
1.  Introduction
Progressive global warming during the early Cenozoic culminated in the Early Eocene Climatic Optimum 
(EECO; ca. 53.26–49.14  Ma; Westerhold et  al.,  2017), the warmest interval of the entire Cenozoic and 
the turning point toward a cooler climate during the middle and late Eocene (Barnet et al., 2019; Littler 
et al., 2014; Zachos et al., 2008). Sustained greenhouse warmth, as indicated by benthic foraminiferal δ18O 
(Cramer et al., 2009; Kirtland Turner et al., 2014; Westerhold et al., 2018, 2020; Zachos et al., 2008) and 
biomarker-based paleothermometry (Bijl et al., 2009; Cramwinckel et al., 2018; Inglis et al., 2015), together 
with high atmospheric CO2 concentrations (e.g., Anagnostou et al., 2016; Beerling & Royer, 2011), potential-
ly due to increased volcanic emissions (Pearson & Palmer, 2000; Royer et al., 2007), indicate that greenhouse 
gas levels and both sea surface (Inglis et al., 2020) and deep-sea temperatures were considerably higher than 
present. These features make the EECO a significant ancient archive to test and improve models that predict 
our future climate (Hollis et al., 2019).

The long-term climate changes of the early and middle Eocene were punctuated by a series of rapid warm-
ing events associated with negative carbon and oxygen isotope excursions (CIEs, OIEs) in bulk marine 
carbonate and benthic foraminiferal stable isotope records. These “hyperthermals” were somehow linked to 
massive releases of 13C depleted carbon into the ocean-atmosphere system (see discussion in Dickens, 2011), 
and their continuity in magnitude and frequency reflects orbital forcing of the carbon cycle (Kirtland Turn-
er et  al.,  2014; Lourens et  al.,  2005; Lunt et  al.,  2011; Zeebe & Lourens,  2019). Two large, well-defined 
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Pacific are critical for global paleoclimate reconstructions during Cenozoic greenhouse intervals, but 
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on southern Lord Howe Rise in the Tasman Sea. Part of the Early Eocene Climatic Optimum (EECO; 
53.26–49.14 Ma) and superimposed hyperthermal events have been identified based on refined calcareous 
nannofossil biostratigraphic data and carbon stable isotope records on bulk sediment and benthic 
foraminifera. Four negative carbon isotope excursions (CIEs) associated with negative oxygen isotope 
excursions are recognized within the EECO. Comparison with a global compilation of sites indicates 
these CIEs correlate to the K event (Eocene Thermal Maximum 3), and tentatively to the S, T, and U 
events. Sediments with a high carbonate content throughout the EECO provide an excellent opportunity 
to examine these CIEs, as carbonate dissolution often impacts correlative records elsewhere. Benthic 
foraminifera and calcareous nannoplankton taxa indicative of warm waters are most abundant during 
the K event, the most prominent hyperthermal of the EECO. Eutrophication of surface waters during 
the K event did not lead to increased trophic conditions at the seafloor, whereas a coupled response is 
observed during smaller hyperthermals. The biotic turnover sheds new light on the paleoenvironmental 
consequences of hyperthermal events.
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hyperthermals follow the largest one, the Paleocene-Eocene Thermal Maximum (PETM; ∼56 Ma); these 
are superimposed on the overall warming trend toward the EECO, and referred to as Eocene Thermal Max-
imum 2 (ETM2, ∼53.7 Ma, also known as Elmo or the H1-event; Lourens et al., 2005) and Eocene Thermal 
Maximum 3 (ETM3, ∼52.4 Ma, also known as the K- or X-event; Cramer et al., 2003; Röhl et al., 2005). 
After ambiguous definition for the duration of the EECO (e.g., Lauretano et al., 2015; Luciani et al., 2016; 
Westerhold & Röhl, 2009; Zachos et al., 2008), its onset is now placed between these two events, at the J 
event (C24n.2rH1, 53.26 Ma; Thomas et al., 2018). The J event is marked by a negative CIE and OIE in 
the Atlantic Ocean (D'Onofrio et al., 2020; Lauretano et al., 2015), and coincides with a major lithological 
change in pelagic carbonate sequences in New Zealand (Hollis et al., 2005), perhaps related to hydrological 
change (Dallanave et al., 2015; Slotnick et al., 2012, 2015). With a termination assigned to Chron C22n CIE, 
C22nH5 (49.14 Ma) (Hollis et al., 2019; Westerhold et al., 2017), the EECO spans 4.12 Myrs and includes 
several hyperthermal events.

ETM3, here referred to as the K event following the nomenclature in Westerhold et al. (2017), stands out 
as a prominent hyperthermal in records from widespread locations, including Atlantic drill sites (Cramer 
et al., 2003; D'Onofrio et al., 2020; Luciani et al., 2017; Röhl et al., 2005; Thomas et al., 2018), uplifted Te-
thys Ocean sections (Agnini et al., 2009; Galeotti et al., 2019), equatorial Pacific drill sites (Bhattacharya & 
Dickens, 2020; Bralower, Parrow, et al., 1995; Bralower, Zachos, et al., 1995; Cramer et al., 2003; Westerhold 
et al., 2018), and uplifted southwest Pacific sections in New Zealand (Slotnick et al., 2012, 2015). In bulk 
carbonate stable isotope records, δ13C and δ18O values typically drop rapidly by about 0.6‰ followed by a 
logarithmic recovery.

Analyzing the biotic response to past warm intervals such as the EECO and the K event may clarify con-
sequences of future climate change. The biotic consequences of the PETM have been documented from 
a global distribution of sites, and include poleward migration of terrestrial and marine taxa and the larg-
est Mesozoic-Cenozoic deep-sea benthic foraminiferal extinction (e.g., Alegret et al., 2021; Alegret, Ortiz, 
Orue-Etxebarria, et al., 2009; Alegret, Ortiz & Molina, 2009; Speijer et al., 2012; Thomas, 2007). Comparison 
of the biological changes at the PETM with changes during hyperthermals of reduced magnitude may aid 
our understanding of how biotic response scales with warming, but studies concerning the biotic conse-
quences of smaller hyperthermals are much more limited (see references in Thomas et al., 2018), in par-
ticular those dealing with the K event. In the Pacific realm, the benthic foraminiferal turnover across the 
K event has been documented only at equatorial Pacific Ocean Drilling Program (ODP) Site 865 (Leg 143; 
Arreguín-Rodríguez et al., 2016). To date, only two studies have correlated biotic changes in the deep sea 
(benthic foraminifera) to those in the surface waters (calcareous nannofossils or planktic foraminifera) to 
provide an integrated water column perspective across the K event: a high-resolution record in the South 
Atlantic (Walvis Ridge IODP Sites 1262 and 1267; Thomas et al., 2018) and an integrated study from the 
Tethys Ocean (Farra section; Agnini et al., 2009).

Early Eocene records of the southwest Pacific are of particular interest in terms of climate dynamics because 
of their proximity to a major source of deep water in the Southern Ocean sector (Huck et al., 2017) at a time 
when the Pacific Ocean was the primary driver of ocean heat transport (Huber & Nof, 2006). Peak EECO 
warmth (as inferred from sea surface temperature proxies) at the mid-Waipara River section (New Zealand) 
coincides with an increase in warm-water calcareous nannofossil and dinocyst taxa, and a high abundance 
of planktic foraminifera (Crouch et al., 2020; Hollis et al., 2009, 2012). However, detailed quantitative pale-
ontological records across the K event have not been described. Previous ocean drilling expeditions (DSDP 
Legs 21, 29, 90, and 91) in the Tasman Sea (southwestern Pacific) were aimed at reconstructing the pale-
oceanography and the tectonic history of this region, but early Eocene carbonate-bearing sediments were 
only obtained from a few sites (Sites 206, 207, and 210; Shipboard Scientific Party, 1973a, 1973b, 1973c), 
with poor recovery across the EECO. The early to middle Eocene was recovered on the western margin of 
the Campbell Plateau (DSDP Site 277; Shipboard Scientific Party, 1975), but low-resolution geochemical 
studies (Shackleton & Kennett, 1975) did not allow identification of individual hyperthermal events within 
the EECO. The EECO is also recorded in marginal marine sediments of the East Tasman Plateau (ODP Leg 
189, Site 1172; Bijl et al., 2009), but calcareous fossils are virtually absent. TEX86-based sea surface tempera-
tures (SSTs) from both this site and mid-Waipara indicate near-tropical conditions (between 24°C and 31°C) 
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during the EECO, followed by 2°C–4°C cooling during the early middle Eocene transition, starting at ca. 
49 Ma (Bijl et al., 2013).

Reconstructions of biogeographic patterns of surface-dwelling plankton can be used to infer past sur-
face-ocean circulation, and indicate that early Eocene conditions in the Tasman Sea were characterized by 
gyral circulation without significant throughflow through the Tasmanian Gateway (Bijl et al., 2013; Huber 
et al., 2004). Increased southward expansion of a warm proto-East Australian Current has been suggest-
ed to explain peak warmth in the early (Hines et al., 2017; Hollis et al., 2012) and middle (Cramwinckel 
et al., 2020) Eocene. Shallow westward surface circulation through the Tasmanian Gateway of a proto-Ant-
arctic Counter Current likely started near the end of the EECO, from ∼50 Ma onwards (Bijl et al., 2013; Sijp 
et al., 2016).

Here, we present a multidisciplinary high-resolution analysis of carbonate-bearing, early Eocene sediments 
in the north Tasman Sea that complements previous studies to the south and on mainland New Zealand. We 
use early Eocene sediments recovered during International Ocean Discovery Program (IODP) Expedition 
371 at Site U1510 to generate micropaleontological data on benthic foraminifera and calcareous nannofos-
sils as proxies for conditions at the seafloor and in surface waters, respectively. Combined with geochemical 
analyses (carbon and oxygen stable isotopes on bulk sediment and benthic foraminifera) and a refined age 
model, we infer the biotic and paleoenvironmental consequences of hyperthermal events across a critical 
time of Earth's history in the Tasman Sea. A new age model was implemented to compare and correlate this 
record with a global compilation of sites, shedding new light on the consequences of the warmest period 
of the Cenozoic.

2.  Materials and Methods
IODP Site U1510 (36°19.74ʹS, 164°33.52ʹE; 1238 m water depth) is located on southern Lord Howe Rise, 
∼850 km west of northern New Zealand (Sutherland et al., 2018, Sutherland, Dickens, Blum, Agnini, Ale-
gret, Asatryan, et  al.,  2019, Sutherland, Dickens, Blum, Agnini, Alegret, Bhattacharya, et  al.,  2019; Fig-
ure 1). A 480 m thick sequence of Pleistocene to lower Eocene nannofossil ooze and chalk was recovered 
(Sutherland, Dickens, Blum, Agnini, Alegret, Bhattacharya, et  al.,  2019). During the early Eocene, this 
site was located at a middle bathyal setting on a ridge (Sutherland et al., 2020) that may have underlain 
the boundary zone between the warm subtropical proto-East Australian Current and the cold subantarctic 
Tasman Current (Figure  1), somewhat analogous to the present-day subtropical front. Here we analyze 
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Figure 1.  Location of the study site. (a) Present day location of Site U1510 and other sites mentioned in the text in the Tasman Sea area. (b) Global 
paleogeographic reconstruction at 52 Ma in a paleomagnetic reference frame (after Cook et al., 1999; Matthews et al., 2016; Sutherland et al., 2020; Torsvik 
et al., 2012). Green areas are regions inferred to be land, and pink is shelf to lower bathyal environments (Cao et al., 2017). The blue arrows show approximate 
locations of ocean currents near Site U1510 (after Hollis et al., 2012).
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Cores U1510-51X and 52X comprising lower Eocene planktic foraminiferal zones E4 to E7 and calcareous 
nannofossil zones NP11, NP12, and NP13 (Martini, 1971), or CNE3, CNE4, and CNE5 (Agnini et al., 2014). 
Sediments of Core U1510-51X are white nannofossil chalk with small cm-size, relatively light colored chert 
nodules in section CC. The core is severely biscuited throughout, and the slurry between the biscuits was 
carefully avoided during sampling. Core U1510-52X consists of nannofossil chalk with a slight change in 
sediment color from white to light greenish gray and pinkish white that coincides with a downhole decrease 
in the sedimentation rate and increase in magnetic susceptibility. Coring disturbance of both Cores U1510-
51X and -52X, combined with the very low magnetic remanence, hampered a reliable magnetic polarity age 
control (Sutherland, Dickens, Blum, Agnini, Alegret, Bhattacharya, et al., 2019).

Shipboard nannofossil biostratigraphy and physical property data (i.e., red over green ratio of lightness 
(a* ratio), magnetic susceptibility (MS), and GRA density; Figure  2) were used to guide bulk carbonate 
stable isotope sampling, targeting the early Eocene interval in Cores U1510A-51X and -52X (Data Set S1). 
A total of 54 samples were selected at ∼10–20 cm intervals, dried for 12 h at 50 °C in a vacuum oven, and 
homogenized with a mortar and pestle. Approximately 60 μg of homogenized material was then sampled 
for δ13C and δ18O analysis via Isotope Ratio Mass Spectrometry (IRMS) using a Thermo Fisher Scientific 
MAT 253 with a Kiel IV carbonate device at the University of California, Santa Cruz. Long-term reproduci-
bility in standards (e.g., Carrara Marble) indicates precision for δ13C and δ18O (1σ) of ±0.05‰ and ±0.08‰, 
respectively.

A total of 40 samples were processed for benthic foraminiferal studies. Samples were oven-dried at 40°C, 
weighed to obtain bulk dry sample weight, and soaked and disaggregated in a cold sodium hexametaphos-
phate (Na6[PO3]6) solution, then washed with tap water over a 63 μm wire mesh sieve. The residue was 
oven-dried at 40°C and weighed. Benthic foraminifera test carbonate was measured for δ13C and δ18O on 40 
samples at MARUM stable isotope facilities. Each measurement was made using a single species (the epi-
faunal Nuttallides truempyi, or the infaunal Oridorsalis umbonatus and Aragonia aragonensis) (Data Set S1; 
Figure  S1). Analyses at MARUM were performed on ThermoFisher Scientific 253plus gas isotope ratio 
mass spectrometer with Kiel IV automated carbonate preparation device. Samples were reacted with 
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Figure 2.  Physical properties (Sutherland, Dickens, Blum, Agnini, Alegret, Bhattacharya, et al., 2019), carbon and oxygen stable isotopes on bulk sediment and 
benthic foraminifera (N. truempyi), and calcareous nannofossil biozones from Cores U1510A-51X and 52X, plotted against depth.
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orthophosphoric acid at 75°C. Analytical precision based on replicate analyses of in-house standard (Soln-
hofener Limestone) averages 0.03‰ and 0.04‰–0.06‰ (1σ) for δ13C and δ18O, respectively. Data are report-
ed relative to the Vienna Pee Dee Belemnite international standard, determined via adjustment to calibrated 
in-house standards and NBS-19.

Quantitative studies of benthic foraminifera larger than 63 μm were performed on a subset of 28 samples, 
and based on representative splits of approximately 280–300 specimens (Data Set S2). Diversity of the assem-
blages (Fisher-α index; Murray, 2006), the calcareous to agglutinated benthic foraminiferal ratio and the rel-
ative abundance of the Superfamily Buliminacea (following Sen Gupta, 1999) were calculated (Data Set S2). 
Taxa were allocated into infaunal and epifaunal morphogroups to infer oxygenation and trophic conditions 
in the deep ocean, with epifaunal morphogroups generally more abundant in oligotrophic environments 
(Jorissen et al., 2007). Caution must be taken with a simplistic interpretation of morphogroups, however, 
as it is problematic even for living foraminifera (Buzas et al., 1993) and the lack of modern analogs makes 
it less straightforward for fossil assemblages (Hayward et al., 2012), especially when significant changes in 
relative abundance of species of the same morphogroup result in a constant total abundance of that mor-
phogroup (e.g., Alegret & Thomas, 2009; Alegret et al., 2021). The benthic foraminiferal accumulation rates 
(BFAR), a proxy for delivery of organic matter to the seafloor (Jorissen et al., 2007), were calculated follow-
ing Herguera and Berger (1991) using the number of benthic foraminifera per gram of sediment >63 μm, 
the weight % of the sample >63 μm, the sediment density (Sutherland, Dickens, Blum, Agnini, Alegret, 
Bhattacharya, et al., 2019), and the linear sedimentation rates as obtained from the refined age model (Fig-
ure S2). BFAR values, however, are strongly determined by the number of foraminifera per gram (r2 = 0.9; 
Figure S3 and Data Set S2), and the lack of sedimentation rate information at the required time resolution 
does not allow to infer whether changes in BFAR across hyperthermal events indicate changes in produc-
tivity of foraminifera, or in sedimentation rates. Consequently, interpretations on the trophic conditions at 
the seafloor are based on the relative abundance of benthic foraminiferal taxa. Detrended Correspondence 
Analysis (DCA) and hierarchical cluster analysis in Q-mode (samples) contributed to paleoenvironmental 
interpretations. Statistical analyses of a reduced data set of 26 species of benthic foraminifera were made 
with PAST software (Hammer et al., 2001), using the unweighted pair-group average algorithm (UPGMA), 
and the Pearson correlation as similarity coefficient.

To improve shipboard calcareous nannofossil biostratigraphy (Sutherland, Dickens, Blum, Agnini, Alegret, 
Bhattacharya, et  al.,  2019) and to investigate the response of calcareous nannofossils, 64 samples were 
analyzed. These include the 40 samples analyzed for benthic foraminifera studies, plus 24 additional sam-
ples. Standard and additional biohorizons were identified and/or refined to improve the shipboard age 
model by using semiquantitative counts (N/mm2, Backman & Shackleton, 1983). Quantitative analyses of 
at least 300 forms were performed to monitor assemblage fluctuations and provide paleoecological and pal-
eoenvironmental interpretations. Calcareous nannofossils were examined on standard smear slides (Bown 
& Young, 1998) and were analyzed using standard light microscope techniques under crossed polarizers, 
transmitted light, and phase contrast at 1000X or 1250X magnification on a Zeiss Axiophot microscope. 
The biozonations applied in this work are those of Martini (1971) and Agnini et al. (2014), and the strati-
graphic positions and age of biohorizons are summarized in Table S1. We followed the taxonomy of Aub-
ry (1984, 1988, 1989, 1990, 1999), Perch-Nielsen (1985) and Bown (2005), and the relative and semi-quanti-
tative abundance of identified taxa are included in Data Sets S3 and S4, respectively.

A set of seven evenly spaced samples over Core U1510A-52X and one sample from the base of Core -51X 
were assessed for the potential for organic geochemical analyses. Lipids were extracted using a Dionex ac-
celerated solvent extractor (ASE 350), followed by Al2O3 column chromatography and analysis of the polar 
lipid fraction using high-performance liquid chromatography-mass spectrometry (HPLC-MS) at Utrecht 
University. Unfortunately, concentrations of GDGTs were approximately an order of magnitude too low for 
reliable TEX86 paleothermometry.

Additionally, the weight %CaCO3 was analyzed at Zaragoza University, and the coarse fraction was calcu-
lated as the weight ratio of the dry ≥63 μm size fraction to the bulk dry sediment weight (Data Set S2). The 
drilling rate of penetration (ROP) was calculated from operational data recorded by the Rig Watch drilling 
information system on RV JOIDES Resolution (Data Set S5). Weather conditions were challenging (mar-
ginal) during drilling, with 3–5 m swell. Wave noise was suppressed by median filtering the block position 
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over a 5 min sliding window. ROP values were then resampled onto a regular 5 cm depth mesh and median 
filtered over a 30 cm sliding window.

3.  Identification of Events
3.1.  Stable Isotopes and Physical Properties

Bulk carbonate δ13C ranges from 0.6‰ to 1.8‰ in Cores U1510A-51X and -52X, exhibiting variability char-
acteristic of early Eocene carbon isotope excursions (negative CIEs; Figure 2). Bulk carbonate δ18O ranges 
from −1.1‰ to −0.6‰ with variability coincident with shifts in δ13C. Both δ13C and δ18O steadily increase 
up-section, and background bulk δ18O is lighter in Core U1510A-51X compared to Core U1510A-52X. Core 
U1510A-52X contains the largest CIE in our study record: δ13C decreases by 0.4‰ starting at ∼477.21 m 
CSF-A and nearly recovers to baseline values prior to a second smaller δ13C decrease of ∼0.2‰ at ∼476.46 m 
CSF-A. δ13C fully recovers to pre-excursion values by ∼476.17 m CSF-A. Negative oxygen isotope excursions 
(OIEs) in bulk carbonate of 0.3‰ and 0.2‰ are associated with the 0.4‰ and 0.2‰ CIEs, respectively. Bulk 
carbonate δ13C and δ18O increase by a respective 0.3‰ and 0.2‰ from the base of Core U1510A-51X (sample 
depth of 468.80 m CSF-A) up to 468.33 m CSF-A. Two additional stable isotope excursions (i.e., 0.1‰–0.2‰ 
decreases in both δ13C and δ18O) are recorded in the upper 4 meters of Core U1510A-51X (Figure 2).

Mono-specific δ13C analyses of benthic foraminifera range from 0.03‰ to 1.17‰ for the epifaunal species N. 
truempyi (Figure 2) and from −0.4‰ to +0.2‰ for the infaunal O. umbonatus (Figure 3), and show an over-
all increasing trend up-section interrupted by negative CIEs. The largest one is recorded in Core U1510A-
52X, marked by a ∼0.3‰ decrease in N. truempyi (and ∼0.15‰ in O. umbonatus) coeval with the main drop 
in bulk carbonate δ13C, and followed by recovery to baseline values prior to a second smaller δ13C decrease 
of ∼0.1‰ in N. truempyi at ∼476.46 m CSF-A. These excursions are associated with negative OIEs in N. true-
mpyi of 0.2‰ and 0.1‰, respectively. Benthic δ13C values above the double excursion in Core U1510A-52X 
are more positive than pre-excursion values. The baseline positive shift in bulk δ18O and benthic δ13C and 
δ18O at ∼476.20 m CSF-A likely indicates a small unconformity whose duration falls outside the detection 
limits of calcareous nannofossil biozones. Since the double-trough δ13C excursion characteristic of the K 
event is well recorded at Site U1510, it follows that the unconformity at its top did not affect the event, but 
its aftermath.
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Figure 3.  Stable isotopes, % CaCO3, relative abundance of coarse fraction (CF) and number of benthic foraminifera per 
gram at Site U1510, plotted against depth.
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The only two benthic δ13C and δ18O data-points at the base of Core U1510A-51X parallel the increase in bulk 
carbonate δ13C and δ18O values up to 468.33 m CSF-A. Benthic δ13C and δ18O values record an additional 
negative excursion (−0.20‰ and −0.12‰, respectively) at ∼467.94 m CSF-A.

The typical surface-to-deep δ13C gradient is observed in Core U1510A-52X (Figure 3), and infaunal benthic 
δ13C values (O. umbonatus) are also lighter than epifaunal ones (N. truempyi), as expected (e.g., Schmiedl 
et al., 2004). The vertical δ13C gradient is slightly reduced in Core U1510A-51X. The surface-to-deep δ18O 
gradient is very weak and it even reverses in Core U1510A-51X (Figure 3), suggesting that the δ18O record 
may have been affected by diagenesis and carbonate dissolution and reprecipitation after deposition on the 
seafloor. A similar mechanism accounts for the reduced planktic-to-benthic temperature gradient during 
the middle Eocene at Site 277, as compared to the mid-Waipara section (Hollis et al., 2009). Both locations 
and Site U1510 correspond to middle to lower bathyal paleodepths.

The mean CaCO3 content is 81.2%, and values range from 92.9% to a minimum of 64.1%. The three lower-
most values at 476.96, 467.8, and 464.92 m CSF-A fall within intervals of decreased δ13C values (Figure 3; 
Data Set S2). Physical property records measured on the surface of the split cores, particularly a* ratio and 
MS (Figure 2), can help characterize hyperthermal events in deep sea records (Lourens et al., 2005). The 
terrigenous sediment fraction typically increases during these transient events due to carbonate dissolution, 
enhanced siliciclastic dilution or both. Carbonate-rich sediments have low a* ratios and MS, but these in-
crease with elevated terrigenous content because this material tends to give the sediment a reddish-brown 
color and contains magnetic components. In core U1510A-52X, the lowermost δ13C values coincide with 
higher a* ratios and positive peaks in MS. In core U1510A-51X, this relationship is less clear but at least 
at the top and bottom of the core, higher values of a* ratio and MS coincide with more depleted δ13C data. 
GRA density data from both cores are disrupted by drilling-induced disturbance of the sediment, typical for 
XCB drill cores. For this reason, discrete shipboard sample dry bulk density data were applied to calculate 
accumulation rates.

3.2.  Calcareous Nannofossil Biostratigraphy

Index species used for Eocene biostratigraphic assignments are rare in cores from U1510 (Data Set S3), 
and semi-quantitative counts on specific taxa were performed to capture the details of their abundance 
(Data Set  S4). The first occurrence of Discoaster lodoensis, which marks the base of Zone NP12 (Marti-
ni, 1971; or Zone CNE4 of Agnini et al., 2014), was observed between sample 371-U1510A-52X-3W, 80-80 cm 
and sample 52X-3W, 95-95 cm (midpoint 477.58 ± 0.07 m CSF-A; Tables S4 and S6). The first occurrence 
of Coccolithus crassus between sample 51X-CCW, 16 cm and sample 51X-CCW (mid-point 468.99 ± 0.09 m 
CSF-A) denotes the base of Zone CP11 (Okada & Bukry, 1980) and the Top of Tribrachiatus orthostylus, 
between sample 51X-4W, 34 cm and sample 51X-4W, 50 cm (468.63 ± 0.08 m CSF-A), defines the base of 
Zone NP13 (Martini,  1971; Zone CNE5 of Agnini et  al.,  2014). Together these two biohorizons serve to 
biostratigraphically constrain the base of Core 51X. The Base of Discoaster sublodoensis, between sample 
50X-4W, 31–32 cm and sample 51X-1W, 41-41 (mid-point 462.01 m CSF-A ± 2.60 m) was used to recognize 
the base of Zone NP14 (Martini, 1971; or base of Zone CNE6 of Agnini et al., 2014) in the upper part of the 
study section.

In summary, the studied section encompasses Zones NP11 (or CNE3), NP12 (or CNE4), NP13 (or CNE5) to 
Zone NP14 (or CNE6). Deposition thus occurred from approximately 53.08 to 49.65 Ma and spanned part 
of the Ypresian (early Eocene).

3.3.  Integrated Age Model and Core Recovery

To improve the shipboard age model of Site U1510 in this time window (Sutherland, Dickens, Blum, Agnini, 
Alegret, Bhattacharya, et al., 2019), we refined the calcareous nannofossil biostratigraphy. Unfortunately, 
the very weak intensity of paleomagnetic remanence associated with coring disturbance inhibited the use 
of magnetostratigraphic data and thus the age model is based on the integration of calcareous nannofossil 
biostratigraphy and isotope stratigraphy. The tie-points used to construct our age model are the Base of D. 
lodoensis, the Top of T. orthosylus and the Base of D. sublodoensis (Table S1).
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Constraining the base of the section was not straightforward because of difficulties in placing the Base of D. 
lodoensis, which shows a discontinuous record especially if core recovery is poor (Agnini et al., 2014, 2016), 
published data sets are qualitative and not quantitative, or the calcareous nannofossil taxa are very rare 
(Slotnick et al., 2012; Dallanave et al., 2015). The reason for this is the peculiar abundance pattern charac-
terized by a first presence (B) coinciding with I1-I2 events followed by a virtual absence (ca. 500 kyr; Wester-
hold et al., 2017) and eventually, the first common and continuous occurrence of this taxon (Bc) (Figure 4). 
To disentangle this issue, we analyzed the abundance of Chiphragmalithus spp., which appears at the base 
of the study section. The comparison of our data set with those available from ODP Site 1262 (South At-
lantic), the Cicogna on-land section in the Tethys Ocean (Agnini et al., 2007, 2016; Dallanave et al., 2009), 
and new data from ODP Site 1258 (equatorial Atlantic) allow for a global correlation (Figure 4). The bio-
magnetostratigraphic framework provides a straightforward correlation with Site U1510: the simultaneous 
occurrence of D. lodoensis and Chiphragmalithus spp. occurs only after the I1-I2 events, supporting the hy-
pothesis that the first occurrence of D. lodoensis at Site U1510 is correlative with the Bc of this taxon. Conse-
quently, the hyperthermal event documented between 477.4 and 476.46 m CSF-A is the K event (Figure 4).

The age model developed for Core U1510-51X is based on the closely spaced Top of T. orthostylus and Base 
of C. crassus observed at the base of the core, and the Base of D. sublodoensis recognized in Core U1510-50X 
(Table S1).

Biostratigraphic and carbon isotope data from Site U1510 have been correlated with the composite isotope 
curve and the bio-magnetostratigraphic framework available from the South Atlantic ODP Sites 1262, 1263, 
and 1267 (Walvis Ridge) and the equatorial Atlantic ODP Site 1258 (Demerara Rise) (Figure 5). Such cor-
relation supports the view that the lower CIE is the K event (C24n.1nH1), while the tail of the CIE docu-
mented at the base of Core U1510-51X is tentatively the S event (C22rH3) (Westerhold et al., 2017, 2018).

The refined biostratigraphic age model for Site U1510 allows for estimates of sedimentation rates, which 
slightly increase up-section from 4.1 m/Myr across Core U1510-52X to 4.7 m/Myr across Core U1510-51X. 
These values are consistent with a pelagic-hemipelagic setting of this site during the early Eocene.

Low core recovery across the studied interval (51% and 47% in Cores U1510-51X and U1510-52X, respective-
ly) raises two issues: (a) Are there any unconformities or non-recovery intervals? (b) What sediments are 
missing, and why? The first issue can partly be solved by observations of core continuity, and second by cor-
relation with drilling rate of penetration (ROP). The CSF scale cannot easily be matched to the DSF (depth 
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Figure 4.  Bio-magnetostratigraphic correlation of the lower part of the studied interval at International Ocean Discovery Program (IODP) Site U1510 with 
ODP Site 1258 (this study), ODP Site 1262 (Agnini et al., 2007) and Cicogna section (Dallanave et al., 2009). The green interval represents the K event.
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below seafloor) scale due to poor core recovery, and ROP does not resolve each individual hyperthermal, but 
it does show a good correlation with the K event in that drilled interval (Figure 6). Reduced ROP indicates 
reduced recovery, which is consistent with a small unconformity overlying the K event, as suggested by 
abrupt positive shifts in oxygen isotope values. The second issue is related to the presence of chert, which 
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Figure 5.  Correlation of Site U1510 with the composite isotope curve and the bio-magnetostratigraphic framework available from the South Atlantic. Top 
panel: South Atlantic International Ocean Discovery Program Sites 1258 (pink), 1262 (black), 1263 (red) and 1265 (blue) bio- and magnetostratigraphic data 
as well as benthic and bulk stable isotopes on astrochronology (from Westerhold et al., 2017). Lower panel: U1510 calcareous nannofossil events, benthic and 
bulk stable isotopes (all this study) and a* ratio (Sutherland, Dickens, Blum, Agnini, Alegret Bhattacharya, et al., 2019) against depth. Yellow intervals show our 
interpretation of the range cored in U1510 based on calcareous nannofossil assemblages, stable isotopes and an average sedimentation rate.

Figure 6.  Drilling rate of penetration (ROP) plotted against depth below seafloor (DSF) at Hole 1510A.
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blocked the XCB bits during drilling at Site U1510. This might explain why the early part of event S is miss-
ing as it corresponds to section U1510-51X-CC, where chert nodules were reported (Sutherland, Dickens, 
Blum, Agnini, Alegret, Bhattacharya, et al., 2019).

3.4.  Identification of Other Eocene CIEs at Site U1510

Other than the K event (∼52.4 Ma), the upper part of the S event (∼50.4 Ma) and the T (∼50.37 Ma) and U 
(∼49.95 Ma) events (Lauretano et al., 2015; or C22rH3, C22rH4 and C22rH5 according to the nomenclature 
by Westerhold et al., 2017) can be tentatively identified in Core U1510-51X coinciding with bulk carbonate 
δ13C minima at 468.80, 467.47, and 465.45 m CSF-A (Figure 5) and coeval decreases in δ18O. Only the re-
covery portion of event S is captured in the base of Core U1510A-51X, coeval with a peak in a* (Figure 2). 
Likewise, increased MS toward the upper part of the tentative U event indicates slightly increased terrig-
enous content. The lack of changes in a* and MS for postulated T event suggests that the identification of 
this event is less certain than for S and U; alternatively, carbonate dissolution or dilution may have been less 
prominent than during the S and U events.

Other reasonably prominent events in other records, such as L and M, do not obviously manifest at Site 
U1510 (Figure 5). Noteworthy, this depth interval at Site U1510 was drilled with XCB, and the total length of 
recovered core is much less that the downward advance of drilling. Sedimentary expression of these events 
could very likely exist in core gaps.

4.  Faunal Turnover
4.1.  Benthic Foraminiferal Assemblages

Assemblages are moderately diverse (mean Fisher-α = 10.7) and dominated by calcareous taxa, with ag-
glutinated species typically making up less than 5% of an assemblage (Figure 7). Diversity fluctuates in the 
lower half of the studied record (mean Fisher-α = 10.8), with minimum values at 467.8 m CSF-A (Fish-
er-α = 6) and a gradual recovery upwards (Fisher-α = 11.5–12). Assemblages are composed of mixed mor-
phogroups, with infaunal taxa (e.g., buliminids, stilostomellids) slightly more abundant than epifaunal taxa 
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Figure 7.  Benthic foraminifera diversity and relative abundance of selected groups and species across the early Eocene at Site U1510, plotted against depth.
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(e.g., Cibicidoides spp., N. truempyi). Overall, assemblages underwent minor and/or gradual changes across 
the studied section, with intervals of more significant change superimposed. Here we summarize the main 
assemblage changes across the CIEs that define the four hyperthermals identified at Site U1510 (K, S, T, and 
U) (Figure 7). The interval corresponding to the K event has been subdivided into four subintervals (a−d) 
based on changes in microfossil assemblages and on the two negative CIEs that mark the event.

The K event, from 477.4 to 476.2 m CSF-A, is characterized by two marked peaks in the percentage of Arago-
nia aragonensis (up to 35.4% of the assemblages) in subintervals a and c, coinciding with low abundance 
of O. umbonatus and Lenticulina spp., and a slight decrease in % N. truempyi. The lowermost sample of 
this interval (subinterval a) contains poorly preserved foraminiferal tests, and agglutinated taxa reach their 
maximum abundance, which is low (up to 5% of the assemblages). Preservation improves across the rest of 
event K, as the abundance of agglutinated species gradually decreases.

The relative abundances of Bulimina tuxpamensis and other buliminids increase above the K event, fol-
lowed by a gradual increase in diversity and in % O. umbonatus and epifaunal taxa (e.g., Cibicidoides spp., N. 
truempyi), which reach their maximum percentage toward 473.79 m CSF-A.

The S event, from 468.61 to 468.3 m CSF-A, contains the highest percentage of stilostomellids (up to 23.6% 
of the assemblages) and a significant decrease in the percentage of N. truempyi.

The T event, from 467.9 to 466.9 m CSF-A, is characterized by a marked peak in the percentage of Bulimi-
na tuxpamensis (31.8%), which became dominant among buliminid species. The minimum diversity value 
(Fisher-α = 6) is recorded in this interval and assemblages are dominated by buliminids and Cibicidoides 
spp. (up to 35% and 40% of the assemblages, respectively). Their relative abundance decreases, and diversity 
values recover above this interval.

The U event, from 465.7 to 464.8 m CSF-A, is not marked by significant turnover among benthic foraminif-
era, possibly due to the low resolution of our study in this part of the record. It is characterized by a high 
relative abundance of N. truempyi. The percentage of this species declines above this interval, coeval with 
an increase in Cibicidoides praemundulus, among other Cibicidoides species.

Statistical analyses of benthic foraminiferal assemblages, including Q-mode Detrended Correspondence 
Analysis (Figure 8) and hierarchical cluster analysis (Figure S4) clearly differentiate samples from the K 
event, dominated by A. aragonensis, from samples where this species is very scarce to absent. The relative 
abundance of this species controls the distribution of samples along Axis 1 in the DCA analysis (Figure 8) 
while the distribution of samples along Axis 2 is controlled by the abundance of B. tuxpamensis.

4.2.  Calcareous Nannofossil Assemblages

Calcareous nannofossil assemblages underwent both long- and short-term changes, the most important 
being the turnover in abundance between Toweius and Reticulofenestra. Core U1510-52X is characterized 
by the relatively high abundance (up to 30.6%) of the genus Toweius, which decreases to ∼8% at the base of 
Core 51X (468.87 m CSF-A) and only sporadically occurs above this level. The abundance of Reticulofenestra 
displays an opposite trend, being scarce in Core 52X and becoming dominant (max 38.5%) throughout Core 
51X (Figure 9). In addition to this major change in the assemblages, calcareous nannofossils show turnover 
that is here described across the four main intervals that correspond to the main CIEs:

The K event exhibits a stepped assemblage turnover. Subintervals a and c are characterized by the increase 
in relative abundance of Toweius, Chiasmolithus, and Sphenolithus and by a decrease in Coccolithus and 
Discoaster, with less marked changes across subinterval c. The opposite pattern is observed in subinterval b, 
together with an increase in Zygrhablithus. Assemblages start to return to background conditions in subin-
terval d, and full recovery is observed by 476.2 m CSF-A.

The S event coincides with the Toweius- Reticulofenestra turnover, and the genera Coccolithus and Discoaster 
display relatively high abundances.

The T event assemblages are dominated by Reticulofenestra and Zygrhablithus. Floral changes are similar to 
but less intense than those observed across the K event, and unfortunately the low resolution of our study 
across this interval does not allow the recognition of all the details described for the K event. Coccolithus, 
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Figure 8.  Q-mode (samples) Detrended Correspondence Analysis (DCA) of benthic foraminiferal assemblages from 
Site U1510.

477.83

477.58

477.34

476.96

476.79

476.54
476.31

476.11
475.93

475.73
475.25

474.99

474.53

474.15

473.9

468.27

467.8

467.61

467.04

466.64

466.22
465.77

464.43

0 30 60 90 120 150 180 210

Axis 1:   -   A. aragonensis  +

0

12

24

36

48

60

72

84

96

108

Ax
is

 2
:  

-  
B

. t
ux

pa
m

en
si

s 
  +

K event
S event
T? event
U event

467.43

465.39
464.92 468.62

468.43

Figure 9.  Most relevant calcareous nannofossil taxa from Site U1510 and bulk sediment stable isotopes, plotted against depth.



Paleoceanography and Paleoclimatology

Sphenolithus and Zygrhablithus slightly decrease toward the beginning of the event, and their abundance 
recovers toward its upper part. The abundance of Chiasmolithus is higher than in the K event.

The U event is characterized by the dominance of Reticulofenestra. Changes in the relative abundance of 
Coccolithus, Discoaster, Sphenolithus, and Zygrhablithus display a similar general pattern as observed across 
the T interval.

5.  Interpretation and Discussion
5.1.  The Early Eocene Climatic Optimum in the Tasman Sea and Global Correlation

Correlation to carbon isotope curves from the South Atlantic, which have an excellent bio-magneto-
stratigraphic framework (Figure  5), suggests that the bulk carbonate δ13C minima centered at 477.15, 
468.80, 467.47, and 465.45 m CSF-A coincide with the K (∼52.4 Ma), S (∼50.4 Ma), T (∼50.37 Ma), and U 
(∼49.95 Ma) events (Lauretano et al., 2015; Westerhold et al., 2017). The CIEs are associated with OIEs, 
and this is consistent with some link between global warming and the release of 13C-depleted carbon to the 
ocean-atmosphere system (Dickens et al., 1995, 1997). Additionally, increasing carbonate δ13C up section 
suggests part of the study interval coincides with the positive carbon isotope shift in the middle of the EECO 
(Luciani et  al.,  2016; Westerhold et  al.,  2017). Noteworthy, the relatively high carbonate content at Site 
U1510, including across the CIEs, suggests the record is less affected by seafloor carbonate dissolution than 
most published sites in the Pacific and in the Atlantic Oceans, many of which lie at deeper paleodepths.

A succession of CIEs, including the four discussed here, have been recognized in marine bulk carbonate re-
cords from the Atlantic (e.g., ODP Sites 1258 and 1265, Westerhold et al., 2018; and ODP Site 1263, Thomas 
et al., 2018). Some of them have been documented in deep-sea sequences from the Pacific (DSDP Site 577, 
Cramer et al., 2003; ODP Site 1209, Bhattacharya & Dickens, 2020; Westerhold et al., 2018) and uplifted 
marginal sections from New Zealand (Branch Stream and Mead Stream sections in the Clarence Valley, 
Slotnick et al, 2015; and mid-Waipara River, Canterbury Basin, Crouch et al., 2020). At least two distinct 
CIEs mark the bulk carbonate δ13C record across the K event at Site U1510 and elsewhere, but the magni-
tude is smaller than in records from the Atlantic (e.g., Sites 1258 and 1263; Westerhold et al., 2017; Thomas 
et al., 2018), which display δ13C decreases of 0.8‰–1.0‰ for the event, and slightly lower than in records 
from the central north Pacific (−0.5‰ at DSDP Site 577; Cramer et al., 2003) and New Zealand sections 
(−0.6‰ to −0.5‰; Crouch et al., 2020; Slotnick et al., 2015). The second step of the K event at Site U1510 is 
equivalent in magnitude to that observed at Pacific Site 1209 (−0.2‰; Bhattacharya & Dickens, 2020). The 
benthic foraminifera CIE associated with the K event at Site U1510 (−0.3‰) is lower than that recorded 
at Pacific Site 865 (−0.6‰; Bralower, Parrow, et al., 1995; Bralower, Zachos, et al., 1995; Katz et al., 2003), 
and the difference is more pronounced compared to that at Atlantic Site 1262 (−0.9‰; Thomas et al., 2018).

In summary, the bulk carbonate CIEs associated with the K event at Site U1510 are similar to or slightly 
smaller than those recorded in other Pacific records, and significantly smaller than in Atlantic records. 
The same is true for the CIEs in benthic foraminifera. This contrasting behavior continues for subsequent 
events. South Atlantic bulk carbonate δ13C records (i.e., ODP Sites 1258 and 1265) show CIE magnitudes of 
approximately −0.6‰, −0.4‰, and −0.3‰ for the S, T, and U events, respectively, whereas the Site U1510 
record displays magnitudes roughly half of these. Interestingly, early Eocene bulk carbonate δ13C from 
nearby mid-Waipara River displays CIE magnitudes more consistent with South Atlantic sites (i.e., negative 
shifts of 0.5‰–1.0‰ for the listed excursions; Crouch et al., 2020), though these events are only tentatively 
correlated for the section. The inter-site differences in excursion magnitude described above may be related 
to the lower resolution of the U1510 and 1209 records, but the question remains why bulk and benthic fo-
raminiferal CIEs across the K event are consistently smaller in Pacific records compared to Atlantic records.

Chert is exceptionally common in early Eocene deep-sea sedimentary records from the North Atlantic (Pen-
man et al., 2019; Witkowski et al., 2020) and from now-uplifted sections of the Tethys region (Monechi & 
Thierstein, 1985). In the oligotrophic early Cenozoic oceans, biosiliceous sedimentation was likely facilitat-
ed by terrestrial supply of dissolved silicon along continental margins (Witkowski et al., 2020). Enhanced 
silicate weathering during hyperthermal events, combined with a circulation-driven focusing of silica bur-
ial, has been suggested as a common formation mechanism of chert deposits associated with hyperther-
mal events in the Atlantic Ocean, but so far the association of biosiliceous sediments and early Eocene 
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hyperthermal events has not been reported from the Pacific Ocean (Penman et al., 2019). Interbedding of 
cherty layers greatly affected drilling and core recovery during IODP Expedition 371. Reductions in ROP in 
Eocene sediments at Site U1510 were associated with chert nodules that slowed drilling, damaged XCB drill 
bits and plugged the core collection aperture (leading to poor core recovery). One might speculate that the 
occurrence of chert nodules in the early part of event S at Site U1510 might result from elevated silica burial 
during hyperthermal events, although this interpretation contradicts evidence from Clarence valley sites at 
same paleolatitude where chert is absent from hyperthermal intervals (Slotnick et al., 2015). We acknowl-
edge that further investigation lies beyond the scope of the present study, and further studies are needed to 
look into the distribution of chert layers with climate significance across hyperthermal events at sites drilled 
in the Tasman Sea during IODP Expedition 371.

5.2.  Biotic and Paleoenvironmental Consequences of Early Eocene Hyperthermals

5.2.1.  Deep Seafloor

Moderate diversity of benthic foraminiferal assemblages and a mixed morphogroup composition indicate 
oligo-mesotrophic conditions at the seafloor, in a setting located well above the CCD as inferred from the 
strong dominance of calcareous taxa (Figure 7).

Diversity fluctuates but shows no significant changes across the K event, which includes the largest CIE 
(0.4‰) followed by a minor one (∼0.2‰). Calcareous tests from the lower part of the K event are poorly 
preserved, but several lines of evidence suggest there was no significant CaCO3-dissolution at the seafloor 
during this hyperthermal: high % CaCO3 content, dominance of calcareous tests (95% of the assemblages), 
and lack of abundance peaks of CaCO3 corrosion-resistant species that thrived during the PETM, such as 
Lenticulina, O. umbonatus or N. truempyi (Alegret et al., 2018; Alegret, Ortiz, Orue-Etxebarria, et al., 2009; 
Alegret, Ortiz & Molina, 2009; Nguyen et al., 2009) (Figure 7). This is consistent with results from the equa-
torial Pacific (Arreguín-Rodríguez et al., 2016) and the South Atlantic Ocean, where more muted faunal 
changes at deeper, abyssal settings than at shallower (lower bathyal) ones suggest that carbonate disso-
lution was not the most important cause of the faunal turnover across the K event (Thomas et al., 2018). 
The most striking feature of the K event is the increased abundance of A. aragonensis. This species became 
more abundant in the deep sea after the peak-PETM (Alegret et al., 2021; Alegret, Ortiz, Orue-Etxebarria, 
et al., 2009; Alegret, Ortiz & Molina, 2009; Arreguín-Rodríguez et al., 2016; Giusberti et al., 2009; Thom-
as, 2003) and during other Paleogene hyperthermal events (Alegret et al., 2016; Ortiz et al., 2011), including 
the K event (Arreguín-Rodríguez et al., 2016), and is thought to have been an opportunistic taxon (Steineck 
& Thomas, 1996) that proliferated during warm intervals but not under carbonate corrosive conditions (Ar-
reguín-Rodríguez et al., 2016). This interpretation is supported by the peak occurrence of A. aragonensis in 
coincidence with the two negative CIEs and OIEs in subintervals a and c at Site U1510, which are separated 
by a transient return to background conditions (subinterval b).

Interpretations regarding export productivity across the K event are not straightforward. The relative abun-
dance of morphogroups fluctuates between 50% and 68% but does not show significant changes as com-
pared to the sediments below and above the event (Figure  7). These percentages indicate mixed infau-
nal-epifaunal morphogroups (mesotrophic conditions according to Jorissen et al., 2007) or a slightly higher 
percentage of infaunal ones (increased food supply to the seafloor). But this interpretation is at odds with 
the common occurrence of the oligotrophic species N. truempyi (e.g., Nomura, 1995; Thomas et al., 2000) 
and with the low abundance of buliminid taxa, which are common at locations with an abundant food 
supply (e.g., Fontanier et al., 2002; Gooday, 2003). The infaunal A. aragonensis is an extinct species and its 
paleoecological interpretation is uncertain, but its higher abundance during the K event and other hyper-
thermals may have been related to warmer temperatures rather than to its preference for eutrophic con-
ditions (as expected for an infaunal taxon). The marked increase in % A. aragonensis across the K event at 
Site U1510 is consistent with the interpretation of an opportunistic behavior of this species during warming 
events. In fact, its abundance strongly influences the distribution of samples in the Q-mode DCA analysis 
(Figure 8) and in the hierarchical cluster analysis (Figure S4). The question remains, what would the assem-
blages look like if A. aragonensis had not behaved as an opportunistic species and increased in abundance 
far beyond its usual rare occurrences (Alegret et al., 2021) in the deep sea? If the percentage of A. aragon-
ensis is substracted from the total %infaunal morphogroups, epifaunal taxa (up to 70% of the assemblages), 
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which are better adapted to a low food supply (Jorissen et al., 2007), become more abundant than infaunal 
ones (30%) during the K event. This morphogroup composition, and the occurrence of common oligotroph-
ic taxa, point to a slightly more oligotrophic scenario than the background oligo-mesotrophic conditions. 
We further hypothesize that the abundance peaks of A. aragonensis suggest that this infaunal species was 
able to cope with oligotrophic conditions at the seafloor and thrive under high temperatures. Warming may 
have enhanced remineralization of organic matter throughout the entire water column (Ma et al., 2014) and 
decreased the food delivery to the seafloor, as proposed for South Atlantic ODP Site 1263 across the K event 
(Thomas et al., 2018). At Pacific Ocean Site 865, a moderate increase in export productivity was inferred 
across the K event, but the depositional setting of that site, atop a submarine seamount, was significantly 
different and possibly controlled by trophic focusing (Arreguín-Rodríguez et  al.,  2016), thus not readily 
comparable to Site U1510.

The percentage of A. aragonensis decreases and the relative abundance of most taxa recover after the K 
event, but the abrupt positive shift in δ18O values suggests an unconformity at the top of this event, thus 
its immediate aftermath has not been recorded at Site U1510. Lower remineralization of organic matter in 
the water column under cooler temperatures (Ma et al., 2014) may have contributed to the recovery of food 
supply and the return to the pre-K oligo-mesotrophic conditions, as evidenced by assemblages with mixed 
epifaunal—infaunal morphogroups.

Less intense hyperthermal events have been identified in the upper part of our record (Core 51X). The 
recorded (upper) part of S event is characterized by the highest abundance of stilostomellids, an extinct 
group of cylindrical taxa that have been interpreted as shallow infaunal suspension feeders that extended 
their pseudopods through their complex aperture, and which had a low metabolism (Hottinger, 2000, 2006; 
Mancin et al., 2013). Their proliferation likely reflects enhanced delivery of organic particles to the suspen-
sion feeding benthos due to higher current activity. This is supported by a slight increase in %CF, which 
reaches the maximum value (5.2%) in this interval (Figure 3). A similar but more pronounced pattern was 
described atop Allison Guyot Site 865 during the PETM and the K event (Arreguín-Rodríguez et al., 2016). 
Changes in deep water circulation (e.g., Hague et al., 2012; Thomas, 2004; Thomas et al., 2008), including 
the migration of deep waters sourced from the Southern Ocean toward the tropical Pacific during the Paleo-
gene (Huck et al., 2017; Thomas et al., 2018), may have contributed to enhanced current activity in the cen-
tral Pacific, especially atop seamount settings (Site 865), and to a minor extent at Site U1510. Additionally, 
transient reversals in the pattern of deep-ocean circulation during abrupt hyperthermals like the S event af-
fected regional SiO2 burial patterns and may have significantly contributed to biosiliceous deposition, even 
to a larger extent than enhanced weathering, as argued for other hyperthermal events (Penman et al., 2019).

The largest decrease in benthic foraminiferal diversity at Site U1510 is associated with the postulated T 
event, and not with the largest CIE, which marks the K event. Low-diversity is likely related to high dom-
inance of the species B. tuxpamensis and Cibicidoides spp. across the event. The former taxa increased in 
abundance in post-PETM assemblages in the NE Atlantic Ocean (DSDP Site 401, D'haenens et al., 2012; Zu-
maia section, northern Spain, Alegret, Ortiz, Orue-Etxebarria et al., 2009). B. tuxpamensis is also common 
among the post-PETM survivors in lower bathyal to abyssal sites from the central Pacific (1209, 1210, 1211, 
1212; Takeda & Kaiho, 2007) and North Pacific Ocean (Site 1220; Kawahata et al., 2015). In the modern 
oceans, buliminid taxa tolerate reduced oxygen concentrations (e.g., Bernhard et al., 1997; Sen Gupta & 
Machain-Castillo, 1993), but their high relative abundance is linked to an abundant and fairly continuous 
food supply (e.g., Fontanier et al., 2002; Gooday, 2003). Given the lack of evidence for reduced oxygen con-
centrations at Site U1510, such as dark, organic-rich, laminated sediment or small-sized benthic foraminif-
era, the high abundance of the Superfamily Buliminacea (36% of the assemblages) points to increased ex-
port productivity during the T event.

No significant turnover has been observed among benthic foraminifera across the U event. Possibly, this is 
due to the low resolution of our study in this part of the record.

5.2.2.  Surface Waters

Calcareous nannofossil assemblages fluctuate in relative abundance throughout the study section but do not 
show significant changes in the extinction or speciation rates. This result is consistent with the hypothesis 
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that calcareous nannofossils are less sensitive than other plankton groups during less extreme paleoclimatic 
or paleoceanographic events (e.g., the middle/late Eocene turnover; Newsam et al., 2017).

The first turnover coincides with the K event. A peak in abundance of Toweius and sphenoliths is observed 
at its base (subinterval a) (Figure 9). The former taxon is relatively fragile, and its high abundance in coinci-
dence with the negative CIE suggests little to absent CaCO3 dissolution in surface waters during this phase. 
Toweius and Reticulofenestra are generally considered temperate/mesotrophic cosmopolitan taxa, Chias-
molithus has a colder/more eutrophic affinity and taxa that are usually thought to be warm/oligotrophic 
include Coccolithus, Discoaster, Sphenolithus, and Zygrhablithus (e.g., Agnini et al., 2007; Bralower, 2002; 
Gibbs et al., 2006; Haq & Lohmann, 1976; Monechi et al., 2000; Persico & Villa, 2004; Villa et al., 2008, 2014; 
Wei & Wise, 1990). Based on this rationale, the increase in Toweius and Chiasmolithus at the base of the K 
event (subinterval a) likely indicates more eutrophic conditions during this warming interval. The peak in 
Sphenolithus is rather controlled by warmer waters, and this is consistent with the idea that the more nega-
tive δ13C values coincide with the peak in warmth. The decrease in Coccolithus and Discoaster also supports 
enhanced eutrophication. Opposite changes in subinterval b point to a recovery phase characterized by 
more oligotrophic conditions. Zygrhablithus bijugatus may have been controlled either by nutrient availa-
bility (high abundance during oligotrophic phases) or by CaCO3 water saturation (Kelly et al., 2005; Rive-
ro-Cuesta et al., 2019), as documented across the PETM (Agnini et al., 2016; Penman, 2016). Assemblages 
suggest the return to relatively more eutrophic conditions across subinterval c, and to pre-K conditions in 
subinterval d. The exception to this is the high relative percentages of Zygrhablithus, whose abundance 
is likely related to the carbonate oversaturation that typically follows hyperthermals (Gibbs et al., 2012; 
Penman, 2016).

The S event coincides with one of the major changes in calcareous nannofossil assemblages of the entire 
Cenozoic, when the reticulofenestrids first appeared and outcompeted the rest of taxa (Figure 9), mainly 
their counterpart Toweius (Agnini et al., 2006; Cappelli et al., 2019; Schneider et al., 2011), and T. orthosty-
lus went extint. The peak in Discoaster in the lowermost sample from Core U1510-51X is followed by the 
remarkable increase in Reticulofenestra, pointing to a shift from warm/oligotrophic to cooler/mesotrophic 
conditions and a possible gradual/partial destratification of the global ocean (Cappelli et al., 2019; Sch-
neider et al., 2011). Since these major assemblage changes occurred during the long-term Eocene cooling 
documented in the global isotope stack (e.g., Westerhold et al., 2020), we speculate that ocean circulation 
may have changed during the S event, leading to long-term changes in surface waters. The high abundance 
of Discoaster during the EECO suggests warm and highly stratified sea surface waters, thus less intense 
global circulation. This was followed by enhanced ocean circulation and increased mixing of surface waters 
(destratification), as supported by the global onset and successive dominance of mesotrophic taxa (i.e., 
reticulofenestrids). Regarding the timing of the Reticulofenestra/Toweius turnover, the data available (e.g., 
Agnini et al., 2006; Cappelli et al., 2019; Crouch et al., 2020; Dallanave et al., 2015; Schneider et al., 2011) 
suggest a scenario in which the onset of Reticulofenestra first appeared in Zone NP12 at high latitudes, and 
entered the record later at mid- and low latitudes.

The T and U events display assemblage changes that are similar to those observed during the K event, 
although their smaller magnitude and the lower resolution of our study partially inhibit observation of 
the articulation visible across the K event. The increase in Reticulofenestra points to increased nutrient 
availability.

In brief, calcareous nannofossils from Site U1510 indicate that these events are, at least locally, character-
ized by increased nutrient availability in surface waters followed by oligotrophic conditions, and eventually 
by a return to background (pre-event) levels.

5.2.3.  Decoupling of the Ocean Response to Early Eocene Hyperthermal Events

We document decoupled responses of calcareous nannofossils and benthic foraminifera across the K event, 
which point to enhanced eutrophication in surface waters with no clear consequences at the seafloor, where 
oligo-mesotrophic conditions are inferred. In contrast, assemblages indicate increased surface productivity 
during smaller hyperthermals S, and T and U, and higher food supply to the seafloor during S, and T events 
at Site U1510. In the recorded part of event S, planktic assemblages show a shift from warm/oligotrophic to 
cooler/mesotrophic conditions, a possible gradual/partial destratification of the global ocean and stronger 
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circulation (as indicated by the replacement of abundant Discoaster by Reticulofenestra; Cappelli et al., 2019; 
Schneider et al., 2011). At the seafloor, increased abundance of stilostomellids likely indicates higher cur-
rent activity that delivered food particles to suspension feeders. These paleoenvironmental changes may 
support transient reversals in deep-ocean circulation patterns (Penman et  al.,  2019), possibly combined 
with enhanced terrestrial supply of dissolved silicon (Witkowski et al., 2020) and likely explain chert nod-
ules in the lower part of the S event at Site U1510. Increased nutrient availability in surface waters was 
coeval with eutrophic assemblages at the seafloor (dominated by B. tuxpamensis) during the T event, but no 
chert deposits were described or inferred for this interval at Site U1510 (Sutherland, Dickens, Blum, Agnini, 
Alegret, Bhattacharya, et al., 2019). Alternatively, the location of this site on a ridge near the boundary zone 
of subtropical and subantarctic waters (equivalent of subtropical front today; Figure 1) might account for 
the the high productivity recorded by surface-dwellers across the K, S, T, and U events.

To account for the similarities and differences in the planktic-benthic biotic response, one might argue that 
warming during the K event influenced biological processes and accelerated metabolic rates of benthic 
foraminifera (Hoegh-Guldberg & Bruno, 2010), which double with a temperature increase of ∼10°C (e.g., 
Gillooly et al., 2001), while the increased food demand of benthic foraminifera was not compensated by 
increased arrival of nutrients to the seafloor. Even though calcareous nannofossils point to eutrophication 
in surface waters during the K event, pronounced warming may have enhanced remineralization of organic 
matter in the water column or even altered transfer efficiency by modifying metabolic rates in the food 
chain (Boscolo-Galazzo et al., 2021; John et al., 2013, 2014; Ma et al., 2014), thus not resulting in eutrophic 
conditions in the benthic realm. A similar scenario has been proposed across the K event at South Atlantic 
ODP Site 1263 (Thomas et al., 2018) and across other Eocene warming intervals such as the Middle Eocene 
Climatic Optimum (Boscolo-Galazzo et al., 2015) and ETM2 (Jennions et al., 2015), and this mechanism 
(though at a larger magnitude) is also considered as one of the main causes of starvation and extinction of 
the deep-sea benthic foraminifera across the PETM (e.g., Alegret et al., 2010, 2021; Thomas, 2007).

We speculate that warming, associated remineralization of organic matter and possibly accelerated meta-
bolic rates among benthic foraminifera attenuated the effects of high surface primary productivity on the 
trophic signature at the seafloor during the K event but not during smaller hyperthermals S and T, when 
benthic assemblages point to a sustained food supply to the seafloor. This interpretation is supported by 
the occurrence of abundant stilostomellids across event S, as this extinct group has been hypothesized to 
have low metabolic rates (Mancin et al., 2013). Warming triggered a decrease in benthic foraminiferal test 
size across the PETM (Thomas, 2003; Alegret et al., 2010; Arreguín-Rodríguez et al., 2014) but not across 
smaller hyperthermal events (Foster et al., 2013), suggesting a threshold for dwarfism was crossed during 
the largest hyperthermal only. It is widely acknowledged that more severe warming generally results in 
more severe effects on the biota (e.g., Arreguín-Rodríguez & Alegret, 2016; Arreguín-Rodríguez et al., 2016; 
Thomas et al., 2018), but further data from comparable settings (e.g., paleodepth, marginality) are needed 
to establish the correlation between the magnitude of warming, the temperature threshold and the degree 
of perturbation of benthic foraminiferal assemblages. In addition, the bentho-pelagic coupling may have 
functioned differently in a greenhouse world with high remineralization of organic carbon in the oceans, 
where at least part of the food supply to the benthos may have been in the form of dissolved organic matter 
(Alegret et al., 2021).

6.  Conclusions
Eocene sediments recovered during IODP Expedition 371 on southern Lord Howe Rise provide detailed 
records across part of the EECO and some of its hyperthermal events in the Tasman Sea, offshore New Zea-
land. Integration of stable isotopic measurements of bulk sediment and benthic foraminifera with biostrati-
graphic observations from Site U1510, correlated with the composite isotope curve and the bio-magneto-
stratigraphic framework available from the South Atlantic, allowed us to identify the K event (∼52.4 Ma), 
and to tentatively assign additional negative CIEs to the S (∼50.4 Ma), T (∼50.37 Ma), and U (∼49.95 Ma) 
hyperthermal events. An open question remains why the magnitude of the CIEs across the K event and 
seemingly other smaller hyperthermals is consistently smaller in δ13C records from the Pacific compared to 
those from the Atlantic.
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Benthic foraminifera and calcareous nannofossils underwent changes in relative abundance of taxa across 
hyperthermal events, and the highest abundance of warm-water species are recorded within the K event. 
These two microfossil groups show a decoupled response across the K event, with eutrophication in surface 
waters and relatively starved assemblages at the seafloor, while both groups point to increased surface pro-
ductivity and food supply to the seafloor during smaller hyperthermals. Even if ocean circulation patterns 
changed at this boundary zone between subtropical and subantarctic waters, triggering higher primary 
productivity, we argue that warming during the K event may have accelerated metabolic rates of benthic fo-
raminifera, and that transfer of organic matter in the water column was less efficient, resulting in oligo-mes-
otrophic benthic assemblages in spite of the higher nutrient availability in surface waters. In contrast, we 
speculate that this temperature threshold was not crossed during smaller hyperthermals S and T, but the 
correlation between the magnitude of warming and the degree of perturbation of benthic foraminiferal 
assemblages needs to be further investigated.

Calcareous nannofossils underwent a significant long-term evolutionary change from the late S event 
onwards, when the abundance peak of Discoaster was followed by the Toweius-Reticulofenestra turnover, 
pointing to a shift from warm/oligotrophic to cooler/mesotrophic conditions and a possible destratification 
of the ocean. The onset of these changes at ∼50.4 Ma may have been coeval with transient, more vigorous 
bottom water currents atop Lord Howe Rise, as inferred from benthic foraminifera across the S event. The 
occurrence of chert nodules and layers with climate significance across hyperthermal events at this and 
other sites drilled during IODP Exp 371 is worth being explored in future studies.

These detailed records of EECO in the Tasman Sea fill a critical early Eocene paleoclimate data gap during a 
dynamic tectonic interval, and provide new integrated observations of environmental and biotic responses 
to hyperthermal events.

Data Availability Statement
Data sets for this research are available online (http://doi.org/10.17605/OSF.IO/H43WS).
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