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S1 Benthic foraminiferal species selection and preservation
Late Oligocene microfossils preserved in sediments from Site U1406 yield an exceptional preservation and benthic foraminifera occur abundantly1. Both factors are necessary to obtain reliable geochemical data. These prerequisites allow for high-resolution stable oxygen isotope, bottom-water temperature and ice-volume reconstructions. SEM imaging of benthic foraminiferal tests of C. mundulus and O. umbonatus reveal smooth test surfaces with no signs of dissolution or recrystallisation (Fig. 3; main text). Pores channels of O. umbonatus retained their original distinct structure (Fig. 3; main text). Reflected light microscope images of representative specimens of C. mundulus and O. umbonatus from Site U1406 show the exceptionally well and glassy2 preservation ruling out diagenetic alteration at the micronscale (Fig. 3; main text). This suggests that geochemical signatures (δ18OBF and Mg/Ca) in these glassy benthic foraminifera are unaltered2. 
S2 Benthic foraminiferal stable oxygen isotope composite record
For stable isotope analyses, we primarily used specimens of the shallow infaunal benthic foraminiferal taxon O. umbonatus. Samples with no, or few, specimens of this species were substituted by specimens of the epifaunal species C. mundulus. Both species have been widely used for deep-sea stable isotope analyses3,4 because they appear to have consistent and predictable offsets from seawater equilibrium values3,5,6. δ18OBF analyses on C. mundulus were adjusted to O. umbonatus values by adding 0.37 ‰ based on the average interspecies offset between C. mundulus and O. umbonatus from samples across our study interval (Fig. S1), which is in close agreement with previous studies (0.4 ‰6, 0.34 ‰3) that infer similar offsets.
S3 Benthic S3 Evaluation of Oridorsalis umbonatus test contamination for trace-metal analysis.
Mg/Ca analyses were only derived from the shallow infaunal species O. umbonatus, which has multiple advantages than compared to other benthic foraminiferal species: (i) it is an extant species spanning the entire Cenozoic with existing core top calibrations7–11, (ii) it is buffered from the influence of changing bottom-water carbonate ion saturation state12,13, (iii) it has a low sensitivity to temporal variations of Mg/Casw12, and (iv) due to its large chambers it is easier to clean for Mg/Ca analyses procedures compared to e.g., C. mundulus. 
Al/Ca, Fe/Ca and Mn/Ca ratios of foraminiferal tests exceeding 0.1 mmol/mol may be indicative for contamination with clay, Fe-oxide or Mn-oxide coatings not removed during the Mg/Ca cleaning process, potentially affecting the initial test Mg/Ca signature14. To assess the potential influence of such contaminations for Site U1406 O. umbonatus samples across our study interval (25.94–25.78 Ma), we carefully monitored Al, Fe and Mn contents during Mg/Ca analysis. Measured Al concentrations of our data are generally below the detection limit, arguing against the presence of detrital clay. However, Fe/Ca and especially Mn/Ca ratios of O. umbonatus generally exceed the 0.1 mmol/mol threshold value (Fig. S2). Yet, we do not observe a statistically significant correlation between Mg/Ca vs. Fe/Ca (r2=0.17, p<0.0001) and Mg/Ca vs. Mn/Ca (r2=0.05, p<0.005) (Fig. S2), suggesting that Fe- and Mn-oxide coatings or Mn-carbonates (if present at all) did not considerably affect the measured Mg/Ca ratios. In addition, SEM images rule out the presence of microcrystalline overgrowth on the measured O. umbonatus tests (Fig. 3; main text). We thus conclude with reasonable certainty, that early diagenetic overprinting has not severely affected Mg/Ca-based data for the interval ~25.94–25.78 Ma at Site U1406.
S4 Seawater Mg/Ca correction and its influence on paleotemperature reconstructions
The incorporation of most trace elements, including Ca and Mg, into the shells of foraminifera is dependent on their respective concentration in seawater15. Hence, potential changes in Mg/Casw since the Late Oligocene compared to the modern ocean have to be accounted for when applying Mg/Ca-paleothermometry on our Late Oligocene U1406 Mg/Ca measurements. Due to the relatively long residence times of Ca and Mg in seawater (~1 Myr and ~10 Myr, respectively)7,12, Mg/Casw can be considered constant over the duration of the study interval (25.94–25.78 Ma) presented in here; its absolute value, however, might be different from today’s ocean waters. 
For the Late Oligocene, different Mg/Casw ratios reconstructed from the composition of calcium carbonate veins (CCVs) formed in oceanic crust16,17 and from fossil coral archives18 are currently available that range from 1.8 to 3.6 mol/mol. Since the relationship between seawater and shell Mg/Ca is not well constrained for corals19, doubt has been raised about the use of corals as an archive for Mg/Casw. In addition, the Mg/Casw data of ref.18 for the Oligoene period (spanning 33.6 to 23.7 Ma ) is associated with a total Mg/Casw range of 2.5 mol/mol. We argue that a Mg/Casw shift of 2.5 mol/mol over the course of the Oligocene18, is unlikely due to the long residence times of Ca and Mg in seawater (~1 Myr and ~10 Myr, respectively)7,12 (see detailed discussion in ref.20). This line of reasoning leads us to exclude the Late Oligocene Mg/Casw reconstruction of ref.18.
Following a comparison of available archives used for Mg/Casw reconstructions21, CCV’s were shown to result in relatively small uncertainties compared to other available Mg/Casw reconstructions21 and therefore, should provide a more reliable estimate of Mg/Casw reconstructions. Yet, several factors that weaken the applicability of the Mg/Casw reconstructions from ref.16 to yield reliable Mg/Casw values for the studied interval have been invoked17,22: (i) Considerable uncertainties in the calculation of Mg/Casw introduced from temperature extrapolation required for young ocean basement sites, (ii) post-precipitation alteration of CCVs due to sampling CCVs from older crustal ages, and (iii) the scarcity of Mg/Casw data within the critical interval of the last 30 Ma years [see ref.22 for detailed discussion]. In the study of ref.17, these shortcomings have been largely addressed (see ref.17 for further details). Additional support to the approach of ref.17 is given by a good agreement of their Mg/Casw reconstructions with modelled Mg/Casw values of ref.23 and ref.24. Based on the aforementioned arguments, the Late Oligocene Mg/Casw reconstruction of 3.6 mol/mol17 is being utilized for Mg/Ca-based paleothermometry in this study using the Mg/Ca-based BWT calibration of ref.7 (Methods). 
Nonetheless, we performed a sensitivity test assuming the whole range of Mg/Casw reconstructions for the Late Oligocene. Based on the test results, using a Mg/Casw value of 1.8 mol/mol18 results in unrealistically high BWT reconstructions reaching maximum values of 15 °C (Fig. S3), which seems unrealistically high for the Late Oligocene. The most recent time during which deep-sea temperatures supposedly reached ~15 °C was during the Paleocene Eocene Thermal Maximum25. Using a more positive Mg/Casw of 2.3 mol/mol16 results in slightly more moderate but still relatively high BWTs (~8–12 °C), while the herein used Mg/Casw value of 3.6 mol/mol17 results in the most conservative BWT reconstruction of ~5 to 8 °C (Fig. S3).
S5 Influence of δ18Oice on our δ18Osw reconstruction 
To constrain the magnitude of ice-volume change related to the observed δ18Osw amplitude, an assumption regarding the isotopic composition of the Late Oligocene ice-sheet (δ18Oice) is required. Because major permanent Antarctic glaciation only initiated in the earliest Oligocene around ~33.6 Ma26,27, the first ice to accumulate in the earliest Oligocene would have had a lighter isotopic composition28 than that of the modern East Antarctic (-56.6 ‰) and West Antarctic Ice Sheet (-41 ‰)29,30. State-of-the-art ice-sheet models yield δ18Oice of -48 ‰, -42 ‰ and -35 ‰ spanning the earliest Oligocene to the early to mid-Miocene28,31 (Fig. S4). Modelled δ18Oice for the fully developed earliest Oligocene ice sheet had a maximum isotopic composition of -35 ‰, yet never became more negative than -42 ‰ as the AIS grew larger28. Following a more recent modelling study, average δ18Oice for the early to mid-Miocene AIS (based on an approximated mid-Miocene Antarctic bedrock topography) varied between -42 ‰ and -48 ‰31. This approach does not account for changing δ18Oice across glacial/interglacial changes (see discussion in ref. 32) since we are only estimating ice volumes and an estimation of δ18Oice for the fully expanded ice sheet(s) across the study interval suffices for our calculations (see discussion in ref. 33).
Ice-volume estimates can be made by inferring a δ18Osw baseline of 0 ‰ equating to the modern Antarctic ice-volume of 26.9 ×106 km3 (ref.34) and specific growth rates (×106 km3) of ice per 0.1 ‰ change in δ18Osw35,36, depending on δ18Oice. Since the focus of this study is on the Late Oligocene, we suggest a δ18Oice value of -42 ‰, reconstructed both as the minimum δ18Oice for the early to mid-Miocene31 and the maximum δ18Oice for the early Oligocene28, is most appropriate to estimate Late Oligocene Antarctic ice-volume fluctuations and used for ice-volume estimates discussed in this study. This, hence, translates the average glacial-interglacial δ18Osw amplitude change of 0.5 ‰ into 19 × 106 km3 of ice (Fig. S4). However, we also test the sensitivity of the δ18Osw-based ice-volume estimates to modelled δ18Oice of -48 ‰ and -35 ‰ (Fig. S4). Accordingly, our glacial-interglacial δ18Osw amplitude of 0.5 ‰ results in 22.8 × 106 km3 of ice assuming δ18Oice is -35 ‰. In contrast, using the most negative δ18Oice of -48 ‰ results in an amplitude change of 16.6 × 106 km3 ice (Fig. S4).
S6 Effect of including the analytical error of the Mg/Casw reconstruction into the Monte Carlo Simulation for δ18Osw reconstruction
As noted in Section 4, we accounted for potential changes in Mg/Casw compared to the modern ocean for our BWT calculations. Yet, the broad range of ±1.8 mol/mol for Mg/Casw reconstructions available for the Late Oligocene16–18 leaves us with a relatively big range, of which the analytical errors are partly as large as the difference between some of the reconstructed Mg/Casw values themselves. We note that propagating the uncertainty of the Mg/Casw reconstruction into the uncertainty estimate via Monte Carlo Simulation of our δ18Osw reconstruction may lead to a significant overestimation of uncertainties associated with our δ18Osw data. While we did not discuss this scenario in the main text, we additionally ran a second Monte Carlo Simulation including the Mg/Casw reconstruction with its analytical error17. Accordingly, input data for the second Monte Carlo Simulation were the Mg/Ca and δ18O values and Mg/Casw reconstruction with their analytical errors, and the BWT7,12 and δ18Osw equation37 with their calibration errors. Similar to the first Monte Carlo Simulation, individual data points were randomly sampled 14,000 times within their proxy uncertainties. The mean propagated uncertainty of the δ18Osw estimate including the error of the Mg/Casw reconstruction, gives a mean propagated uncertainty of ±0.54 ‰.



[image: ]Fig. S1. Paired isotope analyses of C. mundulus and O. umbonatus for Site U1406 (~25.94–25.78 Ma). Benthic foraminiferal δ18OBF analyses (in ‰ VPDB) of C. mundulus (blue), O. umbonatus (red), and the composite record (dashed black line; C. mundulus converted to O. umbonatus by adding 0.37 ‰).
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Fig. S2. Evaluation of O. umbonatus test contamination for Site U1406 (~25.94–25.78 Ma). Cross correlation plots of Mg/Ca versus (a) Fe/Ca and (b) Mn/Ca show no statistically significant correlation between Mg/Ca vs. Fe/Ca (r2 = 0.17, p< 0.0001) and Mg/Ca vs. Mn/Ca (r2 = 0.05, p< 0.005), indicating that measured Mg/Ca values are not systematically altered.



[image: ]
Fig. S3. Sensitivity of Mg/Ca-based BWTs towards available Mg/Casw reconstructions. Mg/Ca-based BWTs calculated using the calibration of ref.7 (Methods) using constant Mg/Casw of 1.8 mol/mol18 (green), 2.3 mol/mol16 (purple) and 3.6 mol/mol17 (blue). 
.
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Fig. S4. Sensitivity tests for Site U1406 δ18Osw-based ice-volume estimates using different δ18Oice. Ice-volume estimates assuming a linear relationship between changing δ18Osw and δ18Oice, using different δ18Oice values of -48 ‰31, -42 ‰28,31 and -35 ‰28  and a δ18Osw baseline of 0 ‰ equating to the size of the modern Antarctic ice-volume (26.9 × 106 km3)34. Grey area marks the observed U1406 δ18Osw range for glacials and interglacials; red dashed line indicates the modern Antarctic ice-volume 34, golden dashed line indicates the mid-Miocene glacial ice-volume31. 


[image: ]
Fig. S5. Spectral analysis of the U1406 δ18OBF, BWT and δ18Osw records. Left panel shows REDFIT spectral analysis38 of our δ18OBF, BWT and δ18Osw records. Monte Carlo confidence intervals of 80 % (light blue) and 90 % (dark blue). Right panel shows the Blackman-Tukey cross-spectral phase estimate between the δ18OBF time series (at 95% significance) and the orbital solution for obliquity39 (converted to lag times in kyr). The signal at the obliquity frequency is highlighted with grey bars.
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Fig. S6. U1406 CaCO3 data and fragmentation index. The fragmentation index (FI) is expressed as a percentage of the number of fragments of planktic foraminiferal tests divided by the sum of whole planktic foraminiferal tests and fragments counted in each sample. To demonstrate the low U1406 FI for the Late Oligocene, pink lines display average range of significant shell fragmentation during the Eocene40 and Pliocene41 for comparison (dashed arrow indicates FI up to max. 80%) .
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