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Oxygen isotopes were measured on several types of fossil hardparts from the Gault Clay Formation including benthic and planktonic foraminifera, belemnite guards, and ﬁsh small-teeth. Belemnites d18O values indicate low temperatures (13.5–19.3 8C) with an increase from the Middle to Late Albian. Foraminifera provide variable d18O values, some too low to be relevant in terms of temperature (until 42 8C). These low values probably result from a diagenetic alteration of the foraminiferal tests even though SEM observations revealed well-preserved microstructures. However, higher foraminiferal d18O values recorded in some levels indicate temperatures in the range of previously published estimates for the Albian at comparable palaeolatitudes. In these levels, temperatures inferred from benthic and planktonic foraminiferal d18O range between 15–17 8C and 27–30 8C respectively, during the Middle– Late Albian interval. This slight increase in temperature is coherent with the long-term warming that characterises the Aptian–Cenomanian interval. The temperature difference between sea-surface and bottom waters ﬁts well with a deposition at a palaeodepth of about 180 m in lower offshore environments, assuming a temperature gradient with depth comparable to the modern one in similar epicontinental tropical environments. Fish small-teeth indicate a temperature range from 22 to 28 8C consistent with previously published data from planktonic foraminifera, with a greater variability recorded during the late than during middle Albian. This correspondence suggests that small-teeth assemblages may be dominated by pelagic ﬁshes, thus recording upper ocean temperatures. Finally, the markedly lower temperatures recorded by the belemnite guards compared to other analysed materials suggest a necto-benthic mode of life of belemnites. ß 2015 The Geologists’ Association. Published by Elsevier Ltd. All rights reserved.
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1. Introduction Seawater temperature of Mesozoic oceans and epicontinental seas are frequently estimated using oxygen isotopes of biogenic calcite produced by various groups of marine organisms. These include bivalves (oysters, e.g. Brigaud et al., 2008 or rudists, Steuber et al., 2005), foraminifera (Huber et al., 1999; Wilson and Norris, 2001; Bornemann et al., 2008; Erbacher et al., 2011),
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brachiopods and belemnites guards (e.g. Van de Schootbrugge et al., 2000; Rosales et al., 2004; McArthur et al., 2007; Dera et al., 2011; Price et al., 2013; Stevens et al., 2014). Although foraminifera, brachiopods and belemnites are composed of stable low Mg calcite (LMC), some works have shown that primary calcite may encounter recrystallisation during burial diagenesis (e.g. Pearson et al., 2001). Consequently, prior to isotopic analyses, careful examination of the preservation state of the biogenic hardparts is required (e.g. Niebuhr and Joachimski, 2002). Typically, molluscs and brachiopods are studied under cathodoluminescence and/or analysed for their trace element concentrations (Mn, Fe, Sr: e.g. Mutterlose et al., 2012), while the preservation state of foraminifera is checked using optical microscope (Wilson et al., 2002; Moriya et al., 2007) and scanning electron microscopy (SEM;
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Fig. 1. Geological map of the studied area (after Chantraine et al., 2003) and location of the Wissant section.



Barrera et al., 1987; Pearson et al., 2001). Each type of organism carries speciﬁc information on temperature and environmental conditions. Oysters and rudists living in shallow coastal environments record sea-surface temperatures (SST) or upper-ocean temperatures (typically 0–100 m), depending on the depth of the depositional environment (Surge et al., 2001; Steuber et al., 2005; Brigaud et al., 2008). Seasonal variations of temperature and salinity can be inferred through microanalyses of bivalve shells (e.g. Steuber et al., 2005). Foraminifera record temperatures at various depths of the water column, from the upper surface to the deep ocean, depending on the depth habitat of the planktonic and benthic taxa (Barrera and Savin, 1999; Spero et al., 2003; Friedrich et al., 2012; Birch et al., 2013). Belemnites belong to an extinct group and although several studies have recently suggested that they may have recorded intermediate to deeper water temperatures (Dutton et al., 2007; Wierzbowski and Joachimski, 2007; Dera et al., 2009), their depth-related ecology is still debated (e.g. Price and Page, 2008; Rexfort and Mutterlose, 2009; Price et al., 2009). Oxygen isotope ratios of biogenic apatite constitute another proxy that can be used to reconstruct temperatures of past oceans. Selachian ﬁsh tooth enamel is more resistant to a secondary diagenetic alteration than biogenic carbonates (Le´cuyer et al., 2003; Puce´at et al., 2003). Selachian teeth d18O has been therefore used to determine Mesozoic upper surface temperatures in the Tethyan realm. Yet, such records are often produced at low temporal resolution because large selachian teeth are not common in the sedimentary record. In addition, selachian ﬁsh teeth are mineralised in less than a season, which generates variability in d18O of several teeth from a speciﬁc horizon (Le´cuyer et al., 2003; Puce´at et al., 2003). The resolution of these records may be improved by analysing selachian or teleostean small teeth which appear far more common in sediments (Dera et al., 2009). Sedimentary sections yielding well-preserved benthic and planktonic foraminifera, together with belemnite guards and ﬁsh teeth, are still very scarce. As a consequence, in most studies, the



determination of past oceans seawater temperatures is usually based on oxygen isotope data originating from only one or two fossil groups. Some recent studies have focused on the comparison between belemnite and foraminiferal d18O data but generally do not include bivalves of ﬁsh tooth d18O data (e.g. Dutton et al., 2007). In the present paper, we compare stable isotope data from belemnites, ﬁsh teeth and benthic and planktonic foraminifera, which remarkably co-occur throughout the Gault Clay Formation (Middle and Upper Albian) that outcrops near the city of Wissant in the northern France (Fig. 1). The studied section was chosen mainly because it contains a large diversity of a priori very well-preserved shells (Knight, 1997). Our main objective is to compare and discuss Middle and Late Albian seawater temperatures deduced from cooccurring biogenic calcite and apatite from various fossils groups. In addition, the comparison of belemnite d18O data with those from benthic and planktonic foraminifera may further our knowledge of the ecology and depth habitat of belemnites. 2. Geological setting The Wissant section is exposed along coastal cliffs in the Boulonnais area (Northern Paris Basin, Fig. 1). From the Jurassic– Cretaceous transition (Purbeckian facies) to the Aptian, the AngloParis Basin was characterised by a trend to continental facies (Purbeck-Wealden facies; Allen, 1998). Transgressive Upper Aptian/Lower Albian glauconitic sands (greensands) were deposited in epicontinental marine environments (shore-face). In the Boulonnais, glauconitic dark-green sandstones, which deposited between the late Aptian and the early Albian, are occasionally exposed on the beach at low spring tides while the overlying argillaceous ‘‘Gault Clay Formation’’ of middle and late Albian in age (Owen, 1975; Gale et al., 1996; Hart, 2000) is exposed at the base of the coastal cliffs. These ones are formed mainly by early and mid-Cenomanian chalks. The Wissant section (Fig. 2) was ﬁrst described in details by Destombes and Destombes (1938), Ame´dro
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Fig. 2. Litho- and biostratigraphy of the Wissant section (P1 to P6 = phosphatic nodule beds; W1 to W14 = studied samples). Modiﬁed from Robaszynski and Ame´dro (1993).
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and Destombes (1978) and Robaszynski et al. (1980) and then interpreted in a sequence stratigraphic framework (Ame´dro et al., 1981; Ame´dro, 1992; Robaszynski and Ame´dro, 1993; Ame´dro and Robaszynski, 1997; Ame´dro, 2009a,b). The section shows darkgrey homogeneous clays dominantly composed of illite, smectites and kaolinite (Holtzapffel, 1984). The absence of sandy facies with sedimentary structures indicating hydrodynamic features suggests a deposition below the storm wave base, in a quiet, lower offshore environment (Robaszynski et al., 1980; Knight, 1997). The abundance of benthic fauna (bivalves, gastropods, echinoids, foraminifera, ostracods) and bioturbation indicate oxic conditions at the sediment/seawater interface (Knight, 1997). However, the common occurrence of pyrite suggests that bacterial sulphate reduction was active early after deposition (Gale et al., 1996). The Gault Clay Formation is overlain by the lowermost Cenomanian Glauconitic Marl (locally called ‘‘Tourtia’’) and by the lower Cenomanian marly chalk becoming less and less argillaceous upsection. The succession records an overall increasing water-depth from the Aptian (10–50 m) to the middle Cenomanian (200– 300 m). According to the litho- and biofacies, the Gault Clay Formation was deposited in open-marine environments during a major transgressive trend (Ame´dro and Robaszynski, 1997). The twelve metres-thick section of Albian clays is condensed, and thus exceptionally fossiliferous. Sediments contain abundant bivalves, gasteropods, ammonites, scaphopods, echinoderms and both benthic and planktonic foraminifera, these later being dominated by Globigerinelloides, Hedbergella, Guembelitria, and Heterohelix. The high abundance of planktonic foraminifera and the large diversity of the invertebrate fauna point to an open marine environment. In the following, we therefore assume a normal salinity of seawater, although we acknowledge that limited seasonal ﬂuctuations linked to variations in precipitation and evaporation remain likely. The area was located in a large seaway between the Brabant-RhenishBohemian massif and the Armorican massif (Ziegler, 1990) at an estimated palaeolatitude of 358–408 N (Dercourt et al., 1993; Fenner, 2001; Ame´dro et al., 2014, Fig. 3).



Ammonite biostratigraphy is well established, and although hiatuses and condensed intervals highlighted by several horizons of phosphate nodules commonly occur (Gale et al., 1996; Knight, 1999), all ammonite zones from the Hoplites dentatus to Mortoniceras inﬂatum Zones have been identiﬁed (Fig. 2). The very ﬁne-grained lithology limits ﬂuid circulation during diagenesis and thus favours preservation of the fossil hardparts, which appears exceptional at a ﬁrst view (ammonites are commonly found with their nacre layer). The total burial depth of the Gault Clay Formation of the Boulonnais can be estimated to have been less than 500 m including the overlying chalk (Cenomanian to Santonian and probably Campanian and Maastrichtian chalks that have been eroded) and thin tertiary deposits. This is consistent with the occurrence of abundant smectites, which indicates a negligible inﬂuence of thermal diagenesis (Holtzapffel, 1984). 3. Material and methods Seventeen samples of clays have been collected throughout the section. After washing and sieving, individual benthic, planktonic foraminifera and ﬁsh small teeth (millimetre-sized teeth) were picked from the >125 mm size fraction under a binocular lens. Hedbergella spp. (planktonic foraminifera) and Gavelinella spp. (benthic foraminifera) were selected for isotope analyses because they were frequent in all samples and because these taxa have been commonly used for isotope analyses, allowing further comparisons (Norris and Wilson, 1998; Fassell and Bralower, 1999). In order to select glassy specimens, benthic and planktonic foraminifera were ﬁrst observed using optical microscope (Fig. 4). They were secondly SEM-analysed to further control their preservation state (Plate 1). In each sample, for stable isotope analyses, 40 and 10 specimens of planktonic and benthic foraminifera respectively, were picked from the 125–250 mm and >250 mm size fractions. All these picked specimens were devoid of sediment inﬁlling and micro-recrystallisation (see Plate



Fig. 3. Palaeogeographic map of the Anglo-Paris basin during the Middle Albian (after Ame´dro et al., 2014).
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Fig. 4. Planktonic and benthic glassy foraminifera photographed with an optical microscope: (1) Hedbergella sp. from level W7; (2) Gavelinella sp. from level W7.
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Plate 1. SEM photomicrographs of benthic and planktonic foraminiferal tests. Benthic foraminifera Gavelinella sp.: (1): W3 (5500); (3): W5 (270); (4): W5 (8000); (5): W7 (230); (6): W7 (5000); (9): P6 (30); (10): P6 (4500). Planktonic foraminifera Hedbergella sp.: (2): W3 (3500); (7): W8 (3500); (8): W8 (15,000); (11): W11bis (500); (12): W11bis (4500). Photomicrograph 2–6 and 9–12 showing well preserved outer surface, unlike the view 7 and 8 which exhibit secondary calcite or recrystallisation. The cross section view through test chamber (photomicrograph 1) showing no evidence of recrystallisation.
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Table 1 Isotopic data (oxygen) from belemnite guards (Neohibolithes minimus) from the Gault Clay of the Wissant section (Boulonnais, Northern France). Sample (m)



Ammonite zone



Belemnite guards



d18O (% V-PDB)



12.2 12.1 12.1 12 9.75 9.75 8 8 6.75 5.5 5.5 1.5 1.5



M. inﬂatum M. inﬂatum M. inﬂatum M. inﬂatum M. inﬂatum M. inﬂatum M. pricei M. pricei M. pricei D. cristatum/M. pricei D. cristatum/M. pricei H. dentatus H. dentatus



Sample (m)



Common belemnites guards (Neohibolithes minimus) have been sampled in the ﬁeld as often as possible. Prior to stable isotope analyses, polished sections of belemnite guards were examined for their preservation state using cathodoluminescence microscopy (8200MKII Technosyn cathodoluminescence coupled to an Olympus microscope). After careful mapping of luminescent and nonluminescent areas of each rostrum, only non-luminescent parts corresponding to pristine calcite were microsampled using a dental-drill (0.05 and 0.1 mg). Oxygen isotope analyses for both calcite (foraminifers, belemnites) and apatite (selachian and ﬁsh small teeth) were performed at the GeoZentrum Nordbayern (University of Erlangen-Nuremberg/Germany). Carbonate powders were reacted with 100% phosphoric acid at 75 8C using a Kiel III online carbonate preparation line connected to a ThermoFinnigan 252 massspectrometer. All values are reported in per mil relative to VPDB by assigning a d13C value of +1.95% and a d18O value of 2.20% to NBS19. Reproducibility was checked by replicate analysis of laboratory standards and was 0.05% (1s) for both d18O and d13C. Fish tooth apatite was dissolved in nitric acid and chemically converted into Ag3PO4 using a modiﬁed version of the method described by O’Neil et al. (1994). Oxygen isotope ratios were measured on CO using a High Temperature Conversion Elemental Analyzer (TC-EA) connected online to a ThermoFinnigan Delta plus mass spectrometer. Oxygen isotope compositions of ﬁsh tooth apatite are reported in the delta notation relative to V-SMOW (Vienna Standard Mean Ocean Water). All phosphate d18O data have been normalised using a value of NBS120c of 21.7% (Halas et al., 2011). Reproducibility of analyses (1s) was better than 0.2% (1s).



1.03 1.13 1.38 1.51 1.26 1.28 1.39 1.32 1.4 0.99 0.62 0.93 0.38



Ammonite zone



Temperature (8C) (Anderson and Arthur, 1983) 16.1 16.5 17.6 18.2 17.1 17.2 17.6 17.3 17.7 15.9 14.5 15.7 13.5



Variability in Belemnite guard



d18O (% V-PDB) W10bis (6.75 m)



M. pricei



1.82 1.74 1.75 1.68 1.33 1.14



W13 (9.75 m)



M. inﬂatum



1.13 1.45 1.19 1.16 1.24 1.26



12.1 m



M. inﬂatum



1.35 1.57 1.23 1.20 1.81 1.46 1.36 1.31



4. Results Belemnite (N. minimus) d18O values range between 1.5% and 0.4% V-PDB (Table 1). Internal variability within a rostrum has been examined on three different rostra using multiple analyses on different growth areas (Fig. 5). In agreement with Rosales et al. (2004), only limited d18O variations are recorded within the rostra ( 
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