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The Oceanic Anoxic Event 2, at the Cenomanian-Turonian boundary (∼93.9 Ma), was an episode of widespread burial of organic matter in marine sediments, underlined by a positive carbon-isotope (δ13C) excursion observed worldwide. Within this episode of O2-depleted conditions, a short interval of cooling, termed as the Plenus Cold Event, has been recorded in many sites and sections in the northern hemisphere (Tethyan domain, Western Interior Seaway, proto-North Atlantic Ocean). But, its record and its impact on the biogeochemical cycles of carbon and nitrogen in the southern part of Central Atlantic Ocean has not been explored yet. Here, we present a detailed geochemical study of the Deep Sea Drilling Project site 367 (Cape Verde) based on a compilation of previous and new data of carbon and nitrogen isotope signals as well as trace element concentrations. The aim of this study is to better constrain the evolution of oxygenation in the water column and the associated changes in nitrogen cycle before and during the Oceanic Anoxic Event 2 in order to understand the paleoceanographic and environmental consequences of the Plenus Cold Event at one of the deepest site of the Central Atlantic Ocean. Our new dataset improves the resolution of the δ13C curve for this site, and we propose a new chemo-stratigraphic frame of the carbon excursion allowing for a better identification of the short-term negative carbon isotope excursion associated to the Plenus Cold Event. The detailed evolution of redox-sensitive proxies (Mo, U, V, Fe, Cu, Ni enrichments and Corg/Ptotal) and isotopic signals (δ13Corg and δ15Ntotal) evidence that this deep site was impacted by this cooling event. While anoxic conditions prevailed in bottom waters before and during the onset of the Oceanic Anoxic Event 2 characterized by euxinic NH4+-rich water column, this cooling event was accompanied by reoxygenation of the water column, which had affected the behavior of the redox-sensitive elements and caused changes in nitrogen biogeochemical cycling.
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INTRODUCTION
The Cenomanian-Turonian boundary (CTB, ∼93.9 Ma ago) is marked by a major environmental disturbance namely the Oceanic Anoxic Event 2 (OAE-2; Schlanger and Jenkyns, 1976). Among the numerous deoxygenation events developed in oceanic domains during the Jurassic and Cretaceous (Jenkyns, 2010 and references herein), OAE-2 has been extensively studied during the last decades because it is one of the most intense and most widespread event, and because of its particularly well preservation in the sedimentary record.
The geological evidence of this event lies primarily on the occurrence of black laminated organic-rich sediments (e.g., black shale) across a wide range of marine settings, ranging from deep ocean basins to shallow shelfal seas. The widespread deposition of these black shales is associated to a short-term (<1 Myr) perturbation of the carbon cycle marked in the case of OAE-2 by a positive carbon-isotope excursion (CIE) recorded in both the organic (δ13Corg, up to 6.0‰) and inorganic (δ13Ccarb, up to 2.5‰) reservoirs (e.g., Scholle and Arthur, 1980; Schlanger et al., 1987; Arthur et al., 1988; Jenkyns et al., 1994; Kuypers et al., 2002; Tsikos et al., 2004; Bowman and Bralower, 2005; Erbacher et al., 2005; Sageman et al., 2006; Jarvis et al., 2011; Gale et al., 2019; Danzelle et al., 2020). The positive CIE, resulting from preferential burial of 12C-rich organic carbon in marine sediments and observed in many marine DSDP-ODP-IODP sites and continental sections and cores, is used to define the extent of the biogeochemical OAE-2 (Gale et al., 1993; Kuypers et al., 2002).
This increased sedimentary organic matter (OM) burial rate is usually argued to reflect increasing nutrient delivery at basin scales leading to increasing primary productivity subsequently transferred to the sedimentary record by deposition of organic-rich deposits. Among possible drivers responsible for this increase in nutrient inputs, an accelerated hydrological cycle is frequently suggested as the leading hypothesis (Arthur et al., 1988; Jenkyns et al., 1994; Kuypers et al., 1999; Jarvis et al., 2011; van Helmond et al., 2014b). This intensification of the hydrological cycle, favoring continental weathering, is due to greenhouse conditions including high temperatures, high atmospheric pCO2, and increases in humidity, as observed at the onset of the OAE-2 (Jarvis et al., 2011). This greenhouse paleoclimate has been directly related to intense volcanic activities associated to emplacement of submarine large igneous provinces (Caribbean and High-Artic) releasing vast quantities of CO2 into the ocean and atmosphere (Sinton and Duncan, 1997; Jones and Jenkyns, 2001; Snow et al., 2005; van Bentum et al., 2012; Jenkyns et al., 2017). Seafloor hydrothermalism, associated with these large igneous provinces, and subaerial volcanism may also have supplied nutrients such as metals into seawater reservoirs, sustaining higher primary productivity (Orth et al., 1993; Kuroda et al., 2007; Turgeon and Creaser, 2008; Zheng et al., 2013; Du Vivier et al., 2015; Holmden et al., 2016). As a direct consequence of vigorous and sustained primary productivity, a profound deoxygenation of the water column in many parts of the world ocean, but particularly well expressed in the proto-North Atlantic and in the Central Atlantic (e.g., Sinninghe Damsté and Köster, 1998; Pearce et al., 2009; Jenkyns, 2010; van Helmond et al., 2014a; Westermann et al., 2014), is recorded in several biogeochemical cycling of elements including but not limited to nitrogen, sulfur, iron and trace metals such as molybdenum or uranium (Brumsack, 2006; Junium and Arthur, 2007; Owens et al., 2012, 2013; Ruvalcaba Baroni et al., 2015). Bottom water anoxia possibly affected up to 50% of the global ocean with local occurrences of euxinic conditions (Monteiro et al., 2012; Owens et al., 2013; Ostrander et al., 2017).
The positive CIE, associated with the OAE-2, is however interrupted by a short-term negative anomaly registered in many sites and sections and referred to as the Plenus carbon isotope excursion (P-CIE; O’Connor et al., 2020). The global distribution of this isotopic carbon anomaly argues for a global change of the carbon cycle. Based on pCO2-dependent proxies (Δ13C; stomatal index, leaf-wax δ13C), the P-CIE has been interpreted as a short episode of pCO2 rise during the δ13C fall, followed by a decrease in pCO2 up to the δ13C maximum value (Kuypers et al., 1999; Sinninghe Damsté et al., 2008; Barclay et al., 2010; Sinninghe Damsté et al., 2010; Jarvis et al., 2011; Danzelle et al., 2020). These rapid oscillations of CO2 concentration are thought to be linked to changes in temperature and oxygenation in oceanic domain. Geochemical evidences of oscillations in the oxygenation state of the water column include decrease in OM content and changes in the concentrations of redox–sensitive trace elements (RSTE: Mo, U, V, Cu) recorded within the P-CIE (Jarvis et al., 2011; van Helmond et al., 2014a; Clarkson et al., 2018; Danzelle et al., 2018, 2020; Gale et al., 2019). The reoxygenation interval is usually termed the benthic oxic zone and marked by repopulation of benthic fauna (Friedrich et al., 2006; Keller et al., 2008; Eldrett et al., 2014). The climatic perturbation is associated to the Plenus Cold Event (PCE; Gale and Christensen, 1996). This event, initially highlighted by the incursion of boreal marine fauna into the mid-latitudinal basins (Vocontian Basin, SE France; Jefferies, 1962, Jefferies, 1963), is now well defined in several basins and at all latitudes (see review of O’Connor et al., 2020 and references herein). The PCE is coeval to the second buildup of the δ13C signal within the positive CIE and has been geochemically characterized by positive isotopic excursion of the δ18O signal and by a decrease of dedicated biomarkers concentrations, such as the crenarchaeotal membrane lipid, linked to the TEX86, a sea-surface temperature proxy (Jenkyns et al., 1994; Paul et al., 1999; Tsikos et al., 2004; Forster et al., 2007; Sinninghe Damsté et al., 2008; Takashima et al., 2009; Danzelle et al., 2020). The origin of this short-term carbon cycle event is still debated (atmospheric vs. oceanographic; regional vs global processes) because the triggering factors of CO2 change are difficult to identify. The rise in pCO2 is thought to be linked to the incursion of a cold oxygenated water mass in tropical to equatorial zones, associated to modification of oceanic circulation (Jenkyns et al., 2017). This oceanographic change would led to the remineralization of buried OM, which may cause trace metals released from the sediments into the water column and acidification. The PCE has been largely argued to reflect a drawdown in atmospheric pCO2 of about 20–25% (Freeman and Hayes, 1992; Jarvis et al., 2011) with extreme estimate up to 40–80% (Kuypers et al., 1999), resulting from a negative feedback caused by the combination of increased organic carbon burial, CO2 consumption due to enhanced silicate weathering (Arthur et al., 1988; Sinninghe Damsté et al., 2010; Blättler et al., 2011; Jarvis et al., 2011; Pogge von Strandmann et al., 2013; Jenkyns et al., 2017) and potential cessation of volcanic outgassing (Kuroda et al., 2007).
While a causal relationship between carbon-cycle dynamics and cooling during the PCE is therefore largely documented and argued, especially in mid-latitude zones, little is known on the related biogeochemical cycle of nitrogen at this level of temporal resolution. Meanwhile, previous studies on the nitrogen isotopes record of OM during OAE-2 have proposed several hypotheses to explain commonly observed decrease in sedimentary δ15Ntotal values such as depth variations of water column chemocline, hence activity and locus of nitrogen fixers and denitrifiers guilds (Kuypers et al., 2002; Junium and Arthur, 2007; Higgins et al., 2012) or changes in the pathway of diazotrophy (from canonical Mo-nitrogenase to alternative V-Fe or Fe-only nitrogenases; Zhang et al., 2014). According to the short residence time of fixed N in modern seawater (<3 kyr) (Tyrrell, 1999; Brandes and Devol, 2002) and to the estimated duration of the P-CIE ca. ∼105 kyr (Charbonnier et al., 2018) comprising the ∼40–60 kyr PCE as estimated for the boreal sites (Jarvis et al., 2011), high-resolution δ15Ntotal record of the OAE-2 may offer a chance to better characterized the impact of rapid swings in temperatures on the nitrogen biogeochemical cycle. Moreover, within the context of the greenhouse OAE-2, the short lived PCE provides a unique opportunity to testify the hypothesis of Algeo et al. (2014), who proposed that the link between high temperatures and low δ15Ntotal values observed on long times scale during greenhouse intervals may be potentially also observed during shorter event such as OAEs and should reflect lower integrated water-column denitrification rates in comparison to icehouse intervals.
Among the several sites, where the OAE-2 and the PCE has been recorded, the Deep Sea Drilling Project (DSDP) site 367 (Leg 41, Cape Verde, Central Atlantic) represents an interesting study case, characterized by a positive CIE of 6.0‰ (Arthur et al., 1988) and by a noticeable enrichment of organic carbon (up to 45%; after Herbin et al., 1986) deposited in abyssal environment in low latitude zone. Previous studies, mainly based on δ13C and δ15Ntotal isotopic signatures and biomarker identifications (Kuypers et al., 2002, Kuypers et al., 2004; Sinninghe Damsté et al., 2008), organic paleothermometer TEX86 (Schouten et al., 2003; Forster et al., 2007), iron speciation, δ56FeT, δ98/95Mo isotopic signatures (Owens et al., 2012; Westermann et al., 2014; Dickson et al., 2016) and some trace element concentrations (Kuypers et al., 2002; Westermann et al., 2014) have been already realized on a few samples (14–17, except for Dickson et al. (2016), which was realized on 114 samples from the archive of half of the core) of this deep-water site. An integrated and detailed work is however needed to better constrain the primary signal of geochemical proxies, to reconstruct the paleo-environmental conditions during the OAE-2 and the PCE and to determine the impact of this event on the nitrogen cycle in one of the deepest settings of the CTB.
The aim of this work is thus to 1) achieve a detailed study of the OAE-2 in deep-sea context based on a multi-proxy study (including δ13Corg, δ15Ntotal, Rock-Eval and trace metals) of the DSDP 367 succession from Cape Verde, and 2) propose a model that account for the evolution of the biogeochemical cycle of nitrogen and its relation to environmental perturbations for the southeastern part of the Central Atlantic.
MATERIAL AND METHODS
Sampling Location
Site 367 (12°29.2′N; 20°02.8′W) was drilled in 1975 during the DSDP Leg 41 and is located off the coast of the Senegal in the Cape Verde Basin (Figure 1). This site shows an almost continuous sedimentary record from Upper Jurassic (Oxfordian-Kimmeridgian) up to Pleistocene (Lancelot et al., 1978). During the Cretaceous, this site belonged to the southern part of the Central Atlantic and a paleodepth of around 3,700 m has been estimated based on isostatic methods (Chenet and Francheteau, 1979). Thus, sediments were deposited in abyssal plain environment, probably below the Carbonate Compensation Depth (even if some traces of carbonate do exist, Chenet and Francheteau, 1979).
[image: Figure 1]FIGURE 1 | Location of the DSDP site 367 in the Cape Verde Basin (modified from Lancelot et al., 1978) (A) and paleomap of the Cenomanian-Turonian Central Atlantic and proto-North Atlantic zones with the paleopositions of the site 367 and other DSDP/ODP sites (603, 1258, 1260, and 1276) mentioned in this paper (van Hinte et al., 1993; Erbacher et al., 2004a, Erbacher et al., 2004b; Tucholke et al., 2004) (B).
The studied succession, composed of cores 19 and 18, is about 13.5 m thick (from 650 to 636.5 m depth), with a coring hiatus of 2.2 m from 645.7 to 643.5 m depth. The sedimentary sequence is mainly composed of laminated black shales and terrigenous silicates. In details, in core 19, green and olive-grey calcareous clays are interbeded with laminated black shales whereas the core 18 is dominantly composed of laminated black shales, especially in the sections 5 and 1 (Mélières, 1978; Herbin et al., 1986). In some studied samples, some strong post-depositional oxidation of the pyrite within the sediments has been noticed and is underlined by the presence of abundant jarosite and iron oxides.
Methods
A total of 42 rock samples were collected every 5–20 cm according to sample availability as following: seven from the base of the studied interval up to the void (650.5–647.7 m depth) and 35 above the void (643.3–636.5 m depth). After cleaning, all rock samples were powdered manually in an agate mortar, at the Biogeosciences Laboratory of the University of Burgundy in Dijon (France).
Carbon and Nitrogen Analyses
Concentration and isotopic composition of organic carbon (Corg, δ13Corg) and total nitrogen (Ntotal, δ15Ntotal) were measured on carbonate free residues. Sample powders were rinsed by dichloromethane-ethanol (9:1) to remove any modern organic contaminant and reacted with hydrochloric acid (HCl; 6N) at room temperature overnight followed by 4 h at 80°C to remove carbonate phases. The residues were rinsed with deionized distilled water and centrifuged several times until neutral pH was reached and then dried at 60°C overnight in an oven. Aliquots of carbonate free samples (30–60 mg) were then weighed and poured in tin capsules. Isotopic measurements were performed at the Biogeosciences Laboratory, Dijon (France), on a vario Micro cube elemental analyser (Elementar) coupled to an IsoPrime stable isotope ratio mass spectrometer (Isoprime) in continuous flow mode. The carbon and nitrogen isotopic compositions are both expressed in delta notation and reported as the per mil (‰) deviation relative to the Vienna Pee Dee Belemnite (VPDB) standard for carbon and to AIR standard for nitrogen. USGS40 certified reference material (C = 40.8 wt%; N = 9.52 wt%; δ13CVPDB = −26.39‰, δ15NAIR = −4.52‰) was used for calibration. The organic carbon (Corg) and total nitrogen (Ntotal) content is expressed as dry weight percentage (wt%) of the total fraction. From these values, the molar Corg/Ntotal ratio was calculated. The external reproducibility based on duplicates analyses of carbonate free samples was better than ±0.15 wt% (1σ) for carbon and ±0.10 wt% (1σ) for nitrogen. External reproducibility based on duplicate analyses of the samples was better than ±0.05‰ and ±0.5‰ for carbon and nitrogen, respectively.
Rock-Eval Pyrolysis
Organic matter parameters, including Total Organic Carbon (TOC) content, Hydrogen Index (HI), Oxygen Index (OI) and temperature of the maximum yield of hydrocarbon (Tmax) were obtained using 10–50 mg of bulk powder, on a Rock-Eval 6 Turbo at the ISTeP Laboratory of Sorbonne University in Paris (France), by sequential pyrolysis and oxidation treatment (Espitalié et al., 1985a; Espitalié et al., 1985b; Espitalié et al., 1986; Lafargue et al., 1998; Behar et al., 2001). Reproducibility was evaluated by replicates analyses of laboratory standards and was better than ±0.05 wt% (1σ) for TOC, ± 1.5°C (1σ) for Tmax, ± 10 mg HC/g TOC (1σ) for HI, and ±10 mg CO2/g TOC (1σ) for OI. The TOC (%) concentration, obtained by whole-rock analyses from the Rock-Eval method, is in agreement with this of Corg, determined on the carbonate-free fraction (r = 0.97) and show similar vertical distribution but with lower value compared to Corg (except for one sample).
Analysis of Major and Trace Elements
Major and trace elements analyses were performed using inductively coupled plasma mass spectrometry (ICP-MS) at the Activation Laboratory (Actlab) in Ancaster, Canada. Protocol information for the package 4Litho-Lithium Metaborate/Tetraborate Fusion ICP and ICP-MS can be found at www.actlabs.com. Reproducibility is better than 2% of the measured values (1σ) for major and trace elements.
To eliminate a possible detrital origin of selected elements (Ba, Co, Cr, Cu, Mo, Ni U, V, Zn Fe, Si, and P), the Al concentration was linearly correlated with each element and correlation coefficient r was calculated (Table 1). Aluminum is considered as an indicator of the aluminosilicate contribution to the sediments and is also a conservative element during secondary processes. Fort most of them (except for Si, Th, Zr and to a lesser extent Cr), no noticeable correlation or anti-correlation is observed, suggesting a non-detrital (i.e., authigenic) origin. In order to compare values obtained in this work with those of previous studies and from other Central and proto-North Atlantic sites, the concentration of major and trace elements were normalized to aluminum (El/Al) to correct for dilution effects by varying carbonate or OM contents. It is important to note here that although Al concentrations are always upper than 1%, fluctuating from 1.2 to 6.6%, they show a progressive decreasing trend from the base to the top of the studied interval (see Supplementary Material). So, for few samples, mainly located in the upper part of the studied sections (638.1; 638.7 and 640.35 m) and characterized by the lowest concentration of Al (<1.5%), normalization may lead to a slight exaggeration of El/Al values.
TABLE 1 | Correlation factor r between Al and major and minor elements.
[image: Table 1]Lastly, the enrichment factor (EF) was also calculated following the formula: EF = (Element/Al)sample/(Element/Al)reference. This reference could be either the Post-Archean Average Shales (PAAS, Wedepohl, 1971) or the Upper Continental Crust (UCC, McLennan, 2001). For this work, the EFs were calculated using the UCC concentrations. As precised by Algeo and Tribovillard (2009), EF > 3 represents a detectable authigenic enrichment, whereas EF > 10 represents a substantial authigenic enrichment.
RESULTS
In order to have the highest resolution for geochemical signals, the results obtained in this study (n = 42) have been compiled with those of previous studies (n = 17 from Kuypers et al., 2002, Kuypers et al., 2004 and from H-J., Brumsack, unpublished data, for selected major and trace elements (Fe, Mn, P, Ni, Cu, Co, and Zn) on the same 17 samples; n = 29 from Forster et al., 2007 and n = 14 from Westermann et al., 2014).
Stable Isotopes
The δ13Corg values of this study range from −28.5 to −21.2‰ (Figure 2) and are in agreement with the data reported by Kuypers et al. (2002) completed by Forster et al. (2007) for this site. After a phase of stability at the base of the section (649.6–642.0 m) with δ13Corg values of ∼ −27.8‰, an increasing trend of about +3.5‰ is observed up to 641.15 m, where δ13Corg value reaches up to −24.3‰. This first increase is followed by a 1.45 m thick interval marked by lower values down to −25.8‰ at 640.8 m and a second phase of δ13Corg increase with values up to −22.4‰ recorded at 639.7 m. A short plateau interrupts this second rapid increase with values close to -23.5‰ around 640.35 m. Upward (639.7–636.5 m), δ13Corg values remain high oscillating between −22.5 and −21.2‰.
[image: Figure 2]FIGURE 2 | Depth-profiles for δ13Corg, δ15Ntotal signals, organic carbon (Corg) and total nitrogen (Ntotal) contents for the DSDP site 367. Data from the studies of Kuypers et al. (2002) and Kuypers et al. (2004) and Forster et al. (2007) are represented with blue and green circles respectively. OAE-2 interval is represented by the dark band determined on the base of the positive carbon isotope excursion. The OAE-2 interval is divided in three parts: the onset, represented by the orange band, the Plenus carbon isotope excursion (P-CIE), represented by the blue band and the plateau represented by the red band; a and b would correspond to the δ13Ccarb maxima, defined by Jarvis et al. (2011), that mark the limits between the onset and the P-CIE intervals and between the P-CIE and the plateau intervals. The P-CIE is sub-divided in three subparts numbered 1, 2, and 3 and represented by gradual darker blue bands.
The δ15Ntotal record of this study shows negative values ranging from −2.3 to −0.4‰, which also compare well to the δ15Ntotal record of Kuypers et al. (2004) for this site (Figure 2). Unlike the δ13Corg, the δ15Ntotal profile does not show interval of stable values at the base of the studied core. From 649.6 to 645.9 m and from 643.4 to 642.2 m, δ15Ntotal values oscillate between −1.7 and 0.0‰ and between −1.6 and −0.4‰, respectively. It is important to note here that maximum value of δ15Ntotal is reached at the base of the OAE-2, when δ13Corg values are yet low. The rest of the studied core is characterized by lower δ15Ntotal with values down to −1.5‰. However, unlike to the δ15Ntotal signal from Kuypers et al. (2004), which did not record noticeable variation from 642.0 to 636.5 m, two intervals can be recognized in the more detailed δ15Ntotal record of this study. During the first interval (641.8–639.9 m), δ15Ntotal values oscillate between −2.3 and −1.0‰, then from 639.7 to 636.5 m, a second interval of low δ15Ntotal values (∼−1.9‰) is recognized. In more details, the 1.9 m thick first interval (641.8–639.9 m) records a succession of two negative and two positive excursions of the δ15Ntotal. The first negative excursion of δ15Ntotal broadly corresponds to the first buildup of δ13Corg signal, the two positive excursions are recorded at the base and at the top of the 1.5 m thick interval marked by a slight trough and a second phase of rapid change in δ13Corg values, corresponding to the P-CIE.
Carbon, Nitrogen, and Phosphorus Contents
In the core 19, the Corg profile is marked by a noticeable peak up to 29.3% at 648.0 m (Figure 2). At the base of the core 18, a slight increase of Corg values up to 17% is observed around 643.0 m. Similar trend with Corg values up to 20% was previously recorded for this site by Kuypers et al. (2002) and Forster et al. (2007). This is followed by a short interval of low values (down to 4% at 642.25 m) and a progressive increase of Corg values up to 46.4% at 641.2 m. After an episode of oscillating values, a short interval with the highest Corg values (between 45.5 and 55.5%) is recorded from 640.35 to 640.2 m, followed by a rapid decrease down to 31.8% recorded at 639.9 m. Lastly, a progressive increasing trend followed by a second interval of high Corg values (between 43.4 and 51.8%) is recorded from 638.7 m up to the end of the studied section. This second increasing trend and associated high values of Corg were not observed in Kuypers et al. (2002) and Forster et al. (2007). In these studies, a plateau of values around 25% marked this interval. The Ntotal profile, which oscillates from 0.16 to 1.40%, shows a similar evolution than the Corg (r = 0.97) with high values (>0.8%) recorded at 648.0 m in the core 19 and from 641.5 m onward in the core 18 (Figure 2).
The Corg/Ntotal ratio shows high values when compared to the Redfield ratio (i.e. 106/16 = 6.625, Redfield, 1958) and range between 26 and 54 (Figure 3). This range of values is comparable to those (25–50) usually recorded in Cretaceous black shale deposits (Rau et al., 1987; Junium and Arthur, 2007). Moreover, similar to the δ13Corg, the Corg/Ntotal profile shows three distinguished intervals in the studied cores. From 649.60 to 642.25 m, all values are lower than 35, then upward a noticeable increase the Corg/Ntotal ratio is recorded with the highest value (54) reached at 640.35 m. From this depth onward, the Corg/Ntotal values remain high oscillating between 43 and 52.
[image: Figure 3]FIGURE 3 | Depth-profiles for Corg/Ntotal, Corg/Ptotal and Ntotal/Ptotal molar ratios for the DSDP site 367. Data from the studies of Kuypers et al., 2002 and Kuypers et al., 2004) are represented with blue circles. Vertical dotted lines represent the Redfield ratio value (106 for Corg/Ptotal and 16 for Ntotal/Ptotal).
For the Corg/Ptotal molar ratio, all values are higher than the Redfield ratio (Corg/Ptotal = 106). In detail, the signal remains relatively constant from the base of the studied section up to 641.8 m with average value of 280. Then, an increasing trend is observed from 641.8 m up to 639.9 m, where the Corg/Ptotal molar ratio reaches 2093 (Figure 3). For the rest of the section, the Corg/Ptotal values tend to decrease but two noticeable peaks of 1,590 and 3,610 are recorded at 638.7 and 637.6 m, respectively.
The Ntotal/Ptotal molar ratio shows similar variations than the Corg/Ptotal molar ratio (r = 0.99). From 649.5 to 640.25 m, the Ntotal/Ptotal values are nearly constant with average values close to 10 (Figure 3). Only two peaks up to 24, due to increasing N content, are recorded at the base of the OAE-2 (at 641.5 and at 641.2 m). From 640.20 m onward, the Ntotal/Ptotal values sensibly increase, with most values exceeding the canonical Redfied ratio (i.e., Ntotal/Ptotal = 16).
Major and Trace Element Evolutions
Compared to the values of the UCC (McLennan, 2001), all the elements that are not linked to detrital fraction exhibit noticeable enrichment. The element to Al (El/Al) ratios exhibit contrasted evolutions depending on the considered element. For the core 19, most of elements record a positive peak of concentration and ratio at 648.0 m. This peak is particularly well expressed for U, V, Cd, Cu, and Zn (Figures 4,5) and corresponds to high Corg values (up to 29.3%).
[image: Figure 4]FIGURE 4 | Depth-profiles for Mo/Al, U/Al, V/Al, Ni/Al for the DSDP site 367, Data from the studies of Kuypers et al. (2002), coupled to unpublished data from H-J. Brumsack on the same samples, and Westermann et al. (2014) are represented with blue and red circles respectively. Vertical black dotted line, noted 10, represent the El/Al values corresponding to an EF equal to 10, respectively compared to the Upper Continental Crust (McLennan, 2001): 0.19 for Mo/Al; 0.35 for U/Al; 13.31 for V/Al and 5.47 for Ni/Al.
[image: Figure 5]FIGURE 5 | Depth-profiles for P/Al, Cd/Al, Ba/Al, Cu/Al, Zn/Al for the DSDP site 367. Data from the studies of Kuypers et al. (2002), coupled to unpublished data from H-J. Brumsack on the same samples, and Westermann et al. (2014) are represented with blue and red circles respectively. Vertical black dotted lines, noted 1, 3 and 10, represent the El/Al value corresponding to an EF equal to 1, 3 and 10, respectively compared to the Upper Continental Crust (McLennan, 2001): 0.087 for P/Al; 0.01 for Cd/Al; 68.41 for Ba/Al; 3.11 for Cu/Al and 8.83 for Zn/Al.
For the core 18, after a slight enrichment recorded around 643.0 m for only few elements (Mo, V, Ni, Zn, Ba), which was also observed in previous studies (Kuypers et al., 2002; Westermann et al., 2014), most elements are characterized by noticeable enrichments starting at 642.0 m and by an interval with the highest values from 640.8 to 640.35 m (Figures 4–6). This 45 cm-thick interval is well observed in the Al-normalized profiles of P, Cu, Zn, V, U, and Cd and corresponds to the highest values of Corg (up to 55.5%). Compared to previous studies (Kuypers et al., 2002; Westermann et al., 2014), the results obtained here allow to highlight for the first time this noticeable enrichment of these elements around 640.5 m depth. For most of them (P, Cu, Zn, V, U and Mo), this is followed by a noticeable decrease of El/Al values up to around 639.0 m depth. For few other elements, such as Ba, Ni, Co, and Fe, the highest values are observed upper in the core. For Ba, noticeable fluctuations are recorded from 642.0 m and the highest value are recorded around 639.0 m, whereas for Ni and Fe, the highest values are observed at 638.1 m and are coeval with peaks in the Al-normalized profiles of P, U, and V (Figures 4–6). Lastly, some elements, like Mn or Zr, do not show noticeable variations in the studied interval. These elements exhibit values mainly lower than the UCC value or close to it. Only one obvious positive peak at 640.9 m for Mn and a negative peak at 640.35 m for Zr are observed (Figure 6).
[image: Figure 6]FIGURE 6 | Depth-profiles for Mn/Al, Fe/Al, Co/Al and Zr/Al for the DSDP site 367. Data from the studies of Kuypers et al. (2002), coupled to unpublished data from H-J. Brumsack on the same samples, and Westermann et al. (2014) are represented with blue and red circles respectively. Vertical black dotted lines, noted 1 and 3, represent the El/Al value corresponding to an EF equal to 1 and 3, respectively compared to the Upper Continental Crust (McLennan, 2001): 0.75 for Mn/Al; 0.44 for Fe/Al; 2.11 for Co/Al and 23.63 for Zr/Al.
INTERPRETATIONS AND DISCUSSIONS
Identification of the Plenus Carbon Isotope Excursion Within the Deep Sea Drilling Project Site 367
Since the works of Gale et al. (1993), it is well established that the OAE-2 is defined by a positive stable CIE, composed of several spikes and nudges. This excursion is usually subdivided into three main phases: an earlier phase A, named rapid shift, characterized by an increase in 13C/12C ratio values from the pre-excursion background value and thus by an increase of δ13C in both organic and carbonate fractions, a following phase B, corresponding to a plateau of high δ13C values, and a final phase C, characterized by a gradual drop of δ13C values toward pre-excursions level (Kuypers et al., 2002). As an OAE correspond by definition to the main phase of enhanced isotopically light organic carbon burial (Arthur et al., 1988), the Cenomanian-Turonian OAE-2 is thus restricted to the phases A and B (Kuypers et al., 2002). In high-resolution isotope profiles, such as measured in Eastbourne (Paul et al., 1999); Lambruisse (Takashima et al., 2009; Danzelle et al., 2020) and Pont d’Issole (Jarvis et al., 2011), the phase A can be further subdivided in three intervals: an initial rise in δ13Ccarb value, corresponding to the first buildup, ended by a first maximum value (δ13Ccarb maxima a in Jarvis et al., 2011), followed by a slight decrease, associated to a trough interval, and a further rise, corresponding to the second buildup, to the maximum values of the CIE (δ13Ccarb maxima b in Jarvis et al., 2011) that define the beginning of the phase B (plateau interval). The short-lived interval, composed by a “trough interval” and the “second build-up”, correspond to the P-CIE (O’Connor et al., 2020). This interval is associated with a cooling event, marked by a southerly incursion of boreal fauna (including the belemnite Praeactinocamax plenus, the bivalve Oxytoma seminudum and the serpulid worm Hamulus sp.) into mid-latitude areas (Jefferies, 1962; Gale and Christensen, 1996) and by positive oxygen isotopic excursion recorded in carbonates (Jarvis et al., 2011). This faunal and paleoclimatic event is referred to as the PCE (Gale and Christensen, 1996) and was identified from a number of paleo-temperature proxies at several European, North America and Atlantic sites. For the DSDP site 367, the PCE has been identified using the organic paleothermometer TEX86 signal which show low value (0.84) around 640.1 m (Schouten et al., 2003; Forster et al., 2007). In more details, the TEX86 signal records a ∼1 m thick interval (640.35–639.40 m) marked by a negative excursion, interpreted as a sea surface temperature decline of about 4°C (Forster et al., 2007). Recently, based on low δ98/95Mo values, Dickson et al. (2016) have reported in the same succession an 80 cm thick interval (640.86–640.05 m), slightly deeper to those defined by TEX86 signal corresponding to the PCE.
In agreement with previously OAE-2 carbon-isotope records (e.g., Paul et al., 1999), five distinctive phases can be recognized in the carbon-isotope signal of the DSDP site 367. The first phase of the δ13Corg signal (649.5–642.0 m), with values clustering around −27.8‰, corresponds to the pre-excursion interval. The first rapid shift of δ13Corg values up to −24.3‰ (642.00–641.15 m) corresponds to the first buildup, which marks the onset of the OAE-2, such as in typical CTB sections, like Eastbourne (Gale et al., 1993) and Pont d’Issole (Jarvis et al., 2011; Danzelle et al., 2018). The following 1.35 m thick interval (641.15–639.80 m) is interpreted as an equivalent of the P-CIE recorded in the Eastbourne section (O’Connor et al., 2020). The first 40 cm of this interval would represent the short trough and is referred here as the PCE-1 (641.15–640.75 m) and the last 95 cm would correspond to the second buildup. In this study, this interval is subdivided in two parts: a 40 cm thick interval referred here as the PCE-2 (640.75–640.35 m) and a 55 cm thick interval referred here as the PCE-3 (640.35–639.80 m). The limit between PCE-2 and PCE-3 corresponds to a short plateau of δ13C values. The top of the core encompasses part of the isotopic plateau, corresponding to the phase B in Kuypers et al. (2002) and start at 639.80 m. The end of the phase B and the gradual return to pre-excursion values, which marks the CTB and corresponds to the phase C are not recorded in the DSDP site 367.
Based on the new δ13C data, obtained in this study, the onset of the OAE-2 and the phase A should be moved from 643.0 m, as initially proposed by Kuypers et al. (1999), to 642.0 m depth. Even if the lowest values of δ13C signal, −28.4‰ in Kuypers et al. (1999) and −28.1‰ in this study are respectively recorded at 643.0 and 642.8 m, the following values do not show noticeable increase before 642 m. They oscillate from −27.6 to −27.2‰ in Kuypers et al. (1999) and Forster et al. (2007) and are close to −27.7‰ in this study. The onset of the δ13Corg shift is observed by a noticeable increase of 1.8‰ between 642.25 and 641.8 m in this study and 641.7 m in Kuypers et al. (1999). The A/B limit, marked by the first highest value of δ13C recorded after the PCE, is located before 640 m, probably close to 639.8 m rather than at 640.1 m, as initially proposed by Kuypers et al. (2002). This new evolutionary frame agrees with data reported by Forster et al. (2007), which record the highest value of δ13Corg of −21.6‰ at 639.9 m. Our results confirm that, as in other sites, the cooling, associated to the PCE, started after the onset of the P-CIE and the lowest temperature is recorded close to the isotopic A/B limit.
Organic Matter Source and Maturity
Both the Corg (%) and TOC (%) values calculated from carbonate free fraction and from bulk-rock by Rock-Eval pyrolysis show important enrichment of OM content (up to 55%, at 640.35 m). In both signals, a noticeable increase of organic carbon content, coeval with the onset of OAE-2 and associated with the δ13Corg positive excursion, is observed from 642.0 m.
As shown in the modified van Krevelen diagram (Figure 7A), most samples have HI values higher than 400 mg HC/g TOC and are characterized by low OI values, which never exceed 65 mg CO2/g TOC. In detail, pre-OAE-2 samples, with TOC mostly lower than 10%, record HI values lower than 350 mg HC/g TOC and OI values upper than 45 mg CO2/g TOC. In the modified van Krevelen diagram, these values plot in the Type II and Type III domain, consisting theoretically of a mix of marine and terrestrial material. However, as demonstrated by previous studies based on molecular fossils (Kuypers et al., 1999; Kuypers et al., 2002; Sinninghe Damsté et al., 2008), OM is thought to have a dominant marine origin, even before the OAE-2. Molecular fossils of unambiguous terrestrial origin (i.e., leaf wax lipids and oleoananes) are present only in low abundance in the extractable OM (Kuypers et al., 2002). For these samples, it is likely that the marine OM had been partially oxidized with a consequence of a lowering of HI. The samples within the OAE-2 record the highest values of HI (up to 730 mg HC/g TOC) and the lowest values of OI (down to 30 mg CO2/g TOC). For theses samples, these range of HI and OI values correspond to OM of Type II (marine origin), deriving from algal and bacterial sources. These data confirm the first results obtained by Herbin et al. (1986) on this site. Based on the significant covariation of δ13Corg with δ13C of the extended hopanoids and sulfur-bound phytane (r = 0.91), Kuypers et al. (2004) argue for the predominance of cyanobacteria in the phytoplanktonic community and thus in the sedimentary OM. The Tmax values oscillate between 392 and 418°C, clearly indicating an immature OM (Figure 7B), hence a shallow burial of sediments. This result is in good agreement with the preservation of molecular fossils (see Kuypers et al., 2002; Sinninghe Damsté et al., 2008) within the studied site and indicates that the burial diagenesis might have been limited.
[image: Figure 7]FIGURE 7 | Cross-plots of Hydrogen Index (HI) versus Oxygen Index (OI) (A) and versus Tmax(B).
Evolution of the Oxygenation Conditions and of the Water Mass Restriction During the Oceanic Anoxic Event 2
Among the DSDP-ODP-IODP sites from the Central Atlantic, the DSPD site 367 is usually considered as being continually overlain by anoxic to euxinic water masses during the late Cenomanian times (Dickson et al., 2016). This is based on high value of Corg/Ptotal ratio (mostly >106; up to 1,536) and high values of Mo concentration (mostly >40 ppm and up to 630 ppm) obtained from previous studies (van Helmond et al., 2014a; Dickson et al., 2016). Occurrence of isorenieratene and chlorobactene, two biomarkers associated with sulfur phototrophic bacteria, within the OAE-2 interval would indicate that H2S extended at least episodically into the photic zone (Sinninghe Damsté and Köster, 1998; Kuypers et al., 2002; Pancost et al., 2004; Sinninghe Damsté et al., 2008). By compiling and comparing the geochemical data (δ15Ntotal, Corg, trace metal concentrations) obtained as part of this study and from previous reports (Kuypers et al., 2002; Kuypers et al., 2004; Forster et al., 2007; van Helmond et al., 2014a; Westermann et al., 2014; Dickson et al., 2016) and unpublished data from H-J Brumsack for selected elements (Fe, Mn, P, Cu, Ni, Co, Zr), we propose below to bring further details in the oxygenation evolution of the DSDP site 367.
In the core 19, the El/Al record is only marked by a peak value at 648.0 m for some elements (V, Zn, Cd, Cu, U), associated to the first noticeable peak of Corg (29.3%), low values of δ15Ntotal (−1.8‰) but without perturbation of δ13Corg signal (Figures 4,5). All of these elements being redox-sensitive, it is likely that this short level of increasing OM burial, recorded few meter before the onset of the OAE-2, was associated to a short-term interval of O2-depeted conditions. The peak of 2-methylhopanoid index, used as a marker of cyanobacterial oxygenic photosynthesis (Summons et al., 1999) recorded at 647.95 m in Kuypers et al. (2004) and the absence of isorenieratane, a biomarker of green sulfur cyanobacteria (Kuypers et al., 2002) argue for a well oxygenated photic zone. The water column extension of O2-depleted conditions during this interval was probably limited, close to the sediment/water interface. The use of redox ratios, such as U/Th and V/Cr can further constraints the oxygenation level. Based on the dysoxic/anoxic thresholds (1.25 for U/Th, 4.25 for V/Cr), defined by Jones and Manning (1994), these ratios indicate anoxic conditions (Figure 8). Unfortunately, due to poor resolution of sampling around 648.0 m, the lower and upper limits of this interval cannot be precisely defined. Except for this short-term interval, the rest of the core 19 corresponds to dysoxic conditions.
[image: Figure 8]FIGURE 8 | Depth-profiles for V/Cr, U/Th and Mo/Corg redox ratios for the DSDP site 367. Data from the studies of Kuypers et al. (2002) and Kuypers et al. (2004), Westermann et al. (2014) and Dickson et al. (2016) are represented with blue, red and green circles respectively. Vertical dotted lines represent the threshold values (2.0 and 4.25 for V/Cr and 0.75 and 1.25 for U/Th) defined by Jones and Manning (1994) to distinguish oxic, dysoxic and anoxic conditions.
In the core 18, the concentrations of O2-sensitive elements (Mo, U, V, Zn, Ni) exhibit fluctuating values within the interval depth corresponding to the OAE-2 (642.0–636.5 m). The base of the OAE-2 (642.0–640.3 m), corresponding to the onset of δ13C excursion, and the PCE-1-PCE-2 interval, is characterized by a progressive and noticeable increase in El/Al ratio for most of the RSTE (e.g., V, U, Ni) with peak value interval recorded around 640.5 m (Figure 4). Similar evolutions are observed for the redox V/Cr and U/Th ratios (Figure 8). The coeval increase of TOC values and most of the RSTE, associated with low values of δ15Ntotal (mainly < −1.5‰), clearly indicate the onset of anoxic to euxinic conditions in the water column (Figures 2,4). The extent of O2-depleted conditions is supported by cyanobacterial biomarkers (Kuypers et al., 2002). In this interval (642.0–640.35 m), the punctual occurrence of isorenieratane, associated with highest values of P, Cd and Cu (Figure 5) argue for an euxinic photic zone, which could be the result of an increase of O2 demands by the phytoplankton associated with a rise of the chemocline to shallower depths (Kuypers et al., 2002).
This 1.5 m thick interval is followed by a 55 cm thick interval (640.35–639.80 m), corresponding to the PCE-3, that is underlined by an important drop of most of the RSTE (Mo, U, V, and Zn) for both concentrations and El/Al ratios, coeval with a decrease of TOC values of ∼20% and an increasing trend of δ15Ntotal values up to −1.2‰ (Figures 2,4). A similar organic-poor interval, characterized by low trace metal concentrations, was previously recorded in proto-North Atlantic deep sites: 1276 and 603 (van Helmond et al., 2014a) but never recognized at DSDP site 367. This short interval was interpreted at ODP sites 1276 and 603 as a temporary reoxygenation event of the bottom waters as a consequence of the PCE (van Helmond et al., 2014a). At the DSDP site 367, this interval (640.35–639.80 m) strictly correspond to the stratigraphic level where the lowest values of TEX86 were recorded by Forster et al. (2007) arguing for a cooling of see surface temperature episode and where a decrease of isorenieratane concentration was observed at 640.11 m in Kuypers et al. (2002). In this deeper site, the PCE thus likely triggered a transient decrease in concentration of dissolved H2S in the photic zone and in bottom-water as well. The PCE would thus be associated to a short-term return toward non-euxinic conditions. This perturbation of redox conditions may have altered partially or totally the conversion of Mo, V, and Zn to thiomolybdates, oxides (V2O3 and V(OH)3) and sulfides (ZnS), respectively (Tribovillard et al., 2006) and can account for noticeable decrease of El/Al ratio observed for most of the RSTE during this interval. As an alternative to redox perturbation, enhanced drawdown of seawater trace metal reservoir has been suggested to explain the sizeable decrease of O2/H2S sensitive elements, as documented for two deep ODP sites (1258 and 1260) located in the south-western part of the Central Atlantic at Demerara Rise (Hetzel et al., 2009). For these two sites, the decline of elements concentrations is observed during the entire OAE-2, whereas for the DSDP site 367, this decline is observed only at the end of the P-CIE (for few elements, as Zn, Cu, and Cd continuing in the plateau interval). Most O2/H2S sensitive elements show either a slight enrichment in the plateau interval (e.g. Mo and U) or noticeable enrichment (e.g. V, Ni, and Fe) with the highest value recorded within the plateau interval at 638.1 m (Figures 4, 6). The contrasted behavior of these elements between the DSDP site 367 (Cape Verde) and the ODP sites 1258–1260 (Demerara Rise) argue for a transient decrease in concentration of dissolved H2S, associated to the PCE rather than for a drawdown of seawater trace metal reservoir at a global or regional scale. This transient episode of reoxygenation indeed likely replenish trace metals (Jenkyns et al., 2017). This inference is strengthened by the evolution of the Corg/P total ratio and the δ15Ntotal signal (Figures 2,3), which show respectively extremely high values (>1,000) and low values (<−1.6‰) within the plateau interval (this study) and by the high concentration of isorenieratane (>50 mg/g TOC) and high percentage of 2-methylhopanoid (>15%; Kuypers et al., 2004). All the geochemical data suggest that after a short-term episode of H2S depletion during the PCE, the water column returns to anoxic-euxinic conditions during the plateau interval. Under these conditions, remobilization and regeneration of some elements like P (phosphate or organic phosphorus) and Ba (barite), during OM remineralization by sulfate reducing bacteria may occur (Van Capellen and Ingall, 1994; Krall et al., 2010). In contrast, in the presence of H2S some other elements may form insoluble sulfide phase (CuS, CuS2, CdS) or may be incorporated as solid solution (ZnS, NiS, CoS) in pyrite (FeS) (Huerta-Diaz and Morse, 1992). The absence of noticeable enrichment of Cu and Cd compared to those observed for Ni, Co and Fe suggests a preferential co-precipitation with FeS.
Since the work of Algeo and Lyons (2006) on the covariations of TOC and Mo concentration in modern euxinic basins (i.e., Black Sea, Cariaco Basin), the Mo/TOC ratio is considered as a reliable proxy to estimate intensity of restriction of water mass in silled basins and renewal time of the deep-water mass. By compiling all the Mo/TOC data for the DSDP site 367 (Kuypers et al., 2002; Westermann et al., 2014; Dickson et al., 2016; this study), an abrupt decrease of this ratio is clearly evidence from 440.5 m, with values mainly lower than 2.25 up to 636.5 m depth (Figure 8). This protracted shift toward lower values reflects a decline of Mo concentrations (mainly <100 ppm), associated to an increase of OM preservation (with TOC values >25%) recorded in samples from the top of the P-CIE (P-CIE-3) and the plateau intervals of the DSDP site 367. In details, the lowest values of Mo/TOC ratio are mainly recorded in the 1-m thick interval (640.5–639.5 m) corresponding to the PCE. This event, which lasted 40–65 kyr (O’Connor et al., 2020), record a reoxygenation of deep and shallow water domain and a cooling event (drop in sea-surface temperature of ∼2.5–5.5°C, Forster et al., 2007) and likely corresponds here to an episode of water-masses renewal. We suggest that during this short-term event, the concentration of H2S was too low to convert molybdate anions to particle-reactive thiomolybdates. Accordingly, we suggest that the low Mo/TOC values observed for the Cape Verde sediments during the PCE reflect an anoxic unrestricted environment, associated with dynamic water masses such as upwelling system rather than a restricted silled basin. For the remaining of the sedimentary record of the OAE-2, the Mo/TOC values mainly oscillate from 1 to 10 with an average value around 4.4, close to the regression slope value of 4.1, proposed by van Helmond et al. (2014a) for the deep proto-North Atlantic and the reference value of 4.5 obtained for the Black Sea (Algeo and Lyons, 2006), suggesting a water mass renewal period longer than 500 years.
General Framework of Nitrogen Isotope Signals Interpretations During the Oceanic Anoxic Event 2
Widespread changes of oxygen availability in the water column during the establishment of the OAE-2 have sensibly affected the cycle of N, which is considered as the main limiting nutrient with P and Fe. In general, extended anoxic conditions lead to an enhanced nitrogen loss through denitrification and ammonium oxidation processes, in which case an anoxic bottom part of the water column becomes NH4+-rich and N2-fixation could overcome nitrate limitation to support biological productivity. Isotopic fractionation associated with atmospheric N2-fixation by diazotrophs being low, the δ15Ntotal values could tend towards ∼0‰.
Changes of bioavailable dissolved nitrogen δ15Ntotal over geological times mainly reflect the balance between the dominant nitrogen metabolic pathways regulating the nitrogen cycle alongside the water column structure (Sigman et al., 2009; Thomazo and Papineau, 2013; Ader et al., 2016; Stüeken et al., 2016). The Cretaceous Period is overall characterized by an elevated sea level and a warm climate, both affecting the water column stratification and dynamics and thus impacting the evolution of the sedimentary δ15Ntotal. Indeed, sea level variation is known to potentially change the locus of denitrification in oceanic settings (Deutsch et al., 2004). High sea level appears to enhance organic carbon burial in highly productive continental shelves by favouring sedimentary denitrification (Algeo et al., 2014). However, this highlighted correlation between sea level elevation and sedimentary δ15Ntotal evolution through Greenhouse/Icehouse period might require to be nuanced concerning the OAE-2. Indeed, during this widespread anoxic event, numerous continental shelf environments appear to also evidence water column anoxic condition and hence active water column denitrification. It was also suggested that during the mid-Cretaceous Greenhouse period, high sea levels and the continental configuration favoured the formation by evaporation of warm and saline water masses in low latitude, inducing the formation of deep-water masses (Brass et al., 1982; Friedrich et al., 2006). This process could have favoured water column mixing and thus facilitated the input of NH4+-rich water masses to the surface. It probably occurred during the onset of the OAE-2 but was interrupted or at least highly reduced during the PCE, due to reduced evaporation and drier climate.
At the DSDP site 367, the low and negative δ15Ntotal values (0 to −2.3‰) confirm the data previously obtained by Kuypers et al. (2004), and are consistent with the mainly negative δ15Ntotal values reported in proto-North and Central Atlantic sites recording the OAE-2 (e.g., ODP sites 1260; 1261 and 1276), with δ15Ntotal mostly comprised between −4 and 2‰ (Jenkyns et al., 2007; Junium and Arthur, 2007; Ruvalcaba Baroni et al., 2015). These isotopic values associated with elevated 2-methylhopanoid ratio at the DSDP site 367 have been initially attributed to a significant uptake of N2 by diazotrophs (Kuypers et al., 2002). Such low δ15Ntotal values are, however, significantly lower than δ15Ntotal values observed in modern anoxic basins (e.g. Black Sea, Cariaco Basin) in which N2-fixation is known to be significant (Fry et al., 1991; Thunell et al., 2004). To explain these negative δ15Ntotal values, it was suggested that upwelling of anoxic and ammonium-rich deep waters have supported biological productivity by providing dissolved fixed-nitrogen to primary producers (Higgins et al., 2012).
During the OAE-2, deep oceanic settings, as the DSDP site 367, can indeed build up a large reservoir of NH4+, which can be the main N source for primary production (ammonia ocean scenario of Higgins et al., 2012). In such scenario, a combination of denitrification and anammox reactions at the chemocline quantitatively consumes the nitrate and nitrite reservoir, the primary productivity being supported by advection of 15N-depleted NH4+, as well as other nutrient elements like PO43-, from deep water up to the photic zone, especially during chemocline upward excursions. The 15N-depleted NH4+ can be consumed through ammonium assimilation and ammonium oxidation (i.e., nitrification), which are both associated to a sizeable isotopic fractionation that generate a 15N-depleted product and 15N-enriched residual NH4+ reservoir. If the fractionation associated with ammonium assimilation outcompetes the isotopic enrichment caused by the combination of anammox/denitrification/nitrification processes, the biomass remains isotopically negative.
Alternative nitrogenases to N2-fixation using Fe and V rather than Mo as enzymatic co-factor was also proposed to explain δ15Ntotal values lower than −2‰ recorded during OAE-2 in the proto-North and Central Atlantic sites (Zhang et al., 2014). In this scenario, Mo is replaced in the active site of the metalloenzyme by Fe or V in response of the global oceanic drawdown of trace metals (especially Mo). These alternative nitrogenases can be expressed either by cyanobacteria in the photic zone or by anoxygenic phototrophs and would be favored during period of increase in the Fe/Mo ratio possibly linked to enhance hydrothermal activity and Mo scavenging. However, no clear difference is observed between Mo and Fe in a scatterplot with δ15Ntotal values (Figure 9) in our dataset. Both elements are characterized by a nonlinear negative correlation with δ15Ntotal. Moreover, the alternative nitrogenase hypothesis implied a large δ15N fractionation down to −7‰, while the minimum value recorded at DSDP site 367 is −2.3‰. We therefore suggest that the contribution of N2-fixation through an alternative nitrogenase while possible could only represent a small proportion of δ15Ntotal signal, due to both 1) mass balance considerations and 2) the reported high abundance of eukaryotic biomass at Demerara Rise, in a similar paleogeographical context and with equivalent δ15N values during OAE-2 (Higgins et al., 2012).
[image: Figure 9]FIGURE 9 | Cross-plot of isotopic nitrogen compositions δ15Ntotal versus, EF Mo (A); EF Fe (B) and EF V (C) Open symbols correspond to the data from the study of Kuypers et al. (2002) for Mo and V and from unpublished data of H-J. Brumsack for Fe.
Our δ15Ntotal data, at the first order, seem to agree with the proposed combination of 15N-depleted ammonium assimilation and N2-fixation to explain the low and negative isotopic values observed. Moreover, our high-resolution δ15Ntotal analysis revealed significant short-term δ15Ntotal variations related to physical and chemical changes associated to both the OAE-2 and the PCE which are discussed below.
High Resolution Nitrogen Isotopes Variations Across Oceanic Anoxic Event 2 and Plenus Cold Event Records at Cape Verde
Pre-Oceanic Anoxic Event Nitrogen Cycle
The specificity of the Central Atlantic is to show evidences of deoxygenated conditions before the OAE-2. In the Cape Verde basin, this pre-OAE deoxygenation is expressed by continuous high amount of OM, detectable authigenic enrichments (3 < EF < 10) of most RSTE and evidences of an active phosphorus regeneration. Besides, high Mo enrichments compared to U suggest an active “Particulate shuttle” effect in water column (Figure 10), as reported for modern semi-enclosed basins (Algeo and Tribovillard, 2009; Tribovillard et al., 2012), hence suggesting that a strong and deep chemocline discriminates a well oxygenated upper water column from anoxic bottom waters. The redox conditions were, however, not stable during this Pre-OAE time, and periods of stronger deoxygenation standout such as within the section 3 of the core 19.
[image: Figure 10]FIGURE 10 | Cross-plot of EF U versus, EF Mo for the Pre-OAE-2 interval (A), the onset interval (B), the PCE interval (C) and the plateau interval (D). Data from the studies of Westermann et al. (2014) and Dickson et al. (2016) are represented with circles with red and green outline respectively.
During this pre-OAE interval, constantly negative δ15N values (−1.2 to 0‰) indicate that N2-fixation outcompetes NO3− limitation in the photic zone (Figure 11). Within the framework of a stratified water column, quantitative N loss due to the combination of nitrification, heterotrophic denitrification and anammox occur at the chemocline while NH4+ could accumulate in the deeper basin.
[image: Figure 11]FIGURE 11 | Schematic representation of the nitrogen cycle and the resulting nitrogen isotopic imprint of marine sediments: Before the OAE-2 (A), during the OAE-2 onset (B), during the PCE-1 interval (C), during the PCE-2 interval (D), the PCE-3 interval (E), during the plateau interval (F). The red color indicates anoxic waters, the purple color euxinic waters and the blue color oxygenated waters (modified from Ader et al., 2014).
While being presumably stratified before the OAE-2, oceanographic models (Trabucho Alexandre et al., 2010; Topper et al., 2011) proposed that during the mid-Cretaceous time the Southeastern part of the Central Atlantic basin was characterized by the presence of upwelling currents along margins bringing NH4+ rich waters from the deep ocean toward the surface, transiently reaching the photic zone. Anoxia in the photic zone preceding the OAE was previously proposed to account for punctual isorenieratane occurrences (Kuypers et al., 2002). In addition to the long term stratification of the Cape Verde basin, delivery of 15N-depleted NH4+ in the photic zone from more proximal areas may have been assimilated by the phytoplankton and consequently participate to the lowest δ15N values observed in the section 3 of the core 19 (down to −1.75‰). Other possible mechanisms of deep-water advection into the surface include eddy-circulation, which may have been particularly relevant of the mid-Cretaceous ice-free climate regime (Hay, 2008).
Oceanic Anoxic Event 2 Nitrogen Cycle
At DSDP site 367, the first δ13C buildup and the plateau interval within the OAE-2 are characterized by an intensification of the deoxygenation as demonstrated by the substantial authigenic enrichment of the RSTE (e.g., U, Ni, V) leading to euxinic conditions in the basin. Large proportions of sulfide in the water column are also evidenced by exceptionally intense P recycling rate, marked by high Corg/Ptotal values (this study) and by a rapid positive excursion of the δ98/95Mo (Westermann et al., 2014; Dickson et al., 2016), towards the typical seawater composition. The shallowing of the chemocline, and hence the invasion of the euxinic conditions from the bottom waters to the photic zone, was also demonstrated by the large concentrations of isorenieratane measured along the OAE-2 and mostly during the plateau interval (Kuypers et al., 2002).
At DSDP site 367, the Mo vs. U enrichments during the onset of the OAE-2 and the plateau intervals are mostly located in the “Euxinic” zone or even higher (Figure 10). Thus, the EF Mo/EF U values decrease during the two episodes of extreme deoxygenation approaching the values of today’s seawater (∼7.7). Significantly, while the plateau interval is the period characterized by the most intense and the most prolonged deoxygenated conditions of the OAE-2, enrichments in some RSTE as Mo, U or V are lower in this interval than during PCE, conversely to Fe. This observation, combined with low Mo/TOC values, suggests a drawdown of these elements in the water-column due to their scavenging in the sediments at the basin scale.
In the proto-North and Central Atlantic sites, negative δ15Ntotal values during the OAE-2 has been largely reported in every part of the ocean (Kuypers et al., 2004; Junium and Arthur, 2007; Higgins et al., 2012; Ruvalcaba Baroni et al., 2015). This negative signal is consistent with a combination of both N2-fixation and NH4+ partial assimilation processes in the N export production. While both N2-fixation and NH4+ assimilation were important in the nitrogen exported production, a general lowering of the δ15Ntotal value from North to South suggests that the NH4+ assimilation was particularly significant in the southern part (Ruvalcaba Baroni et al., 2015; Naafs et al., 2019) and could have been dominant, as evidenced by Higgins et al. (2012). The high Corg/Ntotal ratio, observed in the DSDP 367 site indicates an intense biological removal of amino groups from the OM in the sediments, releasing NH4+. The diffused NH4+ from the sediments would have further supplied a water column ammonium reservoir.
At DSDP site 367, the evolution of the δ15Ntotal is fully consistent with the convecting redox-stratified ocean model proposed by Ader et al., 2014; Ader et al., 2016) where NH4+ invades the entire basin and NO3− reservoir is substantially reduced and limited in the photic zone far away from the coastal area (Figure 11). The limited δ15Ntotal fluctuations during the plateau interval would therefore represent variations in the relative proportions between the eukaryotic and the denitrifying biomasses, which would be controlled by the position of the chemocline through the lower limit of the photic zone. The large variations in the Fe enrichments are coherent with fluctuations of the H2S inventory of the water-column chemocline. Redox fluctuations with a similar pace were previously evidenced by oscillating δ98/95Mo, that were interpreted as the expression of orbital cycles controlling the continental-weathering and the delivery of nutrient in the basin (Dickson et al., 2016), suggesting a climate influence on oxygenation conditions and nitrogen cycle. Comparable variations in Fe chemistry, Corg/Ptotal ratio (Poulton et al., 2015) and δ98/95Mo variations (Goldberg et al., 2016) with those measured in the Cape Verde Basin were evidenced along the same continental margin in the Tarfaya Basin (Offshore Morocco), in a shelf setting. This observation highlights that the redox fluctuations described in the deep Cape Verde Basin are consistent with shallower settings and confirm that they are constrained by the regional redox structure of the entire southern proto-North Atlantic domain. Besides, continuous O2-depleted conditions at intermediate bathymetry (>1,000 m for the deepest site) from pre-to post-OAE-2 at Demerara Rise (Hetzel et al., 2009) suggest that an expanded Oxygen-Minimum Zone impinged the southern part of the proto-North Atlantic, and we suggest that upwelling currents were active through the Cenomanian-Turonian interval in this region.
Nitrogen Cycle During the Plenus Cold Event
The high resolution of the δ15Ntotal signal measured along the section not only allowed to distinguish the PCE during the OAE-2, but also to highlight large variations characterizing a complex N cycle during this swing in temperature. Indeed, the PCE interval is particularly well underlined by two spikes of heavier δ15Ntotal values recorded during the PCE-1 and PCE-3. This period was also previously associated with a deepening of the chemocline based on a drop in the δ98/95Mo values (Dickson et al., 2016). However, still high enrichments in Mo, and in a lesser degree in U, argue for persistent anoxic to euxinic deep waters (Figure 10). Active upwelling currents bringing nutrients rich waters to the surface, hence maintaining a high primary production and Corg export to the sediments may have promoted the formation of an oxygen rich intermediate water mass along the Cape Verde basin margin.
We suggest that PCE-1 represents a period of better-ventilated intermediate waters. The rapid and large increase in δ15Ntotal within the PCE-1 (+1.3‰) is consistent with a switch in the nitrogen cycle with higher ratio of nitrate vs ammonium assimilation the former expanding due to upwelling of oxygenated water masses (Figure 11). In both cases however, N2-fixation likely represents the main source of N for primary producers, δ15Ntotal remaining close to 0‰ value, as expected in stratified settings (Figure 11).
The PCE-2 is associated with lower δ15Ntotal values (∼−1.8‰) and many trace metal (Cd, Cu, Ni, V, Zn) enrichments (Figures 3–5). Such enrichments in an overall period of reoxygenation has previously been reported in the Western Interior Seaway (Eldrett et al., 2014) or in the English Chalk (Jenkyns et al., 2017), and were either interpreted has the advent of waters rich in hydrothermally-derived elements or by basin-scale re-oxidation of previously deposited organic- and sulfide-rich sediments. Oxygenated water masses may have been restricted “in sandwich” between two ammonium rich and nitrate poor water masses and the overall nitrogen cycle back to an isotopic signal of N2-fixation and NH4+ partial assimilation state on proximal margin.
The second peak of heavier δ15Ntotal values in the PCE-3 is accompanied with both a drop in sea-surface temperature (Forster et al., 2007) and a reoxygenation of the basin as demonstrated by the lowest trace metal enrichments. This transient cooling and reoxygenation may have cause a deepening of the chemocline and increase in the contribution of nitrate to the nitrogen isotope sedimentary signal. Compared to long-term secular variations observed during greenhouse-icehouse periods (Algeo et al., 2014), the PCE nitrogen cycling point out to a more complex picture. Indeed, if water column denitrification can expand during the PCE and imprint the geochemical sedimentary record due to an increasing contribution of cycled nitrate to the biomass, we suggest that associated changes in the δ15Ntotal signal are primarily controlled by the ratio of bioavailable ammonium to nitrate rather than a change in the locus (sedimentary vs water column) of denitrification. This inference is supported by recent results of Earth System model which demonstrates that during the OAE-2 fundamental transitions in the species of nitrogen dominating the fixed-N inventory, from nitrate to ammonium across deoxygenation, are anticipated (Naafs et al., 2019).
CONCLUSION
By combining newly generated and existing geochemical data from the DSDP site 367, our integrated study:
-confirms the burial of organic matter, dominantly marine in origin, associated to a positive carbon isotopic excursion of ∼6.0‰. For this isotopic excursion, a detailed sequencing of δ13C evolution has been proposed and a new subdivision within the Plenus carbon isotopic excursion in three sub-intervals (PCE-1, PCE-2, and PCE-3) is suggested.
-highlights the fluctuations of oxygenation in the water column especially during the Plenus carbon isotopic excursion for one the deepest site in the Central Atlantic. After a period of stability in concentration of redox sensitive trace elements and high δ15Ntotal values (>−1.2‰), characterized by dysoxic to anoxic conditions before the OAE-2, the onset of this event, marked by noticeable enrichment of these elements and the lowest δ15Ntotal values (<−2.0‰), is associated to euxinic conditions in bottom water. Within the OAE-2, the Plenus carbon isotopic excursion is associated to short-term O2/H2S fluctuations and three settings are distinguished. The PCE-1, characterized by decreasing trend of δ15Ntotal values and contrasted record of redox sensitive trace elements, would correspond to a period of better-ventilated intermediate waters. The PCE-2, marked by noticeable enrichment of these elements and the lower δ15Ntotal values (∼−2.0‰), is characterized by water column O2-depleted conditions, associated to potential hydrothermal enrichments. The PCE-3, marked by noticeable decreasing trend of both δ15Ntotal values and redox sensitive trace elements, is interpreted as an interval of reoxygenation of water column, probably linked to input of cooler and oxygenated water from high latitudes. Lastly, the plateau interval is marked by the invasion of the euxinic conditions from the bottom waters up to the photic zone.
-discusses for the first time the impact of the Plenus Cold Event on the nitrogen cycle for this site and a model for the nitrogen cycle and the resulting nitrogen isotopic imprint of marine sediments is proposed. Before the OAE-2, a stratified water column model and a deep and strong chemocline, prevailed in NH4+-rich bottom water. The onset of the OAE-2 is characterized by the development in the water column of euxinic NH4+ rich water masses, and a restriction of the NO3− reservoir to the photic zone. These nitrogen cycle settings changed during the short-term climatic variations associated with the Plenus Cold Event. During cooling, a reoxygenation phase of the intermediate water due to active upwelling currents and accompanied by a deepening of a sulfide-rich chemocline temporally reshaped both the carbon and nitrogen cycles. These changes are remarkably well expressed in the nitrogen isotope record with swings in the δ15Ntotal values, interpreted here as a tracer of ammonium to nitrate bioavailable inventory.
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