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Abstract. The Late Lutetian Thermal Maximum (LLTM) was a short-lived warming event recorded in the mid-
dle Eocene, at ∼ 41.52 Ma. It has been linked to the highest insolation values of the last 45 million years on
Earth’s surface. In order to understand the effects of the LLTM warming in deep-sea ecosystems, the benthic
foraminiferal response to the LLTM is documented at Ocean Drilling Program (ODP) Site 1260 in Demerara
Rise, equatorial western Atlantic. Previous studies at this site reveal the LLTM is defined by a negative excursion
in carbon and oxygen stable isotopes, minimal %CaCO3, elevated X-ray fluorescence (XRF) Fe, and a dark clay-
rich layer, indicating CaCO3 dissolution. Our analyses reveal changes in the benthic foraminiferal assemblages
and in the sediment components across the LLTM. Carbonate dissolution during the LLTM is supported by the
decrease in planktic foraminifera, an increase in siliceous components and in the number of fish teeth, poor
preservation of the benthic foraminiferal tests, and increased relative abundance of CaCO3 corrosion-resistant
taxa (e.g. Nuttallides truempyi, Oridorsalis umbonatus). The lowest benthic foraminiferal accumulation rates and
diversity of the assemblages during the peak LLTM warming may be indicative of lower export productivity and
environmental stress; alternatively, they may result from a taphonomic bias due to CaCO3 dissolution. The com-
parison of these results with the available benthic foraminiferal studies in the Atlantic and Pacific oceans leads
to the conclusion that the environmental response to the LLTM was strongly influenced by the palaeogeographic
and palaeoceanographic setting.

1 Introduction

The gradual cooling trend from the warmhouse state of the
middle to late Eocene towards the Eocene–Oligocene tran-
sition (Westerhold et al., 2020) was interrupted by short-
lived warming events. These events, called hyperthermals
(e.g. Thomas et al., 2000; Foster et al., 2018), are identified
in deep-marine sediments by a paired negative excursion in
the oxygen and carbon isotope composition of bulk sediment
and benthic foraminifera (e.g. Wade and Kroon, 2002; Bo-
haty and Zachos, 2003; Westerhold et al., 2018). High pCO2
levels (e.g. Bijl et al., 2010; Pearson, 2010) and marine car-
bonate dissolution (e.g. Leon-Rodriguez and Dickens, 2010;
Sexton et al., 2011) are typically associated with these events

and point to perturbations of the global carbon cycle (e.g.
Lyle et al., 2005; Rivero-Cuesta et al., 2020).

Other hyperthermal events, like the Late Lutetian Thermal
Maximum (LLTM), have been associated with high insola-
tion on Earth’s surface (the highest of the last 45 million
years), elevated pCO2 levels, and an accelerated hydrolog-
ical cycle (Westerhold and Röhl, 2013; Intxauspe-Zubiaurre
et al., 2018; Westerhold et al., 2018). Studying the biotic re-
sponse to intensified insolation, and the subsequent plane-
tary warming, provides valuable insights into ecological dy-
namics during such extreme climate events. However, only a
few studies are available across the LLTM, and most of them
are focused on the Atlantic Ocean, with a unique site stud-
ied in the Pacific Ocean. In the equatorial and south Atlantic
Ocean, the LLTM has been documented at Ocean Drilling
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Program (ODP) Sites 702, 1260, and 1263 (Edgar et al.,
2007; Westerhold and Röhl, 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–Cantabrian Basin (Intxauspe-Zubiaurre et al., 2018).
In the southwest Pacific, the LLTM has been documented at
International Ocean Discovery Program (IODP) Site U1508
in the Tasman Sea (Peñalver-Clavel et al., 2024). All these
studies record the negative excursion in carbon and oxygen
stable isotopes and decreased CaCO3 content.

Deep-sea benthic foraminifera are a key tool to under-
stand and reconstruct palaeoenvironmental conditions dur-
ing the Paleogene (Alegret et al., 2021a; Arreguín-Rodríguez
et al., 2022), since they provide one of the best deep-sea
fossil records during the Cenozoic. Multiple studies have
explored their faunal turnover across early Eocene hyper-
thermal events (e.g. Jennions et al., 2015; Alegret et al.,
2016, 2021b; Arreguín-Rodríguez et al., 2016; Thomas et
al., 2018), and their response to the largest hyperthermal
event of the Paleogene, the Paleocene–Eocene Thermal Max-
imum (PETM), has been widely reported (e.g. Tjalsma and
Lohmann, 1983; Thomas, 1998, 2007; Alegret et al., 2009,
2010, 2018; Arreguín-Rodríguez et al., 2018). However, few
works have considered the response of benthic foraminiferal
assemblages to the hyperthermals of the middle Eocene
(Intxauspe-Zubiaurre et al., 2018; Arreguín-Rodríguez et
al., 2022), and the effects of the LLTM in particular have
only been reported from the Atlantic Cape Oyambre section,
situated on a continental marginal setting (middle bathyal
depths, 600–1000 m; Intxauspe-Zubiaurre et al., 2018); the
Atlantic ODP Site 702 (lower bathyal depths, 1000–2000 m;
Rivero-Cuesta et al., 2020); and the Pacific IODP Site U1508
(lower bathyal depths, 1000–2000 m; Peñalver-Clavel et al.,
2024). The three studies show a marked decrease in diver-
sity of the assemblages but no extinctions across the LLTM,
along with temporary shifts in the abundance of benthic
foraminiferal species.

This study documents the response of benthic
foraminiferal assemblages to the LLTM at IODP Site
1260 in the equatorial western Atlantic, and it complements
the previous publications of this hyperthermal event from
Westerhold and Röhl (2013) and Westerhold et al. (2018).
After evaluating the effects of the warming at this site by
combining all the available data, the results are compared
with the three other locations in the Atlantic Ocean where
the LLTM has been documented and with the only study
available in the Pacific Ocean. This integration allows a
deeper understanding of how hyperthermal events related to
orbital forcing affect marine ecosystems.

2 Study area

Ocean Drilling Program Expedition 207 drilled two holes (A
and B) at Site 1260 (2549 m b.s.l., metres below sea level) on

Figure 1. Palaeogeographic map at 41 Ma, modified from Peñalver-
Clavel et al. (2024), showing the location of sites where the LLTM
has been studied, including their palaeobathymetry.

the gently dipping (∼ 1°) northwest-facing slope of Demer-
ara Rise, a continental shelf off the coast of Surinam, equa-
torial western Atlantic (Fig. 1). Located on a ridge of Pale-
ogene sediments subcropping near the seafloor (Erbacher et
al., 2004), this site provided a remarkably complete and con-
tinuous middle Eocene sedimentary sequence, and it contains
an abundant record of both siliceous and carbonate microfos-
sils (Meunier and Danelian, 2022).

At Site 1260, early Eocene–Oligocene sediments are rep-
resented by pelagic nannofossil chalk with foraminifers (Unit
II; Erbacher et al., 2004). The study interval (Subunit IIB;
Erbacher et al., 2004) consists of light greenish-grey cal-
careous biogenic (50 % nannofossils) chalk containing com-
mon to abundant radiolarians (25 %–30 %). It is character-
ized by a high carbonate content (70 wt %). Within this sub-
unit, planktic foraminifers are scarce at the top but increase
in abundance deeper in Core 207-1260A-7R, and diatoms
and siliceous sponge spicules are common. Bioturbation is
moderate to pervasive, and subtle dark–light colour alterna-
tions (20–30 cm scale) with mottled contacts are observed
(Erbacher et al., 2004).

The cyclic sedimentary succession at this site extends
across magnetochrons C18r to C20r, from the late Lute-
tian into the early Bartonian, and is precisely constrained by
its outstanding biostratigraphic and magnetostratigraphic age
control (Erbacher et al., 2004; Edgar et al., 2007; Westerhold
and Röhl, 2013).

Today, Site 1260 is situated at a latitude of 9° N, but it was
much closer to the Equator (1° N) during the middle Eocene
(Suganuma and Ogg, 2006; Renaudie et al., 2010).

3 Material and methods

3.1 Sampling strategy

The study material at Site 1260 includes samples from Holes
A and B. At Hole 1260A, the study interval ranges from
Core 9R, Section 6, interval 65–67 cm (74.46 revised metres
composite depth, rmcd) to interval 138–140 (75.19 rmcd). At
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Hole 1260B, this interval ranges from Core 5R, Section 2, in-
terval 4–6 cm (75.22 rmcd) to interval 135–137 (76.53 rmcd).

According to published studies of inorganic geochemistry,
iron intensity records by X-ray fluorescence (XRF) scan-
ning and cyclostratigraphy at ODP Site 1260 (Edgar et al.,
2007; Westerhold and Röhl, 2013; Westerhold et al., 2018),
the LLTM ranges from 75.501–74.957 rmcd. This interval
includes the highest insolation value of the last 45 Ma at
41.52 Ma, along with a negative CIE (0.86 ‰ in bulk sedi-
ment and 1.26 ‰ in planktic foraminifera) and OIE (1.8 ‰ in
bulk sediment and 0.3 ‰ in planktic foraminifera), the low-
est percentages of CaCO3, and the highest values of XRF Fe
area (Fig. 2).

XRF scanning data from Westerhold and Röhl (2013) and
the high-resolution isotopic record from Westerhold et al.
(2018) were used as a guideline to plan the sampling strat-
egy for benthic foraminiferal studies across the short-lived
LLTM. The age model of Westerhold and Röhl (2013) was
updated (Table S1 in the Supplement) using the CENOGRID
data from Westerhold et al. (2020) in order to compare the
benthic foraminiferal response to the warming at Site 1260
with previous studies focused on benthic foraminiferal as-
semblages.

To precisely constrain the event, sampling was performed
across two cores for a total interval of 2.07 m (from 74.46–
76.53 rmcd), including the study of pre- and post-event inter-
vals. This high-resolution sampling corresponds to an aver-
age resolution of 11.6 cm, with a spacing of 3–20 cm. The re-
sulting temporal resolution averaged 4.73 kyr, ranging from
1.3–9.1 kyr, showing the finest resolution across the event.

3.2 Benthic foraminifera

Quantitative analyses of benthic foraminiferal assemblages
were performed on 21 samples (Table S2). Sediment samples
were oven-dried at 40 °C, weighed, and soaked in Na6(PO3)6
over 4 h. Disaggregated samples were then washed over a
> 63 µm size fraction, and the remaining residue was oven-
dried and weighed. Benthic foraminifera are rare relative to
total sediment particles in the> 63 µm fraction of most stud-
ied samples. Additional sedimentary components include
planktic foraminifera and calcareous nannofossils, as well as
diatoms, radiolarians, sponge spicules, and fish teeth.

For the quantitative analysis of the assemblages, ca. 300
benthic foraminifera were picked per sample. The picked
specimens were placed in micropalaeontological slides for
a permanent record, which are housed in the collection of the
Benthic Foraminifera and Global Change Lab of the Depart-
ment of Earth Sciences at Zaragoza University, Spain. Tax-
onomic identification follows Van Morkhoven et al. (1986),
Loeblich and Tappan (1987), Alegret and Thomas (2001),
Kaminski and Gradstein (2005), Hayward et al. (2010), Hol-
bourn et al. (2013), Moebius et al. (2014), and Arreguín-
Rodríguez et al. (2018). Relative abundances of each taxon
were calculated using the raw count matrix (Table S2). The

relative abundances of taxa that make up more than 2 % of the
assemblages in at least one sample are illustrated in Fig. 3,
and the specimens of the most representative species (≥ 4 %
of the assemblages) were photographed using the Scanning
Electron Micrograph imaging facilities (JEOL JSM 6360-
LV) at the Microscopy Service of the University of Zaragoza
(Spain) (Fig. 4).

The percentage of calcareous and agglutinated tests
and two diversity indices were calculated (Fig. 2). The
Shannon–Weaver heterogeneity index H (S) was calcu-
lated by considering the number of species (S) and their
relative abundance (pi) in the sample, following Mur-
ray (1991) and applying the formula H (S)=−6 (pi.
lnpi). The Fisher-α diversity index was calculated us-
ing http://groundvegetationdb-web.com/ground_veg/home/
diversity_index (last access: 4 April 2025). The percentage of
infaunal and epifaunal morphogroups (Corliss, 1991; Corliss
and Chen, 1988; Jones and Charnock, 1985) was also calcu-
lated to infer trophic and oxygenation conditions in the ben-
thic habitat (Fig. 2), with epifaunal-dominated assemblages
typical of oligotrophic/well-oxygenated environments and
with assemblages dominated by infaunal morphogroups gen-
erally indicating eutrophic conditions at the seafloor/oxygen
deficiency of bottom waters (Jorissen et al., 2007). Neverthe-
less, interpreting fossil morphogroups requires prudence due
to potential inconsistencies between morphology and habi-
tat in living foraminifera (Buzas et al., 1993) and the lack of
some modern analogues (Hayward et al., 2012). This issue is
exacerbated when compositional changes at the species level
within a morphogroup do not alter its total abundance (e.g.
Alegret and Thomas, 2009; Alegret et al., 2021b).

The relative abundances of buliminids s.l. and the su-
perfamily Buliminacea (Sen Gupta, 1999) were calculated
(Fig. 2). A high food supply is often associated with
their high abundance (Gooday, 2003; Jorissen et al., 1995,
2007), although these taxa also flourish in low-oxygen con-
ditions (Jorissen et al., 1995; Thomas, 1990). The ben-
thic foraminiferal accumulation rates (BFARs; Herguera and
Berger, 1991), a proxy for total organic matter flux to the
seafloor (Gooday, 2003; Herguera, 2000; Jorissen et al.,
2007), were calculated multiplying the number of benthic
foraminifera per gram of bulk sediment by the linear sedi-
mentation rate (derived from the refined age model) and the
dry bulk sediment (Erbacher et al., 2004) (Fig. 2).

Palaeobathymetric estimations based on benthic
foraminifera rely on the comparison of modern and
fossil assemblages, assessing the presence and abundance
of depth-specific species and identifying their upper depth
limits (e.g. Tjalsma and Lohmann, 1983; Van Morkhoven et
al., 1986; Alegret and Thomas, 2001; Hayward et al., 2010).
The bathymetric divisions by Van Morkhoven et al. (1986)
were followed.

To statistically assess the assemblages, the PAST soft-
ware (Hammer et al., 2001) was used to analyse a data ma-
trix including all the studied samples and selected species
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Figure 2. Stable isotopes measured on bulk carbonate, planktic (Morozovelloides lehneri) and benthic foraminifera (Cibicidoides eocaenus)
(Sexton et al., 2006; Edgar et al., 2007; Westerhold et al., 2018); XRF core scanning Fe intensities (Westerhold and Röhl, 2013), coulometric
CaCO3 content (Westerhold et al., 2018), and benthic foraminiferal indices (this study) at ODP Site 1260, plotted against depth (rmcd). The
dashed black line marks the limit between subinterval 4a and 4b, and the red one corresponds to the depths of maximum dissolution.

that showed relative abundance > 2 % in at least one sam-
ple. Hierarchical cluster analysis on samples (Q-mode) was
processed using the correlation similarity index and the un-
weighted pair-group average algorithm (UPGMA) (Fig. S1
in the Supplement). To deepen the understanding of the
clustering results, and to examine the correlation between
foraminifera and environmental variables (Hammer and
Harper, 2005; Rivero-Cuesta et al., 2020), a detrended cor-
respondence analysis (DCA) was performed on samples (Q-
mode) and species (R-mode) using the same dataset (Figs. 5
and S2, respectively).

Additionally, a qualitative analysis of benthic
foraminiferal test preservation was carried out across
the study interval (Fig. 6). Following Boltovskoy and Totah
(1992) and Nguyen et al. (2009), a scale to measure the
preservation state of benthic foraminifera was employed.
This assessment was applied to representative infaunal (No-
dosariidae, Karreriella spp., stilostomellids, Bulimina spp.,
Oridorsalis umbonatus, Lenticulina spp., Globocassidulina
subglobosa, and pleurostomellids) and epifaunal taxa
(Osangularia spp., Nuttallides truempyi, Cibicidoides spp.,
Gyroidinoides spp., and Anomalinoides spp.) to evaluate
whether both morphogroups were affected by carbonate
corrosivity. A range of absolute preservation score (APS)
on a scale from 8 to 1 was assigned to each identified taxon
within a sample (Table 1; modified from Nguyen et al.,
2009). Based on the observed APS ranges, the following
preservation categories were established: very good (VG,

APS≥ 7), good (G, APS 6–8), moderate (M, APS 5–7), and
poor (P, APS 2–6) (Table S4).

3.3 Other components of the sediment

To better understand environmental changes across the
LLTM, semi-quantitative and quantitative analyses of other
components of the sediment were carried out in the > 63 µm
size fraction for the above 21 sediment samples.

For semi-quantitative analyses, before picking the scarce
benthic foraminifera, the samples were examined on a sam-
pling tray, and the number of radiolarians, planktic and ben-
thic foraminifera, and sponge spicules present in the 1× 1 cm
square of the tray were counted. The relative abundance of
each group was calculated to obtain the percentage per sam-
ple (Table S3) (Fig. 6).

For quantitative analyses, we picked all fish teeth present
in the sample aliquot from which 300 benthic foraminifera
were retrieved. The number of fish teeth per gram of sedi-
ment was then calculated (Table S3) (Fig. 6).

4 Results

4.1 Quantitative analyses of benthic foraminiferal
assemblages

A total of 82 taxa (73 calcareous and 9 agglutinated) were
recognized at the species taxonomic level or higher. Benthic
foraminiferal assemblages are strongly dominated by cal-
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Figure 3. Stable isotopes measured on bulk carbonate, planktic (Morozovelloides lehneri), and benthic foraminifera (Cibicidoides eocaenus)
(Sexton et al., 2006; Edgar et al., 2007; Westerhold et al., 2018) and relative abundance of benthic foraminiferal taxa that make up > 2 % of
the assemblages at ODP Site 1260, plotted against depth (rmcd). The dashed black line marks the limit between subinterval 4a and 4b, and
the red one corresponds to the depths of maximum dissolution.

careous taxa (≥ 93 % of the assemblages) across the study
interval. Agglutinated foraminifera are a minor component
(Fig. 2), and they mostly consist of infaunal biserial–triserial
taxa such as Karreriella bradyi or Dorothia sp. (Fig. 3). In-
faunal morphogroups dominate, making up 52.5 %–76.2 %
of the assemblages (Fig. 2), and they are represented by
common uniserial elongated Nodosariidae and stilostomel-
lids, biserial–uniserial pleurostomellids, triserial buliminids
s.l., planispiral biconvex taxa such as Lenticulina spp., sub-
globular species (Globocassidulina subglobosa), and the tro-
chospiral Oridorsalis umbonatus. Among epifaunal mor-

phogroups, which make up 23.9 %–47.5 % of the assem-
blages, Nuttallides truempyi, Hanzawaia ammophila, Osan-
gularia spp., Gyroidinoides beisseli, and Cibicidoides prae-
mundulus are the most common taxa (Fig. 3).

The assemblages are moderately to relatively highly di-
verse throughout the study interval. The Fisher-α diversity
index ranges between 11.84–25.47 (average 19.84). The het-
erogeneity H (S) index, with an average of 3.21, ranges
from a minimum of 2.78 to a maximum of 3.46. BFAR
values, with an average of 168.39, range between 323.82–
105.04 specimens cm−2 kyr−1. The minimum values of these
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Figure 4. SEM images of the benthic foraminiferal taxa that make up > 4 % of the assemblages across the study interval. (1a–c) Alabam-
ina dissonata, sample 1260A, 9R (6, 115–117 cm); (2a–c) Oridorsalis umbonatus, sample 1260B, 5R (2, 122–124 cm); (3a–c) Nuttallides
truempyi, sample 1260A, 9R (6, 65–67 cm); (4a–c) Cibicidoides praemundulus, sample 1260B, 5R (2, 122–124 cm); (5a–c) Gyroidinoides
beisseli, sample 1260B, 5R (2, 92–94 cm); (6a–b) Lenticulina sp., sample 1260B, 5R (2, 75–77 cm); (7a–c) Osangularia mexicana, 1260A,
9R (5, 125–127 cm); (8a–c) Anomalinoides spissiformis, sample 1260A, 9R (5, 125–127 cm); (9a–c) Hanzawaia ammophila, sample 1260B,
5R (2, 122–124 cm); (10a–b) Karreriella bradyi, sample 1260B, 5R (2, 122–124 cm); (11a–b) Bulimina semicostata, 1260A, 9R (6, 65–
67 cm); (12a–b) Lenticulina sp., 1260B, 5R (2, 65–67 cm); (13a–b) Globocassidulina subglobosa, 1260B, 5R (2, 75–77 cm); (14a–b) Pul-
lenia eocenica, 1260A, 9R (6, 125–127 cm); (15a–b) Bulimina simplex, 1260B, 5R (2, 65–67 cm); (16a–b) Loxostomoides plummerae,
1260A, 9R (5, 125–127 cm); (17a–b) stilostomellid, 1260A, 9R (6, 85–87 cm); (18a–b) stilostomellid, 1260B, 5R (2, 4–6 cm); (19a–b) No-
dosariidae, 1260B, 5R (2, 122–124 cm). All scale bars= 100 µm.
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Table 1. Definition of each absolute preservation score (APS), adapted and modified from Nguyen et al. (2009).

APS Description of the degree of preservation

8 The specimen is complete, and details can be appreciated, such as the aperture (e.g. teeth in stilostomellids or
pleurostomellids) or the spines (> 95 % preserved).

7 No chamber is missing, but the specimen shows small marks on the test, or it is starting to become opaquer. Details can still be
appreciated, with the carena or the spines more or less intact (90 %–95 % preserved).

6 In addition to the marks on the test, the ultimate chamber is broken and/or perforated (80 %–90 % preserved).

5 The penultimate chamber is also damaged and/or missing, or the test in general is perforated or thinner. Details like carena or
spines are deteriorated (70 %–80 % preserved).

4 The last 3 chambers are broken, or the test is very thin and/or quite perforated (e.g. stilostomellids or nodosariids with more
than 2–3 connected chambers are not found, or the spines in stilostomellids or buliminids are not preserved) (55 %–70 %
preserved).

3 Very few chambers are preserved (< 70 %), or most of the wall of the last whorl is peeled off (e.g. nodosariids are mainly
broken isolated chambers, or the sigmoidal sutures of N. truempyi are not preserved) (40 %–55 % preserved).

2 Less than 50 % of the chambers are preserved, and they are so fragile that they sometimes even break when the specimens are
touched with a brush (20 %–40 % preserved).

1 Practically the entire test is destroyed, or only a few fragments remain, making identification almost impossible (at genus level
at most).

indices are reached between 75.3–75.5 rmcd, coinciding with
the negative CIE and OIE, warmer temperatures, the high-
est XRF Fe area, lower CaCO3 values, and maximum disso-
lution, all of which mark the LLTM (Westerhold and Röhl,
2013; Westerhold et al., 2018) (Figs. 2, 3).

Changes in diversity and in the relative abundance of ben-
thic foraminiferal taxa, coupled with corresponding shifts in
geochemical proxies, enabled the identification of six inter-
vals.

Interval 1 (76.6–76.017 rmcd/41.6552–41.5501 Ma) is
characterized by the dominance (> 10 %) of stilostomel-
lids and Nodosariidae; other abundant (> 4 %) infaunal taxa
include Lenticulina spp., pleurostomellids, and G. subglo-
bosa (Fig. 3). The calcareous epifaunal species N. truempyi
is likewise dominant (Fig. 3). Diversity (Fisher-α aver-
age= 23.72) shows the highest values of the study record
(> 25) (Fig. 2). Heterogeneity of the assemblages (aver-
age of 3.34), the percentage of the superfamily Bulimi-
nacea and CaCO3, and the XRF Fe area show relatively sta-
ble values across interval 1 (Fig. 2). BFAR values (average
of 180.97 specimens cm−2 kyr−1) range between 145.15–
231.10 specimens cm−2 kyr−1, with a positive peak recorded
at 76.10 rmcd (Fig. 2). The preservation of the benthic
foraminiferal tests is very good across this interval, and it
declines higher up (Fig. 6).

Interval 2 (76.017–75.775 rmcd/41.5501–41.5397 Ma) is
characterized by the highest dominance of infaunal calcare-
ous taxa across the study record, mostly due to the high
percentage of buliminids s.l. (which make up to 39.83 %
of the assemblages at 75.83 rmcd; Fig. 2) and stilostomel-
lids (Fig. 3). The pleurostomellids, Nodosariidae, and G.

subglobosa are abundant. The relative abundance of Lenti-
culina spp. decreases from abundant in interval 1 to com-
mon in interval 2, and the percentage of Chrysalogoni-
idae and Fursenkoina fusiformis slightly increases, show-
ing their maximum values of the record across this inter-
val (Fig. 3). N. truempyi shows the lowest percentage of the
study record, but it still forms a dominant component of the
assemblages. Diversity (Fisher-α average= 23.19) and het-
erogeneity of the assemblages (average of 3.28) are slightly
lower than in interval 1. In contrast to the buliminids s.l.,
which show a remarkable peak and reach the highest values
of the study record, the percentage of superfamily Bulim-
inacea remains relatively constant (Fig. 2). The percentage
of CaCO3 and the XRF Fe area also remain constant in this
interval (Fig. 2). BFAR values drop down to an average of
113.61 specimens cm−2 kyr−1 (Fig. 2). The preservation of
the benthic foraminiferal tests is good (Fig. 6).

Interval 3 (75.775–75.501 rmcd/41.5397–41.5279 Ma) is
marked by gradual changes, including a gradual decrease
in benthic δ13C values, the onset of a negative OIE in bulk
sediment, increased XRF Fe area, and decreased CaCO3
values (from ∼ 75 % to ∼ 65 %) (Fig. 2). Infaunal calcare-
ous taxa, including stilostomellids, still dominate the assem-
blages, but they show lower percentages than in previous
intervals (Fig. 2). The infaunal Nodosariidae, pleurostomel-
lids, G. subglobosa, Lenticulina spp., and O. umbonatus are
abundant, and L. plummerae shows an abundance peak to-
wards the top of this interval, from rare (< 2 %) to abundant.
The polymorphinids and the species Bulimina alazanensis,
Bulimina trinitatensis, and Anomalinoides spissiformis show
minor abundance peaks in this interval, and their percentages
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decrease towards interval 4. Among epifaunal taxa, the per-
centage of N. truempyi is significantly higher than in inter-
val 2, reaching a maximum in the middle part of interval 3
(at 75.63 rmcd). Diversity (Fisher-α average = 20.19) and
heterogeneity (average of 3.16) of the assemblages show a
decreasing trend. The buliminids s.l. decrease, showing per-
centages similar to interval 1 (Fig. 2). BFAR values (av-
erage of 243.39 specimens cm−2 kyr−1) show a significant
peak, reaching the highest values of the study record at
75.58 rmcd (323 specimens cm−2 kyr−1) (Fig. 2). Preserva-
tion of the benthic foraminiferal tests is good (Fig. 6).

Interval 4 (75.501–74.957 rmcd/41.5279–41.5042 Ma)
corresponds to the interval previously identified as the LLTM
at Site 1260 by Westerhold and Röhl (2013) and Westerhold
et al. (2018) (Fig. 3). According to our age model, which
is based on the CENOGRID (Westerhold et al., 2020),
the event spans 23.7 kyr from its onset until background
levels are re-established. Combining our results with those
previous findings, the interval is divided into subinterval
4a, which comprises the first 27.8 cm/11.9 kyr (between
75.501–75.223 rmcd/41.5279–41.5160 Ma), and subinterval
4b, which includes the rest of the interval (26.6 cm/11.8 kyr,
between 75.223 rmcd–74.957 rmcd/41.5160–41.5042 Ma)
(Figs. 2, 3).

The definition of subinterval 4a is based on the lowest
δ13Cbulk and δ18Obulk values and the highest XRF Fe val-
ues, which, along with a dark, clay-rich layer, indicate strong
dissolution and relative enrichment of the clay fraction in
the sediment across the LLTM (Röhl and Abrams, 2000;
Röhl et al., 2007; Westerhold and Röhl, 2013; Westerhold
et al., 2018) (Figs. 2, 3, 6). This subinterval shows the lower-
most carbonate content of the study (decrease from ∼ 65 %
to ∼ 37 %), with the minimum values recorded in the lower-
most part (Westerhold et al., 2018) (Fig. 2) and the worst
preservation of the study record (moderate at 75.32 and
75.47 rmcd; poor between 75.37–75.42 rmcd) (Fig. 6). Some
benthic foraminifera could only be identified to the genus
level (e.g. Anomalinoides spp., Nuttallides spp., Globocas-
sidulina spp., Osangularia spp.) due to their poor preserva-
tion, mainly in samples from core 5, section 2, 19–21 cm
(75.37 rmcd) and 24–26 cm (75.42 rmcd). Additionally, the
sample at 75.37 rmcd contains very small specimens with
thin, poorly preserved tests, and six specimens were classi-
fied as “trochospiral calcareous tentatively identified”.

Subinterval 4a shows the highest percentages of epifaunal
morphogroups (47.54 % at 75.37 rmcd) and calcareous tests
(100 % at 75.47 rmcd) and the lowest diversity, heterogene-
ity, and BFAR values, although these start to recover in the
upper half of the interval (Fig. 2). The superfamily Bulim-
inacea show the highest peak of the study record (17.52 %
at 75.37 rmcd) and then decrease in abundance (Fig. 2). Al-
though the stilostomellids are one of the dominant groups,
their abundance shows the lowest values of the record in the
middle part of this subinterval, at 75.37 rmcd (Fig. 3). The
nodosariids and pleurostomellids, which are abundant, also

show the lowest values of the record across this subinterval
(Fig. 3). Some infaunal taxa (e.g. Bulimina glomarchallen-
geri, Chrysalogoniidae, Fissurina, Fursenkoina fusiformis
from 75.47–75.37 rmcd, Karreriella bradyi) are absent, espe-
cially during the interval of minimum CaCO3 values (Fig. 3).
In contrast, the relative abundances of O. umbonatus, Lenti-
culina, Pullenia eocenica, Alabamina dissonata, Gyroidi-
noides beisseli, and Hanzawaia ammophila increase (Fig. 3).
The genus Nuttallides shows its maximum relative abun-
dance at 75.37 rmcd, and the infaunal Bulimina simplex,
Bolivina huneri, and Globocassidulina spp. show theirs at
75.47 rmcd (Fig. 3). The abundance of the epifaunal Anoma-
linoides spp. increases from above 75.37 rmcd (Fig. 3). The
epifaunal genera Cibicidoides and Osangularia show higher
values across the whole interval 4, and a peak in abun-
dance of Osangularia is recorded at 75.42 rmcd (Fig. 3). The
species Aragonia aragonensis, which was absent before the
upper part of subinterval 4a, reaches its maximum values of
the record (3.9 %) at 75.22 rmcd (Fig. 2).

Subinterval 4b marks the gradual recovery of the δ13C
and δ18Obulk values, and the %CaCO3 and XRF Fe area
show values similar to interval 2 (Fig. 2). The dominant
taxa include stilostomellids, Nodosariidae, and N. truempyi;
the latter two taxa show their highest relative abundance in
the lower part of this subinterval (at 75.19 rmcd), decreas-
ing upwards. Abundant taxa include G. subglobosa, Lenti-
culina spp., O. umbonatus, B. simplex, pleurostomellids, C.
praemundulus, and Osangularia spp. (Fig. 3). A. aragonen-
sis is a common species, and its abundance decreases up-
wards in intervals 5 and 6 (Fig. 3). B. glomarchallengeri
reappears in subinterval 4b, increasing in abundance upwards
(Fig. 3). The diversity and heterogeneity of the assemblages,
the percentage of the superfamily Buliminacea, buliminids
s.l., and the BFAR gradually increase towards the upper part
of this subinterval (Fig. 2). The preservation of the benthic
foraminiferal tests improves, and it is good, becoming very
good in the upper part of the subinterval (Fig. 6).

In interval 5 (74.957–74.580 rmcd/41.5042–41.4871 Ma),
the carbon and oxygen isotopic values and %CaCO3 increase
and are similar to those in the pre-LLTM intervals (Fig. 2).
Calcareous infaunal foraminifera show values similar to in-
terval 1, with stilostomellids and Nodosariidae being the
dominant taxa; B. semicostata, G. subglobosa, and Lentic-
ulina spp. are abundant (Fig. 3). Among epifaunal taxa, N.
truempyi is dominant, and A. dissonata, Cibicidoides, and
Osangularia are abundant (Fig. 3). The diversity and hetero-
geneity of the assemblages increase, and in the upper part
of this interval they reach values similar to those in inter-
val 1 (Fig. 2). The BFAR shows a peak at 74.81 rmcd, fol-
lowed by a decrease to values similar to those in subinter-
val 4b (Fig. 2). The abundance of B. semicostata, Anomali-
noides spp., N. truempyi, and Nodosariidae increases across
this interval, while the percentages of Lenticulina spp. and
stilostomellids decrease (Fig. 3). Turrillina brevispira, which
was common before the onset of the LLTM, decreases its
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abundance gradually, reaching its lowest values in this in-
terval (Fig. 3). The preservation of the benthic foraminiferal
tests is very good (Fig. 6).

Interval 6 (74.580–74.4 rmcd/41.4871–41.4789 Ma)
shows carbon and oxygen isotope values, %CaCO3, XRF Fe
area, BFAR values, and percentage of infaunal calcareous
foraminifera similar to the upper part of interval 5 (Fig. 2).
The percentages of N. truempyi and the stilostomellids
slightly increase across interval 6 (Fig. 3). The preservation
of the benthic foraminiferal tests is very good (Fig. 6).

The six stratigraphic intervals are differentiated in the Q-
mode DCA plot (Fig. 5). Samples from subinterval 4a are
significantly separated from the rest, showing the most pos-
itive values along the x axis. Samples from subinterval 4b
show intermediate values, and the samples from the other in-
tervals (1–3, 5, 6) score the most negative values along this
axis.

4.2 Other components of the sediment samples

4.2.1 Semi-quantitative analyses of radiolarians,
foraminifera, and sponge spicules

The semi-quantitative analysis of other components of the
sediment (Fig. 6) shows that the proportion of radiolarians is
inversely proportional to that of planktic foraminifera. The
relative abundance of radiolarians increases in subinterval
4a, where the percentage of planktic foraminifera decreases.
The relative abundance of benthic foraminifera is very low
throughout the entire study interval, as expected in a deep-sea
setting. The proportion of sponge spicules is slightly higher
than that of benthic foraminifera throughout the study inter-
val, reaching its highest values in subinterval 4a.

4.2.2 Quantitative analyses of fish teeth

The quantitative analysis of fish teeth, performed on the same
sample aliquot used for foraminifera assemblage studies,
shows relatively low values throughout the entire study inter-
val (Fig. 6). The exception is subinterval 4a, which exhibits
the highest peak in the number of fish teeth per gram of sed-
iment, particularly in the lowermost 10.4 cm of the LLTM,
coinciding with significant CaCO3 dissolution.

5 Interpretation and discussion

5.1 Palaeobathymetry

Benthic foraminiferal assemblages at ODP Site 1260 are
dominated by calcareous taxa and indicate deposition above
the calcite compensation depth. Nuttallides truempyi and
stilostomellids are dominant at this site, and they are pre-
dominantly found at lower bathyal and abyssal depths during
the Eocene, with the latter most common between 1000 and
3000 m (Pflum and Frerichs, 1976; Tjalsma and Lohmann,
1983; Katz et al., 2003). Abundant and common species

at this site, such as Globocassidulina subglobosa, Anoma-
linoides spissiformis, Bulimina semicostata, Bulimina trini-
tatensis, Cibicidoides praemundulus, and Nonion havanense,
are typical of lower bathyal to abyssal depths (Tjalsma and
Lohmann, 1983; Van Morkhoven et al., 1986; Hayward et
al., 2001, 2004, 2010). Other bathyal to abyssal species in-
clude Oridorsalis umbonatus, Bulimina glomarchallengeri,
and Aragonia aragonensis (Tjalsma and Lohmann, 1983;
Van Morkhoven et al., 1986; Alegret et al., 2009; Arreguín-
Rodríguez et al., 2018). Middle bathyal to abyssal taxa
(Anomalinoides semicribratus, pleurostomellids) (Tjalsma
and Lohmann, 1983; Van Morkhoven et al., 1986; Bignot,
1998) are also present. Turrillina brevispira is an outer ner-
itic to lower bathyal species, and it also occurs at abyssal sites
(Van Morkhoven et al., 1986).

The upper depth limit of Globocassidulina subglobosa
was located at upper bathyal depths during the Eocene; Bu-
limina trinitatensis, Nuttallides truempyi, Osangularia mexi-
cana, and Hanzawaia ammophila had their upper depth limit
at 500–700 m, and Alabamina dissonata and Cibicidoides
grimsdalei had their upper depth limit at 1000–1500 m (Van
Morkhoven et al., 1986).

These data indicate a minimum palaeodepth at lower
bathyal settings (1000–2000 m; Van Morkhoven et al., 1986),
and the record of specific foraminifera points to an up-
per abyssal palaeodepth (2000–3000 m; Van Morkhoven et
al., 1986). Key evidence includes the identification of Han-
zawaia ammophila and Bolivina huneri, which are also
abundant at abyssal environments (Van Morkhoven et al.,
1986; Müller-Merz and Oberhänsli, 1991; Grira et al., 2018),
the lower bathyal to upper abyssal Osangularia mexicana
(Tjalsma and Lohmann, 1983), and the primarily abyssal
species Alabamina dissonata (Tjalsma and Lohman, 1983;
Van Morkhoven et al., 1986). The dominance of Nuttallides
truempyi (Müller-Merz and Oberhänsli, 1991) also supports
the upper abyssal palaeodepth. This interpretation is consis-
tent with previous palaeodepth estimates of ∼ 2500 m for
Site 1260 (Erbacher et al., 2004; Edgar et al., 2007; West-
erhold and Röhl, 2013; Westerhold et al., 2018).

5.2 Palaeoenvironmental interpretation

Benthic foraminiferal assemblages from this upper abyssal
environment, where calcareous infaunal morphogroups are
more abundant (average 66.1 %) than epifaunal ones (av-
erage 33.9 %) (Fig. 2), point to oligo-mesotrophic condi-
tions according to the TROX model of Jorissen et al. (1995).
This interpretation is supported by low BFAR values (aver-
age 168.4 specimens cm−2 kyr−1), the common occurrence
of the oligotrophic species N. truempyi (Thomas et al.,
2000; Arreguín-Rodríguez and Alegret, 2016; Rivero-Cuesta
et al., 2020), and the low relative abundance of buliminids
s.l. (average 28.4 % of the assemblages) and the superfam-
ily Buliminacea (average 8.6 %) (Figs. 2, 3, 7), which in the
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Figure 5. Detrended correspondence analysis (DCA) plot displaying the studied samples at ODP Site 1260.

Figure 6. XRF core scanning Fe intensities (Westerhold and Röhl, 2013), coulometric CaCO3 content (Westerhold et al., 2018), semi-
quantitative analyses (%) of various microfossil groups (Table S3), quantitative analyses on fish teeth (number of fish teeth per gram of
sediment) (Table S3), quantitative analyses of benthic foraminifera (% calcareous and agglutinated tests) (Table S2), and preservation of
benthic foraminiferal tests (Table S4) at ODP Site 1260, plotted against depth (rmcd). The dashed black line marks the limit between
subintervals 4a and 4b, and the red one corresponds to the depths of maximum CaCO3 corrosivity.
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modern oceans are most common at sites with an abundant
food supply (e.g. Fontanier et al., 2002).

Interval 1 (76.6–76.017 rmcd/41.6552–41.5501 Ma) con-
tains diverse benthic foraminiferal assemblages with well-
preserved calcareous infaunal foraminifera. The abundance
of shallow infaunal stilostomellids and Nodosariidae, the
oligotrophic species N. truempyi, the oxic indicator G. sub-
globosa, and pleurostomellids (Figs. 3, 7) indicates stable
oligo-mesotrophic conditions and well-oxygenated bottom
waters (Jorissen et al., 2007; Palmer et al., 2020; Alegret et
al., 2021b).

A change in trophic conditions is inferred for inter-
val 2 (76.017–75.775 rmcd/41.5501–41.5397 Ma). More or-
ganic matter particles in suspension, as a result of higher-
energy bottom-water currents, may have favoured infaunal
suspension-feeders (e.g. stilostomellids) over epifaunal taxa,
decreasing the relative proportion of other epifaunal species
such as N. truempyi. The interpretation of the lower BFAR
values observed in interval 2 (ca. 114 specimens cm−2 kyr−1)
in terms of export productivity is not straightforward. It has
been suggested that its use in settings with biophysical cou-
pling of food supply to the current regime cannot be assumed
(e.g. Genin, 2004; Arreguín-Rodríguez et al., 2016), and a
solid interpretation of this index thus cannot be provided due
to the higher-energy bottom-water currents interpreted in in-
terval 2.

Interval 3 (75.775–75.501 rmcd/41.5397–41.5279 Ma) is
marked by a gradual decrease in the δ18Obulk, %CaCO3, and
diversity and heterogeneity of the assemblages, along with
increased δ13Cbulk, XRF Fe, and BFAR values, which are in-
terpreted as the onset of warming and environmental instabil-
ity prior to the LLTM (Figs. 2, 3, 7). Increased δ13C values
could indicate enhanced primary productivity, as a result of
accelerated phytoplankton growth and metabolic rates within
optimal temperature ranges (Grant and Dickens, 2002). In-
creased BFAR values point to higher export productivity
across this interval (Figs. 2, 7). This is further supported
by a qualitative study of samples from interval 3, which
reveals larger individuals within the benthic foraminiferal
assemblages, as a result of enhanced food supply reach-
ing the seafloor. The higher percentage of L. plummerae
(Figs. 2, 7), whose abundance increased during the Middle
Eocene Climatic Optimum (MECO) warming in the South-
ern Ocean, also points to an increased nutrient supply to
the seafloor (Moebius et al., 2014). Infaunal morphogroups
did not become more abundant in this interval, likely due
to increased CaCO3 corrosivity acting as the limiting fac-
tor for the foraminiferal assemblages. The ∼ 15 % drop in
%CaCO3, along with the increase in abundance of CaCO3
corrosive-resistant taxa like Lenticulina spp., N. truempyi,
or O. umbonatus (Tjalsma and Lohmann, 1983; Alegret and
Thomas, 2009; Rivero-Cuesta et al., 2020), suggest more
CaCO3-corrosive bottom waters in interval 3 (Fig. 2, 7). A.
spissiformis, a highly resilient species (Rivero-Cuesta et al.,
2020) with intermediate resistance to dissolution (Nguyen et

al., 2009), also increased in abundance. This scenario sug-
gests that the increase in CaCO3 corrosivity was the pri-
mary limiting factor for infaunal morphogroups in interval
3. The majority of the infaunal foraminifera in this inter-
val are characterized by calcareous uniserial, biserial, and
triserial hyaline taxa that exhibit lower resistance to CaCO3
dissolution (e.g. Nguyen et al., 2009; Putra et al., 2023). In
contrast, the epifaunal species Nuttallides truempyi, which
has been argued to be CaCO3 corrosive-resistant (Thomas,
1998), increased in interval 3. The qualitative study of ben-
thic foraminiferal test preservation, which shifts from good
to moderate by the end of this interval, along with the in-
creased percentage of radiolarians and fish teeth and a de-
crease in planktic foraminifera, supports increased CaCO3
corrosivity in interval 3 (Figs. 6, 7).

Interval 4 (75.501–74.957 rmcd/41.5279–41.5042 Ma)
corresponds to the LLTM, which was identified at ODP Site
1260 based on inorganic geochemistry, XRF-derived iron
intensity records, and cyclostratigraphy (Edgar et al., 2007;
Westerhold and Röhl, 2013; Westerhold et al., 2018). The
LLTM is associated with the highest insolation value of the
last 45 Ma at 41.52 Ma, along with a negative CIE (0.86 ‰
in bulk sediment and 1.26 ‰ in planktic foraminifera)
and a negative OIE (1.8 ‰ in bulk sediment and 0.3 ‰ in
planktic foraminifera), the lowest percentages of CaCO3,
and the highest values of XRF Fe area (Figs. 2, 7). It has
been subdivided into subintervals 4a and 4b, according to
previous studies and our analysis of the benthic foraminiferal
assemblages. The slight differences in the duration of this
interval and its different phases are attributed to the age
model, since Westerhold et al. (2018) used the astronomical
age model of Westerhold and Röhl (2013), and the age
model of the present study is based on the CENOGRID
(Westerhold et al., 2020) in order to more precisely compare
the response of benthic assemblages with other publications
on benthic foraminifera across the LLTM (Rivero-Cuesta et
al., 2020; Peñalver-Clavel et al., 2024).

Subinterval 4a, spanning approximately 12 kyr, is charac-
terized by a lower carbonate content, indicative of CaCO3
corrosivity, and the warmest temperatures of the LLTM
(Westerhold et al., 2018), as shown by the lowest δ18Obulk
values in the lower half of this subinterval, followed by grad-
ual recovery. Benthic assemblages show their lowest diver-
sity and heterogeneity (Figs. 2, 7), indicating the highest en-
vironmental stress of the LLTM, likely related to CaCO3-
corrosive bottom waters resulting from warming and changes
in the carbon cycle. A qualitative observation of the assem-
blages shows a decrease in size of benthic foraminiferal tests,
consistent with environmental stress. Alternatively, lower di-
versity might simply be related to a taphonomic bias due
to CaCO3 corrosivity. Although infaunal taxa are typically
more shielded from corrosive waters than epifaunal taxa due
to carbonate supersaturation in pore waters (e.g. Ilyina and
Zeebe, 2012; Foster et al., 2013; Arreguín-Rodríguez et al.,
2016), intense bottom-water corrosivity is inferred during the
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Figure 7. Carbon and oxygen stable isotopes measured on bulk carbonate (Sexton et al., 2006; Edgar et al., 2007; Westerhold et al., 2018),
XRF core scanning Fe intensities (Westerhold and Röhl, 2013), and coulometric CaCO3 content (Westerhold et al., 2018); percentages of
radiolaria (%R) and planktic foraminifera (%P.f) and benthic foraminiferal analyses (this study; percentage of calcareous and agglutinated
foraminifera, preservation of the tests, benthic foraminiferal accumulation rates (BFAR), diversity of the assemblages, and percentage of
selected benthic foraminiferal taxa) at ODP Site 1260, plotted against age (Ma). The dashed black line marks the limit between subinterval
4a and 4b, and the red one corresponds to the depths of maximum dissolution.

LLTM at Site 1260, as both morphogroups show the worst
preservation of their tests across subinterval 4a (Figs. 6, 7)
(Table S4). Infaunal taxa with morphologies less resistant to
CaCO3 corrosivity (e.g. uniserial stilostomellids or nodosari-
ids) decrease in abundance, and morphologies that are more
resistant to carbonate corrosivity, like planispiral (Lentic-
ulina) or trochospiral taxa (Oridorsalis umbonatus), among
others (Nonion, Globocassidulina, Pullenia) (e.g. Nguyen
et al., 2009; Rivero-Cuesta et al., 2020; Putra et al., 2023),
become more abundant or show abundance peaks (Figs. 3,
7). Among epifaunal morphogroups that are less suscepti-
ble to carbonate-corrosive waters, the trochospiral Nuttal-
lides truempyi dominates the assemblages, and Osangularia,
Anomalinoides, Hanzawaia, Alabamina, Gyroidinoides or
Cibicidoides are abundant (Figs. 3, 7) (e.g. Nguyen et al.,
1990; Rivero-Cuesta et al., 2020; Putra et al., 2023).

The integration of benthic foraminiferal results with the
quantitative and semi-quantitative analyses of the other com-
ponents of the sediment supports the scenario of CaCO3
corrosivity during the peak warming. The semi-quantitative
analysis shows a drastic decrease in the percentage of plank-
tic foraminifera, which are more susceptible to dissolution
than benthic foraminifera (Nguyen et al., 2009), along with

increased percentages of siliceous components such as radio-
laria or sponge spicules. Regarding fish teeth, which are more
resistant to carbonate dissolution due to their high phosphate
content, a higher number of fish teeth per gram of sediment
has been recorded (Figs. 6, 7). Benthic foraminifera also
point to more corrosive bottom waters, as the worst preserva-
tion of their tests is observed across subinterval 4a (Figs. 6,
7) (Table S4).

The lower BFAR values in subinterval 4a are likely a
result of taphonomic bias due to CaCO3 corrosivity. One
might argue that the decreased BFAR could also be linked
to reduced export productivity resulting from changes in
primary productivity (linked to excessive insolation or car-
bonate dissolution affecting primary producers) and/or in-
creased organic matter remineralization in the water column
under higher temperatures. However, CaCO3 dissolution led
to a taphonomic bias of the assemblages, which were se-
lectively enriched in CaCO3 corrosion-resistant taxa (infau-
nal trochospiral and planispiral taxa, such as Lenticulina and
Oridorsalis, and epifaunal taxa such as Nuttallides, Alabam-
ina, or Osangularia), obscuring the environmental signal of
lower export productivity. Some of the species that peak in
abundance in subinterval 4a, such as O. umbonatus and N.
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truempyi, have been documented to thrive under oligotrophic
and corrosive conditions (Arreguín-Rodríguez et al., 2016;
Rivero-Cuesta et al., 2020), and C. praemundulus, G. beis-
seli, and N. havanense are high-resilience species (Rivero-
Cuesta et al., 2020). Osangularia and B. huneri have been
described as stress-tolerant taxa, and B. huneri has been re-
lated to low-quality organic matter (D’haenens et al., 2012,
Rivero-Cuesta et al., 2019). A. aragonensis is an opportunis-
tic species that commonly thrives during Paleogene hyper-
thermal events (Thomas, 1990, 1998, 2003; Alegret et al.,
2009, 2016, 2018; Arreguín-Rodríguez et al., 2016), and B.
simplex was also documented during an early Eocene hyper-
thermal event (Arreguín-Rodríguez et al., 2016). A more ro-
bust palaeoenvironmental interpretation of this interval, how-
ever, is limited by the taphonomic effects of carbonate disso-
lution on the assemblages.

Finally, one might wonder why agglutinated foraminifera
did not increase in abundance in interval 4a, coinciding
with the lowermost %CaCO3 values. Agglutinated taxa were
very scarce across all the study intervals, and calcareous,
CaCO3 corrosion-resistant taxa were more abundant, partic-
ularly in interval 4a. We argue that CaCO3 corrosivity in-
troduced a taphonomic bias in the assemblages in interval
4a, affecting preservation of the foraminiferal tests (Fig. 6),
but that dissolution was not pervasive at the seafloor. Under
strong CaCO3 dissolution, assemblages would only contain
organic-cemented agglutinated foraminifera.

Subinterval 4b represents the gradual recovery of the oxy-
gen isotopes and a faster recovery of the carbon isotopes and
the %CaCO3 and XRF values to background values (simi-
lar to intervals 1 and 2). B. simplex and C. praemundulus are
still abundant, and A. aragonensis is common, pointing to
the persistence of the environmental stress. In contrast, the
percentages of some taxa that dropped in relative abundance
(e.g. F. fusiformis, L. plummerae, Nodosariidae, Glandulono-
dosariidae) or temporarily disappeared (A. semicribratus, B.
glomarchallengeri, Chrysalogoniidae, Fissurina spp., Mar-
tinottiella sp.) during subinterval 4a increase in subinterval
4b (Figs. 3, 7). Diversity of the assemblages and BFAR val-
ues gradually recover, but they are still below pre-LLTM val-
ues. The preservation of the tests becomes good (Figs. 6, 7).
The percentage of planktic foraminifera reaches values simi-
lar to interval 1, and the percentage of siliceous components
and the number of fish teeth decrease (Figs. 6, 7). These re-
sults indicate that, although environmental stress persisted,
CaCO3 corrosivity did not play a significant role during in-
terval 4b, and temperatures were cooler than in subinterval
4a, accounting for the slight – but still partial – recovery of
the BFARs and export productivity.

Intervals 5 (74.957–74.580 rmcd/41.5042–41.4871 Ma)
and 6 (74.580–74.4 rmcd/41.4871–41.4789 Ma) are charac-
terized by δ13Cbulk values that are similar to pre-LLTM in-
tervals and δ18Obulk values that are slightly more positive,
suggesting the return to cooler temperatures (Figs. 2, 7). The
XRF Fe area shows lower values, and the %CaCO3 shows

the highest values of the record, pointing to CaCO3-saturated
bottom waters (Figs. 2, 7). This is supported by the preserva-
tion of benthic foraminifera tests, which is very good in both
intervals. In addition, the percentage of planktic foraminifera
from interval 5 is higher than in the previous intervals, and
the percentage of radiolaria shows the opposite trend (Figs. 6,
7). Environmental stress at the seafloor decreased, as inferred
from the gradual increase in diversity and heterogeneity of
the benthic assemblages, and their taxonomic composition is
similar to intervals 1 and 2 (Fig. 2), suggesting the return
to stable, oligo-mesotrophic conditions at the seafloor. The
dominance of stilostomellids and Nodosariidae is consistent
with this stable scenario.

The Q-mode statistical analysis supports the environmen-
tal perturbation related to the LLTM at ODP Site 1260, al-
though the interpretation of the DCA axes (Fig. 5) is com-
plex. Subinterval 4a, which reflects the most significant en-
vironmental perturbation associated with CaCO3 corrosivity,
shows the highest values along axis x. Subinterval 4b, as-
sociated with less environmental stress, scores intermediate
values along this axis, and the samples from the rest of the
study (pre- and post-LLTM event), with more stable condi-
tions at the seafloor, score the lowest values along axis 1.

5.3 Comparison with previous LLTM studies

The LLTM was first described at ODP Site 1260 in the
equatorial Atlantic Ocean (Edgar et al., 2007; Westerhold
and Röhl, 2013) and later identified in the South Atlantic
Ocean ODP Site 702 (Islas Orcadas Rise) and ODP Site 1263
(Walvis Ridge) (Westerhold et al., 2018). The LLTM at these
Atlantic sites is marked by a negative CIE and OIE, a pro-
nounced peak in Fe intensity, and a decrease in CaCO3 con-
tent.

Our study on the response of benthic foraminiferal as-
semblages to the LLTM significantly expands the available
data at Site 1260. Documenting the benthic foraminiferal
turnover is crucial to understand how hyperthermal events
associated with exceptionally strong insolation affect the ma-
rine ecosystems and the climate system dynamics, but so far
there are only three studies available. This is partly related to
the fact that the LLTM is difficult to identify in deep-sea sed-
iments due to its short duration. The compilation of the ben-
thic foraminiferal results from the three studies available, two
from the Atlantic Ocean (the middle bathyal Cape Oyambre
section, northeast Atlantic (Intxauspe-Zubiaurre et al., 2018)
and the lower bathyal ODP Site 702 in the South Atlantic
(Rivero-Cuesta et al., 2020)) and one from the southwest-
ern Pacific (IODP Site U1508 in the Tasman Sea; Peñalver-
Clavel et al., 2024), reveals key similarities and differences
across diverse oceanic basins and depths, thereby advanc-
ing our knowledge on the impact of hyperthermal events on
deep-sea environments.
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In these three studies, the LLTM is marked by the nega-
tive CIE and OIE (suggesting warming of the water column
and changes in the carbon cycle), decreased carbonate con-
tent, and decreased diversity of the benthic foraminiferal as-
semblages, indicative of environmental stress. These results
align with the results from ODP Site 1260.

The shallowest site is located in the continental marginal
setting of Cape Oyambre, where Intxauspe-Zubiaurre et al.
(2018) reported the dominance of clay minerals and quartz
grains across the LLTM, alongside sea-surface eutrophica-
tion attributed to elevated continental nutrient runoff. The
increased nutrient flux to the seafloor, related to the en-
hanced hydrological cycle during the LLTM, correlates with
the research at Site 1260 of Westerhold and Röhl (2013),
which highlighted exceptionally high insolation levels at
41.5 Ma. No evidence of carbonate dissolution was found
in the calcareous nannofossils and benthic foraminifera
from Oyambre, and the decrease in carbonate content was
mainly related to dilution of the pelagic carbonate sedimenta-
tion (Intxauspe-Zubiaurre et al., 2018). Benthic foraminifera
point to a higher input of organic matter to the seafloor under
oxic conditions (Intxauspe-Zubiaurre et al., 2018).

In contrast, benthic foraminifera indicate more olig-
otrophic conditions and lower BFAR values at the deep-
sea sites (i.e. Atlantic Sites 702 and 1260 and Pacific Site
U1508). Rivero-Cuesta et al. (2020) interpreted the lower
BFAR values at Site 702 as indicative of increased metabolic
rates of heterotroph organisms under warmer temperatures,
as limited food resources cause a population decline. At Site
U1508, the warming-induced stratification (which led to the
proliferation of dysoxic taxa) and increased remineralization
of the organic matter in the water column led to decreased ex-
port productivity (Peñalver-Clavel et al., 2024). At Site 1260,
CaCO3 corrosivity may have triggered decreased primary
and export productivity. The three studies report a decrease in
CaCO3 content, but our study at Site 1260 is the only one that
documents carbonate dissolution. The dissolution is reflected
by remarkable changes in previously published XRF and car-
bonate content analyses (Westerhold and Röhl, 2013; West-
erhold et al., 2018), in the components of the sediment (e.g.
drastic decrease in planktic foraminifera, increase in % radi-
olaria and in the number of fish teeth g−1), and by changes
in the benthic foraminiferal assemblages, which display the
worst test preservation of the study record during the warm-
ing event. Additionally, benthic assemblages at Site 1260 are
dominated by corrosive-resistant taxa (e.g. N. truempyi, O.
umbonatus), along with infaunal taxa and some rotaliines.
Infaunal organisms live buried in the sediment, where pore
waters are typically more carbonate-saturated and less cor-
rosive than the overlying bottom waters (Foster et al., 2013;
Arreguín-Rodríguez et al., 2021), and the test characteristics
of infaunal and epifaunal rotaliines point to an intermedi-
ate resistance to dissolution (Nguyen et al., 2009). At Sites
702 (Rivero-Cuesta et al., 2020) and U1508 (Peñalver-Clavel
et al., 2024), the authors documented increased CaCO3 cor-

rosivity of bottom waters but no CaCO3 dissolution at the
seafloor. The biotic turnover at Site 702 (Rivero-Cuesta et
al., 2020) indicates changes in the type of organic matter
reaching the seafloor during the LLTM, and benthic assem-
blages at Sites 1260 and U1508 point to a decrease in the
organic matter flux to the seafloor. Decreased oxygenation of
bottom waters, due to warming-induced stratification of the
water column, has only been reported at the Pacific site, as
suggested by changes in benthic foraminiferal assemblages
(e.g. the decrease in the oxic species G. subglobosa and in-
creased abundance of the dysoxic genus Lenticulina) and or-
ganic geochemistry (e.g. BIT index, Methane Index, AOM
index, GDGT-2/3 ratio) (Peñalver-Clavel et al., 2024).

This compilation of the benthic foraminiferal response to
the LLTM highlights different responses to the same forc-
ing factor, supporting the hypothesis that the palaeoceano-
graphic setting may account for the observed divergences
(Peñalver-Clavel et al., 2024). The biotic response to the
LLTM at the shallowest site (the Atlantic Cape Oyambre
section), located on a continental margin, was significantly
different from the deeper Atlantic sites. Intxauspe-Zubiaurre
et al. (2018) documented an increased nutrient flux to the
seafloor during the LLTM as an effect of the increased hydro-
logical cycle, which is associated with the highest insolation.
The deeper sites are open-ocean settings and indicate more
oligotrophic conditions at the seafloor across the LLTM. It is
important to note that the consequences of the LLTM and the
biotic response were likely shaped by the different oceanic
circulation patterns during the Eocene. Site U1508 is lo-
cated in the Tasman Sea, a crucial area where the tectonics,
and thus ocean circulation, were highly variable during the
Eocene, and still presents gaps of knowledge (Sutherland et
al., 2019, 2020; Alegret et al., 2021a, 2021b; Peñalver-Clavel
et al., 2025a). Consequently, it is difficult to draw conclu-
sions when comparing Site U1508 with the Atlantic loca-
tions. Site 702 (Rivero-Cuesta et al., 2020) was located in
the South Atlantic, and Site 1260 was located in the equato-
rial Atlantic, with different environmental conditions related
to a wide variety of factors such as the continent distribu-
tion (and proximity to the continental areas) and the resulting
deep-water formation and ocean circulation. Model simula-
tions (e.g. Zhang et al., 2022; Pineau et al., 2025) suggest that
deep-water masses that circulated in the Atlantic during the
early and middle Eocene were likely formed in the Southern
Ocean, as the palaeogeography of the North Atlantic at the
time prevented its own deep-water formation. We speculate
that under this palaeoceanographic scenario, South Atlantic
Site 702, located closer to the Southern Ocean (Fig. 1), may
have been influenced by younger, less acidified (e.g. Tripati
and Elderfield, 2005; Bohaty et al., 2009; Bijl et al., 2010)
water masses than Site 1260 (equatorial Atlantic), thus lim-
iting carbonate dissolution on the seafloor. Further in-depth
studies of benthic foraminiferal assemblages, integrated with
multiproxy analyses, are needed at a regional scale to under-
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stand the influence of deep-ocean circulation on the LLTM
effects in the Atlantic basin.

6 Conclusions

The Late Lutetian Thermal Maximum (LLTM) is a middle
Eocene hyperthermal event linked to the highest insolation
values of the last 45 million years on Earth’s surface. At
ODP Site 1260, in the equatorial western Atlantic, the LLTM
is defined by a sharp negative excursion of δ18O and δ13C,
and it coincides with a dark, clay-rich layer with low CaCO3
values, indicating carbonate dissolution during the event.
Detailed quantitative analyses of the benthic foraminiferal
turnover at this upper abyssal site complement previous stud-
ies on the LLTM, improving the understanding of the effects
of global warming in the largest habitat on Earth, the deep
seafloor.

Decreased diversity of benthic foraminiferal assemblages
indicates environmental stress at the seafloor during the
LLTM, associated with increased CaCO3 corrosivity of bot-
tom waters. Low %CaCO3 values, the increased relative
abundance of corrosive-resistant taxa, the poor preservation
of the tests, the increase in the number of fish teeth per gram
of sediment and in the percentage of siliceous components
(radiolaria and sponge spicules), and the decrease in plank-
tic foraminifera (which are more susceptible to dissolution)
also indicate CaCO3 corrosivity during the first half of the
LLTM, followed by rapid recovery. Reduced export produc-
tivity, associated with decreased primary productivity or in-
creased organic matter remineralization in the water column,
may have contributed to the environmental stress during the
peak warming of the LLTM.

The comparison with other studies that document the ben-
thic foraminiferal response to the LLTM expands our knowl-
edge on the effects of global warming in the deep-sea ecosys-
tems. Oligotrophic conditions at the seafloor have been re-
ported across the LLTM at deep-sea Atlantic Sites 702 and
1260 and at Pacific Site U1508. In contrast, a shallower site
near a continental margin in the NE Atlantic was more in-
fluenced by changes in runoff and terrestrial input, result-
ing in enhanced delivery of organic matter to the seafloor.
The scarce studies available led us to conclude that the re-
sponse of the benthic foraminiferal assemblages to the LLTM
was strongly influenced by the palaeogeographic and palaeo-
ceanographic setting.
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