
SUPPLEMENTARY DISCUSSION 

 

(Dis)equilibrium isotopic fractionation and temperature reconstructions 

Since its conception and early application (94Urey, 1948; 95Epstein et al., 1953), stable isotope 

paleothermometry has been one of the most widely applied tools in paleoclimate reconstructions. 

Further research has since refined the temperature calibrations and the effect of acid fractionation 

at various reaction temperatures (96Guo et al., 2009; 22Petersen et al., 2019), leading to common 

calibrations used to estimate paleotemperatures from stable oxygen (δ18Oc; 
97Grossman and Ku, 

1986; 17Kim and O’Neil, 1997; 98Kim et al., 2007) and clumped isotope ratios (Δ47; 
51Kele et al., 

2015; 47Bernasconi et al., 2018). 

These calibrations all assume that carbonates are precipitated in equilibrium with ambient 

seawater, or at least with the same fractionation factor as the samples on which the calibrations 

are based. Due to the use of the enzyme carbonic anhydrase in shell precipitation, kinetic effects 

related to the rate limitation of the hydration reaction of CO2 into carbonic acid are generally 

assumed not to affect δ18Oc and Δ47 measurements in bivalves99. While equilibrium conditions 

are commonly assumed for many surface carbonates, most notably bivalves, this assumption has 

recently been challenged (100Daëron et al., 2019). Apparent isotopic disequilibrium causes 

isotope fractionation factors between water and carbonate to be different for slow-growing 

carbonates including cryogenic carbonates and slow growing cave deposits such as the Devil’s 

Hole speleothem, and faster growing carbonates such as those precipitated by most organisms 

(100Daëron et al., 2019; 101Coplen, 2007; 102Bajnai et al., 2018). Equilibrium fractionation is very 

hard to test for in fossil organisms, especially since δ18Oc and Δ47 (dis)equilibrium do not 



necessarily co-occur (103Fiebig et al., 2019; 104Guo, 2020). The advent of high precision Δ48 

measurements in addition to δ18Oc and Δ47 that may allow checks of equilibrium fractionation in 

fossil carbonates is currently under development (103Fiebig et al., 2019; 105Bajnai et al., 2020). 

However, even if fully developed and widely available, the sample size (>10 mg) needed for 

such measurements prevents their applications on the seasonal scale such as those in this study. 

Therefore, the best approach given the current knowledge on isotopic equilibrium fractionation 

in biogenic carbonates is to apply a thermometer based on samples with similar precipitation 

conditions (e.g. kinetics) as the samples in the study. Therefore, the δ18Oc and Δ47 thermometers 

by 17Kim and O’Neil (1997) and 51Kele et al. 2015 (modified by 47Bernasconi et al., 2018) are 

used for temperature calibrations in this study. The 17Kim and O’Neil (1997) equation has been 

shown to closely mimic isotope fractionation in biogenic carbonates (including bivalves) which 

are slightly out of isotopic equilibrium due to kinetic effects (100Daëron et al., 2019). The 

Bernasconi et al. (2018) Δ47-temperature calibration is shown to be significantly 

indistinguishable from theoretical predictions of isotope clumping in the carbonate-water system 

in the temperature range considered in paleoclimate studies (104Guo, 2020; 24Jautzy et al., 2020), 

providing independent evidence for the validity of this empirical calibration curve. 

 

Sample sizes 

Optimum sample sizes in this study exceed the minimum sample size in 25Fernandez et al. 

(2017), because aliquots from different parts of the shell are combined rather than replicates 

from the same homogenized sample, which increases within-sample variability. Similarly, 

specimens with higher seasonal variability (A. incurva; N = 43.5; Table 1 in main text) require 

larger sample sizes than those with lower variability (R. diluvianum and B. suecicus; N < 40). 



This counterintuitive observation results from the fact that, while higher numbers of aliquots 

reduce the uncertainty on estimates of the mean Δ47 value (reducing the standard error and 95% 

confidence level), larger sample sizes in seasonal records incorporate more variability in the 

record itself (increasing standard deviation). The latter effect does not play a role when 

measuring replicates in a homogenized sample (as discussed in 25Fernandez et al., 2017). As a 

result, the optimum number of aliquots per sample required to resolve seasonality not only 

depends on the number of aliquots, but also on various characteristics of the record itself and 

how it is sampled (e.g. amplitude of seasonality, sampling density, phase relationships between 

growth rate and temperature and interplay between temperature and δ18Osw on the δ18Oc record). 

Differences in seasonality between years, growth cessations (e.g. 106Jones and Quitmyer, 1996) 

and ontogenetic growth rate reduction (e.g. 65Schöne et al., 2005) will also increase variability 

between aliquots and therefore increase sample size. This is one of the reasons why B. suecicus, 

which has more irregular growth through the year, has a lower optimum sample size and a 

smaller number of successful simulations (Supplementary Data 3) than the other two 

specimens. The effect of such complications on Δ47-based seasonality reconstructions can be 

modeled, as was done for reconstructions from δ18Oc records (64Goodwin et al., 2001; 50Judd et 

al., 2018). A detailed evaluation of the influence of variability in temperature seasonality, 

salinity (and its effect on δ18Osw) and growth rate on the Δ47-based seasonality approach in a 

range of natural and virtual cases is described in 20de Winter et al. (2020). This study also 

compares the current method for seasonality reconstructions with alternative methods (e.g. the 

moving average approach or δ18Oc-based reconstructions) to demonstrate the advantages of the 

new approach and test its performance in a range of cases. 

 



Global versus local climate and paleoceanography of the Boreal Chalk Sea 

Highly local excess evaporation, temporary emersion and surface water heating can contribute to 

elevated SST and δ18Osw recorded in the shells in this study, especially in shallow-dwelling R. 

diluvianum (e.g. 107Rohling, 2013). However, it is also possible that the shell record basin-

specific effects. Given the large connection of the Kristianstad Basin with the epicontinental 

Danish Basin and Boreal Chalk Sea, a large global marine influence is most likely (31Surlyk and 

Sørensen, 2010). 

As noted in the main text, differences between the localities of the three studied species can also 

explain some of the differences found between SST and δ18Osw reconstructions from their shells. 

The limited horizontal continuity of the Ivö Klack, Åsen and Maltesholm localities prevented 

previous authors from concluding whether any freshwater sources (e.g. rivers) enter Kristianstad 

Basin near one or more of the localities, but the highly diverse marine fauna found in each of 

them renders this unlikely (56Surlyk and Christensen, 1974; 27Surlyk and Sørensen, 2010 

38Sørensen et al., 2012; 452015). The difference in paleodepth, albeit small, between the locality 

of R. diluvianum and the other species is the most likely explanation for the differences between 

the reconstructions from their shells (see Discussion in main text). The shallow (< 5 m) depth of 

R. diluvianum compared with deeper (5–15m) habitats of B. suecicus and A. incurva and the fact 

that tidal amplitude rarely exceeds 5 meters opens up the possibility that R. diluvianum lived 

above the low tide level while the other species were subtidal. Tidal emersion is known to cause 

stress in bivalves due to evaporative water loss and increased temperatures due to direct exposure 

to more extreme air temperatures (108Hicks and McMahon, 2003). While the effect on carbonate 

production and isotope composition are not known, warmer temperatures have a higher impact 

than colder ones due to higher evaporation rates (108Hicks and McMahon, 2003). This could 



explain why the shallower R. diluvianum records higher SST and more positive δ18Osw values 

because of tidal emersion. 

The interplay of local, regional and global variability complicates the interpretation of very 

shallow marine records such as bivalve shells and their comparison with pelagic records. 

Regional δ18Osw can differ vastly from assumed global values (e.g. 32Petersen et al., 2016), and 

buildup of temporal ice sheets may have increased global δ18Osw (12Thibault et al., 2016), 

although the presence and extent of Cretaceous ice sheets is debated (e.g. 109Bornemann et al., 

2008; 110Cramer et al., 2011). Due to the reservoir size of seas and oceans, seasonal variations in 

δ18Osw are more likely to be local or regional. Seasonal δ18Osw reconstructions can therefore help 

to disentangle local from regional and global changes in sea water composition and improve 

paleoceanographic reconstructions. Thus considered, fossil bivalve shells, with their potential to 

record seasonal variations and local climate, fulfill a unique role in the ensemble of paleoclimate 

records by providing information about shallow marine environments which lie on the interface 

between the marine and terrestrial realms. 

Reconstructed SST (15-27°C, MAT of 20°C; Fig. 3 in main text) exceed SST estimates from 

δ18Oc in the Campanian Boreal Chalk Sea (17-20°C; 111Lowenstam and Epstein, 1954; 7Jenkyns 

et al., 2004; 112Friedrich et al., 2005; 12Thibault et al., 2016; assuming δ18Osw of −0.5‰ or −1‰). 

This difference can be reconciled by increasing δ18Osw by 1‰ (δ18Osw of 0–0.5‰; 17Kim and 

O’Neil, 1997), suggesting δ18Osw in the Campanian Boreal Chalk Sea was more 18O-enriched 

than previously thought. This result is corroborated by Δ47 measurements of slightly younger 

(Maastrichtian) Rügen chalk which is used as one of the standards (ETH-3; see 47Bernasconi et 

al., 2018) for clumped isotope analysis, and which yields SST of 20 °C and a δ18Osw of 

1‰VSMOW (Supplementary Data 2). Similarly, Δ47 analyses of chalk by 27Tagliavento et al. 



(2018) also yielded δ18Osw values 1–1.5‰ higher than the assumed −1‰VSMOW for the ice 

free Late Cretaceous, although this offset is potentially explained by vital effects during the 

calcification of coccolithophores. In addition, 31Tagliavento et al. (2018) concluded that many 

pelagic chalk records are analyzed by means of bulk geochemical methods which include 

carbonate cement facies precipitated on the seafloor (where temperatures are lower) besides 

fossil material. These facies decrease temperature estimates and introduce a cold bias in these 

records, explaining why clumped isotope-based reconstructions yield higher temperatures. 

Reconstructions from similar paleolatitudes (45–50°N) in the Early Campanian Western Interior 

Seaway also yielded lower MAT (5–15°C based on bulk mollusk shell Δ47; 
32Petersen et al., 

2016) and seasonal temperatures (~10–25°C seasonality based on bivalve δ18Oc; 
40Walliser et al., 

2018), but these estimates are accompanied with very low salinity and δ18Osw (<−3‰; 32Petersen 

et al., 2016). These inter-basin differences highlight the potential for globally distributed 

seasonal scale δ18Osw and SST reconstructions to disentangle local, regional and global 

variability. Specifically, more records of shallow marine paleotemperatures are required to 

reconstruct differences in climate between pelagic and near-shore environments and conclude 

whether differences in temperature reconstructions reflect genuine biases in pelagic climate 

reconstructions or differences between these environments. 
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