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Background: A potential analogue 
for the future climate state is the ice-
free hothouse climate of the early 
Eocene (56–48 Ma)1. This period ex-
perienced the highest CO2 levels of 
the Cenozoic (~1000 ppm)2, as well 
as the occurrence of multiple tran-
sient (10–100 kyr) global warming 
events, so-called hyperthermals3. 
These events are recorded by negative 
excursions in carbon and oxygen iso-
topes (δ13C and δ18O) in deep-sea sedi-
ments, which reflect major short-lived  
perturbations of the carbon cycle and 
climate system (Figure 1)1,3.

MOTIVATION: The deep ocean constitutes a sta-
ble and vast heat reservoir in the climate  
system, and is therefore assumed to represent a setting 
to estimate past global mean temperatures4. Howev-
er, available deep-sea temperature estimates from fo-
raminiferal δ18O and Mg/Ca rely on uncertain assump-
tions, such as estimation of the chemical composition of 
the ancient seawater, pH and biological factors5,6. Here, 
we apply for the first time the carbonate clumped isotope 
paleothermometer (Δ47), a proxy independent of these non- 
thermal factors7,8, to reconstruct early Eocene deep-sea tem-
peratures across two hyperthermal events. 

METHODS
-   Paired stable (δ13C and δ18O) and clumped isotope (Δ47) analysis across the ETM2/H1 and H2  
    hyperthermals on benthic foraminifera from ODP Sites 690, 1262, 1263, 1265, and 1267 in the South  
    Atlantic Ocean. 
-   Nutallides truempyi and Oridorsalis umbonatus were measured on a Thermo 253+ with Kiel-IV  
    instrument in the geolab of Utrecht University9,10. For each replicate measurement (80 μg) about 25   
    specimens were picked and ultrasonically cleaned.
-   Clumped isotope analysis is characterized by a low analytical precision due to the sporadic  
    natural abundance of 13C–18O bonds in carbonate ions7. Averaging multiple Δ47 measurements is  
    required to obtain precise temperature estimates11. Here, we compiled Δ47 temperature bins for the  
    average background, slope, and average hyperthermal peak state based on the δ18O values  
    corresponding to these measurements (optimal bin sizes determined using t-test)11. 

Figure 2. (a) Benthic 
foraminiferal δ18O values 
across ETM2 and H2 
corrected to Cibicidoides 
for assumed seawater 
equilibrium. (b) Deep-sea 
temperatures based on 
Δ47 and δ18O (assuming 
ice-free world) including 
analytical (dark grey; 
68% and 95% CI for Δ47 
and 2xSD of the IAEA-C2 
standard for δ18O) and 
calibration (red; 95% CI) 
uncertainties. (c) Calculat-
ed seawater δ18O is much 
higher than the assumed 
value based on ice-free 
conditions. Alternatively, 
this assumed seawater 
δ18O value may be correct 
when an effect of low 
bottom water pH on 
foraminiferal δ18O is taken 
into account12–14.

Figure 1. Benthic fo-
raminiferal δ13C and δ18O 
records across ETM2 and 
H2 from multiple sites 
in the South Atlantic 
measured on Nutallides 
truempyi and Oridorsalis 
umbonatus. The offset 
in the stable isotopes 
between the two species 
indicate species-specific 
vital effects.

TAKE HOME MESSAGESTAKE HOME MESSAGES
- Our independent early Eocene deep-sea temperature reconstructions indicate 13.5±1.8 °C (95% CI) for the background conditions, and  
 average hyperthermal peak temperatures of 16.9±2.2 °C (95% CI).
- On average, absolute temperatures are three degrees warmer from clumped isotope thermometry than from conventional benthic  
 oxygen isotopes. 
- This finding implies a necessary reassessment of the seawater isotope composition and pH in the deep ocean during the Eocene, and of  
 a potential pH effect on benthic foraminiferal oxygen isotopes.
- Future work:  the clumped isotope proxy opens up new opportunities to investigate the distribution of different water masses in the   
 ocean basins and test the existing views on the homogeneity/heterogeneity of the ocean over the Cenozoic15.


