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ARTICLE INFO ABSTRACT

Keywords: The Late Lutetian Thermal Maximum (LLTM) was a transient and brief global warming event recorded in the
Eocene " middle Eocene, at 41.52 Ma. The biotic response to the LLTM has been documented at only a few marine sites so
sW Pac}iﬁc | far. Here, we present the first record of deep-sea benthic foraminiferal assemblage changes during the LLTM in
;IZ::;;C ?;I::nini fera the southwest Pacific at International Ocean Discovery Program Hole U1508C (1609 m water depth) in the
C19r event Tasman Sea. The LLTM coincides with a negative excursion in bulk sediment 513C (0.47%0) and benthic fora-
Geochemistry minifera 8'3C (0.36%o), with changes in the relative abundance of benthic foraminiferal species and in the deep-

water organic geochemistry. The decrease in diversity of the assemblages indicates environmental stress during
the event, potentially linked to oxygen deficiency, as evidenced by the occurrence of dysoxic taxa (e.g. Lenticulina
spp., Turrillina brevispira). Although calcareous taxa dominate, the presence of corrosion-resistant species and
poorly preserved foraminiferal tests suggest slightly CaCOs-corrosive bottom waters, but no dissolution was
evident. We suggest the shallowing of the thermocline and enhanced water column stratification at this site

during the LLTM.

1. Introduction

The climate of the middle to late Eocene has been described as a
warmhouse state with a gradual cooling trend towards the Eocene/
Oligocene transition (Westerhold et al., 2020). This cooling trend was
interrupted by short-lived warming events, documented by negative
excursions in carbon and oxygen isotope records (e.g. Wade and Kroon,
2002; Bohaty and Zachos, 2003). Some of these have been described as
hyperthermal events (e.g. Thomas et al., 2000; Foster et al., 2018).
Hyperthermals are typically associated with increased global tempera-
ture, high pCO- levels (e.g. Bijl et al., 2010; Pearson, 2010) and marine
carbonate dissolution (e.g. Leon-Rodriguez and Dickens, 2010; Sexton
et al., 2011; Bhattacharya and Dickens, 2020), and they are considered
to be indicative of perturbations of the global carbon cycle (e.g. Lyle

et al., 2005; Rivero-Cuesta et al., 2020).

The Late Lutetian Thermal Maximum (LLTM), also known as “C19r
event” (Edgar et al., 2007), was a middle Eocene hyperthermal event
ocurring at- 41.52 Ma, within the upper part of magnetic polarity Chron
C19r (Westerhold and Rohl, 2013). In the South Atlantic Ocean, the
carbon isotope excursion (CIE) associated with the LLTM spans only 30
kyr, making it relatively short compared to the frequent hyperthermals
of the early Eocene; the clay layer of maximum carbonate dissolution
represents only 5 kyr, and the period of 2 °C warming in the deep-sea
lasted 10 kyr (Westerhold et al., 2018). This very short time-span
makes it difficult to identify the LLTM in deep-sea sediments.

While other hyperthermal events have been associated with periods
of elevated pCO- levels, the LLTM warming has been linked to the
highest insolation values of the last 45 million years on Earth’s surface,
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along with an accelerated hydrological cycle (Westerhold and Rohl,
2013; Intxauspe-Zubiaurre et al., 2018; Westerhold et al., 2018).
Studying the biotic response to intensified insolation, and the subse-
quent planetary warming, provides valuable insights into ecological
dynamics during such extreme climate events. However, only a few
studies are available, and these are focused on the Atlantic Ocean. In the
South Atlantic, the LLTM has been documented at Ocean Drilling Pro-
gram (ODP) Sites 702, 1260 and 1263 (Edgar et al., 2007; Westerhold
and Rohl, 2013; Westerhold et al., 2018; Rivero-Cuesta et al., 2020). In
the northeast Atlantic, it has been reported from the Spanish Cape
Oyambre section in the Basque-Cantabric Basin (Intxauspe-Zubiaurre
et al., 2018). These studies record the negative excursion in carbon and
oxygen stable isotopes, with a CIE of 0.47 %o in bulk sediment and 0.36
%o in benthic foraminifera, and an OIE of 0.45 %o in bulk sediment and
0.48 %o in benthic foraminifera, respectively. Additionally, a decrease of
~15 % in CaCOs content is recorded. Benthic foraminifera provide one
of the best deep-sea fossil records during the Cenozoic, and they are an
excellent tool to reconstruct palaeoenvironmental conditions during the
Paleogene (Alegret et al., 2021a; Arreguin-Rodriguez et al., 2022),
including the transition from the middle Eocene warmhouse state to the
early Oligocene coolhouse climate state (e.g. Thomas, 1992; Ortiz and
Thomas, 2015). Their response to the largest hyperthermal event of the
Paleogene, the Paleocene-Eocene Thermal Maximum (PETM), has been
widely documented, and multiple studies have analysed their faunal
turnover across early Eocene hyperthermal events, but few of them have
considered the hyperthermals that punctuated the gradual cooling trend
of the middle Eocene (Intxauspe-Zubiaurre et al., 2018; Arreguin-
Rodriguez et al., 2022). So far, the benthic foraminiferal response to the
LLTM has only been studied at ODP Site 702 (lower bathyal depths,
1000-2000 m; Rivero-Cuesta et al., 2020) and at Cape Oyambre section,
situated on a continental margin setting (middle bathyal depths,
600-1000 m; Intxauspe-Zubiaurre et al., 2018). At both sites, negative
CIE and OIE were recorded along with a decrease in carbonate content in
deep-sea sediments during the event. Additionally, a decrease in di-
versity (but no extinctions) and temporary shifts in species abundance
among benthic foraminifera were observed (Intxauspe-Zubiaurre et al.,
2018; Rivero-Cuesta et al., 2020).

Here, we present the first record of deep-sea benthic foraminifera
across the LLTM in the southwest Pacific. International Ocean Discovery
Program (IODP) Expedition 371 in the Tasman Sea provided a unique
Eocene sedimentary record in a key location for understanding the
palaeoceanographic and palaeoclimatic evolution of the southwest Pa-
cific (Sutherland et al., 2019). Quantitative analyses of benthic fora-
miniferal assemblages are used to document the response of deep-sea
ecosystems to a rapid warming event associated with a global distur-
bance of the carbon cycle, with implications for studies that calibrate the
response of the benthos to hyperthermal events of different magnitude
and background climate states (e.g., Arreguin-Rodriguez et al., 2022).
We compare our results with the four other locations in the Atlantic
Ocean where the LLTM has been documented.

2. Location and geological setting

Site U1508 (34°26.89'S, 171°20.59'E; 1609 m water depth) was
drilled during IODP Expedition 371 in the Tasman Sea, southwest Pa-
cific Ocean, ~130 km west of Cape Reinga, which is the northern tip of
the Northland region of northern New Zealand (Fig. 1A) (Sutherland
et al., 2019). It is located in the Reinga Basin, a topographic depression
within the continental crust of Zealandia (Mortimer et al., 2017;
Sutherland et al., 2020). The Reinga Basin currently has water depths of
1500-2500 m, and is bounded by Reinga Ridge and South Maria Ridge
to the northeast, by the West Norfolk Ridge to the west, and it is
continuous with Northland basin to the southeast (Fig. 1B).

At present, Site U1508 lies at the southern extent of the southeast-
flowing East Australian Current (often referred to as Tasman Front),
which is the subtropical return flow of the South Pacific Gyre (Fig. 1A).
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Site U1508 penetrated a total of ~700 m of Pleistocene to lower Eocene
heterogeneous sediments (Sutherland et al., 2019). Seafloor sediment at
Site U1508 is composed of clayey nannofossil chalk and nannofossil
limestone with foraminiferal and bryozoan fragments (Sutherland et al.,
2019).

Local palaeogeographic information is synthesized in Fig. 2B. Site
U1508 at 41 Ma is inferred to have been at lower bathyal depths on a
saddle that connected New Caledonia Trough and Aotea Basin to a
deeper basin that lay north of Reinga Basin at that time (and has since
been subducted). The estimated palaeolatitude of the site was ~47°S
(Fig. 2B) (Dallanave et al., 2022). During the Eocene, ocean-atmosphere
models suggest a precursor to the South Pacific Gyre acted as a signifi-
cant global driver of ocean heat transport (Huber et al., 2004). However,
the intensity of the gyre was lower compared to today conditions,
because the ocean gateway between Australia and Antarctica did not
fully open until the end of the Eocene, and the gyre intensified as the
Southern Ocean became wider and Antarctica colder (Kennett, 1977).
Even so, the southwest Pacific Ocean was the main source of interme-
diate and deep-water formation during the early Paleogene (Sijp et al.,
2014; Baatsen et al., 2020).

We suggest that, similar to today, the Zealandia continent repre-
sented a natural barrier for the flowing of ocean currents and was
bounded on its northern side (near Site U1508, Fig. 2B) by a southeast-
flowing precursor to the Eastern Australian Current (EAC, Fig. 2A), and
on its southern side by the northward-flowing Tasman Current (TC)
(Huber et al., 2004; Cramwinckel et al., 2020) (Fig. 2A). Flowing along
the east of the Australian coast at surface and intermediate levels, the
EAC was a warm, saline and nutrient-poor water mass that flowed
southward, while the TC was a relatively cool wind-driven current that
flowed northward along the east of the Australian coast (Huber et al.,
2004; Bijl et al., 2011).

3. Material and methods

The study interval in Hole 1508C ranges from Core 22R, Section 1,
interval 15-16 cm (560.96 m CSF-A) to Core 22R, Section 5, interval
127-128 cm (567.40 m CSF-A), and consists of moderately bioturbated
nannofossil chalk and nannofossil limestone with foraminifera
(Sutherland et al., 2019).

Our refined age model based on a magneto-biochronological
framework integrated with available bulk sediment isotopic data from
Hole U1508C (Bhattacharya, 2021) and the reference high-resolution
isotopic record from the Atlantic Ocean (Westerhold et al., 2018),
allowed us to identify the short-lived LLTM and to plan the sampling
strategy for benthic foraminiferal studies.

3.1. Inorganic geochemistry

Carbon and oxygen stable isotopes were measured on bulk sediment
and benthic foraminifera (Fig. 3) in a total of 32 samples, taken between
560.96 and 567.40 m CSF-A, at MARUM Isotope Laboratory (Bremen
University). Sampling resolution ranged from 0.05 to 0.41 m CSF,
resulting in time resolution varying from 2 to 20 kyr (Suppl. Table S1).

Specimens of Nuttallides truempyi were used for species-specific
isotope analyses on benthic foraminifera, and bulk carbonate 5'3C and
5180 were analysed on oven-dried and pulverised sediment samples.
Analyses were performed on a ThermoFisher Scientific 253plus gas
isotope ratio mass spectrometer with a Kiel IV automated carbonate
preparation device. Samples were treated with orthophosphoric acid at
75 °C. Analytical precision based on replicate analyses of in-house
standard (Solnhofener Limestone) is of 0.03 %o and 0.04-0.06 %o (106)
for 8'3C and 5'%0, respectively. Data are reported relative to the Vienna
Pee Dee Belemnite international standard, determined via adjustment to
calibrated in-house standards.

Statistical analysis, Cluster and Detrended Correspondance Analysis
(Suppl. Material S1), were carried out both in the bulk sediment and
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benthic foraminifera carbon and oxygen stable isotopic records.

The CaCO3 (%) (Fig. 6) content across the study interval includes the
dataset of Bhattacharya (2021) between 564.03 and 566.19 m CSF-A,
and calculated values based on shippboard Ca XRF data
(560.82-567.45 m CSF-A; Sutherland et al., 2019), which were cali-
brated (Suppl. Table S1) using the results by Bhattacharya (2021).

3.2. Organic geochemistry

For organic geochemical analyses, 11 samples (20-30 g each, Suppl.
Table S2) were freeze-dried and powdered prior to lipid extraction using
microwave extraction (MEX) with 9:1 (v:v) dichloromethane:methanol
(DCM:MeOH) as solvent. A known amount of a synthetic C46 glycerol
trialkyl glycerol tetraether (GTGT) standard was added to the total lipid
extract (TLE), which was separated into apolar, ketone, and polar frac-
tions over an Al203 column with elution using hexane:DCM (9:1),
hexane:DCM (1:1), and DCM:MeOH (1:1), respectively. The GDGT-
containing polar fraction was subsequently dried and redissolved in
hexane:isopropanol (99:1), and filtered over a 0.45 pm polytetra-
fluoroethylene filter to a concentration of ~3 mg mL-1, prior to analysis
using ultrahigh-performance liquid chromatography-mass spectrometry
(UHPLC-MS) on an Agilent 1260 Infinity series high-performance liquid

chromatography system coupled to an Agilent 6130 single-quadrupole
mass spectrometer in selected ion monitoring mode at Utrecht Univer-
sity, Utrecht, Netherlands. Chromatographic separation of target com-
pounds was achieved on two Waters BEH HILIC silica columns (2.1 x
150 mm, 1.7 pm) preceded by a guard column (2.1 x 5 mm, Waters)
packed with the same material. Solvents, elution scheme, and instru-
ment settings were conducted according to Hopmans et al. (2004).
Resulting chromatograms were integrated for the presence of isoprenoid
GDGTs (isoGDGTs) and branched GDGTs (brGDGTs) (Schouten et al.,
2013). GDGT distributions were calculated and analysed in line with
recent Paleogene work covering a similar study area (Bijl et al., 2021).

3.3. Magnetostratigraphy and global palaeogeography

Shipboard palaeomagnetic analyses conducted in Hole U1508C
during Exp. 371 are primarily based on quasi-continuous natural
remanent magnetization (NRM) measurement of all archive halves
(Suppl. Table S3). The initial NRM was measured every 5 cm before any
treatment, and after each of four magnetic cleaning steps performed
using alternate field (AF) of 10, 15, and 20 mT. The archive half mea-
surements, conducted by using a 2G Enterprises supercondicting rock
magnetometer, were integrated with data from 29 oriented discrete
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specimens that were stepwise demagnetised up to 70 mT and measured
after each demagnetization step with a AGICO JR-6 spinner magne-
tometer (Sutherland et al., 2019). Because of the very low intensity of
the NRM (~10*4 A/m), shipboard correlation of Hole U1508C with the
geomagnetic polarity time scale (GPTS) was particularly difficult, and
no palaeomagnetic reversals were retrieved in the upper Lutetian part of
the site (~560-580 m CSF-A). To overcome this limitation, a total of 62
oriented 8 cm® cube-samples were trimmed from the working half of
Cores 20R to 38R during the post-cruise sampling party. Samples were
stepwise AF demagnetised up to a maximum field of 100 mT, using steps
of 5mT up to 50 mT and 10 mT up to the maximum value. Samples were
measured automatically after each demagnetization step with a 2G En-
terprises superconducting rock magnetometer placed in line with the AF
coil at the University of Bremen (Germany) (Mullender et al., 2016).
Palaeomagnetic directions are determined after visual inspection of
vector end-points demagnetization diagrams (Zijderveld, 1967). Vector
end points linearly trending towards the origin of the demagnetization
axes are interpolated by using principal component analysis as proposed
by Kirschvink (1980). Vector end-points that fail to display a linear trend
but show a coherent grouping in space are averaged by means of
spherical statistic (Fisher, 1953).

The global palaeogeographic setting and the palaeoposition of the
studied records are placed with respect the Earth’s spin axis by using a
palaeomagnetic reference frame. From the list compiled by Vaes et al.
(2023), we selected a total of eight palaeomagnetic poles with an age
ranging from 37 to 46 Ma (with an average of 40.73 Ma), five of which
are from North America (Harlan et al., 1995; Irving et al., 2000; Symons
et al., 2003; Ressetar and Martin, 1980; Sheriff and Shive, 1980), two
from stable Europe (Dupont-Nivet et al., 2010; Hankard et al., 2007),
and one from Greenland (Schmidt et al., 2005). The poles are first
rotated into a common South African frame, depending on their age, by
using the relative fits adopted by the relative plate motion model of
Miiller et al. (2016). The palaeo-position of the plates chained to South
Africa at 41 Ma was then determined by using the same model after
fixing the average palaeomagnetic pole as coinciding with the
geographic pole. The main palaeo-elevation and palaeobathymetry
features are drawn according to Cao et al. (2017).

3.4. Benthic foraminifera

Quantitative analyses of benthic foraminiferal assemblages were
performed on the same 32 samples used for isotopic analyses (Suppl.
Table S4). Sediment samples were oven dried at 40 °C, weighed and
soaked in Nag(PO3)g over four hours. Disaggregated samples were then
washed over a > 63 pm size fraction, and the remaining residue was
oven-dried and weighed. Benthic foraminifera, with a moderate to poor
preservation, are rare relative to total sediment particles in the >63 pm
fraction of most studied samples. Additional sedimentary components
include moderately well-preserved, dominant to abundant planktonic
foraminifera and calcareous nannofossils, and a few poorly preserved
radiolarians.

For the quantitative analyses, ca. 300 benthic foraminifera were
picked per sample. Taxonomic classification mainly follows Alegret and
Thomas (2001), Arreguin-Rodriguez et al. (2018), Hayward et al.
(2010), Holbourn et al. (2013), Kaminski and Gradstein (2005), Loe-
blich Jr. and Tappan (1987) and Van Morkhoven et al. (1986). The
specimens of the most representative species were photographed using
the Scanning Electron Micrograph imaging facilities (JEOL JSM 6360-
LV) at the Microscopy Service of the University of Zaragoza (Spain)
(Figs. 7 to 9). A raw data matrix with the benthic foraminiferal counts
(Suppl. Table S4) was used to calculate the relative abundance of each
taxon; those whose relative abundance makes up >2 % of the assem-
blages in at least one sample are represented in Fig. 5. The percentage of
calcareous and agglutinated tests, the planktonic/benthic foraminiferal
ratio (P/B ratio, %; % planktonic relative to planktonic + benthic, e.g.
Berger and Diester-Haass, 1988; Van der Zwaan et al., 1990), and
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diversity of benthic foraminiferal assemblages were calculated to
describe changes in the assemblages and to infer the palae-
oenvironmental conditions across the study interval (Fig. 6). The
Shannon-Weaver heterogeneity index H (S) takes into account the
number of species (S) and their relative abundance (p;) in the sample
(the proportion of the ith species, p = per cent divided by 100), and it
was calculated following Murray (1991) and applying the formula H(S)
= —X (p;. Inp;) in Excel. The Fisher-a diversity index was calculated using
http://groundvegetationdb-web.com/ground_veg/home/diversity_ind
ex.The percentage of infaunal and epifaunal morphogroups (Corliss,
1991; Corliss and Chen, 1988; Jones and Charnock, 1985) was also
calculated to infer trophic and oxygenation conditions in the deep sea
(Fig. 6). Epifaunal morphogroups dominate the assemblages in oligo-
trophic, well-oxygenated environments, and infaunal taxa tend to be
more abundant in eutrophic, oxygen-deficient conditions (Jorissen
et al., 2007). Interpretations based on morphogroups must be taken
carefully, considering that the relationship between morphology and
habitat is sometimes problematic for living foraminifera (Buzas et al.,
1993) and there are no perfect modern analogs for fossil assemblages
(Hayward et al., 2012). This is particularly problematic if significant
changes in the relative abundance of species of the same morphogroup
end in a constant total abundance of that morphogroup (e.g. Alegret and
Thomas, 2009; Alegret et al., 2021b).

The relative abundance of buliminids s.L. and the superfamily Buli-
minacea (Sen Gupta, 1999) was calculated (Fig. 6). These infaunal taxa
are abundant in high food and/or low-oxygen conditions (Jorissen et al.,
1995; Thomas, 1990), and their high abundance is most commonly
related to a high food supply (Gooday, 2003; Jorissen et al., 1995,
2007).

Benthic foraminiferal accummulation rates (BFAR; Herguera and
Berger, 1991), a proxy for total organic matter flux reaching the seafloor
(Gooday, 2003; Herguera, 2000; Jorissen et al., 2007), were calculated
by multiplying the number of benthic foraminifera per gram of bulk
sediment by the linear sedimentation rate (derived from the refined age
model) and the dry bulk sediment (Sutherland et al., 2019) (Fig. 6).

Benthic foraminiferal palaeobathymetric estimates are based on the
comparison between recent and fossil assemblages, the occurrence and
abundance of depth-related species, and their upper depth limits (e.g.
Tjalsma and Lohmann, 1983; Van Morkhoven et al., 1986; Alegret and
Thomas, 2001; Hayward et al., 2010; Gastaldello et al., 2024). We follow
the bathymetric divisions by Van Morkhoven et al. (1986): neritic
(0-200 m), upper bathyal (200-600 m), middle bathyal (600-1000 m),
lower bathyal (1000-2000 m), and abyssal (>2000).

A qualitative analysis of the preservation of benthic foraminiferal
tests was carried out across the study interval. Additionally, since
planktonic foraminifera are more susceptible to fragmentation and
dissolution than benthic foraminifera (Kucera et al., 1997), we calcu-
lated the planktonic foraminiferal fragmentation index (FI, Suppl. Table
S4), following the method of Berger et al. (1982), to estimate changes in
the carbonate saturation state of bottom waters (Berger et al., 1982;
Kucera et al., 1997). At least 300 planktonic foraminiferal tests (com-
plete and semi-complete tests), plus all the fragments (less than two-
thirds of an entire test) were observed and counted in each sample.
The number of fragments was divided by the total number of tests, and
multiplied by 100. Assemblages with FI values higher than 40% are
correlated with strong dissolution (Kucera et al., 1997; Gilabert et al.,
2021).

4. Results
4.1. Inorganic geochemistry

In Core U1508C-22R, bulk carbonate 8'3C (5!3Cpyy) values range
from 1.09%o to 1.61%0 (mean value 1.45%o), and bulk carbonate 5'%0

(slsobulk) ranges from —0.99 %o to —0.06 %o (average value of —0.54%o).
Three intervals are differentiated based on the §'°C and 880 records
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(Fig. 3). The delineation of the three intervals and the identification of
the LLTM event is also supported by a Cluster Analysis and a Detrended
Correspondance Analysis (DCA; Suppl. Material S1).

The lowermost part of the study section (Interval 1, from 567.40 to
565.15 m CSF-A) shows 8'3Cpyi values higher than 1.38 %o (average of
1.50%o), and slsobulk values higher than —0.63 %o (average of 0.36 %o).
Interval 2 (between 565.15 and 564.45 m CSF-A) is characterised by the
largest negative CIE and OIE; 5'3Chui values (average of 1.30 %o) show a
negative shift of 0.47 %o (decrease from 1.56 %o at 565.22 m CSF-A to
1.09 %o at 564.9 m CSF-A), and 580y values (average of —0.78 %o)
show a negative shift of 0.45 %o (decrease from an average of —0.36 %o in
the previous interval to —0.99 %o at 564.9 m CSF-A). In the uppermost
interval (Interval 3, from 564.45 to 560.96 m CSF-A), 5 3Cp values are
higher than 1.35 %o, with an average of 1.48 %o, and 6180bu1k values are
higher than —0.7 %o with an average of —0.57 %o.

The isotope values measured on the epifaunal species Nuttallides
truempyi show a similar trend compared to bulk isotope values (Fig. 3).
Mono-specific 613Cbemhic values range between 0.15 %o and 0.63 %o
(average 0.4 %o), and 5'80penthic values range between —0.83 %o and
0.38 %o (average — 0.23 %o). Interval 1 shows 5'3Chenthic values higher
than 0.25 %o (average of 0.47 %o), and 6180bemhic values are higher than
—0.3 %o (average of —0.25 %o). Within Interval 2, 613Cbenr_hic values range
from 0.54 %o to 0.18 %o at 564.9 m CSF-A (CIE 0.36 %o, interval average
of 0.22 %o), whereas 6180benthic values decrease from —0.1 to —0.58 %o
(OIE 0.48 %o, interval average of —0.55 %o). In Interval 3, 613Cbemhic
values are higher than 0.28 %o (average 0.44 %o) and 618Obemhic values
are higher than —0.38 %o (average — 0.09 %o).

The percentage of CaCO3 derived from the Ca XRF data ranges be-
tween 67.85 % (565.41 m CSF-A) and 87.55 % (561.98 m CSF-A), with
an average of 83.92 % (Fig. 6). The CaCO3 content (%) decreases by ~15
% between 565.41 and 564.89 m CSF-A, with an average of 74.65 %. A
lower-resolution study by Bhattacharya (2021) reported a similar drop
of 11 % in the CaCOj3 content across this interval (Fig. 6).

4.2. Organic geochemistry

The 11 samples from Hole U1508C (Fig. 6) contain appropriate
concentrations for GDGT analyses. However, several indicator ratios are
elevated and record an influence of non-normal marine GDGT distri-
butions. In particular, BIT indices are relatively high, ranging between
0.32 and 0.72 (average 0.54), suggesting terrestrial input of GDGTs.
Moreover, indicator ratios within the isoGDGT pool are likewise
elevated above their suggested thresholds. These include a high
Methane Index (MI; Zhang et al., 2011) that is near or above the sug-
gested threshold of 0.3 throughout the studied section and a high AOM
ratio (GDGT-2/Crenarcheol; Weijers et al., 2011) consistenly at or above
the suggested threshold of 0.2. These ratios indicate a contribution to the
GDGT pool by methane-metabolizing archaea and anaerobic methane
oxidizers, respectively. The GDGT-2/3 ratio (Taylor et al., 2013) is
higher than 5 in all samples, also suggesting a contribution of deep-
dwelling archaea. Maximum values of all of these indicator ratios are
found in stratigraphic Interval 2. TEXgs values range quite widely be-
tween 0.34 and 0.72. However, the combination of all indicator ratios
with values outside the normal range indicates TEXgg should not simply
be used as a temperature proxy in this specific interval and location, as
the composition of GDGTs used in the index is too heavily influenced by
non-thermal contributions.

4.3. Magnetostratigraphy

From the total of 62 samples collected from Hole U1508C, a char-
acteristic remanent magnetization (ChRM) that is suitable for magnetic
polarity stratigraphy was isolated in 32 samples (i.e., ~52 %). Overall,
the low intensity of the NRM resulted in a relatively poor preservation of
the palaeomagnetic signal, and the ChRM directions possessing a
maximum angular deviation (MAD, which express the angular
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uncertainty associated to the direction) lower than 10° is 13. A
maximum MAD of 10° is often considered as a limit of acceptability for
ChRM directions used for palaeolatitude estimates, which require pre-
cise data (Dallanave et al., 2022), nonetheless directions with higher
confidence angle can be used for magnetic polarity interpretation. After
integration with 12 palaeomagnetic directions derived from the ship-
board analysis, we found at Hole U1508C (Cores 20R to 38R) seven
polarity zones that correlate continuously with Chrons C18r — C21r
(Dallanave and Chang, 2020). In particular, a total of 12 palaeomagnetic
directions have been obtained within Cores 22R and 24R (Suppl. Table
S3, Fig. S1). Within this chronological frame, the reversed polarity in-
terval within 562.62 m and 580.01 m CSF-A (Cores 22R-24R) is corre-
lated with Chron C19r (Suppl. Fig. S1).

4.4. Age model and identification of the LLTM

The available age model for Site U1508 (Sutherland et al., 2019) was
refined using magneto- and biostratigraphic (calcareous nannofossil)
data, and the new age model indicates that Core U1508C-22R spans the
LLTM event (Fig. 4; Suppl. Table S6). Previously studied successions
evidenced that the LLTM lies within Chron C19r (Edgar et al., 2007;
Westerhold et al., 2018), which is documented at Site U1508 from
565.11 to 564.51 m CSF-A (Dallanave and Chang, 2020). Using the
chron ages of Westerhold et al. (2020), their relative depths (Sutherland
et al., 2019; Dallanave and Chang, 2020), calcareous nannofossil da-
tums, and assuming constant linear sedimentation rates between two
successive chron boundaries, we constructed an age-depth plot for Site
U1508 (Fig. 4).

According to this new age model (Fig. 4), the study interval spans
calcareous nannofossil Eocene biozones CNE13 and CNE14 (Agnini
et al., 2014), whose boundary is marked by the Base of Common (and
continuous) of C. reticulatum. Assuming linear sedimentation rates be-
tween successive tie points, an age (Ma) was calculated for each study
sample (Suppl. Table S6).

The interval containing the §'3C and §'%0 negative excursions
(Fig. 3) in Hole U1508C is correlated with the LLTM event based on its
position in the upper part of Chron C19r (Fig. 4), with an estimated
duration of 30 kyr (41.39-41.36 Ma). This is consistent with the dura-
tion and age of the LLTM CIE calibrated in the Atlantic Ocean (41.52 Ma;
Westerhold et al., 2018). The small discrepancy in the age of the event is
possibly linked to the assumption of a constant accumulation rate within
the chron, while the calibration by Westerhold et al. (2018) is based on a
more refined astronomical tuning.

4.5. Planktonic foraminiferal fragmentation index (FI)

The calculated FI values at Site U1508 (Fig. 6) range from 0.62 % to
8.64 %. In Interval 1, FI values average 1.31 %, and the maximum value
of 3.22 % is recorded at 565.3 m CSF-A. Values are higher than 3.5 % in
Interval 2, with an average of 5.88 % and a maximum value of 8.64 % at
564.4 m CSF-A, and a qualitative analysis of planktonic foraminifera
reveals a poorer preservation of their tests. The FI decreases in Interval
3, with an average value of 2.43 %.

4.6. Benthic foraminiferal assemblages

A total of 65 taxa (53 calcareous and 12 agglutinated) were recog-
nised at the species or higher taxonomic level. Benthic foraminiferal
assemblages are strongly dominated by calcareous taxa (>80 % of the
assemblages) across the study interval, and agglutinated foraminifera
are a minor component (Fig. 6) and mostly consist of infaunal biserial-
triserial species such as Spiroplectammina spectabilis or Karreriella bra-
dyi (Fig. 5).

Infaunal morphogrups make up 58 % - 73.25 % of the assemblages,
and they also dominate among calcareous hyaline foraminifera (Fig. 6).
They include common to abundant uniserial elongated nodosariids and
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stilostomellids, and biserial species sush as Pleurostomella and Uvigerina
peregrina, triserial buliminids s.L., globular unilocular tests (e.g., Lagena)
and subglobular species (Globocassidulina subglobosa), planispiral
biconvex taxa such as Lenticulina spp., and the trochospiral Oridorsalis
umbonatus. Among epifaunal morphogroups, Nuttallides truempyi, Gyro-
idinoides spp. and Cibicidoides spp. (incl. C. praemundulus) are the most
common taxa (Fig. 6).

The assemblages are moderately diverse throughout the study in-
terval. The Fisher-a diversity index ranges between 10.60 and 17.30
(average 13.12). The heterogeneity H(S) index, with an average of 2.88,
ranges from a minimum of 2.61 to a maximum of 3.08. BFAR values,
with an average of 632.91, range between 1409.27 and 209.97 speci-
mens/cm>*kyr, and the P/B ratio, with an average of 93 %, remains high
across the study interval (between 87 % and 98 %). All these indices
reach their minimum values in Interval 2, coinciding with the negative
CIE that marks the LLTM (Fig. 6). No extinctions of benthic foraminifera
have been recorded across the study interval, but assemblages show
changes in diversity and in the relative abundance of taxa.

Interval 1 (567.4-565.15 m CSF-A, 41.52-41.40 Ma) is characterised
by the dominance of infaunal calcareous taxa (Fig. 6), mainly
G. subglobosa, Pyrimidina sp. and Lenticulina spp., and the calcareous
epifaunal species C. praemundulus and N. truempyi are abundant (Fig. 5).
Alabamina dissonata is common across this interval. Diversity (Fisher-o
average = 12.74) and heterogeneity of the assemblages (average of 2.9),
and the percentage of G. subglobosa and Pyramidina sp. show a positive

peak in the middle of the interval, progressively decreasing from 566 m
CSF-A towards the top of Interval 1. BFAR values (average of 826.85
specimens/cm?*kyr) range between 361.37 and 1409.2 specimens/
cm?*kyr. The percentage of CaCO3 decreases from the middle towards
the top of Interval 1, where the lowest value is recorded (at 565.21 m
CSF-A). A slight decrease in the P/B ratio (from 92 % to~ 87 %) is
observed at the top of this interval.

Interval 2 (565.15-564.45 m CSF-A, 41.40-41.36 Ma) is charac-
terised by an increase in the relative abundance of some infaunal taxa
such as bi-triserial agglutinated foraminifera, Lenticulina spp., Uvigerina
peregrina, Oridorsalis umbonatus, Turrillina brevispira and the superfamily
Buliminacea (incl. Bulimina tuxpamensis) (Fig. 5). The relative abun-
dance of the epifaunal species C. praemundulus peaks within this inter-
val, gradually declining thereafter from its midpoint. The species
A. dissonata, G. subglobosa and Pullenia bulloides decrease in abundance
as compared to Interval 1. Benthic assemblages show the lowest di-
versity and heterogeneity values, and the lowest P/B ratio has also been
recorded (Fig. 6). BFARs are low, and show their minimum value in the
middle of this interval. The lower part of this interval shows CaCOj3
values around 70 %, and they progressively increase back to levels
comparable to those observed in the lower part of Interval 1. Calcareous
taxa clearly dominate the assemblages, but two minimum values (84 %
and 80 %) have been recorded at 565.11 m and 564.8 m, respectively
(Fig. 6).

Interval 3 (564.45-560.96 m CSF-A, 41.36-41.23 Ma) is
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characterised by the dominance of calcareous infaunal foraminifera,
mainly stilostomellids, nodosariids, O. umbonatus, and Lenticulina spp.
Infaunal biserial-triserial agglutinated groups are also common. Among
epifaunal taxa, N. truempyi, C. praemundulus and Gyroidinoides spp. are
most abundant, and A. dissonata becomes a common component of the
assemblages, as in Interval 1. Diversity and heterogeneity of the as-
semblages increase upwards. The P/B ratio is higher than in Interval 2,
and BFAR values significantly increase upwards, showing the highest
absolute values in the upper part of Interval 3. The CaCOs values
average 84 % and are pretty constant throughout Interval 3, apart from a
minor (6 %) decrease in its lower part. The species G. subglobosa is
slightly more abundant than in Interval 2, but it does not reach the
numbers observed in the middle of Interval 1.

A qualitative analysis of the benthic foraminiferal preservation re-
veals that the intervals between 560.96 and 563.15 m CSF-A (upper half
of Interval 3) and 565.7-567.4 m CSF-A (most part of Interval 1) are
characterised by moderately preserved tests and a higher number of
complete stilostomellids and nodosariids. In contrast, a poorer preser-
vation of the tests has been observed between 563.2 and 565.45 m CSF-
A, from the uppermost part of Interval 1 to the lower half of Interval 3 (e.
g. Fig. 7, photographs 3, 7, 10; Fig. 8, photographs 1, 3, 4; Fig. 9,
photograph 11), with stilostomellids and nodosariids commonly broken.

5. Interpretation and discussion
5.1. Palaeobathymetry

Shipboard data of benthic microfossils (foraminifera and ostracods)
for Site U1508 suggest a lower bathyal depth of deposition during the
Paleocene and early-middle Eocene, and slightly shallower palae-
odepths (deep middle bathyal) during late Eocene and the Oligocene
(Sutherland et al., 2019).

Focusing on the Lutetian interval at this site, the most abundant
benthic foraminiferal species such as Cibicidoides praemundulus, Nuttal-
lides truempyi, Oridorsalis umbonatus and Globocassidulina subglobosa are
typical of lower bathyal to abyssal depths (Van Morkhoven et al., 1986;
Hayward et al., 2001, 2004, 2010). A similar palaeodepth has been
assigned for the less abundant Nonion havanense (Tjalsma and Lohmann,
1983; Bignot, 1998; Katz et al., 2003) and Pleurostomella (Hayward
et al., 2001). Stilostomella and Uvigerina peregrina are common at Site
U1508, and they occur predominantly at lower bathyal to upper abyssal
depths between 1000 and 3000 m (Pflum and Frerichs, 1976; Mead,
1985). Species with an upper depth limit at 1000-1500 m, such as
Alabamina dissonata and Cibicidoides grimsdalei (Van Morkhoven et al.,
1986), have been identified. These data, combined with the low abun-
dance of A. dissonata, which was rare above 2 km during the Eocene
(Van Morkhoven et al., 1986), suggest a lower bathyal depth of depo-
sition during the Lutetian at Site U1508, consistent with the shipboard
data (Sutherland et al., 2019).

5.2. Palaeoenvironmental interpretation across the LLTM at IODP Site
U1508

Carbon and oxygen stable isotope records in bulk sediment and
benthic foraminifera show negative shifts that denote Interval 2
(41.40-41.36 Ma), which corresponds to the LLTM according to our
refined age model. The lack of the expected surface-to-deep vertical
gradient in oxygen isotopes, especially in Intervals 1 (41.52-41.40 Ma)
and 2 and in isolated samples from the base and upper half of Interval 3
(41.36-41.23 Ma), indicates that the oxygen isotopic signal has been
likely overprinted by diagenesis. The vertical gradient can be observed
in carbon isotopes, and we confidently used the paired negative shift in
513Chui and 8 3Cpenthic values to identify a Lutetian hyperthermal event
(Figs. 3, 10).

In terms of organic geochemistry, several indices (BIT, MI, AOM
index, GDGT-2/3) record elevated values, with peak values being
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reached in Interval 2. While this makes the GDGT assemblage unsuitable
for TEXge-based palaeothermometry, the turnover in the GDGT assem-
blage is by itself reflective of a change in the GDGT-producing microbial
community. Specifically, the increase in GDGT-2/3 indicates a deep-
ening of the source of the sedimentary GDGT signal, i.e. an increased
contribution of deep-dwelling archaea relative to surface-dwellers
(Taylor et al., 2013, see also discussion in van der Weijst et al., 2022).
We surmise this deepening of the signal might relate to a shallowing of
the thermocline, causing enhanced relative contribution of sub-
thermocline GDGT-producers to the sedimentary pool. Increased ther-
mal stratification and shallowing of the thermocline is the expected
oceanographic response to global warming (Gruber, 2011), in this case
the probable LLTM warming (Figs. 6, 10).

Benthic foraminiferal assemblages are dominated by calcareous taxa
(Figs. 6, 10), indicating deposition above the carbonate compensation
depth. Infaunal morphogroups are more abundant (average of 66.7 %)
than epifaunal ones (average of 33.3 %) (Figs. 6, 10) and point to meso-
oligotrophic conditions. This interpretation is supported by the common
occurrence of the oligotrophic species N. truempyi (Thomas et al., 2000;
Arreguin-Rodriguez and Alegret, 2016; Rivero-Cuesta et al., 2020), and
the low relative abundance of the superfamily Buliminacea (average 4.2
% of the assemblages) and buliminids s.l. (average 16.5 %) (Fig. 10),
which in the modern oceans are most common at sites with an abundant
food supply (e.g., Fontanier et al., 2002).

A slight decrease in diversity of the assemblages towards the top of
Interval 1 likely indicates environmental stress at the seafloor prior to
the LLTM (Interval 2) (Fig. 10). The decrease in diversity was mostly
driven by a moderate increase in the percentage of N. truempyi, B. tux-
pamensis, C. praemundulus and agglutinated biserial-triserial species
(Figs. 5, 10). The first species is an oligotrophic taxon that thrived in
carbonate-corrosive bottom waters during the ealiest Eocene (Alegret
and Thomas, 2009, Alegret et al., 2018, Alegret et al., 2021a). This
species, however, only makes up to 16.8 % of the assemblages at Site
U1508. Bulimina tuxpamensis increased in abundance after the PETM at
several sites in the Atlantic Ocean (Alegret and Thomas, 2009, Alegret
et al., 2018; D’haenens et al., 2012) and also survived the PETM
extinction in the Pacific Ocean (Takeda and Kaiho, 2007; Kawahata
et al., 2015), and C. praemundulus has been interpreted as a resilient
species across the LLTM in the Atlantic Ocean (Rivero-Cuesta et al.,
2020). These data point to environmental stress towards the uppermost
part of Interval 1, likely due to the early signals of the LLTM. The
moderate decrease in BFAR (Fig. 10) is interpreted as a slight decrease in
export productivity, which is consistent with the increase in the oligo-
trophic species N. truempyi. The CaCO3% and the P/B ratio slightly
decrease towards the uppermost part of Interval 1, but the assemblages
are dominated by calcareous taxa (average of 90.3 %), and although the
FI shows a minor increase (up to 4.6 %), it still shows very low values
and does not reach the values associated with strong dissolution (40 %;
Kucera et al., 1997) (Figs. 6, 10). We suggest these changes might be
indicative of a slight increase in CaCOs-corrosivity of bottom waters, but
no significant dissolution.

The base of Interval 2 is defined by the negative CIE and OIE that
mark the onset of the LLTM. The lack of vertical isotope gradient in
5'80puk and 8'80penmic values indicates these may have been over-
printed by diagenesis, and although they have not been used to infer
palaeotemperatures, we suggest they are associated with warming of
surface and bottom waters during the LLTM. This interpretation is
consistent with results of organic geochemistry analyses, which indicate
a shallowing of the thermocline linked to increased stratification in the
water column.

No extinctions of benthic foraminifera have been recorded across the
LLTM at Site U1508, but diversity and heterogeneity of the assemblages
keep decreasing across the lower half of the LLTM Interval 2 (Fig. 10).
Interval 2 is also characterised by the high abundance of C. praemundulus
(interpreted as a resilient species across the LLTM in the Atlantic Ocean;
Rivero-Cuesta et al., 2020), and the dysoxic genus Lenticulina (Lohmann,
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Fig. 7. SEM images of the most common benthic foraminiferal taxa across the study interval. 1a-c: Alabamina dissonata, sample U1508C, 22R (4, 84-85 cm); 2a-c:
Anomalinoides semicribatus, sample U1508C, 22R (1, 137-138 cm); 3a-c: Cibicidoides eocaenus, sample U1508C, 22R (3, 89-90 cm); 4a-c: Cibicidoides grimsdalei,
sample U1508C, 22R (2, 45-47 cm); 5a-c: Cibicides vortex, sample U1508C, 22R (5, 5-7 cm); 6a-b: Cibicidoides praemundulus, sample U1508C, 22R (1, 15-16 cm); 7a-
c: Cibicidoides truncanus, sample U1508C, 22R (2, 119-120 cm); 8a-c: Gyroidinoides sp., sample U1508C, 22R (1, 15-16 cm); 9a-c: Nuttallides truempyi, sample
U1508C, 22R (4, 84-85 cm); 10 a-c: Osangularia culter, sample U1508C, 22R (3, 89-90 cm). All scale bars = 100 pm.
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Fig. 8. SEM images of the most common benthic foraminiferal taxa across the study interval. 1a-c: Globocassidulina subglobosa, sample U1508C, 22R (3, 46-47 cm);
2a-b: Bulimina tuxpamensis, sample U1508C, 22R (2, 5-6 cm); 3a-c: Nonionella robusta, sample U1508C, 22R (3, 79-80 cm); 4a-b: Bulimina trinitatensis, sample
U1508C, 22R (4, 6-7 cm); 5a-c: Fissurina fimbriata, sample U1508C, 22R (3, 5-6 cm); 6a-c: Bulimina thanetensis, sample U1508C, 22R (3, 89-90 cm); 7a-c: Oridorsalis
umbonatus, sample U1508C, 22R (5, 5-7 cm); 8 a-b: Bulimina impendens, sample U1508C, 22R (2, 67-69 cm); 9a-b: Lenticulina sp. 1, sample U1508C, 22R (4, 84-85
cm); 10 a-b: Nodosariid, sample U1508C, 22R (2, 91-92 cm); 11 a-b: Nonion havanense, sample U1508C, 22R (3, 89-90 cm); 12a-b: Lenticulina sp. 2, sample U1508C,
22R (3, 100-101.5 cm); 13: Lagena sp., sample U1508C, 22R (3, 46-47 cm). All scale bars = 100 pm.
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Fig. 9. SEM images of the most common infaunal benthic foraminiferal taxa across the study interval. 1a-b: Pleurostomella sp. 1, sample U1508C, 22R (1, 109-110
cm); 2a-b: Pleurostomella sp. 2, sample U1508C, 22R (4, 58-59 cm); 3: polymorphinid, sample U1508C, 22R (1, 137-138 cm); 4: polymorphinid, sample U1508C, 22R
(2, 119-120 cm); 5a-b: Pullenia bulloides, sample U1508C, 22R (1, 81-82 cm); 6a-b: Pullenia quinqueloba, sample U1508C, 22R (1, 15-16 cm); 7: Uniserial agglu-
tinated, sample U1508C, 22R (1, 15-16 cm); 8a-b: Pyramidina sp., sample U1508C, 22R (3, 5-6 cm); 9a-b: Uvigerina peregrina, sample U1508C, 22R (3, 120-121.5
cm); 10: agglutinated uniserial, sample U1508C, 22R (2, 119-120 cm); 11 a-b: Turrillina brevispira, sample U1508C, 22R (2, 119-120 cm); 12a-b: Spiroplectammina
spectabilis, sample U1508C, 22R (2, 97-98 cm); 13a-c: stilostomellid, sample U1508C, 22R (1, 15-16 cm); 14a-b: biserial-triserial agglutinated, sample U1508C, 22R
(5, 66-67 cm); 15a-b: Karreriella bradyi, sample U1508C, 22R (5, 66-67 cm). All scale bars = 100 pm.
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Fig. 10. Summary of the geochemical and faunal indices across the study interval at IODP Site U1508, plotted against age (Ma): carbon and oxygen stable isotopes,
CaCO3%, organic geochemistry (GDGT-2/3ratio (GDGT-2/GDGT-3), AOM ratio (GDGT-2/Cren)), planktonic/benthic foraminifera (P/B) ratio, fragmentation index
(FI) of planktonic foraminifera, benthic foraminiferal groups and diversity indices, benthic foraminiferal accumulation rates (BFAR), and relative abundance of

relevant benthic foraminiferal taxa.

1978; Jorissen et al., 2007; Stassen et al., 2012) (Figs. 5, 10). The
assemblage includes common agglutinated biserial-triserial species,
Uvigerina peregrina, B. tuxpamensis and other buliminids (in particular,
Turrillina brevispira) (Figs. 6, 10), a group that tolerates reduced oxygen
concentrations in the modern oceans (Sen Gupta and Machain-Castillo,
1993; Bernhard et al., 1997). Preservation of foraminiferal tests in In-
terval 2 is poor and may indicate slightly CaCO3-corrosive bottom wa-
ters (but no dissolution), and oxygen deficiency. The abundance of
B. tuxpamensis and Cibicidoides spp. during an early Eocene hyper-
thermal at Tasman Sea Site U1510 (Alegret et al., 2021b) supports their
resilience to rapid warming events. Decreased oxygenation of bottom
waters is also supported by the decrease in the relative abundance of the
oxic indicator Globocassidulina subglobosa (Figs. 5, 10) (Bernhard, 1986;
Corliss and Chen, 1988; Jorissen et al., 2007; Palmer et al., 2020). Ox-
ygen deficiency and increased water stratification are supported by the
high AOM ratio (GDGT2/Cren, a proxy for contribution by anaerobic
methane-oxidiser) and increased GDGT2/3 values (Fig. 10).

Increased diversity and heterogeneity of the assemblages in the
upper half of the LLTM (Interval 2) (Figs. 6, 10) indicate more favour-
able conditions in the deep-sea, likely related to improved oxygenation
and a higher CaCO3 saturation of bottom waters. FI values reach 8.64 %
(Figs. 6, 10), and are significantly lower than the threshold value (15 %)
that marks significant CaCOg3 dissolution (Kucera et al., 1997). Addi-
tionally, the slightly increased FI does not correlate with the increased
CaCO3% and with the dominance of calcareous taxa (Figs. 6, 10).

Decreased BFARs during the LLTM (Interval 2) point to lower export
productivity and oligotrophic conditions at the seafloor. This interpre-
tation is compatible with the increased stratification in the water col-
umn; alternatively, it might be related to a higher remineralization of
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the organic matter in the water column under warmer temperatures
(Alegret et al., 2021b; Boscolo-Galazzo et al., 2021; John et al., 2013; Ma
et al., 2014).

Interval 3 (564.51-560.96 m CSF-A) is characterised by the recovery
of the P/B ratio to pre-event values, and the diversity and heterogeneity
of benthic foraminiferal assemblages even reach higher values, indi-
cating favourable conditions for the deep-sea benthos (Figs. 6, 10). The
slight increase in the percentage of G. subglobosa, as compared to In-
terval 2, points to a higher oxygen content, and the higher percentage of
stilostomellids suggests less stratified bottom waters and enhanced de-
livery of organic particles to these suspension feeders (Hottinger, 2000,
2006; Mancin et al., 2013; Alegret et al., 2021b). The FI values decrease,
and together with the high CaCO3 content, they indicate the return to a
CaCOg saturation state similar to background values in Interval 1.

The increase in BFARs across Interval 3 indicates higher export
productivity, and the return to meso-oligotrophic conditions. The
epifaunal species A. dissonata has been reported to be a phytodetritus
exploiting taxon (Van Morkhoven et al., 1986) associated with transient
input of phytodetritus, but its low abundance at Site U1508 prevents us
from further interpretations on this taxon.

5.3. The global signal of the LLTM

The identification of the LLTM at Site U1508 allows for comparison
of its record in the Tasman Sea with the records available in the Atlantic
Ocean, including the previously documented ODP Sites 702, 1260 and
1263 (Rivero-Cuesta et al., 2020; Westerhold et al., 2018) and the Cape
Oyambre section (northern Spain; Intxauspe-Zubiaurre et al., 2018).

The LLTM was first described in the equatorial Atlantic Ocean, at
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Ocean Drilling Program (ODP) Site 1260 (Demerara Rise; Edgar et al.,
2007; Westerhold and Rohl, 2013), as a short-lived event marked by a
decrease in §'3C and §'%0 values and in (%) CaCOg3 content, and asso-
ciated with CaCOj3 dissolution in the deep sea, as inferred from a distinct
peak in XRF scanning Fe intensities and an increase in clay content. The
event was also documented in the South Atlantic Ocean ODP Site 702
(Islas Orcadas Rise) and ODP Site 1263 (Walvis Ridge) (Westerhold
et al., 2018). The three sites show the pronounced peak in Fe intensity
accompanied by the negative CIE and OIE, and the decrease in CaCO3%.

Studying the impact of the LLTM in the deep sea is essential for
understanding how extreme warming by exceptionally strong insolation
affects the climate system dynamics, but so far the response of benthic
foraminifera has only been reported from two sites: the middle bathyal
Cape Oyambre section (northeast Atlantic; Intxauspe-Zubiaurre et al.,
2018), and the lower bathyal ODP Site 702 (South Atlantic; Rivero-
Cuesta et al., 2020). In both studies, the event is marked by the negative
CIE and OIE, as well as a decrease in carbonate content in deep-sea
sediments. Intxauspe-Zubiaurre et al. (2018) documented the domi-
nance of clay minerals and quartz grains across the LLTM, and sea-
surface eutrophication triggered by enhanced continental nutrient
discharge. These results agree with the study of Westerhold and Rohl
(2013), which suggested an increased hydrological cycle as a conse-
quence of exceptionally strong insolation at 41.5 Ma. Both studies of the
benthic foraminiferal reponse to the LLTM reported a decrease in the
diversity of the assemblages and temporary changes in the relative
abundance of the species. Intxauspe-Zubiaurre et al. (2018) related the
faunal turnover in the northeast Atlantic to increased organic matter
export to the seafloor under oxic conditions (e.g. increased relative
abundance of bi-triserial taxa or the species Globocassidulina subglobosa,
and decreased relative abundance of Nuttallides truempyi), while Rivero-
Cuesta et al. (2020) linked the changes in benthic foraminiferal assem-
blages (e.g. increased relative abundance of Oridorsalis umbonatus and
decreased relative abundance of Bulimina elongata) to changes in the
type of organic matter reaching the seafloor in the South Atlantic
(Rivero-Cuesta et al., 2020).

At Site U1508 we estimated a duration of 30 kyr for the event, similar
to the one reported in the Atlantic Ocean records (Westerhold et al.,
2020). The apparent, minor discrepancies in the age of the LLTM (41.52
Ma in the Atlantic vs. 41.39 Ma in the southwest Pacific) are likely
related to the different methods used to build the age models. The age
model at Site U1508 is based on the assumption that linear sedimenta-
tion rates were constant between successive bio-magnetostratigraphic
tie points, while the Atlantic studies are based on an astronomical
tuned cyclostratigraphic age model. In addition, Site U1508 was rotary
drilled, which causes sediment loss, and there are no cyclostratigraphy
or astrochronology data. Although the lack of vertical gradient of oxy-
gen isotopes suggests they have been overprinted by diagenesis, the
negative shifts in 5'80pyik and 8'®Openthic recorded at Site U1508 show
values consistent with the excursions in the Atlantic Ocean, suggesting
warmer surface and bottom waters during the LLTM in both ocean
basins.

Changes in bottom water oxygenation or in the trophic conditions
across the LLTM also differ among these studies. At Site U1508, benthic
foraminifera and GDGTs suggest oxygen deficiency during the LLTM,
and increased stratification of the water column. In contrast, no evi-
dence for decreased oxygenation has been reported from the two
Atlantic sites. In the continental marginal setting of Cape Oyambre,
calcareous nannofossil assemblages indicate increased trophic condi-
tions, and benthic foraminifera also point to a higher input of organic
matter to the seafloor (Intxauspe-Zubiaurre et al., 2018), while benthic
foraminiferal assemblages from open ocean settings indicate a decrease
in the organic matter export to the seafloor (Site 1508) or changes in the
type of organic matter delivered to the seafloor in a general oligo-
mesotrophic environment (Site 702B, Rivero-Cuesta et al., 2020). The
different response to the LLTM at the three sites could be related to their
palaeoceanographic settings, with organic matter export to the seafloor
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at sites near continental margins (such as the middle bathyal Cape
Oyambre section) being influenced by changes in runoff and terrestrial
input, while open ocean settings such as the lower bathyal sites 702B
and U1508 may have been more oligotrophic, due to increased remi-
neralization of the organic matter through the water column under
warmer temperatures, and possibly exacerbated by increased water
stratification in the Tasman Sea. The three sites thus show different
responses to the same forcing factor, the warming of the LLTM, and their
palaeoceanographic setting may account for the observed divergence.
Further in-depth studies of the biotic response to the LLTM at different
latitudes, palaeodepths and ocean settings will contribute to identify the
main drivers of the biotic and palaeoenvironmental consequences of
very rapid warming events.

6. Conclusions

This study documents the deep-sea benthic foraminiferal turnover
across the Late Lutetian Thermal Maximum (LLTM) for the first time in
the Tasman Sea, southwestern Pacific Ocean. At IODP Site U1508, this
middle Eocene hyperthermal event is marked by a sharp negative
excursion of 50 and 8'3C measured in bulk sediment and benthic
foraminifera.

Decreased diversity and heterogeneity of benthic foraminiferal as-
semblages indicate environmental stress at the seafloor during the
LLTM, likely related to oxygen deficiency as suggested by the high
relative abundance of dysoxic benthic foraminiferal taxa and supported
by organic geochemistry analyses (the high AOM ratio, related to the
contribution of anaerobic methane oxidizers, or the GDGT-2/3 ratio,
associated to stratification of the water column). Low BFAR values
indicate decreased export productivity in the Tasman Sea during the
short-lived LLTM, likely due to increased organic matter remineraliza-
tion in the water column, driven by warming-induced stratification. This
phenomenon resulted in oligotrophic conditions in the deep-sea
throughout the event. We also infer slightly CaCOs-corrosive bottom
waters during the LLTM but no carbonate dissolution, as assemblages
are strongly dominated by calcareous taxa.

The deep-sea expression of the LLTM at IODP Site U1508 can only be
compared with two other existing records, and we conclude that dif-
ferences in the palaeoceanographic setting may account for the response
of benthic foraminiferal assemblages. At middle bathyal sites near
continental margins, organic matter export to the seafloor may have
been influenced by changes in runoff and terrestrial input, while lower
bathyal open ocean settings may have been more oligotrophic. We
propose this spatial heterogeneity should be taken into account in the
interpretation of palaeoceanographic models, as different settings may
have critically affected the response of deep-sea biota to rapid warming
events.
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