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A B S T R A C T   

Planktonic foraminiferal population dynamics and benthic foraminiferal and radiolaria distributions combined 
with δ13C and δ18O measurements of both bulk carbonate and foraminifera provide clues concerning the pale-
oceanographic changes across the Cenomanian-Turonian boundary interval and the Oceanic Anoxic Event 2 
(OAE 2) at southern high latitudes. Samples analyzed are from Integrated Ocean Discovery Program (IODP) 
Expedition 369 Site U1516 in the Mentelle Basin (eastern flank of the Naturaliste Plateau, Indian Ocean, SW 
Australia). Site U1516 was located at 60◦–62◦S paleolatitude during the mid-Cretaceous, and it is the first high 
latitude locality in the Southern Hemisphere where planktonic foraminifera are consistently recorded across the 
OAE 2 interval and its associated positive δ13C excursion. 

The sedimentary record at Site U1516 consists of a sequence of alternating black, dark greenish gray, and light 
greenish gray claystone in the Cenomanian that grade to white and light gray calcareous chalk interbedded with 
chert in the Turonian. The correlation between the δ13C and δ18O profiles at Site U1516 and the European 
reference section at Eastbourne (England) coupled with the integrated calcareous plankton biostratigraphy and 
stable isotopic data at Site U1516, indicate that a complete record of OAE 2 at Site U1516 was recovered. 

Below and in the lower part of OAE 2, the planktonic foraminiferal assemblages are dominated by small-sized 
(125–38 μm) opportunistic species of Microhedbergella and radiolaria indicating a dominantly eutrophic regime. 
Above the onset of OAE 2, a trough in the δ13C profile (Plenus Carbon Isotope Event: P-CIE) coinciding with a 
δ18O increase may correspond to the Plenus Cold Event as observed at low latitudes, although no evidence of 
cooling is registered in the microfossil assemblages. At Site U1516, the middle part of OAE 2 at the initiation of 
the plateau phase of the δ13C profile is masked by absence of carbonate, by the highest TOC values, and high 
biogenic silica (dominance of radiolaria) indicating this interval corresponded to a time of highly stressed 
eutrophic conditions with possible shoaling of the Carbonate Compensation Depth (CCD). Above this interval, 
bulk isotopic results yield lower δ13C values, and the CaCO3 increases are associated with the presence of even 
smaller-sized Microhedbergella showing cyclic fluctuations in absolute abundances with benthic foraminifera 
indicating dominantly eutrophic conditions likely affected by upwelling of nutrient-rich and δ13C-depleted in-
termediate water masses. Toward the top of OAE 2 and across the Cenomanian-Turonian boundary interval, the 
planktonic foraminiferal assemblages show changes in composition (e.g., Microhedbergella is replaced by Mur-
icohedbergella), species occupying relatively deep ecological niches appear and an overall increase in diversity is 
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observed. These features coupled with the foraminiferal species-specific δ13C and δ18O patterns reveal that Site 
U1516 occupied a paleoceanographic setting still affected by eutrophy likely related to enhanced input of nu-
trients but with episodes of stability with ecological/thermal separation in the surface waters. This interval also 
records the highest sea surface water paleotemperatures values estimated as 20◦–23◦C based on δ18O values of 
foraminiferal test and assuming seawater δ18O values of − 1‰V-SMOW. Mesotrophic to oligotrophic conditions 
persisted after the OAE 2 and throughout the Turonian as evidenced by a diverse planktonic foraminiferal 
assemblage with different species occupying separate ecological niches in the mixed layer and thermocline.   

1. Introduction 

The Cenomanian-Turonian boundary interval and the perturbations 
associated with Oceanic Anoxic Event 2 (OAE 2, e.g., Schlanger and 
Jenkyns, 1976; Scholle and Arthur, 1980; Schlanger et al., 1987), pro-
vides a excellent opportunity to investigate the evolution of the marine 
biota in response to dramatic environmental perturbations. OAE 2 was a 
time of widespread change in the ventilation of the deep ocean and is 
associated with a perturbation of the global carbon cycle shown by a 
positive δ13C excursion in marine and terrestrial records that resulted 
from the burial of large amounts of organic matter in deep-sea and 
hemipelagic settings (e.g., Scholle and Arthur, 1980; Tsikos et al., 2004; 
Voigt et al., 2006; Jenkyns, 2010; Wendler, 2013; Jenkyns et al., 2017). 
The event was probably triggered by a massive injection of CO2 and 
nutrients into the ocean-atmosphere system through intense submarine 
volcanic activity and basalt-seawater interaction. A likely candidate for 
the volcanic event is the emplacement of the Caribbean Large Igneous 
Province and/or the High Arctic Large Igneous Province that emitted 
greenhouse gases and provided biolimiting metals in marine ecosystems 
leading to the onset of the Cenomanian-Turonian Thermal Maximum 
and the enhancement of ocean fertility (e.g., Larson, 1991; Kuypers 
et al., 2002; Leckie et al., 2002; Jenkyns, 2003; Erba, 2004; Pancost 
et al., 2004; Kuroda et al., 2007; Turgeon and Creaser, 2008; Barclay 
et al., 2010; Trabucho Alexandre et al., 2010; Zheng et al., 2013; Du 
Vivier et al., 2014; Scaife et al., 2017; Schröder-Adams et al., 2019). 

Many hypotheses have been presented to account for increases in the 
global rate of organic-carbon burial during OAE 2 including eustatic sea- 
level rise that moved oxygen minimum zones onto the continental shelf 
(Schlanger and Jenkyns, 1976; Arthur et al., 1987; Gavrilov et al., 
2013), increase in the flux of terrigenous nutrients to the oceans due to 
late Cenomanian sea-level rise (Erbacher et al., 2005; Bjerrum et al., 
2006), input of volcanically derived nutrients to the oceans (Kerr, 1998; 
Larson and Erba, 1999; Turgeon and Creaser, 2008; Du Vivier et al., 
2014; Jenkyns et al., 2017), changes in the cycling of major nutrients 
(Mort et al., 2007; Adams et al., 2010; Higgins et al., 2012), changes in 
ocean circulation (MacLeod et al., 2008; Martin et al., 2012; Zheng et al., 
2013), CO2-induced warming and increase in the delivery of 
weathering-derived nutrients to the oceans (Frijia and Parente, 2008; 
Blättler et al., 2011; Monteiro et al., 2012; Von Strandmann et al., 2013), 
and a combination of these changes coinciding with an increase in 
seasonality after a long eccentricity (2.4 Myr) cycle minimum (Mitchell 
et al., 2008; Batenburg et al., 2016). 

The Cenomanian-Turonian interval is accompanied by exceptional 
warming of the ocean (Jenkyns et al., 1994; Clarke and Jenkyns, 1999; 
Bice et al., 2003; Voigt et al., 2004; Friedrich et al., 2012). Surface-ocean 
temperatures reached about 36◦C at low latitudes (Forster et al., 2007; 
Moriya et al., 2007; MacLeod et al., 2013), and equator-to-pole sea 
surface temperature gradients were reduced to about 5◦C (Huber et al., 
2002; Linnert et al., 2014; O’Brien et al., 2017; Huber et al., 2018). 
Regionally, the warming during the OAE 2 interval is briefly interrupted 
by a cooling event known as the Plenus Cold Event that has been 
attributed to a decrease in atmospheric pCO2 forced by the widespread 
burial of organic carbon (Kuypers et al., 1999; Voigt et al., 2006; Barclay 
et al., 2010; Sinninghe Damsté et al., 2010; Jarvis et al., 2011; van 
Bentum et al., 2012; Gale et al., 2019; O’Connor et al., 2020). 

The Plenus Cold Event was first described in the Anglo-Paris Basin as 

the ingression of macrofossil boreal fauna (Gale and Christensen, 1996), 
including the belemnite species Praeactinocamax plenus, in the Plenus 
Marl of the English Chalk (Jefferies, 1963) and later found to coincide 
with two positive δ18O shifts of bulk carbonates in the English section at 
Eastbourne (Jenkyns et al., 2017) as well as changes in Nd-isotope sig-
natures (Zheng et al., 2013; O’Connor et al., 2020). Cooling in the early 
part of OAE 2 has been documented in other localities across the 
Tethyan margins, North Atlantic, and Western Interior Seaway based on 
faunal assemblages (Eicher and Diner, 1985; Leckie, 1985; Friedrich 
et al., 2006; Voigt et al., 2006; van Helmond et al., 2016; Eldrett et al., 
2017), foraminiferal coiling direction (Desmares et al., 2016), δ18O 
values (Keller et al., 2008; Kuhnt et al., 2017; Kalanat et al., 2018), and 
TEX86 measurements (Forster et al., 2007; Sinninghe Damsté et al., 
2010). In the Western Interior Seaway, the Plenus Cold Event broadly 
coincides with an interval of increased abundance of benthic forami-
nifera suggesting extensive bottom water re-oxygenation that has been 
named the Benthonic Oxic Zone (Eicher and Worstell, 1970; Keller and 
Pardo, 2004; Prokoph et al., 2013; Eldrett et al., 2014). 

Records of carbon burial and environmental changes during OAE 2 
have been obtained mostly from sites in the low latitudes of the Atlantic 
Ocean, the Tethyan region, and the Western Interior Seaway (e.g. Tsikos 
et al., 2004; Bowman and Bralower, 2005; Kolonic et al., 2005; Caron 
et al., 2006; Sageman et al., 2006; Mort et al., 2007; Parente et al., 2008; 
Forster et al., 2008; Voigt et al., 2008; Takashima et al., 2009; Jarvis 
et al., 2011; van Bentum et al., 2012; Owens et al., 2013; Bomou et al., 
2013; Du Vivier et al., 2014; Eldrett et al., 2014; Desmares et al., 2016; 
Robinson et al., 2017; Kuhnt et al., 2017; Grosheny et al., 2017; 
Heimhofer et al., 2018; Charbonnier et al., 2018; Gale et al., 2019, 
among many others). To date only few isolated records documenting the 
expression of OAE 2 from the southern high latitudes have been 
described (e.g., New Zealand: Hasegawa et al., 2013 and Gangl et al., 
2019; Kerguelen Plateau: Dickson et al., 2017; Exmouth Plateau: 
Rullkötter et al., 1992 and Thurow et al., 1992; Cauvery Basin: Govin-
dan and Ramesh, 1995). The relative lack of data from austral regions 
compromises efforts at global-scale interpretations of OAE 2. 

OAE 2 environmental perturbations certainly influenced the evolu-
tionary history of planktonic organisms (e.g., Erbacher et al., 1996; 
Leckie et al., 2002; Erba, 2004; Pearce et al., 2009). The planktonic 
foraminiferal record across OAE 2 at low latitudes is characterized by a 
significant turnover due to the extinction of the single-keeled rotali-
porids (genera Rotalipora and Thalmanninella) and to the appearance and 
progressive diversification of double-keeled taxa (genera Dicarinella and 
Marginotruncana), genera that dominated planktonic foraminiferal as-
semblages until the Santonian (e.g., Robaszynski et al., 1990, 1993; 
Premoli Silva and Sliter, 1999; Leckie et al., 2002; Falzoni et al., 2016, 
2018). Correlative records from across the Cenomanian/Turonian 
boundary and the OAE 2 interval at high latitudes in the Southern 
Hemisphere are poorly known. Planktonic foraminifera are reported 
from the Cauvery Basin in southeast India (Tewari et al., 1996) and from 
the Narmada Basin in northwest India (Keller et al., 2021), but this 
group is absent from studied New Zealand samples (Hasegawa et al., 
2013) and is rare at Naturaliste Plateau (Herb, 1974) and Exmouth 
Plateau (Wonders, 1992), and in the southern Carnarvon Basin (Dixon 
et al., 2003; Haig et al., 2004). Until this study, the best high latitude 
record is from the Kerguelen Plateau (Ocean Drilling Program Site 
1138), and although the OAE 2 is not complete, with a hiatus spanning 
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the onset of the event (Dickson et al., 2017), it contains a relatively well 
preserved planktonic foraminiferal assemblages characterized by low 
diversity and absence of Tethyan marker species (Petrizzo, 2001). 

Sedimentary sequences recovered by IODP (International Ocean 
Discovery Program) Expedition 369 in the Mentelle Basin (Indian 
Ocean, SW Australia; Fig. 1), located at 60–62◦S paleolatitude during 
the mid-Cretaceous (Hay et al., 1999; Müller et al., 2016; Scotese, 2016), 
are particularly intriguing since they provide high-resolution samples 
well suited for performing detailed studies of the organic-rich sediments 
occurring across the Cenomanian-Turonian boundary interval at high 
paleolatitudes in the Southern Hemisphere (Huber et al., 2019a). 
Moreover, the sediments recovered by IODP Expedition 369 at Sites 
U1513 and U1516 (Fig. 1) contain planktonic foraminifera and calcar-
eous nannofossils with preservation sufficiently good to obtain 
biostratigraphic and paleoecological information enhancing our 
currently limited knowledge of the paleoceanographic perturbations 
during OAE 2 at southern high latitudes (Huber et al., 2019a). This study 
is focused on IODP Site U1516 with the aim of 1) providing a bio- 
chemostratigraphic framework that allows identification of the Cen-
omanian/Turonian boundary and OAE 2 at 60–62◦S paleolatitude, and 
2) examining the composition of the planktonic foraminiferal 

assemblages to interpret variations in the paleoceanographic patterns of 
the water column during OAE 2 and into the subsequent Turonian time 
interval. 

2. Materials and methods 

This study primarily focuses on samples across the Cenomanian- 
Turonian boundary interval from IODP Holes U1516C (34◦20.9272′S, 
112◦47.9711′E) and U1516D (34◦20.9277′S, 112◦47.9573′E) drilled at 
2676.6 m water depth in the south-central Mentelle Basin on the eastern 
flank of the Naturaliste Plateau in the Indian Ocean (SW Australia) 
(Fig. 1). Details on the drilling operations, logging, physical properties, 
magnetostratigraphy, geochemistry and sedimentology for Site U1516 
are presented in the IODP Expedition 369 proceedings report (Huber 
et al., 2019a). Data from Holes U1516C (cores 26R to 35R) and U1516D 
(Fig. 2) are plotted in meters on the rCCSF depth scale (revised Core 
Composite Depth below Sea Floor, equivalent to mcd, meters composite 
depth), which is slightly revised from the shipboard splice (Huber et al., 
2019a). A shipboard splice is constructed using colour data (RGB green) 
and XRF core-scanning data (Fe counts) and other data for overlapping 
portions of multiple holes drilled at the same site to suggest intervals 

Fig. 1. A, Paleogeographic reconstruction for the late Cenomanian (94 Ma), with locations of IODP 369 Site U1516, and the Eastbourne section in England and other 
locations at southern high latitudes mentioned in the text (Scotese, 2016). B, Location of the sites drilled during IODP 369 and nearby DSDP Sites 258 and 264 
(modified after Huber et al., 2019a). 
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Fig. 2. Holes U1516C and U1516D: core recovery, lithologic units, core images and interval of low CaCO3 content (467.84–470.67 m rCCSF) according to Huber et al. (2019a). δ13C and δ18O of bulk carbonate and 
foraminifera from this study. Planktonic foraminifera and calcareous nannofossil biostratigraphy from this study. The Cenomanian/Turonian boundary is approximated at the lowest occurrence of Quadrum gartneri. 
Hiatus between Turonian and Paleocene according to Huber et al. (2019a) and this study. OAE 2 (Oceanic Anoxic Event 2) is identified following Jarvis et al. (2011), Gambacorta et al. (2015) and Jenkyns et al. (2017) 
as the interval from the base of the beginning of the positive excursion in δ13C to the point at the first highest δ13C value on the decline of the δ13C values to pre-excursion values (gray band). The peak CIE is placed at the 
midpoint between the two highest δ13C values above and below the interval of low CaCO3 content. The P-CIE (Plenus Carbon Isotope Excursion, O’Connor et al., 2020) may correspond to the interval of a negative δ13C 
excursion coinciding with the trough in the δ13C profile. The Plenus Cold Event (PCE) should coincide with the highest δ18O carbonate bulk values by comparison with Eastbourne (e.g., Jenkyns et al., 2017). m rCCSF =
revised Core Composite depth below Sea Floor in meters. Eastbourne section (England): lithostratigraphy, δ13Ccarb δ18Ccarb after Tsikos et al. (2004) and Pearce et al. (2009). Planktonic foraminiferal biostratigraphy and 
bioevents after Falzoni et al. (2018). Calcareous nannofossil biostratigraphy and bioevents after Paul et al. (1999), Tsikos et al. (2004) and Linnert et al. (2011) using the biozonations by Sissingh (1977) and Perch- 
Nielsen (1985). Age/stage and ammonite biostratigraphy after Gale et al. (2005). Peaks A to D on the carbon isotope curve according to previous authors (e.g., Jarvis et al., 2006; Voigt et al., 2008; O’Connor et al., 
2020). OAE 2 interval and Plenus Cold Event (PCE) according to Jenkyns et al. (2017). P-CIE according to O’Connor et al. (2020). 
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least disturbed by coring and best suited for study of temporal trends 
(Huber et al., 2019b; LIMS online report portal at http://web.iodp.tamu. 
edu/LORE/). 

The Cretaceous sedimentary sequence in Hole U1516C starts in core 
26R-4, 105 cm at 431.56 m rCCSF with Turonian sediments overlain by 
an unconformity that separates the Cretaceous sediments below from 
Paleocene sediments above (lithostratigraphic Unit Ic, Fig. 2). The un-
conformity is defined by sharp changes in the foraminiferal and nan-
nofossil assemblages and a decrease in NGR (Natural Gamma Radiation) 
and magnetic susceptibility (Huber et al., 2019a). The lithologies from 
core 26R-4, 105 cm to core 31R-4, 119 cm in Hole U1516C and from 
core 2R to core 4R-3, 31 cm in Hole U1516D are assigned to lithos-
tratigraphic Unit II (Fig. 2) and are composed of white, light olive 
brown, and light gray calcareous chalk interbedded with chert that 
grades gradually downsection into light greenish gray and greenish gray 
calcareous/nannofossil chalk with clay interbedded with chert and 
claystone. From core 31R-4 to core 33R-CC in Hole U1516C and from 
core 4R-3 to core 5R-CC in Hole U1516D the lithologies are assigned to 
lithostratigraphic Unit III (Fig. 2) and consist of an alternating sequence 
of black, light greenish gray, greenish gray, and very dark greenish gray 
claystone (sometimes with common to abundant nannofossils) and 
clayey nannofossil chalk. Cores 34R and 35R in Hole U1516C are 
assigned to lithostratigraphic Unit IV, which is composed of a sequence 
of massive to mottled black and dark greenish gray nannofossil-rich 
claystone and claystone with nannofossils (Huber et al., 2019a). 

For microfossil analysis rock samples were dried, weighed and 
soaked in a solution of tap water and H2O2, washed over 250, 125 and 
38 μm sieves and dried to obtain washed residues. For each size fraction 
microfossil groups and planktonic foraminifera genera and species were 
counted in splits of the washed residues large enough to be statistically 
reliable. The number of specimens for each category were multiplied by 
the number of splits and the total number of specimens were obtained 
for each sample by adding the values of the three size fractions. Absolute 
abundances of foraminifera and radiolaria were calculated as the 
number of specimens per gram of dry sediment. Planktonic foraminiferal 
taxonomy follows the pforams@mikrotax database (Huber et al., 2016). 
The planispiral genus Globigerinelloides is placed in quotes in the text and 
figures because it is polyphyletic and currently under taxonomic revi-
sion (see discussion in Petrizzo et al., 2017). The planktonic foraminif-
eral biozonation follows Robaszynski and Caron (1995), Petrizzo (2003) 
and Petrizzo et al. (2020). 

Samples for calcareous nannofossils were prepared following the 
double slurry method of Watkins and Bergen (2003). At least 400 fields 
of view were examined from each sample that was not barren of 
calcareous nannofossils. The taxonomy for calcareous nannofossils 
largely follows that of Nannotax3 (mikrotax.org/Nannotax3); however, 
the definition of Eiffellithus eximius sensu Verbeek follows that in Huber 
et al. (2017) and Gaer and Watkins (2020). The biozonation for 
calcareous nannofossils is according to Perch-Nielsen (1985) and Huber 
et al. (2017) and age assignments follow Gradstein et al. (2012). 

Stable isotope values for foraminifera and bulk carbonate were 
measured at the University of Missouri or in the Laboratory of Earth 
Environmental Evolution at Kanazawa University. Foraminiferal data 
was obtained from single species separates of well-preserved planktonic 
and benthic foraminifera picked from samples where sufficient number 
of such individuals were present. Most samples from Hole U1516C core 
28R are weakly indurated and yielded foraminifera that are both 
strongly recrystallized and infilled with sparry calcite so were not 
analyzed. Bulk samples measured at the University of Missouri were 
milled from chips under a 3× magnifying lens using an engraving tool 
operated at low speed whereas at Kanazawa University a portion of each 
bulk sample was powdered using a mortar and pestle. 

Foraminiferal tests (shells) and a subset of the bulk carbonate sam-
ples were measured on Kiel III carbonate device operated at 70◦C and 
Delta Plus IRMS at the University of Missouri. Measurement error is +/−
0.04‰ and +/− 0.06‰ (1 standard deviation) for δ13C and δ18O 

respectively based on uncorrected, replicate analyses of NBS-19 run 
throughout the duration of the study. Sample values were corrected to 
nominal values of 1.95‰ (δ13C) and − 2.20‰ (δ18O) for the average of 
NBS-19 analyses within each run. 

Bulk samples analyzed at Kanazawa University were dried overnight, 
then a split was weighed (ca. 0.3 mg each) with a Sartorius MC5 mi-
crobalance for analysis. Carbon dioxide was produced by reaction with 
100% phosphoric acid in helium atmosphere at 70◦C through GasBen-
chII (ThermoFisher), and the gas was introduced and analyzed by a 
Delta V Advantage (ThermoFisher) mass spectrometer. The reference 
NBS19 (δ18O: − 2.20‰; δ13C: +1.95‰) was analyzed twice daily and 
used for international calibration. Laboratory standard carbonates were 
analyzed more often to check the stability of the machine. Analytical 
errors of the isotopic measurement were less than 0.1‰ for both oxygen 
and carbon isotopes during the analyses of all samples studied. 

All stable isotopic data are reported on the Vienna-PDB scale. Pale-
otemperatures derived from planktonic and benthic foraminifera δ18O 
were calculated using the equations and assumptions detailed in Huber 
et al. (2018). The bulk carbonate and foraminifera stable isotope data 
are reported in Supplementary Data Tables 1 and 2. 

3. Carbon and oxygen isotope data for bulk carbonate 

Bulk carbonate results (382 analyses from 273 samples; Supple-
mentary Data Table 1) show trends in surface water values with highest 
sampling density from 459 to 486 m rCCSF (Fig. 2). Replicate analyses 
demonstrate generally excellent reproducibility within samples and 
between labs as well as coherent stratigraphic trends (Fig. 2; Supple-
mentary Data Table 1). Analyses on 9 samples from 467.49–470.62 m 
rCCSF failed to yield meaningful data due to the low-carbonate content 
of these samples, and 11 analyses (from 5 samples) had δ13C values 
<2‰. These latter results are the lowest 11 δ13C values measured among 
the bulk samples and 3 of the samples had relatively low carbonate 
content. Anomalously low δ13C values (relative to the rest of the data 
set) can be explained by contributions from benthic bioclasts, presence 
of diagenetic carbonate with a significant contribution from reminer-
alized organic carbon, and/or analytical error in the powders analyzed. 
Although δ18O values in these samples do not seem similarly anomalous, 
the 11 measurements are excluded from the plots but are included in the 
data file (Supplementary Data Table 1). 

Values plotted represent replicate averages for each sample (Fig. 2). 
In addition to trends on the meter-scale, considerable variation much 
larger than analytical error is present on shorter length scales. This 
variability likely reflects a combination of short-term changes in surface 
water conditions, changes in the nannofossil assemblages that are 
assumed to represent the dominant component of the bulk carbonate in 
any sample, and sampling biases (e.g., contributions from other bioclasts 
in the powder analyzed). Lithologic variation suggest short-term 
oceanographic variations are likely. For example, the 4 relatively low 
δ13C values spaced ~1 m apart between 473 and 476 m rCCSF (Fig. 2) 
are all from relatively dark lithologies; however, the spacing of darker 
lithologies in this interval is ~30 cm. Thus, those 4 δ13C minima may 
represent an aliasing of higher frequency cyclic alternations that are not 
accurately captured with our sampling resolution. To reduce the influ-
ence of such factors which are beyond the scope of this study, meter 
scale trends in the bulk carbonate data are highlighted with trendlines 
(Fig. 2). The trendlines were generated using the LOESS function in 
Matlab, with a window of 3 (i.e., a series of quadratic polynomial fits 
spanning 7 data points weighted by proximity to the point of interest). 
The window was chosen to smooth across high-resolution variability in 
the interval of highest sampling density without overly dampening dif-
ferences among samples separated by meters in the intervals with lower 
sampling density (Fig. 2). 
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4. Integrated biostratigraphy 

The calcareous plankton assemblages at Site U1516 are character-
ized by the absence of several taxa that are normally common at mid- to 
low latitudes, including most of the marker taxa used to constrain the 
Cenomanian-Turonian boundary interval. Nevertheless, the record at 
Site U1516 can be correlated with records at low latitudes in the Tethys 
(e.g., Eastbourne, England and Tarfaya, Morocco: Tsikos et al., 2004) 
and Western Interior Seaway (e.g., Pueblo, Colorado: Tsikos et al., 2004; 
Caron et al., 2006) using the calcareous plankton bioevents combined 
with the carbon isotopic data (Table 1; Fig. 2). Together, these results 
provide a good chronostratigraphic framework and integrated stratig-
raphy that represents one of the best documented record across the 
Cenomanian-Turonian boundary interval for high latitudes of the 
Southern Hemisphere. 

The base of the studied stratigraphic interval in Hole U1516C, core 
35R (484.29 m rCCSF to 489.58 m rCCSF) lacks calcareous plankton 
marker events because of poor preservation and a low number of taxa. 
Nevertheless, it is assigned to the early Cenomanian CC 9c Zone based 
on the calcareous nannofossil assemblages. The first sample (U1516C- 
34R-4, 6–8 cm at 484.29 m rCCSF) yielding a rich calcareous nannofossil 
assemblages contains the calcareous nannofossil Lithraphidites acutus 
whose lowest occurrence (LO) identifies the base of the CC 10a Zone. 
This appearance level is probably delayed at Site U1516 because of poor 
preservation of the nannofossil assemblages in the underlying interval. 
The highest occurrence (HO) of Gartnerago nanum is recorded in sample 
U1516C-33R-CC, 1–5 cm at 480.07 m rCCSF. The concurrent range of L. 
acutus and G. nanum in core U1516C-34R, indicates the lower part of CC 
10a Zone corresponding to a middle to early-late Cenomanian age 
(Gradstein et al., 2012) and was reported from stratigraphic intervals 
that encompass the Mid-Cenomanian Event at some localities (Demerara 
Rise, central Atlantic Ocean: Hardas et al., 2012; Newfoundland Basin: 
Urquhart et al., 2007). 

The highest occurrences of Helenea chiasta at 470.89 m rCCSF allows 
identification of the base of the early Cenomanian CC 10b Zone (Fig. 2). 
At Site U1516 it is preceded by the HO of Axopodorhabdus biramiculatus 
(= Axopodorhabdus albianus of some authors) at 471.48 m rCCSF and 
these bioevents are documented to bracket the interval with the highest 
δ13C values within the OAE 2 Carbon Isotope Excursion (CIE) at East-
bourne in England (Paul et al., 1999; Linnert et al., 2011), at Clot 
Chevalier in France (Gale et al., 2019), in Tunisia (Nederbragt and 
Fiorentino, 1999), and in the Western Interior Seaway (Corbett et al., 
2014). Moreover, the HO of H. chiasta is registered immediately below 

the interval of low carbonate content (CaCO3 = 0.02–0.69 wt%, from 
467.84 to 470.67 m rCCSF; Huber et al., 2019a) suggesting that its 
distribution may be truncated at Site U1516 (Fig. 2). 

The planktonic foraminifera “Globigerinelloides” bentonensis is a very 
reliable marker species in the latest Cenomanian at low latitudes where 
it last occurs in the upper part of calcareous nannofossil CC 10a Zone at a 
level close to the extinction of Rotalipora cushmani (Pueblo, Colorado: 
Leckie, 1985; Eicher and Diner, 1985; Keller and Pardo, 2004. East-
bourne, England: Paul et al., 1999; Keller et al., 2001; Falzoni et al., 
2018. Clot Chevalier, France: Falzoni et al., 2016; Gale et al., 2019. 
Ganuza, Spain: Lamolda et al., 1997. Tarfaya, Morocco: Keller et al., 
2008; Falzoni et al., 2018). At Site U1516 the highest occurrence of “G.” 
bentonensis is recorded at 474.11 m rCCSF close to the HO of L. acutus at 
474.12 rCCSF (Table 1; Fig. 2). Both taxa are rare and show sporadic 
occurrences at Site U1516, and, consequently, their disappearance 
levels are interpreted to be diachronous and not reliable for correlation. 

The Cenomanian/Turonian boundary is formally defined by the 
lowest occurrence of the ammonite Watinoceras devonense in the GSSP 
section at Pueblo, Colorado (Kennedy et al., 2000, 2005). In the absence 
of this primary criterion the boundary at Site U1516 is placed at the LO 
of the calcareous nannofossil Quadrum gartneri (at 461.68 m rCCSF) 
(Fig. 2). The LO of Quadrum gartneri marks the base of CC 11 Zone and is 
a consistently reliable datum for approximating the base of the Turonian 
Stage, as it occurs slightly above the stage criterion in the GSSP type 
section as well as in many other localities worldwide (e.g., Tsikos et al., 
2004; Linnert et al., 2010, 2011; Gradstein et al., 2012; Corbett et al., 
2014; Dickson et al., 2017; Gale et al., 2019). 

The planktonic foraminifera Rotalipora cushmani and Helvetoglobo-
truncana helvetica whose HO and LO, respectively, are used to constrain 
and approximate the Cenomanian/Turonian boundary at low to mid- 
latitudes (e.g., Paul et al., 1999; Keller et al., 2001; Kennedy et al., 
2000, 2005; Caron et al., 2006; Desmares et al., 2007; Gradstein et al., 
2012; Elderbak and Leckie, 2016; Falzoni et al., 2016, 2018; Falzoni and 
Petrizzo, 2020) are absent from the Mentelle Basin. At Site U1516 the 
planktonic foraminifera Helvetoglobotruncana praehelvetica, which is 
ancestral to H. helvetica (e.g., Hart and Weaver, 1977; Hart and Leary, 
1989; Huber and Petrizzo, 2014), first occurs at 455.25 m rCCSF, above 
the LO of Q. gartneri in the lower Turonian (Table 1; Fig. 2). An early 
Turonian LO is in disagreement with H. praehelvetica's distribution at low 
latitudes where its LO is recorded in the late Cenomanian either in the 
upper R. cushmani Zone (Pueblo, Colorado: Leckie, 1985. Umbria- 
Marche Basin, Italy: Premoli Silva and Sliter, 1995; Mort et al., 2007. 
Dolomites, Italy: Luciani and Cobianchi, 1999. North Atlantic: Huber 

Table 1 
Planktonic foraminifera, calcareous nannofossil bioevents, and peak and base of the Carbon Isotope Excursion (CIE) at Site U1516. Axopodorhabdus biramiculatus =
Axopodorhabdus albianus of some authors. FAD = first appearance datum; LAD = last appearance datum; LO = lowest occurrence; HO highest occurrence. Age of the 
bioevents according to Gradstein et al. (2012). Ages of peak CIE and base CIE according to Joo and Sageman (2014) and Joo et al. (2020). nd = no data available. nt =
bioevent not reliable at Site U1516, see text for explanation. Top and bottom revised Core Composite depth below Sea Floor (rCCSF) in meters. Plotcode in the depth- 
age model shown in Fig. 4.  

Event Sample TOP TOP m rCCSF Sample BOTTOM BOTTOM m rCCSF Age (Ma) Plotcode 

FAD Lithastrinus septenarius U1516C-26R-6, 89–90 cm 434.16 U1516C-27R-1, 7–10 cm 436.07 91.78 bLs 
LO Falsotruncana maslakovae U1516C-27R-3, 117–120 cm 440.04 U1516C-27R-4, 58–61 cm 440.96 nd  
FAD Eiffellitus eximius (s. Verbeek) U1516C-28R-1, 110–113 cm 446.70 U1516C-28R-3, 105–108 cm 449.33 92.99 bEe 
LO Falsotruncana loeblichae U1516C-28R-1, 10–13 cm 445.70 U1516C-28R-3, 65–68 cm 446.25 nd  
LO Helvetoglobotruncana praehelvetica U1516C-29R-1, 5–8 cm 455.25 U1516C-29R-1, 120–123 cm 456.40 nt  
FAD Quadrum gartneri U1516C-30R-2, 95–96 cm 461.68 U1516C-30R-2, 134–137 cm 462.06 93.55 bQg 
FAD Eprolithus moratus U1516C-30R-3, 71–75 cm 462.92 U1516C-30R-3, 131–133 cm 463.48 93.73 bEm 
LO Dicarinella hagni U1516D-3R-1, 121–123 cm 464.14 U1516D-3R-2, 15–18 cm 464.39 nt  
FAD Eprolithus octopetalus U1516C-31R-2, 8–11 cm 465.79 U1516C-31R-2, 97–100 cm 466.68 93.80 bEo 
LAD Helenea chiasta U1516C-31R-2, 8–11 cm 465.79 U1516C-32R-1, 97–100 cm 470.89 93.90 tHc 
peak CIE U1516C-31R-3, 38–39 cm 467.37 U1516C-32R-1, 80–82 cm 470.72 94.17 pCIE 
LAD Axopodorhabdus biramiculatus U1516C-32R-1, 131–134 cm 471.24 U1516C-32R-2, 4–7 cm 471.48 94.20 tAb 
HO Lithraphidites acutus U1516C-32R-3, 111–113 cm 474.05 U1516C-32R-CC, 1–5 cm 474.12 nt tLa 
HO “Globigerinelloides” bentonensis U1516C-32R-3, 111–113 cm 474.05 U1516C-32R-CC, 0–5 cm 474.11 nt tGb 
base CIE U1516C-32R-3, 100–101 cm 473.94 U1516C-32R-3, 100–101 cm 473.94 94.59 bCIE 
LAD Gartnerago nanum U1516C-33R-5, 3–7 cm 479.29 U1516C-33R-CC, 1–5 cm 480.07 94.79 tGn 
FAD Lithraphidites acutus U1516C-34R-4, 6–8 cm 484.29 U1516C-35R-1, 87–90 cm 485.76 96.16 bLa  
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et al., 1999. Eastbourne, England: Falzoni et al., 2018) or in the lower 
Whiteinella archaeocretacea Zone (Kaalat Senan, central Tunisia: Robas-
zynski et al., 1990. Ganuza, northern Spain: Lamolda et al., 1997). The 
variable position of H. praehelvetica's LO renders this an unreliable 
marker for cross-latitude correlation (Falzoni et al., 2018). 

Similarly, the LO of Dicarinella hagni is recorded within the 
R. cushmani Zone and calcareous nannofossil CC 10a Zone at Eastbourne 
and in other low latitude sections (Falzoni et al., 2018), whereas its 
appearance level is delayed at Site U1516, falling above the HO of 
H. chiasta at 464.14 m rCCSF within calcareous nannofossil CC 10b 
Zone. Because of the absence of the biozonal markers (R. cushmani and 
H. helvetica) and the diachroneity of planktonic foraminiferal events that 
are present, planktonic foraminiferal biozones from the base of the 
studied section to core 27R in Hole U1516C (Fig. 2) are identified ac-
cording to their stratigraphic positions and equivalence with the low 
latitude biozones (Rotalipora cushmani Zone, Whiteinella archaeocretacea 
Zone and Helvetoglobotruncana helvetica Zone: Robaszynski and Caron, 
1995; Premoli Silva and Sliter, 1995) as constrained by correlation with 
the calcareous nannofossil events. 

The LO of Eiffellitus eximius at 446.70 m rCCSF and LO of Falso-
truncana maslakovae at 440.04 m rCCSF allow identification of the base 
of the calcareous nannofossil CC 12 Zone and the base of the planktonic 
foraminifera Falsotruncana maslakovae Zone (Petrizzo et al., 2020) in the 
late Turonian (Fig. 2) in agreement with data from Tanzania at 35◦S 
paleolatitude and from the Exmouth Plateau at 47◦S paleolatitude 
(Huber et al., 2017). 

Correlation of the bioevents of Site U1516 to the biostratigraphically 
well-characterized and stratigraphically expanded section of semi- 
lithified chalk exposed at Eastbourne, England (e.g., Paul et al., 1999; 
Tsikos et al., 2004; Linnert et al., 2011) provides evidence of the cor-
relation accuracy and precision of the biostratigraphic events occurring 
at both localities (Fig. 2). A graphic correlation and calculation of the 
correlation coefficient of the best-fit regression line is applied (e.g., 
Shaw, 1964; Hart and Leary, 1991; Sadler, 2004; Paul and Lamolda, 

2009; Petrizzo et al., 2011, Petrizzo et al., 2017; Smith et al., 2015; 
Huber et al., 2017; Olayiwola et al., 2017; Falzoni et al., 2018; Petrizzo, 
2019). The best-fit regression line from a cross-plot using the shared 
bioevents and the position of the maximum Carbon Isotope Excursion (=
peak CIE at Site U1516 estimated at the midpoint of the interval of low 
carbonate content and peak B at Eastbourne; Figs. 2 and 3) in the two 
sections provides a correlation coefficient of 0.99 (Fig. 3), which sup-
ports the reliability of the sequence of microfossil index species and of 
the stratigraphic correlation between Site U1516 and the Eastbourne 
section (Fig. 2). 

5. Identification of OAE 2 and the Plenus Cold Event 

The bulk carbon isotope record at Site U1516 shows a sharp positive 
δ13C excursion of 1.5‰ from 465.47 to 473.94 m rCCSF which brackets 
an interval (from 467.84 to 470.67 m rCCSF) that registers the lowest 
CaCO3 values (0.02–0.69 wt%) and contains the highest TOC (Total 
Organic Carbon) value of 14.59 wt% at 469.95 m rCCSF (sample 
U1516C-32R-1, 1–2 cm; Huber et al., 2019a) within the interval studied 
(Fig. 2). Correlation of the δ13C profile of Site U1516 to the Eastbourne 
section (Tsikos et al., 2004) underscores the complexity of details of the 
δ13C record in both regions (Fig. 2). General features of the δ13C curve of 
the Eastbourne section and of other sections spanning the Cenomanian- 
Turonian boundary interval (e.g., Pueblo, Colorado: Pratt and Threlkeld, 
1984; Pratt, 1985; Caron et al., 2006. Pont d'Issole, Vocontian Basin: 
Jarvis et al., 2011. Clot Chevalier, Vocontian Basin: Gale et al., 2019. 
Tibet: Wendler, 2013) include a relatively sharp initial increase, a first 
peak, a trough, a second peak, and a plateau followed by a gradual 
decrease to pre-excursion values (Fig. 2). 

The OAE 2 interval is identified from the level of the initial positive 
shift into the δ13C excursion (onset) through the level where δ13C values 
begin a definite decrease from those high values (termination) (e.g., 
Jarvis et al., 2011; Gambacorta et al., 2015; Jenkyns et al., 2017). The 
main features of the δ13C curve documented at Site U1516 match 

LO Quadrum gartneri 18.6 Tsikos et al., 2004 461.87 This study

LO Eprolithus octopetalus 15.7 Linnert et al., 2011 466.23 This study

HO Helenea chiasta 14.5 Paul et al., 1999 468.34 This study
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Fig. 3. Graphic correlation of the common biostratigraphic events and the position of the maximum Carbon Isotope Excursion between Site U1516 (peak CIE) and 
the Eastbourne section (peak B). The best-fit regression line is shown in green. Axopodorhabdus biramiculatus = Axopodorhabdus albianus of some authors. Blue circles 
= calcareous nannofossils; red circle = peak CIE; m rCCSF= revised Core Composite depth below Sea Floor in meters. 
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features at Eastbourne allowing placement of the base of the OAE 2 CIE 
at 473.94 m rCCSF coinciding with the beginning of the positive δ13C 
excursion, and of the top of OAE 2 at the first highest δ13C value in the 
decline of the δ13C values at 460.13 m rCCSF, which corresponds to peak 
D at Eastbourne and is above the LO of Q. gartneri (Fig. 2). 

The age-depth plot for Site U1516 (Fig. 4) is build using calcareous 
nannofossil and planktonic foraminifera bioevent ages and the ages for 
the base and peak CIE (Table 1). Determination of a best-fit line of 
correlation (LOC) provides a means for interpreting the sedimentation 
rates at Site U1516. The LOC, drawn through the bioevents that are 
deemed to be most reliable and the peak and base CIE, highlights a 
marked decrease in sedimentation rates within OAE 2 which is consis-
tent with the low CaCO3 content from 467.84 to 470.67 m rCCSF 
(Fig. 4). According to the age-depth model and to the calculated sedi-
mentation rates at Site U1516, the duration of the OAE 2 interval is 
estimated as ~0.9 m.y (Fig. 4), which is similar to the duration deter-
mined previously for stratigraphic sections located at high latitudes of 
the Southern Hemisphere (New Zealand at 70◦ paleolatitude: Gangl 
et al., 2019). 

The Plenus Cold Event, a cold snap locally interrupting the hot 
greenhouse phase within OAE 2 (e.g., Voigt et al., 2006; Sinninghe 
Damsté et al., 2010; Jarvis et al., 2011; Jenkyns et al., 2017; Gale et al., 
2019) is identified in the Eastbourne section by the southward invasion 
of cool-water boreal fauna into lower latitudes (Gale and Christensen, 
1996). At Eastbourne the correlation between the stratigraphic distri-
bution of the cool-water fauna and positive oxygen isotope values sug-
gest that the Plenus Cold Event was actually characterized by two 
cooling intervals separated by a warmer episode (Jenkyns et al., 2017) 
of which the stratigraphically upper cooler interval coincides with the 
position of a trough in the δ13C curve (Fig. 2). The presence of a tem-
porary negative δ13C shift superimposed on the overall positive δ13C 
excursion during OAE 2 is registered in numerous Northern Hemisphere 
sections (e.g., Tsikos et al., 2004; Kuhnt et al., 2005; Sageman et al., 
2006; Hasegawa et al., 2010; Jarvis et al., 2011; Jenkyns et al., 2017), in 
few localities in the Southern Hemisphere (New Zealand: Hasegawa 
et al., 2013; Gangl et al., 2019). According to O’Connor et al. (2020) the 
negative carbon-isotope excursion (P-CIE) during the Plenus Cold Event 
interval was a global event coinciding with a CO2 increase; however, the 
negative δ13C shift is difficult to trace at Site U1516. If resolvable at Site 
U1516, it could be correlated with a trough within the positive δ13C 
excursion in the interval from 470.72 to 472.54 m rCCSF where the δ13C 
values are 0.5–1.0‰ lower than peak values (Fig. 2). 

The bulk carbonate δ18O record at Site U1516 through OAE 2 ex-
hibits an overall decreasing trend punctuated by transient episodes of 
high δ18O values (Fig. 2). Lowest values (suggesting peak warmth) are 
reached from above the interval with low CaCO3 content and peak δ13C 
values (from 464.67 to 470.72 m rCCSF), suggesting that highest sea 
surface temperatures in the Mentelle Basin occurred during or just after 
the strongest environmental perturbation. The δ18O bulk carbonate re-
cord within the OAE 2 interval is characterized by strong fluctuations of 
the δ18O values varying from − 1.69 to − 3.46‰ with the highest values 
near the base of OAE 2 in the stratigraphic interval from 470.72 to 
472.54 m rCCSF, which could be time-equivalent to the Plenus Cold 
Event at Eastbourne (Fig. 2). 

6. Composition of the microfossil assemblages 

The planktonic foraminiferal assemblages at Site U1516 are char-
acterized by dominance of small-sized specimens (125–38 μm) 
throughout and by low absolute abundances of large-sized taxa (> 125 
μm), which are only sporadically present in the late Cenomanian, and, 
while common in the Turonian, are still subordinate to small-sized 
specimens (Fig. 5). Preservation in the Cenomanian interval is gener-
ally good as most tests show no infilling and have only little evidence of 
secondary alteration. In the Turonian preservation ranges from good to 
moderate as tests exhibit small scale recrystallization. Several samples 
from core U1516C-28R yield foraminifera that are strongly recrystal-
lized and infilled with sparry calcite. 

The patterns of absolute abundances among benthic foraminifera 
parallels the planktonic foraminifera, although planktonic foraminifera 
generally have about twice or more the absolute abundance of benthic 
foraminifera. At Site U1516 radiolaria (Erbacher, 2021), mainly 
belonging to the order Nassellaria, show a marked increase in abun-
dance in the late Cenomanian with the larger specimens more abundant 
in the interval of low CaCO3 content, while they are only sporadically 
present in the Turonian (Fig. 5). 

The interval below OAE 2 (from 474.02 to 489.42 m rCCSF) is 
characterized by the presence of small sized planktonic and benthic 
foraminifera that display cyclic fluctuations and by the dominance of 
benthic foraminifera in the lowermost part of the studied sequence. 
Planktonic and benthic foraminifera still display cyclic fluctuations in 
the lower part of OAE 2 as mirrored by the Planktonic/Benthic ratio 
(Fig. 5). The stratigraphic interval within OAE 2 and coinciding with the 
interval of low CaCO3 content, is characterized by the absence of 

Fig. 4. Age-depth model based on calcareous nannofossils, planktonic foraminifera datums and the ages of the peak and base CIE showing the line of correlation 
(LOC) and the sedimentation rates in m/m.y. at Site U1516. See Table 1 for ages references of bioevents, peak and base CIE, and plotcode. m rCCSF= revised Core 
Composite depth below Sea Floor in meters. 
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Fig. 5. Absolute abundance of planktonic foraminifera, benthic foraminifera and radiolaria, and planktonic/benthic ratio in Holes U1516C and U1516D. Core recovery, lithologic units, core images, CaCO3 and TOC 
according to Huber et al. (2019a). Planktonic foraminifera and calcareous nannofossil biostratigraphy from this study. The Cenomanian/Turonian boundary is approximated at the lowest occurrence of Quadrum gartneri. 
OAE 2 (gray band) is identified following Jarvis et al. (2011) Gambacorta et al. (2015) and Jenkyns et al. (2017). m rCCSF = revised Core Composite depth below Sea Floor in meters. See text for further explanation. 
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foraminifera, except for three samples (from 469.26 to 469.87 m rCCSF) 
where some planktonic and benthic foraminifera are observed (Sup-
plementary Data Table 3), and by the highest abundance of large and 
small-sized radiolaria (from 467.08 to 470.88 m rCCSF, cores U1516C- 
31R and U1516D-4R). This interval also coincides with the lowest 
CaCO3 values (0.02–0.69 wt%) from 467.84 to 470.67 m rCCSF and the 
highest TOC value of 14.59 wt% at 469.95 m rCCSF (Huber et al., 2019a) 
(Fig. 5). 

The absolute abundances of the small-sized planktonic and benthic 
foraminifera markedly increase in the upper part of OAE 2 reaching 
about 23,000 specimens/g dry sediment (cores U1516C-31R and 
U1516D-3R), which are the highest values observed at Site U1516 
(Fig. 5). 

Planktonic foraminifera from above OAE 2 to the top of the studied 
interval (sample U1516C-26R-4, 112–115 cm; 431.63 m rCCSF), 
immediately below the unconformity between the Cretaceous and 
Paleocene sediments at 431.56 m rCCSF, show fluctuations in absolute 
abundances varying from about 9,000 to 13,000 specimens/g of dry 
sediment with peak values in certain intervals in the upper part (cores 
U1516C-26R and 27R) of the Turonian record (Fig. 5). 

7. Planktonic foraminiferal assemblages and absolute 
abundances 

The composition of the planktonic foraminiferal assemblages at Site 
U1516 is characterized by low species diversity and the absence of the 
typical Cenomanian keeled genera (Rotalipora, Thalmanninella) while 
the other keeled genera (Dicarinella, Marginotruncana, Praeglobo-
truncana) occur with few species compared to the assemblages of 
equivalent age at mid-low latitudes in different paleogeographic and 
paleoceanographic settings (e.g., Western Interior Seaway: Eicher and 
Worstell, 1970; Eicher and Diner, 1985; Leckie, 1985; Leckie et al., 
1998; Keller and Pardo, 2004; Caron et al., 2006; Desmares et al., 2007; 
Elderbak and Leckie, 2016; Lowery and Leckie, 2017. Eastbourne, En-
gland: Paul et al., 1999; Keller et al., 2001; Hart et al., 2002; Falzoni 
et al., 2018; Falzoni and Petrizzo, 2020. Tarfaya, Morocco: Keller et al., 
2008; Falzoni et al., 2018. Vocontian Basin: Grosheny et al., 2006; 
Grosheny et al., 2017; Falzoni et al., 2016. Tunisia: Robaszynski et al., 
1990, 1993; Caron et al., 2006; Nederbragt and Fiorentino, 1999. Blake 
Nose, NW Atlantic Ocean: Huber et al., 1999. Austria: Gebhardt et al., 
2010. Switzerland: Strasser et al., 2001; Westermann et al., 2010. Spain: 
Lamolda et al., 1997. Umbria-Marche Basin, Italy: Premoli Silva and 
Sliter, 1995; Mort et al., 2007; Coccioni and Premoli Silva, 2015. Do-
lomites, Venetian Prealps and Sicily, Italy: Luciani and Cobianchi, 1999; 
Scopelliti et al., 2004; Coccioni and Luciani, 2005. Japan: Hasegawa, 
1999. Tibet: Bomou et al., 2013). 

Nevertheless, the detailed analysis of the specimens in the large-sized 
(> 125 μm) and small-sized fractions (125–38 μm) has permitted iden-
tification of a number of taxa (Supplementary Data Table 3) that 
improve our understanding of the stratigraphic distribution of plank-
tonic foraminifera at southern high latitudes. At Site U1516 the late 
Cenomanian planktonic foraminiferal record is characterized by low 
diversity of genera and species, the latter ranging from 0 to 8. Mur-
icohedbergella and the small-sized Microhedbergella and “Globiger-
inelloides” are the most common taxa throughout (Fig. 6). These genera 
are the only taxa occurring below and in the lower part of OAE 2 (below 
the interval of low CaCO3 content). They reach their highest abundances 
(more than 20,000 specimens/g of dry sediment) within the middle part 
of OAE 2 immediately above the interval of low CaCO3 content, where 
Microhedbergella praeplanispira and “Globigerinelloides” ultramicrus are 
the most common species (Fig. 6, Supplementary Data Table 3). 

The increase in diversity in the upper part of OAE 2 coincides with 
the occurrence of the trochospiral genera Whiteinella and Praeglobo-
truncana, the biserial Planoheterohelix, and (rarely) the double-keeled 
Dicarinella. Whiteinella, Praeglobotruncana and Dicarinella are more 
common in the large-sized fractions (>125 μm) whereas in the small- 

sized fractions (125–38 μm) Muricohedbergella progressively becomes 
the most abundant taxon present at the expense of Microhedbergella. In 
this interval Planoheterohelix together with “Globigerinelloides” occur as 
a minor component. 

At the top of OAE 2 across the Cenomanian-Turonian boundary in-
terval Muricohedbergella delrioensis, Whiteinella baltica and Praeglobo-
truncana stephani are the most common species and diversity ranges 
from 3 to 9 taxa. Dicarinella hagni, Dicarinella canaliculata and Dicarinella 
imbricata are all common elements present from the dicarinellid group 
(Supplementary Data Table 3). 

A further increase in diversity of genera and species with the number 
of species ranging from 5 to 12 (Fig. 6) is registered in the Turonian and 
is characterized by the occurrence in the large-sized fractions of the 
double keeled genera Marginotruncana and Falsotruncana and of rare 
specimens of the single keeled Helvetoglobotruncana. Within the large- 
sized taxa Marginotruncana coldreriensis and Marginotruncana pseudo-
linneiana are the dominant species, and Falsotruncana maslakovae is the 
most common species among the falsotruncanid group. In this interval 
the small-sized species are composed mainly of Microhedbergella prae-
planispira and Muricohedbergella delrioensis; “Globigerinelloides” ultra-
micrus and Planoheterohelix are a minor component. Even pooled 
together these small-sized taxa never reach the high absolute abundance 
values registered within the OAE 2 interval. The most important and 
common species are illustrated in Figs. 7 and 8. 

8. Planktonic foraminiferal depth ecology 

Information on planktonic foraminiferal paleoecology is provided by 
analyzing the interspecific patterns of offsets in δ18O and δ13C stable 
isotope ratios on well preserved specimens presented in this study 
(Fig. 9) and derived from the literature (e.g. D'Hondt and Arthur, 1995; 
Huber et al., 1995, 1999; Pearson et al., 2001; Wilson et al., 2002; 
Abramovich et al., 2003; Bornemann and Norris, 2007; Petrizzo et al., 
2008; Ando et al., 2010; Wendler et al., 2013; MacLeod et al., 2013; 
Falzoni et al., 2013, 2014, 2016; Petrizzo et al., 2020). 

Species-specific plots of δ18O vs. δ13C values can be used to interpret 
the foraminiferal depth ecology and infer variations in the vertical 
structure of the water column. Because sea surface temperatures are 
warmer than deeper waters and surface water dissolved inorganic car-
bon is depleted in 12C by the activity of photosynthetic organisms 
(especially during the ‘growing’ season), taxa showing the lowest δ18O 
and the highest δ13C values are interpreted as surface dwellers. On the 
contrary, taxa displaying the highest δ18O values and the lowest δ13C 
values are interpreted deeper, thermocline dwellers, where the water is 
expected to be colder and where the oxidation of some of the sinking 
organic matter by bacteria has introduced 12C-rich remineralized carbon 
to the DIC pool. Planktonic foraminiferal species adapted to shallow, 
warm, productive waters cluster in the upper right of the δ18O vs. δ13C 
foraminiferal cross plots and species adapted to colder, deeper depths 
plot in the bottom left (Pearson, 1998; Pearson et al., 2001). A well- 
defined separation among co-occurring taxa in isotope space is ex-
pected when the water masses are highly stratified and the thermocline 
is deep and well-developed, whereas lack of separation on one of both 
axes suggests less distinct niches. Planktonic foraminiferal taxa identi-
fied at Site U1516 are subdivided into mixed layer/surface, intermediate 
and thermocline dwellers according to the isotope signatures (Supple-
mentary Data Table 3). 

At Site U1516, the δ18O vs. δ13C foraminiferal cross-plot in the late 
Cenomanian highlights a small separation between surface and seafloor 
waters (471.41–487.64 m rCCSF, Fig. 9, Supplementary Data Table 2) 
either below the OAE 2 interval (473.94 to 487.64 m rCCSF, Fig. 2) or in 
the lower part of OAE 2 (471.41–473.47 m rCCSF, Fig. 2). The plank-
tonic foraminifera Whiteinella baltica and Muricohedbergella sp. yield the 
lowest δ18O and highest δ13C, and W. baltica shows a high intra-specific 
variability in δ18O values among samples indicating a surface/summer 
and warmer mixed layer habitat. The high intra-specific variability in 
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Fig. 6. Diversity and absolute abundance of planktonic foraminiferal genera in Holes U1516C and U1516D. Core recovery, lithologic units, core images and CaCO3 according to Huber et al. (2019a). Planktonic 
foraminifera and calcareous nannofossil biostratigraphy from this study. The Cenomanian/Turonian boundary is approximated at the lowest occurrence of Quadrum gartneri. OAE 2 (gray band) is identified following 
Jarvis et al. (2011) Gambacorta et al. (2015) and Jenkyns et al. (2017). m rCCSF = revised Core Composite depth below Sea Floor in meters. See text for further explanation. 
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Fig. 7. Scanning Electron Microscope (SEM) images of species of planktonic foraminifera. 1a-c, Falsotruncana maslakovae, sample 369-U1516C-26R-4, 130–133 cm. 
2a-c, Falsotruncana douglasi, sample 369-U1516C-27R-1, 7–10 cm. 3a-c, Falsotruncana loeblichae, sample 369-U1516C-27R-1, 7–10 cm. 4a-c, Marginotruncana col-
dreriensis, sample 369-U1516C-28R-3, 105–108 cm. 5a-c, Praeglobotruncana stephani, sample 369-U1516C-27R-4, 102–105 cm. 6a-c, Praeglobotruncana gibba, sample 
369-U1516C-27R-4, 102–105 cm. 7a-c, Marginotruncana pseudolinneiana, sample 369-U1516C-28R-7, 10–13 cm. 8a-c, Dicarinella hagni, sample 369-U1516C-29R-3, 
55–58 cm. 9a-c, Helvetoglobotruncana praehelvetica, sample 369-U1516C-29R-1, 5–8 cm. 10a-c, Dicarinella hagni, sample 369-U1516D-2R-3, 100–103 cm. 
a, umbilical view; b, side view; c, spiral view. Scale bar 100 μm. 
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Fig. 8. Scanning electron microscope (SEM) images of species of planktonic foraminifera. 1a-c, Muricohedbergella delrioensis, sample 369-U1516C-30R-2, 2–5 cm. 2a- 
c, Whiteinella baltica, sample 369-U1516D-2R-3, 100–103 cm. 3a-c, Planoheterohelix postmoremani, sample 369-U1516C-26R-4, 112–115 cm. 4a-c, Whiteinella par-
adubia, sample 369-U1516D-2R-3, 100–103 cm. 5a-c, Muricohedbergella planispira, sample 369-U1516D-2R-4, 20–23 cm. 6a-c, Whiteinella brittonensis, sample 369- 
U1516D-2R-3, 100–103 cm. 7a-c, Microhedbergella praeplanispira, sample 369-U1516D-4R-5, 0–3 cm. 8a-c, Microhedbergella praeplanispira, sample 369-U1516C- 
33R-5, 3–7 cm. 9a-c, “Globigerinelloides” bentonensis, sample 32R-CC, 0–5 cm. 10a-b, “Globigerinelloides” ultramicrus, sample 369-U1516C-26R-4, 112–115 cm. 
11a-b, “Globigerinelloides” ultramicrus, sample 369-U1516D-3R-1, 121–123 cm. 
a, umbilical view; b, side view; c, spiral view. Scale bar 100 μm. 
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Fig. 9. δ18O vs. δ13C cross-plots of stable isotope values measured on well-preserved specimens from Holes U1516C and U1516D (Supplementary Data Table 2). See text for explanation of the intervals and inter-
pretation of the depth ecologies of the taxa. m rCCSF = revised Core Composite depth below Sea Floor in meters. 
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δ18O and δ13C values of Microhedbergella, which is the most common 
planktonic foraminiferal genus occurring in this interval, suggests per-
turbations in temperature and nutrients concentrations indicating that 
this genus might either lived in the lower mixed layer or in the seasonal 
thermocline and is more adapted to winter/cooler habitat. Low δ13C 
values seen in the small-sized Microhedbergella may reflect stronger 
disequilibrium fractionation due to their faster growth rate. Moreover, 
the small gradient in δ13C values between benthic foraminifera and 
Microhedbergella could also reflect vertical mixing and upwelling. 

The δ18O vs. δ13C foraminiferal cross-plot in the latest Cenomanian 
to earliest Turonian (461.19–466.29 m rCCSF, Fig. 9, Supplementary 
Data Table 2) highlights the lack of correlation between oxygen and 
carbon stable isotope data, which is due to the low δ13C differentiation 
shown by the measured planktonic foraminiferal species. The 
geochemical distribution of δ13C data during this interval is not 
consistent with a well-stratified water column. A possible explanation 
could be nutrient supply that would explain the presence of thermally 
stratified surface waters that lack a gradient in nutrient concentration. 
Seasonal variations in the surface waters are an additional source of 
variability in paleoecological interpretations (e.g., Petrizzo et al., 2008; 
Ando et al., 2010). Whiteinella brittonensis yields the lowest δ18O and 
highest δ13C values and shows the greater intra-specific variability in 
δ18O values among samples consistent with a surface/summer mixed 
layer habitat. Muricohedbergella sp. shows an isotope signature sug-
gesting they were adapted to the spring/winter mixed layer or lived near 
the seasonal thermocline. The two data points of Microhedbergella (at 
463.76 and 465.22 m rCCSF, Figs. 2 and 9) show isotopic values indi-
cating this genus might either lived in the winter mixed layer or in the 
seasonal thermocline. However, further high-resolution populations 
dynamics and geochemical analyses are needed to understand the 
paleoecology of the small-sized Microhedbergella and for interpreting the 
very low δ13C values yielded in the underlying interval (below peak CIE 
and the interval of low CaCO3 content, Figs. 2 and 9). Nevertheless, and 
despite the absence of a well-stratified water column and a defined 
thermocline, the δ18O vs. δ13C cross plot highlights a good separation 
between surface and seafloor waters. 

In the early Turonian (451.57–459.32 m rCCSF, Fig. 9, Supplemen-
tary Data Table 2) the occurring planktonic foraminiferal taxa show 
δ18O vs. δ13C values similar to those observed in the previous interval 
with Dicarinella imbricata having an isotopic signature consistent with a 
preferred habitat in the spring/winter mixed layer or near the seasonal 
thermocline habitat. The less marked intraspecific variability in δ18O 
values among samples shown by Dicarinella hagni and “Globiger-
inelloides” sp. may suggest they are intermediate dwellers that lived in 
the thick winter mixed layer or in the seasonal thermocline. 

The degree of correlation between δ18O and δ13C values increase in 
the middle-late Turonian (431.63–441.40 m rCCSF, Fig. 9, Supplemen-
tary Data Table 2) and there is a moderate species separation in δ18O and 
δ13C space. These data are indicative of well-developed stratification, 
with a stable thermocline occupied by Falsotruncana maslakovae (Pet-
rizzo et al., 2020) and Praeglobotruncana stephani (previously interpreted 
as intermediate dweller in Petrizzo et al., 2020) and a thick mixed layer 
inhabited by surface and intermediate species belonging to the genera 
“Globigerinelloides”, Dicarinella, Marginotruncana, Muricohedbergella and 
Whiteinella. Specifically, the high intra-specific variability in δ18O and 
δ13C values of Muricohedbergella and Whiteinella suggests short term 
perturbations in temperature and nutrients concentrations indicating 
that these taxa might either lived in the mixed layer or above the sea-
sonal thermocline. The co-occurring taxa show isotopic signatures 
consistent with depth habitats in the winter mixed layer or in the sea-
sonal thermocline. 

9. Paleotemperatures estimates 

Planktonic and benthic paleotemperatures at Site U1516 are calcu-
lated from δ18O values using the equations and adjustments explained in 

Huber et al. (2018) who analyzed the foraminiferal isotopic record from 
DSDP Sites 257 and 258 (southern Indian Ocean, Wharton and Mentelle 
Basin) and Site 511 (South Atlantic, Falkland Plateau) located at 
60–62◦S in the early Turonian. 

At Site U1516 the δ18O values of benthic and planktonic foraminifera 
in the interval below OAE 2 (from 473.94 to 487.64 m rCCSF) and in the 
lower part of the OAE 2 interval (from 471.41 to 473.47 m rCCSF) are 
generally higher than the data range of the δ18O bulk carbonate (Fig. 2). 
In the interval coinciding with the lower OAE 2 (below peak CIE), 
benthic foraminiferal values range from − 0.41 to − 1.40‰ (13–16.5◦C) 
and planktonic foraminifera range from − 1.41 to − 1.81‰ (16–19◦C). 
The small-sized Microhedbergella, interpreted to be adapted to cooler 
waters, partially overlap with benthic foraminifera indicating a small 
separation between surface and seafloor waters temperatures. 

In the upper part of OAE 2 (above the interval of low CaCO3 content, 
from 463.76 to 466.29 m rCCSF) benthic foraminiferal values range 
from − 1.16 to − 1.57‰ (16–17.5◦C) and planktonic foraminifera range 
from − 1.75 to − 2.74‰ (18–23◦C), and they show a reduced vertical 
gradient in the column water at about 465 m rCCSF. Near the top of OAE 
2 at the Cenomanian/Turonian boundary (at 461.19 m rCCSF), oxygen 
isotope ratios for planktonic foraminifera are notable for their remark-
ably low values of − 2.05‰ to − 2.91‰ that suggest paleotemperatures 
of 20–23.5◦C (Fig. 2). The vertical gradient between sea surface and 
seafloor values is larger than the underlying interval as benthic fora-
minifera ranges from − 1.0 to − 1.48‰ (15–17◦C). 

In the early Turonian (456.40 to 459.32 m rCCSF) the vertical gra-
dients between benthic and planktonic foraminifera increase to indicate 
a well stratified water column. Benthic foraminiferal values mostly 
range between − 0.65‰ and − 1.19‰ (13–16◦C) and planktonic fora-
miniferal values range between − 1.60‰ and − 2.31‰ (17.6–21◦C). In 
the overlying Turonian interval, the δ18O values in core U1516C-28R 
(451.57–452.71 m rCCSF) indicate a good separation between sea sur-
face and seafloor water masses as planktonic foraminiferal values range 
from − 1.88‰ to − 2.34‰ (19–21◦C) and benthic foraminiferal range 
from − 1.03‰ to − 1.34‰ (15–16.5◦C). Comparable values are observed 
in core U1516C-27R where planktonic foraminiferal values range from 
− 1.08 to − 2.13‰ (15◦–20◦C) and benthic foraminiferal values range 
from − 0.32 to − 1.35‰ (11◦–16◦C). The last sample analyzed in core 
U1516C-26R (431.63 m rCCSF) shows a convergence of planktonic and 
benthic foraminiferal values that could be related to increased diagen-
esis near the unconformity separating Cretaceous from Paleocene sedi-
ments or it might coincide with the onset of the cooling trend in the late 
Turonian (e.g., Clarke and Jenkyns, 1999; Huber et al., 2002; Cramer 
et al., 2009; Friedrich et al., 2012; Linnert et al., 2014). 

Overall, the late Cenomanian-Turonian foraminiferal and bulk car-
bonate oxygen isotope ratios at Site U1516 reveal warmest paleo-
temperatures in the upper OAE 2 interval (late Cenomanian-early 
Turonian), followed by a progressive cooling during the Turonian. The 
good correspondence between δ18O bulk carbonate and foraminiferal 
species-specific values obtained in the same samples at Site U1516 in-
creases confidence in the reliability of both datasets (Fig. 2). 

The bulk carbonate oxygen isotope record observed at Site U1516 
only roughly correlates with the data from Eastbourne that show 
warming following the Plenus Cold Event and further warming after the 
termination of OAE 2 in the early Turonian (Fig. 2). In general, existing 
paleotemperature reconstructions from the Northern and Southern 
Hemispheres suggest that temperatures remained high throughout OAE 
2 and into the early Turonian (Jenkyns et al., 1994; Huber et al., 1995; 
Norris and Wilson, 1998; Clarke and Jenkyns, 1999; Wilson et al., 2002; 
Schouten et al., 2003; Bice et al., 2003; Voigt et al., 2004; Forster et al., 
2007; Bornemann et al., 2008; Pearce et al., 2009; Sinninghe Damsté 
et al., 2010; Jarvis et al., 2011; Friedrich et al., 2012; MacLeod et al., 
2013; van Helmond et al., 2014; O’Brien et al., 2017; Huber et al., 2018; 
Robinson et al., 2019). This trend is less evident at Site U1516 (Holes 
U1516C-29R and U1516D-2R) where the early Turonian record suggests 
a slight decrease in surface and seafloor temperatures (assuming local 
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Fig. 10. Percent planktonic foraminifera, benthic foraminifera and radiolaria. Percent of surface, intermediate and thermocline dwellers planktonic foraminifera (Supplementary Data Table 3) used to derive the 
paleoceanographic interpretations in Holes 1516C and U15161D. Core recovery, lithologic units, core images and CaCO3 according to Huber et al. (2019a). Planktonic foraminifera and calcareous nannofossil 
biostratigraphy from this study. The Cenomanian/Turonian boundary is approximated at the lowest occurrence of Quadrum gartneri. OAE 2 (gray band) is identified following Jarvis et al. (2011) Gambacorta et al. 
(2015) and Jenkyns et al. (2017). m rCCSF = revised Core Composite depth below Sea Floor in meters. See text for further explanation. 
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seawater δ18O remain constant) compared to the warming values indi-
cated at the termination of OAE 2 at Eastbourne (Fig. 2). 

Data collected from DSDP Site 258 in the western Mentelle Basin, 
located only few km apart from Site U1516 (Fig. 1), record remarkably 
low planktonic and benthic δ18O values (− 3.76‰ and − 2.77‰, 
respectively) indicating warm sea surface and seafloor temperatures 
(27.5◦C and 23◦C, respectively) in the early Turonian calcareous nan-
nofossils CC 11 Zone and just above a black shale bed that is correlated 
with OAE 2 (Huber et al., 2018), although marker species that bio-
stratigraphically constrain the position of the Cenomanian/Turonian 
boundary and the OAE 2 are absent at the site. In the equivalent strat-
igraphic interval at Site U1516 (core 29R) planktonic foraminiferal 
values range between − 1.60‰ and − 2.31‰ (17.6–21◦C) and benthic 
foraminiferal values range between − 0.65‰ and − 1.19‰ (13–16◦C). 
The discrepancy of about 1.5‰ of the foraminiferal δ18O values between 
the two sites is difficult to interpret and are additionally complicated by 
low recovery of sediments and low diversity of the calcareous plankton 
assemblages at Site 258 (Herb, 1974; Huber et al., 2018). The generally 
lower planktonic and benthic δ18O values at Site 258 might also be 
related to the preservation of foraminifera characterized by diffuse 
overgrowths (Huber et al., 2018) compared to the specimens at Site 
U1516 that show only minor recrystallization in the equivalent time 
interval. A companion explanation could be the local oceanographic 
conditions at Site 258 differed from those at Site U1516. Site U1516 may 
have been characterized by episodes of upwelling as suggested by the 
occurrence of radiolaria (Fig. 5) (i.e., Casey, 1993; Premoli Silva et al., 
1999; O'Dogherty and Guex, 2002) or of cooler bottom water; perhaps 
these cooler intervals were sampled in this study. 

10. Paleoceanographic inferences 

Changes in the composition and abundance of the microfossil as-
semblages combined with established paleoecological preferences of the 
planktonic foraminifera present are used to interpret the paleoceano-
graphic features of the water column at Site U1516 with focus across 
OAE 2 and the overlying Turonian interval. 

10.1. Stratigraphic interval below OAE 2 (473.94 to 489.42 m rCCSF) 

The lithology in the stratigraphic interval in the middle and late 
Cenomanian (Figs. 2 and 10) from 479.68 to 489.42 m rCCSF in Hole 
U1516C cores 34R and 35R, is represented by mottled black clay-rich 
sediments (lithostratigraphic Unit IV; Huber et al., 2019a) with a rela-
tively low carbonate content (Fig. 5; CaCO3: 7.7 wt%). Microfossils in 
the mid-Cenomanian stratigraphic interval from core 35R include rare 
planktonic foraminifera and calcareous nannofossils, common benthic 
foraminifera and frequent radiolaria (Figs. 5, 6, and 10). The strati-
graphic interval in core 34R, assigned to the early late Cenomanian, 
register an increase in planktonic foraminifera, whereas benthic fora-
minifera and radiolaria become rare (Figs. 5, 6, and 10). Nassellarian 
radiolaria are interpreted to be surface and subsurface dwellers that 
lived in shallow waters and their abundance in core 35R could reflect 
conditions of very high fertility (Lisitzin, 1985; Gowing, 1993; De Wever 
et al., 2003; Musavu-Moussavou et al., 2007). Increased productivity 
might have been caused by rise of the sea level in the middle-late Cen-
omanian (Haq, 2014) with expansion of the oxygen minimum zone and 
consequent loss of radiolaria with deeper habitats (Erbacher et al., 1996; 
Erbacher and Thurow, 1997). Warming and increased nutrient-rich 
runoff from the continent could be an alternative explanation. 

Among planktonic foraminifera Microhedbergella is the most common 
genus in this interval, and it is often the only genus occurring near the 
top of core 35R and in core 34R. Microhedbergella is interpreted as an 
opportunistic small-sized taxon that likely may tolerate cooler and 
productive environments rich in nutrients; thus, its dominance in the 
assemblage could indicate the presence of an unstable and eutrophic 
water column especially in core 34R. However, interpreting the changes 

in microfossil composition in core 34R and 35R and the paleoceano-
graphic setting is hampered by very low species richness. Nevertheless, 
the presence of planktonic foraminifera and radiolaria, that alternate 
and fluctuate in abundance, may indicate an open ocean setting in a 
relatively nearshore location, probably influenced by a combination of 
factors such as periodic upwelling, continental run off, sea level fluc-
tuations, a shallow or expanded oxygen minimum zone, and markedly 
higher or lower salinity than normal marine conditions. 

The interval from 473.94 to 479.68 m rCCSF (Fig. 10) yields a 
planktonic foraminiferal assemblage dominated by the opportunistic 
Microhedbergella whereas a minor component of the assemblages is 
represented by Muricohedbergella and “Globigerinelloides” that may have 
been intermediate dwellers (Norris and Wilson, 1998; Price et al., 1998; 
Wilson et al., 2002; Ando et al., 2010; Petrizzo et al., 2020; this study 
Figs. 6, 9, and 10). Benthic foraminifera fluctuate in abundance from 
10% to 60% of the total microfossils and radiolaria vary from 5% at the 
base to 40% at the top of the interval. All together the variations in 
composition of the microfossil assemblages (Fig. 10) could correspond to 
times of enhanced surface water productivity or vertical mixing leading 
to a reduced water mass stratification as also indicated by overlap in the 
fields of isotopic values for planktonic and benthic foraminifera (Figs. 2 
and 9). The horizons characterized by high abundance of benthic fora-
minifera (Fig. 10, 50–65% of the assemblages), from 474.02 to 477.32 m 
rCCSF, may coincide with episodes of re-oxygenation at the sea floor as 
the δ18O bulk carbonate trend and the foraminiferal δ18O values indicate 
cooler sea surface and bottom waters (Figs. 2 and 10). 

10.2. Stratigraphic interval within OAE 2 (from 460.13 to 473.94 m 
rCCSF) 

The dominance of the eutrophic regime continues until the lower 
part OAE 2 at 470.67 m rCCSF where surface dwelling radiolaria and 
Microhedbergella are common and benthic foraminifera range from 20% 
to 50% of the microfossil assemblages (Fig. 10). Although this strati-
graphic interval coincides with a trough of the positive carbon excursion 
(P-CIE; O’Connor et al., 2020; Fig. 2) and with the highest δ18O bulk 
carbonate and foraminiferal values observed within OAE 2, the micro-
fossil assemblages show no evidence of abundances changes suggestive 
of a cooling event that would support the identification of the Plenus 
Cold Event (PCE, e.g., Jenkyns et al., 2017; Fig. 2) at Site U1516 
(Fig. 10). 

The middle part of the OAE 2 interval, from 467.84 to 470.67 m 
rCCSF, registers a change from biogenic carbonates to siliceous and 
organic matter-rich sediments characterized by low CaCO3 content and 
by the near absence of calcareous planktonic and benthic foraminifera 
(Figs. 5 and 10). Except for a few samples that contain rare foraminifera, 
radiolaria are the sole microfossils present, and radiolaria have a peak in 
abundance at the highest TOC value at 469.95 m rCCSF (Figs. 5 and 10). 
Among planktonic foraminifera, species diversity is low (Fig. 6) and only 
rare representatives of the surface dweller Whiteinella and of the inter-
mediate dwellers Muricohedbergella and “Globigerinelloides” (Huber 
et al., 1999; Petrizzo et al., 2020; this study) are recorded, whereas the 
small-sized Microhedbergella is almost absent. The abundance of radio-
laria (albeit poorly preserved specimens) in this interval could reflect 
conditions of very high fertility and possibly shoaling of the Carbonate 
Compensation Depth (CCD). This interpretation agrees with the rarity 
and/or absence of calcareous foraminifera, and it suggests either 
dissolution of tests, especially of the small-sized and thin-walled 
Microhedbergella, induced by the strong oxidation of organic matter, or 
a very high surface water fertility that may have prevented survival of 
the foraminifera. Moreover, the maximum TOC values registered in this 
interval could indicate widespread organic matter deposition and 
expansion of anoxia at the sea floor coeval with an increase in produc-
tivity in the surface waters, as observed elsewhere in the Tethys region 
(e.g., Dolomites, Italy: Luciani and Cobianchi, 1999. Umbria-Marche 
Basin, Italy: Coccioni and Luciani, 2004, 2005. Tunisia: Nederbragt 
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and Fiorentino, 1999). 
The microfossil record in this interval of Site U1516 is comparable 

with that of the Italian stratigraphic sections where foraminifera are 
absent in the organic-rich layers (Bonarelli Level) deposited during OAE 
2 because of the absence of carbonate and the dominance of biogenica 
silica (e.g., Premoli Silva and Sliter, 1995; Premoli Silva et al., 1999; 
Scopelliti et al., 2004, 2008; Coccioni and Luciani, 2004, 2005; Mort 
et al., 2007; Coccioni and Premoli Silva, 2015). In the Umbria – Marche 
sections radiolaria show significant changes in abundance and assem-
blage composition (Marcucci Passerini et al., 1991; Erbacher and 
Thurow, 1997; O'Dogherty and Guex, 2002; Bąk, 2011) and the 60% of 
Cenomanian species went extinct during OAE 2, while the 50% of 
Turonian species first occurred during or just after the oceanic anoxic 
event. Investigating the radiolarian taxa composition and turnover at 
Site U1516 is beyond the scope of this study, however, similarly to the 
Italian sections (Musavu-Moussavou et al., 2007), we observed a 
dominance of Nassellarian radiolaria indicative of eutrophic conditions 
in the interval of low CaCO3 content (Figs. 5 and 10). At Site U1516 the 
shift from carbonate-dominated plankton, which reduced the flux of 
calcium carbonate to the sea floor, and a rise in the CCD could have 
resulted from CaCO3 undersaturation of waters due to prolonged ocean 
acidification during the thermal maximum and the δ13C excursion 
(Fig. 2). These changes could have been forced by high atmospheric 
levels of CO2 (Kuroda et al., 2007; Barclay et al., 2010; Gambacorta 
et al., 2015). 

The return to carbonate deposition occurs in the upper part of OAE 2, 
from 460.13 to 467.84 m rCCSF, and is marked by high absolute 
abundance values of planktonic and benthic foraminifera (Figs. 5, 6 and 
10). The lower part of this interval from 465 to 467.84 m rCCSF is 
characterized by a sudden increase in absolute abundance of small-sized 
Microhedbergella, paralleling an increase of benthic foraminifera and of 
CaCO3 content, whereas small-sized radiolaria are present only as a 
minor component of the microfossil assemblages (Figs. 5, 6 and 10). 
Microhedbergella dominates the assemblages, which are characterized by 
strong cyclic fluctuations in absolute abundances of the planktonic and 
benthic foraminifera, with values ranging from zero to thousands of 
specimens (Figs. 5 and 6). The opportunistic Microhedbergella may have 
proliferated in high nutrient environments that, if coupled with low- 
oxygen conditions and higher atmospheric CO2, may have led to even 
smaller-sized individuals as observed in this interval. Moreover, because 
of the rapid reproductive cycle and early sexual maturation, populations 
are composed of a very high number of specimens (Fig. 6). Thus, the 
dominance of Microhedbergella in the assemblage points to an unstable 
and highly eutrophic water column. Moreover, in this context Micro-
hedbergella shows high δ18O values (Figs. 2 and 9) that may indicate 
growth in cooler, eutrophic waters likely affected by upwelling of 
nutrient-rich and δ13C-depleted intermediate water masses with epi-
sodes of possible anoxia in the water column and at the sea floor because 
of the intensification of the oxygen minimum zone. 

Higher in the interval characterized by the decreasing trend of δ13C 
values (Fig. 2) and coinciding with the uppermost OAE 2 (from 460.13 
to 465 m rCCSF), Microhedbergella abruptly decreases in absolute 
abundance and the assemblages become dominated by intermediate 
dwelling Muricohedbergella and “Globigerinelloides” (Figs. 6 and 10). 
Minor components in this interval are the surface dwelling Whiteinella 
and the biserial Planoheterohelix (Figs. 6 and 10). The latter taxon is 
interpreted to be an intermediate dweller adapted to a wide range of 
habitats from the mixed layer to the summer thermocline and/or rela-
tively shoreward environments (Huber et al., 1995, 1999; MacLeod 
et al., 2001; Bornemann and Norris, 2007; Haynes et al., 2017; Petrizzo 
et al., 2020). Planoheterohelix is also reported occurring in high abun-
dance in environmental settings characterized by very low oxygen 
conditions (i.e., Heterohelix shift at the Cenomanian/Turonian bound-
ary. Western Interior Seaway, Leckie et al., 1998. Eastbourne, England, 
Keller et al., 2001. Umbria-Marche Basin, Italy, Coccioni and Luciani, 
2004. Tunisia, Caron et al., 2006). 

In the uppermost part of the OAE 2 interval, the composition of the 
planktonic foraminiferal assemblages together with the δ18O vs. δ13C 
foraminiferal cross-plot (Fig. 9) show a clear separation between benthic 
and planktonic foraminifera, which may indicate the presence of a 
defined temperature gradient between surface and bottom waters. The 
occurrence of rare keeled taxa (Fig. 6, Dicarinella hagni) usually regarded 
as intermediate or deep dwellers (Petrizzo et al., 2020; this study), could 
suggest periods of thermal separation between surface and thermocline 
waters with the development of a deep lower mixed layer. However, the 
low δ13C differentiation shown by the planktonic foraminiferal species 
(Fig. 9) is not consistent with a well-stratified surface water column and 
may indicate eutrophic conditions that would have disrupted the 
nutricline. Moreover, species are thermally separated as shown by the 
δ18O values ranging from − 2.9‰ to − 1.6‰ (Fig. 9) which is not ex-
pected in mixed conditions. A possible explanation invokes the episodic 
delivery of weathering or volcanically derived nutrients to the oceans as 
it would explain the presence of thermally stratified waters that lack a 
sharp gradient in the nutrient concentration. 

10.3. Stratigraphic interval above OAE 2 (from 431.63 to 460.13 m 
rCCSF) 

In the Turonian interval, above the OAE 2 interval and the δ13C 
excursion, benthic and planktonic foraminifera fluctuate in abundance 
with the latter varying from 40% to 95% of the total microfossils (Figs. 5 
and 10). Planktonic foraminifera increase in diversity with the pro-
gressive appearance of genera and species, indicating the presence of 
diverse ecological niches in the mixed layer and thermocline that were 
occupied by planktonic foraminifera possessing a wide range of trophic 
preferences (Figs. 6 and 10). The presence of a thick mixed layer is 
inferred by the isotopic signatures of Whiteinella baltica, Dicarinella 
imbricata and Muricohedbergella (Fig. 9), whereas Dicarinella hagni and 
Marginotruncana pseudolinneiana show a high degree of adaptation to 
different trophic regimes and are interpreted as intermediate dwellers 
living either within the mixed layer during cooler seasons or within the 
seasonal thermocline (Petrizzo et al., 2020; this study). Moreover, 
within the post-OAE 2 interval isotopic and faunal evidence suggest the 
presence of a well-stratified water column with relatively oligotrophic 
surface waters and a relatively stable thermocline suitable to the deep 
dwellers Falsotruncana maslakovae and Praeglobotruncana stephani 
(Figs. 6 and 9). 

10.4. Remarks on the occurrences of Microhedbergella and 
Planoheterohelix 

In general, as explained above, planktonic foraminiferal assemblages 
in the Mentelle Basin significantly differ from coeval assemblages at 
mid- to low latitudes either because of the absence of typical Tethyan 
species or because of differences in the stratigraphic distribution and 
absolute abundance values of some cosmopolitan taxa. For instance, at 
Site U1516 the small-sized and opportunistic Microhedbergella is the 
most abundant genus throughout OAE 2 and is replaced in absolute 
abundance by Muricohedbergella in the topmost part of the event. In the 
low latitude localities small-sized hedbergellids dominate within the 
Bonarelli Level in the Italian stratigraphic sections and have been 
interpreted as dwarfed specimens (Coccioni and Luciani, 2004, 2005) 
associated with high-surface productivity, low-oxygen conditions, and 
high atmospheric CO2 to explain their small size. 

Another example is the biserial Planoheterohelix, which at Site U1516 
is a minor component of the assemblages within OAE 2 that became 
relatively common only in the overlying Turonian interval apparently 
without relation to any particular paleoceanographic change, although 
coinciding with the establishment of more stable conditions. On the 
contrary in low latitude records across the OAE 2, Planoheterohelix 
shows abrupt increases in abundance (Heterohelix shift: Leckie, 1985; 
Leckie et al., 1998) in some Tethyan (e.g., Eastbourne, England: Keller 
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et al., 2001. Tarfaya, Morocco: Falzoni et al., 2018. Umbria-Marche 
Basin, Italy: Coccioni and Luciani, 2004, 2005. Tunisia: Nederbragt 
and Fiorentino, 1999; Caron et al., 2006. Morocco: Keller et al., 2008) 
and Western Interior Seaway (Pueblo, Colorado: Leckie et al., 1998, 
Elderbak and Leckie, 2016) stratigraphic sections and, thus, is thought 
to be an opportunistic taxon that may proliferate in high productivity 
and low oxygen conditions. However, abrupt increase in biserials (i.e., 
Planoheterohelix, Heterohelix) has also been observed in normal envi-
ronmental settings in the lower Turonian (Blake Nose, NW Atlantic 
Ocean: Huber et al., 1999) and upper Turonian (Tanzania: Haynes et al., 
2015; Huber et al., 2017) confirming they were adapted to a wide range 
of habitats and water mass conditions. This discrepancy between the low 
and high latitude stratigraphic distributions and abundance of Plano-
heterohelix is difficult to interpret and could be ascribed to ecological 
factors (including apparently wide and flexible trophic preferences of 
species) and to different species adaptability to changes of the paleo-
ceanographic parameters at different latitudes. 

11. Conclusions 

Site U1516 in the Mentelle Basin, located at 60–62◦S in the mid- 
Cretaceous (Hay et al., 1999; Scotese, 2016; Müller et al., 2016) is to 
date the first austral locality where the Cenomanian/Turonian boundary 
and OAE 2 is documented with a detailed, integrated stratigraphic 
framework. It also represents the first high latitude locality in the 
Southern Hemisphere where planktonic foraminifera are consistently 
documented across the OAE 2 interval and the Cenomanian/Turonian 
boundary. 

The carbon isotope record at Site U1516 is correlated with the δ13C 
curve at Eastbourne, England (Tsikos et al., 2004) allowing identifica-
tion of the increase, the plateau and the decrease phases of the δ13C 
profile (Fig. 2). Integration of chemo- and biostratigraphic data through 
an age-depth model (Fig. 4) constrains the stage boundary and indicates 
that the record of OAE 2 is complete at Site U1516. 

Detailed analysis of the microfossil assemblages provides insights on 
the paleoceanographic features of the perturbation associated with the 
global positive Carbon Isotope Excursion (CIE). The trough in the δ13C 
profile and peak CIE that likely coincides with the P-CIE (O’Connor 
et al., 2020) and registers a δ18O increase (Fig. 2), correlates at Site 
U1516 with an interval of eutrophic conditions in the surface waters 
(Fig. 10). Microfossil assemblages dominated by opportunistic radiolaria 
and small-sized Microhedbergella (Fig. 10), which may have flourished in 
high fertility environments and the species-specific δ18O analyses 
(Fig. 2) may indicate cooling that could correspond to the Plenus Cold 
Event (e.g., Jenkyns et al., 2017), although no additional evidences of a 
cooling event are observed (Figs. 2 and 10). 

The initiation of the plateau phase of the δ13C profile that corre-
sponds to the middle part of OAE 2 is masked at Site U1516 by the 
absence of carbonate coincident with the highest TOC values and the 
highest absolute abundance of radiolarians. Based on the microfossils 
assemblage, which is mainly composed by radiolaria, this interval is 
interpreted as an extremely stressed, highly eutrophic environment, 
with possible shoaling of the CCD (Fig. 10). 

The upper part of OAE 2, characterized by the decrease phase in the 
δ13C profile and CaCO3 increase (Figs. 2 and 5), records an abrupt re-
covery and high absolute abundances values of the small-sized Micro-
hedbergella and benthic foraminifera that show cyclic fluctuations 
similar to the lower part of OAE 2 (Fig. 10), and indicate an unstable 
environment in the surface water and at the sea floor likely affected by 
upwelling of nutrient-rich intermediate water masses with episodes of 
possible intensification of the oxygen minimum zone. 

The topmost part of the OAE 2 interval contains more diverse 
planktonic foraminiferal assemblages still showing cyclic fluctuations in 
absolute abundances of specimens and characterized by a change in the 
composition of the assemblages with the intermediate dweller Mur-
icohedbergella, which replaces the surface dweller and opportunistic 

Microhedbergella in absolute abundance. The foraminiferal data still 
reflect unstable surface water masses affected by cyclic nutrient 
enrichment, although the genera changeover and the occurrence of in-
termediate dwelling keeled taxa (Dicarinella) suggest phases of thermal 
separation within the upper column water with development of a thick 
mixed layer. Moreover, according to the δ18O data from foraminiferal 
tests it also corresponds to the highest surface water paleotemperatures 
of 20◦–23◦C registered across the Cenomanian-Turonian boundary in-
terval (Fig. 2). 

In the Turonian interval after the termination of OAE 2, planktonic 
foraminiferal assemblages and the stable isotopes patterns indicate 
paleoceanographic conditions settled into a mesotrophic to oligotrophic 
regime characterized by a thermally stratified water column with a 
stable thermocline and a thick mixed layer. 

The planktonic foraminiferal assemblages in the Mentelle Basin are 
significantly different from coeval assemblages at low latitudes because 
of the rarity and absence of many keeled thermocline dweller species. 
However, some similarities with the record from the Italian sections are 
observed, such as the occurrence of the small-sized Microhedbergella, 
which are equivalent to the dwarfed hedbergellids documented across 
the Bonarelli Level (Coccioni and Luciani, 2004, 2005) and regarded as 
indicative of high-surface productivity possibly coupled with depleted 
oxygen conditions. Among the remarkable discrepancies is the rarity of 
Planoheterohelix within OAE 2 in the Mentelle Basin while at low lati-
tudes biserial taxa are common and often characterized by a shift to high 
abundance values in some localities (Leckie et al., 1998; Nederbragt and 
Fiorentino, 1999; Keller et al., 2001; Caron et al., 2006; Keller et al., 
2008; Falzoni et al., 2016), which have been correlated to low oxygen 
conditions. 

Finally, the microfossils and stable isotopic data presented in this 
paper nicely document the paleoceanographic changes across the OAE 2 
interval and the Cenomanian/Turonian boundary. Although in-
terpretations in some stratigraphic intervals may be limited by com-
bined complications of the scarcity of microfossil taxa, low diversity of 
planktonic foraminifera, and low carbonate content likely due to 
shoaling of the CCD and consequent ocean acidification, Site U1516 
provides the first complete OAE 2 record at southern high latitudes. The 
data presented provide a broad and detailed perspective on the paleo-
ceanographic evolution of the region. Further studies of the same 
stratigraphic interval at the nearby Site U1513, located at a deeper water 
depth (2800 m, Huber et al., 2019c) compared to U1516 (2600 m, Huber 
et al., 2019a), will complement the results presented here. 
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Petrizzo, M.R., Jiménez Berrocoso, Á., Falzoni, F., Huber, B.T., MacLeod, K.G., 2017. The 
Coniacian–Santonian sedimentary record in southern Tanzania (Ruvuma Basin, East 
Africa): planktonic foraminiferal evolutionary, geochemical and palaeoceanographic 
patterns. Sedimentology 64 (1), 252–285. https://doi.org/10.1111/sed.12331. 

Petrizzo, M.R., 2019. A critical evaluation of planktonic foraminiferal biostratigraphy 
across the Coniacian-Santonian boundary interval in Spain, Texas, and Tanzania. In: 
Denne, R.A., Kahn, A. (Editors). Geologic Problem Solving with Microfossils IV, , 
Special Publication111. SEPM, pp. 186–198. https://doi.org/10.2110/ 
sepmsp.111.04. 

Petrizzo, M.R., Falzoni, F., Premoli Silva, I., 2011. Identification of the base of the lower- 
to-middle Campanian Globotruncana ventricosa Zone: Comments on reliability and 
global correlations. Cretaceous Research 32, 387–405. https://doi.org/10.1016/j. 
cretres.2011.01.010. 

Petrizzo, M.R., Huber, B.T., Falzoni, F., MacLeod, K.G., 2020. Changes in biogeographic 
distribution patterns of southern mid-to high latitude planktonic foraminifera during 
the Late Cretaceous hot to cool greenhouse climate transition. Cretac. Res. 104547 
https://doi.org/10.1016/j.cretres.2020.104547. 

Pratt, L.M., 1985. Isotopic studies of organic matter and carbonate in rocks of the 
Greenhorn marine cycle. In: Pratt, L.M., Kauffman, E.G., Zelt, F.B. (Eds.), Fine- 
Grained Deposits and Biofacies of the Cretaceous Western Interior Seaway: Evidence 
of Cyclic Sedimentary Processes, Field Trip Guidebook, 4. Society of Economic 
Paleontologists and Mineralogists, pp. 38–48. 

Pratt, L.M., Threlkeld, C.N., 1984. Stratigraphic significance of 13C/12C ratios in mid- 
Cretaceous strata of the Western Interior Basin. Mesozoic of Middle North America. 
Can. Soc. Petrol. Geol. Mem. 9, 305–312. 

Premoli Silva, I., Sliter, W.V., 1995. Cretaceous planktonic foraminiferal biostratigraphy 
and evolutionary trends from the Bottaccione section, Gubbio, Italy. 
Palaeontographia Ital. 81, 2–90. 

Premoli Silva, I., Sliter, W.V., 1999. Cretaceous paleoceanography: evidence from 
planktonic foraminiferal evolution. In: Barrera, E., Johnson, C.C. (Eds.), The 
Evolution of the Cretaceous Ocean-Climate System, Special Papers of the Geological 
Society of America, 332, pp. 301–328. https://doi.org/10.1130/0–8137–2332- 
9.301. 

Premoli Silva, I., Erba, E., Salvini, G., Locatelli, C., Verga, D., 1999. Biotic changes in 
Cretaceous oceanic anoxic events of the Tethys. J. Foraminifer. Res. 29, 352–370. 

Price, G.D., Sellwood, B.W., Corfield, R.M., Clarke, L., Cartlidge, J.E., 1998. Isotopic 
evidence for paleotemperatures and depth stratification of middle Cretaceous 
planktonic foraminifera from the Pacific Ocean. Geol. Mag. 135, 183–191. 

Prokoph, A., Babalola, L.O., El Bilali, H., Olagoke, S., Rachold, V., 2013. 
Cenomanian–Turonian carbon isotope stratigraphy of the Western Canadian 
Sedimentary Basin. Cretac. Res. 44, 39–53. 

Robaszynski, F., Caron, M., 1995. Foraminiféres planctoniques du Crétacé: commentaire 
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Schröder-Adams, C.J., Herrle, J.O., Selby, D., Quesnel, A., Froude, G., 2019. Influence of 
the high Arctic igneous province on the Cenomanian/Turonian boundary interval, 
Sverdrup Basin, High Canadian Arctic. Earth Planet. Sci. Lett. 511, 76–88. 

Scopelliti, G., Bellanca, A., Coccioni, R., Luciani, V., Neri, R., Baudin, F., Chiari, M., 
Marcucci, M., 2004. High-resolution geochemical and biotic records of the Tethyan 
“Bonarelli Level” (OAE2, latest Cenomanian) from the Calabianca–Guidaloca 
composite section, northwestern Sicily, Italy. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 208, 293–317. 

Scopelliti, G., Bellanca, A., Erba, E., Jenkyns, H.C., Neri, R., Tamagnini, P., Luciani, V., 
Masetti, D., 2008. Cenomanian–Turonian carbonate and organic-carbon isotope 
records, biostratigraphy and provenance of a key section in NE Sicily, Italy: 
palaeoceanographic and palaeogeographic implications. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 265 (1–2), 59–77. 

Scotese, C.R., 2016. PALEOMAP PaleoAtlas for GPlates and the PaleoData Plotter 
Program, PALEOMAP Project. https://www.earthbyte.org/paleomap-paleoatlas-for 
-gplates/. 

Shaw, A.B., 1964. Time in Stratigraphy. McGraw-Hill, New York, pp. 1–365. 
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Voigt, S., Gale, A.S., Flögel, S., 2004. Midlatitude shelf seas in the Cenomanian-Turonian 
greenhouse world: temperature evolution and North Atlantic circulation. 
Paleoceanography 19, PA4020. https://doi.org/10.1029/2004PA001015. 

Voigt, S., Gale, A.S., Voigt, T., 2006. Sea-level change, carbon cycling and palaeoclimate 
during the Late Cenomanian of northwest Europe; an integrated 
palaeoenvironmental analysis. Cretac. Res. 27, 836–858. 

Von Strandmann, P.A.P., Jenkyns, H.C., Woodfine, R.G., 2013. Lithium isotope evidence 
for enhanced weathering during Oceanic Anoxic Event 2. Nat. Geosci. 6 (8), 
668–672. 

Watkins, D.K., Bergen, J.A., 2003. Late Albian adaptive radiation in the calcareous 
nannofossil genus Eiffellithus. Micropaleontology 49, 231–252. 

Wendler, I., 2013. A critical evaluation of carbon isotope stratigraphy and 
biostratigraphic implications for Late Cretaceous global correlation. Earth Sci. Rev. 
126, 116–146. 

Wendler, I., Huber, B.T., MacLeod, K.G., Wendler, J.E., 2013. Stable oxygen and carbon 
isotope systematics of exquisitely preserved Turonian foraminifera from Tanzania – 
understanding isotopic signatures in fossils. Mar. Micropaleontol. 102, 1–33. 

Westermann, S., Caron, M., Fiet, N., Fleitmann, D., Matera, V., Adatte, T., Föllmi, K.B., 
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