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Supplementary Note 1 

For Site 690, suboxic bottom water conditions were previously inferred using U and Mn 

enrichment factors (EFs)1, and the new U/Ca and d238UCAU datasets generally agree with these 

findings but show a more detailed pattern of de-oxygenation. The initial rise in U/Ca, coupled 

to d238UCAU, at Site 690 are not seen in U EFs but could reflect either pre-PETM events or an 

expression of de-oxygenation at the PETM itself but recorded in the underlying sediment. The 

former scenario could be consistent with the initial rise in bolvinids, but the latter scenario is 

more consistent with the timing of increased abundances of buliminid foraminifera and a 

marked decrease in the oligotrophic indicator species N.truempyi2 (Supplementary Figure 2). 

The later rise in d238UCAU occurs during the PETM recovery interval and corresponds to 

increased barium and barite accumulation rates3 (using the 3He age model4; Supplementary 

Figure 2), high coccolithophore production and an increase in kaolinite clays that marks 

enhanced erosion of Antarctica5,6. Together, these trends support previous interpretations that 

eutrophication drove bottom water de-oxygenation in the southern Atlantic Ocean during the 

PETM recovery period1. The magnitude of U isotope fractionation recorded in these samples 

are compatible with modern anoxic or euxinic environments, although the total U enrichments 

are relatively low for such settings7-13 and there is no distinct organic carbon accumulation 

during the recovery interval. The preservation of barite14 argues against the development of 

euxinic conditions. Moreover, the presence of benthic fauna throughout the studied interval 

argues against sustained bottom water anoxia, suggesting that Site 690 was characterized by 

anoxic pore-waters and predominantly sub-oxic or only temporarily anoxic bottom waters. 

At Site 401 the U/Ca and d238UCAU increase is associated with a general decline in 

ostracod diversity15 which directly correspond to Cr isotope and Ce anomaly evidence for de-

oxygenation16 (Supplementary Figure 3). The Ce anomaly results were interpreted to reflect 

anoxic pore-waters at Site 401 at the very onset of the PETM16, and the magnitude of the 



d238UCAU increase is consistent with sub-oxic to anoxic pore-waters and low-O2 (sub-oxic) 

bottom waters that persisted into the beginning of the PETM recovery interval. But the 

magnitude of d238UCAU increase suggests that conditions were less reducing, or less sustained, 

at Site 401 than Site 690. Trends in U/Ca and d238UCAU generally reflect trends in U EFs1 (Fig. 

S2), but are better able to distinguish the onset the de-oxygenation from a pre-PETM 

background, partly due to sample coverage. The development of reducing conditions at Site 

401 is plausibly related to heightened productivity as a result of an increased flux of weathering 

products to the North Atlantic17,18. 

Previous geochemical studies on the redox evolution at Site 865 are limited but benthic 

foraminifera show an increased abundance of buliminid and bolvinid species coincident with 

the U/Ca observed here19 (Supplementary Figure 1), similar to the trends at Site 690. Additional 

support comes from studies of the nearby Site 1209 at Shatsky Rise, which is a similar 

depositional and oceanographic setting. Site 1209 consistently has Ce/Ce* < 0.5 that are 

suggestive of oxygenated bottom and pore-waters throughout the PETM16, but benthic fauna 

abundances are interpreted to reflect a temporary de-oxygenation event20 in a similar manner 

Site 865 (ref. 19) (Supplementary Figure 1), suggesting regionally extensive environmental 

deterioration. Despite this, U EFs at Site 1209 do not show any systematic change across the 

PETM although raw U concentrations do show a minor increase coincident with benthic faunal 

turnover1.  The lack of clear U enrichment in U EFs could be due to the low degree of U 

enrichment relative to detrital estimates, whereas a more consistent picture is gained from using 

U/Ca of carbonate leachates at Site 865, suggesting that the reliance of detrital normalization 

to calculate EFs might obscure subtler redox trends. Moreover, the U EF were calculated using 

the average U concentrations in the upper continental crust, which would over-estimate the 

detrital correction given that the detrital phases of pelagic sediments are typically depleted in 

U compared to the UCC21,22 



 

Supplementary Note 2 

Whilst the leaching technique employed here largely avoids detrital components21, there is a 

reasonable correlation of increasing U/Ca with decreasing Ca concentrations at Site 865 

(r2=0.51) (Fig. S5). But this could simply reflect the co-occurrence of de-oxygenation with the 

lower CaCO3 interval at the PETM, or potentially the dilution of higher U/Ca cements by low 

U/CA biogenic calcite. Furthermore, Site 865 shows only limited changes in Al or Ti/Ca, which 

do not appear correlated with U/Ca (Supplementary Figure 5). Stronger correlations are seen 

for Ba/Ca with U/Ca (Supplementary Figure 5) which could be supporting evidence for 

heightened productivity and potentially lower O2 conditions. Some, but not all, of the Site 865 

samples also show higher Sr/Ca with higher U/Ca, which again could support the interpretation 

of heightened productivity.  

Higher U/Ca correlate with lower Ca concentrations at Site 401 (Supplementary Figure 

5) reflecting a secular decrease in CaCO3 across the PETM (Supplementary Figure 3), and also 

higher Ti/Ca and Al/Ca that were likely a consequence of increased hinterland erosion during 

the PETM hyperthermal17,18. But, enrichments in U are clearly evident above the trends with 

detrital indicators and accompanied by higher d238UCAU values, identifying that U enrichments 

from de-oxygenation occur superimposed on a secular CaCO3 decrease (Supplementary Figure 

3). Furthermore the rise in U/Ca at the PETM for Site 401 is also visible in U EFs from bulk 

digests, that correct for detrital contributions1. It is therefore unlikely that detrital leaching itself 

controls the main U/Ca increases here, but could partly explain the differences in background 

U/Ca compared to Site 865. The generally higher Ti concentrations at Site 401, could indicate 

that the detrital phases are more easily leached than the other localities, in addition to generally 

lower % CaCO3. Indeed, Site 401 also shows highly elevated d234U values compared to the 

other locations (see Data Tables), implying greater liberation of 234U from damaged lattice sites 



during leaching. Similarly to Site 865, Ba/Ca and Sr/Ca show a good positive correlation with 

U/Ca, potentially supporting the interpretation of increased productivity as a driver of U 

enrichments. 

At Site 690 there is no indication of heightened detrital contributions from Al or Ti that 

correspond to U enrichments, and the highest U/Ca occur in the samples with highest Ca 

concentration. This reflects the fact that productivity at Site 690 appears to be driven by high 

carbonate (coccolithophore) production (Supplementary Figure 2). The same major U 

enrichments during the PETM recovery interval are seen in U EFs 1, but these do not clearly 

resolve the first increase in U/Ca before the PETM, that correlate with d238UCAU. This is likely 

because the degree of U enrichment is too low to be resolvable over contributions from detrital 

components, but the carbonate leachate avoids these detrital phases and so is better able to 

identify lesser U enrichments.  

 

 

Supplementary Note 3  

The relationship of oceanic anoxia to d238Usw is dependent on the effective enrichment factor 

for U(IV) incorporation into reducing sediments (D238Uanox). In the modern ocean, this can vary 

depending on numerous local factors such as the degree of bottom water de-oxygenation, basin 

restriction, organic carbon loading, sedimentation rates and diffusion limitations7,23. As such, 

there is a large uncertainty in this value for studies of past oceanic anoxia. Previous studies 

often extrapolate from a subset of anoxic basins24,25, or rely on the observed offset between 

carbonates and anoxic shales for a given time period26. Here we use the average modern day 

value that satisfies mass balance constraints (+0.4‰), and the upper value associated with 

diffusion limited U reduction in anoxic sediments (+0.6‰), which are also indicated by the 

d238UCAU data from sites 401 and 690. Whilst these estimates are low compared with other 



mass-balance models27,28 , we recognize that a larger D238Uanox would result in a larger d238Ucarb 

excursion and hence require a lower degree of anoxia for the perturbation scenario. Thus, our 

approach is in-keeping with the aim of examining the maximum extent of anoxia permissible 

by the data. 

 

Supplementary Note 4  

The results of the biogeochemical model are deemed insensitive to the range of age uncertainty 

between current age models, as total seafloor anoxia is a response to long-term (>50 kyr) 

processes (i.e. weathering and nutrient supply). Similarly, anoxia and modeled d238U should be 

relatively insensitive to the precise C emission rate. To test this assumption, the total C 

emission of 9600 PgC was released i) equally distributed across 75kyr and ii) in a single 5kyr 

pulse for the O2atm=1.1, D238Uanox =+0.4‰ model. The size of the resulting d238U excursions 

are 0.077‰ and 0.083‰, with seafloor anoxia of 2.03% and 2.23% respectively. In 

comparison, the preferred ‘peak +leak’  emission structure constrained by previous works29,30 

results in the same excursion magnitude as scenario i) with a 0.077‰ d238U excursion and 

2.03% anoxia. The small differences are mainly due to the competing effect of C burial 

processes in the longer release scenario that dampen the temperature increase, and hence total 

weathering response and P inputs. This illustrates that modelled seafloor anoxia is largely a 

function of the total C emission size rather than a precise rate of emission, unlike model results 

for ocean pH or d13C (ref. 29).  

 

Supplementary Note 5  

The model is clearly sensitive to the formulation of the functions describing the carbon cycle, 

climate sensitivity, weathering and phosphorus cycling, and ocean anoxia. But, the forward 

model represents an internally consistent, alternative approach to previous model attempts 



which results in an excellent fit for the PETM d13C recovery. A particular limitation is that the 

C-P-U model does not consider non-steady-state behavior of the ocean carbonate system on 10 

kyr timescales. Hence, it underestimates the initial increase in pCO2 (0.52 PAL increase) and 

global temperature (~2°C increase) at the PETM and may underestimate the weathering and 

anoxia responses. Our focus here is on setting some bound on the expansion of anoxia 

consistent with little change in d238U, given a prescribed perturbation, and thus this limitation 

is not critical. A larger modelled temperature increase would require a less sensitive weathering 

function to maintain lower anoxia within the limits of the d238UCAU data. Thus, it would lean 

the results even further towards high atmospheric pO2 and low background anoxia as the most 

reasonable pre-PETM boundary conditions. 

 



SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Contextual accompanying data for Site 865. a d13C data for Valescoensis 

foraminifera from ref. 31 clearly resolve the PETM CIE. b U/Ca and c d238U from this study. d Benthic 

foraminiferal abundances from ref. 19 demonstrate an increase in low-O2 tolerant species co-eval with the U/Ca 

increase around the onset of the PETM, and accompanied by a decrease in the oligotropic indicator species N. 

Truempyi. Error bars for d238UCAU represent the external reproducibility of the NIST-SRM 1d limestone 

standard (±0.06‰, 2SD)  
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Supplementary Figure 2. Contextual and supporting proxy data from Site 690. a d13C data for N.Truempyi 

from compilation in ref. 32 after ref. 33-35. b CaCO3 data from ref. 36 show high carbonate interval during the 

PETM recovery period that is associated with high productivity identified using Ba excess accumulation rates 

(AR) and barite AR3,14 (c). During this productivity episode U enrichment factors (EF) (d), U/Ca (e) and 

d238UCAU (f) indicate more reducing conditions. There is particularly clear correspondence between Ba AR 

(using the 3He age model3) and d238UCAU between 170–168.5m. The identification of reducing conditions using 

U EF1 generally support the interpretations from U/Ca and d238UCAU during the PETM recovery interval (176–
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170mbsf) but earlier changes (171.5–170mbsf)  are not resolved. This is likely due to the very low degree of 

U enrichment which is masked by detrital corrections, but identified by U/Ca and d238UCAU. g Benthic 

foraminifera abundances2 show increased abundances of low-O2 tolerant species with evidence for more 

reducing conditions, firstly with the initial rise of Bolvinids at ~172 mbsf when U/Ca and d238UCAU increase, 

and then the increase in Buliminids that covers the remainder of the PETM recovery interval. Error bars for 

d238UCAU represent the external reproducibility of the NIST-SRM 1d limestone standard (±0.06‰, 2SD) 

 

 



 

 

Supplementary Figure 3. Supporting datasets from Site 401. a d13C  from ref. 29. b CaCO3 data from ref.1 

showing a secular decrease in carbonate across the PETM that is related to increased terrigenous inputs as a 

result of weathering changes in the hinterland17,18. c Chromium isotope, (d) cerium anomaly (Ce/CE*)16 and 

(e) U enrichment factors (U EF) 1 identify a move to more reducing conditions at the onset of the PETM which 

are clearly identified by U/Ca (f) and d238UCAU (g). Error bars for d238UCAU represent the external reproducibility 

of the NIST-SRM 1d limestone standard (±0.06‰, 2SD) 

 

 



 

 

Supplementary Figure 4. a Correlations based on d13C are used to derive the age models for Site 401 and 

865, using the 3He age model4 from Site 690. Site 401 and 690 age models are as reported elsewhere29, and 

Site 865 foraminiferal d13C data31 was visually matched to the Site 690 bulk record37. b Resulting Linear 

Sedimentation Rates (LSR) are shown for the samples used in this study.  

 



 

 

Supplementary Figure 5. U/Ca plotted as a function of detrital, productivity and diagenesis indicators. Details 

are discussed in Supplementary Note 1 and 2. The relationship of U/Ca with Ti/Ca and Al/Ca do not identify 

a clear control of detrital phases on U/Ca ratios for the three sites. A general increase in U/Ca with Ba/Ca for 

Site 865 and 401 support the concept of greater productivity driving locally reducing conditions. The 

relationship is less clear for Site 690 where the major change in sedimentation rates masks the increase in 
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Ba/Ca, which is more clearly seen in Ba accumulation rates (Supplementary Figure 2). The correlations of 

Mn/Ca and U/Ca for Site 690 suggests there is the reductive dissolution of Mn in pore-waters which are 

remobilized and precipitate as Mn-carbonate. Sr/Ca again can suggest a productivity control on locally 

reducing conditions, but the slightly lower Sr/Ca for Site 865 is likely related to diagenesis38  
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