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Hydrological differences between the Lutetian Paris and Hampshire basins revealed by stable isotopes of conid gastropods

Différences hydrologiques des bassins Lutétiens de Paris et du Hampshire révélée par les isotopes stables des gastéropodes conids
Alexander J. Clark1* [image: orcid], Johan Vellekoop1,2 [image: orcid] and Robert P. Speijer1 [image: orcid]
1 
Department of Earth and Environmental Sciences, KU Leuven, 
 Celestijnenlaan 200E, 
 3001  
 Heverlee,  Belgium 
2 
Analytical, Environmental and Geochemistry research group, Vrije Universiteit Brussel, 
 Pleinlaan 2, 
 1050  
 Brussels,  Belgium 


* Corresponding author: alex.dino17@gmail.com

Received: 
5 
February 
2021
Accepted: 
1 
February 
2022
Published online: 14 March 2022
Abstract

During the Eocene greenhouse (56.0–33.9 Ma), northwest Europe was dominated by a semi-arid para-tropical climate but the paleohydrological conditions are poorly known. To gain more insight into seasonal hydrological conditions in the region, we compare Lutetian (middle Eocene, ∼ 44–45 Ma) mollusk δ18O records from two shallow marine basins on either side of the English Channel, i.e., the Paris and Hampshire Basins. The semi-circular Paris Basin was open to the Atlantic Ocean, while the Hampshire Basin was more enclosed and influenced by the draining of several rivers. The proximity of the basins and the similarity of their faunal assemblages suggest that they experienced roughly similar seawater temperatures but the seasonal hydrology is expected to have been different between these basins. Among the numerous mollusks present in both basins are several members of Conidae, a gastropod family that is particularly well-suited for paleoseasonality reconstructions. To assess the paleohydrological differences between these basins we analyzed the stable oxygen isotopic composition of three specimens of Eoconus deperditus from the Banc à Verrains in the middle part of the Calcaire Grossier Formation of the Paris Basin (France), and three specimens of Eoconus edwardsi from the Shepherd’s Gutter Bed in the upper part of the Selsey Formation of the Hampshire Basin (United Kingdom). While the seasonal variability appears to have been similar between these basins, the δ18O values of the Hampshire Basin specimens are consistently lower than those in the Paris Basin, suggesting a regional difference in δ18Osw of 1–2‰ between the basins. This difference in δ18Osw was likely related to the greater influence of fluvial discharge within the Hampshire basin, compared to the Paris Basin.

Résumé

Durant la période de l’Éocène (56,0–33,9 Ma), il est établi que le Nord-Ouest de l’Europe était dominé par un climat para-tropical, semi-aride, mais les conditions paléohydrologiques sont peu connues. Afin de mieux déterminer les conditions hydrologiques saisonnières dans la région, nous comparons les enregistrements δ18O de mollusques Lutétiens (Éocène moyen, ∼ 44–45 Ma) issus de deux bassins marins peu profonds de part et d’autre de la Manche : les bassins de Paris et du Hampshire. Le bassin semi-circulaire de Paris était ouvert sur l’océan Atlantique, tandis que le bassin du Hampshire était plus fermé et influencé par le drainage de plusieurs rivières. La proximité de ces bassins suggère qu’ils ont connu des températures d’eau de mer relativement similaires, mais l’hydrologie saisonnière pourrait avoir été fort différente entre ces bassins. Parmi les nombreux mollusques présents dans les deux bassins, on trouve plusieurs membres des Conidae, une famille de gastéropodes particulièrement adaptée aux reconstitutions de la paléo-saisonnalité. Afin d’évaluer les différences paléohydrologiques entre ces bassins, nous avons analysé la composition isotopique stable de l’oxygène (δ18O) de trois spécimens d’Eoconus deperditus du Banc à Verrains situé dans la partie centrale de la Formation de Calcaire Grossier du bassin de Paris (France), et de trois spécimens d’Eoconus edwardsi du lit de la Shepherd’s Gutter Bed dans la partie supérieure de la Formation de Selsey du bassin du Hampshire (Royaume-Uni). Bien que la variabilité saisonnière semble avoir été similaire dans ces deux bassins, les valeurs de δ18O des spécimens du bassin du Hampshire sont systématiquement inférieures à celles du bassin de Paris, ce qui suggère une différence régionale de 1–2‰ entre les bassins. Cette différence de δ18Osw était probablement liée à la plus grande influence du débit fluvial dans le bassin du Hampshire, comparé au bassin de Paris.
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1 Introduction
The Lutetian age (48.07–41.03 Ma; Speijer et al., 2020) was one of the last times the world experienced high temperatures and CO2 levels (Zachos et al., 2008; Rae et al., 2021). Accordingly, the Lutetian climate could serve as a potential analogue for future climate states (Tierney et al., 2020; Westerhold et al., 2020). So far, most Lutetian paleoclimate records show long-term temperature changes, e.g., on a 100 kyr scale (Zachos et al., 2008; Barron et al., 2015). Short-term (intra-annual to decadal) climate and weather phenomena are less well-constrained for this time interval than longer-term climate records. In particular paleohydrological conditions are poorly known, as hydroclimate reconstructions of the past are considered particularly challenging because proxy signals tend to be more complex (Tierney et al., 2020). A potentially promising approach to gain more insight in seasonal, regional hydrological variability under Eocene greenhouse conditions, is to compare mollusk δ18O records from neighboring regions that experienced roughly similar seawater temperatures. Mollusks incorporate oxygen isotopes into their carbonate shell in equilibrium with the surrounding seawater (Grossman and Ku, 1986; Lécuyer et al., 2004, 2012). As shell growth occurs incrementally, seawater temperatures and chemistry vary in response to short-term climate and weather changes. Given that the incorporated oxygen isotope composition is forced by these changing parameters, mollusk δ18O records can be used as a proxy for sub-annual paleotemperature and hydroclimatic reconstructions (Andreasson and Schmitz, 2000; Kobashi et al., 2001). When mollusk δ18O records from nearby regions that experienced similar seawater temperatures are compared, one can assume that any differences in mollusk δ18O values or patterns between the regions would be mostly related to regional differences in seawater δ18O, rather than temperature (Latal et al., 2006). Local seawater δ18O values are controlled by regional and local patterns in precipitation, discharge, evaporation and connections with other water masses (Keith et al., 1964; Swart et al., 1989; Zachos et al., 1994; Schmitz and Andreasson, 2001; Gat, 2010). This approach could therefore provide valuable insights in regional differences in seasonal paleohydrological conditions in the Eocene greenhouse world.
The Eocene successions of the neighboring Paris and Hampshire Basins present a suitable opportunity to test this approach. During the Lutetian, these neighboring basins likely experienced similar climatological conditions as they were only ∼ 300 km apart, with a latitudinal difference of less than 2 degrees (Fig. 1). When modern European paleogeography is used as an analogue, it can be assumed that such a latitudinal difference should result in a maximum temperature difference of no more than 1 °C between the two basins (Andreasson and Schmitz, 2000; Goikoetxea et al., 2009), which is usually within the error of deep time paleoclimatological studies. The similarity in Lutetian marine faunas in these basins confirms their comparable paleoenvironmental conditions (Murray and Wright, 1974; Tracey et al., 1996; Guernet et al., 2012; Dominici and Zuschin, 2016). A semi-arid, para-tropical climate prevailed in northwest Europe during the Lutetian, with hot summers and mild winters (Andreasson and Schmitz, 1996; Collinson and Hooker, 2003; Huyghe et al., 2012a; de Winter et al., 2020a). These climate conditions are also indicated by the transitional floral assemblage of the Hampshire Basin (Collinson, 1996, 2000): the more tropical floral families that dominated the early and middle Eocene were present alongside the more temperate floral families that would later characterize the late Eocene and Oligocene (Daley, 1972; Boulter and Hubbard, 1982). Coastal Nypa mangrove swamps, now restricted to tropical Southeast Asia, were dominant along the coastlines of northwest Europe (Boulter and Hubbard, 1982; Collinson, 2000; Collinson and Hooker, 2003). Evaporative lakes on the continental plateaus surrounding the basins indicate pronounced dry and wet seasons (Thiry, 1989; Huyghe et al., 2012a).
During the Lutetian both basins were well-connected to the Atlantic. The semi-circular Paris Basin was an open shelf with extensive seagrass meadows (Merle, 2008). Water depth in the basin varied, leading to a range of sandy to clayey depositional environments (Plint, 1983; Tracey et al., 1996; Huyghe et al., 2012a). The more restricted and elongated Hampshire Basin (Plint, 1982, 1983; Gibbard and Lewin, 2003; Van Vliet-Lanoë et al., 2010) was situated on the other side of the open marine English Channel, where more turbid conditions reigned. This is in large part due to regional tectonic uplifts, likely resulting in extensive erosion and pronounced freshwater influx from numerous river inflows, leading to extensive coastal plains and sandy deposits throughout the basin (Plint, 1988; Huggett and Gale, 1997; Gibbard and Lewin, 2003). Hence, whereas differences in temperature seasonality are expected to be minor between these basins, there could have been large differences in hydrology. The Lutetian successions of the Paris and Hampshire Basins both yield rich mollusk faunas that can be used to generate δ13C and δ18O records. Members of the Conidae gastropods are common in both basins and are particularly well-suited for paleoseasonality reconstructions (Kobashi and Grossman, 2003; Tao and Grossman, 2010). Therefore, in this study stable oxygen and carbon isotope profiles were generated for six specimens of Conidae from localities within the Paris and Hampshire Basins, to obtain insights into the differences in the hydroclimate of these neighboring regions during the Lutetian.
	[image: thumbnail]	Fig. 1 (A) Paleogeography of northwest Europe with focus on the (B) Paris and (C) Hampshire Basins, based on Gibbard and Lewin (2003), Dugué et al. (2007), Van Vliet-Lanoë et al. (2010), Huyghe et al. (2012a).



2 Materials and methods
2.1 Locations
The studied specimens were obtained from the Fleury-la-Riviere (49°06’11”N 3°54’02”E) and Damery (49°05’7”N 3°51’55”E) localities in the Paris Basin and the Bramshaw (50°56’41”N 1°40’50”W) locality in the Hampshire Basin (Figs. 1 and 2). The specimens from the Paris Basin are from the Banc a Verrains of the Calcaire Grossier Formation. The Fleury-la-Rivière and Damery localities are only five km apart and both comprise the middle Lutetian Banc a Verrains, also known as the main Campanile horizon (Merle, 2008; Huyghe et al., 2015; de Winter et al., 2020a). It is therefore assumed that the deposits of these sites are contemporary, dated to approximately 45 Ma, based on correlations by calcareous nannofossil biozonation (NP15) and magnetostratigraphy (Polarity Chron C20r) (Mégnien and Mégnien, 1980; Huyghe et al., 2015; King, 2016).
The faunal assemblage of the Banc a Verrains at Fleury-la-Rivière and Damery is dominated by turritellids (Sigmesalia and Haustator), carditids (Cyclocarida and Venericarda), cerithiids, glycymeridids, a variety of neogastropods (e.g., Sycostoma, Athleta, Clavilithes and Turricula) and bryozoans (Lunulites; Huyghe et al., 2015; Sanders et al., 2015; Dominici and Zuschin, 2016). The faunal assemblages and sedimentology suggest a sandy bottom with abundant macroalgae, at shallow subtidal water depths of 5–10 m, with a maximum depth no greater than 20 m (Huyghe et al., 2012a; de Winter et al., 2020a)
The specimens from the Bramshaw locality are from the Shepherd’s Gutter Bed of the Selsey Formation (Norvick, 1969; Stinton, 1969; Barnet, 2021). Correlation using dinoflagellate cysts, calcareous nannofossils and the occurrence of nummulites within the Hampshire Basin dates this bed to approximately 44 Ma, within the lower NP16 biozone (King, 2016). While there is a ∼ 1 Ma difference, regional climatic conditions were similar over this period of time (Huyghe et al., 2015; Dominici and Zuschin, 2016) and thus potential differences due to time between the localities is considered to be minimal. The paleolatitude is estimated to be 40°N for the Paris Basin localities and a slightly more northern paleolatitude of 42°N for the Hampshire Basin locality (van Hinsbergen et al., 2015).
The faunal assemblage of the Shepherd’s Gutter Bed at Bramshaw is quite similar to that of the Banc a Verrains at Fleury-la-Rivière and Damery, with an abundance of turritellids (Torquesia), carditids (Cyclocarida and Venericarda) and conids (Eoconus edwardsi) and a variety of other neogastropods (e.g., Bathytoma, Sycostoma, Athleta, Clavilithes and Turricula), pectinids (Lentipecten) and occasional corals (Paracyathus; Tracey et al., 1996; Barnet, 2021). The ostracod assemblage is largely similar between both basins (Guernet et al., 2012), suggesting fairly similar paleodepths and environmental conditions. The faunal assemblages and sedimentology of Bramshaw are interpreted as indicating a shallow sandy bottom at subtidal water depths of less than 20–30 m (Curry, 1965; Barnet, 2021).
	[image: thumbnail]	Fig. 2 Overview of the Lutetian stratigraphy of the Paris and Hampshire Basins. Paris Basin stratigraphy based on Merle (2008) and Dominici and Zuschin (2016), Hampshire Basin based on Whitecliff Bay stratigraphy from Melville and Freshney (1982) and King (2016), not to scale. The beds from which specimens are obtained are indicated in bold. The Paris Basin is estimated at 45–55 m thickness (Merle, 2008; King, 2016) and the Hampshire Basin at 115–120 m (Melville and Freshney, 1982; King, 2016).



2.2 Studied specimens
In this study, one specimen from Damery (DM1), two specimens from Fleury-la-Rivière (FL1 and FL2) and three specimens from Bramshaw (BR1, BR2 and BR3) are studied. Recently the genetic tree of Conidae has been reformulated whereby fossil genera fall within the large phylogenetic family of Conidae but have an unknown affiliation with extant genera (Tucker and Tenorio, 2009; Tracey et al., 2017). Therefore, while in previous studies fossil conids from these localities the specimens were designated as Conus (Tracey et al., 2017), here all studied specimens are designated within the Eoconus genus. The specimens from the Hampshire Basin (Bramshaw) are attributed to Eoconus edwardsi (Cossmann, 1889), the specimens from the Paris Basin (Damery and Fleury-la-Rivière) are attributed to Eoconus deperditus (Brugière, 1792).
Normal incident light photography reveals a difference in morphology and coloration between the specimens from the two basins (Fig. 3). The E. edwardsi specimens from the Hampshire Basin are all light to dark brown in color and all have a partially preserved protoconch. The largest specimen (BR1) is roughly 2.8 cm tall, specimen BR2 measured 2.2 cm, and specimen BR3 1.8 cm. BR2 had a Paracyathus coral growth on its spire that was removed before sampling. The specimens from the Paris Basin are different in color, with a predominantly white to pinkish appearance, potentially highlighting a difference in preservation conditions. The E. deperditus specimen from Damery (DM1) is the largest from the Paris Basin, at 5.6 cm, and lacks a preserved protoconch. The specimens from Fleury-la-Rivière are smaller, 5.2 cm for FL1 and 4.5 cm for FL2. FL1 shows slight signs of chemical weathering, with a dullish white appearance, and had two encrusting Cubitostrea oysters that were removed before sampling.
	[image: thumbnail]	Fig. 3 Plate of the six used conid specimens, BR1, BR2 and BR3 are Eoconus edwardsi from Bramshaw, FL1 and FL2 from Fleury-la-Rivière and DM1 from Damery and are Eoconus deperditus. The top of specimen DM1 is shown, displaying the sample transect along the whorls.



2.3 Preservation
The middle Lutetian faunal assemblages of the Paris and Hampshire Basins have been noted for their well-preserved mollusk specimens, for example highlighted in Caze et al. (2011, 2012). Residual color patterns were visible under UV light and suggest an exquisite preservation. Further study by Purton (1997), Andreasson and Schmitz (2000), Huyghe et al. (2012a) and de Winter et al. (2020a) noted that primary aragonitic mineralogy is still present in mollusks from the studied localities. Cathodoluminescence, Scanning Electron Microscope (SEM) and optical microscopy confirms the pristine preservation for the used specimens, with only primary aragonite present (Fig. 4).
	[image: thumbnail]	Fig. 4 (A) Optical microscopy of a cross-section through the shell of Eoconus edwardsi (BR1) with magnification 39x, showing well-preserved cross-laminar and prismatic aragonite crystals. (B) Cathodoluminescence microscopy of an internal cross-section through Eoconus deperditus (FL2), showing a faint dark blue luminescence indicative of preserved aragonite. (C, D) SEM microscopy of the cross-laminar aragonite crystals of Eoconus edwardsi (C), and Eoconus deperditus (D).



3 Methodology
3.1 Stable isotope analyses
Before sampling, the specimens were washed and ultrasonically cleaned to remove any residual sediment. Carbonate samples of 100–200 µg aliquots were obtained using a 100 µm Carbide tipped Dremel drill-bit, drilling at 1–2 mm intervals along the whorls, from shell apex to aperture (Fig. 3). The powdered samples were reacted with 104% phosphoric acid at 25 °C and stable carbon (δ13C) and oxygen (δ18O) isotope ratios were measured in a Thermo Delta V Advantage isotope ratio mass spectrometer (IRMS) coupled to a Gasbench II. Measurement reproducibility was calculated using internal Merck and Fluka and certified L-SVEC and NBS-19 standards as references, calibrated to the V-PDB standard with a standard deviation of ± 0.15‰.
3.2 Shell growth model
Clear annual growth markings are lacking on the studied conids. Therefore, the data was coupled to a seasonal cycle by combining the seasonal variations recorded in the δ18O data to a sub-annual growth model as presented in Judd et al. (2018) and de Winter et al. (2020a). In this model, a chain of simulations is run combining sinusoids of the growth rate and sea water temperatures derived from the δ18O data. Through variation in the frequency, amplitude and phases, a best fit between the modelled and measured δ18O data are found. This is repeated until no better fit can be obtained. A difficulty inherent in this method is that the definition of a calendar year remains relatively arbitrary, while it has a significant impact on the model itself. Therefore, different definitions and timing of year markers, which encapsulate a calendar year, were tested and the values that best fit the data were taken.
3.3 Paleotemperature and seawater oxygen isotope composition
Most previous paleotemperature reconstruction studies on material from the Hampshire and Paris Basins assumed a constant, theoretical seawater oxygen isotope composition (δ18Osw) for neighboring localities and basins. However, the δ18Osw value can vary between locations as for example shown in independent studies of the Eocene Paris and Hampshire Basins (Purton and Brasier, 1997; Andreasson and Schmitz, 2000), requiring another proxy to identify the potential difference. Theoretically, as the δ18Ocarbonate is dependent on the temperature and δ18Osw as described in the empirically derived temperature-oxygen isotope fractionation relationship for aragonite, the δ18Osw value could be derived when the paleotemperature is known (Grossman and Ku, 1986).
[image: equation]
In this study, a thought experiment is performed, in which the paleotemperature (T) is assumed to be the same for both basins. Thus, any differences in measured δ18Ocarbonate values between the specimens reflect differences in δ18Osw. Comparing the reconstructed δ18Osw of the specimens thus allows for the assessment of the difference between specimens or localities (Δδ18Osw) as seen in the formulae below. Hereby the δ18Ocarbonate, A and δ18Ocarbonate, B can be used for any specimen or location, such as the Paris or Hampshire Basins. A similar methodology was used by Schmitz and Andreasson (2001) and Latal et al. (2006) to obtain similar potential variations in the order of ± 1–2‰ in δ18Osw between neighboring regions.
[image: equation]
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In previous studies, a δ18Osw value of −0.75‰ has been used for other paleotemperature reconstructions for northern Europe. When corrected for latitudinal and climatic influences, this would give an assumed constant δ18Osw value of −0.59‰ (Zachos et al., 1994; Huyghe et al., 2012a). However, the difference between specimens or localities (Δδ18Osw) is not dependent on this assumed initial δ18Osw or reconstructed temperatures and only reflects the differences between carbonate values from two specimens or locations, such as the Paris and Hampshire Basins. The aim of this thought experiment is to reconstruct Δδ18Osw, not the paleotemperatures or absolute δ18Osw values.
4 Results
4.1 Isotopes
The δ13C and δ18O records show systematic fluctuations following the growth direction (Fig. 5). The δ18O records for the Hampshire Basin have distinctively more negative values than the Paris Basin, with average values between −3.09‰ and −1.30‰ and an average range of 1.70‰. The δ18O records from the Paris Basin in contrast have more positive values, with average values between −1.68‰ and 0.35‰ and an average range of 1.99‰. The δ13C records for the Hampshire Basin have a narrower range relative to the Paris Basin, with average values between 1.80‰ and 1.91‰ and an average range of 0.28‰. The δ13C records from the Paris Basin in contrast have more positive values and fluctuate more, with average values between 1.88‰ and 2.36‰ and an average range of 0.72‰.
Wherever possible, the δ13C and δ18O values of the protoconch were also measured. This was possible for all specimens, except the one from Damery. The δ18O values of the protoconch are always roughly around the average δ18O value. Most of the protoconch values are above the values for the first summer except for BR3, which has the protoconch as its lowest initial value. These results suggest that during the Lutetian, spawning and hatching of conids likely happened during late spring, similar to modern day representatives of this family (Kohn, 1961).
	[image: thumbnail]	Fig. 5 Stable carbon and oxygen isotopes of the six specimens following its distance along the whorls. Measurements of the protoconch are given as a circle and a lighter shade of color, DM1 did not have a preserved protoconch.



4.2 Shell growth model
The growth model of Judd et al. (2018) was fitted to the obtained δ18O measurements and generally fit the data well (R2 > 0.7), with BR1 as an outlier (R2 = 0.45). Thus the model is valid for all other specimens to be used for the reconstruction of sub-annual growth rates. The model assumes daily incremental growth from which the daily growth rate can be extrapolated into calendar years (Fig. 6). Overall, the Paris Basin specimens have a higher daily growth rate, with maximum first year growth rates of ∼ 1.3 mm/day compared to maximum first year growth rates of 0.2–0.6 mm/day for the Hampshire Basin specimens. The timing and initiation of growth in the first year is comparable across both basins, occurring in the first half of the calendar year, with the exception of the BR2 specimen, which started growth in the beginning of the calendar year. Growth reductions occur at the same moment in the year for all specimens, ranging from the start to a quarter calendar year, representing the winter season.
The growth model calculates growth rates over a full calendar year, which allows for comparisons between specimens and basins during the entire year. On average the specimens from the Hampshire Basin had a growth rate of ∼ 50 mm/year in their first full year of growth, which then decreased by ∼ 66% into the second and third year. In contrast, the Paris Basin specimens had a growth rate of ∼ 160 mm/year in their first year, which decreased by 70% into the second year. Nevertheless, this apparent drop in growth rate is largely due to an incomplete second year of growth.
	[image: thumbnail]	Fig. 6 Stable carbon and oxygen isotopes of the six specimens following a timescale with a modelled fit, following Judd et al. (2018). Measurements of the protoconch are given as a circle and a lighter shade of color, DM1 did not have a preserved protoconch.



5 Discussion
5.1 Isotopes
Incrementally growing mollusks show sinusoidal trends in their measured δ18O values, with lower δ18O values during warmer months and higher δ18O values during colder months (Grossman and Ku, 1986; Kobashi and Grossman, 2003). This is also observed in the conid specimens of this study (Fig. 5). The handful of previous studies on gastropods from the Paris and Hampshire Basins show similar δ18O values to those obtained here. In the Hampshire Basin, previously obtained δ18O values differ slightly from those found in this study, although this difference can largely be attributed to the known diversity of paleoenvironments between used localities within the basin and the difference in studied genus (Purton, 1997; Andreasson and Schmitz, 2000). In the Paris Basin the obtained δ18O values are comparable to previous studies, with some variability due to differences in locality, depth and genus (Andreasson and Schmitz, 1996; Huyghe et al., 2012a, 2015).
5.2 Growth rates
The good fit of the growth model by Judd et al. (2018) to the obtained δ18O data shows that a large part of the sinusoidal trend is due to seasonal variability. These seasonal variabilities are mainly caused by fluctuations in the temperature and δ18O of the surrounding seawater (δ18Osw). Possible other effects on the incorporated δ18O, including biological or physical effects, are negligible in conids (Sosdian et al., 2006; Lécuyer et al., 2012). Multiple studies have shown that mollusks, in particular gastropods, grow their shells at equilibrium with the surrounding seawater, especially with regard to oxygen isotopes (Krantz et al., 1987; Lécuyer et al., 2004, 2012), even for gastropods with much faster growth rates than those reported here (de Winter et al., 2020a). However, the model does not fit the obtained isotopic data perfectly. Variability can still be caused by analytical uncertainty and as such there are some jumps and mismatches. The arbitrary definition of the timing of a calendar year remains difficult, in particular in specimens BR1 and DM1, which contain large intra- and interannual fluctuations (Figs. 5 and 6). These intra-annual fluctuations possibly reflect relatively strong changes in living conditions throughout the year, such as intermittent periods of heavy rainfall and droughts. Nevertheless, when the most likely year markers are chosen, the growth allows for sub-annual and interbasinal comparisons in growth rates and interpretations in potential differing living conditions.
Average δ18O values per specimen do not give a fully representative view of the distribution of δ18O throughout the shell, with summer data relatively overrepresented (Fig. 5). Conids only grow during more favorable conditions. Stressful conditions, such as drought or extreme temperatures, result in slower growth and thus a biased distribution of stable isotope data throughout the year (Kobashi and Grossman, 2003; Gentry et al., 2008). This is especially likely in the middle Eocene, where the climate in northwest Europe was semi-arid, with strong seasonal variations in precipitation and temperature (Greenwood and Wing, 1995; Collinson, 2000; de Winter et al., 2020a). The winter cold likely causes a full growth cessation, which is seen in most specimens (Fig. 7). The Hampshire Basin specimens reach maximum daily (∼ 0.4 mm/day) and annual (∼ 50 mm/year) growth rates similar to modern conid species (Frank, 1969; Kobashi and Grossman, 2003; Sosdian et al., 2006). The daily (1.3 mm/day) and annual (160 mm/year) growth rates reached by the Paris Basin specimens far exceed those of modern conids and potentially highlight the exceptionally favorable growth conditions of the Paris Basin, as also found by Dominici and Zuschin (2016) and de Winter et al. (2020a). Similar high growth rates of ∼ 40 mm/year have also been found in mollusks that lived in central Europe during the warm Miocene Climatic Optimum (14.8–14.5 Ma; Harzhauser et al., 2011). Perhaps it is no coincidence that the giant gastropod Campanile giganteum (Lamarck, 1804), which has the highest growth rates known among mollusks to date (de Winter et al., 2020a), occurs in the same beds as our studied conid specimens.
	[image: thumbnail]	Fig. 7 (A) Cumulative growth distances in cm for each specimen against time, showing the difference between the Paris and Hampshire Basins. (B) Growth Rate in mm per day for each specimen against time, showing the similarity in timing of growth cessations and difference in maximum growth rate between the Paris and Hampshire Basins. Idealized growth rates, estimating the average growth rate per species, per basin shown as a colored (blue and green for the Paris and Hampshire Basins, respectively) dotted line.



5.3 Carbon
The δ13C of mollusk shells is often used in studies as an indicator of ambient carbon input and primary productivity, as well as the effect of ecology and feeding habit (Purton and Brasier, 1997; Vander Zanden and Rasmussen, 2001; Latal et al., 2006; McConnaughey and Gillikin, 2008). The timing of δ13C and δ18O variations can be of interest. The timing of each data-point in a calendar year was done through the growth model and can be used to pinpoint approximate seasons in which fluctuations and extremes of δ13C and δ18O occur. Similar to previous studies on Lutetian mollusks (de Winter et al., 2020a), the carbon isotope records of the studied conids do not show clear seasonal signals. There is a large variability within seasons and no consistent pattern between the studied specimens. Hence, the δ13C fluctuations do not appear to be related to annual, seasonal environmental changes, but instead are more likely heavily influenced by vital effects.
With comparisons to other studies from the same basins and time period, a grouping of ecological guilds can be made along low to high δ13C values. Three guilds can generally be distinguished as seen in Figure 8; suspension feeders such as turritellids have the highest δ13C values (4‰–1‰), carnivorous taxa such as conids have moderate δ13C values (3‰–0‰) and deposit feeders/grazers such as campanilids have the lowest average δ13C values and widest range (4‰ to −2‰). The same pattern emerges for turritellids and carnivores from the Eocene Gulf Coast along the Gulf of Mexico and Miocene Central Paratethys (Kobashi et al., 2004; Latal et al., 2006). The suspension feeders generally have higher δ13C values and the deposit feeders/grazers have a large range but occupy lower δ13C values. Studies on modern benthic fauna also show this difference in range in carbon isotope signals between the different ecological guilds, with a larger range for deposit feeders and grazers than the suspension feeders and carnivores, which is likely caused by differences in δ13C of the consumed diet and the position in the food web (Doi et al., 2005; Carlier et al., 2007).
	[image: thumbnail]	Fig. 8 Stable oxygen and carbon isotope cross plots of gastropods from this study and other studies from the Paris and Hampshire Basins, in blue and green shades, respectively. Suspension feeders Turritella sulcifera (Andreasson and Schmitz, 1996), Turritella imbricataria (Andreasson and Schmitz, 2000) and Sigmesalia multisulcata (Huyghe et al., 2012a) are shown as squares, carnivores Eoconus edwardsi (this study) and Eoconus deperditus (this study) as triangles and deposit feeders/grazers Campanile giganteum (de Winter et al., 2020a) as stars, with standard deviation as horizontal and vertical bars. Vertical bars show total range of δ13C for suspension feeders, carnivores and deposit feeders/grazers, with thicker bars showing the ranges of averages.



5.4 Seasonality
The average seasonal ranges in δ18O are fairly similar in both basins (1.99‰ and 1.70‰ for the Paris and Hampshire Basins, respectively), as might be expected for geographically close, connected basins (Purton and Brasier, 1997; Andreasson and Schmitz, 2000; Huyghe et al., 2015; de Winter et al., 2020a). This reconstructed temperature seasonality is slightly lower than previously obtained paleoseasonality for these basins of 2.00–2.50‰ for both the Paris and Hampshire Basins (Andreasson and Schmitz, 2000; Huyghe et al., 2015; de Winter et al., 2020a), which might be related to growth cessations and/or different living depths due to the difference in mollusks used between these studies. The paleodepth differences between Bramshaw, Fleury-la-Rivière and Damery could explain the slight differences in seasonal range between the sites (1.70‰ vs. 1.99‰), with slightly greater depths at Bramshaw experiencing lower seasonal effects and range than at Fleury-la-Rivière and Damery (Purton, 1997; Kobashi et al., 2004).
Remarkably, the Hampshire Basin generally has considerably lower δ18Ocarbonate values than the Paris Basin. Possible explanations for a more depleted δ18Ocarbonate signal are significantly higher temperatures, up to 8 °C which we consider unlikely due to the proximity of the basins, or higher freshwater influxes in the Hampshire Basin. A minor part of the difference in δ18Ocarbonate values between the basins could also be attributed to a difference in habitat and paleodepth between the studied sites. Most conids are known to strongly prefer sheltered “refuges” and especially thrive in the presence of algae, seagrass, coral debris and other substrates that provide additional microhabitats and debris (Kohn, 1959; Kohn, 1968; Leviten and Kohn, 1980), which could lead to slightly different temperatures on the sea floor. While the paleodepth might also be slightly different between the localities, this cannot easily explain the lower δ18Ocarbonate values at Bramshaw, compared to Fleury-la-Rivière and Damery. The Fleury-la-Rivière and Damery sites were likely characterized by paleodepths of 5–20 m, while Bramshaw is estimated to have been situated in a slightly deeper setting, with paleodepths of up to 20–30 m. This difference in paleodepth would likely result in slightly cooler bottom waters and slightly higher δ18Ocarbonate values at Bramshaw, the opposite of the observed difference. Therefore, the difference in δ18Ocarbonate values between Bramshaw and Fleury-la-Rivière and Damery are considered to mainly reflect higher freshwater influxes in the Hampshire Basin, compared to the Paris Basin, rather than any differences in habitat or paleodepth.
5.5 Calculated δ18Osw difference between basins
The difference in absolute δ18Ocarbonate values between two neighboring basins is substantial.
Given that the sea water temperatures are assumed to have been similar between the sites, this results in an average difference in δ18Osw (Δδ18Osw) between the Paris and Hampshire basins of approximately −1.80‰ (Fig. 9). This Δδ18Osw is remarkable, considering the close proximity between these basins and their connection to the English Channel. Even with a correction for the 2° latitudinal difference between the localities of the two basins, there would only be a difference in δ18Osw value of 0.09 between the basins (Butterlin et al., 1993). We nevertheless consider such differences between the Paris and Hampshire Basins plausible, as there are ample examples of modern-day basins at the same latitudes, with similar δ18Osw differences of ± 2‰ over relatively short distances, for example along the Adriatic coastline (Kanduč et al., 2011). Our results therefore suggest a systematic offset in δ18Osw between the Paris and Hampshire Basins. The more enclosed Hampshire Basin has a pronounced lower δ18Osw value, suggesting a larger fluvial input, which is in line with the extensive fluvial and estuarine deposits around the edges of the basin (Murray and Wright, 1974; Plint, 1982, 1988; Gibbard and Lewin, 2003). Moreover, the fluvial input was probably retained longer within the basin due to its enclosed geographical setting. A lower runoff and slightly more evaporative setting, consistent with the evaporative lacustrine deposits at the southern edges of the basin, are suggested for the more open Paris Basin (Tivollier et al., 1968; Thiry, 1989; Huyghe et al., 2012a). Interestingly, one of the studied individuals from the Paris Basin, FL1, has a sudden decrease in δ18O in its last growth increments. We tentatively speculate that this could suggest that this individual animal could have died from a short-lived intense precipitation event, pushing the ambient sea water salinity below the salinity tolerance of this species, as has been observed in modern conids (Leviten and Kohn, 1980).
Within the Paris Basin, there is a difference of up to 0.55‰ between neighboring localities, whereby the Damery specimen shows a higher δ18Osw relative to the Fleury-la-Rivière specimens. In order to obtain a δ18Osw difference of the same magnitude a temperature difference of 2.39 °C would be needed, which we consider to be highly unlikely between such close localities. As the two localities are only a few km apart, a more likely explanation could be a more restricted setting with less fluvial influence or a stronger influence from neighboring high saline lagunes at the Damery locality. Similar differences in paleoenvironment have been found in the area around Grignon on the other side of the Paris Basin (Guernet et al., 2012; Huyghe et al., 2015; Sanders et al., 2015).
	[image: thumbnail]	Fig. 9 Calculated Δδ18Osw values of the Paris and Hampshire Basins using a theoretical paleotemperature of 16–24 °C.



5.6 Potential seasonal variability in δ18Osw
Using techniques that are independent of variations in δ18Osw, such as paleobotany and Mg/Ca on large benthic foraminifera, previous studies reconstructed a temperature paleoseasonality in the range of 5–9 °C for northwest Europe (Mosbrugger et al., 2005; Evans et al., 2018). When calculated back to δ18O, this reconstructed seasonality would represent a range of 1.2–2.0‰ δ18Ocarbonate throughout the year. Hence, the seasonal range of 1.70–1.99‰ recorded in this study could largely be caused by temperature seasonality. Nonetheless, the initial assumption that the δ18Osw is constant throughout the year, as is assumed in most paleotemperature reconstruction studies, is most likely false. It is expected that δ18Osw fluctuated considerably throughout the year, as noted in a range of modern settings (Schmitz and Andreasson, 2001; Swart and Price, 2002; Tao et al., 2013). While not included in this study, modelling and isotopic studies focusing on the paleohydrology during the Eocene could give insights into what the conids possibly experienced in terms of seasonal δ18Osw variability and provide additional insights into the regional seasonal paleohydrology during the Lutetian (Huber and Goldner, 2012; Huyghe et al., 2012b). No seasonal δ18Osw studies have been previously performed specifically on the Lutetian Paris and Hampshire Basins.
In the present day, European winter months are characterized by an increase in overall freshwater input into its basins, caused by enhanced precipitation and subsequent fluvial influxes (Bouwer et al., 2006). Atmospheric modelling shows the same occurring during the Eocene (Huber and Goldner, 2012). Semi-arid, para-tropical climates, such as during the Lutetian in northwest Europe, are particularly characterized by strong differentiations between a rainy and dry season (Tao et al., 2013). During the rainy season, there is an increase in the amount and intensity of precipitation events, depositing generally low δ18O into the water column (Purton and Brasier, 1997). Also, for the more continental setting of middle Eocene central Germany, distinct dry and wet seasons have been inferred, with mild, wet, frost-free winters (Pomerol, 1973; Greenwood and Wing, 1995; Collinson, 2000). Thus, a dry summer and wet winter are expected for the Lutetian Paris and Hampshire Basins. Freshwater has a relatively low δ18Osw value relative to marine waters (Comas-Bru et al., 2016). Prolonged periods of frequent storm events show a sustained decrease in δ18Osw of 1–4‰ in modern day tropical climates in a range of different settings, from sheltered bays to open shelf environments (Drupp et al., 2011; Tao et al., 2013; Lambs et al., 2018). Therefore, during the Eocene winter months in northwest Europe, the δ18Osw was likely depleted due to enhanced freshwater input. The δ18Osw values would then be higher during the summer and lower during the winter seasons, respectively. This is in contrast to the temperature effect on δ18Ocarbonate, which increases with decreasing temperature (Grossman and Ku, 1986).
This study highlights the influence of assumed δ18Osw values in stable isotope-based paleoclimate studies. We show that further studies to fully constrain the Lutetian paleotemperature and δ18Osw are pivotal. The best approach would be to use a fully independent temperature proxy, such as clumped isotopes (Eiler, 2011). This proxy could show how variable the δ18Osw is throughout the year and give an indication on the absolute difference in δ18Osw between basins, as for example illustrated in a clumped isotope study on Cretaceous bivalves (de Winter et al., 2020b). In addition, trace-elemental ratios, such as Sr/Ca and Mg/Ca, have also been previously used on conids to reconstruct a salinity-independent paleotemperature-δ18O relationship (Sosdian et al., 2006; Gentry et al., 2008; Tao and Grossman, 2010). However, large variabilities in this relationship between the trace-elemental ratios and temperature emerged between different species and even for specimens within the same species (Gentry et al., 2008). This variability was likely caused by vital effects, varying influence of growth and metabolic rates and species-specific physiologies (Gentry et al., 2008; Irie and Suzuki, 2020). Moreover, the relationship between temperature and trace elemental ratios such as Sr/Ca and Mg/Ca is also influenced by the Sr/Ca and Mg/Ca values of the ambient sea water (Freitas et al., 2006; Poulain et al., 2015; Lebrato et al., 2020), a parameter that is notoriously difficult to constrain for deep time settings (Purton, 1997; Purton et al., 1999; Tao and Grossman, 2010; Irie and Suzuki, 2020). Therefore, while potentially useful for specimens of extant species living in relatively modern marine settings, applying trace-elemental ratios such as Sr/Ca and Mg/Ca as a paleothermometer on fossil specimens from deep time is considered problematic.
Apart from this, to fully grasp the paleoclimate and weather patterns in the Lutetian greenhouse world, the resolution of paleoseasonality studies would also need to be increased. In tropical regions precipitation is often characterized by brief (hourly to daily) and intense storm events, a resolution the conids in this study cannot provide. Sub-daily sampling on very fast growing mollusks, such as campanilids (de Winter et al., 2020a), could potentially show individual storm or river influx events (Van Horebeek et al., 2021).
6 Conclusions
The seasonal hydrological conditions of two Eocene sites in northwest Europe were reconstructed through the comparison of Lutetian mollusk δ18O records from the Paris and Hampshire Basins. Both basins showed favorable growth conditions for conids, with growth rates equal to and above growth rates of modern day conids. While the average seasonal range in δ18O was fairly similar between the basins, the δ18O values for the Hampshire Basin are consistently below those for the Paris Basin, suggesting a regional difference in δ18Osw of about 2‰. We infer that this difference resulted from extensive fluvial input into the more enclosed Hampshire Basin and more evaporative conditions on the studied margin of the Paris Basin. This study shows the importance of incorporating paleohydrological conditions in stable isotope-based paleotemperature reconstructions, highlighting the need for caution in assuming a constant, open ocean δ18Osw for shallow marine basins.
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	[image: thumbnail]	Fig. 4 (A) Optical microscopy of a cross-section through the shell of Eoconus edwardsi (BR1) with magnification 39x, showing well-preserved cross-laminar and prismatic aragonite crystals. (B) Cathodoluminescence microscopy of an internal cross-section through Eoconus deperditus (FL2), showing a faint dark blue luminescence indicative of preserved aragonite. (C, D) SEM microscopy of the cross-laminar aragonite crystals of Eoconus edwardsi (C), and Eoconus deperditus (D).
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	[image: thumbnail]	Fig. 7 (A) Cumulative growth distances in cm for each specimen against time, showing the difference between the Paris and Hampshire Basins. (B) Growth Rate in mm per day for each specimen against time, showing the similarity in timing of growth cessations and difference in maximum growth rate between the Paris and Hampshire Basins. Idealized growth rates, estimating the average growth rate per species, per basin shown as a colored (blue and green for the Paris and Hampshire Basins, respectively) dotted line.
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	[image: thumbnail]	Fig. 8 Stable oxygen and carbon isotope cross plots of gastropods from this study and other studies from the Paris and Hampshire Basins, in blue and green shades, respectively. Suspension feeders Turritella sulcifera (Andreasson and Schmitz, 1996), Turritella imbricataria (Andreasson and Schmitz, 2000) and Sigmesalia multisulcata (Huyghe et al., 2012a) are shown as squares, carnivores Eoconus edwardsi (this study) and Eoconus deperditus (this study) as triangles and deposit feeders/grazers Campanile giganteum (de Winter et al., 2020a) as stars, with standard deviation as horizontal and vertical bars. Vertical bars show total range of δ13C for suspension feeders, carnivores and deposit feeders/grazers, with thicker bars showing the ranges of averages.
In the text



	[image: thumbnail]	Fig. 9 Calculated Δδ18Osw values of the Paris and Hampshire Basins using a theoretical paleotemperature of 16–24 °C.
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