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A B S T R A C T

The Middle Eocene Climatic Optimum (MECO), a ~500 kyr global warm interval at ~40 Ma, interrupted the 
gradual cooling trend of the mid-late Eocene. Unlike Eocene hyperthermal events with rapid onsets and slow 
recoveries, the MECO began gradually, ended swiftly, and lacked a global negative carbon isotope excursion, 
raising questions about warming‑carbon cycling links. Here we report for the first time the response of benthic 
foraminifera, which are excellent palaeoenvironmental proxies, across the MECO at abyssal depths, integrating 
our results with a mineralogical analysis of the sediment.

International Ocean Discovery Program Site U1511 (Tasman Abyssal Plain, SW Pacific) was deposited below 
the carbonate compensation depth during the Eocene, and calcareous microfossils are absent. Agglutinated 
benthic foraminifera indicate a gradual onset of the environmental perturbations associated with the MECO, 
followed by rapid recovery. Changes in their assemblages, including the temporary disappearance of Lazarus 
taxa, the decreased abundance of suspension feeders and dominance of opportunistic detritivores, indicate 
weaker bottom-water currents during MECO and increased stratification of the water column. Mineralogical 
changes reinforce this interpretation, with increased smectite content indicating warm, humid conditions in the 
source-area, and possibly a change in the deep-water source. The reappearance of Lazarus taxa after the MECO 
indicates rapid recovery of deep-sea environmental conditions.

The comparison of Site U1511 with available studies from other regions reveals the complex and regionally 
diverse nature of benthic foraminiferal response to the MECO, emphasizing the critical role of ocean circulation 
and palaeogeography during Eocene warm intervals.

1. Introduction

The long-term warming and cooling trends of the Eocene were 
punctuated by short-lived (<100 kyr) transient global warming events 
called hyperthermals. These events were typically characterised by 
paired negative oxygen and carbon isotope excursions in marine car
bonate precipitated in all ocean water masses (e.g., Zachos et al., 2008; 
Westerhold et al., 2017). The Middle Eocene Climatic Optimum 
(MECO), a warm interval centered around 40.2 Ma, interrupted the 
long-term cooling trend of the Eocene (e.g., Bohaty et al., 2009; West
erhold et al., 2020). Compared to the hyperthermal events, it had a 

prolonged duration of ~300 kyr (Rivero-Cuesta et al., 2019) to ~500 
kyr (Westerhold and Röhl, 2013) or ~650 kyr (e.g., Bohaty et al., 2009; 
Edgar et al., 2010), and a range of δ13C signals in marine carbonates (e. 
g., Moebius et al., 2015; Gandolfi et al., 2024). Global δ18O values and 
organic biomarker proxies for palaeotemperature (UK₃₇ and TEX₈₆) 
indicate that a gradual warming of 3–6 ◦C in surface and bottom waters 
started around 40.6 Ma, peaked around 40.0 Ma, and rapidly returned to 
near pre-MECO temperatures (e.g., Bohaty and Zachos, 2003; Bohaty 
et al., 2009; Edgar et al., 2010; Bijl et al., 2010). This was associated 
with increased atmospheric pCO2 concentrations (Bijl et al., 2010; 
Henehan et al., 2020), a reduction in surface ocean pH (Henehan et al., 
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2020) and a decline in ocean carbonate accumulation (e.g., Lyle et al., 
2005; Pälike et al., 2012). The absence of a global negative δ13C 
excursion during the MECO suggests the accumulation of carbon from 
volcanic (rather than organic) sources in the exogenic carbon pool, i.e., 
the carbon in the atmosphere, in the oceans, and in the biosphere (e.g., 
Bohaty et al., 2009; Bijl et al., 2010; Van der Ploeg et al., 2018; Stein
thorsdottir et al., 2019; Henehan et al., 2020).

The MECO affected biota in both the deep (e.g., Bohaty and Zachos, 
2003; Bohaty et al., 2009; Moebius et al., 2015; Boscolo-Galazzo et al., 
2015; Rivero-Cuesta et al., 2019) and surface oceans (Boscolo-Galazzo 
et al., 2014; Cramwinckel et al., 2018, 2019, 2020). Shifts in planktic 
and benthic assemblages documented by these studies across the MECO 
have been linked to global warming and changes in oceanic productivity 
and oxygenation, at a time of a strengthened hydrological cycle and 
enhanced runoff (e.g., Moebius et al., 2014, 2015; Gandolfi et al., 2024). 
At deeper sites (>1000 m) in the Southern Ocean (Fig. 1), changes in 
relative abundance of benthic foraminiferal species suggest oxygen- 
depleted bottom waters during the peak warming phase, which is sup
ported by other geochemical indicators (e.g., cerium content on fish 
teeth) (Moebius et al., 2014). Subtler changes have been reported from 
shallower sites in northwestern Italy, with planktic and benthic fora
minifera and calcareous nannofossils all showing biological adaptations 
to warmer, nutrient-enriched conditions (e.g., Gandolfi et al., 2024). 
The few studies carried out in the Pacific Ocean focus on particular 
settings such as the Tasmanian Gateway (Fig. 1), which makes it chal
lenging to extrapolate their results to the rest of the Pacific Ocean (e.g., 
Cramwinckel et al., 2020). So far, no records exist of abyssal (>2000 m) 
benthos communities, as previous studies have focussed on carbonate- 
rich records where traditional palaeoceanographic records can be 
generated.

The Tasman Sea, between Australia and New Zealand (Fig. 2), is an 
interesting region to investigate palaeoceanographic and palaeoclimatic 
changes during the Eocene, including across various warming events 
(Alegret et al., 2021a; Peñalver-Clavel et al., 2024). Geochemical data 
and models indicate that the Southern Ocean, and particularly the 
southwest Pacific, was the primary area of intermediate and deep-water 
formation during the early Paleogene (Sijp et al., 2014; Huck et al., 
2017; Baatsen et al., 2020; Zhang et al., 2022; Peñalver-Clavel et al., 
2025), with water masses flowing through the Tasman Sea. Palynolog
ical and organic geochemical records from the central Tasmanian 

Gateway (Ocean Drilling Program Site 1170), the Otway Basin (south
eastern Australia), and the Hampden Beach section (New Zealand) point 
to warm temperate rainforests on the nearby landmasses, and elevated 
sea-surface temperatures in the Tasmanian Gateway, suggesting a sur
face ocean circulation shift and a regional southeast Australian trans
gression during the MECO (Cramwinckel et al., 2020).

The MECO event has been primarily studied in pelagic carbonate- 
rich records, yielding well-preserved carbonate for stable isotopes 
measurements (e.g., Bohaty et al., 2009; Edgar et al., 2010). However, 
due to increased ocean acidity from the MECO warming, the carbonate 
compensation depth (CCD) shoaled (Henehan et al., 2020), making it 
challenging to find carbonate-based evidence in the deepest ocean.

Fig. 1. Paleogeographic maps at 40 Ma, and sites with studies of benthic foraminifera across the MECO. The palaeogeographic positions of all tectonic plates units 
was calculated by anchoring the relative plate motion model of Müller et al. (2016) to the Earth's spin axis, using seven paleomagnetic poles from the literature 
(Supplementary Information, Table S1), GPlates (Müller et al., 2018) and PmagDiR (Dallanave, 2024). The main paleogeographic features are from Cao et al. (2017). 
CM, Capo Mortola. Sites: Alano (Boscolo-Galazzo et al., 2013) and Capo Mortola (CM; Gandolfi et al., 2024) sections in the western Tethys Ocean, North Atlantic ODP 
Site 1051 (Moebius et al., 2015), South Atlantic ODP Sites 1263 (Boscolo-Galazzo et al., 2015) and 702 (Rivero-Cuesta et al., 2019), ODP Site 738 from the Indian 
Southern Ocean (Moebius et al., 2014), and Pacific Ocean IODP Site U1511 (this study).

Fig. 2. Palaeogeography of study area at 40 Ma, reconstructed with GPlates 
(https://www.gplates.org/), with surface currents and sites where the MECO 
has been studied in the Tasman Sea: ODP Sites 1170 and 1172 (Cramwinckel 
et al., 2020), IODP Site U1511 (this study).
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Well away from the coast, the MECO has been identified at IODP Site 
U1511 in the Tasman Abyssal Plain, providing a unique record of 
environmental change below the CCD. Increased water-column strati
fication, and decreased surface and export productivity have been 
inferred across the MECO at this site based on magnetic, mineralogical 
and geochemical analyses (Sutherland et al., 2019; Cornaggia et al., 
2020), but the response of deep-sea biota has not been documented so 
far.

Benthic foraminifera are the most common group of meiofaunal 
unicellular organisms in the dark, cold and nutrient-deprived deep-sea, 
and they are excellent tools to reconstruct the environmental conditions 
and deep-water masses (Alegret et al., 2021b). Their response to MECO 
warming has been documented from locations in the palaeo-Tethys 
seaway (e.g., Boscolo-Galazzo et al., 2013; Gandolfi et al., 2024), the 
Atlantic Ocean (Boscolo-Galazzo et al., 2014; Moebius et al., 2015; 
Rivero-Cuesta et al., 2019), and in the Southern Ocean (Moebius et al., 
2014). Herein, the first record of deep-sea benthic foraminifera across 
the MECO in an abyssal environment below the CCD is presented. Deep- 
water agglutinated foraminifera (DWAF) are often the only benthic 
microfossils preserved in the deep-water sediments deposited beneath 
the CCD, and assemblages from abyssal plains thrive in environments 
with low sedimentation and low organic flux, representing the most 
oligotrophic end of the spectrum (Kaminski and Gradstein, 2005). 
Paleocene and early Eocene DWAF from Site U1511 were documented in 
the scientific results of IODP Expedition 371 (Sutherland et al., 2019), 
and by Kaminski et al. (2021, 2024a, 2024b). The lack of benthic fora
miniferal records across the MECO at abyssal (>2000 m) depths below 
the CCD highlights the unique and significant contribution of this study 
to the understanding of deep-sea environments during warming events. 
The analysis of benthic foraminiferal assemblages from Site U1511, 
along with whole rock and clay fraction mineralogical studies, docu
ment the palaeoenvironmental consequences of prolonged MECO 
warming and global carbon cycle disturbance.

2. The MECO at Site U1511 (Tasman Sea)

2.1. Location and geological setting

IODP Expedition 371 drilled Site U1511 (37.5611◦S, 160.3156◦E) on 
the Tasman Abyssal Plain in the southwest Pacific Ocean, ~945 km east 
of Australia and ~990 km northwest of New Zealand (Fig. 2) 
(Sutherland et al., 2019). Site U1511 currently lies at 4847 m water 
depth, below the present-day CCD and the southern extent of the East 
Australian Current, a component of the South Pacific Gyre (Huber et al., 
2004; Cramwinckel et al., 2020) (Fig. 2).

During the Eocene, the ocean circulation and climate were signifi
cantly influenced by tectonic shifts in the southwest Pacific, which 
altered oceanic pathways and heat transport (e.g., Baatsen et al., 2020). 
The Tasmanian Gateway and Drake Passage began to open and deepen 
(e.g., Bijl et al., 2013), while the Australian continent transitioned from 
a northwesterly to a northerly movement (e.g., Cande and Stock, 2004). 
Subduction initiated in Zealandia, impacting vertical motion in areas 
such as the Lord Howe Rise (Sutherland et al., 2020), alongside subsi
dence along the outer continental shelves (e.g., Totterdell et al., 2000).

Sediments from Site U1511 were deposited at abyssal depths during 
the middle Eocene (Sutherland et al., 2019). By this time, models of 
ocean-atmosphere dynamics suggest that an early version of the South 
Pacific Gyre drove global ocean heat transport, but it was less intense 
than in present times, due to the partial closure of the seaway between 
Australia and Antarctica (Huber et al., 2004). The intensification of the 
gyre occurred as the Southern Ocean expanded and Antarctica experi
enced cooling (Kennett, 1977). The northern edge of the Tasman Abyssal 
Plain was influenced by a southeast-flowing precursor to the Eastern 
Australian Current (EAC), while its southern edge was bounded by the 
northward-flowing Tasman Current (TC) (Huber et al., 2004; Cram
winckel et al., 2020) (Fig. 2). The EAC, moving southward along the 

eastern coast of Australia, was characterised by warm, saline, and 
nutrient-poor waters at surface and intermediate depths. Conversely, the 
TC was a cooler, wind-driven current traveling northward along the 
same coastline (Huber et al., 2004; Bijl et al., 2011).

2.2. Identification of the MECO below the CCD

Originally defined by a distinct negative shift in δ18O values 
(~1.0‰) in marine carbonate (Bohaty and Zachos, 2003), the MECO is 
typically marked by negative oxygen isotope excursions in marine bulk 
sediment and benthic foraminifera (e.g., Bohaty and Zachos, 2003; 
Rivero-Cuesta et al., 2019). The lack of carbonate in the study record at 
Site U1511 prevented classical identification of the MECO; however, the 
peak MECO closely aligns with the base of polarity Chron C18n.2n, 
which provides a firm age constraint (Bohaty et al., 2009; Cornaggia 
et al., 2020).

The MECO was identified at Site U1511 during IODP Expedition 371, 
in the middle of Core 371-U1511B-16R, based on magnetic inclination 
and the top of the radiolarian species Artobotrys biaurita, which usually 
occurs in Zone zRP14 (Sutherland et al., 2017, 2019). Despite being 
collected via rotary coring methods, drilling disturbance did not affect 
the record of the MECO across a 3.5 m interval (between 264 and 267.5 
m CSF-A), which coincides with significant changes in physical prop
erties (darker colour, elevated magnetic susceptibility and higher nat
ural gamma radiation) (Sutherland et al., 2019). Radiolarians are 
common to abundant and well preserved. The lack of calcareous fossils 
(planktic foraminifera, calcareous nannofossils and calcareous benthic 
foraminifera) in Pliocene to early Eocene and upper Paleocene samples 
suggests that Site U1511 was located below the CCD for much of the 
Cenozoic, at lower bathyal-abyssal depths, with an interval of the 
Paleocene (towards the base of Hole U1511B, 528.06–560.79 m) con
taining a few specimens of calcareous benthic foraminifers, rare planktic 
foraminifers, and a few poorly preserved calcareous nannofossils along 
with agglutinated benthic foraminifers, which may indicate when sed
iments accumulated above the CCD but below the lysocline (Sutherland 
et al., 2019). X-ray diffraction (XRD) analyses of Eocene samples con
ducted during IODP Expedition 371 indicated a mineralogy with vari
able proportions of quartz (as detrital silt), illite, montmorillonite 
(smectite) and kaolinite (Sutherland et al., 2019).

3. Material and methods

3.1. Study interval and age model

For this study, the shipboard age model from Site U1511 (Sutherland 
et al., 2019) was updated by reassigning ages of magnetostratigraphic 
and radiolarian events according to the Geological Time Scale 2020 
(GTS2020; Gradstein et al., 2020) (Suppl. Mat., Table S2). The refined 
age model, which includes new magnetostratigraphy data (Dallanave 
and Chang, 2020), allows a variable-resolution sampling strategy for 
benthic foraminiferal studies. Samples were collected at a coarse reso
lution of 30–90 cm below and above the event to observe general trends, 
and at a higher resolution (19–20 cm) across the MECO and proximal 
depths for a more detailed palaeoclimatic and palaeoenvironmental 
reconstruction.

The study interval ranges from Hole 1511B-16R-1, 24–26 cm, to 17R- 
5, 85–87 cm (259.75–275.96 m CSF-A). It consists of greenish grey to 
yellowish brown diatomite and claystone with varying amounts of other 
bio-siliceous components (Sutherland et al., 2019).

3.2. Benthic foraminifera

A total of 38 samples (Suppl. Mat., Table S3) were analysed for the 
study of benthic foraminiferal assemblages. Sediment samples (20 cc) 
were dried in an oven at 40 ◦C, weighed, and soaked in sodium hex
ametaphosphate (Na6(PO3)6) for four hours. Disaggregated samples 
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were then washed over a >63 μm size fraction sieve, and the remaining 
residue was oven-dried and weighed. Among biogenic components, 
benthic foraminifera are rare compared to the total sediment particles in 
the >63 μm studied fraction, which mainly consist of radiolarians, 
sponge spicules, and fish debris (Sutherland et al., 2019). The total 
number of benthic foraminifera per sample did not reach the typical 
threshold of 250–300 specimens per sample that are commonly used in 
quantitative analyses. Therefore, a semi-quantitative study of the as
semblages was carried out due to the limited number of individuals. The 
whole residue was analysed with an Olympus-SDF PLAPO 1XPF 
reflected-light microscope, and all benthic foraminifera specimens were 
picked and placed in micropalaeontological slides for a permanent re
cord. The slides are housed in the IODP 371 collection of the Benthic 
Foraminifera and Global Change Lab of the Department of Earth Sci
ences at Zaragoza University, Spain.

Taxonomic classification follows species and genus concepts pre
sented in previous works (Alegret and Thomas, 2001; Arreguín-Rodrí
guez et al., 2013; Kaminski and Gradstein, 2005). To determine the 
abundance of each species per gram of sediment, the raw data matrix 
with the benthic foraminiferal counts (Suppl. Mat., Table S3) and the 
weight of bulk rock sediment and of the picked residue were used. The 
limited number of individuals found in the available residue precludes 
the calculation of relative abundances. However, the number of in
dividuals (in total, and number of individuals of each taxon), plus the 
estimated number of individuals per gram of sediment, were calculated 
(Fig. 3). The Fisher- α diversity was calculated using a numerical method 
(http://groundvegetationdb-web.com/ground_veg/home/divers 
ity_index). Specimens of the most representative taxa were gold coated 
and photographed using the Scanning Electron Micrograph imaging 

facilities (JEOL JSM 6360-LV) of the University of Zaragoza (Spain) 
(Fig. 4).

3.3. Other components of the sediment

After picking the scarce benthic foraminifera, a qualitative analysis 
of remaining components of the sediment was carried out in the washed 
>63 μm size fraction. The washed residue was examined on a sampling 
tray, and the proportions of radiolarians, terrigenous material and 
sponge spicules were recorded based on their observed percentage in 
each sample. Following Sutherland et al. (2019), the components were 
classified according to their relative abundance: barren (B, 0%), rare (R, 
<10%), common (C, 10–50%), abundant (A, 50–80%), or dominant (D, 
>80%) (Fig. 5A; Suppl. Mat., Table S4). Additionally, photographs of the 
samples were taken to illustrate compositional differences throughout 
the study section (Fig. 5B, C).

3.4. X-ray diffraction

A total of 18 samples were selected for mineralogical analyses of 
whole, bulk rock sediment and the <2 μm fraction (Suppl. Mat., 
Table S5). The <2 μm fraction was extracted by centrifugation of bulk 
sediment. From residues, both air-dried and ethylene glycol-treated 
oriented aggregates were prepared to obtain enhanced basal re
flections of the clay minerals. The purpose of analysing <2 μm fraction 
with greater detail was to observe clay mineral assemblage variations 
through the studied section.

X-ray diffraction (XRD) patterns were obtained using the Philips 
1710 diffractometer at the University of Zaragoza with a voltage of 40 

Fig. 3. Agglutinated benthic foraminiferal taxa identified at IODP Site U1511 (Supp. Mat., Table S3), plotted against depth (m CSF-A). Total number of individuals 
(in black) and total number of individuals per gram of sediment (dashed red lines). Light yellow bar marks the MECO/interval 3; the darker yellow bar marks the 
MECO peak. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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kV, a current of 30 mA, CuKα radiation, automatic slit, and a graphite 
monochromator. The XRD patterns were acquired from 3 to 60◦ 2θ for 
whole sediment samples, and from 3 to 30◦ 2θ for <2 μm fractions of 
samples. The goniometer velocity was 0.02◦ 2θ/s and the integration 
time was 0.5 s. Analyses were recorded using the XPowder software 
(Martin, 2017). Relative proportions of mineral phases present in both 
the whole rock and the <2 μm fraction were determined using Reference 
Intensity Ratios (RIR) values from Schultz (1964), Biscaye (1965) and 
Davis and Smith (1988).

4. Results

4.1. Benthic foraminifera

Benthic foraminiferal assemblages at Site U1511 contain only 
agglutinated taxa. A total of fifteen agglutinated taxa belonging to 9 
suborders (Kaminski et al., 2021; Table 1) were identified at the species 
or higher taxonomic level. These taxa have been allocated to micro
habitats (infaunal or epifaunal; Jorissen et al., 1995; Alegret et al., 2003; 
Table 1), and further classified by their presumed feeding strategy as 
either suspension-feeding or deposit-feeding (Nagy et al., 1995; Van den 
Akker et al., 2000; Kaminski and Gradstein, 2005; Table 1).

Based on the distribution and diversity of benthic foraminiferal as
semblages, the mineralogical and compositional results, and after 
combining all these data with previous results from Sutherland et al. 
(2019) and Cornaggia et al. (2020), the record studied at Site U1511 can 
be subdivided into five intervals: interval 1 (275.96–270.74 m CSF-A), 
interval 2 (270.74–267.30 m CSF-A), interval 3 (267.30–264.90 m 
CSF-A), interval 4 (264.90–264.30 m CSF-A), interval 5 (264.30–259.75 
m CSF-A).

The number of individuals is generally low in interval 1, showing a 
major peak in the lower part of interval 2 (270.38 m CSF-A) and grad
ually decreasing across this interval and the lower part of interval 3 
(Fig. 3). A transient positive peak in the number of individuals and the 

estimated individuals per gram is observed at the middle part of interval 
3 (266.19 m CSF-A). The total number of individuals shows a second 
major peak in the middle of interval 5, and further decreases towards the 
top of the study section. The total number of individuals per gram 
gradually increases towards the top of the study section (Fig. 3). The 
number of species (between 1 and 15; average 6.71), and the diversity of 
the assemblages (Fisher-α values between 0.26 and 7.13; average 2.81) 
are moderate to low throughout the study section, reaching minimum 
values in interval 3.

The number of epifaunal morphogroups (average of 19.03) is slightly 
higher than infaunal ones (average of 16.66) across the study section, 
except for interval 3, which is dominated by infaunal taxa. Infaunal 
morphogroups include the common to abundant species Spi
roplectammina spectabilis (Figs. 3 and 4), and rare taxa such as Reticulo
phragmium sp., Reophax sp., Haplophragmoides sp., Gaudryina sp., or 
some bi-triserial indet (Fig. 3). Among epifaunal morphogroups, 
Hyperammina spp. (Figs. 3 and 4), Rhizammina spp. (Figs. 3 and 4), 
Rzehakina spp. (Figs. 3 and 4) and the trochamminids group are the most 
common taxa; rare taxa include the Ammodiscids group or the species 
Ammolagena clavata (Fig. 3). Benthic foraminiferal assemblages show 
notable changes in diversity and in the relative abundance of taxa across 
the study record at Site U1511:

Interval 1 (275.96–270.74 m CSF-A) shows the highest diversity 
values of the study interval. The epifaunal genus Hyperammina domi
nates the assemblages (Fig. 3); Rzehakina and Rhizammina are present in 
this interval. The infaunal S. spectabilis becomes common from the 
middle part of interval 1.

Within interval 2 (270.74–267.30 m CSF-A), assemblages consist of 
mixed infaunal (e.g., S. spectabilis) and epifaunal morphogroups (e.g., 
Hyperammina spp.) (Fig. 3). Diversity of the assemblages gradually de
creases across this interval, and several taxa temporarily disappear 
(ammodiscids, Ammodiscus sp., A. clavata, Gaudryina sp., Reophax sp., 
R. charoides, Reticulophragmium sp., Rhizammina spp., trochamminids). 
The last occurrence of Haplophragmoides sp. has also been recorded in 

Fig. 4. SEM images of the most common agglutinated benthic foraminiferal taxa across the middle Eocene at IODP Site U1511. 1a-b: Hyperammina sp., sample 
U1511B, 17R (1, 127–129 cm); 2 a-b: Rhizammina sp. 2, sample U1511B, 16R (4, 19–21 cm); 3: Rzehakina sp., sample U1511B, 17R (3, 136–138 cm); 4 a–c: Spi
roplectammina spectabilis, sample U1511B, 16R (4, 58–60 cm). All scale bars = 100 μm.
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interval 2. Spiroplectammina spectabilis becomes the most abundant 
species (Fig. 3). Other taxa such as Rhizammina, Rzehakina and the 
trochamminids group, are also present but in smaller proportions (<20 
individuals). The trochamminids group and the genus Rhizammina 

temporally disappear from middle-upper part of this interval, and 
reappear in interval 4 (Fig. 3).

Interval 3 (267.30–264.90 m CSF-A) shows a marked decline in di
versity, with the lowest values of the whole study recorded between 
265.86 and 265.57 m CSF-S. Assemblages are dominated by the infaunal 
S. spectabilis, which shows abundance peaks that reach the highest 
number of specimens per gram (500 individuals/g). The genus Hyper
ammina is very scarce in this interval, showing the lowest values (<5 
individuals per sample) (Fig. 3). A minor peak in the abundance of 
Rzehakina in the middle part of interval 3 (266.24 m CSF-A) is followed 
by the temporary disappearance of this genus.

In interval 4 (264.90–264.30 m CSF-A), diversity of the assemblages 
rapidly returns to values similar to those observed in interval 1, in 
contrast to the slow and gradual decline of interval 2 (Fig. 3). Spi
roplectammina spectabilis remains the dominant taxon, and taxa that 
temporally disappeared in interval 2 (Rhizammina spp., trochamminids, 
Reticulophragmium sp., R. charoides, Gaudryina sp., A. clavata, Ammo
discus sp., Ammodiscids) or in interval 3 (Rzehakina spp.), reappear 
(Fig. 3).

Interval 5 (264.30–259.75 m CSF-A) is characterised by a higher 
number of individuals and individuals/g. The number of Hyperammina 
and Rhizammina per gram increases gradually across this interval, 
showing maximum values in its uppermost sample, at 259.75 m CSF-A. 
Spiroplectammina spectabilis is abundant (maximum of 412.37 in
dividuals/g at 261.65 m CSF-A), and the genus Rzehakina and the tro
chamminids group show their maximum values of individuals/g (227,79 
individuals/g at 260,34 m CSF-A and 123.71 individuals/g at 261,65 m 
CSF-A, respectively) (Fig. 3).

Fig. 5. A) Qualitative assessment of the sediment components (other than benthic foraminifera) at Site U1511 (B = barren, R = rare, C = common, A = abundant, 
and D = dominant) (Supp. Mat., Table S4). B) Photograph under the reflected light microscope of a sample of the post-MECO interval, showing the clear dominance 
of radiolarians. C) Photograph under the binocular microscope of a sample of the MECO interval, showing radiolarians as well as sponge spicules and terrige
nous material.

Table 1 
Agglutinated benthic foraminifera suborders (Kaminski et al., 2021), taxa 
identified at IODP Site U1511, microhabitats (Jorissen et al., 1995 for all taxa 
except for Spiroplectammina spectabilis, which follows Alegret et al., 2003) and 
feeding strategy (Nagy et al., 1995; Van den Akker et al., 2000; Kaminski and 
Gradstein, 2005).

Suborder Taxa Microhabitat Feeding 
strategy

Astrorhizina Rhizammina sp. 1 
Rhizammina sp. 2 Epifaunal Suspension- 

feeder
Hippocrepinina Hyperammina spp. 

Ammolagena clavata Epifaunal
Suspension- 
feeder 
Deposit-feeder

Ammodiscina Ammodiscids 
Ammodiscus sp. 
Trochamminids 
Repmanina charoides

Epifaunal Deposit-feeder

Schlumbergerinina Rzehakina spp. Epifaunal Deposit-feeder
Hormosinina Reophax sp. Infaunal Deposit-feeder
Lituolina Haplophragmoides sp. Infaunal Deposit-feeder
Spiroplectamminina Spiroplectammina 

spectabilis
Infaunal Deposit-feeder

Loftusiina Reticulophragmium sp. Infaunal Deposit-feeder
Verneuilinina Gaudryina spp. 

Biserial indet.
Infaunal Deposit-feeder
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4.2. Other coarse fraction sediment components

Qualitative analysis of sediment composition also reveals significant 
changes across the study interval. Radiolarians, the primary component 
of the samples, are abundant across interval 3 and in the lower part of 
interval 4, but dominant in the other intervals (Fig. 5A). Sponge spicules 
are a rare component in intervals 1, 2 and 5. In interval 3, their per
centage increases progressively from rare to abundant at ~267 m CSF-A, 
and decreasing again to common and rare from ~264.9 m CSF-A on
wards (Fig. 5A). Terrigenous material is rare throughout most of the 
study material. However, in interval 3, at ~266.6 m CSF-A its percent
age gradually increases from rare to abundant and dominant (Fig. 5A), 
subsequently decreasing back to common and rare in the lower part of 
interval 4.

The images of Fig. 5B-C illustrate the different sediment composition 
in intervals 3 and 5.

4.3. Mineralogical composition of the samples

X-ray diffraction analyses indicate that the samples are composed of 
clay minerals (73–86%), quartz (10–14%) and halite (<5–13%) (see 
details in the Suppl. Mat., Table S5; Fig. 6). Among the clay minerals, 
kaolinite, smectite and illite were identified in the <2 μm fractions.

No significant variations in quartz content were observed. The halite 
content gradually decreases from intervals 1 and 3 (10% and 11%, 
respectively) to interval 3. Values range between 4% and 11% (average 
of 7%) in the lower part of interval 3, and the average content is less than 
5% in the upper part of this interval (Suppl. Mat., Table S5). The halite 
content increases in intervals 4 and 5 (6% and 8%, respectively), and 

clay minerals follow the opposite trend, with higher values in interval 3 
(75%–86%, Fig. 6A) than in the rest of the study intervals (73%–83%).

Regarding the composition of the clay minerals, a slight decrease is 
recorded in the illite and kaolinite content in interval 3 (Fig. 6B), where 
their average content is 34% and 19%, respectively. This contrasts with 
their higher percentage in the rest of the study section.

A remarkable increase in the smectite content is recorded in interval 
3. Its value ranges from 18% to 13% in intervals 1 and 2, and it doubles 
within interval 3, ranging from 10% to 41%, with an average of 29%. 
Subsequently, the smectite content decreases in interval 4 and 5, with 
values similar to those recorded in intervals 1–2 (Fig. 6B).

5. Palaeoenvironmental interpretation across the MECO at IODP 
Site U1511

According to the refined age model of this study, based on magne
tostratigraphic and radiolarian tie points, the MECO at Site U1511 spans 
from 40.03 to 39.82 Ma (interval 3, 267.30–264.90 m CSF-A), lasting 
~202 kyr. This time span is less than other estimates of the duration of 
the MECO, which range from ~300 kyr (Rivero-Cuesta et al., 2019) to 
~500 kyr (Westerhold and Röhl, 2013) or ~650 kyr (e.g., Bohaty et al., 
2009; Edgar et al., 2010). The shorter duration of the MECO at Site 
U1511 may be related to the identification of its lower and upper 
boundaries, which have been approximated through palaeomagnetic 
data, the mineralogical composition of the sediment, and the benthic 
foraminiferal changes. The lack of carbonate sediment and calcareous 
microfossils at this abyssal site deposited below the CCD prevented the 
identification of the MECO through traditional δ18O analyses (Bohaty 
and Zachos, 2003; Bohaty et al., 2009; Moebius et al., 2015). In addition 
to new palaeomagnetic data, the refined age model in this site includes 
radiolarian bioevents from shipboard data, which were obtained at a 
low sampling resolution for the whole middle Eocene, and not specif
ically for the MECO. This might also account for the shorter duration of 
the MECO in this study.

The subinterval between 266.10 and 265.09 m CSF-A shows the 
greatest environmental perturbation, the lowest diversity of benthic 
foraminiferal assemblages, the highest terrigenous and smectite content, 
and it closely aligns with the base of polarity Chron C18n.2n (Figs. 3 and 
5). Based on these results, this subinterval has been assigned to the 
MECO peak warming.

The absence of coarse lithic components at Site U1511 is consistent 
with an offshore location far from land. The fact that benthic assem
blages are represented by DWAF, especially the genus Hyperammina, a 
suspension-feeder genus that inhabits tranquil bathyal and abyssal en
vironments with low organic matter flux (Nagy et al., 1995; Van den 
Akker et al., 2000; Kaminski and Gradstein, 2005), supports the general 
oligotrophic conditions at this site. Abyssal plains, like the Tasman 
Abyssal Plain where Site U1511 was drilled, are environments with low 
sedimentation and low organic flux, and their DWAF assemblages 
represent the most oligotrophic end of the spectrum (Kaminski and 
Gradstein, 2005). The diversity of the assemblages is low across the 
whole study section (average Fisher-α index = 2.8). The lowest values 
are recorded across the MECO (average Fisher-α index = 0.8). The 
highest values (average of 5.1) are recorded below the MECO, and they 
are close to those recorded at the same site during the early Eocene, 
when this site already lied below the CCD (average Fisher-α index = 6.0 
in cores 36R to 33R; Kaminski et al., 2024a; Suppl. Mat., Table S6). The 
gradual decline in diversity of the benthic assemblages from interval 2 to 
the MECO interval reflects gradually increasing environmental stress, 
which culminated during the peak of the MECO (Figs. 3 and 7). The 
gradual decrease in diversity and the temporary disappearance of nine 
taxa (including ammodiscids, Ammodiscus sp., A. clavata, Gaudryina sp., 
Reophax sp., R. charoides, Reticulophragmium sp., Rhizammina spp., tro
chamminids) indicates that environmental stress at the seafloor started 
in interval 2, which might correspond to the onset of the MECO. These 
taxa disappear from the fossil record in interval 2 and reappear in 

Fig. 6. A. Average clay minerals content, in whole rock; B. Clay mineral as
semblages in the <2 μm fraction (Supp. Mat., Table S5).
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interval 4, and are considered as Lazarus taxa, i.e., taxa that locally 
disappear from the local stratigraphic record, migrate and survive in 
refugia (‘Lazarus effect’), and later reappear when conditions are more 
favourable (e. g., Jablonski, 1986). The decline in diversity was pri
marily driven by a reduction in epifaunal genera such as Hyperammina, 
Rhizammina, Rzehakina and trochamminids (Fig. 3). This biotic turnover 
appears to be linked to decreased availability and quality of food 
(organic carbon) reaching the seafloor during the MECO at Site U1511. 
The genera Hyperammina and Rhizammina are tubular suspension- 
feeding epifaunal forms that attach to substrates and extend pseudo
podial networks into the water column to capture food particles 
(Kaminski and Gradstein, 2005). These taxa, common in lower bathyal 
to abyssal zones (Schröder, 1986), thrive in areas with gentle boundary 
currents that deliver suspended food (Kaminski and Gradstein, 2005). 
Increased water-column stratification during the MECO may have 
slowed down deep-water currents that brought organic particles to these 
sessile taxa, leading to their decline during the MECO (Fig. 7). It is un
likely that the decline in tubular suspension feeders was related to 
decreased oxygenation of bottom waters, as the genus Hyperammina and 
other tubular forms have been reported to survive under poorly 
oxygenated conditions (Tyszka and Kaminski, 1995). The proliferation 

of the active-deposit feeder S. spectabilis during the MECO (Fig. 7) can be 
attributed to its opportunistic feeding strategy (Alegret et al., 2022). As a 
shallow infaunal, active motile detritivore, it feeds on bacteria and 
detritus from the flocculent layer, using reticulopodia for locomotion 
and to collect the scarce detritus from sediments (Nagy, 1992; Kaminski 
and Gradstein, 2005; Mackensen et al., 1995; Arreguín-Rodríguez et al., 
2016). The dominance of S. spectabilis during the MECO may have been 
related to its ability to exploit limited and low-quality resources. Addi
tionally, we speculate that warming may have increased remineraliza
tion of the organic matter in the water column, reducing food 
availability at this site during the MECO, but further independent evi
dence for food availability at the seafloor is needed to test this hy
pothesis. In contrast to the gradual decline in diversity of the 
assemblages from intervals 2 to 3, its rapid recovery in interval 4, and 
the reappearance of most Lazarus taxa that had temporally disappeared 
in interval 2 (except for the genus Reophax and the species R. charoides, 
which reappeared in interval 5; Figs. 3 and 7) (e.g., Thomas, 1990; 
Alegret et al., 2021b), indicates that environmental conditions at the 
seafloor rapidly recovered during the post-MECO transition (interval 4). 
Most of the taxa affected by the Lazarus effect were epifaunal, with the 
suspension-feeder Rhizammina being the most affected one (Fig. 7). This 

Fig. 7. A. Diversity of benthic foraminiferal assemblages, morphogroups, and Lazarus taxa at IODP Site U1511 (Supp. Mat., Table S3). Epifaunal individuals (in 
black); epifaunal individuals/g (red dashed line); epifaunal Lazarus individuals (in blue) and epifaunal Lazarus individuals/g (blue dashed lines); infaunal individuals 
(in black); infaunal individuals/g (red dashed lines); infaunal Lazarus individuals (in green) and infaunal Lazarus individuals/g (green dashed lines) plotted against 
depth (m CSF-A). B. Total number of individuals (in black) and total number of individuals/g (red dashed lines) of agglutinated benthic foraminifera identified at 
IODP Site U1511 (Supp. Mat., Table S3), classified according to their feeding strategies (Table 1), plotted against age (Ma). Note that the application of a high overall 
background sedimentation rate may lead to an underestimation of the duration of the MECO at this site. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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further supports the idea that warming during the MECO, and subse
quent water-column stratification, affected the availability and quality 
of food reaching the deep-sea, highlighting the importance of the 
different feeding-strategies. The recovery in the abundance of 
suspension-feeders in interval 5 (Fig. 7) points to reduced stratification 
of the water column after the MECO and intensification of bottom-water 
currents in the Tasman Sea. In the modern Tasman Abyssal Plain, the 
East Australian Current and its warm core rings have a significant impact 
on abyssal depths (Mulhearn, 1983), and strong abyssal currents (with 
fluctuations between 10 and 35 cm s− 1) have been measured (Mulhearn 
et al., 1986). Additionally, the depth to which the East Australian Cur
rent and the Tasman Front extend is highly variable (2500 m - 4500 m; 
Mulhearn et al., 1989). The mechanism through which MECO warming 
slowed down bottom currents near Site U1511 in the Tasman Abyssal 
Plain remains to be further investigated, but water column stratification 
during the MECO may have contributed to weaker near-bottom currents.

The higher-resolution mineralogical analysis here presented sup
ports the results from Cornaggia et al. (2020), revealing a higher content 
in clay minerals (particularly in smectite) during the MECO at Site 
U1511 (Fig. 6). Kaolinite and smectite are commonly formed during 
chemical weathering processes by the dissolution of previous phyllosi
licates (such as illite) (Chamley, 1989; Velde, 1995). Chemical weath
ering processes occur under tropical to subtropical conditions, and the 
presence of kaolinite and smectite is commonly related to tropical warm 
and humid climatic conditions (e.g., Singh and Gilkes, 1991; Ehrmann 
et al., 2005; Raucskik and Varga, 2008; Do Campo et al., 2018; Bauluz 
et al., 2014; Laita et al., 2024). The higher presence of smectite at Site 
U1511 during the MECO suggests a tropical to subtropical climate in the 
source area. It may also indicate sediment provenance during the MECO 
from a warmer area as a result of a change in ocean currents. The detrital 
quartz content does not increase during the MECO, and the normalised 
smectite/quart content increases, indicating there was a real increase in 
smectite (Suppl. Mat., Table S5). These results preclude the interpreta
tion of the increase in smectite during the MECO as a result on enhanced 
physical erosion of previously formed clays.

Changes in sediment composition (increase in smectite clay), 
increased water column stratification and reduced biosiliceous plankton 
productivity previously reported across the MECO at Site U1511 
(Sutherland et al., 2019; Cornaggia et al., 2020) are consistent with the 
results of this study. The latter study also suggests changes in deep-water 
masses and lower sedimentation rates during the MECO.

The findings of this study contribute to the growing dataset of the 
MECO in the Tasman Sea, which may enhance the understanding of how 
Eocene warming periods impacted surface and deep-sea environments 
in this area of the Pacific Ocean. Cramwinckel et al. (2020) documented 
regional southeast Australian transgression and elevated sea-surface 
temperatures in the Tasmanian gateway during this period, with pol
len assemblages pointing to warm temperate rainforests with para
tropical elements along Australia's southeastern margin. Data from ODP 
Site 1172 (Bijl et al., 2010), and from different sites in the Southern 
Ocean (Bijl et al., 2011) and in the Tasmanian gateway area (ODP Sites 
1170 and 1172, Otway Basin and Hampden Beach Section; Cramwinckel 
et al., 2020) suggest a shift in surface-ocean current configuration 
coinciding with the peak MECO warmth, but there is not enough data 
available to support a specific scenario (Cramwinckel et al., 2020). 
Changes in surface ocean circulation may have influenced bottom cur
rents, as recorded in the modern Tasman Abyssal Plain (Mulhearn, 1983; 
Mulhearn et al., 1989). Deep water masses were likely forming in the 
southwest Pacific and Southern Ocean at this time (e.g., Zhang et al., 
2022; Peñalver-Clavel et al., 2025). The decreased numbers of 
suspension-feeders among benthic foraminifera across the MECO 
(Fig. 7) suggest less vigorous bottom currents near Site U1511 in the 
Tasman Sea, and enhanced clay mineral (smectite) deposition may also 
support changes in deep-water source. In turn, the increase in the 
opportunistic, deposit-feeder S. spectabilis, is related to its ability to 
exploit low-quality resources. Increased remineralization of organic 

matter in the water column contributed to more oligotrophic conditions 
for the benthos during other Eocene warming events (Alegret et al., 
2021a; Peñalver-Clavel et al., 2024), and it is consistent with the 
reduced flux of other biogenic components (radiolarians) across the 
MECO; however, further independent evidence for food availability at 
the seafloor is needed at abyssal Site U1511.

6. Global ocean productivity across the MECO

Increased ocean surface and export productivity have been docu
mented across the MECO at sites from different latitudes and proximity 
to the continents in the Southern Ocean, the Tethys, and the Atlantic 
Ocean (Moebius et al., 2015). Analyses of organic carbon, planktic 
foraminifera and siliceous microfossils indicate elevated surface pro
ductivity during the MECO in the Tethys (Alano section; Luciani et al., 
2010; Spofforth et al., 2010), South Atlantic Ocean (ODP Site 1260A; 
Renaudie et al., 2010), North Atlantic Ocean (ODP Site 1051; Witkowski 
et al., 2014), and Southern Ocean (ODP Sites 748 and 749; Witkowski 
et al., 2012). Rather than regional changes in upwelling, Moebius et al. 
(2015) argued that strengthening of the hydrological cycle during the 
MECO, and the resulting enhanced runoff from land, was the most 
plausible mechanism to account for increased eutrophication and sur
face productivity in many ocean basins. In contrast, Δδ13C data from 
subtropical ODP Site 1051 (NW Atlantic) suggest a possible decline in 
export productivity (Bohaty et al., 2009).

The palaeoecological analysis of benthic foraminifera across the 
MECO at Site U1511 provides an opportunity to assess export produc
tivity and to compare results from the Tasman Sea with global data. The 
comparison of studies on the impact of the MECO on benthic forami
nifera (Fig. 1) reveal both similarities and regional variability in their 
response to palaeoenvironmental changes associated with the MECO. In 
the North Atlantic ODP Site 1051 (Moebius et al., 2015), minor changes 
in benthic foraminifera suggest gradual environmental shifts and sus
tained export productivity despite warming. In contrast, the South 
Atlantic ODP Sites 1263 (Boscolo-Galazzo et al., 2014, 2015) and 702 
(Rivero-Cuesta et al., 2019) show elevated export productivity during 
early MECO, followed by decline, with evidence of poleward species 
shifts. In the Southern Ocean (ODP Site 738; Moebius et al., 2014), shifts 
in benthic foraminifera occurred despite stable diversity. Elevated sur
face and export productivity and oxygen depleted waters during the 
MECO were likely associated with increased continental runoff, trig
gered by an enhanced hydrological cycle and/or the influence of 
nutrient-rich surface waters, and by a potential change in bottom water 
masses of North Pacific origin (Moebius et al., 2014). In the Pacific 
Ocean, there is only a low-resolution study across the middle Eocene at 
Allison Guyot seamount (ODP Site 865; Arreguín-Rodríguez et al., 
2016), but the interval of the MECO was not sampled. Drawing broader 
conclusions in the Pacific Ocean is thus not possible due to the lack of 
studies on benthic foraminifera across the MECO. Studies of shallower 
Tethyan settings reveal regional variability during the MECO, with 
hypoxia and organic-rich layers at the Alano section (Boscolo-Galazzo 
et al., 2013) and minor nutrient changes and no deoxygenation at Capo 
Mortola (Gandolfi et al., 2024).

These studies reveal the complex and regionally diverse nature of 
benthic foraminiferal response to the MECO. Its impact on marine pro
ductivity was regionally variable, influenced by factors such as depth, 
nutrient delivery, hydrodynamic conditions, and the specific charac
teristics of each oceanographic setting. Notably, records from sites 
located at similar latitudes in different basins, such as Site U1511 
(southwest Pacific), Site 702 (Atlantic Ocean; Rivero-Cuesta et al., 
2019), and Site 738 (Southern Ocean; Moebius et al., 2014), exhibit 
distinct responses in benthic foraminiferal assemblages, emphasizing 
the critical role of ocean circulation during Eocene warm intervals. Both 
Southern Ocean Site 738 and nearby, southwest Pacific Site U1511, 
record increased water column stratification during the MECO. 
Increased export productivity has been documented at Site 738, while a 
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change in feeding strategies of benthic foraminifera is here reported for 
abyssal Site U1511, and there is currently no independent evidence to 
account for a net increase or decrease in export productivity at this 
abyssal site. Differences in ocean circulation at these high-latitude sites 
may have modulated the response to the MECO warming. During the 
Eocene, shallower Site 738 was located in the Indian sector of the 
Southern Ocean (Fig. 1), which might have been influenced by a change 
in bottom water masses of North Pacific origin during the peak MECO 
warming (Moebius et al., 2014). In contrast, southwest Pacific Site 
U1511 was located within an oligotrophic setting in the Tasman Abyssal 
Plain (Fig. 1), a tectonically active area during the Eocene (Sutherland 
et al., 2020). Tectonic activity likely altered oceanic circulation and heat 
transport in the Tasman Sea (e.g., Baatsen et al., 2020; Peñalver-Clavel 
et al., 2025), which could have significantly shaped the observed MECO 
effects at Site U1511.

7. Conclusions

Middle Eocene foraminiferal assemblages at IODP Site U1511 consist 
of deep-water agglutinated foraminifera, which were able to populate 
the sediments deposited beneath the CCD at this oligotrophic setting in 
the Tasman Abyssal Plain. The study of deep-water benthic foraminif
eral assemblages indicates a gradual onset of the environmental per
turbations associated with the MECO, followed by a rapid recovery to 
pre-MECO conditions. Significant changes in benthic assemblages and 
in sediment composition indicate that increased stratification of the 
water column during MECO warming altered both surface and deep-sea 
ecosystems in the Tasman Sea. The decrease in suspension-feeders 
points to weaker bottom-water currents, and the temporary disappear
ance of nine Lazarus taxa and the dominance of the opportunistic species 
S. spectabilis support environmental stress and a change in feeding 
strategies during the MECO, which favoured motile detritivores that 
were able to feed on bacteria and detritus from the flocculent layer. 
Changes in the mineralogical composition of the sediment support this 
palaeoenvironmental interpretation, with an increase in the smectite 
content indicating warm and humid climatic conditions in the source 
area; this might also indicate sediment provenance during the MECO 
from a warmer area as a result of a change in ocean currents. The 
reappearance of the Lazarus taxa during the post-MECO interval sup
ports the rapid recovery of the environmental conditions in the deep-sea.

The combination of these results with previous studies in the Tasman 
Sea allow us to highlight the interconnected effects of warming, ocean 
stratification, and nutrient cycling on marine ecosystems. This study 
adds to several lines of evidence that indicate highly variable effects of 
the MECO warming on marine productivity and benthic ecosystems, 
locally shaped by oceanographic conditions and palaeogeography.
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