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/I Abstract

The Paleogene records the most prominent global climate change of the Cenozoic Era

with a shift from a greenhouse to an icehouse world. Several transient hyperthermal events



punctuated this long-term evolution. The most pronounced and the best known of these is the
Paleocene-Eocene Thermal Maximum (PETM-56 Ma). This event is associated with global
warming, a worldwide perturbation of the carbon cycle, and significant biotic changes. The
PETM is primarily recorded by a sharp negative carbon isotope excursion (NCIE) in both
carbonates and organic matter of sedimentary successions. The source of the **C-depleted
carbon for the NCIE and whether it was released in one or numerous events is still debated.
Several carbon sources have been proposed to explain the PETM-NCIE and the mechanisms
that triggered this abrupt climate upheaval. These include, amnny, others, the magmatic and
thermogenic release of carbon associated with the emplaren.>nt of Large Igneous Provinces
(LIP). One proxy for tracking past volcanic emissions .. the geological record and testing
hypothetical links between volcanism and hyperthe,mals is the use of mercury (Hg)
anomalies found in marine and continental s~a. aeuitary successions. Here, we present new
high-resolution mercury and stable iso’pir. records from a continental-marine transect in
Pyrenean peripheral basins during tno PETM. Compared to deeper marine settings, the
significant sedimentation rate that rnaracterizes these high-accommodation and high
sediment-supply environment. allows the preservation of expanded successions, providing
reliable information about tr.o fuctuations of Hg concentration in deposits across the PETM.
Our data reveal two iary" licgative carbon excursions across the studied successions. Based on
biostratigraphy and the similarity of shape and amplitude of the isotopic excursions with
global records, we interpret the largest NCIE as the PETM. This main excursion is preceded
by another that we interpret as the Pre-Onset Excursion (POE), found in other profiles
worldwide. We find that the POE and the PETM are, in our studied sections, systematically
associated with significant Hg anomalies regardless of the depositional environment. These
results suggest that large pulses of volcanism, possibly related to the North Atlantic Igneous

Province's emplacement, contributed to the onset and possibly also to the long duration of the



PETM. Furthermore, the record of higher Hg anomalies in nearshore than offshore settings
suggests a massive collapse of terrestrial ecosystems linked to volcanism-driven
environmental change triggered significant Hg loading in shallow marine ecosystems. If this
is correct, these findings confirm the primary role of the solid Earth in determining past

terrestrial climates.

Keywords: PETM, Mercury, NAIP, Pyrenees, Source to sink, Climate change

1. Introduction

The Paleocene-Eocene thermal =™a~‘mum (PETM) is a major climatic and
environmental event that occurred 56 M. ago (Westerhold et al., 2009). The PETM is
characterized by a significant globe: »>mperature rise (4-8°C) (Dunkley Jones et al., 2013;
Frieling et al., 2017; Sluijs et al., 2011; Zachos et al., 2003) associated with a massive
injection of *C-depleted caruan into the global exogenic carbon reservoirs (Dickens et al.,
1995; Zachos et al., 2108, and extensive environmental changes. These include ocean
acidification, sea-level ri'e, an accelerated hydrological cycle, and species migrations and
extinctions (e.g., Chen et al., 2018; Cui et al., 2011; Dunkley Jones et al., 2018, 2013; Gutjahr
et al., 2017; Kirtland Turner, 2018; Kirtland Turner et al., 2017; Kirtland Turner et Ridgwell,
2016; Mclnerney et Wing, 2011; Schmitz et Pujalte, 2007; Sluijs et al., 2006; Zachos et al.,
2003; Zeebe et al., 2016, 2009). The massive input of light carbon into the environment is
marked by a large negative carbon isotope excursion (NCIE ~3 %o to 6 %o) recorded in marine
and terrestrial carbonates (e.g., Mclnerney et Wing, 2011). By providing valuable insight on

the link between the carbon cycle, temperature and precipitation variations, and the biotic



response to environmental change, the PETM represents a prime geological narrative and
concrete perspective of the possible environmental consequences of current and future climate
changes (Kirtland Turner, 2018; Stassen, 2016; Zachos et al., 2008; Zeebe et al., 2016, 2014).

The shape of the PETM-NCIE, with a rapid 8-23 ky "onset phase" followed by a long
59-113 ky "body phase" characterized by stable and low §*°C values, and a final 42-113 ky-
long "recovery phase”, distinguishes the PETM from other, more frequent and shorter (~50
ky), astronomically paced Eocene hyperthermal events (Aziz et al., 2008; Murphy et al.,
2010; Rohl et al., 2007; Stap et al., 2009; Westerhold et al., ?202: Zeebe et al., 2014). This
peculiar NCIE structure is explained by an initial rapid adziu~n of **C-depleted carbon at the
onset of the event, followed by a continuous release acrns. the body and ensuing sequestration
(Frieling et al., 2016). However, although the key featu.=s of the PETM are well known, the
source of the carbon and whether it was releascd ‘n one or several steps during the "onset
phase" remains controversial and is sti!* deoated (e.g., Bowen et al., 2015). For a decade,
several mechanisms and carbon sourc.s. either alone or combined, have been proposed to
explain the PETM-NCIE (e.g., Mcli erney and Wing, 2011). These include (i) a massive
release of methane clathrate (S*C~ -60 %o) (Dickens et al., 1995) (ii) direct volcanic carbon
release (5°C~ -6 %o) (Gutiai.” e. al., 2017) and/or thermogenic methane degassing associated
with large-scale maym.tisin in the North Atlantic Igneous Province (NAIP) (Aarnes et al.,
2010; Svensen et al., 2010, 2004), (iii) a release of carbon due to significant wildfires (Kurtz
et al., 2003), (iv) the oxidation of organic matter due to the drying of epicontinental seas
(8"3C~ -22 %o) (Higgins and Schrag, 2006) or permafrost thawing (5*C~ -30 %o) (DeConto et
al., 2012). Mass balance calculations allow estimating the amount of carbon from each
possible source required to account for the observed NCIE. This estimation must be consistent
with the observed warming, inferred pCO; levels, and carbonate dissolution recorded from

sedimentary sequences (Mclnerney and Wing, 2011). In addition, precise appraisal of the



PETM-NCIE magnitude remains challenging because marine carbonates likely underestimate
the NCIE while terrestrial carbonates may overestimate it (Bowen and Beerling, 2004;
McCarren et al., 2008; Mclnerney and Wing, 2011). Despite progress, past data-driven
reconstructions of the PETM's carbon sources have led to nonunique solutions, and there is
currently no agreement on the sources of carbon responsible for its onset and long duration.
(Haynes and Honisch, 2020; Kirtland Turner and Ridgwell, 2016, 2013; Mclnerney and
Wing, 2011). Furthermore, the observation that the warming appears before the onset of the
PETM-NCIE reinforces the idea of multiple releases of carhan ‘hroughout the Paleocene-
Eocene transition. This initial warming could be a positi* e (~edback that triggered back the
release of a large amount of **C-depleted carbon severai thousand years after, at the onset of
the PETM (Sluijs et al., 2007). From a high-resc'uu.~n record of the 8*3C of terrestrial
deposits in the Bighorn Basin (Wyoming, US£.), 3cwen et al. (2015) reveal the occurrence of
two discrete negative 8*°C events within -he °’ETM onset. The authors proposed that the older
one, the pre-onset excursion (POE), \~arks the first phase of massive carbon release and
suggested that the PETM-NCIE may hzve been a feedback to the warming generated by the
greenhouse gases released duri: a the POE (Bowen et al., 2015).

The emplacement o1 > lurge igneous province (LIP) such as the NAIP may generate
multiple and prolonyeu reicases of carbon and could explain both warming and carbonate
dissolution associated with the PETM (e.g., Mclnerney et Wing, 2011; Berndt et al., 2016;
Frieling et al., 2016; Gutjahr et al., 2017; Jones et al., 2019; Haynes et Honisch, 2020). Mass
extinctions and rapid climate change seem to be closely correlated with the formation age of
LIPs in Earth history, and a causal connection was often proposed between these events
(Bergquist, 2017; Bond and Wignall, 2014; Courtillot and Renne, 2003; Ernst, 2014a; Racki,
2020; Rampino and Stothers, 1988; Wignall, 2005). The NAIP is an extended LIP,

characterized by the voluminous and rapid emplacement of magma into the shallow crust and



the surface, which occurred in two main pulses. The second and more voluminous pulse
coincided with the opening of the North Atlantic and began around 56 Ma ago (Abdelmalak et
al., 2019, 2016; Ernst, 2014b; S. M. Jones et al., 2019; Storey et al., 2007a; Wilkinson et al.,
2017). Nevertheless, quantification of volcanism in sedimentary archives remains a challenge,
and the link between NAIP and PETM remains controversial (Bond and Wignall, 2014;
Storey et al., 2007b; Thomas and Bralower, 2005). Limited geochronological data are
available for this event, and few measurable LIP products are preserved and could be used as
potential marker horizons. However, the few data available sh~w that flood basalt volcanism
associated with the opening of the North Atlantic is correiau /e with the PETM (Wotzlaw et
al., 2012).

One alternative method to investigate the possi.'e link between the establishment of
the NAIP and the perturbation associated w'<h the PETM is to study mercury (HQ)
concentration records in marine and ccntir.ental sedimentary successions. Volcanism is a
significant source of mercury in the «*mosphere and ocean (Pyle and Mather, 2003). The
relatively long atmospheric residerce tirae of gaseous elemental mercury Hg® (0.5 to 2 years)
allows global distribution of ti>'s eicment before it gets deposited in sediments (Blum et al.,
2014; Lawrence M.E. Perciv 2l 2t al., 2018; Pyle and Mather, 2003; Schroeder and Munthe,
1998; Slemr et al.,, 12%5,. Volcanogenic Hg is removed from the atmosphere through
oxidation and forms reactive Hg?* soluble in water and prone to be deposited onto land and
water by rainfall. Hg may also be deposited directly onto soil or taken up by plant foliage
(Ericksen et al., 2003; Fleck et al., 1999; Frescholtz et al., 2003; Grasby et al., 2019). In the
ocean, Hg is transferred either by atmospheric deposition (~70 %) or by riverine runoff of Hg
bound to terrestrial materials (~30 %) (Amos et al., 2014). The majority of Hg transported by
riverine particles is deposited at oceanic margins, and only a comparatively small amount of

this Hg of riverine origin reaches the open ocean (Amos et al., 2014). Ultimately, mercury



may also be emitted directly into the ocean through subaqueous volcanism and mid-ocean
ridge activity (Bagnato et al., 2017; Bowman et al., 2015; Lamborg et al., 2006). However, in
submarine LIP events, Hg distribution to sedimentary basins may be less extensive because of
longer ocean mixing times (S. M. Jones et al., 2019; Lawrence M.E. Percival et al., 2018;
Scaife et al., 2017). In modern sediments, a strong correlation between Hg and total organic
carbon (TOC) is observed because mercury is principally deposited in sediments adsorbed
onto organic Hg-rich complexes (Benoit et al., 1999; Bergquist, 2017; Gehrke et al., 2009;
Outridge et al., 2007; Sanei et al., 2012; Stern et al., 2009). As ¢ result, Hg concentrations
usually need to be normalized to TOC to determine whef'ie, the Hg spikes reflect increased
organic matter sequestration or increased Hg fluxes fro,» volcanic emission (Grasby et al.,
2019; Sanei et al., 2012). Furthermore, Hg-sulfide. complexes formation, as well as
absorption of Hg onto iron sulfide minerals (e 3., 2v.ite (FeS,)), can host large amounts of Hg
in euxinic facies (Bergquist, 2017; Bov.er f¢ al., 2008; Han et al., 2014; Shen et al., 2020,
2019a). In addition, clay minerals ca also absorb Hg, leading to a potential relationship
between Hg and Al in environmant. ‘vhere phyllosilicate runoff is significant (Bergquist,
2017; Jin and Liebezeit, 2013, Kongchum et al., 2011; Sanei et al., 2012; Shen et al., 2020;
Sial et al., 2016, 2013). Ti.'< affinity of Hg for clays minerals can lead to a significant
terrestrial Hg contribuwon 0 shallow marine sediments (Them et al., 2019). Despite these
uncertainties, numerous studies have used anomalous peaks in Hg and Hg/TOC ratios
preserved in sedimentary successions as an indication of significant volcanic activity and
hence have highlighted a possible link between significant environmental perturbations and
LIP eruptions (Charbonnier et al., 2017; Charbonnier and Follmi, 2017; Font et al., 2016;
Grasby et al., 2016, 2013; Jones et al., 2017; Keller et al., 2020, 2018; Percival et al., 2017,
2015; Racki et al., 2018; Sanei et al., 2012; Shen et al., 2019b; Sial et al., 2013; Them et al.,

2019; Thibodeau et al., 2016; Thibodeau and Bergquist, 2017). Indeed, the emplacement of



LIPs exerts an essential control on the global Hg cycle because of the large-scale effusive and
explosive volcanism associated with these events and also because of the activation of
hydrothermal vent complexes releasing gases generated by contact metamorphism between
intrusive and organic-rich sediments (Aarnes et al., 2015, 2010; Heimdal et al., 2019; M. T.
Jones et al., 2019; S. M. Jones et al., 2019; Percival et al., 2020; Shen et al., 2019b; Svensen
et al., 2004). In the case of the NAIP, only a few studies have provided a continuous record of
Hg concentration across the PETM (M. T. Jones et al., 2019; Keller et al., 2018; Kender et al.,
2021; Liu et al., 2019). This limited amount of data hampers th= 1uontification of the potential
causal links between NAIP formation, the perturbation of t'ie >arpon cycle, and environmental
changes during the PETM.

In the present work, we propose to use Hg coacentration in sediments as a tracer of
volcanic activity, in association with classicar stzole isotope composition of carbon and
oxygen, Rock-Eval Pyrolysis, and mine alojical analyses to test the possibility of enhanced
NAIP activity across the PETM interva: To do this, we focus on Paleocene-Eocene sediments
from different sections in peripher=l L~<.ns of the Pyrenean orogen, encompassing continental
to bathyal depositional envirinmeats. Previous studies of the PETM have concentrated
mainly on deep-sea sites, and i1 comparison, relatively few continental and shallow marine
sections have been stuu.~a (8owen et al., 2015; Koch et al., 1995; Li et al., 2020; Schmitz and
Pujalte, 2003; Self-Trail et al., 2017; Stassen et al., 2009; Zamagni et al., 2012). Although
studies on deep-sea carbonates provide reliable data on global perturbations associated with
the PETM (Mclnerney and Wing, 2011; Stassen, 2016), they nevertheless may give only a
partial record because of the widespread dissolution of deep carbonates associated with the
release of carbon during such hyperthermal (McCarren et al., 2008; Zachos et al., 2005).
Moreover, such dissolution adds complexity when trying to understand the sequence of

carbon-release events. By contrast, continental and shallow-marine areas in tectonic settings



with high accommodation and high accumulation rates may offer expanded records of
mercury evolution and carbon cycle perturbations during the PETM but may also suffer from
significant lithological variability and correlation issues typical of foreland basins. Thus, in
addition to potentially recording an expanded PETM-NCIE signal, this work may provide
new stratigraphic constraints that allow the correlation between continental, shallow marine,

and deep-water successions of the Pyrenean domain during the Paleocene-Eocene epoch.

2. Study sites

The four sites investigated in this study are locet=d 1 the Pyrenean domain. This sector
represented an E-W elongated marine gulf th..ughout the early Paleogene that opened
westward into the Bay of Biscay. This gul* we~ characterized by a central deep-water trough
surrounded by shallow-shelf areas to the Su 'th, East, and North, in turn, limited by subaerial
alluvial plains (Baceta et al., 2011 r'~zwat, 1981; Pujalte et al., 2015, 2014). Three of the
study sections come from well-*now.: field outcrops of Basque (Zumaia) and Tremp basins
(Esplugafreda and Serraduy) .~ ti.e southern Pyrenees (Spain). The last one (Lussagnet) is a
drill core through the Pileo ene-Eocene interval from the Aquitaine basin in the northern
Pyrenees (France) (Fig. 1,. These sections were selected as they represent different ranges of
facies during the early Paleogene and offer the potential to evaluate how significant climatic
disturbances associated with the PETM are recorded through a continental to marine transect.

Lithologic successions and the sampling of each site are described in turn.
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Fig.1: Situation and map of the study area with the main depositional palaeoenvironments

during the PETM (Modified after Pujalte et al., 2014). (Color in the print version)

2.1. Lussagnet (France)

The Lussagnet section consists of a 133 .. eters-thick core (LUG-101, courtesy of
TEREGA) located in the Aquitaine P~sn.. Northern Pyrenees, France (043°46'4"N,
000°13'12"W) (Fig. 1). The facies successi.n of the section can be subdivided into two main
formations (Fm) (Fig. 2). The lcw .~ une includes 44 meters of dolomitic limestones
characteristic of an inner platfor 1 se.ting (950-906 m). The second formation consists of 90
meters of wackestone to pac.stune limestones generally enriched in benthic foraminifera
(906-816 m). Few interals with lacustrine levels that contain charophytes, gastropods, and
crustacean cuticles have jeen identified in this second formation. The larger one of these
lacustrine intervals is located between 857 to 844 m. Some detrital inputs (sands and clays)
can also occasionally disrupt this carbonate succession. This thick shallow marine to
lacustrine sequence represents the northern part of the large carbonate platform surrounding
the Bay of Biscay's marine gulf during the beginning of the Paleogene (Fig. 1).
Biostratigraphic analyses based on the distribution of large benthic foraminifera and
nanoplanktonic fauna allow determining the relative ages of the stratigraphic succession.

Thus, the interval between 930.8 and 867.95 m is marked in its upper part by the first



significant occurrence of Fasciculites tympaniformis, which marks the NP6/NP9 zone
(Paleocene). The interval between 864.4 and 894.53 m is attributed to the SBZ3-2 biozones
due to the presence of Thalmannita Madrugaensis, Cookinolina cf. rajkae, at the base
(894.53-885.85 m), and Cribrobulimina carniolica, Dictyoconus turriculus, and Fallotella
alavensis at the top (866.95-867.95 m). All these arguments allow us to attribute a late
Paleocene age to sediments between 930 to 864 m. The presence of taxa such as Orbitolites
gracilis (824.18-839.2 m, SBZ5-6), Alveolina ellipsoidalis (829.72 m, SBZ6), Alveolina
avellana avellana (831.15 m, SBZ5), and the genus Orbito'ites up to 543.35 m allow to
attribute the interval 824.18 to 843.35 m to the SBZ6-% vozones and thus to the Lower
Eocene. The exact stratigraphic position of the PETM rer.~ins uncertain due to the absence of
reliable biostratigraphic markers in the interval where *his event is suspected of occurring
(864-843.35 m). In this crucial interval, the 21."v <ignificant presence is Idalina sindjarica
(860.83 m), a taxon whose distribution -ov~.rs the SBZ6 to SBZ3 biozones. Two brecciated
and finely karstified intervals (loferitic facies) disturb the stratigraphic succession. The first
occurred at the limit between th~ dolomitic and the calcitic limestones at the end of the
Thanetian (905-906 m). The “ecoid took place between 857 and 860 m deep within the
foraminifera limestone form.ctinn and before the lacustrine deposits. Because of a possible
substantial alteration o1 *he primary signal, these two intervals characteristic of emersion were
excluded from our study. Samples were generally collected at a 1-meter interval over the 218
meters of the section and with a higher resolution (~ 0.5 m) through the suspected PETM

interval (881-840 m).

2.2. Esplugafreda (Spain)



The Esplugafreda section is located ~ 330 km to the East of the Basque Basin, South-
Central Pyrenees, Spain, east of Aren (042°14'50"N, 000°45'13"E) (Fig. 1). This section
represents the eastern margin of the Eocene marine paleo-basin. The Esplugafreda section is a
300 m thick continental section that spans the Paleocene and Early Eocene interval of the
Tremp Group. This succession is subdivided into several formations precisely described by
Schmitz and Pujalte (2003, 2007), but only the upper two: the Esplugafreda and Claret
Formations, span the PETM interval (Fig. 3). The Esplugafreda Fm consists of a red silty
mudstone-dominated alluvial succession with intercalated ~harnelized calcarenites and
calcareous conglomerates (Dreyer, 1993). The red mudsiui.» contains abundant calcareous
nodules 2-5 cm in diameter. At the base of the Claret Fi.» stands an incised valley fill (IVF)
which erodes the red mudstones for 15 meters. This VF is overlapped by an extended
conglomerate sheet known as the Claret Cong'o. terate (CC), which is interpreted as a mega-
fan formed at the onset of the PETM (Sc"'mi’z and Pujalte, 2007). The CC is itself overlain by
some tens of meters of paleosoils of the Claret Fm and, finally, by marine llerdian limestones
that mark the flooding of the sectrr b * *ne sea after the PETM (Pujalte et al., 2014). The 187
samples used here cover the Iost 100 meters of the Esplugafreda Fm, cross the CC and the

PETM interval, and continiie 16 meters through the Claret Fm.

2.3. Serraduy (Spain)

The Serraduy section is located in the Tremp Basin, approximately 12 km westward from
Esplugafreda (042°19'25"N, 000°34'20"E) (Fig. 1). This section can be therefore considered
as a western equivalent of the Esplugafreda section. However, the Esplugafreda section is
strictly continental during the Thanetian, whereas this more distal section records

interfingering between the continental Esplugafreda Fm and the coeval marine carbonates.



The studied section here spans the upper part of the Esplugafreda Fm and the Claret Fm
previously described for the Esplugafreda section. At Serraduy, the Esplugafreda Fm consists
of red mudstones with well-developed soil horizons rich in calcareous nodules intercalated
with upper Thanetian marine carbonates (TH1 and TH2) (Fig. 4). The Claret Fm is bounded
at the base by a prominent erosional surface and by the presence of the Claret Conglomerate,
itself is overlain by yellowish soils which are accumulated during the "onset" and the "body"
of the PETM (Pujalte et al., 2014). As seen in Esplugafreda, the upper part of the Claret Fm is
overlain by the marine llerdian limestone (Domingo et al., 20n9; Pujalte et al., 2014). Sixty-
three samples were collected with a resolution sampling v y.ng from 1.5 to 0.5 meters across

the Paleocene-Eocene transition.

2.4. Zumaia (Spain)

The Zumaia section is located in the Rasque Country, North-Eastern Spain, at the ltzurun
beachfront of the town of Zuméia ‘0+3°18'4.5" N, 002°15'31.2" W) (Fig. 1). This section
represents the distal member a. middle-lower bathyal paleo-depths (~ 1000 meters), of the
Esplugafreda and Serracuy sections (Pujalte et al., 2015). This section consists of a thick
"siliciclastic unit" (SU) v-curring within an alternation of marls and marly limestones, with
intercalated thin-bedded turbidites (Fig. 5). The SU is ascribed to the PETM based on
biostratigraphically constrained isotopic profiles of whole-rock carbonate samples (Schmitz et
al., 1997) and dispersed organic carbon (Storme et al., 2012). The Zumaia section is one of
the classic PETM localities and is the subject of numerous studies (Alegret et al., 2018;
Canudo et al., 1995; Dunkley Jones et al., 2018; Schmitz et al., 1997; Storme et al., 2012).
The high-resolution whole-rock carbonate isotope analysis allows a detailed stratigraphic

correlation to other key deep-ocean and terrestrial PETM reference sections, providing a



robust temporal framework for this event (Dunkley Jones et al., 2018). Here the zero-
reference point is taken at the top of the prominent limestone bed, located ~0.3 m below the
base of the "siliciclastic unit" and corresponds to the one proposed by Dunkley Jones et al.
(2018). A total of 80 samples were collected for this study, and complete data of Dunkley
Jones et al. (2018). The samples used here cover the PETM interval and begin ~3.5 meters

below the beginning of the siliciclastic unit and continue ~1 meter above.

3. Materials and methods

Carbon and oxygen isotope analysis (8*3C and %O values) were performed on whole-
rock samples for the marine section of Lussagr:t. and Zumaia. Complementary to the whole
rock analyses, 26 pure carbonate matrix 22n.~les were separated by micro-drilling of the
Lussagnet cored plugs on the stratigraphic ‘nterval where the PETM is suspected to occur
(882—-840 m) and where minor brecr.1o.2d (evels are abundant. This micro-sampling excluded
veins and open-space filling calc'te, wrecciated zones, and bioclasts and allowed to compare
the 8*3C and 'O records 1.~m whole-rock samples with those from the drilled matrix
materials. For the contin :nta sections (Serraduy and Esplugafreda), isotope profiles are based
on in situ soil carbonate r.odules. The carbonate nodules were sieved from the bulk paleosol
material and then cleaned by repeated washes with deionized water. The whole-rock samples
and the carbonate nodules were crushed and powdered in an agate mortar. The sample
powders were analyzed for their stable carbon and oxygen isotope compositions at the
University of Lausanne (Switzerland) using a Thermo Fisher Scientific (Bremen, Germany)
Gas Bench Il carbonate preparation device connected to a Thermo Fisher Delta Plus XL
isotope ratio mass spectrometer. The carbon and oxygen isotope compositions are reported in

the delta (8) notation as the per mil (%o) isotope ratio variations relative to the Vienna Pee Dee



Belemnite standard (VPDB). The analytical reproducibility estimated from replicate analyses
of the international calcite standard NBS-19 and the laboratory standard Carrara marble was
better than +0.05 %o (1o) for 5"C and +0.1 %o (1o) for §'20.

The Hg concentration measurements and Rock-Eval Pyrolysis were performed on the
same set of whole-rock samples analyzed for carbon and oxygen isotopes. Hg contents were
determined at the University of Lausanne (Switzerland) using a Zeeman R-915F (Lumex, St.
Petersburg, Russia) high-frequency atomic absorption spectrometer set at Mode 1 (700 °C).
The samples were analyzed in duplicates, and a certified exter~al _*andard (Chinese alluvium
GSD-11, 72.0 9 ppb Hg; Zintwana et al., 2012) was usru . r calibration purposes (r=0.99,
for measured vs. certified values) and to guarantee the anc'vtical quality.

The total organic carbon (TOC) contents wer? uctermined using a Rock-Eval 6 at the
University of Lausanne (Switzerland), the pr/ro ve.s effluents (mostly hydrocarbons) were
detected and quantified with flame ioniz:tio1 detection, and CO and CO, were quantified by
infrared detection. The analytical uncei.~inty was +0.14 %.

Major (ME) and Trace Fle».nt (TE) were determined by X-ray fluorescence
spectrometry (XRF, PANai ticaa PW2400 spectrometer, University of Lausanne,
Switzerland) of pressed disc> ~f powdered samples and Mowiol II polyvinyl alcohol. The
major element (MEs) 12suns are reported in weight percent and the trace elements (TES) in
parts per million (ppm). Analytical reproducibility monitored by replicate analyses of selected
samples was lower than 5 % for MEs and TEs. Analysis accuracy was assessed using
international and in-house standard reference materials (TS1-Cement, TS3-Clay, TS4-
Limestone, TS5-Marlstone, TS7-Sandstone, 372-Portland cement, 368-Dolomite). The
detailed paleoenvironmental interpretation of the MEs and TEs is beyond the scope of the
present paper. The elemental contents were analyzed in this study only to evaluate the

dependence of Hg according to anoxia and/or clay content. TEs were analyzed in 76 samples



of Lussagnet through the suspected PETM interval. MEs and TEs were determined
throughout the entire section at Zumaia (80 samples).

Whole-rock was analyzed at the University of Lausanne (Switzerland) by X-Ray
Diffraction (XRD), using a Thermo Scientific ARL X-TRA diffractometer. The whole-rock
mineralogy was determined by a semi-quantitative method, using XRD peak intensities of the
main minerals compared to external standards (Adatte et al., 1996; Klug and Alexander, 1974;
Kibler, 1983). The whole-rock mineralogy was analyzed in 26 samples of Lussagnet through

the suspected PETM interval.

4. Results

The results of the stable isotope ~nu Rock-Eval analyses of the different studied
sections are shown in Fig. 2-5, and u= complete dataset is available as electronic
Supplementary Information (Supple . ntal Tables A.1-4). The TOC contents were generally
<0.2 wt.%, i.e., below the thresh-Id value for reporting reliable Hg/TOC ratios (Grasby et al.,

2016).

4.1. Lussagnet (Fran:.e)

The 8"3C values of whole-rock carbonates in the Lussagnet profile vary between -2 %o
and 2 %o during the first 65 m of the section (Fig. 2). A first negative *3C excursion from ~ 0
%o t0 -5 %o is observed between 886-869 m. This NCIE corresponds to the POE previously
identified in terrestrial settings (Bowen et al., 2015) and several shallow-marine environments
(Li et al., 2020; Self-Trail et al., 2012; Zamagni et al., 2012). A second and larger NCIE,

interpreted as the PETM onset, is recorded between 867—862 m, with values shifting from -1



%o to -6 %o. This NCIE is maintained up to 846 m, with mean values of -6.2 %o.. This body
phase is followed by a progressive recovery to pre-PETM and POE values at 839 m depth
(Fig. 2). The micro-drilled unaltered matrix samples show similar results as whole-rock
samples. The 8*3C values recorded in the matrix samples mimic the global evolution of the
whole-rock 8*3C curve, showing two NCIEs of similar amplitudes (~ -5 %o for the PETM-
NCIE). The similarity between these two signals confirms that the whole-rock carbonate §°C
record corresponds to a primary signal and can be safely used for paleoenvironmental
interpretation.

Before the POE, the Hg concentrations at Lussar,ic: snow a steady evolution with
values ranging between 2 and 50 ppb and few spikes veaching 110 to 197 ppm. A first
anomalous Hg spike of 551 ppm occurs at 875.r m during the POE, and then Hg
concentrations return to background values. A tc’al of 15 Hg spikes (93-949 ppb) are present
in the PETM interval reaching a maxim: m v alue of 2307 ppm in the core of the NCIE. After
the PETM, Hg contents return to backy.~und values and stay stable until the top of the section
(Fig. 2). An exceptionally high Ha ¢numaly (4055 ppb) is present at 832.81 m. The TOC
contents are stable with gene.~lly .ow values (< 0.7 wt. %). Only 12 of the 139 samples
analyzed for quantifying t.> OC content show values > 0.2 wt.%, the recommended
threshold for interpien~q e Hg/TOC values, and 10 of them are associated with Hg
anomalies (>300 ppb). The Hg/TOC values recorded for these 10 samples are high (Fig. 2)
and superior to the global Hg/TOC mean value (71.9 ppb/wt. %) derived from the compilation
of all Hg/TOC values available in the bibliography (Grasby et al., 2019). Thus the persistence
of the anomaly in Hg/TOC ratios in these sediments suggests that these Hg spikes do not

reflect increased organic matter sequestration.
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Fig. 2: Stratigraphic log, "3C (%), marcury (Hg, ppb) and Hg/TOC (ppb/wt. %), and total
organic carbon (TOC, wt.%) d~ra 0. the Lussagnet section (France). 3Cuhole-rock are shown with
black points and 8 Cnarix "Vitt diamond (Light-blue for marine samples and in pink for
lacustrine samples). C.-ey dia.nonds represent samples associated with a significant proportion
of sandstone. This heterceneity in the sediment could arise for a larger variability in the carbon
isotopic signal. Because of this peculiar lithology, these points were excluded from the study. The
green curve represents 3-points 8°C moving average. Dark-grey shaded bands mark
karstic/brecciated levels observed. The grey shaded area shows the location of the POE-NCIE
and PETM-NCIE. The red dashed line in the TOC graph shows the recommended threshold for
TOC concentrations to report Hg/TOC values (Grasby et al., 2016). The blue dashed line in the

Hg graph denotes the background mean value for the site. (Color in the print version)




4.2. Esplugafreda (Spain)

At Esplugafreda, the 8*3C values of pedogenic carbonate nodules show a relatively
stable trend throughout the Esplugafreda Formation with values between -5.1 %o and -8.8 %o
(Fig. 3). A first NCIE (~ -8 %o) is observed at the transition between the Esplugafreda
Formation and the Claret Formation, followed by a return to values around -7 %o (Fig. 3).
This excursion is interpreted as the record of the POE at F.splugafreda. This first NCIE
immediately preceded a second prominent NCIE with valu:s 1 ~aching -15%. after the CC
deposit in the Claret Formation (Fig. 3). Based ¢ tre stratigraphic position and
paleontological studies of the nearby Campo sectior (Crue-Etxebarria et al., 2001; Schmitz
and Pujalte, 2003), this second significant negative shift in 5'°C is attributed to the PETM.
The &"°C values begin to gradually increase toward pre-PETM values approximatively 10
meters after the CC. However, they show . ‘arge variability on the last 18 meters of the Claret
Formation, challenging the unambigi:~us identification of the end of the recovery phase (Fig.
3).

The Hg concentration: airc generally low and vary between 0 and 5 ppb throughout the
section, with a mean val.e ¥ 5.3 ppb. This long-term trend is disturbed by two changes (Fig.
3). The first one occurs u Iring the POE with values between 16 and 41 ppb; the second one
occurs during the onset and the body of the PETM with values up to 20 ppb (mean value of
6.5 ppb). A final spike of 27.5 ppb Hg is recorded at the top of the section and end of the
Claret Formation. The TOC remains stable throughout the entire section, with mean values of

0.1 wt.% (Fig. 3).
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data of the Esplugafred section (Spain). The green curve represents 3-points $*C moving
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conglomerate). (Color in the print version)

4.3. Serraduy (Spain)



The §'*C evolution of the Serraduy section shows the same trend as those established at
Esplugafreda, with values between -5 %o and -9 %o. The 8"3C values rise between 33 meters
and 37 meters to a maximum of -2.2 %o before shifting towards more negative values,
reaching -10.2 %o in the Thanetian carbonates (between 38 and 40.3 meters) (Fig. 4). This
first excursion is similar in amplitude to the one observed in Esplugafreda (~ -7 %o) and could
be here interpreted as the POE record. However, because this excursion is also correlated to a
significant lithological change (Fig.4), it is difficult to attrib''te *his excursion to the POE
univocally. The major NCIE, which corresponds to the PF.11., 1s observed a few centimeters
below the CC with values reaching a minimum of -15 %. The PETM-NCIE onset seems to
occur few meters before the CC, which was not u.» case in Esplugafreda. Above the
conglomerate, the §°C values remain relatively . ab.e with a mean value of -11.7 %o until the
llerdian carbonate base (Fig. 4). The nsf. of the PETM-NCIE can be therefore clearly
determined at Serraduy, but the identii*~ation of the body and recovery phases of the NCIE
remains difficult.

The Hg concentrations are 2w uiroughout the section, averaging 2.5 ppb. During the POE
interval, a small Hg spike oi 1%, ppb is recorded. The more significant Hg anomaly occurred
during the onset of (e Pt M, with Hg concentrations reaching 20 ppb (Fig.4). The TOC
values are extremely low and remain stable throughout the entire section with values between

0.05 wt.% and 0.2 wt.% and are not correlated with any significant Hg concentration change

(Fig.4).
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background mean value for the site. (AL: Alveolina limestone, CC: Claret conglomerate, TH1:

Lower Thanetian limestone, TH2: upper Thanetian limestone)._(Color in the print version)




4.4. Zumaia (Spain)

The 8°C composition of whole-rock carbonates across the Zumaia Section shows a
relatively stable trend in the 5 meters below the Siliclastic Unit (SU) with values typically
ranging from -1 %o to 1.6 %o. The 8*C values drop to around -8 %o just before the SU and stay
low (0.7 %o to -5.4 %o) through this lithological unit (Fig. 5). Above this, the §'*C values vary
between -0.7 %o and 1 %o up to the end of the section. These new results are consistent with
previous studies of the Zumaia section, which attributed this N"IE to the PETM (Dunkley
Jones et al., 2018; Schmitz et al., 1997). Based on the 53 prc file, we define the onset of the
PETM-NCIE at 0 meters, a few centimeters before t'ie 2eyinning of the SU (Fig. 5). During
the body of the NCIE, the 8*3C are higher values a.id diverge from the typical PETM-NCIE
signal. This shift to pre-excursion values ic attniouted to a relative increase of reworked
material, shown by the presence of Crew eous nannofossils (Dunkley Jones et al., 2018).
Consequently, it is not easy to precisz'v u~fine the end of the NCIE body and the start of the
recovery period.

Hg concentrations in Zur ala are highly variable during the Thanetian, with values in the
3.7-76.5 ppb range (Fig o). A Hg anomaly phase with values between 48.7 and 154.1 ppb is
noticed 30 cm before the SU and coincides with the beginning of the PETM onset. During the
body/recovery phase of the PETM, the Hg contents return to lower values. They generally
remain stable, having only four spikes of values higher than the background average (27.3
ppb) for this section (Fig. 5). The TOC contents vary between 0.01 wt.% and 0.28 wt.%. No

significant TOC variations were observed in this section (Fig. 5).
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5. Discussion

The record of two distinct NCIEs within the PETM interval and their association in the
studied sections with significant Hg concentration anomalies is the most striking feature of
our high-resolution data set. The studied sites display a wide range of Hg concentrations and
8'3C values showing a similar global trend. These variations « e correlated with changes in
depositional environments observed along a continental to oc.ani. transect. The deep-sea and
shallow marine to lacustrine sediments show glotali, higher 3C values and Hg
concentrations spikes, and smaller NCIEs. In cumperison, pedogenic carbonates from
continental sediments show lower 3*3C values ard Hg anomalies but record higher NCIEs
(Fig. 6). Several processes linked with ear:i .fuui2d environment may have lead to differences
in the record of Hg and 5"°C values There/ore, these processes must be considered before
interpreting the geochemical signal a< - indicator of the global environmental perturbation

associated with the PETM.

5.1. Identification 0. the PETM in the Pyrenean peripheral basins

5.1.1. The carbon isotope records along a continental to oceanic transect

The sharp drop in §'*C values associated with the PETM is global and, therefore, often
used as a correlative tool when limited biostratigraphic data are available, particularly in
continental sections (Koch et al., 1992). The 5"°C signal reported here is used to assess the

occurrence of the PETM across the Pyrenean domain and assign a relative age to the



associated Hg anomalies recorded along the studied successions. The dataset shown in this
work comes from different depositional environments. The geochemical signals were derived
from whole-rock carbonates in the marine sections and from soil nodule carbonates in the
continental ones. Components and processes determining the **C content and the relative
contributions of the various reservoirs may explain the differences in the §'°C values and
NCIE amplitudes. The compilation of data from different environments shows a wide range
of 8"C records and NCIEs associated with the PETM (Mclnerney and Wing, 2011). In the
oceanic realm, the primary 8**C values of whole-rock carbonat~s \ ry mainly with changes in
concentration and 5'*C of marine dissolved inorganic carbun {1C) and the fraction of carbon
deposited on the ocean floor as carbonate or organic mati.* An abrupt release of **C-depleted
organic carbon results in a decrease of 53Cpic, whick 1s “ltimately reflected in the S13C of the
whole-rock carbonate (Cramer et al., 2003). The 33C values of pedogenic carbonate nodules
vary with the soil properties, atmospher: * p(,O, values, carbon input rate, soil organic matter
content, and soil respiration rate (Bowon et al., 2015, 2004; Cerling, 1984; Honegger et al.,
2019; Jolivet and Boulvais, 202" Sheldon and Tabor, 2009). During the PETM, marine
carbonates were often subje:ted o seafloor dissolution and bioturbation by deep-sea
organisms that could attenu~tr, the amplitude of the excursion (McCarren et al., 2008;
Mclnerney and Winy, .14, Zachos et al., 2005). In the continent, the buildup of tropospheric
humidity associated with the PETM wet climate enhanced the carbon cycling through
terrestrial ecosystems (i.e., increased plant productivity, soil CO, content, and soil organic
matter), leading to an amplification of the NCIE in pedogenic carbonate nodules (Bowen et
al., 2004). Low-amplitude NCIEs are thus generally found in deep marine environments,
intermediate NCIEs in shallower environments, and more significant NCIEs in continental
environments (Mclnerney and Wing, 2011). Earth system models were thus developed to

estimate the true magnitude of the global carbon isotope excursion associated with the event



providing a framework for interpreting PETM records (Kirtland Turner and Ridgwell, 2016,
2013). These models suggest that the amplification of terrestrial and surface ocean NCIEs
could also be consistent with a rapid carbon release rate without invoking additional factors
that could artificially enhance the apparent NCIEs in terrestrial proxies or dampen the NCIEs
in marine proxies (Kirtland Turner and Ridgwell, 2016). Nevertheless, even if the excursion
size varies widely between different depositional settings, the record of the NCIEs from a
wide variety of marine and terrestrial sources confirms that the perturbation of the carbon

cycle is global and can be recorded throughout a continental to ~cecnic transect.

A relative sea-level drop was registered throughout ‘he 1’yrenean basin during the late
Paleocene and the early Eocene (Pujalte et al., 2014). 't may have caused changes in the
depositional environment of the studied sedimen.ary successions. In turn, the sea-level
changes may have led to variations in the §*3C vaiues, independently of any significant global
environmental disturbance. Additionally, o issible diagenetic processes may have altered the
primary 8*3C records, particularly in ~ha:'ow shelf carbonates where the influx of meteoritic
waters can be significant (Gode! e. a1., 2016). These post-depositional processes can bring
further complexity to the cor:~la. an of continental and open-marine stable isotope records. A
close examination of possi.'e depositional environment changes throughout the successions
studied and a cross-plot «f 8*3C versus 820 was realized for each site (Supplemental Figs.
A.1l) to test the robustness of our carbon signal during the suspected POE and PETM
intervals. The reliability of the carbon signals recorded for each site is discussed in turn in the

following sections.

5.1.2. Carbon isotope signal from the shallow water carbonate of Lussagnet



The magnitude of the whole-rock PETM-NCIE (~ -5%0) of the Lussagnet carbonate
platform (Fig. 2) is higher and relatively more negative (i.e., more **C-depleted carbonates)
than North America continental shelf (-2.8 %o to -3.5 %o) (John et al., 2008; Self-Trail et al.,
2017, 2012) but is comparable to values reported for shallow carbonate platform and
lacustrine carbonate section of the southern Pyrenees (-6%o) (Li et al., 2021) and of a Central
and Himalayan Tethys section (-3 %o to -7 %o) (Li et al., 2020; Zhang et al., 2020). As
previously reported in these studies, the NCIE-POE is particularly well characterized in
shallow-water environments. At Lussagnet, the occurrence n1 = significant 10 m thick
negative spike (~ 4 %o) just before the onset of the PETw stands as evidence of this first
perturbation of the carbon exogenic pool (Fig. 2). Severa, factors may have a strong influence
on the 8'°C values recorded in carbonate ramps or rlawarms. For instance, the restriction in
the carbon reservoir size of the platform-tor \ ator mass, the change of the local carbon
weathering fluxes from land, the early dirgenesis of carbonate mudstone in organic-rich
sediments, and/or sea-level change cai. lead to relative **C depletion in platform carbonates
(Colombié et al., 2011; Immenhat'ser ~t al., 2002; Li et al., 2020; Patterson and Walter, 1994;
Swart, 2008). Some observatic s a.ow us to exclude some of these processes as controls on
the 5'°C variations observeq .+ I _ussagnet.

During the end ut ™aleucene and Early Eocene, the carbonate platform of Lussagnet was
connected west towards the ocean, and the corresponding sedimentary succession was
deposited during a long-term transgressive sequence. Therefore, the §*°C values reported here
were not strongly influenced by restricted water mass or carbon weathering fluxes from land.
The late Paleocene to early Eocene carbonate strata where the NCIEs occurred is dominated
mainly by calcium carbonate with high 5'®0 values. The cross-plot of the "°C and §'°0
values show no significant correlation, and the **C shifts reported are not correlated to §*°0

variations (r2=0,03 during the suspected PETM interval; Supplemental Figs. A.1). This lack



of 8*3C-8"0 covariations suggests that a substantial post-depositional (diagenetic) alteration
of the primary 8"°C values is unlikely. Sea-level change can also shift the "*C trend record on
the carbonate platform toward more positive or negative values (Swart, 2008). For instance, a
deepening of the depositional environment can lead to a more significant influence of deeper-
water carbonate and hence can shift the §°C toward lower values. However, at Lussagnet, the
NCIEs are not related to a drowning of the platform. Instead, the onset of the NCIE coincides
with a relative sea-level fall. This relative sea-level change, possibly related to local tectonic
uplift during ongoing Pyrenean formation or tectono-magmati~ ac.’vity in the North Atlantic,
is well established on the southern side of the platform ir. u.> 1remp-Graus and Ager Basin
(Li et al., 2021; Minelli et al., 2013; Pujalte et al., 2014). At Lussagnet, this sea-level change
is recorded by the occurrence of subaerial exposure ~ur.~ces (905-906 m and 857-960 m) at
the end of the PETM "onset" and by litholojiv sv.ings between innermost carbonate ramp
facies and fluvio-lacustrine depositional <ett’ng during the PETM "body" (Fig. 2). Lacustrine
carbonates are generally *C depleted .~mpared to marine carbonates. In general, the carbon
isotope composition of authigenic lacti<trine carbonates is mainly controlled by the isotopic
composition of the DIC of inT!»wii.g waters, the CO, exchange between lake water and the
atmosphere, and the balance Ye.ween primary and secondary productivity and respiration in
the lake (Leng and wia<hait, 2004). Groundwaters and river waters that recharge the lakes
have §*Cpc values typically low because a significant proportion of the CO, comes from
organic matter oxidation (e.g., plant and soil respiration). This phenomenon associated with
the photosynthesis/respiration of aquatic plants in the lake explains the negative §°C values
of lake carbonates. It cannot be excluded that significantly **C-depleted carbonates (-14 %o to
-8 %o) reported at Lussagnet during the body of the NCIE (Fig. 2) could be in part due to the
occurrence of fluvio-lacustrine intervals and thus are probably not correlated to an extensive

input of carbon in the atmospheric-oceanic system. However, PETM-NCIE onset with a clear



shift from -1.1 %o to -6.1 %0 occurred a few meters before the interval characterized by the
deposition of lacustrine carbonates. Moreover, this shift toward more negative §"°C values is
recorded both through the lacustrine and marine facies (Fig. 2) Finally, the recovery phase
with a gradual shift toward more positive values (-1 %o to 0 %o) occurred during a
transgressive trend establishing in a fully marine environment (Fig. 2). Furthermore, the
isotopic signal recorded at Lussagnet is consistent with the evolution of 8'°C recorded in the
southern part of the carbonate platform at Campo in the southern Pyrenees (Li et al., 2021).
We conclude that despite a possible disturbance of the sign=! a_~ociated with depositional
environment change during the “body phase” of the PE% v e carbon isotopic evolution
obtained at Lussagnet records the global disturbance in hiogeochemical cycles through the
PETM and can be used as a chemostratigraphic tcoir *o support both regional and global

correlation.

5.1.3. Carbon isotopic signal no>m the continental sections of Esplugafreda and

Serraduy

The §'*C continenta! record of Esplugafreda and Serraduy represents typical values for
soil carbonate nodules frcm the Paleocene (Bowen et al., 2015, 2002, 2001; Honegger et al.,
2019), with an average value of -7.1 %o and -6.8 %o, respectively (Fig. 3). The 5'%0 values
show a relatively stable trend throughout the sections (Supplemental Tables A.2-3). Oxygen
and carbon isotopes are not coupled during the PETM in the continental record, as already
observed by Schmitz and Pujalte (2003) and Bowen et al. (2001). However, this stable trend
in the oxygen values argues for limited burial diagenesis in these sections. Moreover, the
cross-plot of the 8*3C and 8'°0 values show poor to moderate correlations (r2=0,42 during the

suspected PETM interval for Esplugfreda, r2=0,18 during the suspected PETM interval for



Serraduy; Supplemental Figs. A.1), suggesting that the significant shifts in §°C values are
not diagenetic artifacts. The new data reported here significantly increase the resolution of the
83C record (Schmitz and Pujalte, 2003) through the interval preceding the PETM at
Esplugafreda and pinpoint the stratigraphic position of the POE for this reference sites of the
Tremp-Graus basin. Additionally, this data set confirms the existence of a temporal lag
between the onset of the PETM and the Claret conglomerate (CC) deposition throughout the
sediment routing system of the Tremp-Graus basin (Duller et al., 2019). The CC was
deposited during the PETM onset phase at Esplugafreda and =t 1.0 end for the slightly more
distal site of Serraduy. The PETM-NCIE (-7 %o) magni.uc> reported at Esplugafreda and
Serraduy is similar as previously observed in other <o0.! nodule profiles in Wyoming and
China (Bowen et al., 2015, 2002, 2001). The negativ~ o “C shift that characterizes the POE at
Esplugafreda is recorded in an interval ‘vi.'«oic significant facies changes (Fig. 3).
Conversely, the NCIE-POE of Serraduy ~or’esponds to an apparent lithological change (Fig.
4). Pre- and post-POE $'*C values we.= carried on soil carbonate nodule. In contrast, POE
§8'3C values come from bulk carbanz'e limestone measurement, meaning that a lithological
effect on the signal cannot be =xciuded entirely. Moreover, in comparison to the Lussagnet
and Esplugafreda signal, nn ,~covery phase is observed in the §'°C for this site. On the other
hand, the 8*3C limestu.,e values recorded here are *C-depleted in comparison to classical
values recorded on the carbonate ramp during the end of the Paleocene (Li et al., 2020; Self-
Trail et al., 2012; Zamagni et al., 2012) and are comparable to the §*3C-POE values reported
at Lussagnet. However, additional work is needed to confirm the presence of the NCIE-POE
at Serraduy. For instance, because the NCIE-POE is linked with Hg anomalies in the other
study sites, a higher resolution record of Hg anomalies across the Thanetian marine limestone

(TH2; Fig. 4) would help to identify whether or not this interval corresponds to the POE.



5.1.4. Carbon isotope signal from the deep-sea section of Zumaia

The deep-water section of Zumaia represents one of the most complete and representative
sections of the Paleocene to Eocene hemipelagic succession of the Pyrenees and provides a
robust PETM temporal framework (Dunkley Jones et al., 2018; Storme et al., 2012). The
high-resolution whole-rock carbonate isotope signal reported here is consistent with previous
studies of the Zumaia section (Dunkley Jones et al., 2018; Srhmitz et al., 1997) but differs
markedly from the other studied Pyrenean sections in that trere ‘s only one NCIE occurring
within the stratigraphic succession (Fig. 5). The POE i=cor Jed at each other's locality is
missing. Although some negative 5"°C shifts in the mar.> and limestone couplets of the latest
Paleocene immediately underlie the large NCIF (hese changes and the absolutes values
recorded are within background variations. N:reover, dissolution and dilution processes that
occurred just above and during the PETM v=sulted in very low CaCO3; % contents across this
interval (Dunkley Jones et al., 2018). Cu.velating univocally, one of the pre-PETM negative

§13C shifts to the POE is rather di fiu 1.

5.2. Pyrenean m: ~u, anomalies reflect enhanced volcanism throughout the PETM

Our high-resolution carbonate *C data compilation allows us to pinpoint the stratigraphic
position of the PETM and the POE throughout the Pyrenean domain (Fig. 6). Although site-
specific constraints prevent the use of the 3'°C variations for mass balances calculations, the
signal obtained across the ocean-continent transect allows the correlation between the
recorded Hg anomalies and the observed NCIEs. While volcanism is the primary source of Hg

in the environment, several other processes could cause a significant release and accumulation



of Hg. They should therefore be carefully considered before interpreting Hg anomalies in

sedimentary rocks.

5.2.1. Non-volcanic causes of mercury enrichment in sediments

Sedimentary mercury can be hosted in various sediment fractions, including organic
matter (Benoit et al., 1999; Bergquist, 2017; Gehrke et al., 2009, Dutridge et al., 2007; Sanei
etal., 2012; Stern et al., 2009), sulfides (Bergquist, 2017; B2 e, <t al., 2008; Han et al., 2014)
and, more rarely, clay minerals (Sial et al., 2013). Basc on analogy to modern oxic marine
sediments, organic matter is commonly assumed to .~ the dominant host phase in ancient
sediments (e.g., Grasby et al., 2019; Shen et al., ~019a, 2020). The assumption of an organic
host phase is correct in mainly cases, out assuming such a relationship without specific
evidence could be risky (Shen et al., 22?0). Indeed, if Hg complex readily with organic matter
under oxic conditions, under intense’v sulfidic conditions, Hg-sulfide complexes dominate.
Moreover, in a shallow-marine env:ronment, it was demonstrated that clay minerals could be
the dominant host phases \“alvoda et al., 2019; L M E Percival et al., 2018; Shen et al.,
2019c). In order to =Anlu~ the possible influence of these processes on the Hg variations,
trace and major element abundances were determined in Lussagnet and Zumaia sections. The
Lussagnet section was selected because this site recorded the more significant Hg anomalies
during the PETM interval, and the Zumaia section was selected because the PETM interval
corresponds to the deposition of the "siliciclastic unit™ that marks an increase of runoff due to
significant changes in regional hydrology (Dunkley Jones et al., 2018). In these two sections,
the correlation between change in Al and Zr contents and Hg concentrations is poor
(Supplemental Figs A.2-3), indicating that the Hg fluctuations recorded in these sites are not

controlled primarily by changes in clay content, even if some Hg is probably adsorbed into



clay. If the occurrence of euxinic levels in the oxidized red and yellow soils of Esplugafreda
and Serraduy is unlikely, the occurrence of euxinic levels in the marine environments of
Lussagnet and Zumaia can not be totally excluded. The poor correlation between Hg and
selected redox-sensitive TEs (e.g., V, Mo, U, Ni) (Supplemental Figs A.2-3) at Lussagnet
and Zumaia suggest that most of the Hg anomalies observed in this study are not linked to
Hg-sulfides complexes formation under anoxic conditions. This observation is also supported
by the fact that the different Hg peaks (Hg>100 ppb) observed at Lussagnet do not correspond
to pyrite-rich levels (Supplemental Tables A.1). Taking togethe: these results suggests that
even clay minerals and Hg-sulfide complexes may host my. tne organic fraction represent
probably the primary host for Hg in the sediments of the v 2rious study sites.

Because Hg concentrations are often directly ln.-ed to TOC contents, the mercury
concentration is classically normalized by the TOC contents before interpreting the Hg
anomalies as derived from the volczaisri activity. The low TOC values, below the
measurement uncertainties (< 0.2 %), recorded in all studied sections, hamper the classical
use of the Hg/TOC (Figs. 2-5). Hrwe e this extremely low TOC content reported in the four
studied sections and the fac that no significant correlation is observed between Hg
concentration and TOC conw. 1t suggest (Supplemental Tables A.1-4) that Hg peaks are not
linked to an increase o1 “ryanic matter scavenging. At Lussagnet, only one abrupt spike in Hg
concentration (4055 ppb) is correlated with a substantial increase of the TOC content (11.8
wt.%) (Fig. 2 and Supplemental Tables A.1). Since this sample contains a significant
amount of coal, it is difficult to univocally discriminate the contribution of volcanism and/or
Hg scavenging by organic matter. Thus, even if the influence of volcanism cannot be
excluded for the significantly higher Hg deposition in this coal sample, we decided to exclude
this point of our study. Permafrost thawing can release Hg (DeConto et al., 2012; Schuster et

al., 2018), thus increasing its environmental concentration. However, the late Paleocene is



characterized by a greenhouse climate state with both poles ice-free and much higher
temperatures than present days for high latitudes (Pagani et al., 2014). The existence of large

permafrost reserves under these climatic conditions is thus unlikely.

5.2.2. Site-specific uncertainties on mercury sequestration

On a global basis, the Hg anomalies observed in the Py:enean foreland basins is
correlative with similar anomalies reported on continente: s.>eir sections located around the
NAIP during the Paleocene-Eocene transition (M. T. lo..=s et al., 2019; Keller et al., 2018;
Kender et al., 2021)), albeit with considerable vrriarility in magnitude among sections
(Fig.6). The deep marine Zumaia section shov.< '{g anomalies between 50 and 150 ppb,
whereas the continental sections of Espl ‘qaf.eda and Serraduy exhibit anomalies between 10
and 45 ppb. In comparison, the carbuate platform of Lussagnet displays extreme spikes,
reaching 2307 ppb Hg. These recult: *adicate that proximity to the continent substantially
impacts the amount of Hg dejosned in the sediments (Fig. 6). Indeed, the Hg is derived
mainly from direct atmospheric fallout in deep oceanic sites. In continental settings,
volcanogenic Hg is uep"sied onto land by rainfall directly onto soil or is taken up by plant
foliage. In comparison, in shallow-marine environments, the Hg can be concentrated in the
sediment from both direct volcanic sources (via atmospheric deposition) and remobilization
of Hg from other terrestrial reservoirs (e.g., soil erosion and biomass burning). Thus, even if
the initial source of exogenous Hg is volcanic, Hg can be ultimately hosted and redistributed
during its transport within intermediate reservoirs (Blum et al., 2014; Them et al., 2019). This
observation is in line with the compilation of NCIE and Hg Toarcian data, which revealed a

significant correlation between the proximity of the site to the landmass and the recorded Hg



anomalies (Them et al., 2019). Nearshore environments consistently record higher mercury
anomalies released from the remobilization of terrestrial sediments than deep oceanic sites
which are dominated by a direct atmospheric fallout (Them et al., 2019). Across our transect,
the nearshore marine section of Lussagnet is hence more likely to preserve Hg cycle
perturbations to a greater extent than the other sites. For instance, modern wildfires produce
widespread fly ash that can increase the supply of Hg to soils and surface waters (Burke et al.,
2010), and a similar relationship was previously suggested for proximal Hg anomalies during
the latest Permian extinction (Grasby et al., 2017). The mascive wildfires likely related to
climatic feedback associated with volcanism could hav: .tggered increased soil erosion
because of the vegetation destruction. This could rise the Hg loading in the nearshore
environments of Lussagnet, challenging the iden*incation of the primary source(s) of
sedimentary Hg. Thus, altthough if no traces ~t 02, ash were observed in the study sites, an
indirect influence of these processes ir the mercury contents cannot be excluded, and the
extremely high Hg concentrations reccrded at Lussagnet (Fig.2) probably reflect a mixing
input from volcanic sources (via dirc~t atmospheric deposition) and terrestrial sources (via
volcanism-related increases ir. conunental erosion and runnof). Despite these complexities,
Hg enrichments coincide in 2I' the depositional environments (Fig. 6) from deep basin to
terrestrial environmeny, renecting a global mercury loading through the Paleocene-Eocene
transition. This close concordance between Hg enrichments and carbon cycle perturbations
probably implies a common source. Thus, we suggest that the Hg anomalies observed
throughout the Pyrenean domain are likely associated with the environmental destabilization

associated with enhanced volcanism during the POE and the PETM intervals.
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5.3. NAIP volcanism as a cause of the PETM

P-E boundary



The late Paleocene to early Eocene period coincides with the establishment of the North
Atlantic Igneous Province (NAIP) (Storey et al., 2007a; Wilkinson et al., 2017). The NAIP is
one of the most important ancient Large Igneous Province (LIP) known (Ernst, 2014a), with a
volume of igneous material estimated to reach 5.10° to 10.10° km® (Eldholm and Thomas,
1993; Holbrook et al., 2001). The main bulk of the NAIP volcanism erupted in two phases.
The first phase began at c. 62-57 Ma, and the second phase coinciding with continental rifting
volcanism occurred at c. 56-54 Ma (Storey et al., 2007a; Ernst, 2014; Wilkinson et al., 2017).
This second phase of the NAIP formation produced enormous *'nlu.Mes of basaltic magma and
closely coincided with the PETM. This volcanism linkzu wvitn the opening of the North
Atlantic may thus have triggered the PETM (Berndt et ol 2016; Gutjahr et al., 2017; S. M.
Jones et al., 2019; Storey et al., 2007a; Svensen et 3'., .204). NAIP volcanism may generate
such a perturbation in global carbon and m. ey cycles. Indeed, several mechanisms
associated with the NAIP may have r:lee.ed a significant amount of mercury and **C-
depleted carbon to the atmosphere-oce.n system. NAIP magma could release carbon dioxide
(Eldholm and Thomas, 1993), while explosive volcanism can affect the global Hg cycle.
Thermogenic methane, carbon “lioxide (Svensen et al., 2004), and mercury (M. T. Jones et al.,
2019; Lawrence M.E. Perciv.! fi al., 2018; Shen et al., 2019b) were also produced by thermal
maturation of organic Mawerial within carbon-rich basins due to igneous sills. These gases
may migrate to the seafloor in hydrothermal vent complexes in sufficient volumes to trigger
the environmental change associated with the PETM (Berndt et al., 2016; Frieling et al.,
2016). However, because it is difficult to find measurable LIP products such as tephra layers
in geological archives, providing a strict causal relationship between the NAIP and the PETM
remains complicated (Jones, 2015). The supposed connection between intense NAIP
volcanism and the PETM is principally derived from the study of seismic reflection profiles

and geochemical and petrographic data from the Norwegian Sea (Aarnes et al., 2015; Svensen



et al., 2004). This assumption strongly depends on the timing of sill- intrusions in the organic-
rich Vgring and Mgre basins. Unfortunately, if large sill intrusions during NAIP formation are
likely to be a source of carbon and Hg to the environment, the close temporal coincidence

between these intrusions and the PETM remains still debated.

Our data show that significant Hg anomalies stratigraphically coincide with the PETM
interval (Fig. 6). These results provide additional independent evidence that volcanic and/or
thermogenic eruptions associated with the emplacement of th2 NAIP have played a crucial
role in the PETM climate change. The present high-resolutic.a actaset confirms the existence
of one first phase of carbon release just before the PETM This pre-onset excursion (POE) is
recorded at Lussagnet, Serraduy, and Esplugafreda ai.? s associated with significant Hg
anomalies in two of our study sites (Fig. 6). This empural coincidence between the POE-
NCIE and Hg anomalies gives new evidenc: or a significant carbon release predating the
PETM. Our results support a volcanic v.”qin for the initial warming observed before the
PETM. This carbon-forced warming 2~ui represent positive feedback for submarine methane
hydrate dissociation at the PETM (~wen et al., 2015; Secord et al., 2010; Sluijs et al., 2007,
Wieczorek et al., 2013). Mulinic Hg anomalies during the “body” of the PETM also attest to
the sustained activity of vi'canism during the PETM. This observation tends to confirm a
volcanic source for the ‘onger-term *C-depleted carbon release responsible for the long
duration of the body of the NCIE. Based on carbon cycle box model, previous studies propose
that multiple releases of greenhouse gases from vent complexes could explain the shape of the
NCIE, the warming, and the deep ocean carbonate dissolution pattern observed in
sedimentary records (Frieling et al., 2016; Zeebe et al., 2009). A recent study proposed that
the massive degassing of greenhouse gases throughout the hydrothermal vent complexes can
explain the totality of PETM-NCIE excursion without implying another organic-carbon

reservoir destabilization (S. M. Jones et al., 2019). However, the precise link between Hg



anomalies, NAIP volcanisms, and PETM climate change appears complex. Indeed, significant
Hg anomalies are observed during and after the “recovery phase” and confirm that volcanism
pulses continued although a CO, drawdown (Fig. 6). This difference in behavior between the
mercury and carbon systems may be related to changes in the magma production rates and
dominant emplacement style (Abdelmalak et al., 2016; Saunders, 2016; Storey et al., 2007D).
Thermogenic gas release from contact metamorphism and volcanic eruptions are different
processes. The spatial distribution and the magnitude of Hg anomalies from these sources
may differ considerably. Thus, it cannot be excluded that Hg a1 .2lies do not always equate
to the same level of carbon input to the system (M. T. Jon~s * al., 2019). For instance, a shift
in the dominant mode of emplacement from sill intrision to surface volcanism during the
NCIE could lead to a more worldwide release of HJ v.ithout thermogenic **C-depleted gas
into the atmosphere-oceanic system (M. T. Jone. et al., 2019). A second hypothesis may also
explain the Hg anomalies during the re avecy phase without necessarily involving volcanic
origin. Indeed, it cannot be ruled out tr.ot these anomalies were due to the substantial mercury
loading from soil erosion during the ‘r.covery phase”. However, because the Hg anomalies
stopped at the end of the “rec: very phase", we argue that these Hg anomalies are probably
due to a change in the dumitant mode of volcanism throughout the Paleocene-Eocene
transition. This compic 1eiationship between Hg anomalies, NAIP emplacement mode, and
PETM-NCIE remains yet poorly understood. Further works need to be done before

elucidating the succession of events responsible for the PETM climate change.

6. Conclusions

This study highlights Hg anomalies and carbon isotopic signals across the PETM from

four sections spanning a continental-marine transect in Pyrenean foreland basins. Unlike



classical deep ocean sites, the high accumulation rate that characterizes these environments
allows preservation of mercury and carbon cycle perturbations at high resolution during the
Paleocene-Eocene transition. In the studied sections, significant Hg anomalies coincide with
the PETM-NCIE. The influences of local processes or changes in TOC and Hg sequestration
have been tested and reveal that these anomalies are mainly of volcanic origin. Nonetheless,
the wide variation of the magnitude of observed Hg anomalies between localities suggests that
the depositional environments may have had important control on the Hg sequestration.
Furthermore, the timing of Hg peaks, considered here as rrax.~s of volcanic activity of
regional/global significance, coincides with a rise in t'ie NAIP activity. Therefore, this
suggests that the NAIP is the source of the Hg annni lies recorded across the Pyrenean
domain during the PETM. The record of a pre-onset fxc.rsion (POE) associated with mercury
anomalies immediately before the PETM also <uqgests that NAIP magmatism may have
initiated a positive carbon cycle feedbac < leading to the PETM events. This precursor event
can trigger an abrupt release of cahon from other temperature-sensitive near-surface
reservoirs worldwide. However, evicerce for elevated volcanism at the end of the PETM-
NCIE highlights the complex “elatonship between volcanism forcing and climate. A better
constrain of these chanoes may be crucial to understand better the climate feedbacks

responsible for the hype-theimal conditions associated with the PETM.
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