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The Campo section in the Spanish Pyrenees is classical for shallow-water Paleocene-Eocene Thermal Maximum
(PETM) studies. Despite extensive work in the last decades, the stratigraphic location of the onset of the negative
carbon isotope excursion (CIE), and hence the Paleocene/Eocene (P/E) boundary, remains a matter of consid
erable debate in the Campo section. Here we present new biostratigraphic, sedimentological and carbon-isotopic
data across the late Paleocene to Eocene strata to constrain the precise stratigraphic position of the P/E boundary
and investigate environmental changes across the PETM. Foraminiferal assemblages of biozone SBZ4 found
below the Claret Formation are replaced by SBZ6 assemblages above. Detailed microfacies analysis indicated that
the pre-PETM upper Navarri Formation represents transgressive inner-ramp deposits, overlain unconformably by
mixed carbonate-siliciclastic deposits of the syn-PETM Claret Formation, overlain unconformably in turn by
renewed carbonate-ramp deposition in the post-PETM lower Serraduy Formation. The temporary demise of the
carbonate ramp during the PETM is ascribed to increased siliciclastic supply associated with a significant change
in regional hydrology driven by an increase in magnitude and frequency of extreme rainfall and runoff events.
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1. Introduction
The Paleocene–Eocene Thermal Maximum (PETM; ~55.8 Ma) was a
period of climate change associated with a large perturbation to the
carbon cycle (Kennett and Stott, 1991; Dickens et al., 1997; Bralower
et al., 1997; Bains et al., 1999; Zachos et al., 2001) and a global seasurface temperature rise of at least 4 to 5 ◦ C (Kennett and Stott, 1991;
Zachos et al., 2003; Dunkley Jones et al., 2013). The onset of the PETM is
marked by a negative carbon-isotope excursion (Kennett and Stott,
1991), reflecting the release of large amounts of 13C-depleted carbon to
the ocean and atmosphere (Dickens et al., 1997) and resulting in a
pronounced impact on environment and biota (McInerney and Wing,
2011). The cause and nature of the massive carbon release leading to
such an extreme climatic event remain under debate. Arguments for
marine methane-hydrate release after crossing a climate tipping point
(Dickens et al., 1995), volcanic intrusion into organic-rich marine sed
iments (Gutjahr et al., 2017), oxidation of huge amounts of organic
carbon (Higgins and Schrag, 2006), and bolide impact (Kent et al., 2003)
have been put forward. Regardless of the cause, the environmental
changes and biological responses to the PETM are the subject of

extensive study, because they can provide a useful analog to foresee
future deteriorating conditions related to the ongoing increase in at
mospheric carbon dioxide (Zeebe et al., 2016).
Shallow-marine successions are key locations to connect continental
and open-marine settings and crucial for understanding the environ
mental and ecological changes associated with the PETM. Previous work
on shallow-water carbonate platforms along the margins of the Neo
tethys Ocean in Egypt (Speijer et al., 1996; Speijer and Wagner, 2002),
northern Spain (Orue-Etxebarria et al., 2001; Pujalte et al., 2003, Pujalte
et al., 2009a, 2009b; Scheibner et al., 2005), Tunisia (Stassen et al.,
2012), SW Slovenia (Zamagni et al., 2012), and Tibetan Himalaya
(Zhang et al., 2018; Li et al., 2017, 2020) has documented the response
of benthic fauna to the PETM and better identified the stratigraphic
position of the Paleocene/Eocene (P/E) boundary, thus providing new
elements to better understand environmental changes during the PETM.
The Campo section is a classic shallow-marine PETM locality in the
southern Pyrenees (Serra-Kiel et al., 1998, 2020; Payros et al., 2000;
Orue-Etxebarria et al., 2001; Molina et al., 2003; Schmitz and Pujalte,
2003; Scheibner et al., 2007; Schmitz and Pujalte, 2007; Pujalte et al.,
2009a, 2009b, 2014; Manners et al., 2013; Duller et al., 2019).
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Notwithstanding, the PETM onset and the P/E boundary in the Campo
section remain uncertainly defined (Orue-Etxebarria et al., 2001;
Schmitz and Pujalte, 2003; Pujalte et al., 2009a, 2009b, 2014; Manners
et al., 2013). We present here a new biostratigraphic, sedimentological
and high-resolution carbonate-isotope analysis of the Campo section to
reassess the PETM record, locate precisely the P/E boundary, recon
struct the environmental and sea-level changes across the PETM, and
investigate hydrological changes and carbonate-platform response to
the PETM abrupt warming.

fold-thrust belt formed during collision between Eurasia in the north and
Iberia in the south (Roest and Srivastava, 1991). During the early
Paleogene, the Pyrenean domain was a deep-water gulf opening towards
the Bay of Biscay in the west and rimmed by shallow-marine carbonates
(Plaziat, 1981). The Campo section is part of the Tremp-Graus Basin
located in the southeastern margin of the Paleogene Pyrenean gulf
(Fig. 1B).
The measured Campo section is located in the east bank of the Esera
river (present coordinates N42◦ 23′ 17.39′′ , E00◦ 23′ 52.88′′ ) (Fig. 1C).
Samples were collected with an average spacing of 1.5 m, reduced to
~0.5 m across the Paleocene-Eocene boundary. Over 60 samples were
collected to increase the resolution of the existing bulk‑carbonate iso
topic record supplemented by high-resolution biostratigraphic and

2. Study area and methods
The Pyrenees are a 400 km-long but relatively narrow (~150 km)

Fig. 1. A, B) Recent position and late Paleocene-early Eocene paleogeography of the Spanish Pyrenees (modified from Schmitz and Pujalte, 2003), C) Location of the
Campo section.
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GBW04405 (δ13CVPDB = 0.57‰ ± 0.03‰; δ18OVPDB = − 8.49‰ ±
0.14‰). Isotope ratios are expressed in standard delta notation (δ) as per
mil deviations relative to the Vienna Pee Dee Belemnite (VPDB) stan
dard. Analytical precision (1σ) was better than 0.1‰ for δ13C and 0.05‰
based on duplicate measurements of standards and samples.

microfacies analyses.
Microfacies analysis was based on macrofossil and microfossil as
semblages, detrital minerals, textures, and structures observed in both
thin sections and outcrops. Macrofossil groups including bivalves,
echinoderms, calcareous red and green algae, and larger, small, and
agglutinated benthic foraminifera were identified and used to interpret
the depositional environment according to Wilson (1975) and Flügel
(2010). Carbonate and mixed siliciclastic‑carbonate rocks were classi
fied based on Dunham (1962), Embry and Klovan (1971) and Mount
(1985). The identification of larger benthic foraminifera was based on
key morphological characteristics including coiling mode, peripheral
shape, arrangement and number of chambers, presence or absence of
keels, and sutural properties. All species used in this work represent
index fossils of the Tethyan Shallow Benthic Zonation established by
Hottinger (1960), revised by Serra-Kiel et al. (1998, 2020), and tied to
the time scale of Gradstein et al. (2020).
The analysis of stable carbon isotopes in bulk carbonate samples was
performed at the State Key Laboratory for Mineral Deposits Research at
Nanjing University using an in-line GasBench II auto sampler coupled to
a Thermo Finnigan MAT Delta Plus XP mass spectrometer. Powdered
samples were obtained by micro-drilling, taking care to avoid cementfilled veins, pores and bioclasts, and reacted with purified orthophos
phoric acid at 70 ◦ C (Hoefs, 2018). Isotopic measurements were cali
brated to Chinese national standard calcium carbonate sample

3. Results
3.1. Lithostratigraphy
The general sedimentology and stratigraphy of the Campo section
are described in detail in Scheibner et al. (2007) and Pujalte et al.
(2014), to which the reader is referred. Here we focus specifically on the
stratigraphic interval containing the Paleocene-Eocene boundary, which
is divided into three lithological units separated by unconformable
contacts: upper Navarri Formation, Claret Formation and lower Serra
duy Formation (Payros et al., 2000) (Fig. 2A).
The 14 m-thick upper Navarri Formation comprises mainly thickbedded gray limestone (Fig. 2B) with diverse species of calcareous red
algae and larger benthic foraminifera (Scheibner et al., 2007). The
unconformable contact with the overlying Claret Formation is marked
by a sharp surface containing abundant corals, gastropods, and bivalves
(Fig. 2C, D).
The 10 m-thick Claret Formation is characterized by greenish-gray

Fig. 2. Field photographs of the Campo section. A) Full view of the studied late Paleocene to early Eocene stratigraphic interval including the upper Navarri, Claret,
and lower Serraduy formations. B) Thick-bedded limestone (upper Navarri Formation). C, D) sharp surface separating the Navarri and Claret formations, showing
gastropod moulds. E) Thin-bedded sandy limestone (Claret formation). F, G) Thin- to thick-bedded limestone (lower Serraduy Formation).
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foraminifera) characterize restricted to open shallow-marine environ
ments in platform interiors and inner ramps (Flügel, 2010). Calcareous
red algae generally thrive in the photic zone with good water circulation
and light penetration (Flügel, 2010). Considering its texture and fossil
content, MF1 points to an inner-ramp environment evolving from pro
tected lagoon to open shallow-marine conditions with sporadic silici
clastic supply.

marls interbedded with thin- to thick-bedded impure limestone con
taining siliciclastic detritus (Fig. 2E). Four members are identified
(Pujalte et al., 2014): Member 1 (~6 m) consisting of greenish marl
interbedded with thin siltstone; Member 2 (2–4 m) consisting of chan
nelized calcareous sandstone embedded in mudrocks, interpreted to be
the distal equivalent of the Claret conglomerate; Member 3 (~2 m)
consisting of siltstone; and, Member 4 (≤1 m) consisting of thick-bedded
limestone.
The 15 m-thick lower Serraduy Formation is made of thin- to thickbedded limestone (Fig. 2F, G) displaying abundant larger benthic fora
minifers (Scheibner et al., 2007).

3.3.1.2. MF2 Foraminiferal/red algal grainstone. Thick-bedded lime
stones in the lower part of the upper Navarri Formation are character
ized by abundant larger benthic foraminifera and calcareous red algae in
sparitic cement (Fig. 5B). Larger benthic foraminifera assemblages
including mainly Miscellanea, Rotorbinella, Operculina, and Assilina
comprise 40–50% of the rock, 20–15% being accounted for by calcar
eous red algae. Echinoderm fragments commonly showing syntaxial
rims, intraclasts, and miliolids also occur. MF2 is similar to MF1 but lack
of micrite indicates a high-energy shoal environment (Flügel, 2010).

3.2. Larger benthic foraminiferal biostratigraphy
Carbonate thin sections very rich in well preserved larger benthic
foraminifera could be firmly correlated with the shallow benthic zones
(SBZ) proposed by Serra-Kiel et al. (1998, 2020) and BouDagher-Fadel
(2008), thus providing robust constraints to the age of the studied strata
in Campo section. The typical species and distribution of benthic fora
minifera are shown in Fig. 3 and Fig. 4, respectively.
The larger benthic foraminiferal assemblages from the upper Navarri
Formation consist of Assilina yvettae, A. granulosa, and Ranikothalia
thalica, Glomalveolina levis (Fig. 3A), Rotorbinella skourensis, and Miscel
lanea miscella (Fig. 3B, C) indicating an SBZ4 age (BouDagher-Fadel,
2008). Within SBZ4, Rotospirella conica (Fig. 3D), Redmondina henning
toni, and the coralline alga Distichoplax biserialis (Fig. 3E) are also pre
sent. Reworking of Cretaceous and early Paleocene fauna is common
throughout this interval. The presence of inner-neritic planktonic fora
minifers including Planorotalites chapmani and Globanomalina plano
conica indicate a deepening trend towards the top of the Claret
Formation. Larger benthic foraminiferal assemblages from the lower
Serraduy Formation include Alveolina globula (Fig. 3G), common Oper
torbitolites gracilis (Fig. 3F), Alveolina pasticillata (Fig. 3I), Alveolina glo
bosa, Alveolina aragonensis and Operculina sp., indicating an SBZ6 age
(BouDagher-Fadel, 2008).
Based on larger benthic foraminiferal biostratigraphy, the uppermost
Navarri Formation belongs to SBZ4, whereas the lower Serraduy For
mation is assigned to SBZ6 (Fig. 4). The index assemblages of SBZ5 are
missing in the studied Campo section.

3.3.1.3. MF3 Coralline algae bindstone. Thick-bedded limestones in the
middle and upper parts of the upper Navarri Formation are dominated
by coralline algae, encrusting foraminifera, and bryozoans set in micritic
matrix (Fig. 5C). Larger and small benthic foraminifera, ostracods, and
echinoderm fragments are also present. Modern coralline algae are
found in both tropical and polar oceans and extend from intertidal areas
to depths of ~250 m. Tropical taxa occur down to about 80 m, and cold
water taxa at depths between 20 and 250 m (Flügel, 2010). MF3 is
similar to the RMF12 defined by Flügel (2010), indicating a shallow
open-marine environment below fair-weather wave base.
3.3.1.4. MF4 Distichoplax wackestone. Thick bedded gray limestones in
the uppermost Navarri Formation are locally dominated by large,
unfragmented Distichoplax (an enigmatic coralline alga; Sarkar, 2018)
set in micrite (Fig. 5D). Fragments of corals, larger benthic foraminifera,
echinoderms, and microcodium (a problematic fossil feature formed by
biogenic processes in carbonate-rich soils; Košir, 2004; Kabanov et al.,
2008) also occur. Micritic matrix together with Distichoplax indicates a
low-energy intertidal to subtidal environment (Sarkar, 2018).
3.3.1.5. MF5 Microcodium packstone. At the top of the upper Navarri
Formation, gray thick bedded limestones with sharp erosive base are
dominated by microcodium with minor miliolids and intraclasts set in
micrite (Fig. 5E, F). Microcodium generally occurs as disarticulated
prisms 0.3–0.5 mm-long and 0.03–0.05 mm-wide; better preserved and
nearly complete rosette forms are rare. Disaggregated and partly
degraded microcodium suggests reworking of calcareous paleosols dur
ing sudden floods from the continent (Pujalte et al., 2019).

3.3. Carbonate microfacies
Thirteen microfacies (MF), corresponding to shoal, shallow-openmarine, paralic and restricted-lagoon environments in an inner to mid
dle carbonate-ramp settings were identified by integrating sedimento
logical and paleontological observations in the Campo section spanning
the Paleocene/Eocene boundary. The main compositional and textural
features of each microfacies are summarized in Table 1, the represen
tative microfacies types are shown in both Fig. 5 and Fig. 6 and the
environmental model depicting upper Navarri to lower Serraduy
microfacies distribution is shown in Fig. 7. A detailed description of the
identified microfacies is reported below.

3.3.2. Microfacies in the Claret Formation
Two microfacies types (MF6-MF7) indicative of paralic environ
ments were identified in Claret Formation.
3.3.2.1. MF6 Marlstone with sandy rudstone and wackestone. In the
Claret Formation, greenish-gray marls containing quartzose silt and
sporadic ostracods and charophyte (Member 1, MF6a, Fig. 5G) are
interbedded with thin- to medium-bedded rudstone containing well
sorted, subangular to subrounded quartz grains of fine to medium sand
size, as well as poorly sorted bioclasts and intraclasts (Member 2, MF6b;
Fig. 5H). Wackestones containing well sorted, subangular to subrounded
quartz grains of fine to medium sand size and sporadic small benthic
foraminifera also occur (Member 3, MF6c; Fig. 6A). Considering its
texture and fossil content, MF6 reflects a low-energy paralic environ
ment affected by terrigenous supply (Flügel, 2010).

3.3.1. Microfacies in the uppermost Navarri Formation
Five microfacies types (MF1-MF5) corresponding to shoal and
shallow-open-marine environments in an inner to middle carbonateramp setting were identified in the upper Navarri Formation.
3.3.1.1. MF1 Sandy red algal packstone/rudstone. Thick-bedded gray
limestones at the base of the upper Navarri Formation are dominated by
packstone/rudstone with abundant bioclasts including coralline algae,
larger and small benthic foraminifera, and echinoderm fragments set in
micritic matrix (Fig. 5A). Abundant quartz grains comprise 5–10% of the
rock and decrease up-section. The matrix is mainly micrite, but sparite is
also locally present. Rock-forming larger rotaliinids (benthic

3.3.2.2. MF7 Small benthic foraminiferal wackestone. Thin-bedded gray
limestones of the uppermost Claret Formation (Member 4) are
4
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Fig. 3. Larger benthic foraminifera and calcareous algae assemblages in the Campo section. A) Glomalveolina levis Hottinger; B, C) Miscellanea miscella (d’Archiac and
Haime, 1853); D) a) Daviesina sp., b) Rotospirella conica (Smout), c) Rodophyte sp.; E) Distichoplax biserialis (Dietrich); F) Opertorbitolites gracilis (Lehmann); G)
Alveolina globula Hottinger; H) Alveolina pasticillata Schwager; I) Alveolina aragonensis Hottinger; J) Alveolina globosa (Leymerie).
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Fig. 4. Paleocene-Eocene stratigraphy of the Campo section, showing distribution of planktonic and benthic foraminifera, carbonate microfacies, interpreted paleowater depths, and sedimentary environments. FWWBfair weather wave base.
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Table 1
Average composition, sedimentary structure, corresponding standard microfacies, and inferred water depth for each microfacies identified in the Campo section.
Microfacies

Carbonate grains

Groundmass

Standard
microfacies (
Flügel, 2010)

Depositional
environment

10

5 (0.01–0.1)

RMF13

5

25

3 (0.1–0.2)

RMF26

–

28

–

2 (0.1–0.2)

RMF12

5

–

78

–

–

RMF15

–

97

3

–

–

–

–

–

–

–

–

100

–

–

RMF19

Restricted shallow
marine, above FWWB
High-energy shoal,
above FWWB
Open shallow marine,
below FWWB, above
SWB
Open shallow marine,
below FWWB, above
SWB
Paralic zone, above
FWWB
Paralic zone, above
FWWB

–

–

–

5

–

85

–

–

RMF5

Restricted lagoon,
above FWWB

–

–

–

–

–

35

–

–

RMF16

–

–

–

–

–

–

–

25

–

–

RMF16

–

–

–

–

–

–

–

–

100

–

–

RMF19

Ostracode wackestone

–

–

–

–

15

–

–

–

85

–

–

RMF13

MF12

Bivalve wackestone

5

–

–

–

–

15

5

–

75

–

–

RMF13

MF13

Bioclastic wackestone

3

–

–

5

–

–

20

–

72

–

–

RMF20

Restricted lagoon,
above FWWB
Restricted lagoon,
above FWWB
Restricted lagoon,
above FWWB
Restricted lagoon,
above FWWB
Restricted lagoon,
above FWWB
Restricted lagoon,
above FWWB

Red
algae

Coral

Echinoids

Ostracode

Bivalves

Bioclasts

Intraclasts

Matrix

Cement

Sandy red algae
packstone/rudstone
Foraminiferal/red algae
grainstone
Coralline algae
bindstone

5

40

–

5

–

–

–

–

35

25

35

–

7

–

–

–

–

10

50

5

5

–

–

–

MF4

Distichoplax
wackestone

1

15

–

1

–

–

MF5

Microcodium packstone

–

–

–

–

–

MF6

–

–

–

–

10

–

–

MF8

Marlstone with sandy
rudstone and
wackestone
Small benthic
foraminiferal
wackestone
Miliolids packstone

65

–

MF9

Alveolina wackestone

75

MF10

Mudstone

MF11

MF1
MF2
MF3

7

MF7

Note: FWWB—fair-weather wave base; SWB—storm wave base.
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Terrigenous grains
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Fig. 5. Representative microfacies in the upper Navarri and Claret formations. A) MF1 sandy red algal packstone; B) MF2 foraminiferal and algal grainstone; C) MF3
red algal bindstone; D) MF4 distichoplax wackestone; E) contact between MF4 and MF5; F) MF5 microcodium packstone with miliolids; G) MF6a marlstone; H) MF6b
sandy rudstone. Abbreviations: b, bryozoan; bf, benthic foraminifera; cc, crustose coralline algae; db, Distichoplax biserialis; gc, geniculate coralline algae; m,
microcodium; mi, miliolids; q, quartz; (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Representative microfacies in the Claret and lower Serraduy formations. A) MF6c sandy mudstone; B) MF7 small benthic foraminiferal wackestone with
ostracods; C) MF8 miliolids packstone; D) MF9 Alveolina wackestone; E) MF10 mudstone; F) MF11 ostracod wackestone; G) MF12 bivalve wackestone; H) MF13
bioclastic wackestone. Abbreviations: a, alveolinids; b, bivalve; da, dasycladacean algae; mi, miliolids; os, ostracod; q, quartz.
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Fig. 7. Environmental model depicting upper Navarri to lower Serraduy microfacies distribution in the Campo section. FWWB-fair weather wave base, SWB- storm
wave base.

characterized by wackestones containing small benthic foraminifera,
rare charophytes, and ostracods set in micritic matrix (Fig. 6B). Micritic
matrix together with fossil content suggest deposition in a low-energy
paralic environment (Flügel, 2010).

3.3.3.5. MF12 Bivalve wackestone. Wackestones contain larger bivalves
(oysters), small miliolids, ostracods, and echinoderm fragments
(Fig. 6G). The vast majority of bivalves inhabit shallow-marine envi
ronments (Flügel, 2010) and living miliolids dwell at water depths not
exceeding 50 m (Langer and Hottinger, 2000). Texture and fossil content
of MF12 indicates a restricted lagoon environment.

3.3.3. Microfacies in the lower Serraduy Formation
Five microfacies types (MF8-MF13) indicating a restricted lagoon
environment were identified in the lower Serraduy Formation.

3.3.3.6. MF13 Bioclastic wackestone. Mainly wackestone with minor
packstone contain abundant bioclasts set in micritic matrix (Fig. 6H).
The bioclasts include Alveolina, small hyaline benthic foraminifera,
miliolids, ostracods, gastropods, green algae, and echinoderms. Micritic
matrix together with diverse bioclasts indicate an open shallow-marine
environment with moderate circulation and wave energy (Flügel, 2010).

3.3.3.1. MF8 Miliolids packstone. This microfacies is dominated by
packstone with abundant larger miliolids (Fig. 6C). Alveolina and echi
noderm fragments also occur. The matrix is mainly micrite, locally
recrystallized to microspar. Modern miliolids thrive on soft substrates
with water depth less than 50 m. Shallow restricted-lagoon environ
ments with low turbulence (Hohenegger, 2009) are envisaged.

3.4. Carbon and oxygen isotope stratigraphy
Although the upper Navarri Formation is characterized by fairly
stable δ13C values centered around 2‰, a slight negative spike, main
tained over a stratigraphic thickness of ~1.2 m, was detected ~1 m
below the main carbon-isotope excursion (CIE; Fig. 8). This signal may
represent the pre-onset excursion (POE) identified in terrestrial sedi
ments (Bowen et al., 2014) as well as in South Tibet (Li et al., 2020),
which may testify to a perturbation of the carbon exogenic pool prior to
the main perturbation related to the PETM.
The onset of the main CIE is testified by an abrupt δ13C decline from
0 to − 1.28‰, and then to − 6‰ at the base of the Claret Formation
(Fig. 8). Negative δ13C values around − 6.5‰ are maintained up to the
top of the Claret Formation, where they sharply decrease down to
− 10.4‰. The unconformable base of the lower Serraduy Formation
marks the abrupt return to positive pre-excursion δ13C values around
+1‰.
The δ18O profile shows oxygen-isotope variations between − 8.4‰
and − 0.23‰ (Fig. 9). In the upper Navarri Formation, the δ18O values
range between − 3.7‰ and-5.4‰, with an average of − 4.8‰. In the
Claret Formation, δ18O values are more negative and reach as low as
− 8.4‰ (average − 5.7‰). Just below the base of the Serraduy Forma
tion, δ18O values sharply increase to − 4‰.

3.3.3.2. MF9 Alveolina wackestone. This microfacies is characterized by
the abundance of larger alveolinids, with subordinate smaller miliolids
set in micritic matrix (Fig. 6D). Echinoderm fragments and smaller
benthic foraminifera are also present. Alveolinids are ovoidal to slightly
elongated, with size varying from 0.5 to 2.5 mm. Living and fossil
alveolinids are generally associated with deep lagoon to fore-reef envi
ronments, and their distribution depends primarily on light intensity
and hydrodynamic conditions (Yordanova and Hohenegger, 2002;
Beavington-Penney and Racey, 2004). Micritic matrix and dominance of
alveolinids suggest a low-energy restricted lagoon to proximal innerramp environment, slightly deeper than MF8.
3.3.3.3. MF10 mudstone. Limestone beds entirely consisting of micrite
and lacking bioclasts and laminations (Fig. 6E) suggest low-energy
conditions. A restricted lagoon environment is indicated by the associ
ated microfacies.
3.3.3.4. MF11 Ostracod wackestone. This microfacies is dominated by
wackestone with scattered ostracods set in micritic matrix (Fig. 6F).
Ostracods typically occur as major components in stressed brackish,
hypersaline, or freshwater environments (Flügel, 2010). This microfa
cies thus suggests a low-energy restricted lagoon environment.
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Fig. 8. Carbonate δ13C data from the Campo section, complemented with literature data on carbonate and soil nodule δ13C (Schmitz and Pujalte, 2003) and on organic-matter δ13C (Manners et al., 2013). Correlation to
the δ13C record of the bathyal continental-margin Zumaia section is shown (Dunkley Jones et al., 2018).
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the continent (Schmitz and Pujalte, 2007), thus heralding a major
environmental change. Subsequently, a forced regression documented
by the unconformable base of the Claret Formation was followed by
deposition of greenish marlstones containing quartzose silt and sporadic
charophyte (MF6a) interbedded with rudstone containing bioclasts and
intraclasts (MF6b), and with wackestones containing sporadic small
benthic foraminifera (MF6c, MF7) deposited in paralic environments.
The base of the Serraduy Formation documents renewed transgression,
with deposition of miliolid packstone (MF8), Alveolina wackestone
(MF9), mudstone (MF10), ostracod wackestone (MF11) and bivalve
wackestone (MF12) in restricted lagoon environments, capped by open
shallow-marine bioclastic wackestone (MF13) (Fig. 7).
4.3. The PETM record in the shallow-marine Campo carbonate ramp

The original isotopic signature of shallow-marine carbonates may be
modified, especially in meteoric environments, by diagenetic fluids,
typically resulting in decreased δ13C and δ18O values (Banner and
Hanson, 1990). Evidence of meteoric diagenesis is lacking in the Campo
section, and microscope observations indicate a good preservation of
larger benthic foraminifera and other bioclasts in both upper Navarri
and lower Serraduy formations. Measured δ13C values range from
− 10.5‰ to 2.0‰, and δ18O values from − 8.4‰ to − 0.23‰, respectively
(Fig. 9). The cross-plot of carbon and oxygen isotope data in Fig. 9 shows
no significant covariance between δ18O and δ13C (Fig. 9). The distri
bution of δ18O and δ13C values is thus largely independent and, despite
minor alteration, diagenetic homogenization did not occur. Moreover,
the mean δ13C values in the upper Navarri and lower Serraduy forma
tions are consistent with the late Paleocene and early Eocene δ13C record
from most open-marine sediments, respectively (Bains et al., 1999;
Dunkley Jones et al., 2018). We thus conclude that the isotopic values
obtained from the upper Navarri and lower Serraduy formations record
a primary paleoceanographic signal (Marshall, 1992). Microscope
observation suggest that the carbonate source of δ13C in the Claret
Formation may include terrestrial carbonate, meteoric carbonate and
marine carbonate as a result of the abrupt facies change from open
shallow-marine to paralic environment.

The International Commission on Stratigraphy defined the P/E
boundary as corresponding to the onset of the PETM in hemipelagic
strata at the GSSP in the Dababiya Quarry of Egypt (Aubry et al., 2007).
The most negative CIE with relatively stable low values corresponds to
the main part of the PETM event, followed by a recovery to pre-CIE
values (McInerney and Wing, 2011). Although the Campo section is a
classic shallow-marine PETM locality, the onset of the PETM has here
remained undecided (Fig. 8). Schmitz and Pujalte (2003) suggested two
possibilities: a) the sharp base of the Claret Formation (Orue-Etxebarria
et al., 2001); b) the top of Member 2 of the Claret Formation. Pujalte
et al. (2009a, 2009b, 2014), instead, proposed the base of Member 2 of
the Claret Formation, based on field mapping, biostratigraphy, and
scattered carbonate δ13C data. However, Manners et al. (2013) sug
gested a position 5 m below the base of Member 2, based on organicmatter carbon-isotope analysis, thus implying a time-lag between the
environmental change and the isotopic response (Duller et al., 2019).
Our higher-resolution carbonate δ13C data suggest that the strati
graphic position of the CIE onset in the Campo section is different from
what proposed by previous workers (Fig. 8). Based on carbon-isotope
stratigraphy, we demonstrate that the PETM onset is located at the
unconformable base of the Claret Formation. The negative carbon iso
topic values (PETM core) maintained over the entire thickness of the
Claret Formation and recovered to positive carbon isotopic values in
turn at the base of the Serraduy Formation interpreted as the post PETM
deposition (Fig. 8). Foraminiferal assemblages of biozones SBZ4/SBZ5,
found at the top of the Navarri Formation, and thus below the base of the
Claret Formation, are replaced by SBZ6 assemblages above, indicating
that a significant hiatus is associated with the unconformities occurring
both at the base and top of the Claret Formation. The Claret Formation,
therefore, records only the core of the CIE, whereas the record of the
PETM recovery went lost in the unconformity above the top of the unit.
It is worth mentioning that the larger benthic foraminiferal assemblages
show no notable taxonomic change at the CIE onset. The main taxo
nomic change is observed at the SBZ5/SBZ6 boundary, at the base of the
Serraduy limestone, similar to the results found in eastern Tethys (Li
et al., 2020).

4.2. Environmental changes in the shallow-marine Campo carbonate
ramp

4.4. The temporary demise of the carbonate ramp in response to PETM
warming

High-resolution microfacies analysis of the studied interval of the
Campo section documents two transgressive episodes of carbonate-ramp
sedimentation abruptly interrupted by siliciclastic supply during depo
sition of the Claret Formation (Fig. 4).
The first deepening trend starts with calcareous red algal packstone/
rudstone (MF1) and foraminiferal and algal grainstone (MF2), repre
senting high-energy shoal deposits at the base of the upper Navarri
Formation, overlain by coralline algal bindstone (MF3) and Distichoplax
wackestone (MF4) deposited in open shallow-marine environments
(Fig. 7). In the uppermost part of the unit, Microcodium packstone (MF5)
indicates reworking of calcareous paleosols during sudden floods from

It is usually difficult to distinguish the relative influence of tectonics,
eustasy, and climate on the evolution of a carbonate system. Marginalmarine sedimentary records from the North Atlantic continentalmargin (John et al., 2008; Sluijs et al., 2008), US Gulf coastal-plain
(Sluijs et al., 2014), Pacific (John et al., 2008; Sluijs et al., 2008),
western Tethys (Gavrilov et al., 2003; Speijer and Wagner, 2002; Speijer
and Wagner, 2002), Arctic Ocean (Handley et al., 2011), Turgay Strait of
northern Kazakhstan (Iakovleva et al., 2001), and Tibetan carbonate
platforms (Li et al., 2020) indicate that the PETM onset corresponds to a
sea-level rise. However, the lacunose stratigraphic record of the Campo
section, instead, indicates a forced regression at the base of the Claret

Fig. 9. Cross-plot of carbonate carbon versus oxygen isotope values in the
Campo section.

4. Discussion
4.1. Diagenetic evaluation of carbonate carbon-isotope data
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Formation at the onset of the PETM, possibly related to local tectonic
uplift during ongoing Pyrenean deformation. Other factors, including
changes in water-table levels and climatic-driven sediment supply may
be involved as well (Sames et al., 2016). Changes in the water table are
forced by changing equilibria of water storage between the ocean and
the land, induced by pluvial events controlled in turn by cyclic,
temperature-related variations in the strength of the hydrological cycle
(Wendler et al., 2016). A relative increase in global precipitation may
cause a worldwide dominance of aquifer charge (precipitation) over
aquifer discharge (fluvial runoff), and thus a landward shift in this
balance. Such a mechanism, called aquifer-eustasy, was recently pro
posed as a potential control of sea level in alternative to glacio-eustasy
(Sames et al., 2016; Wendler et al., 2016) and may have contributed
to the forced regression at the base of the Claret Formation.
Besides aquifer-eustasy, increased sediment supply may have
concurred to foster the regression documented at the base of the Claret
Formation at the onset of the PETM. In marginal-marine sites world
wide, the PETM has been shown to correspond to marked hydrological
changes (Bolle and Adatte, 2001; Hollis et al., 2005; John et al., 2008;
Sluijs et al., 2011; Pujalte et al., 2016; Giusberti et al., 2016; Carmichael
et al., 2017). In the mid- latitude Pyrenees, climate became more
seasonally extreme, with brief but intense wet seasons separated by a
prolonged dry season during the late Paleocene to early Eocene (Schmitz
and Pujalte, 2003, 2007). Water discharge is reckoned to have increased
by at least 30% and potentially by as much as an order of magnitude
during the early PETM phase in northern Spain (Chen et al., 2018).
Sediment-accumulation rates in the Zumaia section increased more than
fourfold during the PETM, documenting a very strong increase in
detrital fluxes from land to sea most likely triggered by a major hydro
logical change (Dunkley Jones et al., 2018). Seasonal precipitation and
rock weathering are envisaged to have markedly increased during the
PETM in the Pyrenean hinterland, resulting in augmented siliciclastic
supply to the Tremp-Graus basin and demise of the Campo carbonate
ramp. Increased siliciclastic supply represented by marlstone with sandy
rudstone and wackestone and triggered by the intensified magnitude
and frequency of extreme rainfall and runoff events led to the
concomitant regression in Campo section.
Similar regressions and temporary demise of carbonate platforms
potentially resulting from increased hydrological changes during the
PETM have been documented from marginal-marine sites around the
world (Höntzsch et al., 2011; Pujalte et al., 2016; Jiang et al., 2020). In
the Ordesa-Monte Perdido National Park, Pujalte et al. (2016) described
continental quartzose pebbly sandstones abruptly overlying an erosional
surface carved into upper Thanetian marine carbonates, and overlain in
turn by lower Ypresian marine limestone. In southern Tibet, a silici
clastic interval is bracketed between Thanetian middle ramp sediments
with Lockhartia, Daviesina, Miscellanea and Orbitosiphon and Ypresian
lagoonal carbonates with Nummulites and Alveolina (Jiang et al., 2021).
In the Galala platform of Egypt, pure carbonate-ramp deposits of
Paleocene age change upwards to mixed carbonate-siliciclastic deposits
in the early Eocene, also testifying to a temporary crisis of the carbonate
platform (Höntzsch et al., 2011). These marginal-marine carbonate
successions affected by episodically intensified river discharge provide a
useful analogue to foresee the future hydrological and associated envi
ronmental consequences of rapid global warming.

The pre-onset excursion (POE) is well documented at the top of the
upper Navarri Formation but the record of the onset of the PETM event is
lost in the unconforrmity that caps the unit. The PETM core is well
testified in the overlying marls of the Claret Formation and maintained
throughout this 10 m-thick unit. The PETM recovery is however lost
again in the unconformity at the top of the Claret Formation, followed
by the return to normal δ13C values of ~1‰ at the base of the Serraduy
Formation. The temporary demise of the Campo carbonate ramp during
the core of PETM and abrupt transition to paralic environments char
acterized by increased terrigenous supply is ascribed to a drastic change
in climate and regional hydrology caused by a notable increase in the
magnitude and frequency of extreme rainfall and runoff events.
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