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Abstract. Estimates of surface ocean temperatures in the past are essential for evaluating the sensitivity of Earth’s surface 

temperature to higher atmospheric CO2 concentrations such as those characterizing the Miocene. However, in the higher 10 

latitude regions, many proxy-based temperature estimates suggest extreme warmth, which imply much lower latitudinal 

temperature gradients than can be simulated by most coupled general circulation climate models under enhanced greenhouse 

gas forcing. This discrepancy implies either systematic biases in temperature proxy interpretation or the absence of key 

feedback processes in models. Here, we use a new approach to estimate high southern latitude surface ocean temperatures 

using clumped isotope thermometry in coccoliths - calcite plates precipitated in the surface ocean by the calcifying 15 

phytoplankton group coccolithophores. We present new determinations of the clumped isotope ratio in well-preserved 

coccoliths spanning the last 15 million years, extracted and purified from a sediment core located just south of the modern 

subtropical front (Ocean Drilling Program Site 1088, 41°S). Coccolith clumped isotopes reveal a 10°C decline in temperatures 

at this location over the last 15 million years, and over the last 11 Ma of overlapping records the magnitude of cooling is 

similar to that estimated from the degree of undersaturation of alkenone biomarkers. However, the temperatures derived from 20 

coccolith clumped isotopes are 8-12°C cooler than those estimated from alkenones, even though both are biosynthesised by 

the same organisms and therefore must reflect an identical production depth and season. This implies that some of the model-

proxy mismatch may be due to unresolved issues in proxy interpretation. We propose that at this site, calibration biases lead 

to alkenone sea surface temperature estimates up to 5°C too warm, whereas coccoliths reflect temperatures at the production 

depth which is several degrees cooler than the sea surface. The influence of secondary diagenetic carbonate precipitation at 25 

the seafloor is constrained to contribute a cold bias of 2°C or less on the clumped isotope temperature for most samples.  

1 Introduction 

Under future greenhouse-induced warming scenarios, coupled general circulation models (GCM) project a greater warming 

of the high latitudes compared to lower latitudes (Masson-Delmotte et al., 2021). Yet, proxy records of past ‘greenhouse’ 

climates of the Miocene show an even greater high latitude amplification of warming, so that the weak latitudinal temperature 30 

gradients indicated by proxies are not well simulated by GCM using elevated CO2 and past geography (Hossain et al., 2023) 

(Burls et al., 2021). Because temperature gradients on land and in the ocean significantly affect atmospheric circulation patterns 

including rainfall distribution (Burls and Fedorov, 2017), and the polar amplification is critical for predicting the stability of 

high latitude ice sheets (Gasson et al., 2013), this is a fundamental shortcoming with significant implications for predictions 

of future climate.  35 

It is possible that climate models are missing key processes contributing to polar amplification: cloud physics parameterizations 

(Zhu et al., 2022; Zhu et al., 2019), ocean thermohaline circulation and heat transport (Hossain et al., 2020), and changes in 

sea ice parameterization all affect modeled temperatures and meridional temperature gradients. However, it is also feasible 

that models cannot reproduce the apparent features of these climates because the proxies are being systematically interpreted 

or calibrated incorrectly. Most estimates of the absolute surface ocean temperatures for past greenhouse periods derive from 40 
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analysis of changes in the structure or relative abundance of different classes of molecular fossils. These biomarkers, such as 

the unsaturation ratio of 37-chain alkenones 𝑈ଷ଻
௞ᇱ  or the cyclizations in isoprenoid GDGTs (TEX86) show statistically significant 

correlations with modern sea surface temperature (SST) in water column and core top studies and vary with temperature when 

source organisms are grown in culture experiments. Yet, the significance of biosynthesis processes in GDGT distributions and 

TEX86 temperatures (Hurley et al., 2016; Polik et al., 2018), and the potential influence of selective degradation of more 45 

unsaturated alkenones and their effect on temperatures(Rontani et al., 2013; Kim et al., 2009b; Ausín et al., 2022) continue to 

be discussed.  

To further evaluate the fidelity of higher latitude surface ocean temperature estimates, here we present data from a third surface 

ocean temperature proxy based on the frequency of dual substitution of the heavy isotopes of carbon and oxygen in carbonates, 

known as clumped isotope thermometry. Thermodynamic properties predict an increasing frequency of “clumped” heavy 50 

isotopes with lower temperature. In carbonates, the clumped isotope ratios are increasingly used for thermometry, and 

calibrations for abiogenically-precipitated carbonate (Anderson et al., 2021; Fiebig et al., 2021; Swart et al., 2021) as well as 

marine foraminifera (Meinicke et al., 2020; Peral et al., 2018; Daëron and Gray, 2023) and coccolithophorids (Clark et al., 

2025; Clark et al., 2024a; Mejía et al., 2023) are now established.  

We apply the clumped isotope thermometer to estimate the temperature during the production of coccoliths, microscopic plates 55 

of calcite produced by coccolithophorid algae in the ocean’s photic zone. We focus on reticulofenestrid coccoliths produced 

by coccolithophores belonging to the Noelaerhabdaceae family, which includes the Gephyrocapsa species (including G. 

huxleyi, formerly Emiliania huxleyi) that dominate modern coccolithophore assemblages. The Noelaerhabdaceae family is also 

thought to be responsible for the production of alkenone biomarkers throughout the Neogene (Marlowe et al., 1984; Volkman 

et al., 1995; Volkman et al., 1980; Plancq et al., 2012). Thus, analysis of clumped isotopes in reticulofenestrid coccoliths 60 

allows us to compare the temperatures estimated from the organic biomarker and mineral phases produced by the same 

organism. This eliminates the complication of comparing temperature indicators from distinct organisms which may have 

different depth habitats within the photic zone or different seasonality of production. Here, we present new clumped isotope 

data on coccoliths isolated from two sites in the Subantarctic Zone of the South Atlantic Ocean spanning 15 to 0.8 Ma. In this 

region, alkenone temperature records indicate a substantial cooling (5-7°C) over the last 11 million years (Herbert et al., 2016).  65 

2. Setting, Sediments and Analytical Methods 

2.1 Sites, Sediments and Age Model 

In this study, we use sediments from Ocean Drilling Program (ODP) Leg 177 in 

the southeastern Atlantic Ocean (Fig. 1). For the mid-Miocene to earliest 

Pleistocene, our samples are from ODP Site 1088 (41.13°S, 13.6°E; water depth 70 

of 2082m), well above the modern lysocline in this region and bathed today by 

North Atlantic Deep Water. Because Mid to Late Pleistocene sediments are 

depleted in Site 1088, we also analysed several samples from ODP Site 1090 

(42.9°S, 8.8°E; water depth 3700 m), which is today bathed by Antarctic Bottom 

Water, in the Pliocene to late Pleistocene. Sediments at both sites consist of 75 

nannofossil ooze with variable amounts of foraminifera (Gersonde et al., 1999). 

Changes in Paleolatitude at Site 1088 have been modest since the mid-Miocene, 

with the site moving about 2.0° northward in the last 15 Ma (Herbert et al., 2016).  

Figure 1: Setting of Site 1088 and Site 1090 showing mean annual temperature at 10 m depth (color scale and contours). Also shown 
is Site 1266. Data from World Ocean Atlas (Locarnini et al., 2013). Map from (Tanner et al., 2020). 80 

 

Site 1088 is located in the modern Subantarctic Zone which is defined as lying between the Subtropical Front (STF) and the 

Subarctic Front (SAF). Near site 1088 (40.5°S), modern SST varies seasonally between 13 and 15°C while temperature at 100 
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m depth varies from 12 to 13°C (Locarnini et al., 2013). Near the location of Site 1090 (42.5°S), modern SST ranges from 9 

to 11°C while temperature at 100 m depth varies from 8.5 to 10°C.  85 

For Site 1088, we employ the previously published age model (Herbert et al., 2016) which is based on calcareous nannofossil 

biostratigraphy (Marino and Flores, 2002) as well as isotope stratigraphy (Billups et al., 2002). For Site 1090, we employ a 

published age model (Venz and Hodell, 2002), which is identical to that employed for published alkenone temperatures at that 

site (Martínez‐Garcia et al., 2009).  

2.2 Sample preparation and analysis 90 

For sediments from Site 1088, narrow coccolith size-fractions were isolated from the <20 µm fraction of nine bulk sediment 

samples using repeated decanting and microfiltration protocols described in detail in reference (Bolton et al., 2012; Bolton and 

Stoll, 2013). In this study, we focus on the 2.5 to 4 µm fraction, which is dominated (>78% by mass) by reticulofenestrid 

coccoliths and for which stable isotope results, assemblage composition, and preservation were already reported (Bolton and 

Stoll, 2013). This analysis verifies that there is no significant non-coccolith biogenic or abiogenic carbonate in this size fraction. 95 

For comparison, for one sample around 14 Ma, we additionally analyzed the larger coccolith size fraction (6-9 µm) which is 

dominated by Cyclicargolithus floridanus ( a larger reticulofenestrid) and Coccolithus pelagicus. Detrital carbonate fragments 

are rare in the examined samples from Site 1088. For sediments from ODP Site 1090, we microfiltered five bulk sediment 

samples to obtain a <5 µm or <8 µm fraction strongly dominated by reticulofenestrid coccoliths in all but one sample, which 

is dominated by Coccolithus pelagicus. Assemblage composition for all samples is detailed in Supplementary Tables 1 and 2 100 

and illustrated in light microscope images in Figures S1 and S2.  

To reduce potential interferences by organic phases during measurement, sediments were oxidized with 10% H2O2 buffered 

solution with NH3 to pH=8-9 and the oxidant removed. Where the abundance of material in the size fraction allowed, two 

oxidation times were compared, a 5-hour long oxidation and an 8-14 hour long oxidation, and where material was limiting the 

5-hour long oxidation was performed. Subsequently sediments were thoroughly rinsed at least three rinses with ultrapure 105 

(Milli-Q) water and dried overnight at 60°C. Following convention for carbonates, we report the relative clumped isotope ratio 

as the Δ47. The Δ47 of the prepared sediment samples were measured on a Kiel IV-MAT 253Plus system (ThermoFisher 

Scientific, Bremen, Germany) following the LIDI protocol (Hu et al., 2014; Müller et al., 2017), using sample and carbonate 

standards (ETH-1, 2, 3, and IAEA C2) aliquots yielding 100-110 μg of CaCO3 per replicate. The Kiel IV device purifies 

liberated CO2 through a PorapakQ held at -40°C. Pressure dependent backgrounds for correction of non-linearity effects were 110 

measured before each batch of 44 samples/standards was started (Bernasconi et al., 2013; Meckler et al., 2014). Data reduction 

and baseline corrections were carried out using the Easotope software (John and Bowen, 2016), and raw carbon and oxygen 

values were converted to VPDB using the 17O correction parameters as recommended by previous studies (Daëron et al., 2016). 

The Δ47 values are reported in the Intercarb carbon dioxide equilibrium scale (I-CDES) by normalization to the ETH-1, ETH 

-2 and ETH -3 standards as described previously (Bernasconi et al., 2021). Each analytical run consists of 10 aliquots of ETH-115 

3, 5 aliquots each of ETH-1 and ETH-2 organized in three blocks: one at the beginning, one in the middle and one at the end 

of the autosampler carousel, two aliquots of IAEA-C2 and not more than 3 aliquots each of unknown samples for a total of 22 

aliquots. For each sample from Site 1088 a minimum of 14 replicates and for 1090 a minimum of 10 replicates distributed in 

4 to 5 analytical runs was measured. For standardization, a moving window of 12 standards measured before and 12 standards 

measured after each sample (spanning two to three analytical runs) was used. The IAEA-C2 international carbonate standard 120 

used to monitor long-term accuracy and reproducibility during the measurement period yielded a Δ47 = 0.6410 ± 0.024 ‰ (1σ, 

n = 229) in very good agreement with the accepted value of 0.6409 ‰ ± 0.003 ‰ (Bernasconi et al., 2021). Analytical errors 

are reported at the 95% confidence interval (Fernandez et al., 2017).  

Temperatures were calculated from measured Δ47 using the cultured coccolith calibration (Clark et al., 2024a). This 

calibration has been validated by comparison of sediment trap coccolith values with temperature at the depth of maximum 125 
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coccolithophore abundance in the photic zone(Clark et al., 2025; Clark et al., in review). The Δ47 temperature reported here 

therefore represents the temperature at the depth and season of coccolithophore production. We compare the Δ47 temperatures 

with published temperatures calculated from alkenone unsaturation ratios. Alkenone temperatures for Site 1088 (Herbert et 

al., 2016) are calculated with the Uଷ଻
୩ᇱ  index based on the C37:2 and C37:3 alkenone abundances; no C37:4 abundances are 

reported for these samples. This published record employed the calibration based on regression of sea surface temperatures to 130 

globally distributed core top Uଷ଻
୩ᇱ  (Müller et al., 1998). Alkenone temperatures for Site 1090 (Martínez-Garcia et al., 2011) 

employ the Uଷ଻
୩  index which is based on the C37:2, C37:3, and C37:4 abundances. This latter index is proposed to be better 

suited for colder temperature settings(Ho et al., 2012) as long as contributions from non-marine haptophytes can be ruled 

out(Kaiser et al., 2019). The temperature calculation at 1090 employs a calibration based on culture of a strain of Gephyrocapsa 

(Emiliania) huxleyi(Prahl et al., 1988) which is not significantly different from the calibration obtained from regressions 135 

between SST and Uଷ଻
୩  in core top sediments (Sikes et al., 1991; Ho et al., 2012)     

3 Results 

3.1 Coccolith 47 temperatures at ODP 1088 and 1090 

At Site 1088, the 47 temperatures from the reticulofenestrid size-fraction range from a Pleistocene minimum of 4.6°C (± 1.8) 

to a mid-Miocene maximum of 14.6°C (± 1.9), defining a 10°C cooling trend since the mid Miocene (Fig. 2a). A local 140 

minimum of 7.5°C at 5.6 Ma marks the culmination of the Late Miocene Global Cooling. In Site 1088, coccolith replicates 

treated with a longer oxidation time yield temperatures within error of the 5h reaction time applied to the full sample set, with 

samples at 3 and 4 Ma showing near-identical means, while the youngest sample (0.8 Ma) has a 2.5°C higher mean temperature 

with longer oxidation (Fig. 2a). The sample from the 6-9 µm fraction yields an 47 temperature indistinguishable from that of 

the smaller reticulofenestrid sample when treated with the same oxidation protocol. When treated with the longer oxidation 145 

protocol, the estimated 47 temperature of the 6-9 µm fraction increases. Longer oxidation increases the selective dissolution 

experienced by the sample. In samples with heterogeneous species composition, more intense dissolution may lead to shifts in 

the species composition to more dissolution resistant taxa (Gibbs et al., 2004). If the more dissolution resistant species have 

an ecological niche favoring warmer parts of the seasonal cycle or even warmer conditions across interannual variability, then 

increased dissolution may lead to warmer measured 47 temperatures.  150 

At Site 1090, the Plio-Pleistocene 47 temperatures from the reticulofenestrid size fraction average 7°C and range from 5 to 9 

°C (Fig. 2b).Three samples contain minor detrital carbonate (Fig. 2b, Fig. S1) Wind transport of detrital minerals to this 

location via strong westerlies has been documented from Patagonia and southern South America as well as Southern Africa 

(Barkley et al., 2024). For the cold coccolith temperatures (5 °C), small amounts (<5%) of detrital carbonate would warm the 

measured clumped isotope temperatures by <1.5°C if the clumped isotope signature of detrital carbonates reflected 155 

temperatures of carbonate precipitation in earth surface environments at temperatures <35°C. However, if the source of the 

detrital carbonates has had clumped temperatures reset to much higher burial temperatures (>100°C) it could shift the measured 

temperatures warmer by several degrees in coccolith fractions containing >3% of such detrital carbonates. Since the origin and 

burial history of the detrital carbonates cannot be readily constrained for this setting, and the detrital carbonates cannot be 

effectively isolated from the coccoliths for analysis of their clumped temperature, it is not possible to predict if they appreciably 160 

impact the measured temperatures in the samples containing them. As a conservative approach, we do not make further 

interpretations from these samples.  
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Figure 2: New clumped isotope temperatures from coccoliths, distinct symbols illustrate the coccolithophore family dominating the 165 
measured assemblage. (a) 47 temperature from Site 1088. Open symbols indicate longer oxidation, filled symbols indicate 5 hour 
oxidation. (b) 47 temperature from Site 1090; symbols with x contain 2 to 5% detrital carbonate.  

3.2 Comparison of coccolith 47 temperatures, published alkenone temperatures, and water column temperatures 

The 47 coccolith temperatures are compared with temperatures derived from alkenones in Fig. 3. At ODP 1090, the 47 

temperatures of the reticulofenestrid-dominated coccolith fractions are within the range of 𝑈ଷ଻
௞  SST (Fig. 3d). For the three 170 

samples with minor detrital carbonate, 47 temperatures are 1 to 4 °C warmer than 𝑈ଷ଻
௞  SST. For the other two reticulofenestrid 

dominated samples the 47 temperatures are 2.3 to 5.4 °C cooler than 𝑈ଷ଻
௞  SST. Compared with the alkenone temperatures 

averaged in an interval +/-5 ky or +/- 10 ky around the age of the 47 temperatures, the 47 temperature of the reticulofenestrid-

dominated coccoliths average 2.7 and 2.4 °C cooler, respectively. Coccolith 47 temperatures from the last 3 Ma fall between 

estimated glacial summer faunal temperatures(Becquey and Gersonde, 2002) and modern water column temperatures during 175 

the spring-summer production period (Fig. 3c,d). 

At Site 1088, over the last 11 Ma for which alkenone SST estimates are available, reticulofenestrid coccolith 47 temperatures 

average 9°C cooler than the alkenone-derived SST estimates (Fig. 3b). Compared to Site 1090, the sample resolution of the 

Site 1088 𝑈ଷ଻
௞ᇱ  is lower so we estimate the SST over a longer time window of +/-0.2 Ma. When compared against either the 

stratigraphically closest alkenone SST or the alkenone SST averaged over +/-0.2 Ma from the 47 temperatures, the temperature 180 

offset between coccolith 47 temperatures and the alkenone SST at Site 1088 over the last 11 Ma is relatively constant (Fig. 

3e). The youngest coccolith 47 sample with long oxidation, which falls in a glacial period, features a temperature about 5°C 

cooler than the modern lower euphotic zone temperatures (7°C cooler for the short oxidation replicate). The short oxidation 

replicate gives a temperature similar to faunal summer surface temperature estimates at Site 1090 (Fig. 3d(Becquey and 

Gersonde, 2002)). Over the last 12 Ma, with the exception of the minimum at ~6 Ma culminating the Late Miocene cooling, 185 

the alkenone SST is always comparable to or warmer than modern warm season SST at the site (Fig. a-b). Over the last 15 

Ma, the 47 temperatures are all comparable to or colder than the modern 150 m depth warm season temperature, except for 

the 15 Ma sample which is comparable to modern warm season surface temperatures (Fig. 3a-b).  
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 190 

Figure 3. (a) (c) Modern seasonal temperature evolution near sites 1088 (a) and 1090 (c) beginning in southern hemisphere spring 
(S=September, D=December, =March, J= June) for water depths of 0m and 150m(Levitus et al., 2010), with indication of modern 
annual mean SST (b) (d) comparison of published 𝑼𝟑𝟕

𝒌ᇱ  for Site 1088 ((Herbert et al., 2016)) and 𝑼𝟑𝟕
𝒌  for Site 1090(Martínez-Garcia 

et al., 2011) with the 47 coccolith temperature estimates of reticulofenestrid dominated fractions as illustrated in Fig. 2. In Site 1088 
and 1090 a LOESS fit is illustrated for the 𝑼𝟑𝟕

𝒌ᇱ  records. For Site 1090, the LGM faunal summer temperature estimate (Becquey and 195 
Gersonde, 2002) is shown. (e) For Site 1088, reticulofenestrid dominated 47 coccolith vs. the 𝑼𝟑𝟕

𝒌ᇱ  SST estimate in the 0.4 m.y. age 
bin containing the 47 coccolith analysis, and the linear regression equation, which has r2=0.84 and p-value <0.005. Symbols indicate 
the sample age and 68% error bars are shown on 47 temperatures.  

4. Discussion 

4.1 Factors potentially contributing to divergent alkenone and coccolith temperatures 200 

4.1.1 Coccolith and alkenone production in spring bloom domains 

We present analyses of the coccoliths of the reticulofenestrid lineage which produces alkenones. During cell growth, coccoliths 

are continually produced in order to provide a covering of both daughter cells following cell division (Suchéras-Marx et al., 

2022) while alkenones are continually synthesized by cells for carbon and energy storage (Tsuji et al., 2015). Cruise data 

suggest that modern reticulofenestrid coccolithophores (Gephyrocapsa spp. including G. huxleyi) are lower euphotic zone 205 

dwellers with maximum abundance at the depth of between 1 and 10% of surface irradiance (Poulton et al., 2017). In mid- and 

high-latitude regions characterized by deep winter mixing, peak coccolithophore production and export occurs in a spring 
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bloom (Haidar and Thierstein, 2001; Broerse et al., 2000; Ziveri et al., 2000). Monthly sampling of the water column at the 

location of the Bermuda Atlantic Time Series (31°50'N 64°10'W) shows that during the spring bloom, high numbers of 

alkenone producers are found throughout the upper 100 m of the water column, with significant cell numbers extending down 210 

to 150 m (Haidar and Thierstein, 2001).  

Because coccoliths and alkenones are produced during growth of the same organism, the differences in calculated temperatures 

cannot reflect differences in production depth or seasonality of proxy carriers. However, the most commonly employed 

calibration practices differ for ∆47 and alkenone unsaturation. The calibration of ∆47 to temperature is made using calcification 

temperature based on experimentally grown cultures, and therefore reflects the temperature at which coccolithophorids grow 215 

and calcify in the photic zone, in this case during the bloom season. In contrast, the 𝑈ଷ଻
௞ᇱ  (or 𝑈ଷ଻

௞  ) ratio has been empirically 

calibrated to the mean annual temperature at the sea surface (0 m) regardless of the actual production depth (Müller et al., 

1998; Tierney and Tingley, 2018), or in some regions calibrated to summer temperatures (Tierney and Tingley, 2018). This 

calibration approach assumes that vertical or temporal differences are similar at all sites used in the calibration and where the 

calibration is applied. Thus, there is the potential for an offset in the 47 and alkenone temperatures whenever coccolithophore 220 

production occurs deeper than the surface mixed layer, in waters with cooler temperatures.. At the location of Site 1088, the 

temperature difference between 100 m and the surface is <3°C even during the spring to early summer season expected to host 

the most significant coccolithophorid production. Therefore, at this setting in modern oceanographic conditions, the distinct 

temperature calibration targets may explain up to 3°C difference but are insufficient to explain the full 3°C difference between 

47 and coccolith temperatures.  225 

In some marine settings like the Baltic sea region of unusually low salinity (Kaiser et al., 2019) and Arctic settings (Wang et 

al., 2021), noncalcifying haptophytes also make significant contributions to sedimentary alkenones. However, in Late Miocene 

sediments at Site 1088, the distribution of C38 methyl and ethyl alkenones is consistent with a dominant contribution from 

Group III marine haptophytes which represent the calcifying reticulofenestra and no significant contribution from 

noncalcifying Group II or Group I alkenone producers (Tanner et al., 2020).  230 

4.1.2 Potential for bias in 47 coccolith due to seafloor diagenetic overgrowth of coccoliths 

At Site 1088, like most regions of the ocean, upper ocean temperatures are warmer than those at the seafloor (Locarnini et al., 

2013). If the measured coccolith carbonate represented a mixture of primary biogenic calcite produced in the euphotic zone 

and secondary diagenetic carbonate precipitated in the colder waters on the seafloor, this could cause coccolith 47 

temperatures to be significantly colder than those in the euphotic zone. However, in the higher latitudes such as Site 1088, 235 

because of the relatively modest temperature gradient between the seafloor and the euphotic zone (Locarnini et al., 2013), 

extreme degrees of diagenetic overgrowth would be required to significantly shift the temperature signal of the measured 

carbonate.  

SEM images from Site 1088 indicate generally very good preservation. In samples from the Plio-Pleistocene, there is no 

evidence of secondary infilling or overgrowth of the primary placolith crystals, whereas in the older Miocene samples, there 240 

is minor infilling of central area structures in the reticulofenestrids ((Bolton and Stoll, 2013) Figs S6, S7). The most extreme 

cold temperatures recorded by coccolith 47 in our record occur in the Pleistocene, where diagenetic overgrowth is not evident. 

Considering the 0.8 Ma glacial period recorded by the youngest 47 sample, if the true SST value were 14°C as calculated 

from the alkenones, even if the coccoliths were produced 100 m deeper at 11°C, to produce calcite with a weighted average 

47 temperature of 4.6°C would require that 70% of the measured carbonate was diagenetic precipitated at a seafloor 245 

temperature of 2°C and only 30% of the measured carbonate was pristine and precipitated at 11°C. This extent of diagenetic 

contribution is incompatible with SEM and light microscope images of coccoliths.  

Furthermore, measured coccolith stable isotope and Sr/Ca ratios on the same reticulofenestrid 2.5 to 4 m fraction rule out a 

major contribution from secondary carbonate. The coccoliths from the Plio-Pleistocene at Site 1088 preserve evidence of 
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persistent vital effects of 1.5-3 ‰ in δ18O and δ13C that were driven by CO2 decline (Bolton and Stoll, 2013). The maintenance 250 

of significant isotopic heterogeneity among coccolith size fractions is incompatible with a large contribution of common 

secondary seafloor carbonate, which would homogenize the primary biogenic vital effects. The temperature offset between 

alkenones and coccolith 47 is of similar magnitude during the older period of very limited interspecific coccolith vital effects 

and the last 5 Ma period of significant vital effects (Fig. 3e).  

Coccolith Sr/Ca is a particularly potent indicator of secondary diagenetic carbonate because abiogenic Sr partitioning is an 255 

order of magnitude lower than that of coccolithophore biomineralization (Tang et al., 2008). Sr/Ca ratios of ≈ 0.26 mmol/mol 

are predicted for precipitation from modern seawater. Reticulofenestrid coccoliths produced in the modern spring bloom setting 

of the North Atlantic with average water column temperature of 19°C, sampled in sediment traps, feature Sr/Ca ratios of 2.5 

mmol/mol. Culture studies show that the primary Sr/Ca ratios of reticulofenestrid coccoliths increases by 0.05 mmol/mol for 

every 1 °C increase in calcification temperature (Stoll et al., 2002a; Müller et al., 2014; Stoll et al., 2002b). We thus estimate 260 

the expected primary Sr/Ca of reticulofenestrid coccoliths produced at the Site 1088 setting in the past, inferring that 

productivity was constant and comparable to the modern spring bloom regime at Bermuda, but adjusting for the temperature 

dependence of Sr partitioning in coccoliths with either the assumption of production temperature 3°C colder than reported 

alkenone temperatures, or the assumption of production temperature equivalent to measured with 47 coccolith. This 

calculation of primary Sr/Ca assumes that no processes other than temperature changes caused temporal changes in the 265 

biogenic Sr incorporation. We subsequently calculate by mass balance, the Sr/Ca ratio of mixtures of this primary coccolith 

carbonate and secondary carbonate precipitated abiogenically at seafloor temperatures assuming seawater Sr/Ca has remained 

close to modern over the last 15 Ma as suggested by records of seawater chemistry(Lear et al., 2003) .  

In the case that coccolith production temperatures were 3°C cooler than SST estimated from alkenone unsaturation, the 

measured Sr/Ca ratios of the Site 1088 reticulofenestrid fractions (Bolton and Stoll, 2013) are compatible with 0 to 20% of 270 

secondary diagenetic carbonate precipitation (Fig. 4a) for all except two samples (7.5 and 9.5 Ma) which are compatible with 

30% and 25% secondary diagenetic carbonate, respectively (Fig. 4a). If the coccolith production temperatures are well 

reflected by the 47 coccolith, then the measured Sr/Ca ratios are compatible with 0 to 20% secondary diagenetic carbonate 

(Fig. 4b). For either 8°C or 11°C temperature gradient between the seafloor and production depth, modest (20%) contributions 

of secondary diagenetic carbonate would cool 47 temperatures by only 1.7 to 2.6°C (Fig. 4c). Thus, secondary carbonate 275 

precipitation at colder seafloor temperatures is not sufficient to generate the observed 9°C average offset between 47 and the 

𝑈ଷ଻
௞ᇱ   temperatures.  
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 280 

Figure 4. (a) (b) Measured Sr/Ca ratios in the 2.5-4 m fraction from Site 1088 (Bolton and Stoll, 2013), compared to predicted range 
of primary Sr/Ca ratio of small Reticulofenestra with no overgrowth and with varying fractions of the measured sample 
corresponding to secondary diagenetic overgrowth. (a) indicates prediction of primary Sr/Ca for each sample using  a coccolith 
production temperature 3°C cooler than the 𝑼𝟑𝟕

𝒌ᇱ   SST. (b) indicates prediction of primary Sr/Ca for each sample using the measured 
47 coccolith temperatures. Full details of the calculation are given in section 4.1.2. (c) Magnitude of cold bias induced by different 285 
fractions of calcite from secondary seafloor precipitation, assuming either a temperature difference between primary biogenic and 
secondary calcite equivalent to modern SST to deep ocean temperatures (11°C), or modern 150 m to deep ocean temperatures (8°C).  

4.1.3 Selective degradation of C37:3 alkenones in oxic bottom waters 

While sedimentary processes have the potential to introduce a cold bias to carbonate-based 47 (and 18O) signals from 

coccoliths and other planktic carbonates, water column and sedimentary processes have the potential to introduce a warm bias 290 

to the biomarker alkenone indicator. Selective degradation of more unsaturated alkenones occurs by both autooxidation and 

aerobic bacterial degradation in oxic environments. This process alters the the 𝑈ଷ଻
௞ᇱ   (and 𝑈ଷ଻

௞  ) ratios and can lead to warm 

temperature biases of up to 5.9 °C (Rontani et al., 2013) (Kim et al., 2009b; Ausín et al., 2022). The influence of selective 

degradation in the water column and at the sediment-water interface would be accounted for in core top calibrations, and has 

been discussed as a contributing factor to the difference between suspended particulate matter and core top alkenone 295 

unsaturation index (Conte et al., 2006). If selective oxidation subsequently continued at significant rates over millions of years 

in the sediments after deposition, it would be expected to lead to greater divergence between the 𝑈ଷ଻
௞ᇱ   and coccolith 47 in older 

sediments. This is not observed in our records from Site 1088. It is possible that selective degradation of alkenones in sediments 

occurs only early in the sedimentation process, when oxygen content in sediments is highest. While not leading to long term 

increases in the 𝑈ଷ଻
௞ᇱ  , if this process were continuing over the upper few meters of sediment, it may nonetheless contribute 300 

further selective degradation and increase in the 𝑈ଷ଻
௞ᇱ   which is not encompassed in the core top calibration.  
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4.1.4 Differential transport of alkenones and coccoliths 

The persistence of alkenones in sediments is attributable to the stabilization of the lipids on mineral surfaces, in particular on 

the large surface areas of clay and silt sized particles. The alkenone-carrying particles may be subject to resuspension and 

transport. For example, in the deepest part of the Cape Basin, where sediment drifts attain accumulations of >120m/my in the 305 

late Pleistocene at Site 1089 (4620 m(Gersonde et al., 1999)), bottom currents lead to a significant transport of alkenones 

produced in warmer, lower latitude surface waters to final deposition in the deep Cape Basin against the Agulhas Ridge. This 

transport is estimated to contribute to a 6°C warmer temperature in sedimentary core-top alkenones compared to the directly 

overlying SST (Sachs and Anderson, 2003; Kim et al., 2009a). However, in the shallower sites ODP 1088 and ODP 1090 

(water depths 2082 and 3702 m respectively), sedimentation rates in the Pleistocene are significantly lower (over the last 1 310 

Myr, ~30 m/my at Site 1090 and 12 m/myr at Site 1088(Gersonde et al., 1999)), suggesting less sediment focusing. 

Nonetheless, the potential for transport at these sites has not been evaluated. In this Southern Ocean setting, it has also not 

been assessed whether the large fraction of the alkenones reside in the very fine fraction sediment fraction or a larger silt 

fraction.  

If the majority of the alkenones reside on particles in a similar grain size as the coccoliths (<15µm), then it might be expected 315 

that similarly shaped and sized particles would experience similar hydrodynamic transport. Unless individual coccoliths 

dissolve in transport, they may be (re) transported from the same source regions as alkenone-bearing clays and therefore 

expected to carry the same proxy signal. If on the other hand, alkenones are bound to larger particles that experience a different 

transport regime (i.e., a sortable silt regime rather than a cohesive transport regime), then it is possible that the transport of 

alkenones and coccoliths may be decoupled, leading to divergent surface ocean source regions for the two proxy phases buried 320 

in the same sediment core. Alkenone and coccolith sources may also be partially decoupled if the fractional loss during deep 

export from the photic zone were much greater for alkenones than coccoliths, elevating the significance of laterally transported 

alkenones compared to that of coccoliths. Nonetheless, given the similar long-term trends, if differential transport of coccoliths 

and alkenones was responsible for the offset in temperatures, it would require a sustained temperature difference in the source 

areas and require similar transport pathways over the last 15 Ma. This is unlikely given reorganizations of Southern Ocean 325 

deep and surface ocean circulation within that timeframe (Evangelinos et al., 2024).   
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Figure 5. (a) –(e). Histograms showing the distribution of South Atlantic and Southern Ocean proxy estimates over the last 1 Ma 
compared to the current interglacial value (red star). (a) Histogram of benthic 18O with blue showing all data (Hodell et al., 2003) 
with the purple overlay showing the distribution for samples employed in Uk’37 analysis of Site 1088; Holocene benthic 18O from 330 
(Mackensen et al., 2001). (b) and (c) alkenone SST estimates from Site 1088 and 1090 (Herbert et al., 2016; Martínez‐Garcia et al., 
2009). (d) and (e) show summer SST estimated from foraminiferal assemblages at Site 1090 and site 594 which is located between 
the Subtropical and Subpolar fronts in the Indo-Pacific Ocean (Becquey and Gersonde, 2002; Schaefer et al., 2005).  
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4.1.5 Proxy temperature distribution and calibration biases  335 

Warm biases are recognized in the calibration of core top the 𝑈ଷ଻
௞ᇱ   to mean annual SST (Tierney and Tingley, 2018). The 

benthic 18O distribution for Site 1088 highlights that most of the samples for which 𝑈ଷ଻
௞ᇱ  has been reported correspond to 

glacial or intermediate (but not interglacial) climate states (Fig. 5a). In contrast, in the alkenone record from Site 1088 spanning 

the last 1 Ma, most of the reported 𝑈ଷ଻
௞ᇱ  temperatures are warmer than the current interglacial core top (Fig. 5b, Figure S2).  

In contrast, the the 𝑈ଷ଻
௞   temperatures over the last 1 Ma at ODP 1090 are predominantly colder than the current interglacial, a 340 

distribution more representative of the actual climate variation (Fig. 5c). At Site 1090, published temperatures employ the 𝑈ଷ଻
௞   

ratio which is calculated with C37:2, C37:3 and the C37:4 alkenones. Because the C37:4 becomes more abundant at cold 

temperatures, the 𝑈ଷ଻
௞   index differs significantly from the 𝑈ଷ଻

௞ᇱ   index at temperatures of 10°C and lower. While the significance 

of non-thermal effects on the C37:4 alkenone has been discussed, recent work documents that increased abundance of C37:4 

in marine alkenone producers is not due to salinity sensitivity(Liao et al., 2023; Zhang et al., 2023) but because the cell’s 345 

biochemical response to temperature involves adjustment of the entire suite of alkenones, not only the ratio of the di- to tri-

unsaturated C37 methyl alkenones(Conte et al., 1998). Consequently, glacial coolings in the Southern Ocean are captured with 

the the 𝑈ଷ଻
௞  index which accounts for C37:4 but not the the 𝑈ଷ଻

௞ᇱ   index (Ho et al., 2012). Like the the 𝑈ଷ଻
௞  , the faunal estimates 

of summer SST at Site 1090 over the last 1 Ma are also predominantly colder than the current interglacial (Fig. 5d) (Becquey 

and Gersonde, 2002). In the Indo-Pacific ocean Site 594 (Fig. 5e), a similar site position between the subtropical and subpolar 350 

fronts in the Indo-Pacific ocean, faunal temperatures are also predominantly colder than the current interglacial (Schaefer et 

al., 2005). An aggregate estimate of the global mean surface temperature (GMST) also indicates temperatures dominantly 

colder than present interglacial for most of the last 5 Ma(Clark et al., 2024b). Given the close relationship between GMST and 

high latitude SSTs (Evans et al., 2024), this also suggests a likely distribution of colder than modern SST in the Southern 

Hemisphere high latitude ocean. This comparison suggests that the calculated 𝑈ଷ଻
௞ᇱ  SSTs at Site 1088 may feature significant 4 355 

to 5°C warm bias in the calibration, leading to overestimated temperatures for the last 1 and 5 Ma, whereas such a warm bias 

is not identified in the Site 1090 𝑈ଷ଻
௞  SST record. The 𝑈ଷ଻

௞ᇱ  core top calibration applied at Site 1088 is similar to that for cultured 

G. huxleyi strain 55 of (Prahl et al., 1988) but culture of other strains in other environmental conditions reveals an array of 

SST-𝑈ଷ଻
௞ᇱ  intercepts and application of other culture relationships would yield even warmer temperature estimates (Conte et al., 

1998; D’andrea et al., 2016). A comparison of faunal and alkenone SSTs in the Southern Ocean over the last 200 ka also 360 

suggested a consistent warm bias in the alkenone SST relative to foraminifera-based SSTs (Chandler and Langebroek, 2021).  

4.1.6 Reconciling alkenone and clumped isotope temperatures 

We have assessed that 47 coccolith temperature estimates at Site 1088 may be up to 2°C cold biased due to diagenesis. 

Comparison with temperature estimates over the last 1 Ma suggests that the calculated the 𝑈ଷ଻
௞ᇱ  temperatures at Site 1088 may 

have a warm calibration bias of 4 to 5°C relative to mean annual temperature. Thus the 9°C temperature difference between 365 

coccolith production temperature and alkenone-estimated SST may be reduced to 2 to 3°C, which is within estimates of the 

modern difference between mean annual SST and the spring production temperatures in the upper 150m of the water column 

recorded by 47 coccolith temperatures.  

In the past, it is possible that there were changes in the structure of the upper water column or shifts in the seasonality of 

phytoplankton spring blooms. Such changes may alter the relationship between the temperature at which both coccoliths and 370 

alkenones are produced and the temperature at the sea surface, an aspect that should be addressed in future model-data 

comparisons and consideration of the proxy calibration basis.  
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4.2 Implications for estimation of latitudinal temperature gradients 

Unlike the higher latitude estimates for which coccolith 47 temperatures are significantly cooler than 𝑈ଷ଻
௞ᇱ  SST , coccolith 47 

estimates of upper ocean temperatures in the tropical Atlantic Site 926 in the Late Miocene range from 26.5 to 35.2°C  (Tanner 375 

et al., 2025) (Fig. 6a). At that site in the Late Miocene, the alkenone the 𝑈ଷ଻
௞ᇱ  index is saturated, indicating temperatures warmer 

than 28-29°C (Tanner et al., 2025). This indicates that 47 coccolith temperatures are not universally colder than alkenone 

temperatures, especially when accounting for the difference between SST and production temperature. For the periods in which 

we have overlapping data from Site 1088 and Site 926, the 𝑈ଷ଻
௞ᇱ  SST implies a minimum 8°C temperature gradient between the 

two sites, whereas the 47 of coccoliths implies a nearly 16°C temperature gradient between the two site (Fig. 6a).  380 

Comparison of clumped isotope temperatures on planktic foraminifera and that 𝑈ଷ଻
௞ᇱ  SST elsewhere in the southern Ocean 

during warm climates earlier in the Miocene (12-12.5Ma) also suggest a warm bias in the 𝑈ଷ଻
௞ᇱ  SST which may underestimate 

southern hemisphere latitudinal temperature gradients. As observed at Site 1088 in the South Atlantic, in the high latitude 

South Pacific Ocean, Miocene 47 upper ocean temperature estimates are significantly (14oC) cooler than estimates from the 

𝑈ଷ଻
௞ᇱ  SST (Fig. 6b). In the 12 to 12.5 Ma time interval in which the records overlap, 𝑈ଷ଻

௞ᇱ  SST estimates from Deep Sea Drilling 385 

Project (DSDP) Site 594 (Latitude 45° 30′ S, Longitude 174°  E) suggest temperatures of 24°C(Herbert et al., 2016), whereas 

47 temperatures from well-preserved planktic foraminifera Globigerina bulloides from ODP Site 1171 (Latitude 48° 30′ S, 

Longitude 149° 07′ E) provide calcification temperature estimates of 11oC(Leutert et al., 2020). In this setting, foraminifera G. 

bulloides, like alkenone-producing haptophytes, has highest production in austral spring. Other temperature proxy records 

from Site 1171 feature significant uncertainty due to multiple calibrations and challenges estimating past seawater Mg/Ca (Fig. 390 

6b). In the high latitude North Atlantic, 47 of coccoliths also indicates much cooler temperatures than the 𝑈ଷ଻
௞ᇱ  SST(Mejia-

Ramirez et al., 2024). 

Latitudinal sea surface temperature gradients affect the strength of the atmospheric (Hadley cell) circulation as well as the 

upper ocean vertical stratification(Boccaletti et al., 2004). If there is a widespread overestimation of high latitude temperatures 

and underestimation of latitudinal temperature gradients during past warm periods such as the Pliocene or Miocene, this would 395 

have several implications for data model comparisons. Pacific latitudinal temperature gradients in models and proxies have 

been compared using high latitude temperature as an index of climate state (Liu et al., 2022), but if absolute high latitude 

temperatures are overestimated by proxies, then an alternate set of model characteristics (such as climate sensitivity) may 

provide a better match to observations. Because of the influence of latitudinal SST gradient on atmospheric circulation and 

precipitation patterns, some model data comparisons have imposed a proxy-based SST gradient in an effort to generate more 400 

consistent model-data comparisons (Lu et al., 2021; Burls and Fedorov, 2017), and the robustness of this imposed SST pattern 

would need to be reassessed. Additionally, tuning of model latitudinal gradients in cloud properties such as cloud albedo is 

one mechanism which has been applied to reduce the model-data discrepancy in latitudinal SST gradients (Fedorov et al., 

2015), but a revision of proxy latitudinal gradients may necessitate reconsideration of the scope of feedbacks required to 

simulate polar amplification in past warmer climates, including not only the Miocene but also warm intervals of the Plio-405 

Pleistocene. Finally, an overestimation of sea surface temperature may also lead to overestimation of atmospheric CO2 

concentrations from proxies which directly reconstruct [CO2]aq, such as phytoplankton isotope fractionation or boron isotopes. 

For example, a reduction in SST from 21°C to 16°C would reduce the estimated pCO2 from a given [CO2]aq, by ≈13% due to 

the higher gas solubility at colder temperatures. Our analysis suggests that further assessment of absolute proxy temperature 

estimates and their calibrations is needed before robust model-data comparisons can be carried out.  410 
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Figure 6: Comparison of 47 upper ocean temperature estimates with alkenone 
temperature estimates. (a) compares 47 coccolith temperatures averaged over the 5.6 
to 6 Ma time interval from Site 1088 (this study) and low latitude Atlantic Site 926 
(Tanner et al., 2025) to the 𝑼𝟑𝟕

𝒌ᇱ  temperatures from Site 1088 (Herbert et al., 2016) and 415 
Site 926 (Tanner et al., 2025) (b) compares 47 temperatures from planktic 
foraminifera G. bulloides (Leutert et al., 2020) at Site 1171 to the 𝑼𝟑𝟕

𝒌ᇱ  temperatures 
from nearby DSDP Site 594 (Herbert et al., 2016) for which the modern mean annual 
SST differs by <1°C (Levitus et al., 1994); also shown from Site 1171 are TEX86 
temperature estimates from Leutert et al. (2020) using calibration to SST (Tierney 420 
and Tingley, 2015; Kim et al., 2010) and calibration to subsurface temperature (Ho 
and Laepple, 2016; Tierney and Tingley, 2015), and Mg/Ca temperatures from G. 
bulloides (Shevenell et al., 2006; Shevenell et al., 2004) recalculated by Leutert et al. 
(2020) with three calibrations (Gray and Evans, 2019; Vázquez Riveiros et al., 2016; 
Mashiotta et al., 1999) assuming modern seawater Mg/Ca and a proposed scenario 425 
for Miocene seawater Mg/Ca(Lear et al., 2015). The TEX86 and Mg/Ca temperatures 
from Site 1171 are plotted with a slight + and - 1.5° latitudinal offset, respectively to 
improve clarity in the figure.  

 

 430 

  

 

5. Conclusions 

New determinations of upper ocean temperatures in the South Atlantic at Site 

1088 using 47 thermometry on coccoliths shows that the coccolith production 435 

temperatures declined from 14.6 °C at 15 Ma during the Miocene Climatic Optimum to 4.6°C during a glacial period in the 

early Pleistocene. While this magnitude of cooling is consistent with that seen in SST estimated from the 𝑈ଷ଻
௞ᇱ  SST at Site 1088, 

the absolute temperatures derived from 47 thermometry on coccoliths are 9°C colder. The 47 temperatures were measured on 

a size fraction of coccoliths dominated by coccoliths of alkenone producers, suggesting that differences in proxy calibration 

and sedimentary alteration, and not differences in production season or niche, are responsible for the differences. We suggest 440 

that a 4-5°C warm bias in the alkenone calibration for this site, together with the potential for a slight 2°C cold bias in the47 

due to minor diagenetic overgrowth, could reconcile these temperature differences considering a 3°C difference between 

production temperature and SST at this site.. The significant deviations in reconstructed absolute temperatures pose a challenge 

because most climate model-data comparisons are based on comparison of absolute proxy and model temperatures. Robust 

simulation of atmospheric circulation patterns including rainfall distribution require accurate estimates oftemperature gradients 445 

on land and in the ocean (Burls and Fedorov, 2017), and the prediction of high latitude ice sheet stability depends on accurate 

estimates of high latitude temperature amplification (Gasson et al., 2013). The results of this study suggest that while proxies 

show high fidelity in reconstructing past temperature trends, the issue of absolute temperature estimation, crucial to evaluation 

of models, requires continued scrutiny 

 450 

Data availability: New 47 coccolith temperature determinations and coccolith assemblages are summarized in Supplementary 

Tables 1 and 2. Full instrumental data on replicates is archived at the ETH Research Collection doi 10.3929/ethz-b-000737537.  

 

Supplementary information accompanies this manuscript.  

Author contributions: The study was conceived by HS and SB. CB completed the 1088 separations and evaluated the 455 
analyzed coccolith assemblages at 1088 and 1090. MJ prepared samples for clumped isotope analysis and completed analysis 



15 
 

under the direction of SB. All authors discussed interpretations. The manuscript was written by HS, with input from SB and 
CB.  

Competing interest: The authors declare that they have no conflict of interest. 

Acknowledgments: We acknowledge provision of samples from the International Ocean Drilling Program.  460 

 

Financial support: Funding for HS and SB from Swiss National Science Foundation (Award 10000231).  

References 

Anderson, N., Kelson, J. R., Kele, S., Daëron, M., Bonifacie, M., Horita, J., Mackey, T. J., John, C. M., Kluge, T., and 
Petschnig, P.: A unified clumped isotope thermometer calibration (0.5–1,100 C) using carbonate‐based standardization, 465 
Geophysical Research Letters, 48, e2020GL092069, 2021. 
Ausín, B., Haghipour, N., Bruni, E., and Eglinton, T.: The influence of lateral transport on sedimentary alkenone paleoproxy 
signals, Biogeosciences, 19, 613-627, 2022. 
Barkley, A. E., Winckler, G., Recasens, C., Kaplan, M. R., Koffman, B. G., Calabozo, F., Middleton, J. L., Anderson, R. F., 
Cai, Y., and Bolge, L.: Patagonian dust, Agulhas Current, and Antarctic ice-rafted debris contributions to the South Atlantic 470 
Ocean over the past 150,000 years, Proceedings of the National Academy of Sciences, 121, e2402120121, 2024. 
Becquey, S. and Gersonde, R.: Past hydrographic and climatic changes in the Subantarctic Zone of the South Atlantic–The 
Pleistocene record from ODP Site 1090, Palaeogeography, Palaeoclimatology, Palaeoecology, 182, 221-239, 2002. 
Bernasconi, S. M., Hu, B., Wacker, U., Fiebig, J., Breitenbach, S. F., and Rutz, T.: Background effects on Faraday collectors 
in gas‐source mass spectrometry and implications for clumped isotope measurements, Rapid Communications in Mass 475 
Spectrometry, 27, 603-612, 2013. 
Bernasconi, S. M., Daëron, M., Bergmann, K. D., Bonifacie, M., Meckler, A. N., Affek, H. P., Anderson, N., Bajnai, D., 
Barkan, E., and Beverly, E.: InterCarb: A community effort to improve interlaboratory standardization of the carbonate 
clumped isotope thermometer using carbonate standards, Geochemistry, Geophysics, Geosystems, 22, e2020GC009588, 2021. 
Billups, K., Channell, J., and Zachos, J.: Late Oligocene to early Miocene geochronology and paleoceanography from the 480 
subantarctic South Atlantic, Paleoceanography, 17, 4-1-4-11, 2002. 
Boccaletti, G., Pacanowski, R. C., George, S., Philander, H., and Fedorov, A. V.: The thermal structure of the upper ocean, 
Journal of physical oceanography, 34, 888-902, 2004. 
Bolton, C. T. and Stoll, H. M.: Late Miocene threshold response of marine algae to carbon dioxide limitation, Nature, 500, 
558-562, 2013. 485 
Bolton, C. T., Stoll, H. M., and Mendez‐Vicente, A.: Vital effects in coccolith calcite: Cenozoic climate‐pCO2 drove the 
diversity of carbon acquisition strategies in coccolithophores?, Paleoceanography, 27, 2012. 
Broerse, A. T., Ziveri, P., van Hinte, J. E., and Honjo, S.: Coccolithophore export production, species composition, and 
coccolith-CaCO3 fluxes in the NE Atlantic (34 N21 W and 48 N21 W), Deep Sea Research Part II: Topical Studies in 
Oceanography, 47, 1877-1905, 2000. 490 
Burls, N. J. and Fedorov, A. V.: Wetter subtropics in a warmer world: Contrasting past and future hydrological cycles, 
Proceedings of the National Academy of Sciences, 114, 12888-12893, 2017. 
Burls, N. J., Bradshaw, C., De Boer, A. M., Herold, N., Huber, M., Pound, M., Donnadieu, Y., Farnsworth, A., Frigola, A., 
and Gasson, E.: Simulating Miocene warmth: insights from an opportunistic Multi‐Model ensemble (MioMIP1), 
Paleoceanography and Paleoclimatology, 36, e2020PA004054, 2021. 495 
Chandler, D. and Langebroek, P.: Southern Ocean sea surface temperature synthesis: Part 2. Penultimate glacial and last 
interglacial, Quaternary Science Reviews, 271, 107190, 2021. 
Clark, A., Jaggi, M., Bernasconi, S., Fiebig, J., and Stoll, H.: Clumped isotope temperatures of coccolithophores from global 
sediment traps, Paleoceanography and Paleoclimatology, 40, e2024PA005054, 2025. 
Clark, A. J., Jaggi, M., Bernasconi, S. M., and Stoll, H. M.: Clumped isotope temperatures of coccolithophores from global 500 
sediment traps, Paleoceanography and Paleoclimatology, in review. 
Clark, A. J., Torres-Romero, I., Jaggi, M., Bernasconi, S. M., and Stoll, H. M.: A clumped isotope calibration of coccoliths at 
well-constrained culture temperatures for marine temperature reconstructions, Climate of the Past, 20, 2081-2101, 2024a. 
Clark, P. U., Shakun, J. D., Rosenthal, Y., Köhler, P., and Bartlein, P. J.: Global and regional temperature change over the past 
4.5 million years, Science, 383, 884-890, 2024b. 505 
Conte, M. H., Thompson, A., Lesley, D., and Harris, R. P.: Genetic and physiological influences on the alkenone/alkenoate 
versus growth temperature relationship in Emiliania huxleyi and Gephyrocapsa oceanica, Geochimica et Cosmochimica Acta, 
62, 51-68, 1998. 
Conte, M. H., Sicre, M. A., Rühlemann, C., Weber, J. C., Schulte, S., Schulz‐Bull, D., and Blanz, T.: Global temperature 
calibration of the alkenone unsaturation index (UK′ 37) in surface waters and comparison with surface sediments, 510 
Geochemistry, Geophysics, Geosystems, 7, 2006. 



16 
 

D’Andrea, W. J., Theroux, S., Bradley, R. S., and Huang, X.: Does phylogeny control U37K-temperature sensitivity? 
Implications for lacustrine alkenone paleothermometry, Geochimica et Cosmochimica Acta, 175, 168-180, 2016. 
Daëron, M. and Gray, W. R.: Revisiting oxygen‐18 and clumped isotopes in planktic and benthic foraminifera, 
Paleoceanography and Paleoclimatology, 38, e2023PA004660, 2023. 515 
Daëron, M., Blamart, D., Peral, M., and Affek, H. P.: Absolute isotopic abundance ratios and the accuracy of Δ47 
measurements, Chemical Geology, 442, 83-96, 2016. 
Evangelinos, D., Etourneau, J., van de Flierdt, T., Crosta, X., Jeandel, C., Flores, J.-A., Harwood, D. M., Valero, L., Ducassou, 
E., and Sauermilch, I.: Late Miocene onset of the modern Antarctic circumpolar current, Nature Geoscience, 17, 165-170, 
2024. 520 
Evans, D., Brugger, J., Inglis, G. N., and Valdes, P.: The temperature of the deep ocean is a robust proxy for global mean 
surface temperature during the Cenozoic, Paleoceanography and Paleoclimatology, 39, e2023PA004788, 2024. 
Fedorov, A. V., Burls, N. J., Lawrence, K. T., and Peterson, L. C.: Tightly linked zonal and meridional sea surface temperature 
gradients over the past five million years, Nature Geoscience, 8, 975-980, 2015. 
Fernandez, A., Müller, I. A., Rodríguez‐Sanz, L., van Dijk, J., Looser, N., and Bernasconi, S. M.: A reassessment of the 525 
precision of carbonate clumped isotope measurements: Implications for calibrations and paleoclimate reconstructions, 
Geochemistry, Geophysics, Geosystems, 18, 4375-4386, 2017. 
Fiebig, J., Daëron, M., Bernecker, M., Guo, W., Schneider, G., Boch, R., Bernasconi, S. M., Jautzy, J., and Dietzel, M.: 
Calibration of the dual clumped isotope thermometer for carbonates, Geochimica et Cosmochimica Acta, 312, 235-256, 2021. 
Gasson, E., Lunt, D., DeConto, R., Goldner, A., Heinemann, M., Huber, M., LeGrande, A., Pollard, D., Sagoo, N., and Siddall, 530 
M.: Uncertainties in the modelled CO 2 threshold for Antarctic glaciation, Climate of the Past Discussions, 9, 2013. 
Gersonde, R., Hodell, D. A., and Blum, P.: Leg 177 summary: southern ocean paleoceanography, Proc. Ocean Drill. Program 
Initial Rep,  
Gibbs, S. J., Shackleton, N. J., and Young, J. R.: Identification of dissolution patterns in nannofossil assemblages: A high‐
resolution comparison of synchronous records from Ceara Rise, ODP Leg 154, Paleoceanography, 19, 2004. 535 
Gray, W. R. and Evans, D.: Nonthermal influences on Mg/Ca in planktonic foraminifera: A review of culture studies and 
application to the last glacial maximum, Paleoceanography and Paleoclimatology, 34, 306-315, 2019. 
Haidar, A. T. and Thierstein, H. R.: Coccolithophore dynamics off Bermuda (N. Atlantic), Deep Sea Research Part II: Topical 
Studies in Oceanography, 48, 1925-1956, 2001. 
Herbert, T., Lawrence, K. T., Tzanova, A., Peterson, L. C., Caballero-Gill, R., and Kelly, C. S.: Late Miocene global cooling 540 
and the rise of modern ecosystems, Nature Geoscience, 9, 843-847, 2016. 
Ho, S. L. and Laepple, T.: Flat meridional temperature gradient in the early Eocene in the subsurface rather than surface ocean, 
Nature Geoscience, 9, 606-610, 2016. 
Ho, S. L., Mollenhauer, G., Lamy, F., Martínez‐Garcia, A., Mohtadi, M., Gersonde, R., Hebbeln, D., Nunez‐Ricardo, S., 
Rosell‐Melé, A., and Tiedemann, R.: Sea surface temperature variability in the Pacific sector of the Southern Ocean over the 545 
past 700 kyr, Paleoceanography, 27, 2012. 
Hodell, D. A., Charles, C. D., Curtis, J. H., Mortyn, P. G., Ninnemann, U. S., and Venz, K. A.: Data report: Oxygen isotope 
stratigraphy of ODP Leg 177 Sites 1088, 1089, 1090, 1093, and 1094, Proc. Ocean Drill. Program Sci. Results, 1-26,  
Hossain, A., Knorr, G., Lohmann, G., Stärz, M., and Jokat, W.: Simulated thermohaline fingerprints in response to different 
Greenland‐Scotland Ridge and Fram Strait subsidence histories, Paleoceanography and Paleoclimatology, 35, 550 
e2019PA003842, 2020. 
Hossain, A., Knorr, G., Jokat, W., Lohmann, G., Hochmuth, K., Gierz, P., Gohl, K., and Stepanek, C.: The impact of different 
atmospheric CO2 concentrations on large scale Miocene temperature signatures, Paleoceanography and Paleoclimatology, 38, 
e2022PA004438, 2023. 
Hu, B., Radke, J., Schlüter, H. J., Heine, F. T., Zhou, L., and Bernasconi, S. M.: A modified procedure for gas‐source isotope 555 
ratio mass spectrometry: The long‐integration dual‐inlet (LIDI) methodology and implications for clumped isotope 
measurements, Rapid Communications in Mass Spectrometry, 28, 1413-1425, 2014. 
Hurley, S. J., Elling, F. J., Könneke, M., Buchwald, C., Wankel, S. D., Santoro, A. E., Lipp, J. S., Hinrichs, K.-U., and Pearson, 
A.: Influence of ammonia oxidation rate on thaumarchaeal lipid composition and the TEX86 temperature proxy, Proceedings 
of the National Academy of Sciences, 113, 7762-7767, 2016. 560 
John, C. M. and Bowen, D.: Community software for challenging isotope analysis: First applications of ‘Easotope’to clumped 
isotopes, Rapid Communications in Mass Spectrometry, 30, 2285-2300, 2016. 
Kaiser, J., Wang, K. J., Rott, D., Li, G., Zheng, Y., Amaral-Zettler, L., Arz, H. W., and Huang, Y.: Changes in long chain 
alkenone distributions and Isochrysidales groups along the Baltic Sea salinity gradient, Organic Geochemistry, 127, 92-103, 
2019. 565 
Kim, J.-H., Crosta, X., Michel, E., Schouten, S., Duprat, J., and Damsté, J. S. S.: Impact of lateral transport on organic proxies 
in the Southern Ocean, Quaternary Research, 71, 246-250, 2009a. 
Kim, J.-H., Huguet, C., Zonneveld, K. A., Versteegh, G. J., Roeder, W., Damsté, J. S. S., and Schouten, S.: An experimental 
field study to test the stability of lipids used for the TEX86 and U37K′ palaeothermometers, Geochimica et Cosmochimica 
Acta, 73, 2888-2898, 2009b. 570 
Kim, J.-H., Van der Meer, J., Schouten, S., Helmke, P., Willmott, V., Sangiorgi, F., Koç, N., Hopmans, E. C., and Damsté, J. 
S. S.: New indices and calibrations derived from the distribution of crenarchaeal isoprenoid tetraether lipids: Implications for 
past sea surface temperature reconstructions, Geochimica et Cosmochimica Acta, 74, 4639-4654, 2010. 
Lear, C. H., Elderfield, H., and Wilson, P.: A Cenozoic seawater Sr/Ca record from benthic foraminiferal calcite and its 
application in determining global weathering fluxes, Earth and Planetary Science Letters, 208, 69-84, 2003. 575 



17 
 

Lear, C. H., Coxall, H. K., Foster, G. L., Lunt, D. J., Mawbey, E. M., Rosenthal, Y., Sosdian, S. M., Thomas, E., and Wilson, 
P. A.: Neogene ice volume and ocean temperatures: Insights from infaunal foraminiferal Mg/Ca paleothermometry, 
Paleoceanography, 30, 1437-1454, 2015. 
Leutert, T. J., Auderset, A., Martínez-García, A., Modestou, S., and Meckler, A. N.: Coupled Southern Ocean cooling and 
Antarctic ice sheet expansion during the middle Miocene, Nature Geoscience, 13, 634-639, 2020. 580 
Levitus, S., Boyer, T. P., and Antonov, J. I.: World ocean atlas 1994. Volume 5, Interannual variability of upper ocean thermal 
structure, 1994. 
Levitus, S., Locarnini, R. A., Boyer, T. P., Mishonov, A. V., Antonov, J. I., Garcia, H. E., Baranova, O. K., Zweng, M. M., 
Johnson, D. R., and Seidov, D.: World ocean atlas 2009, 2010. 
Liao, S., Wang, K. J., and Huang, Y.: Unusually high production of C37: 4 alkenone by an Arctic Gephyrocapsa huxleyi strain 585 
grown under nutrient-replete conditions, Organic Geochemistry, 177, 104539, 2023. 
Liu, X., Huber, M., Foster, G. L., Dessler, A., and Zhang, Y. G.: Persistent high latitude amplification of the Pacific Ocean 
over the past 10 million years, Nature Communications, 13, 7310, 2022. 
Locarnini, R. A., Mishonov, A. V., Antonov, J. I., Boyer, T. P., Garcia, H. E., Baranova, O. K., Zweng, M. M., Paver, C. R., 
Reagan, J. R., and Johnson, D. R.: World ocean atlas 2013. Volume 1, Temperature, 2013. 590 
Lu, J., Yang, H., Griffiths, M. L., Burls, N. J., Xiao, G., Yang, J., Wang, J. K., Johnson, K. R., and Xie, S.: Asian monsoon 
evolution linked to Pacific temperature gradients since the Late Miocene, Earth and Planetary Science Letters, 563, 116882, 
2021. 
Mackensen, A., Rudolph, M., and Kuhn, G.: Late Pleistocene deep-water circulation in the subantarctic eastern Atlantic, 
Global and Planetary Change, 30, 197-229, 2001. 595 
Marino, M. and Flores, J. A.: Miocene to Pliocene calcareous nannofossil biostratigraphy at ODP Leg 177 Sites 1088 and 
1090, Marine Micropaleontology, 45, 291-307, 2002. 
Marlowe, I., Green, J., Neal, A., Brassell, S., Eglinton, G., and Course, P.: Long chain (n-C37–C39) alkenones in the 
Prymnesiophyceae. Distribution of alkenones and other lipids and their taxonomic significance, British Phycological Journal, 
19, 203-216, 1984. 600 
Martínez-Garcia, A., Rosell-Melé, A., Jaccard, S. L., Geibert, W., Sigman, D. M., and Haug, G. H.: Southern Ocean dust–
climate coupling over the past four million years, Nature, 476, 312-315, 2011. 
Martínez‐Garcia, A., Rosell‐Melé, A., Geibert, W., Gersonde, R., Masqué, P., Gaspari, V., and Barbante, C.: Links between 
iron supply, marine productivity, sea surface temperature, and CO2 over the last 1.1 Ma, Paleoceanography, 24, 2009. 
Mashiotta, T. A., Lea, D. W., and Spero, H. J.: Glacial–interglacial changes in Subantarctic sea surface temperature and δ18O-605 
water using foraminiferal Mg, Earth and Planetary Science Letters, 170, 417-432, 1999. 
Masson-Delmotte, V., P. , Zhai, A., Pirani, S. L., Connors, C., Péan, S., Berger, N., Caud, Y., Chen, L., Goldfarb, M. I., Gomis, 
M., Huang, K., Leitzell, E., Lonnoy, J. B. R., Matthews, T. K., Maycock, T., Waterfield, O., Yelekçi, R. Y., and , and (eds.), 
B. Z.: IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change. , Cambridge University Press,, Cambridge, United 610 
Kingdom and New York, NY, USA, doi:10.1017/9781009157896., 2021. 
Meckler, A. N., Ziegler, M., Millán, M. I., Breitenbach, S. F., and Bernasconi, S. M.: Long‐term performance of the Kiel 
carbonate device with a new correction scheme for clumped isotope measurements, Rapid Communications in Mass 
Spectrometry, 28, 1705-1715, 2014. 
Meinicke, N., Ho, S., Hannisdal, B., Nürnberg, D., Tripati, A., Schiebel, R., and Meckler, A.: A robust calibration of the 615 
clumped isotopes to temperature relationship for foraminifers, Geochimica et Cosmochimica Acta, 270, 160-183, 2020. 
Mejia-Ramirez, L. M., Bernasconi, S. M., Fernandez, A., Zhang, H., Guitián, J., Jaggi, M., Taylor, V. E., Perez-Huerta, A., 
and Stoll, H. M.: Modest, not extreme, northern high latitude amplification over the Mid to Late Miocene shown by coccolith 
clumped isotopes, 2024. 
Mejía, L. M., Bernasconi, S. M., Zhang, H., Guitián, J., Fernandez, A., Hernández-Almeida, I., Jaggi, M., Haghipour, N., and 620 
Stoll, H.: Clumped isotopes in globally distributed Holocene coccoliths reveal their habitat depth, Earth and Planetary Science 
Letters, 619, 118313, 2023. 
Müller, I. A., Fernandez, A., Radke, J., Van Dijk, J., Bowen, D., Schwieters, J., and Bernasconi, S. M.: Carbonate clumped 
isotope analyses with the long‐integration dual‐inlet (LIDI) workflow: Scratching at the lower sample weight boundaries, 
Rapid Communications in Mass Spectrometry, 31, 1057-1066, 2017. 625 
Müller, M. N., Lebrato, M., Riebesell, U., Barcelos e Ramos, J., Schulz, K. G., Blanco Ameijeiras, S., Sett, S., Eisenhauer, A., 
and Stoll, H. M.: Influence of temperature and CO 2 on the strontium and magnesium composition of coccolithophore calcite, 
Biogeosciences, 11, 1065-1075, 2014. 
Müller, P. J., Kirst, G., Ruhland, G., Von Storch, I., and Rosell-Melé, A.: Calibration of the alkenone paleotemperature index 
U37K′ based on core-tops from the eastern South Atlantic and the global ocean (60 N-60 S), Geochimica et cosmochimica 630 
Acta, 62, 1757-1772, 1998. 
Peral, M., Daëron, M., Blamart, D., Bassinot, F., Dewilde, F., Smialkowski, N., Isguder, G., Bonnin, J., Jorissen, F., and Kissel, 
C.: Updated calibration of the clumped isotope thermometer in planktonic and benthic foraminifera, Geochimica et 
Cosmochimica Acta, 239, 1-16, 2018. 
Plancq, J., Grossi, V., Henderiks, J., Simon, L., and Mattioli, E.: Alkenone producers during late Oligocene–early Miocene 635 
revisited, Paleoceanography, 27, 2012. 
Polik, C. A., Elling, F. J., and Pearson, A.: Impacts of paleoecology on the TEX86 sea surface temperature proxy in the 
Pliocene‐Pleistocene Mediterranean Sea, Paleoceanography and Paleoclimatology, 33, 1472-1489, 2018. 



18 
 

Poulton, A. J., Holligan, P. M., Charalampopoulou, A., and Adey, T. R.: Coccolithophore ecology in the tropical and 
subtropical Atlantic Ocean: New perspectives from the Atlantic meridional transect (AMT) programme, Progress in 640 
Oceanography, 158, 150-170, 2017. 
Prahl, F. G., Muehlhausen, L. A., and Zahnle, D. L.: Further evaluation of long-chain alkenones as indicators of 
paleoceanographic conditions, Geochimica et Cosmochimica Acta, 52, 2303-2310, 1988. 
Rontani, J.-F., Volkman, J. K., Prahl, F., and Wakeham, S. G.: Biotic and abiotic degradation of alkenones and implications 
for U37K′ paleoproxy applications: A review, Organic Geochemistry, 59, 95-113, 2013. 645 
Sachs, J. P. and Anderson, R. F.: Fidelity of alkenone paleotemperatures in southern Cape Basin sediment drifts, 
Paleoceanography, 18, 2003. 
Schaefer, G., Rodger, J. S., Hayward, B. W., Kennett, J. P., Sabaa, A. T., and Scott, G. H.: Planktic foraminiferal and sea 
surface temperature record during the last 1 Myr across the Subtropical Front, Southwest Pacific, Marine Micropaleontology, 
54, 191-212, 2005. 650 
Shevenell, A., Kennett, J., and Lea, D.: Southern Ocean Middle Miocene ODP1171 Foraminifer Stable Isotope and Mg/Ca 
Data, IGBP PAGES/World Data Center for Paleoclimatology, Data Contribution Series, 61, 2006. 
Shevenell, A. E., Kennett, J. P., and Lea, D. W.: Middle Miocene southern ocean cooling and Antarctic cryosphere expansion, 
Science, 305, 1766-1770, 2004. 
Sikes, E., Farrington, J. t., and Keigwin, L.: Use of the alkenone unsaturation ratio U37K to determine past sea surface 655 
temperatures: core-top SST calibrations and methodology considerations, Earth and Planetary Science Letters, 104, 36-47, 
1991. 
Stoll, H. M., Rosenthal, Y., and Falkowski, P.: Climate proxies from Sr/Ca of coccolith calcite: calibrations from continuous 
culture of Emiliania huxleyi, Geochimica et Cosmochimica Acta, 66, 927-936, 2002a. 
Stoll, H. M., Klaas, C. M., Probert, I., Encinar, J. R., and Alonso, J. I. G.: Calcification rate and temperature effects on Sr 660 
partitioning in coccoliths of multiple species of coccolithophorids in culture, Global and Planetary Change, 34, 153-171, 
2002b. 
Suchéras-Marx, B., Viseur, S., Walker, C. E., Beaufort, L., Probert, I., and Bolton, C.: Coccolith size rules–What controls the 
size of coccoliths during coccolithogenesis?, Marine Micropaleontology, 170, 102080, 2022. 
Swart, P. K., Lu, C., Moore, E. W., Smith, M. E., Murray, S. T., and Staudigel, P. T.: A calibration equation between Δ48 665 
values of carbonate and temperature, Rapid Communications in Mass Spectrometry, 35, e9147, 2021. 
Tang, J., Köhler, S. J., and Dietzel, M.: Sr2+/Ca2+ and 44Ca/40Ca fractionation during inorganic calcite formation: I. Sr 
incorporation, Geochimica et Cosmochimica Acta, 72, 3718-3732, 2008. 
Tanner, T., Hernández‐Almeida, I., Drury, A. J., Guitián, J., and Stoll, H.: Decreasing atmospheric CO2 during the late 
Miocene cooling, Paleoceanography and Paleoclimatology, 35, e2020PA003925, 2020. 670 
Tanner, T., Rae, J. W., Hernandez-Almeida, I., Zhang, H., Jaggi, M., Dumont, M., Jurikova, H., Bernasconi, S. M., and Stoll, 
H. M.: Multi-proxy estimates of sea surface temperature and CO2 in the western Atlantic during the Late Miocene, 
Paleoceanography and Paleoclimatology, 40, e2025PA005142, DOI: 
10.22541/essoar.171535711.15687939/v1Paleoceanography, 2025. 
Tierney, J. E. and Tingley, M. P.: A TEX86 surface sediment database and extended Bayesian calibration, Scientific data, 2, 675 
1-10, 2015. 
Tierney, J. E. and Tingley, M. P.: BAYSPLINE: A new calibration for the alkenone paleothermometer, Paleoceanography and 
Paleoclimatology, 33, 281-301, 2018. 
Tsuji, Y., Yamazaki, M., Suzuki, I., and Shiraiwa, Y.: Quantitative analysis of carbon flow into photosynthetic products 
functioning as carbon storage in the marine coccolithophore, Emiliania huxleyi, Marine Biotechnology, 17, 428-440, 2015. 680 
Vázquez Riveiros, N., Govin, A., Waelbroeck, C., Mackensen, A., Michel, E., Moreira, S., Bouinot, T., Caillon, N., Orgun, 
A., and Brandon, M.: Mg/Ca thermometry in planktic foraminifera: Improving paleotemperature estimations for G. bulloides 
and N. pachyderma left, Geochemistry, Geophysics, Geosystems, 17, 1249-1264, 2016. 
Venz, K. A. and Hodell, D. A.: New evidence for changes in Plio–Pleistocene deep water circulation from Southern Ocean 
ODP Leg 177 Site 1090, Palaeogeography, palaeoclimatology, palaeoecology, 182, 197-220, 2002. 685 
Volkman, J. K., Barrerr, S. M., Blackburn, S. I., and Sikes, E. L.: Alkenones in Gephyrocapsa oceanica: Implications for 
studies of paleoclimate, Geochimica et Cosmochimica Acta, 59, 513-520, 1995. 
Volkman, J. K., Eglinton, G., Corner, E. D., and Forsberg, T.: Long-chain alkenes and alkenones in the marine 
coccolithophorid Emiliania huxleyi, Phytochemistry, 19, 2619-2622, 1980. 
Wang, K. J., Huang, Y., Majaneva, M., Belt, S. T., Liao, S., Novak, J., Kartzinel, T. R., Herbert, T. D., Richter, N., and Cabedo-690 
Sanz, P.: Group 2i Isochrysidales produce characteristic alkenones reflecting sea ice distribution, Nature Communications, 12, 
1-10, 2021. 
Zhang, H., Huang, Y., Wijker, R., Cacho, I., Torner, J., Santos, M., Kost, O., Wei, B., and Stoll, H.: Iberian Margin surface 
ocean cooling led freshening during Marine Isotope Stage 6 abrupt cooling events, Nature Communications, 14, 5390, 2023. 
Zhu, J., Poulsen, C. J., and Tierney, J. E.: Simulation of Eocene extreme warmth and high climate sensitivity through cloud 695 
feedbacks, Science advances, 5, eaax1874, 2019. 
Zhu, J., Otto‐Bliesner, B. L., Brady, E. C., Gettelman, A., Bacmeister, J. T., Neale, R. B., Poulsen, C. J., Shaw, J. K., McGraw, 
Z. S., and Kay, J. E.: LGM paleoclimate constraints inform cloud parameterizations and equilibrium climate sensitivity in 
CESM2, Journal of Advances in Modeling Earth Systems, 14, e2021MS002776, 2022. 
Ziveri, P., Broerse, A. T., van Hinte, J. E., Westbroek, P., and Honjo, S.: The fate of coccoliths at 48 N 21 W, northeastern 700 
Atlantic, Deep Sea Research Part II: Topical Studies in Oceanography, 47, 1853-1875, 2000. 
 


