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Introduction  

This supplementary file contains information on the derivation of main text Fig. 2 (Text 

S1), an overview of the key nonthermal influences on the three principal deep ocean 

temperature proxies (Text S2), and details of the calculation of the theoretical 

relationship between foraminifera δ18O and seawater pH (Text S3). 
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Text S1. Calculation of the idealized relationship between high latitude SST and global 

mean surface temperature (main text Fig. 2). 

 Surface area-weighted temperature for a zonally homogeneous sphere was 

calculated by: i) defining a temperature difference between the equator and pole, 

between which temperature varies linearly and continuously as a function of latitude, ii) 

calculating surface-area weightings according to the relationship between surface area 

and latitude on a sphere, and iii) multiplying the two together to derive global average 

and high latitude surface temperature, the latter defined as being 65 to 80°. 

 The aim of the exercise is to determine what relationship between global average 

and high latitude temperature is expected for differential degrees of tropical versus high 

latitude warming. To do so, we first calculate the surface area-weighted temperatures for 

a ‘control’ planet, with a surface temperature of -10°C and 25°C at the poles and equator 

respectively. Then, the temperature of the equator, pole, or both is raised incrementally 

to define a new latitude-temperature relationship and surface area-weighted 

temperature is recomputed. Finally, the ratio of the change in surface area-weighted 

GMST to the change in surface area-weighted high latitude temperature is calculated, 

which is the ratio of GMST change relative to the control planet to the high latitude 

temperature change relative to high latitude in the control planet. Doing so over a wide 

range of changes in tropical and high latitude temperature results in the contours shown 

in main text Fig. 2A. Main text Fig. 2B presents an identical calculation except with an 

artificial temperature bias added to the surface area-weighted high latitude temperature 

of -1°C per 5°C GMST increase, here intended to represent a bias of deep ocean 

temperature away from high latitude SST due to a seasonal bias in deep water formation. 

This relationship (-1/5°C) was chosen to illustrate the approximate magnitude of the bias 

necessary to explain some Eocene data (see Fig. 2B) in the absence of any other process, 

and does not necessarily have a real-world basis. The code used to generate Fig. 2 (and 

all other main text figures) can be found at https://zenodo.org/record/xxxxxxx.  

  

Text S2. Known strengths, weaknesses, and nonthermal controls on the three key 

benthic foraminifera-derived bottom water temperature proxies. 

The oxygen isotopic composition of benthic foraminifera (abbreviated δ18O) forms 

the backbone of a large portion of palaeoceanography (e.g. Billups and Schrag, 2003; 

Emiliani, 1966; Shackleton, 1967; Westerhold et al., 2020; Zachos et al., 2001). The 

methodology is rooted in the temperature-dependent fractionation of 18O relative to 16O 

between water and the dissolved inorganic carbon species that react to form CaCO3, with 

a slope of ~0.25‰/°C. As applied to deep benthic foraminifera, the proxy is very weakly 

sensitive to diagenesis in most settings because i) recrystallisation of the shell, if an issue, 

generally takes place in the early stages of burial during which the temperature of the 

pore water (and the overlying ocean) is similar to that when the foraminifera lived, and ii) 

because most benthic foraminifera precipitate CaCO3 reasonably close in isotopic 

composition to diagenetic calcite (Evans et al., 2018; Raymo et al., 2018). The major 

limitation of the proxy when interpretation purely in terms of temperature is desirable is 

https://zenodo.org/record/xxxxxxx


 

 

3 

 

that the oxygen isotopic composition of seawater varies both temporally, as the amount 

of water stored on land changes through time, and spatially, driven by the balance 

between precipitation (isotopically heavy) and evaporation (isotopically light). This latter 

issue is naturally a far greater issue for surface environments, with the variability of deep 

ocean δ18Osw equal to 0.48‰, equivalent to ~±2°C (2SD of all measurements >3000 m 

depth available at https://data.giss.nasa.gov/o18data/ excluding the Mediterranean (Bigg 

and Rohling, 2000; Schmidt, 1999)). However, changes in continental ice and 

groundwater storage through time can be challenging to deconvolve from temperature 

(see e.g. Eqs 1.1-1.3) and have driven changes in bulk seawater of at least a permil 

(~4°C). In addition, a seawater carbonate chemistry effect on foraminiferal δ18O has been 

described in the case of planktonic foraminifera (Spero et al., 1997). This effect is rooted 

in the pH-dependent proportion of HCO3
- versus CO3

2- in seawater, important because 

the two species are characterised by distinct isotopic fractionations relative to H2O 

(Zeebe, 1999) and implying that the phenomenon should be ascribed to pH rather than 

[CO3
2-]. While the presence of a pH control on benthic foraminiferal δ18O is yet to be 

conclusively demonstrated, our firm understanding of the mechanistic basis of this effect 

(Zeebe, 1999) means that it is likely to impact the oxygen isotopic composition of 

organisms other than planktonic foraminifera, such that the impact of pH on the benthic 

foraminifera δ18O stack should at least be considered (Meckler et al., 2022). 

The magnesium to calcium ratio of benthic foraminifera is sensitive to 

temperature likely in part because Mg substitution for Ca is increasingly 

thermodynamically favoured at higher temperature (Lea et al., 1999) and as a result of 

poorly understood biological processes. Foraminiferal Mg/Ca is not sensitive to orbital-

scale changes in seawater chemistry but is complicated by a number of factors including: 

i) the long term variability of seawater Mg/Ca (Mg/Casw) on multi-Myr timescale (Evans 

and Müller, 2012; Lear et al., 2000), which must be accounted for, ii) preferential 

diagenetic loss of Mg (Martin et al., 2002) or Mg increase via authigenic overgrowths 

(Pena et al., 2005), and iii) a possible additional seawater carbonate chemistry effect on 

Mg incorporation in some species (e.g. Elderfield et al., 2006). In addition, it is 

unfortunate that the regression form and/or slope of the relationship between Mg/Ca 

and temperature remains poorly constrained for some species that are widely used in 

paleoceanography (Cramer et al., 2011; Evans and Müller, 2012; Lear et al., 2015; Mawbey 

et al., 2020). Nonetheless, Mg/Ca data have been successfully coupled with δ18O to 

deconvolve the relative contributions of δ18Osw and temperature on the latter proxy 

(Elderfield et al., 2012; Sosdian and Rosenthal, 2009), particularly when site-specific 

calibrations are employed (Woodard et al., 2014). 

The clumped isotopic composition (Δ47) of benthic foraminifera is based on the 

temperature-dependent degree to which two heavy isotopes bond (‘clump’) to each 

other, in this case 13C and 18O in CO3 (Affek, 2012; Ghosh et al., 2006). Because it is the 

degree of clumping relative to the theoretical stochastic distribution of these isotopes 

that is measured, knowledge of δ18Osw is not required and the proxy does not suffer from 

uncertainty derived from potential changes in solution isotopic composition, in contrast 

to δ18O. For the same reason described above in relation to δ18O, Δ47 applied to benthic 

foraminifera is also insensitive to diagenesis (Leutert et al., 2019). The principal 

https://data.giss.nasa.gov/o18data/
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disadvantage of the technique is that 13C18O16O2 is a rare molecule (44 ppm of evolved 

CO2), which means that the reproducibility of the measurements is driven by analytical 

repeatability to a far greater degree than other temperature proxies (Evans, 2021). In 

practical terms, the achievable precision of Δ47-derived temperatures from benthic 

foraminifera is ~3-4°C (Meckler et al., 2022), such that resolving temperature changes of 

a magnitude lower than this may be challenging, or requires very large samples. 

 

 

Text S3. Deriving a theoretical slope between pH and δ18O (main text Sec. 4). 

 Following Zeebe et al. (1999), we calculate an approximate linear relationship 

between pH and δ18O using the following equations: 

 S = [H2CO3] + [HCO3
-] + [CO3

2-] 

Where the concentration of these three dissolved carbonate species was calculated 

across a pH range of 6.3-8.7 (total scale), between which the relationship between the 

oxygen isotope fractionation between H2O and the sum of the dissolved carbon species 

is approximately linear, by holding alkalinity constant (2000 µmol/kg) and varying DIC 

(1250-2500 µmol/kg) at S = 35, T = 10°C and a depth of 4000 m. Then, the relationship 

between the oxygen isotope fractionation factor between water and the sum of the three 

dissolved carbon species above: 

 α(S-H2O) = exp(-6.10×10-4 ln(S/[CO2]) + 0.03452)  (Eq. 2 in Zeebe, 1999) 

Finally, the slope used here (-1.54 ‰ per pH unit) is the least-squares linear fit through 

the resulting data regressed against pH. The calculation is insensitive to temperature, 

with a 10°C increase driving a decrease in the slope of ~0.004. 
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Figure S1. The same analysis as main text Fig. 4, with the exclusion of Arctic SST.   
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Table S1. The regions in which deep water formation takes place in the model 

simulations considered here. See main text Fig. 5 for the definition of these locations. 

These regions were used for simulations at all CO2 and non-modern paleogeography. 

The mean annual and winter SST calculations in the main text use the same high latitude 

boxes. 

 
High latitude boxes in which deep water formation takes place  

 N. Atlantic N. Pacific S. Atlantic S. Pacific Indian sec. 

CESM      

COSMOS      

GFDL      

HadCM3      

HadCM3L      

IPSL      

MIROC      

NorESM      

HadCM3V21      
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