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During the Late Paleogene between ~40 and 23 million years ago (Ma), Earth 14 

transitioned from a warm non-glaciated climate state and developed large 15 

dynamic ice sheets on Antarctica. This transition is largely inferred from the 16 

deep sea oxygen isotope (δ18O) record because records from independent 17 

temperature proxies are sparse. Here we present a 25-million-year-long 18 

alkenone-based record of surface temperature change from the North Atlantic 19 

Ocean. Our long temperature record documents peak warmth (~29 °C) during 20 

the Middle Eocene, a slow overall decline to the Eocene-Oligocene Transition 21 

(EOT, ~34 Ma), and high-amplitude variability (between ~28 and 24 °C) during 22 

the Oligo-Miocene. The overall structure of the record is similar to that of the 23 

deep sea δ18O record, but a distinct anomaly is also evident. We find no evidence 24 

of surface cooling in the North Atlantic directly coinciding with the EOT when 25 

Antarctica first became cold enough to sustain large ice sheets and subantarctic 26 

waters cooled substantially. Surface ocean cooling during the EOT was therefore 27 

strongly asymmetric between hemispheres. This transient thermal decoupling of 28 

the North Atlantic Ocean from the southern high latitudes suggests that 29 

Antarctic glaciation triggered changes in ocean circulation-driven heat transport 30 

and influenced the far-field climate response.  31 

 32 
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During the Late Paleogene, Earth’s climate transitioned from a warm largely 33 

unglaciated state with weak latitudinal temperature gradients to a world that was cold 34 

enough at high latitudes to sustain large ice sheets on Antarctica1-4. The pivotal event 35 

in this long-term transition to the modern glaciated climate state occurred across the 36 

Eocene-Oligocene Transition (EOT)5, 6 between ~34 and 33 million years ago (Ma). 37 

The EOT is marked by substantial climatic and oceanic reorganization, including 38 

atmospheric CO2 drawdown7, 8, high-latitude cooling9, widespread Antarctic 39 

glaciation, and deepening of the carbonate compensation depth6 and northward 40 

migration of the Intertropical Convergence Zone10 in the Pacific. It has also been 41 

suggested that the EOT marked the initiation of Atlantic Meridional Overturning 42 

Circulation (AMOC)11-13, whereas the Antarctic Circumpolar Current14 and modern 43 

ocean structure15 are suggested to have developed later around 30 Ma. Once 44 

established, the early Antarctic ice sheets appear to have been extremely dynamic in 45 

response to orbitally paced changes in high latitude climate forcing1, 4, 6.  46 

The primary evidence for this increasingly well-established Late Paleogene 47 

environmental interpretation is the long-term overall increase in deep-sea benthic 48 

foraminiferal δ18O values since the middle Eocene1-4. Yet, we know little about the 49 

way in which the surface oceans drove or responded to these changes. Data on 50 

contemporaneous change in surface ocean temperature for this interval are sparse16 so 51 
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trends are largely inferred from benthic δ18O changes, which are controlled by both 52 

the continental ice sheet budget and deep sea temperature. Deconvolving the 53 

contribution of these two factors to changes in the δ18O records has proven 54 

challenging and sometimes problematic6, 9, 17. Long temperature records using 55 

independent methods are needed from strategically positioned sites to address this 56 

problem and test competing hypotheses for the underlying forcing mechanisms 57 

responsible for the inferred Cenozoic transition to a glaciated climate state. The cause 58 

of the EOT is a subject of ongoing vigorous debate and two main hypotheses are now 59 

advanced: (i) the seminal hypothesis of gateway-driven Antarctic isolation18 and (ii) a 60 

slow long-term decline in atmospheric CO2 levels19. Ocean circulation change has 61 

been proposed as both a driving mechanism for Antarctic glaciation20 and as a 62 

feedback process in response to glaciation21. However, these suggestions remain 63 

poorly tested because of the lack of datasets from the North Atlantic Ocean where 64 

there is a widespread upper Eocene- lower Oligocene unconformity at many deep-sea 65 

sites attributed to bottom current activity22. In fact, we lack detailed information for 66 

the Late Paleogene-Early Neogene time interval from all the mid- and high latitude 67 

regions of the Northern Hemisphere9, 23, 24.  68 

Here we report a 25-million-year-long record of surface ocean temperature 69 

spanning the Middle Eocene to Early Miocene (~43 to 18 Ma) from Integrated Ocean 70 
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Drilling Program (IODP) Site U1404 on the Newfoundland Margin in the mid-latitude 71 

northwest North Atlantic Ocean (40.00°N, 51.60°W; Fig. 1, 2). This site is located at 72 

the northern edge of the North Atlantic subtropical gyre and influenced by both the 73 

warm Gulf Stream and cold Deep Western Boundary Current (DWBC)25. Warm 74 

northward flowing surface waters meet the cold Labrador Current immediately to the 75 

north of the study site, resulting in a steep latitudinal surface ocean temperature 76 

gradient. Thus although Site U1404 is not situated within the modern day source 77 

region of North Atlantic Deep Water formation, it is situated just downstream and 78 

sensitive to AMOC changes26, 27. Modern mean annual surface ocean temperature at 79 

Site U1404 is 20°C (~19.5°C at its Oligocene paleo-location28; Methods, Fig. 1). Age 80 

control for our Site U1404 study section is based on biostratigraphic and 81 

magnetostratigraphic datums identified in shipboard analysis25 (Supplementary Fig. 1, 82 

Table S1) together with a bulk carbonate δ18O record spanning the EOT (Methods, 83 

Table S1), revealing a largely complete sequence spanning the middle Eocene to early 84 

Miocene. The alkenone unsaturation index (UK’
37), a reliable temperature proxy 85 

successfully applied to sediments of similar age in previous studies9, 29-31, is used to 86 

reconstruct surface ocean temperature changes at Site U1404 (Methods, Table S2). 87 

Alkenone concentration is also reported to infer surface productivity changes 88 

(Methods). 89 
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Site U1404 alkenone temperature & concentration trends 90 

Because IODP Site U1404 was drilled into a sediment drift25 located directly in the 91 

flow path of the modern day DWBC and Gulf Stream (Fig. 1), we must consider the 92 

influence (Methods) of lateral advection of suspended materials and sediment 93 

reworking on the temperature records that we reconstruct, especially for samples with 94 

low alkenone concentration. However, three lines of evidence suggest that these 95 

potential influences have not obscured the primary in situ environmental signal. First, 96 

alkenone-derived temperatures from both surface waters and modern sea-floor 97 

sediments in the region today do not show substantial deviations (within ±1.1°C) from 98 

measured surface ocean temperatures32. Second, our surface ocean temperature record 99 

is broadly consistent in structure with two low-resolution records9 from sites further 100 

north (Fig. S2) and, together, these three mid-to-high latitude North Atlantic 101 

temperature records display a distinct latitudinal temperature gradient, essentially 102 

ruling out a major confounding contribution to Site U1404 from reworked old 103 

alkenones. Third, the EOT signal in our record (no cooling, Fig. 3) is inconsistent with 104 

that predicted by syn-sedimentary delivery of alkenones from further north by the 105 

DWBC carrying a cool temperature signal. We infer, therefore, that our record is 106 

representative of surface ocean temperature evolution in the mid-latitude North 107 

Atlantic Ocean during the Eocene to Miocene.  108 
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Alkenone concentrations at Site U1404 are typically lower than 10 ng/g in 109 

Middle and Late Eocene sediments, show marked fluctuations in sediments of earliest 110 

Oligocene age (~0–50 ng/g), and oscillate at relatively high levels in Oligo-Miocene 111 

sediments younger than ~31 Ma (~10–250 ng/g) (Fig. 2c). In some samples older than 112 

~31 Ma, alkenone abundance was extremely low (Fig. 2c), yielding unreliable 113 

temperature estimates (Methods) that were excluded from our analysis (Fig. 2b). 114 

Overall, the long-term alkenone concentration signal is opposite in sign to the UK’
37 115 

temperature signal. The marked long-term increase in alkenone abundance across the 116 

EOT at Site U1404 (Fig. 2, S3) does not appear to be directly associated with surface 117 

temperature changes and may reflect surface ocean productivity in response to 118 

circulation changes11-15, 21. For most of the study period, short-term warming events 119 

are associated with modest transient increases in alkenone concentration (Fig. 2, S4), 120 

which are perhaps explained by nutrient advection in the subtropical gyre33 121 

(Methods).  122 

Long-term Eocene to Oligocene surface temperature evolution 123 

During the Late Paleogene, surface ocean temperatures at IODP Site U1404 varied 124 

between ~24 and at least 28°C, with maximum temperatures near the Middle Eocene 125 

Climatic Optimum (MECO; ~40 Ma)30 and minimum temperatures in the Oligocene–126 

earliest Miocene interval at ~32.5, ~26.5 and ~22.5 Ma (Fig. 2b). Largely consistent 127 
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with the structure of the benthic δ18O record3 (Fig. 2a), surface ocean temperatures 128 

remained above 28°C around the time of MECO and cooled by roughly 1 to 2°C 129 

through the Late Eocene. The mid-Oligocene interval was characterized by marked 130 

surface ocean temperature fluctuations (up to ~4°C) that resemble the structure of the 131 

δ18O record1-4, with temperatures nearly reaching Late Eocene levels (~27–28°C) 132 

between ~31 and 29 Ma, followed by cooler temperatures (~24–26°C) between ~29 133 

and 26 Ma during the Mid-Oligocene Glacial Interval, MOGI1. In the Late Oligocene, 134 

our record documents a warming trend which initiated at ~26 Ma and culminated 135 

around ~23.5 Ma, consistent with δ18O-based interpretations1, 4. The overall warmth of 136 

the latest Oligocene-Early Miocene is interrupted by transient cooling of between 2°C 137 

and 3°C across the Oligocene-Miocene Transition (Fig. 2b). 138 

Throughout most of the Site U1404 study interval, surface ocean temperatures 139 

are warmer than 25°C. This finding demonstrates that the 25°C isotherm in the North 140 

Atlantic Ocean was positioned ~15° latitude (>1500 km) to the north of its modern 141 

position (Fig. 1) for most of the Late Paleogene. This result is likely attributable, at 142 

least in part, to a more expanded warm subtropical gyre system in the Paleogene 143 

relative to present day. Data from additional sites are needed to validate this 144 

interpretation, but the combination of warm temperatures (Fig. 2b) and very low 145 

alkenone abundances (Fig. 2c) seen in our records strongly suggests that Site U1404 146 
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was bathed by subtropical gyre waters during the Middle to Late Eocene. 147 

 Our data, together with existing records9, 23, 24, 29-31, 34, reveal the broad picture of 148 

surface ocean temperature evolution during the Late Paleogene (Fig. S2), showing 149 

exceptional warmth in the Middle Eocene and a long-term cooling trend from the 150 

Middle Eocene to Early Oligocene. Our temperature record provides strong 151 

independent support for attributing the δ18O-inferred weak latitudinal temperature 152 

gradients in the surface ocean and warm deep ocean temperatures of the Eocene to an 153 

environmental control35, not diagenetic aliasing36. 154 

 In published data sets, surface ocean temperatures in the northern high-latitude 155 

and subantarctic regions cooled substantially from above 25°C around MECO to 156 

~20°C just prior to the EOT (~34 Ma), and decreased further to 10 to 20°C in the 157 

Early to mid-Oligocene in both hemispheres (Fig. S2). Our data show that the 158 

amplitude of cooling off Newfoundland was modest in comparison (Fig. S2). 159 

Although not directly comparable, our alkenone-based temperature estimates also 160 

appear to be warmer than the modeled global air temperatures37 and terrestrial 161 

temperatures from central North America23, which decreased from ~18°C to ~16°C 162 

and from ~21°C to ~13°C respectively from the Late Eocene to Early Oligocene. 163 

Thermal asymmetry across the EOT 164 
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Temperature changes during the EOT interval (34-33 Ma) show distinct northern–165 

southern hemispheric asymmetry in the Atlantic. In the Southern Hemisphere, best 166 

expressed at subantarctic South Atlantic Site 511 (Fig. 3b, S2), surface ocean 167 

temperatures cooled by ~4 to 10°C, directly associated with the Earliest Oligocene 168 

Glacial Maximum (EOGM) at 33.6-33.2 Ma and sustained at least until ~32 Ma. 169 

However at Site U1404 in the North Atlantic there is little contemporaneous change 170 

associated with the EOGM (Fig. 3b), and Early Oligocene cooling occurs but not until 171 

at least 400 kyr after the main phase of Antarctic ice sheet growth (Fig. 3b). Overall, 172 

surface ocean temperatures at Site U1404 show a cooling trend from the EOGM to 173 

~32 Ma, opposite to the recovery seen in benthic δ18O and different from the trend at 174 

Site 511 (Fig. 3, S3). The fluctuating temperatures in this interval in the northern high 175 

latitudes, based on very limited data from Sites 336 and 913, seem to differ from those 176 

at subantarctic Site 511 where surface temperature remained low post-EOGM (Fig. 3), 177 

but more complete records are needed to assess whether the northern high latitudes 178 

followed the cooling trend documented at Site U1404. 179 

 In the Late Eocene, temperatures in the intervals 36.5-35 Ma and 34.5-34 Ma are 180 

undocumented because of low alkenone abundance (Fig. 2) but, based on the 181 

fine-scale association between alkenone concentration and temperature in our records 182 

(Fig. S4), are likely to have been relatively cool. Based on samples with trusted data, 183 
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our record indicates a ~1-2°C cooling through the Late Eocene following the MECO 184 

and thus does not support the warming trend invoked20 between ~37 and 34 Ma based 185 

on coccolith δ18O in the equatorial Atlantic. The thermal asymmetry between sites 186 

U1404 and 511 is minimal during the Late Eocene in comparison to the earliest 187 

Oligocene (Fig. 3b). Increasing evidence11-13 suggests that the 37-34 Ma interval is 188 

critical to understanding the early development of AMOC. Our incomplete record 189 

during this interval prevents us from confidently linking surface temperature changes 190 

to the detailed early history of AMOC. Yet, short-lived warming pulses around ~34.5 191 

Ma and ~34 Ma identified here appear to coincide with the proposed timing of AMOC 192 

initiation based on diverse lines of evidence11-13. 193 

Our new temperature record from Site U1404 points to thermal decoupling of the 194 

northwest North Atlantic Ocean from the subantarctic South Atlantic Ocean across the 195 

EOT (Fig. 3). The general correspondence of the Site U1404 temperature trends to 196 

benthic δ18O before the EOT and after ~31 Ma (Fig. 2) indicates that this thermal 197 

decoupling of the northwest Atlantic Ocean was transient, presumably reflecting 198 

surface temperature adjustments in the North Atlantic in response to ocean circulation 199 

and structure changes14, 15, 21 and perhaps further development of AMOC as a primary 200 

control on climate11-13. The transient nature of this thermal decoupling is broadly 201 

consistent with terrestrial38 vegetation and temperature changes. The distinct 202 
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inter-hemispheric asymmetry in the surface ocean temperature change suggests that 203 

changes in ocean circulation and meridional heat transport were important across the 204 

EOT. In addition to the hypothesized impact of the subsidence of the 205 

Greenland-Scotland Ridge12, 13, numerical simulations suggest that both Antarctic 206 

glaciation21 and Southern Ocean gateway opening11, 39 can bring about substantial 207 

ocean circulation changes, although the detailed results of these simulations are likely 208 

model dependent11, 21, 39-41. In terms of surface temperature response, Goldner et al.21 209 

simulated greater cooling in southern high latitudes than in the Northern Hemisphere 210 

in response to Antarctic glaciation, while Elsworth et al.11 demonstrated a warming 211 

effect in the Northern Hemisphere and cooling in the Southern Hemisphere through 212 

Drake Passage deepening, both of which are mechanisms capable of inducing the 213 

hemispheric thermal asymmetry observed here. The transient nature and timing of the 214 

thermal asymmetry seems to favor a role for Antarctic glaciation, although the impact 215 

of slow long-term tectonic processes is difficult to assess here. 216 

 In summary, our record of Late Paleogene surface ocean temperatures from the 217 

Newfoundland Margin largely mimics the structure of benthic δ18O change except 218 

during the EOT interval and reveals that the North Atlantic was very warm in 219 

comparison to today, even during the MOGI1. The Site U1404 alkenone temperature 220 

record substantiates an environmental explanation for the weak δ18O latitudinal 221 
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gradients in planktonic foraminiferal calcite records and provides direct evidence for 222 

inter-hemispheric differences in surface ocean temperature evolution across the EOT. 223 

This finding suggests that Antarctic glaciation triggered changes in ocean circulation 224 

that had a far-field influence on oceanic21 and atmospheric10 reorganization across the 225 

EOT. 226 

 227 

Online Content Methods, including statements of data availability and any associated 228 

references, are available in the online version of the paper. 229 
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Figure captions 365 

Figure 1 | Modern and paleo locations of IODP Site U1404, superimposed on 366 

modern mean annual surface temperature field in the North Atlantic. Map 367 

template made with Ocean Data View. The tectonic backtracks of U1404 are 368 

indicated in 0.5 Myr steps (Methods) and highlighted at 43 Ma, EOT 369 

(Eocene-Oligocene Transition) age, and 18 Ma. Inset map indicates sites of surface 370 

temperature records used or cited, from refs 9, 23 (Central North America), 24, 29-31, 371 

and this study. DWBC, Deep Western Boundary Current; GS, Gulf Stream; NAC, 372 

North Atlantic Current; LSC, Labrador Sea Current. 373 

Figure 2 | Late Paleogene records of alkenone temperature and content from Site 374 

U1404. a, global benthic δ18O record3, with “ice-free” temperature scale for the 375 

Eocene2. b, surface ocean temperature. c, alkenone content. Concentration <2.5 ng/g 376 

(dashed line) but trusted temperature measurements achieved (Methods) indicated 377 

with light-green filled circles in c, and their temperatures as empty orange circles in b. 378 

Data points before 31 Ma disconnected in b, c due to unreported temperatures from 379 

low alkenone contents (empty circles in c). Warm intervals highlighted with 380 

light-yellow bars. MECO, Middle Eocene Climatic Optimum; MOGI, Mid-Oligocene 381 

Glacial Intervals; OMT, Oligocene-Miocene Transition. 382 
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Figure 3 | Detailed view of δ18O and relative surface ocean temperature changes 383 

across the EOT. a, bulk carbonate δ18O from Site U1404, with analytical uncertainty 384 

indicated by error bars, superimposed on the global benthic δ18O record3. b, relative 385 

temperature changes. The two dashed lines in b indicate different trends from ~33.6 386 

Ma. Temperature changes (ΔTemp.) are relative to mean values at 37-34 Ma at their 387 

respective sites. Note different scales used for temperature changes at U1404 versus 388 

other sites (see Fig. S2 for U404 data plotted on the same scale as other sites).  389 

 390 

Methods 391 

Materials and chronology. Samples were collected from IODP Site U1404 (40.00°N, 392 

51.60°W, water depth 4742 m) during IODP Expedition 342 (ref 25, Fig. 1). The 393 

sedimentary sequence at this site mainly cover the interval from the Middle Eocene to 394 

Early Miocene at Site U1404 (ref 42). We analyzed ~360 sediment samples (~20 cm3, 395 

10-30 gram dry weight) from Site U1404 Holes A and B. Sample spacing was 396 

adjusted according to changes in average sedimentation rate. Overall, the temporal 397 

resolution of our record is ~1 sample per 60-80 kyr.  398 

Age control points are taken from shipboard planktonic foraminifers, radiolarians, 399 

calcareous nannofossils, and paleomagnetics, which yield average linear 400 
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sedimentation rates varying from 0.27 cm/kyr during the Late Eocene-Early 401 

Oligocene to 8.0 cm/kyr in the Early Miocene42. The Bayesian program Bacon43 was 402 

used to fit the age-depth profile at Site U1404 to derive the final chronology (Fig. S1). 403 

As our sampling plan followed a slightly updated, but not formally published, core 404 

composite depth below sea floor (CCSF-m) that was circulated within the Expedition 405 

342 sampling party, we use this updated version over the published CCSF-m 406 

scheme42. Based on the results generated here and the datums identified in both holes, 407 

the updated CCSF-m yields an improved ‘splice’ of Holes A and B. In supplementary 408 

files (Table S1, S2), we provide CSF-m, published and updated CCSF-m for all the 409 

datums used and samples analyzed here.  410 

The Site U1404 chronology is generally well controlled in most sections. More 411 

uncertainty exists in the Middle Oligocene section, where two datums, Bc 412 

Triquetrorhabdulus carinatus and B Sphenolithus ciperoensis (Table S1), ~3-Myr 413 

apart, were identified within 1 m (222.67-223.36 CCSF-m) (Fig. S1). We estimate 414 

that in extreme cases this would result in chronological uncertainty of ~2.4 Myr (Fig. 415 

S2). We used the δ18O stratigraphy as an independent check, without using it to 416 

construct the U1404 chronology. This independent δ18O stratigraphy confirms the 417 

presence of a condensed EOT interval (Fig. 3a). All ages are updated to the Gradstein 418 

(2012) timescale44, including the composite benthic δ18O record3 to aid comparison. 419 
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Alkenone analysis. Sediments were freeze-dried, ground, and extracted with a 420 

Dionex Accelerated Solvent Extractor (ASE300). We performed basic hydrolysis on 421 

the extracted lipids and then separated them into 3 compound classes using silica 422 

column chromatography. The alkenone fraction was analyzed on an Agilent 7890 gas 423 

chromatograph (GC) with an Agilent J&W column (DB-1, 60 m x 0.25 mm i.d. x 0.1 424 

µm film thickness) and H2 (1.5 ml/min) as the carrier gas. The oven temperature was 425 

programed: 60°C (1 min) to 270°C at 20°C/min and then to 310°C (held 40 min) at 426 

5°C/min. n-C36 alkane was used as external standard for alkenone quantifications. 427 

Analytical precision (1σ) for our laboratory standards is 0.005 unit (equivalent to 428 

0.1-0.2°C) for the alkenone unsaturation index, UK’
37 (ref 45), and 5% for alkenone 429 

content. 430 

Alkenone content at this site is generally low in sediments older than ~31 Ma 431 

and much higher in younger ones (Fig. 2c). We rejected ~80 samples, ~22% of the 432 

total, due to low content or unidentifiable alkenones. We used the criterion that the 433 

amount of C37 alkenones injected into the GC has to be >10 ng to avoid the effect of 434 

preferential absorption of the C37:3 alkenone on GC column46. We concentrated low 435 

content samples into 10-20 microliter (µl) volume and injected 2 µl into the GC. With, 436 

on average, ~20 g sediment, we estimated a cut-off concentration at ~2.5 ng/g (2.5 437 

ng/g x 20 g /10 µl x 2 µl = 10 ng). For those samples falling just below <2.5 ng/g, we 438 
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further concentrated the solution into <10 µl and reanalyzed them by GC. If the 439 

injected C37 amount reached 10 ng, temperature estimates from these samples (total 440 

~30) were reported with those contents >2.5 ng/g (Fig. 2b). For those rejected samples 441 

with extremely low alkenone abundance (<2.5 ng/g), their calculated UK’
37 values are 442 

abnormally low. 443 

Alkenone surface ocean temperature assessment. Alkenones are organic 444 

compounds that are produced by a few species of haptophyte algae living in surface 445 

ocean waters47, faithfully recording surface conditions. Alkenone content thus 446 

indicates surface haptophyte productivity and could further reflect the overall surface 447 

biological productivity48. The global core top-temperature equation49, calibrated to 448 

mean annual surface temperatures, was used to convert the UK’
37 index into 449 

temperature estimates. The lowest temperature estimate (~24°C) in our record is only 450 

warmer than the modern annual mean surface temperature (20°C, Fig. 1) by 4°C 451 

suggesting that our temperature estimates likely represent annual mean surface 452 

temperatures at the time. Maximum UK’
37 values in our record are 0.98-0.99 453 

(28.4-28.7°C), having not reached unity (29.0°C) and thus are still capable recording 454 

temperature changes, but perhaps represent conservative temperature estimates. 455 

Our surface temperature reconstruction around and prior to the EOT is affected 456 

by the generally low alkenone content at U1404, a common problem for other 457 
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localities9. Counterintuitively, extremely low alkenone abundances characterize 458 

relatively cool intervals before ~31 Ma (Fig. 2). Based on modern observations, Palter 459 

et al.33 suggest that, under relatively cool conditions, enhanced winter-time upstream 460 

deep convective mixing and shallow subtropical mode water formation at the northern 461 

edge of the subtropical gyre reduce downstream nutrient availability and thus primary 462 

productivity within the gyre. This interpretation may explain the relationship between 463 

temperature and alkenone content observed here during short-lived events (Fig. 2, S4), 464 

especially if the subtropical gyre was expanded relative to today during the Late 465 

Paleogene with its northern limb poleward of our study site (Fig. 1). Thus, some 466 

cooler intervals before ~31 Ma are underrepresented in our record. However, no 467 

samples were rejected from the earliest Oligocene glacial maximum (Fig. 2c).  468 

 Potentially, temperature estimates from low-content samples are susceptible to 469 

the influence of lateral transport of reworked sediments or suspended materials. Deep 470 

water overflow from the Norwegian-Greenland Sea into the North Atlantic initiated 471 

probably during the Middle Eocene, associated with global cooling50, or during the 472 

Late Eocene12, 13. However, subsidence of the Greenland-Scotland Ridge took place 473 

during the Early Oligocene51, largely limiting the transport of reworked Arctic 474 

alkenones (surface temperature range of 10-25°C during the Middle Eocene29). 475 

Regardless, the generally warm temperatures at Site U1404 would suggest limited 476 
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contribution from the Arctic. Temperatures in the high-latitude North Atlantic were 477 

generally above 20°C before the EOT9 (Fig. S2), which should have little impact on 478 

the temperature estimates at our study site, if reworked alkenones were transported 479 

from the region. Possibly the lateral advection by the warm Gulf Stream or its 480 

prototype could also partially offset the cool signal from the north. 481 

Carbonate δ18O analysis. Isotope analysis followed the procedure in ref 52. Briefly, 482 

∼1 g sediment samples were ground in an agate mortar and sieved through a 483 

100-mesh (150-μm) screen. Analyses of carbonate samples were performed using an 484 

isotope ratio mass spectrometer [MAT-252 (Finnigan)] with an automated carbonate 485 

preparation device (Kiel II) at the Institute of Earth Environment, Chinese Academy 486 

of Sciences. Oxygen isotope composition is expressed in the delta (δ) notation relative 487 

to the V-PDB standard. Repeated analyses of laboratory carbonate standards (TTB1, 488 

China national standard) with known δ18O values were performed daily to ensure 489 

instrumental accuracy. The long-term instrument stability is monitored by the 490 

international NBS18 and NBS19 standards. Typical precision for the repeated 491 

analyses is smaller than ±0.1‰.  492 

We analyzed ~60 carbonate samples from the rare carbonate-bearing sediments 493 

of EOT age at Site U1404. The bulk carbonate δ18O changes at U1404, based on the 494 

shipboard chronology, coincide with the changes in the composite benthic δ18O (Fig. 495 
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3a), thus confirming the derived chronology and the presence of the EOT section. As 496 

no carbonate is present between 34.1 and 33.8 Ma, our bulk δ18O only records the 497 

major (second) step of δ18O increase across the EOT6, but the fit to the benthic δ18O 498 

composite is remarkable (Fig. 3a) Thus, the hemispheric difference in surface 499 

temperature evolution at the time is unlikely to arise from chronological uncertainty. 500 

Site backtracking. We calculated paleolatitude and paleolongtitude of the site in 0.5 501 

Myr step using the GPlates software package (http://www.gplates.org/). Coastline and 502 

rotations were taken from refs 53 and 28 respectively. The modern annual mean 503 

surface temperature field is taken from the World Ocean Atlas54, generated with 504 

Ocean Data View55. As the site moved little latitudinally over the studied period, no 505 

latitudinal correction on temperature changes was applied in this study. 506 

Data availability. We declare that lists of the sources of previously published data 507 

supporting the findings of this study are available within the article and in the 508 

supplementary files. The new data are available in the supplementary files and will be 509 

archived at https://www.pangaea.de/. 510 
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