity is overlain by a chan-
nel-like conglomerate approximately 3.5 m thick, composed
of intraformational carbonate clasts (Fig. 10C). Most clasts
contain larger foraminifera from biozone SBZ4, but a few
include A. vredenburgi and A. ellipsoidalis, and are attrib-
uted to SBZS5 and SBZ6, respectively (Fig. 10C). Inorganic
and organic carbon isotope profiles from the Zengbudong
section indicate that only the recovery phase of the PETM is
preserved (Fig. 10D). Taken together, these data demonstrate
that the unconformity involves a hiatus spanning the upper
part of the Thanetian and the onset and core of the PETM.
Zhang et al. (2019) and Li et al. (2020) identified correlative
hiatuses in other sections of Gamba and Tingri, located at
or near the transition between the core and recovery of the
PETM. However, these were of lesser magnitude, as they
partly preserved the PETM onset and core (Figs. 10A, B).

In the Shenkezha section (Tingri area), Li et al. (2020)
documented species extinctions and originations during
the PETM recovery associated with the LFEO (Fig. 10B).
However, unlike Zhang et al. (2013, 2019), rather than to
eutrophication, they attributed these taxonomic changes to
an environmental shift from a middle-ramp to a lagoonal
setting, driven by a relative sea-level fall. Evidence for this
sea-level fall includes the widespread disconformity at Zeng-
budong, which is also present at Shenkezha. Consequently,
they concluded that the fundamental biotic changes during
the PETM recovery were primarily driven by fluctuations
in relative sea level.

Arguing that A. vredenburgi is a key marker of the early
Ilerdian biozone SBZ5, Zhang et al. (2013, 2019) con-
cluded that the P-E boundary, as marked by the onset of
the CIE/PETM, is not located at the SBZ4/5 boundary
in Tibet but rather in the upper part of SBZ5 (Fig. 10A).
As such, they assert that in the Himalayas the LFT is nei-
ther contemporaneous with, nor related to, the PETM. In
doing so, they align with Hottinger (1998) in attributing
the LFT to natural evolutionary processes. Furthermore,
Zhang et al. (2013) argued against placing the base of the
Ilerdian at the onset of the PETM, as the establishment of
this stage was originally based on the evolution of larger

@ Springer

foraminifera. Consequently, they position the base of the
Ilerdian at the earliest occurrence of A. vredenburgi.

Larger foraminiferal changes
across the PETM in the Limalok Guyot
(Pacific Ocean)

The Limalok Guyot (Pacific Ocean) was drilled at ODP
Site 871 (Fig. 8A), yielding several pieces of evidence
that complement the findings from the Pyrenees and the
Tethys. The guyot, formed on a volcanic edifice, com-
prises approximately 290 m of lower Paleocene to middle
Eocene platform carbonates, age-dated with Alveolina and
Nummulites (Nicora et al. 1995). The guyot was located
at a palaeolatitude of ~ 11°S in the late Paleocene and was
drowned in the middle Eocene at ~ 8°S (Premoli Silva et al.
1993). As noted by Robinson (2011), its isolation allows
for the investigation, free from the influence of continental
margins, of the effects of changes in surface ocean tem-
perature and chemistry caused by the PETM on a shallow-
water carbonate succession.

Of the 40 cores recovered, 29 were composed of shal-
low-marine carbonates (Fig. 11). The analyses of carbon
isotopes from bulk samples generally yielded positive
8!3C values, most ranging between + 1.5 and + 2.5%o
in the lower part of the borehole but declining upwards
(Robinson 2011). Superimposed on this general trend, a
negative excursion of up to~3%o was observed in several
samples at~336 mbsf (core 23R, Fig. 11). Nicora et al.
(1995) identified Nummulites in overlying cores, including
N. deserti in core 21R. This species is characteristic of the
SBZ5 and SBZ6 biozones (Fig. S1A), providing biostrati-
graphic evidence that the CIE at core 23R corresponds
to the onset of the PETM. The distribution of Alveolina,
also present in the borehole, is particularly noteworthy.
Single specimens of Alveolina sp. were observed in cores
25R and 26R, situated approximately 34 and 35 m below
the onset of the CIE/PETM, respectively (Fig. 11). How-
ever, Alveolina becomes abundant in core 20R and very
abundant in core 19R, above the PETM (inset in Fig. 11),
a distribution similar to that observed in the Tethys Hima-
laya (cf. Figure 9B).

A notable feature of this guyot is the absence of any
significant interruption in carbonate production during the
PETM interval. According to Robinson (2011), the continu-
ity in carbonate sedimentation suggests either that the dura-
tion of the PETM acidification was below the resolution of
the record or that its intensity was insufficient to cause any
noticeable effects. As a result, Robinson (2011) concluded
that a decrease in surface water pH lasting more than 10 kyr
was unlikely.
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Fig. 11 Lithostratigraphy and
8.13C isotope data (grey dots) of
ODP Hole 871C at the Limalok
Guyot, Pacific Ocean (modified
from Fig. 1 of Robinson 2011).
Alveolina and Nummulites

data from Table 1 of Nicora

et al. (1995). The inset in the
lower right corner illustrates
slightly oblique axial sections
of Alveolina (Alveolina) sp. aff.
A. sakaryaensis from Core 19R
(slightly modified from image 7,
plate 2, of Nicora et al. 1995)

Discussion

Impact of the PETM on larger foraminifera

in the Pyrenean Basin
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Two key facts must be taken into account (Fig. 3B,
Table 1): (1) the diachronous lower appearances of Alveo-

lina and Nummulites in sections from different settings and
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(2) the significant influx of mostly fine-grained siliciclastic
sediments during the onset and core of the PETM.

The apparent diachrony is clearly an artefact of the
important early Ilerdian sea-level rise in the Pyrenean
Basin, which caused a time-transgressive displacement of
the euphotic and mesophotic environments inhabited by
Alveolina and Nummulites, respectively. A clear proof of
this rise is the displacement of the shoreline, which broadly
coincides with the transition from continental red mudstones
to shallow-marine limestones. In the Campo-Tremp transect,
for example, the shoreline advanced landward by as much as
150 km during the early Ilerdian (Baceta et al. 2004, their
Fig. 3.46). The sea-level rise is also evident in individual
sections. For example, in Campo it is recorded by the verti-
cal facies stacking above the subaerial exposure capping the
Navarri Formation (Fig. S2): continental siliciclastics (Mb
1); palustrine/lagoonal limestones with Alveolina (Mb 2a);
inner platform Alveolina limestone (Mb 2b); open-marine
limestones with Nummulites (Mb 2c¢); alternations of marls/
marly limestones with planktonic foraminifera (Mb 3).
Consequently, to accurately monitor the evolution of larger
foraminifera in any basin, it is crucial to study sections from
diverse depositional settings.

An additional effect of sea-level changes in carbon-
ate platforms is the development of discontinuities, which
have been routinely used to delimit depositional sequences
and parasequences (Van Wagoner et al. 1988). Luterbacher
(1998) highlighted the possibility that certain compositional
changes in foraminiferal assemblages in vertical sections
may, in fact, be associated with discontinuities, referring to
this phenomenon as “telescoping” (Fig. 12A).

The temporal coincidence between the PETM and the
LFT in the Pyrenees suggests a causal relationship. It is
well-established that the PETM led to seawater acidification,

arise in ocean temperatures, and changes in terrestrial run-
off (MclInerney and Wing 2011). The acidification caused
extensive dissolution of deep-ocean carbonates (Zachos
et al. 2005), although it was less significant in shallower
waters. In fact, the vast majority of shallow-marine carbon-
ates from the Tethys show no evidence of dissolution across
the Palaeocene—Eocene boundary (e.g., Figs. 8C, 9). Data
from the Limalok Guyot further support this notion. It is
reasonable to infer that seawater acidification in shallow-
marine environments during the PETM was minimal and,
consequently, had little to no impact on larger foraminifera.
The same holds true for the rise in seawater temperatures, as
these organisms thrive in both temperate and warm shallow-
marine environments. At most, it may have led to an expan-
sion in their latitudinal distribution.

The siliciclastic influx in the Pyrenean Basin during the
PETM, which increased sedimentation rates by a factor of
two to five, is attributed to a significant seasonal intensifica-
tion of the hydrological cycle within a generally drier cli-
mate (Schmitz et al. 2001; Schmitz and Pujalte 2007; Payros
et al. 2022). Supporting this conclusion, modelling by Cecil
and Dulong (2003) found that fluvial erosion and sediment
loads increase under highly seasonal precipitation rang-
ing from 300 to 600 mm per year. A recent instance of this
relationship was observed in eastern Spain on 29 October
2024, when a prolonged dry spell was abruptly interrupted
by rainfall exceeding the total annual average in less than
two days, causing a catastrophic flooding. As a result, the
area was blanketed with tons of mud.

The massive influx of terrestrial siliciclastic sediments
into the Pyrenean Basin, particularly muds, must have had a
significant impact on biotic communities. Larger foraminif-
era flourish under stable oligotrophic conditions and are rec-
ognised as K-strategists (Hottinger 1983, 1998). The influx

Fig. 12 A Simplified graph, AI
inspired in Fig. 8 of Luter-
bacher (1998), illustrating how
evolutionary lineages of larger
foraminifera may be “tel-
escoped” at unconformities and
hiatal surfaces. B Alternative
interpretation of the “Larger
Foraminiferal Extinction and
Origination event” (LFEO)
described by Zhang et al.
(2013) in the Tethys Himalaya,
as an instance of telescoping

at the hiatus associated with
the disconformity between the
core and recovery phases of the
PETM
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likely triggered seawater eutrophication, reduced water
transparency and diminished light availability, thereby pro-
foundly disrupting the habitat of larger foraminifera. The
effects of these changes are exemplified by the fate of Mis-
cellanea, a characteristic Palaeocene K-strategist. This larger
foraminifer, which is abundant in the upper Thanetian of
Campo (Scheibner et al. 2007), is absent from the PETM
and lower Ypresian in this and other Pyrenean sections
(Serra-Kiel et al. 2020). By contrast, Nummulites and Alve-
olina thrived during the PETM (Table 1), demonstrating a
greater capacity than Miscellanea and other Paleocene larger
foraminifera to adapt to the new environmental conditions
brought about by the siliciclastic influx.

The case of lenticular Nummulites in the Urrobi sec-
tion is particularly illustrative. In this section Nummulites
first appear, scattered among lenticular and operculiniform
Assilina, in the topmost 10 cm of the upper Thanetian car-
bonates (Fig. 6B, D). However, in the PETM Nummulites
Band the situation is reversed, Nummulites overwhelmingly
dominating the foraminiferal assemblage (Fig. 6E). A simi-
lar abrupt upsurge of Nummulites is observed in the Brecha
de Arazas, Tozal del Cebollar and Tena sections (Fig. 4). A
key question is whether a hiatus exists in the Urrobi section
at the boundary between the Thanetian limestones and the
Nummulites Band. Pujalte et al. (2003, their Fig. 5) con-
cluded that the absence in Urrobi of the dissolution interval
observed at Zumaia (Fig. S3B) might suggest a minor hiatus.
If this were the case, it could be argued that the proliferation
of Nummulites in the PETM mudstones was partly due to a
telescoping effect. However, as noted above, the acidification
of shallow-marine waters during the PETM (and thus CaCO,
dissolution) was either weak or absent, which undermines
this argument.

Paradoxically, data from the Basque Basin support the
absence of both a hiatus and any telescoping effect at Urrobi.
Thanetian deep-sea successions in the Basque Basin are
typically capped by a hemipelagic greenish limestone, up
to 60 cm thick (“Green Limestone” in Figs. S3B, S6A, B),
its distinctive colour due to the glauconite infilling of plank-
tonic foraminifera tests. In Zumaia, where no evidence of a
hiatus is observed, the onset of the PETM occurs within a
thin marly interval that overlies this limestone (Fig. S3B).
Both the Green Limestone and the overlying marly interval
are also present in Ermua, although with several interca-
lated turbidites (Fig. 7B). Notably, some of the turbidites
within the PETM onset and core contain lenticular Num-
mulites (Fig. 7B, C). While these specimens are clearly
resedimented, their presence indicates that Nummulites were
flourishing on the mid-platform from the very onset of the
PETM.

The appearance pattern of Alveolina mirrors that of
Nummulites. Its first Pyrenean occurrence was found in
uppermost Thanetian limestones, although so far only in

the Korres section (Fig. 5). These limestones became suba-
erially exposed during the PETM due to a late Thanetian
sea-level fall, as shown by their capping karstified surface
and the overlying terrestrial mudstones. Subsequently, the
section was reflooded during the Ilerdian transgression, and
Alveolina became abundant and diverse, a clear example of
telescoping (Fig. 5). However, during the PETM Alveolina
specimens are already abundant in the Brecha de Arazas and
Tozal del Cebollar sections (Fig. 4, Table 1). Sedimentologi-
cal evidence shows that these specimens were transported by
storm return currents, but their presence implies a significant
proliferation in shallow waters during the PETM. The sub-
sequent extensive development of the Alveolina Limestone
Formation provides clear evidence that, in inner-platform
settings, Alveolina came to dominate the foraminiferal
assemblage during the early Ypresian.

It can thus be concluded that what characterised the LFT
in the Pyrenean Basin was not the first appearance of Num-
mulites and Alveolina, but their sudden proliferation during
the PETM. This proliferation was driven by the eutrophica-
tion caused by a massive siliciclastic influx, which was far
more voluminous than in the Tethys. It is therefore hardly
surprising that this turnover was first identified in the Pyr-
enees (Hottinger and Schaub 1960).

Impact of the PETM on larger foraminifera
in the Tethys and in the Limalok Guyot

With some exceptions (e.g., Jiang et al. 2021), a substan-
tial increase in terrigenous influx during the PETM is not
observed in the Tethys realm. In fact, none of the sections
from the Tethys considered here contain a siliciclastic inter-
calation within the PETM akin to that of the Pyrenees. How-
ever, Pogge von Strandmann et al. (2021) detected a negative
lithium isotope excursion of ~3%o in both global seawater
(marine carbonates) and local weathering inputs (detrital
shales), consistent with a substantial delivery of clays to
the oceans. A global eutrophication of seawater during the
PETM is also indicated by other proxies, including elevated
biogenic barium values, used as a proxy for biological pro-
ductivity (Schmitz et al. 1997b), and the deposition of black
shales in sections from Egypt and Israel (Speijer and Wagner
2002). This eutrophication likely explains the correlation
between the LFT and the PETM in the western Tethys sec-
tions of Slovenia and Egypt.

The impact of the PETM on larger foraminifera in the
eastern Tethys requires a longer discussion, as published
data are somewhat contradictory. Here, we summarize some
of the interpretations from the eastern Tethys that diverge
from those of the Pyrenean Basin and the western Tethys and
propose explanations to reconcile the differences.

The main discrepancy concerns the origin of the LFT
itself. Afzal et al. (2011) contended that the LFT was not
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an instantaneous or synchronous event across the entire
Tethyan region, solely induced by the PETM. Instead, they
argued that it was a gradual process primarily driven by
long-term evolutionary trends in larger foraminifera. Zhang
et al. (2013) reinforced this perspective, suggesting that the
LFT reflects natural evolutionary processes unrelated to the
PETM. These conclusions appear to be based on the dis-
similar occurrences of Alveolina and Nummulites, the most
representative genera of the LFT.

In the Indus Basin of Pakistan, for example, occurrences
of Alveolina are sparse, and Nummulites are absent (Afzal
et al. 2011). Also, A. vredenburgi is recorded in sections
of Pakistan at different horizons of the PETM, at the onset
in Dularen, but in the middle part of its core in Nammal
Gorge (Fig. 8C). However, it must be noted that, even in
the Pyrenean Basin, Alveolina and Nummulites first appear
at different levels of the PETM, depending on the deposi-
tional environment of the sections (Fig. 3B; Table 1). The
diachrony in the Pakistan sections may be due to the same
reason and therefore does not invalidate a causal relationship
between the LFT and the PETM.

The occurrence of A. vredenburgi below the PETM in
some Himalayan sections is perplexing (Fig. 9B). Its appear-
ance ~ 65 m below the onset of the CIE in the ZP, ZM and
F sections suggests that it predates the PETM by ~ 1.8 mil-
lion years (assuming late Paleocene sedimentation rates
were similar to those during the PETM). In the Zongpu
section, A. cf. vredenburgi was identified at an even lower
position, ~ 100 m below the PETM, although this was based
on a single sample. In other sections, A. vredenburgi first
appears at different levels. Notably, in sections where Alve-
olina is present below the PETM, its abundance remains
consistently low (Fig. 9B). This, along with its absence in
the Pakistani sections, suggests that Alveolina was rare and
occupied limited ecological niches in the Lockhartia Sea
during the late Thanetian. This situation, which persisted
for nearly two million years, changed dramatically during
the relatively brief PETM interval (~ 170 kyr; Rohl et al.
2007), when Alveolina became widespread and diversified.
This challenges the interpretation of the LFT as a gradual
process, instead reinforcing the PETM as its primary cause.
Similarly, in the Pacific Ocean Limalok Guyot Alveolina
was scarce below the PETM (with only two specimens), but
abundant above it. It is also worth noticing that Nummulites
appeared just above the PETM onset (Fig. 11).

A plausible explanation is that Alveolina originated in
late Thanetian times in the tropical region of the Himalayan
Tethys and/or the Pacific Ocean, but remained a minor com-
ponent of the foraminiferal assemblage. According to Langer
and Hottinger (2000), larger foraminifera disperse by raft-
ing on algae, attaching to fish, and being transported while
floating on marine currents. The westward-flowing surface
current in the Tethys (Fig. 8A) likely facilitated their spread
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across the Tethys and into the Pyrenean Basin, although
remaining a minor species. Their subsequent expansion in
all zones, along with that of Nummulites, was triggered by
the eutrophication induced by the PETM.

The so-called LFEO, first identified by Zhang et al.
(2013), is another contentious issue. The event is character-
ized by the abrupt replacement, at a specific horizon during
the PETM recovery, of Paleocene species with early Eocene
species, notably Alveolina (Zhang et al. 2013, their Fig. 3).
As previously indicated, however, the origin of this turnover
has been attributed to both seawater eutrophication (Zhang
et al. 2013, 2019) and environmental changes driven by
a sea-level fall (Li et al. 2020). Here a third alternative is
suggested, namely that the LFEO event represents a case
of “telescoping” (Fig. 12B). This event, indeed, is associ-
ated with an erosional unconformity that caused a hiatus
of variable magnitude (Zhang et al. 2019; Li et al. 2020).
As a result, the core of the PETM is partly preserved in
some sections, but it has been entirely removed in others
(Figs. 10B, D). Interestingly, the Alveolina association above
the unconformity is comparable, if not identical, to that of
the radiation documented in the Pyrenees, which developed
throughout the PETM. It is reasonable to assume that a simi-
lar evolution occurred in the eastern Tethys during the onset
and core of the PETM, the record of which is missing at the
hiatus (Fig. 12B).

A final discrepancy is the position of the onset of the
CIE, the marker of the Paleocene-Eocene boundary, within
the larger foraminifera zonation. There is a broad agreement
in the Pyrenees, the western Tethys, and even in some east-
ern Tethys sections to place it at the SBZ4/SBZ5 transition.
In contrast, Zhang et al. (2013, 2019) argued that, in the
Himalayan Tibet, this boundary is situated in the upper part
of SBZ5, based on the earlier first appearance of A. vre-
denburgi in some sections (e.g., Section 11 Mg at Gamba,
Fig. 10A). This discrepancy also concerns the position of the
base of the Ilerdian stage, which Hottinger (1998, his Fig. 1)
aligned with the SBZ4/SBZS boundary. In the Pyrenean
Basin, where the Ilerdian stage was defined, the precise loca-
tion of the CIE in several sections made it evident that the
lowest appearances of SBZ5 larger foraminifera occurred at
different horizons (Fig. 3B, Table 1). To amend this chron-
ostratigraphic issue, Pujalte et al. (2009) proposed redefining
the base of the Ilerdian to make it coincide with the onset
of the PETM. This proposal was contested by Zhang et al.
(2013), who argued that the foundation of the Ilerdian stage
was based, and should remain, on the evolutionary develop-
ment of larger foraminifera.

The strict application of that biostratigraphic criterion,
however, would lead to positioning the base of the Ilerdian
at different chronostratigraphic levels in separate sections,
both below and above the Paleocene—Eocene boundary
(Table 1, Figs. 3B, 9B). Moreover, although most divisions
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of the Geological Timescale were originally defined on
biostratigraphic grounds, ongoing revisions using global
stratotype-sections and points (GSSPs) in some places incor-
porate non-biostratigraphic markers, as is the case of the
Paleocene—Eocene boundary (Aubry et al. 2007).

The data presented here demonstrate that the eutrophica-
tion associated with the PETM was the primary cause of
the LFT in the Pyrenean Basin and throughout the Tethys
Ocean. Establishing the base of the Ilerdian stage at the
onset of the thermal event would stabilise its chronostrati-
graphic position, thereby rendering it globally valid. Fur-
thermore, this approach would align the base of the Ilerdian
with that of the standard Ypresian stage, simplifying the
stratigraphic nomenclature.

Conclusions

The data presented in this paper conclusively demonstrate
a genetic relationship between the PETM and the LFT, the
event marking the base of the Ilerdian stage. In the Pyrenean
Basin, the PETM significantly amplified the hydrological
seasonal contrast of the early Paleogene semi-arid climate,
greatly increasing the erosion and sediment load of the riv-
ers flowing into the basin. Consequently, at least 14 km? of
siliciclastic sand and nearly 100 km® of mud were intro-
duced into the sea during the onset and core of the PETM.
The massive influx of siliciclastics, particularly the mud,
led to seawater eutrophication, reduced water transparency
and diminished light availability, severely disrupting the
habitat of larger foraminifera, which are K-strategists and
thrive in stable, oligotrophic conditions. Some genera, such
as Miscellanea, were significantly affected, while others,
such as Nummulites and Alveolina, adapted to the changing
conditions. Both genera were already present in the Pyr-
enean Basin just before the PETM, albeit scattered among
late Thanetian species. However, they experienced an abrupt
proliferation at the onset and core of the PETM, and by the
recovery phase they radiated and diversified, becoming the
dominant species of the larger foraminiferal community
throughout the Eocene.

Most sections from the Tethys do not contain a simi-
lar intercalation of siliciclastic sediments at the PETM.
However, lithium isotopes and other proxies indicate that
eutrophication occurred throughout this ocean. In western
Tethys sections, the LFT either coincides with the PETM
onset or slightly postdates it. In the eastern Tethys, Alveolina
and Nummulites became increasingly abundant during the
PETM, eventually replacing a Paleocene larger foraminif-
eral assemblage rich in Lockhartia. Their first appearance
in sections of Pakistan is slightly diachronous across the
thermal event, whereas in Himalayan sections A. vreden-
burgi has been documented in the Thanetian, more than 1.8

Myr before the PETM. These facts have led some authors
to question a genetic relationship between the LFT and the
PETM. However, the diachrony in Pakistan is likely an arte-
fact resulting from environmental factors. In the Himalayas,
A. vredenburgi was a minor species during the Thanetian
but radiated rapidly during the comparatively brief PETM
interval (170 kyr), when Nummulites first appeared. Both
observations support the notion that the PETM had a sig-
nificant impact on the larger foraminiferal community across
the entire Tethys Ocean.

The onset of the CIE/PETM is the official marker of the
Palaeocene-Eocene boundary and the base of the standard
Ypresian stage. Given the correlation between the LFT and
the PETM, it makes sense to use the same criterion for the
base of the regional Ilerdian stage.
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