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Abstract. The Maastrichtian (~72–66 Ma), the final stage of the Cretaceous, experienced long-term cooling with high 

atmospheric CO₂ and weak latitudinal temperature gradients. Tectonic movements and variations in climate lead to sea-level 15 

changes and dynamic ocean conditions. This background probably affected the seawater circulation regime of the shallow 

epeiric Chalk Sea that covered a large portion of the Northern European continent. The connections to the evolving Northern 

Atlantic, the Arctic Basin and the tropical Thetis Ocean in the South and their impact on the seawater circulation and 

stratification in the open Chalk Sea is still not well understood.  This study applies carbonate clumped-isotope thermometry 

(Δ47) to well preserved planktonic and benthic foraminifera from the Polanówka UW-1 core (Poland) to reconstruct the local 20 

surface and bottom water conditions prevailing during the Maastrichtian in the Chalk Sea.  

The results from planktonic foraminifera reveal dynamic surface water conditions of alternating warmer and more saline 

with colder and less saline surface waters compared to stable, warm, and saline bottom waters from the benthic foraminifera. 

Comparisons with previous studies indicate the new planktonic Δ47-SST reconstructions align more with oxygen isotope-

based SST than the SST based on organic proxies such as TEX₈₆-SST, with differences attributed to calibration, seasonality, 25 

and habitat depth. These findings suggest a stratified water column where the surface water is influenced by sporadic water 

entrainment with strong depleted ẟ18O that could be associated to freshwater runoff. The observed more stable and warm 

bottom water conditions and the range of ẟ18O may be associated with 2 scenarios: (1) a warm, saline bottom water 

periodically influenced by incursions of colder and fresher North Atlantic waters, or (2) bottom water conditions influenced 

by increased water input from the Tethys during periods of sea-level rise. Our reconstructions on the central European Chalk 30 

Sea conditions provide new insights into the thermal structure and water circulation in the Chalk Sea during the Mid-

Maastrichtian Event and highlight the need for further research to refine the understanding of hydrology dynamics during 

this mild greenhouse climate interval. 
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1 Introduction 

The Maastrichtian (~72–66 Ma) marks the end of the Cretaceous and represents a pivotal interval in Earth’s climatic history 35 

as it is seen as mild greenhouse interval. It is characterized by a long-term cooling trend associated with atmospheric CO₂ 

levels probably slightly higher than the modern ones, exceeding 600–1000 ppm (e.g., Royer et al., 2014; Foster et al., 2017; 

Steinthorsdottir et al., 2025), and an eventually weaker latitudinal temperature gradients (e.g., Huber et al., 2002; Friedrich et 

al., 2012). Superimposed on this long-term cooling, several episodes of climate cooling and warming during the 

Maastrichtian, correlated with eustatic sea-level changes, indicating climate instability and enhanced ocean dynamics (e.g., 40 

Barrera and Savin, 1999; Isaza-Londoño, 2006). These short-term sea-level fluctuations have been attributed to medium-

sized ice sheets in Antarctica during the early Maastrichtian (Miller et al., 1999), the aquifer-eustasia mechanism (Sames et 

al., 2020), or tectonic processes such as basin geometry changes and the opening of the Atlantic Ocean (Frank and Arthur, 

1999; Friedrich et al., 2009; Jung et al., 2013). During this time, an extensive shallow marine basin, known as the Chalk Sea, 

covered the northern and central part of the European continent. This epeiric sea, semi-enclosed with connections to the 45 

North Atlantic, Arctic Basin, and subtropical Tethys (Markwick and Valdes, 2004), played a crucial role in shaping regional 

oceanographic dynamics. Understanding the thermal structure and seawater circulation dynamics of the Chalk Sea is 

essential for reconstructing regional climate and the prevailing biogeochemical processes during the Late Cretaceous. It also 

provides insight into the mechanisms driving long-term greenhouse climates. Consequently, there is an urgent need to better 

constrain the seawater properties of the Chalk Sea. 50 

Earlier studies on seawater temperature variations in this region primarily relied on the δ¹⁸O of biogenic carbonates (e.g., 

Thibault et al., 2016). However, the δ¹⁸O of carbonates is also influenced by the δ¹⁸O of seawater and is therefore not solely 

temperature dependent. The Maastrichtian is commonly considered ice-free but some studies suggest the possibility of polar 

ice sheets during this time (e.g., Miller et al., 1999; Thibault et al., 2016). Additionally, variations in atmospheric 

precipitation or terrestrial freshwater input from rivers may affect seawater δ¹⁸O further complicating paleotemperature 55 

interpretations. As an alternative, organic temperature proxies such as TEX₈₆ have been extensively used (e.g., Huber et al., 

2002; O’Brien et al., 2017). However, TEX₈₆ provides temperature reconstructions of sea surface or subsurface (van der 

Weijst et al., 2022) leaving bottom water conditions and the interactions between surface and deep waters undocumented. 

Clumped-isotope thermometry offers an interesting alternative, as it applies to both planktonic and benthic foraminifera, 

allowing for the reconstruction and comparison of surface and bottom water properties. 60 

Over the past decade, clumped-isotope thermometry applied to fossilized shells (e.g., Meyer et al., 2018; 2019; Price et al., 

2020; De Winter et al., 2021; O’Hora et al., 2022; Marchegiano and John, 2022; Marchegiano et al., 2024) and especially to 

foraminiferal shells (e.g., Rodriguez-Sanz et al., 2017; Modestou et al., 2020; Peral et al., 2020, 2022; Meinicke et al., 2020; 

2021; Agterhuis et al., 2022; Meckler et al., 2022; Van der Ploeg et al., 2023), has been used increasingly to reconstruct 

seawater temperatures. Carbonate clumped isotope thermometry (Δ47 hereafter) is based on the quantification of subtle 65 

statistical anomalies in the abundance of doubly substituted carbonate isotopologues (13C18O16O16O2-, Eiler, 2007). When 
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relative isotopologue abundances are governed by thermodynamic equilibrium relationship, 13C-18O bonds are slightly more 

abundant than for a purely random distribution of isotopes, and this effect increases as equilibration temperature decreases 

(Schauble et al., 2006; Ghosh et al., 2006). Another great advantage of this paleothermometer lies in its independence of the 

ẟ18O of water in which the calcification occurred (Schauble et al., 2006). Nevertheless, for existing Maastrichtian Δ47 70 

seawater temperature data from the European Chalk Sea, North Atlantic Ocean and Tethys Ocean, the existing Maastrichtian 

Δ47 seawater temperature estimations are based on old standardization of the results (e.g. Dennis et al., 2013; Meyer et al., 

2018; 2019; Tagliavento et al., 2019; O’Hora et al., 2022). This makes their comparison difficult. In addition, these records 

are mostly near coastal records being more influenced by local seasonal evaporation/precipitation processes. Maastrichtian 

clumped isotope temperature estimates on foraminifera of more open marine environments do not exist to our best 75 

knowledge. Furthermore, well-preserved fossils from deeper environments are rare, complicating the use of carbonate 

clumped-isotope thermometry for the Maastrichtian. 

This study provides, for the first time, a deep glimpse on the variability of both surface and bottom seawater temperatures in 

a distal setting in the European Chalk Sea for the Maastrichtian. The Δ47 thermometry is applied to exceptionally well-

preserved foraminifera, extracted from the Polanówka UW-1 core (Poland_ representing a non-coastal environment, 80 

deposited at mesopelagic water depths (Dubicka et al., 2024). The foraminifera include both benthic and shallow-dwelling 

planktonic species, allowing for a distinction between surface- and deep-water masses. The surface- and bottom-derived 

clumped isotope temperatures allowed to estimate the past water oxygen isotopic composition of the seawater. To better 

constrain the surface and deep current circulation, the Δ47 thermometry results are compared to the already published bulk 

isotopic curves and Nd from Dubicka et al. (2024). 85 

2 Material and methods 

The 91 m deep Polanówka UW-1 core is situated in eastern Poland (Fig. 1) and belongs to the Middle Vistula River valley 

composite section, an upper Cretaceous succession of the Polish Basin (Walaszczyk, 2012). The core records complete and 

continuous Maastrichtian strata, rich of well-preserved foraminifera as confirmed by Scanning Electron Microscope (SEM) 

images and elemental composition of their shells (Dubicka et al., 2024). The SEM pictures from Dubicka et al. (2024) are 90 

also presented in figure 2. 
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Figure 1: Paleogeographic map during the late Maastrichtian (from Scotese, 2013). PL – Polanówka UW-1; St-1 – Stevns-1; 

BR – Brazos River; S-E – Shuqualak-Evans; MS – Mississipi; MF – Meirs Farm; Ad – Aderet borehole 1; Pm – PAMA 

Quarry; SI – Seymour Island; GB1 – Saxony Basin; Sp – Speeton; Als – Alstätte; Wun – Wunstorf core; Moor – Moorberg; 95 

WIS – Western Interior Seaway; DB – Danish Basin; MTS – Maastrichtian Type Section; TDP – Tanzania Drilling Project; 

ODP – Ocean Drilling Program. P – planktonic, B – benthic. The symbols vary depending on the thermometers. Clumped 

isotope sites (star symbols) can be found in Dennis et al. (2013); Petersen et al. (2016); Meyer et al. (2018); Tagliavento et 

al. (2019); O’Hora et al. (2022). TEX86 data (scare symbols) and 18O on planktonic foraminifera (triangle symbols) are 

available in Thibault et al. (2016) and O’Brien et al. (2017) and references therein for low to mid latitude sites. The 18O on 100 

benthic foraminifera (circle symbol) are available in Li and Keller, 1998a,b. Our site (Polanówka UW-1) is highlighted by 

the larger star. 
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Figure 2: SEM pictures of Planohedbergella prariehilensis (1) and Cibicidoides voltzianus (2) showing a good preservation 105 

of the shells, from Dubicka et al. (2024). Scale bars correspond to 200 µm. 

 

Clumped isotope analysis is carried out for five samples of planktonic (Planohedbergella prariehilensis) and five samples of 

benthic (Cibicidoides voltzianus) foraminiferal species coming from the same stratigraphic layers. The Δ47 values are 

measured in the Archeology, Environmental Changes & Geo-Chemistry (AMGC) laboratory of the VUB, using a Nu 110 

Instruments Perspective-IS stable isotope ratio mass spectrometer (SIRMS), in conjunction with a Nu-Carb carbonate sample 

preparation system, as described in detail in De Vleeschouwer et al. (2022). A total of 393 measurements are carried out, 

including 280 measurements of carbonate standards (Meckler et al., 2014; Bernasconi et al., 2018, 2021). All the samples are 

replicated between 6 and 16 times (500 μg sample material per replicate). Analyses and results are monitored in the lab using 

the Easotope software (John and Bowen, 2016). The carbonate standard ETH-4 is systematically measured and compared to 115 

InterCarb values (Bernasconi et al., 2021) to ensure the measurements quality control. The raw measured Δ47 values are 

processed using the IUPAC Brand’s isotopic parameters (Brand et al., 2010; Daëron et al., 2016; Petersen et al., 2019) and 

convert to the I-CDES90 scale, using the most recent values for the ETH-1, ETH-2, and ETH-3 carbonate reference 

materials (Bernasconi et al., 2021) within the ClumpyCrunch software (Daëron et al., 2016; Daëron, 2021). The average Δ47 

values of each sample are converted into temperatures using the recalculated foraminiferal calibration from Daëron and Gray 120 

(2023) which includes the data of Peral et al. (2018) and Meinicke et al. (2020). Both analytical and calibration uncertainties 

are propagated to calculate the final uncertainties on temperatures. 

The ẟ18O of seawater (ẟ18Osw) is calculated by combining the Δ47-temperatures and the ẟ18O of the foraminifera using the 

temperature relation of Kim and O’Neil (1997). The bulk isotope measurements on planktonic (Planohedbergella 
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prariehilensis) and benthic (Cibicidoides voltzianus) foraminifera, as well as the Nd obtained from powdered bulk 125 

carbonate samples are displayed in Dubicka et al. (2024). 

3 Results 

The clumped isotope-derived temperatures (Δ47-T) from planktonic foraminifera vary between 14.2C (± 2.4C 1SE) and 

23.5C (± 3.5C 1SE), while the clumped isotope-derived temperatures from benthic foraminifera vary between 16.2C (± 

1.6C 1SE) and 21.9C (± 1.8C 1SE; Table 1). Surprisingly, at most stratigraphic layers (at 86, 75 and 46 m depth), the Δ47-130 

T values are lower for planktonic (representing surface seawater) than for benthic foraminifera (representing bottom 

seawater) (Table 1). Layers with the expected warmer planktonic and colder benthic foraminifera Δ47 temperatures alternate 

with those with colder planktonic and warmer benthic Δ47 temperatures (Table 1). Furthermore, similar variations are 

observed on the ẟ18O of seawater reconstructed from Δ47 and ẟ18O of the foraminifera, with surface seawater values ẟ18Os-sw 

(calculated for planktonic foraminifera) between -1.0 ‰ (± 0.4 ‰ 1SE) and -3.1 ‰ (± 0.3 ‰ 1SE), and bottom seawater 135 

values ẟ18Ob-sw (calculated for benthic foraminifera) between -0.8 ‰ (± 0.2 ‰ 1SE) and -1.9 ‰ (± 0.2 ‰ 1SE). The 

relatively enriched ẟ18Os-sw is observed when the planktonic-SST are warmer than the benthic-T, whereas the enriched ẟ18Ob-

sw occurs when the planktonic-SST are colder than the benthic-T (Table 1). 

Dubicka et al. (2024) presented the foraminiferal stable isotope data from the same interval of the core. The ẟ18O of 

planktonic (ẟ18Os) and ẟ18O of benthic foraminifera (ẟ18Ob) have distinct signals and vary from -0.8 ‰ to -1.3 ‰ and from -140 

0.3 ‰ to -0.9 ‰, respectively (Dubicka et al., 2024), with the lowest difference between ẟ18Os and ẟ18Ob (0.2 ‰) around 65 

m. The ẟ18Os and ẟ18Ob obtained simultaneously with Δ47, agree with Dubicka et al. (2024) data, supporting the reliability of 

the Δ47 analyses. In addition, the quality check standard (ETH 4) is good, with a value of 0.4465‰ ( 0.0077‰) – accepted 

values from Bernasconi et al. (2021) = 0.4505‰ ( 0.0035‰). 

 145 

Table 1: Summary of the clumped isotope data, derived temperatures and estimated seawater ẟ18O on benthic (B) and 

planktonic (P) with associated uncertainties at 1 sigma and number of replicates (of 500 μm powdered foraminifera). 

Sample names Depth N° replicates Δ47 SE T SE ẟ18Osw SE 

B1 86 13 0.6099 0.0099 19.7 1.9 -1.2 0.2 

B2 79 16 0.6204 0.0092 16.2 1.6 -1.9 0.2 

B3 75 16 0.604 0.009 21.8 1.7 -0.8 0.2 

B4 65 15 0.6036 0.0094 21.9 1.8 -1.0 0.2 

B5 46 14 0.6111 0.0098 19.3 1.9 -1.5 0.2 

P1 86 9 0.6263 0.0117 14.2 2.4 -3.1 0.3 

P2 79 7 0.6019 0.0129 22.5 3.0 -1.2 0.3 

P3 75 8 0.6217 0.0122 15.7 2.6 -2.6 0.3 

https://doi.org/10.5194/egusphere-2025-502
Preprint. Discussion started: 12 February 2025
c© Author(s) 2025. CC BY 4.0 License.



7 

 

P4 65 6 0.599 0.0142 23.5 3.5 -1.0 0.4 

P5 46 8 0.6244 0.0123 14.8 2.6 -2.8 0.3 

https://drive.google.com/file/d/1osvOM0sq86HgPkaPxEMCoTBkUw9fnTSa/view?usp=drive_link 

 

4 Discussion 150 

4.1 Are temperatures affected by species growth preferences? 1.1 Subsection 

The planktonic SST and ẟ18Os-sw show higher variability of the surface water than the more constant bottom-T and ẟ18Ob-sw 

derived from benthic foraminifera (inside the uncertainty ranges; Fig. 3). The maximum variation observed in SST and ẟ18Os-

sw is of 9.3 C and 2.1 ‰ respectively, while at the bottom, the variation is 5.7 C and 1.1 ‰ (Table 1 and Fig. 3). These 

differences in variability highlight the more dynamic nature of surface water conditions, in contrast to the relative stability of 155 

bottom water conditions. Modern studies on seawater properties in the Mediterranean Sea and the shallower Baltic Sea show 

large seasonal temperature variations at the surface, in a similar range or larger to that obtained from our Δ47-SST (e.g., 

Bradtke et al., 2010; Sakalli, 2017; WOA data from Locarini et al., 2018). These temperature fluctuations are more closely 

linked to atmospheric seasonal variations that are also expected to have been operating in the past. On the other hand, 

conditions at the seafloor remain more stable (WOA data from Locarini et al., 2018). The species composition and 160 

abundance of planktonic foraminifera are driven by food and nutrient availability, as well as changes in water circulation, 

strictly related to seasonal changes (see e.g., Kimoto, 2015). Also, as the growth season of planktonic foraminifera can be 

affected by seasonality, the larger variations in the record could potentially reflect slight changes in their growth season. 

Whereas benthic species grow more slowly over a longer time interval. Therefore, potential seasonality of living preferences 

between the planktonic and the benthic foraminifera may also play a role in this difference in variability between surface and 165 

bottom temperatures.  

Previously published sea surface temperature data for the Maastrichtian are available for lower mid-paleolatitudes (30–48°) 

with SST estimates ranging from 15 to 25°C for δ¹⁸O thermometer and from 25 to 30 or 35°C for TEX86 thermometer 

(O’Brien et al., 2017 and references therein). The δ¹⁸O-SST estimates are consistently colder than those from TEX86. This 

difference is attributed to assumptions regarding changes in δ¹⁸Osw and/or potential biases in foraminiferal δ¹⁸O and/or an 170 

overestimation of SST by TEX86 (O’Brien et al., 2017). However, the obtained Δ47 temperature data align more closely with 

δ¹⁸O-SST reconstructions than with the organic-SST estimates (Fig. 3). Since the clumped isotope method is independent of 

δ¹⁸Osw, explanations involving incorrect assumptions of δ¹⁸Osw are unlikely. Additionally, Thibault et al. (2016) calculated 

δ¹⁸O-SST using two different δ¹⁸Osw values corresponding to a world with and without ice sheets. For the Stevns-1 site 

(Denmark), located slightly north of the present study area, the difference between the corrections with and without ice 175 

sheets results in a shift of ~2.5°C (13.5 to 17.5°C with δ¹⁸Osw at -1‰ [ice-free] and 16 to 20°C with δ¹⁸Osw at -0.5‰ [with 

ice sheets]; Thibault et al., 2016). This provides further confirmation that the misestimation of δ¹⁸Osw cannot account for the 
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observed difference. The observed misfit may be rather due to variations in the living depth and/or seasonality between the 

archaea producing the membrane lipids on which TEX86 is based and the planktonic foraminifera. It is interesting to note that 

the only other available Δ47-SST available are similar to the TEX86-SST (24 to 30°C; Tagliavento et al., 2019), however, as 180 

the authors mention in their study are probably biased to summer temperatures as they are based on coccoliths with shorter 

growth seasons. Assuming correct absolute SST on the coccoliths, the differences with the present study foraminiferal Δ47-

SST adds another argument for a difference in living depth and/or seasonality between planktonic foraminifera and 

coccoliths. 

Previously published bottom water temperature data for the Maastrichtian are available, primarily based on Δ47 185 

measurements of coastal benthic species. The Δ47-derived temperatures from USA records range between 10 and 15°C 

(Meyer et al., 2018), which are colder than the results presented here. However, direct comparison remains challenging 

because Meyer et al. (2018) used a different standardization methodology. In contrast, Δ47 measurements on bivalves from 

the Maastricht region (O’Hora et al., 2022) are based on similar methodology, allowing the comparison. The data from the 

late Maastrichtian of the type-Maastrichtian yield an average temperature of 22°C (± 3°C, 1SE), which is in the range of our 190 

Δ47-based temperatures in our study, and a ẟ18Osw of -0.5‰ in average, which is higher than the present reconstructions 

(O'Hora et al., 2022) (Fig. 3). This difference is likely due to the Maastricht region being situated at a shallower depth 

(several tens of meters maximum; Hart et al., 2016), compared to the Polanówka UW-1 core, and influenced by local/costal 

variations. Although the mid latitude Δ47 studies on larger benthic calcifying organisms come with a large temperature range 

due to the near coastal settings (Meyer et al., 2018; O’Hora et al., 2022), they are in the same range as the obtained surface 195 

temperatures in our study considering the existing spatial temperature heterogeneities also seen in modern SST data (Judd et 

al., 2020). Bottom water temperatures derived from δ¹⁸O measurements are also available, but they were collected at 

different paleolatitude ranges and in opposite hemispheres, making meaningful comparisons challenging (e.g., Li and Keller, 

1998a,b). 

In some stratigraphic levels (at 86, 75 and 46 m depth), surface waters at Polanówka are observed to be colder and more 18O-200 

depleted than the bottom one. A similar process is observed today in the Baltic Sea (e.g., Rak and Wieczorek, 2012; 

Torniainen et al., 2017), with seasonal colder and relatively 18O-depleted surface water (with ẟ18Os-sw of -6 to -10 ‰) 

compared to the bottom water, which is characterized by warmer and relatively 18O-enriched water (with ẟ18Ob-sw of -5 to -6 

‰). In case of the modern Baltic Sea the source of the water mass with strongly depleted ẟ18O originates from riverine 

freshwater input of the surrounding Fenno-Scandian Shield. Here, there are two potential explanations of these shifts in the 205 

water column, i.e. i) input of freshwater or ii) oceanographic changes, as detailed below. 
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Figure 3: Clumped isotope-derived temperatures presented against depth with the ẟ18O curves (from Dubicka et al., 2024) 

for benthic (green) and planktonic (blue) foraminifera. The ẟ18O obtained simultaneously with the clumped isotope analysis 210 

are also plotted to show the good agreement. The estimated ẟ18O seawater is represented in comparison to the Nd 

measurements (from Dubicka et al., 2024). Data are compared to the range of SST reconstructed from TEX86: pink rectangle 

from O’Brien et al. (2017) at low-mid latitude; from ẟ18O: grey rectangle from O’Brien et al. (2017) at low-mid latitude and 

from Thibault et al. (2016) considering ice (yellow rectangle) and ice free (bleu rectangle); and from Δ47: red dashed line 
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from Taglivento et al. (2019) based on coccoliths. Bivalves Δ47-derived temperature is also plotted, average value from 215 

O‘Hora et al. (2022) in grey dashed line. The stratigraphy and sedimentology interpretations are from Dubicka et al. (2024). 

Uncertainties are at 2SE. 

4.2 Fresh surface water: upwelling or runoff inputs? 

The SST reconstructions show the largest variations over time and, sometimes, are even colder than the seafloor temperature 

estimates. These cold surface water records are also associated with depleted δ¹⁸Os-sw (Fig. 3), suggesting colder and less 220 

saline surface waters. The water column in the section examined appears well-stratified, as indicated by distinct δ¹⁸O and Δ47 

signals between planktonic and benthic foraminiferal species, suggesting different conditions at the sea surface and the 

seafloor (Fig. 3). Such conditions could be linked to upwelling events and/or freshwater input from continental runoff, 

except for the samples at 65 m and 79 m depth, for which the paleotemperatures were higher at the surface than at the bottom 

of the sea. Upwelling events, which typically result in cold and 18O-depleted surface waters, would coincide with warmer 225 

and more saline seafloor conditions in the case studied. However, this does not align with modern upwelling systems, where 

the seafloor remains cold. Previous studies indicate that the Maastrichtian was characterized by a warm and wet climate 

(Mishra et al., 2022). More specifically, the paleolatitude of the Maastrichtian Chalk Sea likely corresponded to a temperate  

climate, with paratropical to subtropical evergreen forests and woodlands (Upchurch et al., 2007). While precipitation at 

lower latitudes has been estimated at up to 700 mm/year at 14° (Menezes et al., 2022), comparable data for our study site’s 230 

latitude are unavailable, making precipitation-driven runoff a plausible but non testable hypothesis. Moreover, the chalk 

sedimentation is characterized by very little input of terrigenous material, which is difficult to reconcile with large input of 

precipitation-driven runoff.  

At 65 m core depth, δ¹⁸Op and δ¹⁸Ob values converge (a difference of 0.2‰; Fig. 3), and the reconstructed seawater 

temperatures and δ¹⁸Osw values from planktonic and benthic sources are indistinguishable within uncertainty ranges. This 235 

suggests a mixing of surface and deep-water masses. A sea-level change is unlikely, as benthic foraminiferal assemblages 

from the Polanówka UW-1 core indicate relatively high sea levels throughout the studied section (Dubicka et al., 2024). But, 

a waning of runoff during this period could be hypothesized. 

The exception at 79 m records warm and 18O-enriched surface waters associated with the lowest εNd(t) values (Fig. 3). Since 

εNd(t) was measured from bulk sediments (Dubicka et al., 2024), its interpretation regarding surface or bottom water mass 240 

or runoff changes is challenging. The progressively less radiogenic εNd(t) signature (lower εNd(t) values) could reflect 

either increased continental runoff, for instance from the Fenno-Scandian Shield similar to the modern Baltic Sea, but back 

then our sample site was roughly 10° further South, and/or a transient change in water circulation, introducing water masses 

with less radiogenic Nd compositions. Runoff in boreal zones, driven by weathering and erosion of Precambrian shields, 

could contribute to the less radiogenic isotopic signature of Nd in local seawater, as εNd(t) continental crust values range 245 

between -11 to 13 (Stille et al., 1996). However, such runoff would also introduce cold water, whereas Δ47 data suggest 

warm surface waters during the negative εNd(t) peak. Finally, the anticorrelation between reconstructed δ¹⁸Osw and εNd(t) 
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values, alongside the similarity between δ¹⁸Ob-sw and εNd(t) trends, suggests that εNd(t) values may reflect deep-water 

circulation changes, as interpreted by Dubicka et al. (2024). However, Pucéat et al. (2005) measured εNd(t) on fossil fish 

teeth from Eben-Emael in Belgium and found a more radiogenic εNd(t) values of -8.5 compared to our site. As both sites are 250 

located in the Chalk Sea, we can expect similar values, but the offset between the two is significative and can reflect the 

difference in the measured material or a local effect. 

4.3 Change in bottom water mass circulation: Atlantic or Thetis water inputs? 

The reconstructed benthic-T and δ¹⁸Ob-sw show less variations than the surface data and are almost consistently warmer and 

more 18O-enriched than in surface conditions (Fig. 3). Two hypotheses are proposed to explain this observation: (1) bottom 255 

water conditions in the shallow European Chalk Sea during the Maastrichtian are warm and rather saline (average 

temperature of 20.7 ± 1.8 °C, 1SE, and δ¹⁸Ob-sw of -1.1 ± 0.4 ‰, 1SE), with occasional incursions of colder, less saline 

water, such as that at 79 m depth; or (2) the seafloor water is cold and freshened, as observed at 79 m depth (16.2 ± 1.6 °C, 

1SE, and δ¹⁸Ob-sw of -1.9 ± 0.3 ‰, 1SE), with periodic incursions of warmer, more saline water. 

Hypothesis 1: A comparison with bottom water temperatures from the late Maastrichtian records of the Maastricht area 260 

(O'Hora et al., 2022), located farther north, shows similarities to the Polanówka UW-1 core records (20.7 ± 1.5 °C), except 

for the cold excursion at 79 m, compared to average 22 ± 3 °C for Δ47 on bivalves in O’Hora et al. (2022). This observation 

suggests that bottom water in the shallow Chalk Sea was warmer than the modern Mediterranean Sea bottom temperatures 

(between 13 and 14 °C from  100 m depth; WOA data, Locarini et al., 2018). Also, the lighter δ¹⁸Osw values in the 

Maastrichtian type section (O’Hara et al., 2022) are in the same range as in our estimates, but come with larger variations, 265 

likely reflecting local/costal influences due to the Maastricht section’s shallower position than the Polanówka UW-1 core. 

The cold and 18O-enriched bottom water at 79 m depth corresponds to the lowest εNd(t) values, potentially indicating a 

change in water supply. As discussed above, it is challenging to interpretate the εNd(t) values available at our site, as the 

measurements were done on bulk sediment and can reflect surface, deep or a mix of water signal. When comparing the 

available benthic εNd(t) values in the North Atlantic (MacLeod et al., 2011 on fossil fish debris; Martin et al., 2012 on fossil 270 

fish teeth and debris) and in the Pacific or the eastern/southern Tethys (Stille et al., 1996 on peloidal grains; Soudry et al., 

2006 on carbonate fluorapatite fraction; Martin et al., 2012 on fossil fish teeth and debris), systematic higher to similar 

values are estimated compared to the one at our site. As a result, entered water from another basin in the Maastrichtian 

European epicontinental basin would not reduce seawater εNd(t) at our site, and do not allow us to test hypothesis 1. 

However, the Tethys is considered to have been warm and saline (Alsenz et al., 2013), making it, in the regard of this 275 

hypothesis, an unlikely source for the cold, depleted bottom water recorded in the Polish Basin. Instead, colder North 

Atlantic deep-water temperatures during this period (Friedrich et al., 2012) better explain the coldest benthic-T values, 

suggesting potential North Atlantic water incursions. 

Hypothesis 2: A second hypothesis is also possible. Our estimated cold bottom water temperature may be considered as the 

typical bottom temperature range of the Maastrichtian Chalk Sea (at 79 m depth, 16.2 ± 1.6 °C, 1SE, and δ¹⁸Ob-sw of -1.9 ± 280 
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0.3 ‰, 1SE; Table 1; Fig. 3). These cold bottom temperatures are closer to modern bottom temperatures in the 

Mediterranean Sea (between 13 and 14 °C from  100 m depth; WOA, Locarini et al., 2018), which aligns better with the 

common view of the Maastrichtian as a period slightly warmer than today. Assuming that the reconstructed warm bottom 

temperatures align with the estimated surface water temperature range of the Tethys (Alsenz et al., 2013), this raises the 

possibility of exchanges with the Tethys, potentially driven by sea-level rise. Such exchanges are proposed to explain the 285 

Late Cretaceous formation of chalk, opoka, and siliceous nodules observed in the European Basin. In fact, sea-level rise, 

extensive volcanic activity, ocean floor spreading, and active ocean ridges would have increased the silicon (Si) 

concentration in seawater, influencing siliceous organism development in epicontinental basins (Racki and Cordey, 2000; 

Conley et al., 2017; Jurkowska et al., 2019, 2020a, 2020b). Potential Tethys-Chalk Sea exchanges (Jurkowska et al., 2019 

and references therein) support this hypothesis. However, no silica enrichment is found in the Polanówka core (Dubicka et 290 

al., 2024). 

With our dataset and available published data at the studied site, we cannot discriminate between these two hypotheses. Both 

remain valuable and additional data or models are needed to better constrain this regional circulation.  

5 Conclusion 

This study provides the first clumped isotope data constraining both surface and bottom condition of the central Chalk Sea 295 

during the MME. The planktonic SST and δ¹⁸Osw show greater variability than benthic temperatures and δ¹⁸Ob-sw, reflecting 

dynamic surface conditions and relatively stable seafloor environments, likely influenced by seasonality and/or depth 

organism growth preferences. Comparisons with previous studies suggest that Δ47-SST align more closely with milter δ¹⁸O-

SST than TEX86-SST reconstructions, and differences in temperature ranges between datasets are attributed to variations in 

calibration methods, living depth, and seasonality. 300 

The SST reconstructions indicate significant variations, with colder and less saline surface waters compared to seafloor 

temperatures, likely due to upwelling and/or freshwater runoff, though exceptions at 65 m and 79 m depths suggest distinct 

processes such as water mass mixing or waning of runoff. 

The present findings suggest two potential scenarios for Maastrichtian benthic conditions in the European Chalk Sea: (1) a 

generally warmer and saltier bottom water with periodic incursions of colder, less saline water likely linked to North Atlantic 305 

influences, or (2) warm conditions shaped by exchanges with the Tethys during periods of sea-level rise, contributing to the 

characteristic Late Cretaceous chalk and siliceous deposits. These results underscore the need for additional reconstructions 

to refine existing understanding of oceanographic circulation and its broader implications during the Maastrichtian. 

 

Data availability 310 

The clumped-isotope data will be uploaded in EarthChem. https://www.earthchem.org/ 
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The other data from the Polanówka UW-1 core are available in Dubicka et al. (2024). 
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