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The greenhouse to icehouse climate transition from the Eocene into the Oligocene is 17 

well-documented by sea surface temperature records from the southwest Pacific and 18 

Antarctic margin that show evidence of pronounced long-term cooling. However, 19 

identification of a driving mechanism depends on a better understanding of whether 20 

this cooling was also present in terrestrial settings. Here, we present a semi-21 

continuous terrestrial temperature record spanning from the middle Eocene to the 22 

early Oligocene (~41-33 Ma), using bacterial molecular fossils (biomarkers) preserved 23 

in a sequence of SE Australian lignites. Our results show that mean annual 24 

temperatures in SE Australia gradually declined from ~ 27 (± 4.7) °C during the middle 25 

Eocene, to ~ 22- 24 (± 4.7 °C) during the late Eocene, followed by a ~2.4 °C -step 26 

cooling across the Eocene-Oligocene boundary. This trend is comparable to other 27 

temperature records in the Southern Hemisphere, suggesting a common driving 28 

mechanism, likely pCO2. We corroborate these results with a suite of climate model 29 

simulations which demonstrate that only simulations including a decline in pCO2 lead 30 

to a cooling in SE Australia consistent with our proxy record. Our data form an 31 

important benchmark for testing climate model performance, sea-land interaction, and 32 

climatic forcings at the onset of a major Antarctic glaciation. 33 
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Benthic foraminiferal stable isotope (δ18O) records (Fig. 1B) indicate that the extreme 34 

warmth of the early Eocene was followed by a gradual cooling during the middle and late 35 

Eocene1. A major and rapid (~300 kyr) increase in benthic δ18O occurred across the 36 

Eocene/Oligocene transition (EOT, ~33-34 Ma)2. This is interpreted to reflect the 37 

establishment of continental ice sheets on Antarctica, as also indicated by the sudden 38 

appearance of ice-rafted debris in marine sediments surrounding Antarctica3, decreasing 39 

sea-surface temperatures (SSTs) at high latitudes4, and changes in ocean circulation5 and 40 

marine ecosystems6. Two main mechanisms have been proposed as drivers for this 41 

greenhouse to icehouse transition: i) changes in Southern Ocean gateways, leading to the 42 

thermal isolation of Antarctica and the onset of the Antarctic Circumpolar Current7,8 (ACC); 43 

and ii) a decline in atmospheric pCO2 driving the cooling and build-up of continental ice 44 

sheets9–11. Different mechanisms have been invoked to explain this drawdown in pCO2, 45 

including a shift from shelf to basin carbonate fractionation12, driving the deepening of the 46 

calcite compensation depth (CCD)13, possibly associated with increased weathering and/or a 47 

perturbation in organic carbon fluxes14. A different hypothesis identifies the intensification of 48 

silicate weathering, linked to the tectonic deepening of the Drake Passage and the 49 

strenghtening of the Atlantic meridional overturning circulation, as the primary mechanism15. 50 

Uncertainties surrounding the timing of the opening of gateways16 and the scarcity of 51 

detailed proxy records currently make it difficult to differentiate between these 52 

hypotheses17,18. Most evidence however comes from a few marine SST records4,10,19, 53 

indicating a cooling from the middle to late Eocene7,10,19, consistent with a pCO2 forcing. 54 

However, cooling at high latitudes appears to be amplified4,19,20 and some records indicate a 55 

transient asymmetry between Northern and Southern Hemisphere ocean cooling21, which is 56 

hard to reconcile with a pCO2 forcing alone. Terrestrial records could provide independent 57 

information, however, very few quantitative proxy records are available, and those available 58 

mainly come from the Northern Hemisphere. These indicate heterogenous responses, from 59 

moderate22 to major cooling23–25 at mid to high-latitudes and increased seasonality at 60 

northern latitudes22, the differing responses difficult to reconcile with a common pCO2 61 



 3 

forcing. Although crucial for a holistic understanding of one this major Cenozoic climatic 62 

transition, very little is known about the terrestrial temperature evolution from the middle 63 

Eocene to the early Oligocene in the Southern Hemisphere. 64 

To address this, here we present a semi-continuous quantitative terrestrial mean 65 

annual air temperature (MAAT) record from the Southern Hemisphere, spanning the mid-66 

Eocene to earliest Oligocene (~41-33 Ma). Our estimates are based on the distribution of 67 

branched glycerol dialkyl glycerol tetraether (brGDGT) lipids in lignite (brown coal) deposits 68 

from two SE Australian sites in the Gippsland Basin and Torquay Basin (Fig. 1). This series 69 

of lignites is part of one of the longest semi-continuous terrestrial climate archives of its kind. 70 

From the Eocene to the Miocene, peat deposits accumulated in these mid-latitude settings, 71 

which moved equatorward from ~55 °S in the Eocene to ~45 °S during the Oligocene26. The 72 

lignite seams are interbedded with brackish to marginal marine sediments27, indicating a 73 

depositional environment close to or at sea-level.  74 

Detailed palynological analyses of in-situ terrestrial palynomorphs provide 75 

biostratigraphic age constraints28,29 (Supplementary Information). In the western part of the 76 

Gippsland basin, the Wulla Wullock-7 (WW-7) borehole contains the Traralgon (T) seams28, 77 

part of the Latrobe Group, spanning the late (T1 to T0) Eocene and earliest Oligocene (T0) 78 

(Fig. 1A, C). The Anglesea (A) seam, in the nearby Torquay basin28, spans the middle 79 

Eocene in the Australo-Antarctic basin. Due to the near-coastal nature of these lignite 80 

seams, several transgressional events are recorded by the increased frequency of 81 

dinoflagellate-bearing clay interseams, particularly in the late Eocene (T0 seam)27 (Fig. 1C).  82 

To assure an unequivocal application of the brGDGT peat-specific temperature 83 

proxy, care was taken to only select samples formed in a terrestrial ombrotrophic peat 84 

environment. For this purpose we only used samples that contained a high percentage of 85 

preserved organic matter (TOC > 40 wt.%, Extended Data Figure 1), a C31 hopane 86 

ββ/(αβ+ββ) ratio < 0.3 (Fig.1F), and BIT index > 0.90 (Fig. 1G), together indicative of a 87 

freshwater peat depositional environment30,31. 88 
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Long-term terrestrial temperatures from brGDGTs in lignites 89 

Membrane-spanning bacterial brGDGTs occur in a wide range of natural archives, 90 

but are particularly abundant in terrestrial archives31. Their distribution, specifically the 91 

degree of methylation and cyclization, is correlated with MAAT and pH respectively, leading 92 

to their use as paleoenvironmental proxies32. The original work predominantly focused on 93 

mineral soils32, but recently an extensive global database of peat deposits was used to 94 

generate the peat-specific brGDGT temperature and pH calibrations33. We applied these 95 

peat-specific MAATpeat and CBTpeat calibrations (calibration errors of ± 4.7 °C and ± 0.8, 96 

respectively) to convert brGDGT distributions in our Eocene to early Oligocene lignites to 97 

temperature and pH (Fig. 1D, E). As the majority of brGDGTs production in peat is 98 

concentrated around the water table, where seasonal temperature variations are muted, this 99 

proxy records MAAT33,34. The proxy has successfully been used to reconstruct terrestrial 100 

MAAT across the last deglaciation using peat35, and during the early Paleogene using 101 

lignites (fossilized peat)36. Here we further explore the proxy potential by applying it for the 102 

first time to terrestrial climatic changes during the middle Eocene to early Oligocene.  103 

Our MAATpeat results indicate average temperatures of ~27 (± 4.7) °C during the 104 

middle Eocene (~41 Ma) from the Anglesea (A) seam, associated with little variability (Fig. 105 

1D). MAATpeat from the late Eocene (~37 Ma) Traralgon formation (T1) in WW-7 yields 106 

average temperatures of ~24 (± 4.7) °C, decreasing further in the latest Eocene portion of 107 

the T0 seam (Fig. 1D). The lower temperatures in the WW-7 lignite, which is more deeply 108 

buried than the outcropping Anglesea seam, preclude the possibility that the observed 109 

trends are the result of post-burial diagenetic overprint, which would have instead produced 110 

higher temperatures in the deeper WW-7 lignites. The consistently low (< 0.3) C31 hopane 111 

ββ/(αβ+ββ) values indicate a stable acidic peat environment (Fig. 1F)30, as also indicated by 112 

our pH proxy (Fig. 1E).  113 

During the latest Eocene (T0), the increased variability in MAATpeat is coincident with 114 

the higher frequency of dinoflagellate-bearing clay interseams (Fig. 1D). Repeated cycles of 115 
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terrestrialization recorded in these lignites, linked to a series of drying-upward cycles, are 116 

interspersed with transgressional episodes, caused by eustatic changes and subsidence37. 117 

The more frequent occurrence of marine clay interseams within coal seams has also been 118 

observed in other southern Australian sites28 and potentially reflect a more dynamic climatic 119 

system in the latest Eocene, interpreted as a response to glacio- eustatic fluctuations28 120 

preceding the major expansion of the Antarctic glaciation.  121 

The Eocene/Oligocene boundary is located in T0 at around 467 m in WW-7 at the 122 

base of a clay marine interbed and is defined by the boundary between spore-pollen zones 123 

Middle Nothofagidites asperus (Eocene) and the Upper Nothofagidites asperus 124 

(Oligocene)29. Above this horizon, our earliest Oligocene MAATpeat estimates consistently 125 

provide an average temperature of ~20 (± 4.7) °C to the top of T0 (Fig. 1D). This seam is 126 

truncated by an unconformity, interpreted as the result of a major sea-level and base-level 127 

fall, potentially linked to the first major Antarctic glaciation event Oi-113. The overall decrease 128 

of terrestrial temperature from the Eocene to early Oligocene as recorded by our quantitative 129 

MAATpeat record is consistent with palynological records from these seams that indicate a 130 

progression from warm-temperature rainforests (latest middle to late Eocene) to cool-131 

temperate rainforests during the Oligocene29. In particular, non-metric multidimensional 132 

scaling (NMDS) analysis by species relative abundance (Extended Data Figure 2) of all 133 

recorded taxa highlights the distinctiveness of the Oligocene T0 seam in multidimensional 134 

space. Palynologically, the E/O boundary also coincides with the disappearance of 135 

numerous thermophilic species and the concurrent increase in mesic species. This change 136 

in the palynofloral assemblage is therefore consistent with the cooling reported in the 137 

brGDGT-based proxy, validating the temperature change in two independent proxies.  138 

Comparison with existing temperature records 139 

Although no single-site SST record from the Southern Hemisphere currently exists 140 

that spans continuously from the middle Eocene into the early Oligocene, different TEX86-141 
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proxy records span parts of this interval in the Southern Hemisphere (Fig. 2). We here 142 

compare our terrestrial temperatures with published TEX86-derived SSTs, recalibrated using 143 

the Bayesian spatially varying regression model (BAYSPAR)38. Our quantitative MAATpeat 144 

record and temporal trends are (within calibration error) in agreement with the independent 145 

TEX86-based SSTs from Site 1172 in the Tasman Sea. SSTs at ODP Site 1172 declined 146 

from ~25 to 20 °C from the middle to late Eocene7,19, similar to what observed in our 147 

MAATpeat record from the nearby middle Eocene Anglesea lignites to the late Eocene 148 

Traralgon lignite (T1-T0; Figs 1D and 2).  149 

Superimposed on this long-term cooling trend, the temperature change in our 150 

terrestrial record indicates a ~2.4 °C step-change cooling across the EOT (Fig. 2). This is 151 

less than the ~5 °C cooling observed at DSDP Site 5114,39 (Fig. 2), which is influenced by 152 

Antarctic surface waters. At ODP Site 1172, SSTs decreased from 24 to 21°C between 37 153 

and 35.8 Ma before rising by ~2 °C just before Oi-139. This transient warming, also recorded 154 

at DSDP Site 27740, is characteristic of this area and is likely driven by the east-ward flowing 155 

of warm surface waters from the Proto-Leeuwin current into the SW Pacific, as indicated by 156 

the ingression of low-latitude dinocysts to this area39. Data from IODP U1356 at the Wilkes 157 

Land margin41 indicate that Southern Ocean average SSTs were ~17-15 °C during the early 158 

Oligocene, close to our earliest Oligocene estimates of ~19 °C. Taking into consideration 159 

differences in palaeolatitudinal gradients and uncertainties in proxy calibrations, our lignite 160 

brGDGT-based temperature record is in good agreement with the absolute values and 161 

trends observed in Southern Hemisphere SST records.  162 

Terrestrial temperature records across this interval are mainly derived from mid- to- 163 

high- latitude settings in the Northern Hemisphere, with varying magnitudes in regional 164 

temperature responses (Extended Data Figure 3). Clumped isotope estimates from a 165 

freshwater gastropod shell from the Hampshire Basin (Isle of Wight, UK, 45 – 50 °N) indicate 166 

warm late Eocene temperatures and an overall decrease of 4-6 °C in mean annual 167 

temperatures from the late Eocene to the early Oligocene23. Paleosol North American 168 
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records generally indicate gradual cooling42, while oxygen isotopes of bone carbonate from 169 

central North America suggest instead an extreme ~8 °C cooling across the EOT25. This is in 170 

contrast with the mid-latitude records from the Ebro Basin43 and Montana42 (USA) which 171 

exhibit little to no apparent cooling, implying a large heterogeneity of responses. Southern 172 

Hemisphere terrestrial temperature records are scarce, and point at a stable climate across 173 

the Eocene/Oligocene in Argentina44. Recently, stable hydrogen isotopes of volcanic glass 174 

from Patagonia challenged the notion of an unperturbed climate across the EOT in South 175 

America and indicated a cooling in MAAT of 5 °C, synchronous with the onset of the cooling 176 

in ocean records45. Palynological estimates46 indicate that mean annual temperatures 177 

ranged between 20 and 13 °C until ~36 Ma, followed by a 2 - 5 °C cooling across the EOT in 178 

southeast Australia.  179 

Taken together, a picture emerges of a consistent relationship between terrestrial 180 

and marine temperature records across the Eocene-Oligocene. The opening of Southern 181 

Ocean gateways might have played a role in facilitating the thermal isolation of Antarctica, 182 

potentially contributing to the onset of the build-up of continental ice-sheets8. But the 183 

coherent trend between records suggests that a common mechanism was driving climate. 184 

Here we argue that this mechanism is a drawdown in atmospheric pCO2. Moreover, the 185 

synchronous change between tropical SSTs and deep-sea and high-latitude temperature 186 

records suggests a stable polar amplification factor throughout the Eocene, supporting the 187 

role of decreasing pCO2 as the main driver of the long-term climatic evolution10. Our record 188 

supports this hypothesis and expands it by showing that terrestrial cooling is similar to 189 

changes recorded in marine proxies (Fig. 2). 190 

Comparison with climate model simulations  191 

Building upon our proxy results, we investigate the potential driving mechanism of the 192 

EOT terrestrial cooling using climate model simulations from the fully coupled general 193 

circulation model (GCM) HadCM3BL47. For this study, we used eight simulations, expanding 194 
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on previous work48, with a range of boundary conditions (Extended Data Table 1). We 195 

explore the climatic response to five different forcings: Antarctic ice growth; paleogeographic 196 

change (taken as the difference between Priabonian and Rupelian boundary conditions); 197 

pCO2 decline (from 1120 to 560 ppmv); the combined effect of ice growth and pCO2 decline; 198 

and the combined effect of ice growth and paleogeographic change (Extended Data Table 199 

2). This is done by comparing pairs of simulations with differing boundary conditions that 200 

reflect the conditions ‘before’ and ‘after’ the EOT (Fig. 3). For example, the effect of Antarctic 201 

ice growth on temperature is taken as the difference in modelled temperature between two 202 

simulations with the same paleogeography and pCO2 levels, but different Antarctic ice sheet 203 

configurations. The MAAT response for each of these forcings, averaged across all 204 

simulation pairs, is compared to the 2.4 °C cooling observed in our terrestrial record (Fig. 205 

3A). 206 

Model pairs simulating Antarctic ice sheet growth in isolation produce marginal 207 

cooling of 0.4 °C at our site (Fig. 3A-B). In these simulations, the paleogeographic 208 

configuration remains unchanged. The effect of paleogeographic changes, including but not 209 

limited to the widening of the Southern Ocean gateways and equatorward movement of our 210 

site, produce a poor fit with our data. These simulations result in a warming of ~2 °C, 211 

opposite to the cooling in our brGDGT-based record across the EOT. This is partly due to 212 

the progressive equatorward migration of Australia and partly due to a reduction in elevation 213 

of site by ~50 m. Likewise, paleogeographic change combined with Antarctic ice growth 214 

gives a poor fit to the data, producing a mean warming of 1.7 °C. The poor fit between the 215 

modelled response to paleogeographic change and our proxy record is consistent with the 216 

results of the model-data comparison at other sites48.  217 

On the other hand, simulations that include a pCO2 decline, including those that 218 

combine it with an Antarctic ice growth, result in cooling of ~4-4.5 °C, more than the cooling 219 

observed in our proxy record (Fig. 3A-B). Our results demonstrate that only simulations that 220 

include a decline in pCO2 lead to a significant cooling in SE Australia. However, simulations 221 

using a decline from 1120 to 560 ppmv produce 1-2 °C greater cooling than observed in our 222 
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proxy record, suggesting that the pCO2 drawdown across the EOT, coeval with Antarctic ice 223 

sheet growth, was likely less than the 560 ppmv drop modelled here. Scaling the pCO2, 224 

using a method consistent with previous work18, suggests that the drop at the EOT would 225 

have been closer to 260-380 ppmv to produce the best fit with our record. It is also possible 226 

that a coeval equatorward change in paleogeography could have mitigated some of the 227 

cooling caused by a pCO2 drop. 228 

Additionally, given the uncertainties and relatively large changes between boundary 229 

conditions (e.g., ice sheet setup and pCO2 levels), the cooling observed in both our pCO2 230 

simulations (Fig. 3A) could be reflective of a longer temperature signal. For example, 231 

although overestimated for the late Eocene to early Oligocene, the modelled temperature 232 

change could be consistent with the change from the middle-to-late Eocene to the Oligocene 233 

in our proxy. Although we here focus on the relative change across the EOT, in absolute 234 

terms (Extended Data Figure 4 ), the climate model-derived MAAT are lower than our proxy 235 

data both before and after the E/O boundary. This mismatch is likely related to the climate 236 

model used, as HadCM3BL has been shown to have a relatively steep latitudinal gradient in 237 

mean annual temperature during past warm periods49,50 compared to other climate 238 

models18,51. This is possibly due to HadCM3BL inadequately capturing cloud and water 239 

vapour feedbacks51; however, it remains comparable to many other models that are routinely 240 

used for EOT research18.  241 

In summary, our bacterial-lipid proxy temperatures show that terrestrial temperatures 242 

in SE Australia experienced a similar evolution as the surface ocean in the Southern 243 

Hemisphere from the middle Eocene to the earliest Oligocene. The synchronicity between 244 

changes in terrestrial and marine temperature records suggests a decline of pCO2 as the 245 

main driver of this cooling that led to the onset of widespread Antarctic glaciation. The 246 

important role of pCO2 is further supported by climate model simulations, for which only 247 

scenarios involving a decline in pCO2 result in a significant cooling. Changes in global ocean 248 

circulation related to the strengthening of the Atlantic meridional overturning circulation and 249 

an increase in silicate weathering could have driven this drawdown in pCO2
15. Our findings 250 
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highlight the influence of pCO2 in driving Earth’s climate from a greenhouse into an icehouse 251 

world, a transition that might be (partly) reversed in the next centuries due to the 252 

anthropogenic rise in pCO2. 253 

  254 



 11 

References  255 

1. Westerhold, T. et al. An astronomically dated record of Earth’s climate and its 256 

predictability over the last 66 million years. Science 369, 1383–1387 (American 257 

Association for the Advancement of Science, 2020). 258 

2. Coxall, H. K. et al. Rapid stepwise onset of Antarctic glaciation and deeper calcite 259 

compensation in the Pacific Ocean. Nature 433, 53–7 (2005). 260 

3. Scher, H., Bohaty, S. M., Zachos, J. C. J. C. & Delaney, M. L. Two-stepping into the 261 

icehouse: East Antarctic weathering during progressive ice-sheet expansion at the 262 

Eocene–Oligocene transition. Geology 39, 383–386 (2011). 263 

4. Liu, Z. et al. Global Cooling During the Eocene-Oligocene Climate Transition. Science 264 

(80-. ). 323, 1187–1190 (2009). 265 

5. Coxall, H. K. et al. Export of nutrient rich Northern Component Water preceded early 266 

Oligocene Antarctic glaciation. Nat. Geosci. 11, 190–196 (2018). 267 

6. Houben, A. J. P. et al. Reorganization of Southern Ocean plankton ecosystem at the 268 

onset of Antarctic glaciation. Science 340, 341–4 (2013). 269 

7. Bijl, P. K. et al. Eocene cooling linked to early flow across the Tasmanian Gateway. 270 

Proc. Natl. Acad. Sci. 110, 9645–9650 (2013). 271 

8. Kennett, J. P. Cenozoic evolution of Antarctic glaciation, the circum-Antarctic Ocean, 272 

and their impact on global paleoceanography. J. Geophys. Res. 82, 3843–3860 273 

(1977). 274 

9. Anagnostou, E. et al. Changing atmospheric CO2 concentration was the primary 275 

driver of early Cenozoic climate. Nature 533, 380–384 (2016). 276 

10. Cramwinckel, M. J. et al. Synchronous tropical and polar temperature evolution in the 277 

Eocene. Nature 559, 1 (2018). 278 

11. DeConto, R. M. & Pollard, D. Rapid Cenozoic glaciation of Antarctica induced by 279 

declining atmospheric CO2. Nature 421, 245–249 (2003). 280 



 12 

12. Mckay, D. I. A., Tyrrell, T. & Wilson, P. A. Global carbon cycle perturbation across the 281 

Eocene-Oligocene climate transition. Paleoclimatology 31, 311–329 (2016). 282 

13. Houben, A. J. P., van Mourik, C. A., Montanari, A., Coccioni, R. & Brinkhuis, H. The 283 

Eocene-Oligocene transition: Changes in sea level, temperature or both? 284 

Palaeogeogr. Palaeoclimatol. Palaeoecol. 335–336, 75–83 (2012). 285 

14. Pälike, H. et al. A Cenozoic record of the equatorial Pacific carbonate compensation 286 

depth. Nature 488, 609–614 (2012). 287 

15. Elsworth, G., Galbraith, E., Halverson, G. & Yang, S. Enhanced weathering and CO2 288 

drawdown caused by latest Eocene strengthening of the Atlantic meridional 289 

overturning circulation. Nat. Geosci. 10, 213–216 (2017). 290 

16. Stickley, C. E. et al. Timing and nature of the deepening of the Tasmanian Gateway. 291 

Paleoceanography 19, (2004). 292 

17. Goldner, A., Herold, N. & Huber, M. Antarctic glaciation caused ocean circulation 293 

changes at the Eocene–Oligocene transition. Nature 511, 574–577 (2014). 294 

18. Hutchinson, D. K. et al. The Eocene-Oligocene transition: a review of marine and 295 

terrestrial proxy data, models and model-data comparisons. Clim. Past 17, 269–315 296 

(2021). 297 

19. Bijl, P. K. et al. Early Palaeogene temperature evolution of the southwest Pacific 298 

Ocean. Nature 461, 776–779 (2009). 299 

20. Śliwińska, K. K., Thomsen, E., Schouten, S., Schoon, P. L. & Heilmann-Clausen, C. 300 

Climate- and gateway-driven cooling of Late Eocene to earliest Oligocene sea surface 301 

temperatures in the North Sea Basin. Sci. Rep. 9, 4458 (2019). 302 

21. Liu, Z. et al. Transient temperature asymmetry between hemispheres in the 303 

Palaeogene Atlantic Ocean. Nat. Geosci. 11, 656–660 (2018). 304 

22. Eldrett, J. S., Greenwood, D. R., Harding, I. C. & Huber, M. Increased seasonality 305 

through the Eocene to Oligocene transition in northern high latitudes. Nature 459, 306 



 13 

969–973 (2009). 307 

23. Hren, M. T. et al. Terrestrial cooling in Northern Europe during the Eocene-Oligocene 308 

transition. Proc. Natl. Acad. Sci. U. S. A. 110, 7562–7 (2013). 309 

24. Schouten, S. et al. Onset of long-term cooling of Greenland near the Eocene-310 

Oligocene boundary as revealed by branched tetraether lipids. Geology 36, 147–150 311 

(2008). 312 

25. Zanazzi, A., Kohn, M. J., Macfadden, B. J. & Terry, D. O. Large temperature drop 313 

across the Eocene–Oligocene transition in central North America. Nature 445, 639–314 

642 (2007). 315 

26. Seton, M. et al. Global continental and ocean basin reconstructions since 200 Ma. 316 

Earth-Science Rev. 113, 212–270 (2012). 317 

27. Korasidis, V. A., Wallace, M. W., Dickinson, J. A. & Hoffman, N. Depositional setting 318 

for Eocene seat earths and related facies of the Gippsland Basin, Australia. Sediment. 319 

Geol. 390, 100–113 (2019). 320 

28. Holdgate, G. R., Sluiter, I. R. K. R. K. & Taglieri, J. Eocene-Oligocene coals of the 321 

Gippsland and Australo-Antarctic basins – Paleoclimatic and paleogeographic context 322 

and implications for the earliest Cenozoic glaciations. Palaeogeogr. Palaeoclimatol. 323 

Palaeoecol. 472, 236–255 (2017). 324 

29. Korasidis, V. A., Wallace, M. W., Wagstaff, B. E. & Hill, R. S. Terrestrial cooling record 325 

through the Eocene-Oligocene transition of Australia. Glob. Planet. Change 173, 61–326 

72 (2019). 327 

30. Inglis, G. N. et al. Distributions of geohopanoids in peat: Implications for the use of 328 

hopanoid- based proxies in natural archives. Geochim. Cosmochim. Acta 224, 249–329 

261 (2018). 330 

31. Hopmans, E. C. et al. A novel proxy for terrestrial organic matter in sediments based 331 

on branched and isoprenoid tetraether lipids. Earth Planet. Sci. Lett. 224, 107–116 332 



 14 

(2004). 333 

32. Weijers, J. W. H. H., Schouten, S., van den Donker, J. C., Hopmans, E. C. & 334 

Sinninghe Damsté, J. S. Environmental controls on bacterial tetraether membrane 335 

lipid distribution in soils. Geochim. Cosmochim. Acta 71, 703–713 (2007). 336 

33. Naafs, B. D. A. et al. Introducing global peat-specific temperature and pH calibrations 337 

based on brGDGT bacterial lipids. Geochim. Cosmochim. Acta 208, 285–301 (2017). 338 

34. Weijers, J. W. H. H., Steinmann, P., Hopmans, E. C., Schouten, S. & Sinninghe 339 

Damsté, J. S. Bacterial tetraether membrane lipids in peat and coal: Testing the MBT-340 

CBT temperature proxy for climate reconstruction. Org. Geochem. 42, 477–486 341 

(2011). 342 

35. Zheng, Y. et al. Atmospheric connections with the North Atlantic enhanced the 343 

deglacial warming in northeast China. Geology 45, 1031–1034 (2017). 344 

36. Naafs, B. D. A. et al. High temperatures in the terrestrial mid-latitudes during the early 345 

Palaeogene. Nat. Geosci. 11, 766–771 (2018). 346 

37. Korasidis, V. A. et al. Cyclic floral succession and fire in a Cenozoic wetland/peatland 347 

system. Palaeogeogr. Palaeoclimatol. Palaeoecol. 461, 237–252 (2016). 348 

38. Tierney, J. E. & Tingley, M. P. A Bayesian, spatially-varying calibration model for the 349 

TEX86 proxy. Geochim. Cosmochim. Acta 127, 83–106 (2014). 350 

39. Houben, A. J. P., Bijl, P. K., Sluijs, A., Schouten, S. & Brinkhuis, H. Late Eocene 351 

Southern Ocean Cooling and Invigoration of Circulation Preconditioned Antarctica for 352 

Full‐Scale Glaciation. Geochemistry, Geophys. Geosystems 20, 1–21 (2019). 353 

40. Pagani, M. et al. The role of carbon dioxide during the onset of antarctic glaciation. 354 

Science (80-. ). 334, 1261–1264 (2011). 355 

41. Hartman, J. D. et al. Paleoceanography and ice sheet variability offshore Wilkes Land, 356 

Antarctica-Part 3: Insights from Oligocene-Miocene TEX 86-based sea surface 357 

temperature reconstructions. Clim. Past 14, 1275–1297 (2018). 358 



 15 

42. Retallack, G. J. Cenozoic paleoclimate on land in North America. J. Geol. 115, 271–359 

294 (2007). 360 

43. Sheldon, N. D., Costa, E., Cabrera, L. & Garcés, M. Continental Climatic and 361 

Weathering Response to the Eocene-Oligocene Transition. J. Geol. 120, 227–236 362 

(2012). 363 

44. Kohn, M. J. et al. Quasi-static Eocene-Oligocene climate in Patagonia promotes slow 364 

faunal evolution and mid-Cenozoic global cooling. Palaeogeogr. Palaeoclimatol. 365 

Palaeoecol. 435, 24–37 (2015). 366 

45. Colwyn, D. A. & Hren, M. T. An abrupt decrease in Southern Hemisphere terrestrial 367 

temperature during the Eocene–Oligocene transition. Earth Planet. Sci. Lett. 512, 368 

227–235 (2019). 369 

46. Pound, M. J. & Salzmann, U. Heterogeneity in global vegetation and terrestrial climate 370 

change during the late Eocene to early Oligocene transition. Sci. Rep. 7, 1–12 (2017). 371 

47. Valdes, P. J. et al. The BRIDGE HadCM3 family of climate models: HadCM3@Bristol 372 

v1.0. Geosci. Model Dev 10, 3715–3743 (2017). 373 

48. Kennedy-Asser, A. T., Lunt, D. J., Farnsworth, A. & Valdes, P. J. Assessing 374 

Mechanisms and Uncertainty in Modeled Climatic Change at the Eocene-Oligocene 375 

Transition. Paleoceanogr. Paleoclimatology (2019). doi:10.1029/2018PA003380 376 

49. Lunt, D. J. et al. A model-data comparison for a multi-model ensemble of early 377 

Eocene atmosphere-ocean simulations: EoMIP. Clim. Past 8, 1717–1736 (2012). 378 

50. Kennedy-Asser, A. T. et al. Changes in the high-latitude Southern Hemisphere 379 

through the Eocene-Oligocene transition: A model-data comparison. Clim. Past 16, 380 

555–573 (2020). 381 

51. Baatsen, M. et al. The middle-to-late Eocene greenhouse climate, modelled using the 382 

CESM 1.0.5. Clim. Past Discuss. 1–44 (2020). doi:10.5194/cp-2020-29 383 

 384 



 16 

Corresponding authors 385 

V.L. and B.D.A.N  386 

Acknowledgements  387 

We thank NERC (Reference: CC010) and NEIF (www.isotopesuk.org)(www.isotopesuk.org) 388 

for funding and maintenance of the instrumentation used for this work. Dr S. Blackbird at the 389 

University of Liverpool is thanked for technical assistance with the TOC analyses. This 390 

research was carried out with funding from the European Research Council under the 391 

European Union’s Seventh Framework Programme (FP/2007- 2013)/ERC Grant Agreement 392 

no. 340923 “The greenhouse earth system” T-GRES (awarded to R.D.P.). Further funding 393 

was provided by the Royal Society as part of a Tata University Research Fellowship to 394 

B.D.A.N. and the associated enhancement award that funded V.L. Climate model 395 

simulations were carried out using the computational facilities of the Advanced Computing 396 

Research Centre, University of Bristol, and were supported by NERC (grant no. 397 

NE/L002434/1). We wish to thank five reviewers for their comments and suggestions that 398 

greatly improved the manuscript.  399 

 400 

Author contributions 401 

B.D.A.N and V.L. designed the project. V.L. performed all biomarker analyses. A.T.K.A. and 402 

D.J.L. performed HadCM3BL model simulations and P.J.V. the supplementary simulations 403 

(Extended Figure 6). V.A.K. and M.W.W. provided the samples, as well as palynological and 404 

stratigraphic information. V.L. wrote the manuscript with contributions from all authors. 405 

Competing interests  406 

The authors declare no competing interests. 407 

  408 

http://www.isotopesuk.org/


 17 

Figure captions 409 

 410 

Figure 1: Middle Eocene to early Oligocene temperatures. A. Location map for Anglesea 411 

and WW-7 lignite seams in SE Australia, (map from Ocean Data View, https://odv.awi.de/); 412 

B. Benthic foraminiferal δ18O for reference1 with indicated the position of the Eocene 413 

Oligocene Transition (EOT) and the relative age of the Anglesea (A) and Traralgon (T1, T0) 414 

seams; C. Stratigraphic log of the Anglesea (A) and Traralgon (WW-7 borehole) lignite 415 

seams, where pink indicates lignite; D. brGDGT-derived mean annual air temperatures 416 

(MAATpeat)33, dotted lines indicate average temperature for each section; E. brGDGT-derived 417 

pHpeat
33; F. C31 hopane ββ/(αβ+ββ) ratio with low values representative of an acidic peat 418 

depositional environment30; and G. BIT index (measuring the relative abundance of archaeal 419 

isoGDGTs over bacterial brGDGTs) with high values indicative of a terrestrial environment31. 420 

Shading in D and E represents the calibration errors33. 421 

 422 

Figure 2: Terrestrial temperatures vs sea-surface temperatures (SSTs). Terrestrial 423 

MAATpeat from the WW-7 borehole and Anglesea lignite seams from SE Australia (this study) 424 

and published TEX86-based SSTs from the Southern hemisphere (Ocean Drilling Program 425 

Site 11727,19,39; Deep Sea Drilling Project Site 2774,40 and Site 5114,39, Integrated Ocean 426 

Drilling Program Site U135641) re-calculated using the BAYSPAR calibration38. Error bars 427 

reflect calibration uncertainties33,38. The position of the Eocene Oligocene Transition (EOT) is 428 

also indicated. The map (Ocean Data View, https://odv.awi.de/) reports the location of the 429 

SST and Australian sites, Tasman Gateway (TG) and Drake Passage (DP). 430 

 431 

Figure 3: Comparison with climate model simulations. A. Mean annual temperature 432 

change obtained from model simulations based on the different forcings (dots) against the 433 

temperature change observed in the MAATpeat record across the EOT (mean change = blue 434 

diamond with ± 90 % uncertainty, blue bars represent the spread of uncertainty distribution 435 

https://odv.awi.de/
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in calculating the temperature change in the proxy record). The mean simulation response 436 

for each of these forcings are shown by the squares with error bars based on the spatial 437 

uncertainty. B. Multi simulation mean response to five EOT forcings scenarios. The lignite 438 

record presented here is shown by the coloured dot. 439 

  440 
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Methods 441 

Biomarker analyses 442 

For 30 samples from WW-7 and another 26 from the Anglesea coal seam, 0.5 gr of 443 

dry bulk lignite sediment was extracted using an Ethos Ex microwave extraction system with 444 

20 ml of dichloromethane (DCM) and methanol (MeOH) (9:1, v/v). An internal standard of 5-445 

androstane (214.9 ng Pl-1) and hexadecanol (207.4 ng Pl-1) in hexane was added to each 446 

sample before extraction (20 Pl). Microwave extractions were obtained with a 10-minute 447 

ramp to 70qC (1000W), a 10-minute hold at 70qC (1000W), and a 20-minute cooling phase. 448 

Samples were then centrifuged at 1700 rounds per minute (rpm) for up to 8 minutes to 449 

promote extract and sediment separation. Supernatants were removed and collected, and 450 

about 15 ml of DCM:MeOH (9:1, v/v) was added to the remaining sample and centrifuged, to 451 

then collect and combine the available supernatants. This procedure was repeated up to five 452 

times to maximise lipid extraction. Sulphur was removed by adding activated copper to the 453 

total lipid extract (TLE) for ~12 hrs. The TLE was concentrated by rota-evaporation and 454 

cleaned through a 4-cm sodium sulphate column using DCM:MeOH (9:1, v/v) to remove 455 

sediment particles. Subsequently, TLEs were separated into three fractions over a 4-cm 456 

silica column by elution with hexane (3 ml, saturated fraction), hexane/DCM (3:1 v/v, 4 ml, 457 

aromatic fraction), and DCM:MeOH (1:2 v/v, 4 ml, polar fraction). 458 

The polar fraction was re-dissolved in hexane/isopropanol (99:1, v/v) and passed 459 

through a 0.45 μm polytetrafluoroethylene filter. Filtered fractions were analysed by high-460 

performance liquid chromatography/atmospheric pressure chemical ionisation–mass 461 

spectrometry (HPLC/APCI-MS) at the University of Bristol. Instrument methods followed 462 

established procedures52. Analyses were performed in the selective ion monitoring mode to 463 

increase the sensitivity and reproducibility, and M + H+(protonated molecular ion) GDGT 464 

peaks were integrated. MAAT and pH for the lignite samples were obtained using the degree 465 

of methylation and cyclisation of brGDGTs using the MBT′5me
53 and CBTpeat

33 indices and the 466 

peat-specific global calibrations33. We used the BIT index31 to quantify the relative 467 



 20 

abundance of crenarchaeol, produced by archaea, relative to bacterial brGDGTs in our 468 

samples (Fig.1G).  469 

Hopane data were obtained from analysis of the saturated fraction using a Thermo 470 

Scientific ISQ Single Quadruple gas chromatography mass spectrometry (GC-MS) system, 471 

fitted with a fused HP-1 silica capillary column (50 m x 0.32 mm i.d., 0.17 μm film diameter), 472 

at the University of Bristol. Using helium as the carrier gas, 1 μL of sample dissolved in 473 

hexane was injected at 70 ̊C using an on-column PTV injector on splitless modem, and 474 

analysed in four stages: 70 ̊C hold for 1 min, ramping to 130 ̊C at 20 ̊C/min, then ramping to 475 

300 ̊C at 4 ̊C/min, and finally holding 300 ̊C for 20 min. The electron ionisation (EI) source 476 

was set at 70 eV and the emission current at 150 μA and scanning occurred between m/z 477 

ranges of 50-650 Daltons in full scan mode. The instrument accuracy was determined using 478 

an external fatty acid methyl ester (FAME) standard. Compound identification was carried 479 

out based on published spectra, characteristic mass fragments, and retention times. The 480 

application of the C31 hopane ββ/(αβ+ββ) ratio in peat deposits is based on Inglis et al.30. 481 

Total Organic Carbon  482 

Total Organic Carbon (TOC wt.%) analyses were performed on aliquots (5-10 mg) of 483 

homogenised dry sample using a Thermo Scientific Flash Smart Organic Elemental Analyser 484 

at the University of Liverpool, after vapour phase de-carbonation using 12N AnalaR Grade 485 

HCl54. Analyses were carried out in duplicates (mean values used, standard deviation < 0.2). 486 

Two-point daily calibration using Chitin OAS (Elemental Microanalysis Ltd) provided values 487 

within uncertainty limits of certified value (Carbon 44 71 % ± 0.18%). Certified values were 488 

determined by elemental analyser calibrated to Acetanilide 114d from National Institute of 489 

Standards and Technology (NIST), Maryland, USA. 490 

Uncertainty in reconstructed MAAT change 491 

The uncertainty distribution in the ∆MAAT across the EOT shown in Figure 3A (blue bars) 492 

was calculated from every possible combination of proxy MAATpeat values from 497-469 m 493 
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depth (pre-EOT) and 463-453 m depth (post-EOT). This was done by systematically omitting 494 

between 1 and n-1 values from the n proxy MAATpeat values both pre- and post-EOT. The 495 

plotted mean ∆MAAT (blue diamond) was calculated using all proxy values prior to and after 496 

the EOT, while the ± 90 % uncertainty on the mean change (error bars) was based on the 5th 497 

and 95th percentile of the uncertainty distribution. 498 

Climate Model  499 

The simulations analysed here were carried out using the fully coupled GCM 500 

HadCM3BL‐M2.1aD47, a specific setup of HadCM3L used at the University of Bristol. The 501 

model has a 2.5 latitude × 3.75° longitude horizontal resolution in both the ocean and 502 

atmosphere, with 19 vertical levels in the atmosphere and 20 in the ocean. The model 503 

includes representations of sea ice and land surface processes, and it is coupled with the 504 

MOSES land surface scheme and the TRIFFID dynamic vegetation model. Ice sheets in the 505 

model are not interactive (e.g. they do not melt or expand) and are prescribed by raising the 506 

topography, changing the TRIFFID land fraction to ‘ice’ (which affects the surface albedo 507 

and roughness length, amongst other things), and covering the land surface with a layer of 508 

snow48.  509 

The eight simulations presented use paleogeographic reconstructions from Getech Group 510 

plc. for the Priabonian and Rupelian geologic Stages (outlined in Extended Data Table 1). All 511 

of these reconstructions have an open Tasman Seaway and Drake Passage, although the 512 

gateways are wider in the Rupelian, with a weak circumpolar current in all simulations 513 

(Extended Data Table 1). Simulations are initialized for each paleogeography with uniform 514 

vegetation, preindustrial pCO2 levels (280 ppmv), and a zonally symmetric sea surface 515 

temperature distribution. All simulations have a consistent spin-up of five phases totalling 516 

4,422 years. These are the same first four phases outlined in previous studies48,55, with an 517 

additional phase of 3,000 years run with dynamic vegetation. An additional sensitivity 518 

simulation was carried on for a further 6,000 years (10,422 years in total) (Extended Data 519 
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Figure 5). This indicated that the further 6,000 years resulted in negligible differences from 520 

the climate state at 4,422 years. Any impacts of a limited spin-up are therefore expected to 521 

be significantly less than the signal shown in the proxy record and for the model in response 522 

to certain forcings, suggesting that the conclusions presented here are robust.  523 

A further set of sensitivity simulations that varied the depth of the Tasman Seaway were 524 

considered during the experimental design (Extended Data Figure 6), although are not 525 

included in the main analysis as they appear to have little effect on southern Australian 526 

temperatures. We refer to the Supplementary Information for a more-in depth discussion. 527 
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Data availability 558 

The authors declare that all the lignite data supporting the findings of this study are available 559 

within the article and in the Supplementary Information data files. In addition, the compilation 560 

of previously published marine surface temperature records used in Figure 2 and in 561 

Extended Figure 3 are also available in Supplementary Information. All data will also be 562 

uploaded to the Pangaea database upon publication and model simulation data will be 563 

uploaded to a freely accessible BRIDGE server 564 

(https://www.paleo.bristol.ac.uk/ummodel/scripts/papers/), as is the standard protocol at the 565 

University of Bristol. 566 
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Supplementary information to “Eocene to Oligocene terrestrial Southern 

Hemisphere cooling caused by declining pCO2” by Lauretano et al. 

Biostratigraphy 

Anglesea-A coal seam biostratigraphy  

Samples examined from the Anglesea-A coal seam are assigned to the Middle 

Eocene Lower Nothofagidites asperus spore-pollen Zone1, based on the presence of 

Proteacidites reflexus, Tricolpites leuros and Nothofagidites vansteenisii. A lack of indicators 

from younger zones (i.e., Tricolpites magnificus, Anacolosidites sectus and Aglaoreidia 

qualumis) is consistent with the zone assigned. Samples from the Anglesea-A coal seam 

also include Proteacidites asperopolus, and Proteacidites recavus which last appear in the 

Lower N. asperus Zone1. Revised correlation of the Anglesea-A coal δ13C record of ref 2 to 

the benthic δ13C curve of ref 3 constrains the age of the seam to between 40.1-40.7 Ma +/-

0.2 Ma, consistent with assignment of the samples to the Lower N. asperus Zone, which 

extends from 45-39 Ma4. The compositional similarity of the Anglesea-A coal seam 

palynofloras to the T2 coal seam palynofloras, assigned an age of 39- 41Ma5 also supports 

the age devised. 

Traralgon coal seam biostratigraphy  

For details on the Traralgon seam biostratigraphy see refs 6–8. The determination of 

the Eocene/Oligocene boundary at ~ 467 m in WW-7 is derived using the regional 

palynostratigraphic zonation scheme that has recently been chronologically calibrated to the 

international timescale using bio-, chemo- and lithostratigraphic analyses9,10. In particular the 

boundary between the Middle and Upper subdivisions of the Nothofagidites asperus spore-

pollen zones, defined by the last appearance of numerous taxa including Proteacidites 

adenanthoides, Proteacidites crassus, Triorites magnificus and Anacolosidites sectus and 

the first appearance of Oligocene taxa including Granodiporites nebulosus and Foveotriletes 

crater, represents the Eocene-Oligocene boundary1,4. The earliest Oligocene Upper 



Nothofagidites asperus Zone assignment for the interval between 453.0 and 461.0 m in 

WW-7 was based on the last appearance of Proteacidites adenanthoides and Proteacidites 

crassus8. The presence of P20 aged marine sands and carbonates overlying the T0 coal 

seam in the WW7 core supports this assignment7,11. The age assigned to the uppermost T0 

coal seam is also in agreement with previous works concerning the age of the T0 coal seam 

(i.e. refs 6,7,12–15). These results are further confirmed by the detailed palynological study of 

ref5. A Bray-Curtis distance matrix was used to run non-metric dimensional scaling (NMDS) 

on the assimilated relative abundance data in R. Non-metric dimensional scaling (NMDS) 

analysis by species relative abundance (Supplementary Figure 2) of all taxa recorded in the 

sites highlights the distinctiveness of Oligocene T0 coal seam palynofloras in 

multidimensional space when compared to the Eocene T0 and T1 coal seams (note, these 

broadly overlap in composition).  

Climate model simulations: additional model simulations 

A final pair of sensitivity simulations was considered in the experimental design. 

These simulations, with a different model configuration (including paleogeography) and spin-

up procedure were carried out to assess the impact of a deepening Tasman Seaway. These 

simulations were carried out alongside the ‘Spin-Up Ensemble’ in ref 16 with a similar setup 

and spin-up procedure. Briefly, these simulations are continuations of older multi-millennia 

experiments originally initialized from pre-industrial conditions, with ocean variables 

extrapolated to fill gaps as the paleogeography changed. The final simulations used here 

were run for > 2000 additional years. Both simulations have an Antarctic Ice Sheet present, 

have pCO2 levels of 840 ppmv and have the same early Oligocene paleogeography, with the 

only difference being the depth of the Tasman Seaway: either 100 or 1500 m deep. 

It is important to stress that as these simulations have a different setup to those 

shown in Supplementary Tables 1-2, they are not directly comparable and were only used 

for informing the experimental design. The change in Tasman Seaway depth was shown to 



have little effect on terrestrial temperatures in southern Australia and results in some 

warming around the eastern Tasman Seaway and Southern Ocean downstream from the 

gateway, shown in Supplementary Figure 5, associated with increased flow through the 

gateway. Given the inconsistency of this modelled response with the proxy records, this 

Tasman Seaway deepening forcing was not carried out for the main analysis as it would 

have required a doubling of computing resources. 
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Extended Data Fig. 1 TOC% content. Total Organic Carbon (TOC) wt.% content vs 
MAATpeat. Only samples with >30 wt.% were 
interpreted for MAATpeat analyses. 

 
Extended Data Fig. 2 Nonmetric 

multidimensional 
scaling (NMDS) 

Nonmetric multidimensional scaling (NMDS) by 
species relative abundance matrix29. Samples are 
coded by coal seam and age as indicated in the key. 

Extended Data Fig. 3 Comparison with 
available terrestrial 
EOT geochemical 
proxy records. 

Compilation of terrestrial temperature quantitative 
proxy records across the Eocene/Oligocene23–

25,43,45,56–62 depicting the degree of cooling for each 
proxy record and time span at each location. Full 
circles represent land-based records, while empty 
circles indicate records of terrestrial temperature 
change derived from marine sediment cores. (Map 
from Ocean Data View, https://odv.awi.de/). 

Extended Data Fig. 4 Modelled Mean 
annual air 
temperature 
(MAAT) 

A. Modelled mean annual air temperature (MAAT) 
for each of the 8 simulations used in this analysis 
(black dots and error bars) compared to the South 
Australia lignite record (coloured dots and error 
bars). Model error is taken as the maximum and 
minimum values from the 3 x 3 grid cell box 
surrounding the proxy location. Annual mean 
temperatures display a cold bias both before and 
after the EOT (see text). B. Maps showing the 
MAAT for each simulation over the South Australia 
region. 

Extended Data Fig. 5 Model spin-up Spin-up trends showing the mean annual air 
temperature for the South Australia region with a 50-
year running climatology. Gaps in time series show 
where simulations were continued or extended. 

Extended Data Fig. 6 Tasman Seaway Modelled mean annual temperature change in 
response to a deepening Tasman Seaway (from 100 
to 1,500 m depth). Note: these simulations used an 
alternate model configuration and spin-up procedure 
and are therefore for illustrative purposes only. 

Extended Data Fig. 7 Climate model 
simulations 

Model simulation details 

Extended Data Fig. 8 Climate model 
boundary 
conditions 

Boundary conditions of pairs of model simulations 
used to recreate changes across the EOT. Boundary 
conditions that remain the same before and after the 
EOT are shaded in grey. 
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Epoch Age 
(Ma) 

Stage 
(paleogeog.) 

Model 
site 

location 
pCO2 

(ppmv) 
AIS 

state Simulation 

Tasman 
Seaway 

throughflow 
(Sv) 

Oligocene 
33.9-
28.1 

Rupelian 
52.5°S 
142 °E 

1,120 

No 
ice 

TEVDO 51.7 

Full 
AIS 

TEVDP 67.9 

560 

No 
ice 

TEVDA 51.4 

Full 
AIS 

TEVDB 67.4 

Eocene 
 

38.0-
33.9 

Priabonian 
55 °S 

142 °E 

1,120 

No 
ice 

TEVDM 34.6 

Full 
AIS 

TEVDN 46.8 

560 

No 
ice 

TEVDE 37.9 

Full 
AIS 

TEVDH 52.7 



 1 

 

 

Forcing 
Eocene (‘before’) boundary conditions Oligocene (‘after’) boundary conditions 

Simulation AIS 
state Paleogeog. pCO2 

(ppmv) Simulation AIS 
state Paleogeog. pCO2 

(ppmv) 

Ice only 

TEVDM No ice Priabonian 1,120 TEVDN Full 
AIS Priabonian 1,120 

TEVDE No ice Priabonian 560 TEVDH Full 
AIS Priabonian 560 

TEVDO No ice Rupelian 1,120 TEVDP Full 
AIS Rupelian 1,120 

TEVDA No ice Rupelian 560 TEVDB Full 
AIS Rupelian 560 

Paleogeog. 
only  

TEVDN Full 
AIS Priabonian 1,120 TEVDP Full 

AIS Rupelian 1,120 

TEVDM No ice Priabonian 1,120 TEVDO No ice Rupelian 1,120 

TEVDH Full 
AIS Priabonian 560 TEVDB Full 

AIS Rupelian 560 

TEVDE No ice Priabonian 560 TEVDA No ice Rupelian 560 

pCO2 only  

TEVDN Full 
AIS Priabonian 1,120 TEVDH Full 

AIS Priabonian 560 

TEVDM No ice Priabonian 1,120 TEVDE No ice Priabonian 560 

TEVDP Full 
AIS Rupelian 1,120 TEVDB Full 

AIS Rupelian 560 

TEVDO No ice Rupelian 1,120 TEVDA No ice Rupelian 560 

Paleogeog. 
+ ice 

TEVDM No ice Priabonian 1,120 TEVDP Full 
AIS Rupelian 1,120 

TEVDE No ice Priabonian 560 TEVDB Full 
AIS Rupelian 560 

pCO2 + ice  
TEVDM No ice Priabonian 1,120 TEVDH Full 

AIS Priabonian 560 

TEVDO No ice Rupelian 1,120 TEVDB Full 
AIS Rupelian 560 

 


