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1.  Introduction
The latest Cenomanian-earliest Turonian Oceanic Anoxic Event 2 (e.g., Jenkyns et al., 2017) represents the last 
truly global oceanic anoxic event and approximately coincides with the maximum global warmth of the Late 
Cretaceous (e.g., Forster et al., 2007; Friedrich et al., 2012; Huber et al., 2018; O’Brien et al., 2017; Wilson 
et al., 2002). The classic lithologic expression of OAE 2 is a shift to deposition of organic-rich shales and marls 
in hemipelagic and pelagic settings nearly worldwide (e.g., Scholle & Arthur, 1980; Schlanger & Jenkyns, 1976; 
Schlanger et al., 1987), whereas its primary geochemical signature is a synchronous positive δ 13C excursion in 
both carbonates and organic matter that is also identifiable worldwide (e.g., Jenkyns, 2010; Jenkyns et al., 2017; 
Robinson et al., 2017; Tsikos et al., 2004; Voigt et al., 2006; Wendler, 2013). This isotopic excursion results 
from the net burial of large amounts of organic matter in deep-sea and hemipelagic settings (e.g., Jenkyns, 2010; 
Jenkyns et al., 2017).

Causes for OAE 2 are still the subject of investigations; however, several studies postulate that massive subma-
rine volcanic activity (i.e., emplacement of the Caribbean, High Arctic, and/or the Kerguelen Plateau Large 
Igneous Province) 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., Barclay 
et al., 2010; Du Vivier et al., 2014; Erba, 2004; Gangl et al., 2019; Jenkyns, 2003; Jiang et al., 2021; Kuroda 
et al., 2007; Kuypers et al., 2002; Larson, 1991; Leckie et al., 2002; Matsumoto et al., 2022; Pancost et al., 2004; 
Scaife et al., 2017; Schröder-Adams et al., 2019; Trabucho Alexandre et al., 2010; Turgeon & Creaser, 2008; 
Zheng et  al.,  2013, among many others). Ocean temperature, sea-surface stratification, nutrient availability, 
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carbonate ion saturation and continental weathering were also subject to significant variations during OAE 2 
(Jenkyns, 2010, and references therein), and these changes certainly influenced the geographic distribution and 
abundance of marine species according to their paleoecological preferences.

Planktonic foraminifera across the Cenomanian-Turonian boundary interval studied in several low to mid latitude 
regions of the Tethyan Realm (e.g., England: Falzoni & Petrizzo, 2020; Keller et al., 2001; Paul et al., 1999; 
Austria: Gebhardt et  al.,  2010; Wagreich et  al.,  2008; Italy: Coccioni & Luciani,  2004,  2005; Luciani & 
Cobianchi, 1999; Scopelliti et al., 2004, 2008; SE France: Falzoni & Petrizzo, 2022; Falzoni, Petrizzo, Jenkyns, 
et al., 2016; Grosheny et al., 2006; Takashima et al., 2009; Spain: Lamolda et al., 1997; Tunisia and Algeria: 
Benadla et al., 2018; Caron et al., 2006; Grosheny et al., 2013; Nederbragt & Fiorentino, 1999; Reolid et al., 2015; 
Zaghbib-Turki & Soua, 2013; Iran: Kalanat et al., 2016; Kalanat & Vaziri-Moghaddam, 2019; Morocco: Aquit 
et al., 2013; Falzoni et al., 2018; Keller et al., 2008), of the central Atlantic Ocean (Nigeria: Gebhardt, 1997; 
Morocco: Jati et al., 2010; Mexico: Ifrim et al., 2011), of the Indian Ocean (Tibet: Bomou et al., 2013), of the 
Pacific Ocean (Japan: Hasegawa,  1999), and of the Western Interior Seaway (e.g., USA: Caron et  al.,  2006; 
Desmares et al., 2007; Elderbak & Leckie, 2016; Elderbak et al., 2014; Keller & Pardo, 2004; Canada: Dionne 
et al., 2016; Bryant et al., 2021) underwent a significant change.

Notable events are the extinction of the deeper dwelling, single-keeled rotaliporids (including Thalmanninella 
deeckei, Thalmanninella greenhornensis), whose last representative Rotalipora cushmani disappeared shortly 
after the onset of OAE 2 (e.g., Falzoni et  al.,  2018; Leckie et  al., 2002; Premoli Silva & Sliter, 1999) likely 
because of warming of deep waters leading to reduced vertical stratification (Huber et al., 1999) and the evolution 
and diversification of the mixed layer to thermocline dwelling, double-keeled Dicarinella and Marginotrun-
cana that dominated the assemblages from the time of OAE 2 until the Santonian (e.g., Falzoni, Petrizzo, 
Clarke, et al., 2016; Petrizzo, 2000, 2002; Petrizzo et al., 2017; Premoli Silva & Sliter, 1995, 1999). Another 
remarkable event is the abrupt increase in abundance of the opportunistic biserial planktonic foraminifera (i.e., 
Planoheterohelix) associated with the peak OAE 2. This event, known as Heterohelix shift (Leckie,  1985; 
Leckie et al., 1998), is documented from many localities in the low to middle latitude records (e.g., England: 
Keller et al., 2001; Morocco: Falzoni et al., 2018; Keller et al., 2008; Umbria-Marche Basin, Italy: Coccioni & 
Luciani, 2004, 2005; Tunisia: Caron et al., 2006; Nederbragt & Fiorentino, 1999; Zagrarni et al., 2008; Iran: 
Kalanat & Vaziri-Moghaddam, 2019; Japan: Hasegawa, 1997; Hasegawa et al., 2013; Western Interior Seaway: 
Bryant et al., 2021; Elderbak & Leckie, 2016; Leckie, 1985; Leckie et al., 1998, among many others).

In general, within the OAE 2 interval planktonic foraminiferal assemblages are low in diversity and indica-
tive of increased sea-surface productivity and are often absent or very rare in the organic-rich layers depos-
ited during OAE 2 (e.g., Caron et al., 2006; Coccioni & Luciani, 2004, 2005; Coccioni et al., 2006; Falzoni, 
Petrizzo, Jenkyns, et al., 2016; Grosheny et al., 2006, 2013; Keller & Pardo, 2004; Keller et al., 2001, 2008; 
Kopaevich & Vishnevskaya, 2016; Leary et al., 1989; Leckie, 1985, 1987; Leckie et al., 1998, 2002; Luciani & 
Cobianchi, 1999; Nederbragt & Fiorentino, 1999; Paul et al., 1999; Petrizzo et al., 2021; Premoli Silva et al., 1999; 
Reolid et al., 2016; Scopelliti et al., 2004, 2008, among many others).

At high latitudes in the Southern Hemisphere, changes across OAE 2 are not well known. The sedimentary record 
of the region is often incomplete because of hiatuses (Kerguelen Plateau: Dickson et al., 2017) or poor recovery of 
sediments (Naturaliste Plateau: Luyendyk & Davies, 1974), and planktonic foraminifera are reported to be either 
rare and characterized by low diversity (Exmouth Plateau: Wonders, 1992; Kerguelen Plateau: Petrizzo, 2001; 
Naturaliste Plateau: Herb, 1974; Huber et al., 2018) or are absent (New Zealand: Hasegawa et al., 2013). Plank-
tonic foraminifera occur across the Cenomanian-Turonian boundary interval in the Cauvery and Narmada basins 
in India (Keller et al., 2021; Tewari et al., 1996), but they have not been studied in detail relative to the OAE 2.

Previous study of a complete Cenomanian-Turonian boundary interval during International Ocean Discovery 
Program (IODP) Expedition 369 at Site U1516 in the Mentelle Basin (Figure 1) has generated the best high 
latitude record of OAE 2 (Huber et al., 2019a), allowing reconstruction of a robust bio-chemostratigraphic frame-
work for interpreting the paleoceanographic fluctuations based on changes in the planktonic foraminiferal assem-
blages and the co-occurring benthic foraminifera and radiolaria (Petrizzo et al., 2021).

The Mentelle Basin, located off southwest Australia on the eastern flank of the Naturaliste Plateau (Figure 1), 
is a rifted continental margin basin that accumulated sediments eroded from surrounding continents as well as 
volcanogenic sediments sourced from the junction between Australia, Antarctica and Greater India during the 
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final stage of the Gondwana breakup (Borissova et al., 2010). It preserves sediments deposited in a thermally 
subsiding basin after the initial breakup of East Gondwana in the late Valanginian (Harry et al., 2020; Huber 
et al., 2019a; Lee et al., 2020; Tejada et al., 2020; Wainman et al., 2019).

This study is focused on planktonic foraminiferal population dynamics, the benthic foraminifera, radiolaria and 
calcispheres distributions and the carbon isotope record across the Cenomanian-Turonian boundary interval 
and OAE 2 at Site U1513 and their comparison of these observations with results from Site U1516 previously 
published in Petrizzo et al. (2021). Considered together, data from the two sites, located 69 km apart in the Ment-
elle Basin (Figure 1), test the synchroneity of details of the response of the microbiota to the paleoenvironmental 
perturbation associated with the δ 13C excursion and highlight similarities and differences between the sites.

2.  Materials and Methods
IODP Sites U1513 (33°47.6084′S, 112°29.1338′E) and U1516 (34°20.9169′S, 112°47.9553′E) lie at 2,800 and 
2,676.6 m water depth, respectively, on the western margin of the Mentelle Basin and off the southwestern margin 
of Australia in the southeast Indian Ocean (Huber et al., 2019a). The sites were situated at about 59°–60°S lati-
tude during the Late Cretaceous (Hay et al., 1999; Muller et al., 2016; Scotese, 2016; van Hinsbergen et al., 2015) 
(Figure 1).

Figure 1.  (A) Paleogeographic map of the late Cenomanian (93.9 Ma) with positions of International Ocean Discovery 
Program (IODP) Expedition 369 sites U1513 and U1516 (Scotese, 2016). (B) Locations of the sites drilled during IODP 
Expedition 369 and Deep Sea Drilling Project Leg 26 sites 258 and 264 (modified after Huber et al., 2019a).
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This study focuses on the upper Cenomanian to lowermost Turonian sedimentary sequence recovered from holes 
U1513A (core 39X to core 48X), U1513D (core 15R to core 22R) and from holes U1516C (core 28R to core 
35R) and U1516D (core 2R to core 5R) previously studied by Petrizzo et al. (2021). The overlapping portions of 
sites U1513 and U1516 together provide relatively continuous recovery of the Cenomanian-Turonian boundary 
interval. The two sites were drilled during IODP Expedition 369 in 2017 on the eastern flank of the Naturaliste 
Plateau and are 69 km apart. Moreover, Site U1513 is located 1.1 km east-northeast of Deep Sea Drilling Project 
(DSDP) Leg 26 Site 258 (Figure 1), where the Cretaceous interval was spot-cored. Coring at Site 258 recovered 
an incomplete OAE 2 interval (Huber et al., 2018; Luyendyk and Davies, 1974). All Site U1516 information and 
data reported in this study are from Petrizzo et al. (2021) except when otherwise stated.

Data are plotted in meters on the rCCSF depth scale (revised Core Composite depth below Sea Floor, equivalent 
to mcd meters composite depth) revised by S. Batenburg (pers. comm. 2020) from the shipboard splice (Huber 
et  al.,  2019a, 2019b; LIMS online report portal at http://web.iodp.tamu.edu/LORE/). The lithologies in Hole 
U1513A (core 39X to core 45X-2) and in Hole U1513D (core 15R to core 19R-2) are assigned to lithostrati-
graphic Unit II (Figure 2) that is composed of alternating sequences of medium to thick, sparsely to intensely 
bioturbated beds of green, gray and black nannofossil-rich claystone. The underlying lithostratigraphic Unit III 
from core 45X-2, 10 cm to core 48X-3, 35 cm in Hole U1513A and from core 19R-2, 96 cm to core 21R-CC in 
Hole U1513D consist of alternating sequences of greenish gray, very dark greenish gray and black claystone. 
Sediments from core 48X-3, 35 cm in Hole U1513A and core 22R in Hole U1513D are assigned to lithostrati-
graphic Unit IV which is composed of a sequence of massive to mottled dark greenish gray and black nannofossils 
claystone. Lithologies at Site U1516 are assigned to lithostratigraphic Unit II, III and IV that are equivalent to 
those described at Site U1513 as explained in Huber et al. (2019a) and Petrizzo et al. (2021).

For documenting the stratigraphic distribution and absolute abundances of microfossil groups as well as the 
planktonic foraminiferal species richness, 111 rock samples of about 10 cm 3 from Site U1513 were processed 
at the University of Milan and studied according to the procedure and methodology explained in Petrizzo 
et al. (2021) and Petrizzo, MacLeod et al. (2022). Specifically, rock samples were dried, weighed and soaked 
in a solution of water and H2O2, washed over 250, 125, and 38 μm sieves and dried to obtain washed residues. 
For each size fraction microfossil groups were counted in statistically reliable splits of the washed residues. 
Planktonic foraminifera species richness was calculated for the >38 μm size fraction. The number of specimens 
for each category was 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 planktonic and benthic 
foraminifera and of radiolaria and calcispheres were calculated as the number of specimens per gram of dry 
sediment. Microfossils counts for Site U1513 are reported in Petrizzo, Amaglio, et al. (2022). For Site U1516 
microfossils counts are from Petrizzo et al. (2021). Planktonic foraminifera taxonomy follows the pforams@mikr-
otax database at http://www.mikrotax.org/pforams (Huber et al., 2016) and Huber et al. (2022). The planktonic 
foraminiferal biozonation follows Robaszynski and Caron (1995) and Petrizzo and Gilardoni (2020). The benthic 
foraminiferal taxonomy follows Loeblich and Tappan (1988), Belford (1959, 1960), Quilty (1992), Widmark and 
Speijer (1997), and Kaiho (1998). The most common taxa were photographed using Scanning Electron Micros-
copy (SEM Jeol JSM-IT500) at the University of Milan.

Eighty two nannofossil-bearing samples from U1513A (core 40X to 48X) and U1513D (core 15R –22R) span-
ning approximately 46.7 m of the composite section were prepared at the University of Nebraska and studied 
for biostratigraphic determination. At least 400 fields of view at 1,000x were observed using light microscopy 
for each sample to calculate species richness and identify the distributions of biostratigraphically-significant 
taxa. The biozonation for calcareous nannofossils is according to Perch-Nielsen (1985). Ages were assigned to 
biostratigraphic datums following Gradstein et al. (2012). Calcareous nannofossils data are reported in Petrizzo, 
Amaglio, et al. (2022).

The 111 samples from Site U1513 used to quantify foraminiferal, radiolarian and calcispheres populations were 
also measured for CaCO3 content. Values were chemically detected using a Dietrich–Frühling calcimeter at the 
University of Milan that measures the volume of CO2 developed by hydrochloric acid reacting with the bulk 
sample, which is proportional to the carbonate concentration. CaCO3 results are reported in weight percentage 
(%) and included in Petrizzo, Amaglio, et al. (2022).

http://web.iodp.tamu.edu/LORE/
http://www.mikrotax.org/pforams
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Stable isotope values for bulk carbonate from Site U1513 were measured at the University of Milan and at the 
University of Missouri. Carbon and oxygen isotope analyses of carbonate powder subsampled from the 111 
samples above were measured at the University of Milan using an automated carbonate preparation device 
(GasBench II) connected to a Delta V Advantage (Thermo Fisher Scientific Inc.) isotopic ratio mass spectrome-
ter. Carbonate powders (about 200 μg each) were reacted with >99% orthophosphoric acid at 70°C for 1 hr. The 
carbon and oxygen isotope compositions are expressed in the conventional delta notation calibrated to the Vienna 
Pee-Dee Belemnite scale by the international standards NBS18 and IAEA-603 as well as internal standards (Carr-
ara marble) during each run of samples. Analytical reproducibility for these analyses was better than ±0.1‰ for 
both δ 18O and δ 13C values. An additional 59 samples bulk carbonate samples were measured at the University 
of Missouri using a Kiel III carbonate device connected to a DeltaPlus isotope ratio mass spectrometer. Method 
details and data are presented in Edgar et al. (2022). Analytical reproducibility for these analyses was better than 
±0.03‰ for δ 13C values and 0.06‰ for δ 18O values. The bulk carbonate isotope data are included in Petrizzo, 
Amaglio, et al. (2022).

Total Organic Carbon (TOC) content was measured in 40 samples at Kanazawa University. About 40 mg of each 
sample was powdered using a mortar and pestle and reacted with 1 M HCl for 8 hours to remove carbonate, then 
washed with deionized water to neutralize, and dried. Approximately 2 mg of the powder was placed in a tin film 
cup and weighed. The samples were combusted at about 1,000°C in a Thermoquest NA2500 elemental analyzer, 
and the produced CO2 was detected with TCD. For calibration, 2.5-bis (5-tert-butylbenzoxazol-2-yl) thiophene 
(BBOT) was used as a standard. A K-factor method was employed to obtain a regression line for quantitative 
analyses. Each TOC value was expressed as a percentage of dry total sample weight, and the value was calculated 
as the mean of three analyses on a sample. The TOC data are included in Petrizzo, Amaglio, et al. (2022).

3.  Results: Site U1513
3.1.  CaCO3 Content and Isotope Data From Bulk Carbonate and TOC

The carbonate content in the studied sequence decreases dramatically in the interval from 244.21 to 247.52 m 
rCCSF. This interval consists of black nannofossil-rich claystone and yield very low CaCO3 values ranging from 
0.2% to 0.6% (Figure 2; Petrizzo, Amaglio, et al., 2022). Low CaCO3 contents (average 5%) are also observed at 
the base of the stratigraphic section from 265.52 to 271.31 m rCCSF which coincides with a lithologic shift to 
massive black nannofossil claystone. In the overlying interval the CaCO3 content increases to about 30% before 
the abrupt drop to 0.4% at 247.52 m rCCSF. The interval above 244.21 m rCCSF is composed of an alternating 
sequence of gray and black nannofossil-rich claystone. In this upper interval CaCO3 content increases with values 
fluctuating from 15% to 71% (Figure 2; Petrizzo, Amaglio, et al., 2022).

Stable isotope values for bulk carbonate (178 analyses from 170 samples; Figure 2; Petrizzo, Amaglio, et al., 2022) 
show generally good reproducibility between laboratories and little difference in average values above and below 
the interval of low CaCO3 content (Figure 2). The lower part of the studied interval from 262.15 to 271.41 m 
rCCSF shows high variability in δ 13C and δ 18O with values ranging from 0.95‰ to 4.02‰ and from −0.7‰ 
to −3.8‰, respectively. The high variability and low values observed in this interval may reflect a significant 
contribution from benthic bioclasts and the presence of diagenetic carbonate. The δ 13C values through the rest of 
the section fluctuate by 0.5‰. The positive δ 13C excursion recorded at Site U1516 (Petrizzo et al., 2021), which 
correlates with the low CaCO3 content interval, is not observed at Site U1513. Within the same interval in the rest 
of the section δ 18O values fluctuate by 1.0‰ and range from −1.5‰ to −3.5‰ without showing considerable 
positive or negative variations (Figure 2). To highlight trends in the bulk carbonate data, trendlines were calcu-
lated using the LOESS function in Matlab based on a series of quadratic polynomial fits to each point and its 10 
closest neighbors weighted by proximity to the point being evaluated (Figure 2; Petrizzo, Amaglio, et al., 2022).

The TOC content (Figure  2; Petrizzo, Amaglio, et  al.,  2022) shows peak values ranging from 6.34  wt% to 
9.91 wt% within the low CaCO3 content interval from 246.26 to 246.30 m rCCSF. Minor peaks of high values 
of 6.15 wt% and 4.17 wt% are registered at 247.19 and 247.60 m rCCSF, respectively. In the rest of the studied 
stratigraphic interval TOC values range from 0.07 wt% to 0.89 wt% (Figure 2).
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3.2.  Bio-Chronostratigraphic Framework, Age-Depth Model and Sedimentation Rates

The calcareous plankton assemblages at Site U1513 show similar features to those documented at nearby 
Site U1516 (Petrizzo et al., 2021) and are characterized by the absence of many typical mid- to low latitude 
and age diagnostic taxa useful for constraining the Cenomanian/Turonian boundary. Nevertheless, a reliable 
bio-chronostratigraphic framework based on calcareous nannofossils has been obtained.

The base of the studied stratigraphic interval from 264.47 to 271.41  m rCCSF (Cores U1513A-48X and 
U1513D-22R; Figure  2) consists largely of calcareous mudstones with variable, but generally low carbonate 
content that range from maximum value of 17% at the top of the interval to a minimum value of 1.3% near the base 
(Figure 2; Petrizzo, Amaglio, et al., 2022). Many samples contain high abundances of phillipsite crystals (euhe-
dral to subhedral), indicating substantial silica diagenesis consistent with the generally moderate to poor preser-
vation of calcareous plankton and dominance of radiolaria in these samples. Planktonic foraminifera are rare, are 
present in low diversity (1-2 species, Figure 3; Petrizzo, Amaglio, et al., 2022) and are moderately preserved. Age 
diagnostic species are absent. Calcareous nannofossil species richness in this interval is often low (<20 species, 
Figure 3; Petrizzo, Amaglio, et al., 2022), and the assemblage are dominated by dissolution-resistant taxa.

Biostratigraphic control for this interval is based largely on three samples which exhibit higher calcareous nann-
ofossil richness and significantly better preservation than the others. The lowest good sample (U1513D-22R-3, 
25–28 cm; 271.13 m rCCSF; Figure 2) contains both Watznaueria britannica and Corollithion kennedyi, the 
co-occurrence of which corresponds to a short interval in the earliest Cenomanian from 100.0 to 100.5  Ma 
(Table 1) assigned to the nannofossil Subzone CC 9c (Figure 2). The next highest sample containing moderately 
well-preserved microfossils occurs at 268.57 m rCCSF (U1513A-48X-4, 30–33 cm) and contains C. kennedyi as 

Figure 2.  Holes U1513A and U1513D. Core recovery, lithologic units, core photos according to Huber et al. (2019a). Calcareous nannofossils and planktonic foraminifera 
biostratigraphy, age, CaCO3 content, δ 13C and δ 18O, and Total Organic Carbon (TOC) according to this study. LOESS fit: see explanation in the text. Abbreviations: m 
rCCSF = revised Core Composite depth below Sea Floor in meters; PFZ = Planktonic Foraminifera Zones; CNZ = Calcareous Nannofossils Zones; W. archaeocretacea 
eq. = Whiteinella archaeocretacea equivalent; R. cushm. eq. = Rotalipora cushmani equivalent; T. greenh. eq. = Thalmanninella greenhornensis equivalent.
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well as the first appearance datum (FAD) of Gartnerago obliquum and Gartnerago segmentatum, which is placed 
at 98.3 Ma (Figure 2, Table 1). The third sample providing good biostratigraphic control is U1513A-48X-1, 
65–68 cm at 264.47 m rCCSF (Figure 2). It occurs at the top of the mudstone interval and contains the FAD of 
Lithraphidites acutus (96.2 Ma; Table 1). The FAD of this species has been widely used in Cenomanian biostra-
tigraphy to identify the base of Subzone CC 10a; however, L. acutus is extremely rare at Site U1513. It is present 
in only about 25% of the samples examined within its apparent stratigraphic range and, where present, was only 
identified by single specimens. Accumulation rates for this interval are approximately 1.3 m/m.y. as indicated by 
the age-depth plot (Figure 3).

The interval from 250.05 to 264.02 m rCCSF (Figure 2) consists of alternating light gray nannofossil mudstone 
and dark gray nannofossil-bearing claystone. Planktonic foraminifera are common to abundant, moderately to 
well-preserved and dominated by small-sized specimens. Species richness varies from 3 to 7 (Figure 3) and 
biostratigraphically-significant taxa are absent. Calcareous nannofossils are moderately to well-preserved and 
range from common to abundant. Average species richness in this interval is about 45 taxa (Figure 3).

Specimens of Gartnerago nanum and Gartnerago ponticula are well represented; however, differentiation between 
these two species is only possible in better preserved samples. As a result, the last occurrence of both species is 
used to mark the last appearance datum (LAD) of G. nanum which occurs at 258.49 m rCCSF (Figure 2, Table 1), 
indicating an age of approximately 94.8 Ma for this level (Table 1). Moreover, the concurrent range of G. nanum 
and L. acutus indicates the lower part of Subzone CC 10a (Figure 2) corresponding to an early late Cenomanian 
age (Gradstein et al., 2012). The top of this interval coincides with the LAD of L. acutus at 250.05 m rCCSF and 
suggests an age of about 94.4 Ma for this level (Table 1) although the very rare and sporadic occurrence of this 
species at Site U1513 renders this observation an indicator of the minimum age only.

The interval from 247.52 to 250.05 m rCCSF (Figure 2) records the transition from nannofossil claystone depo-
sition at the base to the organic-rich claystone characterized by low CaCO3 content at the top (244.21–247.52 m 
rCCSF; Figure 2). Sample U1513A-45X-3, 16–18 cm at 247.81 m rCCSF contains the highest occurrence of 
C. kennedyi, Axopodorhabdus biramiculatus, Discorhabdus watkinsi, and Ceratolithina naturalisteplateau-
ensis. Sample U1513-45X-2, 144–147  cm at 247.60  m rCCSF contains the LAD of Helenea chiastia (erro-
neously spelled H. chiasta in Petrizzo et  al.,  2021) indicating a minimum age of 93.9 Ma. This sequence of 
events correlates well with what was observed at nearby Site U1516 (Petrizzo et al., 2021). The next overlying 

Figure 3.  Age-depth model for Site U1513 build using calcareous nannofossil bioevent ages (Gradstein et al., 2012). 
Calculation of the best-fit line of correlation drawn through the bioevents that are deemed to be most reliable provide 
a means for calculating the sedimentation rates (m/m.y.). Stratigraphic uncertainties are plotted as vertical bar for each 
datum. Calcareous nannofossils and planktonic foraminifera species richness are shown, see explanation in the text. Gray 
band = interval of low CaCO3 content barren of calcareous nannofossils and planktonic foraminifera. Abbreviations: t = top; 
b = base.
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sample (U1513D-19R-3, 46–49 cm) at 247.52 m rCCSF marks the base of the 3.3 m-thick barren interval with 
low CaCO3 content (Figures 2 and 3). The simultaneous disappearance of C. kennedyi and A. biramiculatus at 
247.81 m rCCSF could indicate a disconformity between these bioevents and the overlying LAD of H. chiastia 
at 247.60 m rCCSF (Figure 2).

According to the age-depth model and the calculated sedimentation rates at Site U1513 (Figure 3, Table 1) the 
disconformity between the two bioevents corresponds to a hiatus of about 200 ky, and C. kennedyi is interpreted 
to be reworked from older sediments. Samples within the 2 m (242.23–244.21 m rCCSF) above the barren inter-
val (Figure 2) contain poorly preserved, strongly etched calcareous nannofossils, with the most intense diagenetic 
destruction proximal to the barren zone. Despite the diagenetic alteration, these assemblages have sufficient 

SITE U1513 TOP
TOP m 
rCCSF BOTTOM

BOTTOM m 
rCCSF

MEAN DEPTH 
m rCCSF AGE

Event Sample Sample

FAD Quadrum gartneri U1513D-15R-CC, 7–12 cm 227.80 U1513C-41X-CC, 27–30 cm 229.47 228.64 93.55

FAD Eprolithus moratus U1513D-17R-2, 120–123 cm 236.65 U1513C-43X-1, 35–38 cm 237.35 237.00 93.73

FAD Eprolithus octopetalus U1513D-18R-2, 95–98 cm 241.33 U1513D-18R-2, 140–143 cm 241.78 241.55 93.79

LO Dicarinella hagni U1513D-18R-3, 35–38 cm 242.23 U1513D-18R-3, 71–74 cm 242.59 242.41 nr

HO Laeviella bentonensis U1513D-18R-3, 35–38 cm 242.23 U1513D-18R-3, 71–74 cm 242.59 247.56 nr

LAD Helenea chiastia U1513D-18R-3, 133–136 cm 243.21 U1513C-45X-2, 144–147 cm 247.60 245.40 93.90

HO Axopodorhabdus biramiculatus U1513C-45X-2, 144–147 cm 247.60 U1513C-45X-3, 16–18 cm 247.81 247.71 94.20

HO Corollithion kennedyi U1513C-45X-2, 144–147 cm 247.60 U1513C-45X-3, 16–18 cm 247.81 247.71 nr

LAD Lithraphidites acutus U1513D-20R-1, 37–40 cm 248.97 U1513D-20R-1, 145–148 cm 250.05 249.51 94.40

LAD Gartnerago nanum/ponticula U1513C-47X-1, 140–143 cm 256.65 U1513C-47X-2, 135–138 cm 258.49 257.57 94.79

LO Whiteinella brittonensis U1513D-21R-1, 100–103 cm 259.20 U1513C-47X-3, 78–81 cm 260.38 259.79 nr

FAD Lithraphidites acutus U1513C-48X-1, 65–68 cm 264.47 U1513C-48X-2, 25–28 cm 265.52 265.00 96.16

FAD Gartnerago obliquum/segmentatum U1513C-48X-4, 30–33 cm 268.57 U1513D-22R-3, 25–28 cm 271.13 269.85 98.26

LAD Watznaueria britannica U1513C-48X-4, 30–33 cm 268.57 U1513D-22R-3, 25–28 cm 271.13 269.85 100.03

LO Corollithion kennedyi U1513D-22R-3, 25–28 cm 271.13 U1513C-48X-6, 65–68 cm 271.31 271.22 100.45

SITE U1516 TOP
TOP m 
rCCSF BOTTOM

BOTTOM m 
rCCSF

MEAN DEPTH m 
rCCSF AGE

Event Sample Sample

FAD Quadrum gartneri U1516C-30R-2, 95–96 cm 461.68 U1516C-30R-2, 134–137 cm 462.06 461.87 93.55

FAD Eprolithus moratus U1516C-30R-3, 71–75 cm 462.92 U1516C-30R-3, 131–133 cm 463.48 463.20 93.73

LO Dicarinella hagni U1516D-3R-1, 121–123 cm 464.14 U1516D-3R-2, 15–18 cm 464.39 464.27 nr

FAD Eprolithus octopetalus U1516C-31R-2, 8–11 cm 465.79 U1516C-31R-2, 97–100 cm 466.68 466.24 93.79

LAD Helenea chiastia U1516C-31R-2, 8–11 cm 465.79 U1516C-32R-1, 97–100 cm 470.89 468.34 93.90

LO Whiteinella brittonensis U1516D-4R-2, 98–101 cm 469.26 U1516C-31R-4, 82–85 cm 469.87 469.56 nr

LAD Axopodorhabdus biramiculatus U1516C-32R-1, 131–134 cm 471.24 U1516C-32R-2, 4–7 cm 471.48 471.36 94.20

LAD Lithraphidites acutus U1516C-32R-3, 111–113 cm 474.05 U1516C-32R-CC, 1–5 cm 474.12 474.09 94.40

HO Laeviella bentonensis U1516C-32R-3, 111–113 cm 474.05 U1516C-32R-CC, 0–5 cm 474.11 474.08 nr

LAD Gartnerago nanum U1516C-33R-5, 3–7 cm 479.29 U1516C-33R-CC, 1–5 cm 480.07 479.68 94.79

FAD Lithraphidites acutus U1516C-34R-4, 6–8 cm 484.29 U1516C-35R-1, 87–90 cm 485.76 485.03 96.16

Note. Data for Site U1516 are from Petrizzo et al. (2021). Ages according to Gradstein et al. (2012). FAD = first appearance datum; LAD = last appearance datum; 
LO = lowest occurrence; HO = highest occurrence; nr = bioevent not reliable; m rCCSF = revised Core Composite depth below Sea Floor in meters.

Table 1 
Calcareous Plankton Datum and Ages at Sites U1513 and U1516
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richness (20–32 species, Figure 3) to allow a confident assignment to Subzone CC 10b, whose base is defined by 
the LAD of H. chiastia.

The planktonic foraminiferal assemblages in this interval are still low in diversity, although species richness 
significantly increases to 12 species 2 m above the barren interval (Figure 3). Laeviella bentonensis (“Globige-
rinelloides” bentonensis in Petrizzo et al., 2021) is very rare and only sporadicly present at Site U1513. It was 
last recorded at 242.59 m rCCSF (sample U1513D-18R-3, 71–74 cm) within the nannofossil Subzone CC 10b, in 
disagreement with its record at Site U1516 and at low latitudes where it last occurs in the upper part of Subzone 
CC 10a. At 242.23 m rCCSF (sample U1513D-18R-3, 35–38 cm) the double keeled Dicarinella hagni appears 
within nannofossil Subzone CC 10b, in agreement with the record observed at Site U1516 (Petrizzo et al., 2021).

The overlying succession from 224.50 to 241.78 m rCCSF (Figure 2) consists of nannofossil-bearing mudstone 
with moderately preserved nannofossil assemblages in a mudstone matrix. Species richness of calcareous nann-
ofossil assemblages averages about 35 taxa (Figure  3). The late Cenomanian evolution in the polycyclolith-
inids provides biostratigraphic control for this interval, with the sequential FADs of Eprolithus octopetalus (at 
241.33 m rCCSF), Eprolithus moratus (at 236.65 m rCCSF), and Quadrum gartneri (at 227.80 m rCCSF).

The appearance of Q. gartneri that marks the base of Zone CC 11 and the disappearance of H. chiastia that 
defines the base of Subzone CC 10b are both reliable datums for approximating the base of the Turonian Stage 
in the Global Stratotype Sections and Points (GSSP) type section at Pueblo, Colorado, whose stage criterion 
is the lowest occurrence of the ammonite Watinoceras devonense (Kennedy et  al.,  2000, 2005). Specifically, 
Q. gartneri first occurs slightly above the stage criterion (Tsikos et al., 2004) and H. chiastia is documented in 
the same interval recording W. devonense (Corbett et al., 2014; Kennedy et al., 2005). In this study we tenta-
tively place the Cenomanian/Turonian boundary at the highest occurrence of H. chiastia following Gradstein 
et al. (2012, 2020) and Corbett et al. (2014) although we cannot exclude that its topmost stratigraphic range could 
fall within the barren interval with low CaCO3 content.

Planktonic foraminifera species richness is slightly higher than in the subjacent interval (average of 8 species, 
Figure 3) and specimens are moderately to well preserved. However, no age diagnostic taxa (i.e., R. cushmani, 
Helvetoglobotruncana helvetica) useful to constrain the Cenomanian/Turonian boundary have been found similar 
to the record at Site U1516 (Petrizzo et al., 2021). Accumulation rates for this interval are 47.8 m/m.y. (Figure 3).

Because of the absence of marker species and the possible diachroneity of the occurring planktonic foraminif-
eral species, the R. cushmani, the Whiteinella archaeocretacea and the T. greenhornensis Zones (Figure 2) are 
identified according to their stratigraphic position and equivalence with the low latitude biozones (Petrizzo & 
Gilardoni, 2020; Robaszynski & Caron, 1995) and are constrained by correlation with calcareous nannofossils 
events.

3.3.  Composition of the Microfossil Assemblages

The microfossil assemblages at Site U1513 are characterized by the dominance of small-sized (38–125  μm) 
specimens whereas large-sized specimens (>125  μm) are always a minor component. In general, planktonic 
foraminifera dominate assemblages throughout except for the intervals where radiolaria comprise nearly the total 
microfossil assemblages (Figure 4).

The stratigraphic interval from 265.52 to 271.31 m rCCSF (Figure 4) is mainly composed of small-sized radi-
olaria ranging from 20% to 100% of microfossils in the >38 μm fraction and is characterized by the dominance 
of specimens belonging to the order Spumellaria (Petrizzo, Amaglio, et al., 2022). Planktonic foraminifera are 
rare and show two peaks in abundance near the base and near the top of this interval. The latter coincides with 
the increase in abundance of benthic foraminifera although benthic foraminifera continue to have low abundance 
values. Calcispheres are subordinate in abundance but comprise up to the 10% of the total microfossil assem-
blages in a few samples. Foraminiferal preservation ranges from good to moderate as some tests show no infilling, 
although some evidence of secondary alteration is visible (Figure 5). Calcareous nannofossils from this interval 
are generally poorly preserved; although, two samples within the interval with moderate preservation have rela-
tively rich (>40 species) assemblages (Petrizzo, Amaglio, et al., 2022).

The overlying interval from 247.60 to 264.47  m rCCSF (Figure  4) is dominated by small-sized planktonic 
foraminifera that decrease slightly in abundance upward, whereas small and large-sized radiolaria increase 
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in abundance upward. Small-sized (38–125 μm) benthic foraminifera are abundant at the base of the interval 
(80%–90% of the total microfossils) then show a slight decrease in abundance coincident with the consistent 
occurrence of large-sized (>125  μm) benthic specimens. Calcispheres show a maximum peak in abundance 
(44% of the total microfossils) in the lower part of the interval at 261.41 m rCCSF (Figure 4). Preservation of 
foraminifera is good as most tests show no infilling and minor evidence of secondary recrystallization (Figure 5). 
Calcareous nannofossils in this interval are abundant to common and generally well-preserved, with consistently 
rich (average > 43 species) assemblages (Petrizzo, Amaglio, et al., 2022).

The interval of low carbonate content (from 247.52 to 244.21 m rCCSF; Figure 4) is dominated by radiolaria 
throughout with the exception of a peak in calcispheres registered in the first sample devoid of calcareous plank-
ton at 247.52 m rCCSF (Petrizzo, Amaglio, et al., 2022). Radiolaria in this interval are small-sized in the lower 
part whereas large-sized specimens dominate in the upper part of the interval. The number of Nassellaria speci-
mens show the highest abundance recorded at Site U1513 (Petrizzo, Amaglio, et al., 2022).

The interval from 243.21 to 219.97 m rCCSF (Figure 4) is dominated by planktonic foraminifera that display cyclic 
fluctuations in absolute abundance anti-phased to the absolute abundance of benthic foraminifera. Radiolaria and 
calcispheres rank next in abundance, averaging 10%–15% of the microfossil assemblage. Four samples at 224.39, 
225.25, 234.30, and 240.55 m rCCSF are barren of microfossils (Figure 4; Petrizzo, Amaglio, et al., 2022). Some 
of the foraminifera in this interval have test walls showing moderate preservation as they have coarser calcite 
overgrowths and are infilled with sparry calcite (Figure 5). Calcareous nannofossils are common and moderately 

Figure 4.  Holes U1513A and U1513D. Core recovery, lithologic units, core photos according to Huber et al. (2019a). Biostratigraphy and age according to this study. 
Microfossils (planktonic foraminifera, benthic foraminifera, radiolaria and calcispheres) absolute abundance (number of specimens per gram of dry sediment = n°/g) 
are calculated in the >38 μm size fraction and expressed in percentage. Abbreviations: m rCCSF = revised Core Composite depth below Sea Floor in meters; 
PFZ = Planktonic Foraminifera Zones; CNZ = Calcareous Nannofossils Zones; W. archaeocretacea eq. = Whiteinella archaeocretacea equivalent; R. cushm. 
eq. = Rotalipora cushmani equivalent; T. greenh. eq. = Thalmanninella greenhornensis equivalent.
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Figure 5.
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preserved in this interval, with average species richness of about 28 reflecting the reduction in taxa following the 
Cenomanian-Turonian extinction (Petrizzo, Amaglio, et al., 2022).

3.4.  Benthic Foraminiferal Assemblages

Benthic foraminifera show a consistent stratigraphic distribution at Site U1513 (Figure 4; Petrizzo, Amaglio, 
et al., 2022) and are generally common in the small-sized fractions (38–125 μm). Benthic foraminiferal individu-
als in these fractions could not be confidently identified at the genus or species level because the assemblages are 
mostly composed of juvenile specimens. For taxa that could be confidently identified, the assemblages are domi-
nated by bathyal taxa that predominantly show depth ranges of 400–2,000 m (i.e., Kaminski & Gradstein, 2005; 
Murray, 2006; Widmark & Speijer, 1997).

Calcareous taxa are more abundant whereas agglutinated taxa represent only a minor component and never 
exceed 10% of the total assemblages. The most abundant taxa throughout the studied interval are gavelinellids 
(including Stensioeina and Gavelinella), Gyroidinoides, and Clavulinoides. Praebulimina is common only from 
above the interval of low CaCO3 content.

The biostratigraphically diagnostic benthic foraminifera Gavelinella intermedia, Gavelinella schloenbachi, and 
Scheibnerova protoindica, which have been reported to occur across the Cenomanian-Turonian boundary interval 
in southern high latitudes localities (Hornibrook et al., 1989; Scheibnerová, 1976) were also identified. Diversity 
throughout the studied interval averages 70 species and is quite low compared to the 100–200 taxa recorded 
in the Turonian to Santonian stratigraphic interval at Site U1513 (Petrizzo, MacLeod, et al., 2022; Wolfgring 
et al., 2022). Though no extinctions of benthic foraminifera are evident, a shift in dominant benthic foraminiferal 
taxa in the upper part of the OAE 2 interval is observed.

A detailed study of the benthic foraminiferal assemblages at sites U1513 and U1516 focused on their response 
to the paleonvironmental perturbation in the bottom waters during the OAE 2 will be the subject of future 
publications.

3.5.  Planktonic Foraminiferal Assemblages

The composition of the planktonic foraminiferal assemblages at Site U1513 (Figure  6; Petrizzo, Amaglio, 
et al., 2022) is similar to those observed at Site U1516 (Petrizzo et al., 2021). They are characterized by low 
species diversity (Figure 3) and by the absence of the typical Cenomanian-Turonian genera Rotalipora, Thalman-
ninella, and Helvetoglobotruncana while Praeglobotruncana and the keeled genera Dicarinella and Marginotrun-
cana occur with few species compared to the assemblages of the equivalent stratigraphic interval at mid-low 
latitudes (e.g., Eastbourne, England: Falzoni & Petrizzo, 2020; Falzoni et  al., 2018; Hart et  al., 2002; Keller 
et al., 2001; Paul et al., 1999; Vocontian Basin: Falzoni, Petrizzo, Clarke, et al., 2016; Falzoni, Petrizzo, Jenkyns, 
et al., 2016; Grosheny et al., 2006, 2017; Spain: Lamolda et al., 1997; Austria: Gebhardt et al., 2010; Switzerland: 
Strasser et al., 2001; Westermann et al., 2010; Umbria-Marche Basin, Italy: Coccioni & Luciani, 2005; Coccioni 
& Premoli Silva, 2015; Luciani & Cobianchi, 1999; Mort et al., 2007; Premoli Silva & Sliter, 1995; Scopelliti 
et al., 2004; Tarfaya, Morocco: Falzoni et al., 2018; Keller et al., 2008; Tunisia: Caron et al., 2006; Nederbragt & 
Fiorentino, 1999; Reolid et al., 2015; Robaszynski et al., 1990, 1993; Tibet: Bomou et al., 2013; Blake Nose, NW 
Atlantic: Huber et al., 1999; Japan: Hasegawa, 1999; Western Interior Seaway, US: Caron et al., 2006; Desmares 
et al., 2007; Eicher & Diner, 1985; Elderbak & Leckie, 2016; Eicher & Worstell, 1970; Keller & Pardo, 2004; 
Leckie, 1985; Leckie et al., 1998; Lowery & Leckie, 2017, among many others).

Figure 5.  Scanning electron microscope (SEM) images of microfossils. 1a-b, Protoheterohelix washitensis, sample 369-U1513D-16R-1, 30–33 cm. 2a–c, 
Muricohedbergella planispira, sample 369-U1513D-16R-3, 95–98 cm. 3a–b, Planoheterohelix moremani, sample 369-U1513D-16R-3, 95–98 cm. 4a–b, 
Planohedbergella ultramicra, sample 369-U1513D-16R-4, 95–98 cm. 5a–c, Dicarinella canaliculata, sample 369-U1513D-18R-2, 45–48 cm. 6, Nassellaria Radiolaria, 
sample 369-U1513D-19R-1, 90–93 cm. 7, Spumellaria Radiolaria, sample 369-U1513D-19R-1, 90–93 cm. 8a–b, Laeviella bentonensis, sample 369-U1513D-18R-3, 
71–74 cm. 9b–d, Microhedbergella praeplanispira, sample 369-U1513A-46X-1, 95–98 cm. 10a–b, Laeviella bentonensis, sample 369-U1513A-47X-1, 48–51 cm. 
11c–d, Microhedbergella albiana, sample 369-U1513A-47X-2, 135–138 cm. 12a–b, d, Whiteinella brittonensis, sample 369-U1513D-21R-1, 100–103 cm. 13, 
calcisphera, sample 369-U1513A-48X-1, 65–68 cm. 14c–d, Muricohedbergella delrioensis, sample 369-U1513D-21R-3, 95–98 cm. 15a–c, Muricohedbergella 
delrioensis, sample 369-U1513A-48X-1, 65–68 cm. 16b–c, Microhedbergella praeplanispira, sample 369-U1513A-48X-3, 35–38 cm. a, umbilical view; b, side view; c, 
spiral view; d, detail of the wall.
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The distribution and abundances of the planktonic foraminiferal species occurring at Site U1513 are reported in 
Petrizzo, Amaglio, et al. (2022). The assemblages are mainly composed of small-sized (38–125 μm) specimens of 
Microhedbergella praeplanispira, Microhedbergella pseudodelrioensis, Muricohedbergella delrioensis, Murico-
hedbergella planispira, Whiteinella baltica, Planoheterohelix sp., and Planohedbergella ultramicra. Larger spec-
imens show a scattered occurrence and are represented by Whiteinella brittonensis, D. hagni, Marginotruncana 
coldreriensis, Marginotruncana caronae, L. bentonensis and Praeglobotruncana stephani. The latter two species 
are recorded in low numbers and were found in only four samples.

Planktonic foraminifera are rare from 265.52 to 271.31 m rCCSF (Figure 6) and species diversity ranges from 2 to 
3 (Figure 3). Microhedbergella and Muricohedbergella are the sole genera occurring with the former displaying 
maximum values of 6 and 4 specimens per gram of dry sediment near the base and near the top of this interval, 
respectively (Figure 6).

The overlying interval from 247.60 to 264.47 m rCCSF (Figure 6) is characterized by an increase in number 
of species ranging from 3 to 7 (Figure 3). The assemblage is dominated by the small-sized Microhedbergella 
that reach 743 specimens per gram of dry sediment at 259.20 m rCCSF. Muricohedbergella delrioensis shows 
a continuous record but never exceed 416 specimens per gram of dry sediments. Whiteinella, Planoheterohe-
lix, and the planispiral taxa (Laeviella and Planohedbergella) display a scattered distribution and low number 
of specimens ranging from 1 to 12 specimens per gram of dry sediment whereas the keeled Dicarinella and 
Marginotruncana are absent.

Planktonic foraminifera are totally absent in the interval of low carbonate content (from 244.21 to 247.52 m 
rCCSF) and become common in the overlying interval from 219.97 to 243.21 m rCCSF (Figure 6) where species 

Figure 6.  Holes U1513A and U1513D. Core recovery, lithologic units, core photos according to Huber et al. (2019a). Biostratigraphy and age according to this study. 
Planktonic foraminifera absolute abundance (number of specimens per gram of dry sediment = n°/g) are calculated in the >38 μm size fraction. Abbreviations: m 
rCCSF = revised Core Composite depth below Sea Floor in meters; PFZ = Planktonic Foraminifera Zones; CNZ = Calcareous Nannofossils Zones; W. archaeocretacea 
eq. = Whiteinella archaeocretacea equivalent; R. cushm. eq. = Rotalipora cushmani equivalent; T. greenh. eq. = Thalmanninella greenhornensis equivalent.
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diversity increases to 15 in some levels (Figure 3). Microhedbergella is still the dominant genus. It ranges from 
about 20 to 900 specimens per gram of dry sediments with a peak value close to 3,600 specimens per gram of 
dry sediments at 225.01 m rCCSF. Muricohedbergella is the next most common genus varying from 5 to 1,653 
specimens per gram of dry sediment. Whiteinella ranges from 2 to 70 specimens per gram of dry sediments and 
increase to 276 specimens at 225.01 m rCCSF. Planoheterohelix ranges from 3 to 2,603 specimens per gram of 
dry sediment whereas Planohedbergella ranges from 1 to 813 specimens per gram of dry sediment. The keeled 
Dicarinella and Marginotruncana show an almost continue stratigraphic distribution but never exceed 50 speci-
mens per gram of dry sediments (Figure 6).

4.  Discussion: Comparison Between Sites U1513 and U1516
4.1.  Correlation and Identification of OAE 2

The correlation between sites U1513 and U1516 (Figure 7) is pinned at the highest TOC values registered within 
the organic-rich, black claystone layer characterized by low CaCO3 content supported by the biostratigraphic 
events (Figure 8, Table 1) and the δ 13C values. The interval of low CaCO3 content (Figure 7) is 3.31 m thick at Site 
U1513 (in cores U1513A-45X-2 and U1513D-19R-2) and 2.83 m thick at Site U1516 (in cores U1516C-31R-4 
and U1516D-4R-3).

The calcareous nannofossil assemblages from sites U1513 and U1516 record similar, but not identical, histories. 
The lower portions of the successions at Site U1513 (interval between LAD W. britannica and FAD L. acutus, 
equivalent to the upper Subzone CC 9c) are characterized by sparse (<5% of sediment volume) and poorly 
preserved assemblages with generally low species richness (in average 16–19 species at both sites). Preservation 
improves and abundance increases at both sites starting from the base of Subzone CC 10a, and the interval from 
the FAD of L. acutus to the base of the interval with low CaCO3 content (Figure 7) contains the highest species 
richness values (in average 42-43 species at both sites).

Although the sites are 69 km apart and are not separated by any obvious physiographic barriers, there are substan-
tial differences in the composition of the assemblages in the two sites for this interval. For example, C. kennedyi, 
a well-documented tropical to temperate biomarker, is present, and sometimes more than 1% in abundance, in 
more than half of the samples (9 out of 16 samples; Petrizzo, Amaglio, et al., 2022) in this interval at Site U1513, 
whereas it was only observed as a single specimen in one sample in the equivalent interval at Site U1516. Above 
the interval of low CaCO3 content in Subzone CC 10b, the calcareous nannofossils from both sites become again 
similar in composition and richness (in average 35–37 species at both sites) and exhibit the same sequence of 
bioevents as in coeval tropical to temperate assemblages.

In general, the planktonic foraminiferal assemblages at Site U1513 are similar to those documented at Site U1516 
(Petrizzo et al., 2021) although species that should be useful for intra basin correlation showed surprising differ-
ences between sites. For instance, at Site U1516 the highest occurrence of L. bentonensis precedes the LAD of 
A. biramiculatus, whereas the opposite is observed at Site U1513. Similarly, the lowest occurrence of D. hagni 
is recorded above the FAD of E. octopetalus at Site U1516, whereas at Site U1513 that sequence of events is 
inverted (Figure 7). The observed inversions in the sequence of calcareous nannofossil and planktonic foraminif-
eral events suggest that they are very close in age and the inversions might be related to differences in the preser-
vation of the specimens and/or to the small size of the core samples that prevent collecting a sufficient number of 
foraminiferal specimens to accurately record the distribution of relatively rare taxa.

The best fit graphic correlation regression lines (Figure 8) using the shared calcareous plankton bioevents and 
the position of the top and base of the interval of low CaCO3 content enables precise correlation between the 
two sites. The reliability of the sequence of the calcareous nannofossils events for correlation is well supported 
as events consistently align along the best-fit regression line (correlation coefficient 0.955; Figure 8), whereas 
planktonic foraminifera show a low degree of correlation and often plot markedly off the regression line. Although 
the planktonic foraminiferal bioevents are delayed or anticipated between sites (i.e., D. hagni, L. bentonensis, W. 
brittonensis) the correlation coefficient of 0.688 for the combined calcareous plankton groups indicates a reason-
able consistency (Figure 8).

The OAE 2 interval at Site U1516 (Figure 7; see also Petrizzo et al., 2021) is identified from the onset of the 
positive δ 13C trend at the base (473.94 m rCCSF) to the first positive shift in δ 13C values at the top (460.13 m 
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rCCSF) just above an interval of lower δ 13C values based on correlation with the low latitude Eastbourne section 
in England and according to the OAE 2 definition by Jarvis et al. (2011), Gambacorta et al. (2015), and Jenkyns 
et al. (2017). Precise determination of the onset of the OAE 2 interval at Site U1513 is complicated by the absence 
of peak positive excursion values which suggests the low CaCO3 content interval has a greater chronostratigraphic 
extent at Site U1513 compared to Site U1516. Nevertheless, the base of OAE 2 at Site U1513 is tentatively placed 
at the lowest δ 13C value within the increasing trend of the δ 13C values at 253.07 m rCCSF (Figure 7), whereas 
the termination of the OAE 2 interval (Figure 7) is based on comparison to Site U1516 and is placed at 225.58 m 
rCCSF, a level that marks where δ 13C values are highest before a progressive decrease from previous high values.

4.2.  Similarities and Discrepancies Between Sites

Carbon isotope data and microfossil distributions and abundances are plotted on a common age scale to highlight 
similarities and discrepancies between sites U1513 and U1516 (Figure 9). Age estimates are derived from the 
age model presented in Figure 3 and Table 1. Ages for the bioevents are cited from published sources (Gradstein 
et  al.,  2012) and are considered only as estimates since none of the bioevents have been directly calibrated 
using radiometric ages. In this study the Cenomanian/Turonian boundary is approximated at the LAD of H. 
chiastia (Table 1) and placed within the barren interval of low CaCO3 content (because of the uncertainty in the 

Figure 8.  Graphic correlation of the shared bioevents and the position of the top and base of the interval of low carbonate 
content. See text for the explanation of the best-fit regression lines. Circles are calcareous nannofossils, squares are planktonic 
foraminifera. Abbreviations: FAD = first appearance datum; LAD last appearance datum; LO = lowest occurrence; 
HO = highest occurrence; m rCCSF = revised Core Composite depth below Sea Floor in meters.
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identification of the topmost range of H. chiastia) in Figures 2, 4, 6, and 7, whereas in Figures 9 and 10 the bound-
ary is placed at 93.9 Ma according to the intercalibrated astrochronologic and radioisotopic time scale developed 
for the Cenomanian-Turonian boundary interval near the GSSP in Colorado (Meyers et al., 2012).

The mismatch observed in the age estimates of the base and top of OAE 2 between sites are minor, estimated 
as 0.13 my for the base and 0.04 my for the top, and they are likely related to the sampling resolution and to the 
uncertainty from using mean depths of the bioevents, as shown in the age-depth model (Table 1, Figure 3). The 
duration of OAE 2 in the Mentelle Basin is estimated as 950 ky. Bio-chronostratigraphic data reveal the occur-
rence of a short hiatus of about 200 ky at a disconformity about 29 cm below the interval of low CaCO3 content, 
which might result from erosion of sediments by seafloor currents and winnowing. This observation is consistent 
with the sharp contact between the gray and black clay-rich claystone observed in core U1513A-45X-2, 137 cm 
(Huber et al., 2019a). The OAE 2 interval lacks a clear positive δ 13C excursion in the bulk carbonate record at 
Site U1513 which likely results from the non-preservation of CaCO3 in sediments representing the time of the 
δ 13C excursion.

The earlier part of the studied interval (95.7–99.0 Ma) seems remarkably different between sites both in the 
carbon isotope record and in the composition of the microfossil assemblages (Figure 9). The δ 13C values at Site 
U1513 show large fluctuations of 2‰ among samples from 96.0 to 99.0 Ma. In contrast, at Site U1516 there is 
one 2‰ excursion from ∼97.0–97.5 Ma and a second single point excursion at 97.7 Ma, but values otherwise 
fluctuate by only about 0.5‰ through the rest of the lower part of the section (Petrizzo, Amaglio, et al., 2022). 
At Site U1513 radiolaria are the main component of the microfossil assemblages in this interval whereas plank-
tonic and benthic foraminifera occur in few samples and become dominant only in the upper part of the interval. 

Figure 9.  Correlation of the microfossil abundances and δ 13C record between sites U1513 and U1516 in the interval from 93.2 to 99.0 Ma. Age scale derived from 
the age-depth model in Figure 3 and Table 1. The Cenomanian/Turonian boundary is placed at 93.9 Ma (Meyers et al., 2012; see explanation in the text). Microfossils 
absolute abundance (number of specimens per gram of dry sediment = n°/g) are calculated in the >38 μm size fraction and expressed in percentage. CNZ = calcareous 
nannofossils Zones.
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Calcispheres also increase in abundance in the upper part of the interval and reach their maximum abundance at 
95.7 Ma where they comprise 40% of the total microfossils. In contrast, at Site U1516 radiolaria only occur in 
the lower part of the interval and the microfossil assemblages are dominated by benthic foraminifera (Figure 9).

The interval from 94.8 to 95.7 Ma is characterized by the dominance of planktonic foraminifera at both sites. 
Benthic foraminifera are subordinate in abundance in this interval, and radiolaria never exceed 20%–25%. Calci-
spheres, which vary from 5% to 30%, are only observed at Site U1513 (Figure 9). At both sites the overlying 
interval (94.2 to 94.8 Ma) registers a decrease in planktonic foraminifera that alternates in abundance with the 
other microfossils. The interval from 93.9 to 94.2 Ma contains the hiatus at Site U1513 whereas at Site U1516 
planktonic foraminifera alternate in abundance with radiolaria (Figure 9). The interval of low CaCO3 content 
(93.8–93.9 Ma) is characterized by the dominance of radiolaria with the exception of three samples in the middle 
part of the interval that contain calcispheres (up to 5% of the total microfossils) at Site U1513 and foraminifera (up 
to 30% of the total microfossils) at Site U1516 (Figure 9; Petrizzo, Amaglio, et al., 2022; Petrizzo et al., 2021). 
Planktonic foraminifera are the dominant microfossils throughout the interval from 93.2 to 93.8 Ma at both sites 
although they are less abundant at Site U1513 than at Site U1516 (Figure 9).

The main discrepancies between sites U1513 and U1516 are observed in the lower part of the studied interval 
(95.7–97.8 Ma) and above the interval of low CaCO3 content (Figure 9). In the Cenomanian interval from 95.7 
to 97.8 Ma the carbon isotope record and the abundance of foraminifera and radiolaria are different between 
sites hampering identification of comparable patterns. The differences are likely attributable to variations in 
marine productivity and sediment provenance. The dominance of radiolaria and the sporadic occurrence of only 
small-sized planktonic and benthic foraminifera at Site U1513 certainly indicates high surface water fertility 
that may have inhibited foraminifera populations. The high amount of biogenic silica could be explained by 
either an increase of the terrigenous influx and associated enhanced delivery of continental nutrients (Wagner 
et al., 2004) from the nearby southwest Australian margin (Perth Basin and Leeuwin Block: Chen et al., 2022) 
or by nutrient-rich volcanogenic detritus derived from the volcanism of the Central Kerguelen Plateau (Coffin 
et al., 2002; Jiang et al., 2021) likely transported by the westerly winds and surface ocean currents. However, 
additional geochemical and clay mineralogy proxy data are needed to reconstruct the sediment provenance in the 
Mentelle Basin and explain the differences between sites U1513 and U1516 observed in the late Cenomanian 
record.

Sedimentation rates of equivalent stratigraphic intervals identified according to the calcareous nannofossil datums 
are similar between the sites below the interval of low CaCO3 content, but they are significantly different in the 
interval from 93.5 to 93.9 Ma (Figure 9) between the LAD of H. chiastia and the FAD of Q. gartneri (Figure 7). 
At Site U1513 the estimated average rate is 47.8 m/m.y. as compared to an average rate of 20.4 m/m.y. at Site 
U1516 (Figure 3, Table 2). The difference in sedimentation rates observed between sites from above the inter-
val of low CaCO3 content and up-section might be explained by the higher carbonate preservation in the water 
column at Site U1513 as revealed by the CaCO3 content that varies from 30% to 67% (Figure 2), whereas it ranges 
from 10% to 49% at Site U1516 (Figure 5 in Petrizzo et al., 2021). This observation suggests a greater paleodepth 
at Site U1513 than Site U1516 and is compatible with their inferred paleogeographic positions. Specifically, 
Site U1513 was located on the northwest margin of a structural high in the Mentelle Basin (Huber et al., 2019a) 
and likely more influenced by oceanic circulation in the nearby Perth Abyssal Basin compared to Site U1516, 
which was located on the southwest margin of the structural high and closer to both the Antarctic and Australian 

SITE U1513 SITE U1516

Sedimentation Rate Thickness Sedimentation Rate Thickness

Stratigraphic interval m/m.y. m m/m.y. m

FAD Q. gartneri to FAD E. octopetalus 47.8 12.92 18.5 4.37

FAD E. octopetalus to LAD H. chiastia 47.8 3.85 22.4 2.11

Low CaCO3 3.31 2.83

LAD H. chiastia to FAD G. nanum 13.6 12.16 12.6 11.34

Table 2 
Comparison of the Sedimentation Rates Between Sites U1513 and U1516
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continental margin (Figure 1). Therefore, Site U1513 could be inferred to represent a greater depth than Site 
U1516, although additional data are needed to support this hypothesis.

Remarkable among the microfossil assemblages is the occurrence of common calcispheres at Site U1513 but 
only sporadic occurrences of these microfossils at Site U1516 where they never exceed abundance values of 1% 
of the total microfossil assemblages. Presence of abundant calcispheres is linked to intense primary productivity 
due to eutrophication of the surface waters (Wendler et al., 2002; Wilmsen, 2003), and are interpreted as thermo-
philic plankton ranging from shelf to shallow bathyal environments (Dias-Brito, 2000). An acme of pithonellid 
calcispheres associated with opportunistic planktonic foraminifera has been reported from several stratigraphic 
sections across the Cenomanian-Turonian boundary interval and has been interpreted as reflecting a regime with 
high productivity (e.g., Gale et al., 2000; Hart, 1991; Omana et al., 2014; Pearce et al., 2009; Wendler et al., 2010; 
Wilkinson,  2011). The rarity of calcispheres at Site U1516 and their consistent occurrence at Site U1513 is 
intriguing and could reflect their preference for a more open marine setting with a thicker surface mixed layer 
rich in nutrients. Abundant calcispheres at Site U1513 might also coincide with phases of wind-driven upwelling 
or topography-influenced upwelling of cooler and nutrient-rich water that moved from deep water toward the 
ocean surface. Moreover, the occurrence of common tropical to temperate calcareous nannofossils species at Site 
U1513 and their rarity at Site U1516 further suggests that the two sites were influenced by different water masses.

5.  Paleoceanographic Interpretations Across OAE 2
The paleoceanographic conditions of the water column across the OAE 2 interval from 93.2 to 96.0  Ma at 
sites U1513 and U1516 (Figure 10) are interpreted according to the paleoecological preferences of the most 
common genera of planktonic foraminifera (biserial Planoheterohelix, planispiral Laeviella and Planohedber-
gella, trochospiral, non-keeled Whiteinella, Microhedbergella, Muricohedbergella, and keeled Dicarinella and 
Marginotruncana), and the co-occurring benthic foraminifera, radiolaria and calcispheres.

Here we summarize the inferred depth ecologies of each genus used to derive the paleoceanographic interpretation 
following Petrizzo et al. (2021), who discussed the interspecific patterns of offsets in δ 18O and δ 13C stable isotope 
ratios at Site U1516, and the information on the planktonic foraminiferal paleoecology derived from the literature 
(Abramovich et al., 2003; Ando et al., 2010; Bornemann & Norris, 2007; Coccioni & Luciani, 2004; D'Hondt 
& Arthur,  1995; Falzoni et  al.,  2013,  2014; Falzoni, Petrizzo, Clarke, et  al.,  2016; Hart,  1980,  1999; Huber 
et al., 1995, 1999; Keller et al., 2001; Leckie, 1987; MacLeod et al., 2001, 2013; Petrizzo et al., 2008, 2017, 2020; 
Premoli Silva & Sliter, 1999; Wendler et al., 2013; Wilson et al., 2002).

Small-sized (38–125 μm) Microhedbergella were opportunistic taxa interpreted to have lived in the lower mixed 
layer or in the seasonal thermocline, and they tolerated cooler and productive environments rich in nutrients 
including area of vertical mixing and upwelling. Muricohedbergella and planispiral taxa are interpreted as inter-
mediate species because they show isotopic signatures indicating they either lived in the mixed layer or in the 
seasonal thermocline. The depth ecology of Planoheterohelix is still not clear as it showed adaptation to a wide 
range of habitats and water mass conditions from the mixed layer to the seasonal and permanent thermocline at 
different latitudes. In general, biserials are thought to be opportunistic taxa that may proliferate in high produc-
tivity and low oxygen conditions; in the Western Interior Seaway their occurrence within OAE 2 is associated 
with euxinia in the photic zone (Boudinot et al., 2020). Whiteinella has been generally associated with a surface/
summer and warmer mixed layer habitat. The keeled taxa (Dicarinella and Marginotruncana) inhabited the thick 
mixed layer and occupied ecological niches in the surface mixed layer and the thermocline.

Radiolaria, especially Nassellaria, and calcispheres are interpreted to be shallow mixed layer dwellers and are 
generally associated with conditions of very high fertility in outer shelf to upper slope environments including 
upwelling regions (De Wever et al., 2003; Dias-Brito, 2000; Koutsoukos & Hart, 1990; Lisitzin, 1985).

Among benthic foraminifera, gavelinellids are presumably epifaunal taxa interpreted to prefer well oxygenated 
habitats, but they can tolerate low oxygen levels and benefit from higher food supply (i.e., Gebhardt et al., 2004; 
Friedrich, 2006). Gyroidinoides is an opportunistic taxon with habitat preferences inferred as either infaunal or 
epifaunal to shallow infaunal and with a varying tolerance for sub- and dysoxic conditions, whereas infaunal 
taxa (Praebulimina, Lenticulina) and agglutinated taxa tolerated sub- to anoxic conditions (Alegret et al., 2003; 
Friedrich et al., 2006; Jorissen et al., 2007).
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5.1.  Interval Below OAE 2

The lithology below OAE 2 is represented by gray and black clay-rich claystone (lithostratigraphic Unit III, Huber 
et al., 2019a) with a carbonate content varying from 20% to 40% (Site U1513: Figure 2; Site U1516: Figure 5 in 
Petrizzo et al., 2021). In the interval below OAE 2 (Figure 10) planktonic foraminifera dominate and are repre-
sented by Microhedbergella, which is the most common genus, followed by Muricohedbergella. Together these 
two are almost the only genera occurring in this interval. Planispiral taxa are very rare at Site U1513; they are 
more common at Site U1516 and reach a peak abundance of about 20% in the upper part of the interval. Plano-
heterohelix is recorded in low numbers only in the upper part of the interval, and the genus is more abundant at 
Site U1516 than Site U1513. Benthic foraminifera occur throughout the interval but are more common at its base 
and near the top than they are in the middle portions of the interval. Gavelinellids together with the opportunist 
taxa Gyroidinoides, Lenticulina, and Praebulimina dominate the benthic assemblages and indicate oxic-suboxic 
conditions. Radiolaria show a similar distribution and abundance and are more abundant at the top of the interval. 
Calcispheres at Site U1513 parallel the distribution pattern of radiolaria but are very rare at Site U1516.

Changes in the composition and abundance of the microfossil assemblages at the two sites are pretty similar and 
indicate a paleoceanographic setting characterized by reduced water mass stratification resulting from enhanced 
surface water productivity or vertical mixing. This interpretation is based on the abundance of the opportunistic 
Microhedbergella that alternates with common eutrophic radiolaria in the surface waters. The conditions of very 
high fertility are more pronounced at the base and top of the interval according to the increased abundance of 
radiolaria and might have been caused either by small scale variations in sea level that have been estimated to 
have reached maximum levels of 240–250 m above present-day mean sea-level (Haq, 2014; Ray et al., 2019) 
or alternating phases of enhanced surface water productivity and vertical mixing/upwelling. In addition, the 
concomitant high abundance of benthic foraminifera with the dominance of gavelinellids and the relatively low 
values of planktonic foraminifera at the base and top of the interval might suggest episodes of enhanced oxygen-
ation at the sea floor. However, the overall eutrophic feature of the water masses seems more pronounced at Site 
U1513 because of the rarity of the intermediate dwelling planispiral taxa (Planohedbergella and Laeviella) and 
the consistent occurrences of the opportunistic and eutrophic calcispheres.

All together these observations suggest fluctuations in surface water marine productivity and variations in the 
thickness of the mixed layer likely driven by changes of the nutrient provenance, including either delivery from 
terrigenous influx from southwest Australia via fluvial input and consequent enhanced delivery of continentally 
derived nutrients that could have stimulated the marine productivity (Chen et al., 2022) or episodic upwelling of 
cooler deep water.

5.2.  OAE 2 Interval

The OAE 2 interval can be subdivided into three subintervals: 1. below, 2. within and above the low CaCO3 zone 
(Figure 10).

1.	 �The lithology in the subinterval below the low CaCO3 content interval (Figure 10) is represented by gray 
and black clay-rich claystone (lithostratigraphic Unit III: Huber et al., 2019a). The microfossil groups fluc-
tuate in abundance similar to the upper underlying interval, indicating that no substantial biotic changes 
occurred at the onset of OAE 2, which is here exclusively identified according to the inflection toward lower 
carbon isotope values. Therefore, we infer a similar paleoceanographic setting characterized by a dominantly 
eutrophic regime.
�At Site U1513 a hiatus of about 200 ky is inferred near the top of the subinterval based on the age model 
adopted in this study. The hiatus at Site U1513, which is interpreted as resulting from seafloor erosion, might 
also represent an interval coinciding with unfavorable conditions for the preservation of pelagic carbonate on 
the seafloor with waters that were not anoxic enough to allow accumulation of organic matter (Jenkyns, 2010) 
or to shoaling of the Carbonate Compensation Depth (CCD). A rise in the CCD might have resulted from 
CaCO3 undersaturation of ambient waters due to prolonged ocean acidification during the thermal maximum 
and the δ 13C excursion, which have been interpreted to be forced by the high atmospheric pCO2 released 
by volcanic activity associated with the Large Igneous Provinces eruptions (Barclay et al., 2010; Du Vivier 
et  al.,  2015; Kuroda et  al.,  2007) including the Central Kerguelen Plateau LIP (i.e., Jiang et  al.,  2021; 
Matsumoto et al., 2022; Robinson et al., 2019). Peak positive values in the δ 13C record measured at the base 
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of the low CaCO3 interval at Site U1516 is instead not registered at Site U1513 as it falls within the time of 
deposition of the low carbonate sediments (Figure 10).

2.	 �The subinterval with low CaCO3 content (Figure 10) is marked by the near absence of calcareous plank-
tonic and benthic foraminifera, lack of other biogenic carbonate, and abundance of siliceous and organic 
matter-rich sediments. In this subinterval radiolaria are the sole microfossils present except for a couple of 
isolated samples that contain two-three benthic agglutinated and one calcareous benthic foraminifera at Site 
U1516 and calcispheres at Site U1513.
�The high abundance of radiolaria and the rarity of calcareous microfossils has been previously interpreted 
(Petrizzo et al., 2021) as indicating very high fertility conditions and, possibly, shoaling of the CCD. Disso-
lution/absence of calcareous tests agrees with the strong oxidation of organic matter although survival of 
foraminifera could also have been prevented by a very high surface water fertility leading to expansion of 
anoxia at the seafloor in agreement with the maximum TOC values registered in this subinterval (Figure 7). 
The dominance of shallow water nassellarian radiolaria at Site U1513 and Site U1516 (Figure 10) is simi-
lar to the record from within the organic-matter rich deposits of the Bonarelli level of the Italian section 
in the Umbria-Marche area (Bąk,  2011; Erbacher & Thurow,  1997; Marcucci Passerini et  al.,  1991; 
Musavu-Moussavou et al., 2007) and provides additional evidence for enhanced marine productivity.

3.	 �The subinterval above the low CaCO3 content (Figure 10) is marked by the sudden increase in abundance 
of foraminifera and return of carbonate deposition presumably after deepening of the CCD. Benthic agglu-
tinated taxa, the epifaunal Gavelinella and Stensioeina and the opportunist calcareous Praebulimina show a 
significant increase in abundance that suggests the presence of oxic-dysoxic bottom waters. The planktonic 
foraminiferal record at sites U1513 and U1516 slightly differs, pointing to differences in water column strat-
ification. At Site U1513 the dominance of Microhedbergella over the other planktonic foraminiferal genera, 
the presence of lower mixed layer planispiral and scattered keeled taxa, and the radiolaria distributions and 
abundances might suggest the presence of a thick mixed layer with significant thermal differences between 
surface and thermocline waters. On the contrary at Site U1516 Microhedbergella is progressively replaced in 
abundance by Muricohedbergella to indicate a relatively stable water column with a thick mixed layer and a 
thin thermocline and frequent episodes of eutrophy toward the top.

�The increase in marine productivity seems more pronounced at Site U1516 and likely resulted from the deliv-
ery of continentally derived nutrients to the ocean based on the δ 13C and δ 18O data from foraminiferal tests 
(Petrizzo et al., 2021).

Relatively high terrestrial sediment influx is consistent with the proximity of the two sites to the southwestern 
Australian margin, with Site U1516 being the more proximal and thus more affected by episodic eutrophy as also 
corroborated by geochemical data and clay mineralogy proxies (Chen et al., 2022).

Although the genus Planoheterohelix, whose abundance indicates high productivity and low oxygen conditions, 
is almost absent in the lower intervals, it becomes relatively common in this interval, but it does not show the 
abrupt peak in abundance (Heterohelix shift: Leckie, 1985; Leckie et al., 1998) similar to that documented within 
the OAE 2 in Tethyan and Western Interior Seaway stratigraphic sections. This observation suggests that euxinia 
in the surface water did not develop in the Southern Hemisphere. However, because abrupt increase in abundance 
of biserial taxa has been also observed in Turonian intervals coinciding with normal paleoenvironmental condi-
tions (NW Atlantic: Huber et al., 1999; Tanzania: Haynes et al., 2015; Huber et al., 2017), we believe Planohet-
erohelix was able to adapt to different water masses in a wide range of depth habitats and thus was not strictly 
indicative of oxygen depleted conditions.

5.3.  Interval Above OAE 2

The termination of the OAE 2 interval (Figure 10) is identified by the carbon isotope record and its correlation 
with the biostratigraphic events. This level does not correspond with remarkable changes in the composition of 
the microfossil assemblages suggesting that the change in the δ 13C curve reflects the global carbon cycle with 
minimal effects on regional conditions. That is, the paleoceanographic scenario for the interval above OAE 2 
is similar to that inferred in upper subinterval of OAE 2 with a relatively stable and thermally stratified water 
column that was interrupted by episodic phases of enhanced eutrophy, particularly at Site U1516.
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6.  Conclusions
High resolution carbon isotope and microfossil assemblage data from Site U1513 are compared with previously 
published records from Site U1516. Together, these sites yield the most complete OAE 2 and Cenomanian/Turo-
nian boundary sedimentary sections in the Southern Hemisphere and reveal a detailed history of the microfossil 
assemblage changes. The two sites are located 69 km apart in the Mentelle Basin in the SE Indian Ocean and were 
positioned at a paleolatitude of 59°–60°S during the mid-Cretaceous.

The microfossil and carbon isotope records are compared to highlight similarities and differences between the 
sites and to verify the response of biota to the paleoenvironmental perturbations associated with OAE 2. The 
comparison between sites is based on bioevents that allow direct correlation and identification of the OAE 2 
interval whose duration is estimated to be 950 ky. The onset of OAE 2 is identified according to the δ 13C values 
following previous definitions and no remarkable changes are registered by the microfossils assemblages that 
strictly correlate with the onset and the termination of the event.

The sedimentary record corresponding to OAE 2 is marked by an interval of low CaCO3 content that coincides 
with the dominance of radiolaria and a rise in the CCD presumably resulting from ocean acidification during the 
thermal maximum and the δ 13C excursion. These changes interpreted to have been forced by the high atmospheric 
pCO2 released by volcanic activity associated with the Central Kerguelen Plateau and other LIP eruptions. The 
interval of low CaCO3 content is more extended at Site U1513 and spans the entire interval where peak values 
of the δ 13C positive excursion are registered at Site U1516 and elsewhere. Just below the interval of low CaCO3 
content, a short hiatus of about 200 ky at Site U1513 is inferred from the age-depth model and may result from 
seafloor erosion and/or winnowing and redistribution of sediments by currents.

Changes in abundance of the planktonic foraminiferal genera and the co-occurring benthic foraminifera, radio-
laria and calcispheres across OAE 2 depict a paleoceanographic scenario dominated by eutrophy resulting from 
a strong influence of continentally derived nutrients leading to enhanced marine productivity. The terrestrial 
sediment influx is consistent with the proximity of the two sites to the southwestern Australian margin and is 
corroborated by published geochemical and mineralogical data from Site U1516.

The distribution and abundance of the planktonic foraminiferal genera, each of them with specific paleoecologi-
cal preferences, indicates that sites U1513 and U1516 were above the CCD before and during the onset of OAE 
2 in a water column characterized by a predominantly eutrophic regime with variations of marine productivity 
and thickness of the mixed layer, as indicated by the fluctuations in abundance of the intermediate dwelling 
planktonic foraminifera. This phase is followed by shoaling of the CCD, as indicated by the dominance of radio-
laria  that reflect extremely high marine productivity and ocean acidification because of CaCO3 undersaturation. 
This extreme paleoenvironment lasted about 100 ky before returning to a relatively stable paleoceanographic 
regime as revealed by more diverse planktonic foraminiferal assemblages in the upper OAE 2 interval, including 
the occurrence of lower mixed layer to thermocline dweller taxa thriving in stratified waters. However, enhanced 
eutrophic episodes still occurred either because of upwelling of nutrient-rich and δ 13C-depleted intermediate 
water masses or delivery of continental nutrients.

The sedimentation rate was higher at Site U1513 than at Site U1516 from within OAE 2 through the lowermost 
Turonian, indicating an increase in carbonate production and dilution by terrigenous sediments. This conclusion 
is corroborated by the occurrence of diverse and abundant pelagic calcifiers reflecting a more stable and strat-
ified water column. Variations in the composition of the microfossil assemblages coupled with the calculated 
sedimentation rates provide support for the paleobathymetric reconstruction of the two sites, with Site U1513 
located northwest of the Mentelle Basin depocenter and at a deeper depth than Site U1516. Thus, Site U1513 was 
probably more influenced by water circulation in the nearby Perth Abyssal Basin.

Finally, analysis of the microfossils and carbon isotope records at sites U1516 and U1513 provide a robust 
chronostratigraphic framework and a comprehensive understanding of the response of biota to the environmental 
perturbations associated with warming and high pCO2 at high latitudes in the Southern Hemisphere. The results 
presented here provide valuable paleontological and geochemical insights that improve our knowledge of the 
causes and consequences of paleoenvironmental changes associated with OAE 2 at high latitudes in comparison 
with concomitant records from lower latitudes.
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Data Availability Statement
The distribution chart and absolute abundances of planktonic and benthic foraminifera, radiolaria and calci-
spheres, the distribution chart of calcareous nannofossils, the carbon and oxygen stable isotopes, the total organic 
carbon and the calcimetry data of Site U1513 are available in Petrizzo, Amaglio, et al. (2022) at PANGAEA Data 
Publisher for Earth & Environmental Science.

References
Abramovich, S., Keller, G., Stüben, D., & Berner, Z. (2003). Characterization of late Campanian and Maastrichtian planktonic foraminiferal 

depth habitats and vital activities based on stable isotopes. Palaeogeography, Palaeoclimatology, Palaeoecology, 202(1–2), 1–29. https://doi.
org/10.1016/S0031-0182(03)00572-8

Alegret, L., Molina, E., & Thomas, E. (2003). Benthic foraminiferal turnover across the Cretaceous/Paleogene boundary at Agost (southeastern 
Spain): Paleoenvironmental inferences. Marine Micropaleontology, 48(3–4), 251–279. https://doi.org/10.1016/s0377-8398(03)00022-7

Ando, A., Huber, B. T., & MacLeod, K. G. (2010). Depth-habitat reorganization of planktonic foraminifera across the Albian/Cenomanian bound-
ary. Paleobiology, 36(3), 357–373. https://doi.org/10.1666/09027.1

Aquit, M., Kuhnt, W., Holbourn, A., Chellai, E. H., Stattegger, K., Kluth, O., & Jabour, H. (2013). Late Cretaceous paleoenvironmental evolution 
of the Tarfaya Atlantic coastal basin, SW Morocco. Cretaceous Research, 45, 288–305. https://doi.org/10.1016/j.cretres.2013.05.004

Bąk, M. (2011). Tethyan radiolarians at the Cenomanian-Turonian Anoxic Event from the Apennines (Umbria-Marche) and the outer Carpathi-
ans: Palaeoecological and palaeoenvironmental implications. Studia Geologica Polonica, 134, 5–279.

Barclay, R. S., McElwain, J. C., & Sageman, B. B. (2010). Carbon sequestration activated by a volcanic CO2 pulse during Ocean Anoxic Event 
2. Nature Geoscience, 3, 205–208. https://doi.org/10.1038/ngeo757

Belford, D. J. (1959). Stratigraphy and micropaleontology of the Upper Cretaceous of Western Australia. Geologische Rundschau, 47(2), 
629–647. https://doi.org/10.1007/bf01800677

Belford, D. J. (1960). Upper Cretaceous foraminifera from the Toolonga Calcilutite and Gingin Chalk, Western Australia. Bureau of Mineral 
Resources Geology and Geophysics Bulletin (Canberra), 57, 198.

Benadla, M., Reolid, M., Marok, A., & El Kamali, N. (2018). The Cenomanian–Turonian transition in the carbonate platform facies of the West-
ern Saharan Atlas (Rhoundjaïa formation, Algeria). Journal of Iberian Geology, 44(3), 405–429. https://doi.org/10.1007/s41513-018-0070-6

Bomou, B., Adatte, T., Tantawy, A. A., Mort, H., Fleitmann, D., Huang, Y., & Föllmi, K. B. (2013). The expression of the Cenomanian–
Turonian oceanic anoxic event in Tibet. Palaeogeography, Palaeoclimatology, Palaeoecology, 369, 466–481. https://doi.org/10.1016/j.
palaeo.2012.11.011

Borissova, I., Bradshaw, B., Nicholson, C., Struckmeyer, H., & Payne, D. (2010). New exploration opportunities on the southwest Australian 
margin—Deep-water Frontier Mentelle Basin. APPEA Journal (Australian Petroleum Production and Exploration Association), 50(1), 47–60. 
https://doi.org/10.1071/aj09004

Bornemann, A., & Norris, R. D. (2007). Size-related stable isotope changes in Late Cretaceous planktic foraminifera: Implications for paleoeco-
logy and photosymbiosis. Marine Micropaleontology, 65(1–2), 32–42. https://doi.org/10.1016/j.marmicro.2007.05.005

Boudinot, F. G., Dildar, N., Leckie, R. M., Parker, A., Jones, M. M., Sageman, B. B., et al. (2020). Neritic ecosystem response to Oceanic Anoxic 
Event 2 in the Cretaceous Western Interior Seaway, USA. Palaeogeography, Palaeoclimatology, Palaeoecology, 546, 109673. https://doi.
org/10.1016/j.palaeo.2020.109673

Bryant, R., Leckie, R. M., Bralower, T. J., Jones, M. M., & Sageman, B. B. (2021). Microfossil and geochemical records reveal high-productivity 
paleoenvironments in the Cretaceous Western Interior Seaway during Oceanic Anoxic Event 2. Palaeogeography, Palaeoclimatology, Palae-
oecology, 584, 110679. https://doi.org/10.1016/j.palaeo.2021.110679

Caron, M., Dall’Agnolo, S., Accarie, H., Barrera, E., Kauffman, E. G., Amédro, F., & Robaszynski, F. (2006). High-resolution stratigraphy of 
the Cenomanian–Turonian boundary interval at Pueblo (USA) and wadi Bahloul (Tunisia): Stable isotope and bio-events correlation. Geobios, 
39(2), 171–200. https://doi.org/10.1016/j.geobios.2004.11.004

Chen, H., Xu, Z., Bayon, G., Lim, D., Batenburg, S. J., Petrizzo, M. R., et al. (2022). Enhanced hydrological cycle during Oceanic Anoxic Event 
2 at southern high latitudes: New insights from IODP Site U1516. Global and Planetary Change, 209, 103735. https://doi.org/10.1016/j.
gloplacha.2022.103735

Coccioni, R., & Luciani, V. (2004). Planktonic foraminifera and environmental changes across the Bonarelli Event (OAE2, latest Cenomanian) 
in its type area: A high resolution study from the Tethyan reference Bottaccione section (Gubbio, central Italy). Journal of Foraminiferal 
Research, 34(2), 109–129. https://doi.org/10.2113/0340109

Coccioni, R., & Luciani, V. (2005). Planktonic foraminifers across the Bonarelli Event (OAE2, latest Cenomanian): The Italian record. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 224(1–3), 167–185. https://doi.org/10.1016/j.palaeo.2005.03.039

Coccioni, R., Luciani, V., & Marsili, A. (2006). Cretaceous oceanic anoxic events and radially elongated chambered planktonic foraminifera: 
Paleoecological and paleoceanographic implications. Palaeogeography, Palaeoclimatology, Palaeoecology, 235(1–3), 66–92. https://doi.
org/10.1016/j.palaeo.2005.09.024

Coccioni, R., & Premoli Silva, I. (2015). Revised Upper Albian–Maastrichtian planktonic foraminiferal biostratigraphy and magnetostratigraphy 
of the classical Tethyan Gubbio section (Italy). Newsletters on Stratigraphy, 48(1), 47–90. https://doi.org/10.1127/nos/2015/0055

Coffin, M. F., Pringle, M. S., Duncan, R. A., Gladczenko, T. P., Storey, M., Müller, R. D., & Gahagan, L. A. (2002). Kerguelen hotspot magma 
output since 130 Ma. Journal of Petrology, 43(7), 1121–1137. https://doi.org/10.1093/petrology/43.7.1121

Corbett, M. J., Watkins, D. K., & Pospichal, J. J. (2014). A quantitative analysis of calcareous nannofossil bioevents of the Late Cretaceous (late 
Cenomanian–Coniacian) Western Interior Seaway and their reliability in established zonation schemes. Marine Micropaleontology, 109, 
30–45. https://doi.org/10.1016/j.marmicro.2014.04.002

de Hornibrook, N. B., Brazier, R. C., & Strong, C. P. (1989). Manual of New Zealand Permian to Pleistocene foraminiferal biostratigraphy. Lower 
Hutt (NZ): GNS Science (GNS Science miscellaneous series, 123, 50.

De Wever, P., O’Dogherty, L., Caridroit, M., Dumitrica, P., Guex, J., Nigrini, C., & Caulet, J. P. (2003). Diversity of radiolarian families through 
time. Bulletin de la Societe Geologique de France, 174(5), 453–469. https://doi.org/10.2113/174.5.453

Desmares, D., Grosheny, D., Beaudoin, B., Gardin, S., & Gauthier-Lafaye, F. (2007). High resolution stratigraphic record constrained 
by volcanic ash beds at the Cenomanian–Turonian boundary in the Western Interior Basin, USA. Cretaceous Research, 28(4), 561–582. 
https://doi.org/10.1016/j.cretres.2006.08.009

Acknowledgments
The Editors Ursula Röhl and Laia Alegret 
and three anonymous reviewers are 
thanked for their valuable comments 
and suggestions. The International 
Ocean Discovery Program (IODP) is 
thanked for providing the samples used 
in this study. Richard Hobbs and Sietske 
Batenburg are warmly thanked for sharing 
information on the bathymetry and 
depth scale of the studied IODP sites, 
respectively. Elena Ferrari and Chiara 
Compostella are thanked for their help 
with the geochemical and calcimetry 
analysis. MRP acknowledge financial 
support by IODP-Italia and CNR-Italian 
National Research Council (projects 
CONTR_CNR17MPETR_01 and 
CONTR_CNR19MPETR_01) to perform 
activities related to European Consortium 
for Ocean Research Drilling and IODP, 
and the support of the Italian Ministry 
of University and Research (MUR) 
projects PRIN 2017RX9XXY (E. Erba 
scientific coordinator) and “Dipartimenti 
di Eccellenza 2018–2022, Le Geoscienze 
per la Società: Risorse e loro evoluzione.” 
The funding for GA by the PhD Program 
of the Università degli Studi di Milano 
is greatly acknowledged. TH acknowl-
edges research funds provided by Japan 
Drilling Earth Sciences Consortium 
(J-DESC) and by Japan Society for the 
Promotion of Sciences (JSPS) KAKENHI 
Grant number 19H02011. EW thanks 
the Austrian Science Fund (FWF) grant 
Nr. J-4444B. KGM, BTH, and DKW 
acknowledge support from the United 
States Science Support Program.

https://doi.org/10.1016/S0031-0182(03)00572-8
https://doi.org/10.1016/S0031-0182(03)00572-8
https://doi.org/10.1016/s0377-8398(03)00022-7
https://doi.org/10.1666/09027.1
https://doi.org/10.1016/j.cretres.2013.05.004
https://doi.org/10.1038/ngeo757
https://doi.org/10.1007/bf01800677
https://doi.org/10.1007/s41513-018-0070-6
https://doi.org/10.1016/j.palaeo.2012.11.011
https://doi.org/10.1016/j.palaeo.2012.11.011
https://doi.org/10.1071/aj09004
https://doi.org/10.1016/j.marmicro.2007.05.005
https://doi.org/10.1016/j.palaeo.2020.109673
https://doi.org/10.1016/j.palaeo.2020.109673
https://doi.org/10.1016/j.palaeo.2021.110679
https://doi.org/10.1016/j.geobios.2004.11.004
https://doi.org/10.1016/j.gloplacha.2022.103735
https://doi.org/10.1016/j.gloplacha.2022.103735
https://doi.org/10.2113/0340109
https://doi.org/10.1016/j.palaeo.2005.03.039
https://doi.org/10.1016/j.palaeo.2005.09.024
https://doi.org/10.1016/j.palaeo.2005.09.024
https://doi.org/10.1127/nos/2015/0055
https://doi.org/10.1093/petrology/43.7.1121
https://doi.org/10.1016/j.marmicro.2014.04.002
https://doi.org/10.2113/174.5.453
https://doi.org/10.1016/j.cretres.2006.08.009


Paleoceanography and Paleoclimatology

PETRIZZO ET AL.

10.1029/2022PA004474

25 of 30

D'Hondt, S., & Arthur, M. A. (1995). Interspecies variation in stable isotopic signals of Maastrichtian planktonic foraminifera. Paleoceanography, 
10(1), 123–135. https://doi.org/10.1029/94pa02671

Dias-Brito, D. (2000). Global stratigraphy, palaeobiogeography and palaeoecology of Albian–Maastrichtian pithonellid calcispheres: Impact on 
Tethys configuration. Cretaceous Research, 21(2–3), 315–349. https://doi.org/10.1006/cres.2000.0196

Dickinson, A. J., Saker-Clarket, M., Jenkyns, H. C., Bottini, C., Erba, E., Russo, F., et  al. (2017). A Southern Hemisphere record of global 
trace-metal drawdown and orbital modulation of organic-matter burial across the Cenomanian-Turonian boundary (Ocean Drilling Program 
Site 1138, Kerguelen Plateau). Sedimentology, 64(1), 186–203. https://doi.org/10.1111/sed.12303

Dionne, D., Schröder-Adams, C. J., & Cumbaa, S. L. (2016). Foraminiferal response to ecological perturbations along the eastern margin of 
the Canadian Western Interior Seaway, Cenomanian-Turonian interval. Journal of Foraminiferal Research, 46(2), 124–148. https://doi.
org/10.2113/gsjfr.46.2.124

Du Vivier, A. D. C., Selby, D., Condon, D. J., Takashima, R., & Nishi, H. (2015). Pacific  187Os/ 188Os isotope chemistry and U–Pb geochronol-
ogy: Synchroneity of global Os isotope change across OAE 2. Earth and Planetary Science Letters, 428, 204–216. https://doi.org/10.1016/j.
epsl.2015.07.020

Du Vivier, A. D. C., Selby, D., Sageman, B. B., Jarvis, I., Gröcke, D. R., & Voigt, S. (2014). Marine  187Os/ 188Os isotope stratigraphy reveals the 
interaction of volcanism and ocean circulation during Oceanic Anoxic Event 2. Earth and Planetary Science Letters, 389, 23–33. https://doi.
org/10.1016/j.epsl.2013.12.024

Edgar, K. M., MacLeod, K. G., Hasegawa, T., Hanson, E. M., Boomer, I., & Kirby, N. (2022). Data report: Cenozoic and Upper Cretaceous 
bulk carbonate stable carbon and oxygen isotopes from IODP Sites U1513, U1514 and U1516, Expedition 369 in the southwest Indian Ocean 
(p. 369). IODP Initial Reports.

Eicher, D. L., & Diner, R. (1985). Foraminifera as indicators of water mass in the Cretaceous Greenhorn Sea, Western Interior. In L. M. Pratt, E. 
G. Kauffman, & F. B. Zelt (Eds.), Fine-grained deposits and biofacies of the cretaceous Western Interior Seaway: Evidence of cyclic sedimen-
tary processes, Field trip guidebook, society of economic paleontologists and mineralogists (Vol. 4, pp. 60–71).

Eicher, D. L., & Worstell, P. (1970). Cenomanian and Turonian foraminifera from the Great Plains, United States (pp. 269–324). Micropaleontology.
Elderbak, K., & Leckie, R. M. (2016). Paleocirculation and foraminiferal assemblages of the Cenomanian–Turonian Bridge Creek Limestone 

bedding couplets: productivity vs. dilution during OAE2. Cretaceous Research, 60, 52–77. https://doi.org/10.1016/j.cretres.2015.11.009
Elderbak, K., Leckie, R. M., & Tibert, N. E. (2014). Paleoenvironmental and paleoceanographic changes across the Cenomanian– Turonian 

boundary Event (Oceanic Anoxic Event 2) as indicated by foraminiferal assemblages from the eastern margin of the Cretaceous Western Inte-
rior Sea. Palaeogeography, Palaeoclimatology, Palaeoecology, 413, 29–48. https://doi.org/10.1016/j.palaeo.2014.07.002

Erba, E. (2004). Calcareous nannofossils and Mesozoic oceanic anoxic events. Marine Micropaleontology, 52(1–4), 85–106. https://doi.
org/10.1016/j.marmicro.2004.04.007

Erbacher, J., & Thurow, J. (1997). Influence of oceanic anoxic events on the evolution of mid-Cretaceous radiolaria in the North Atlantic and 
western Tethys. Marine Micropaleontology, 30(1–3), 139–158. https://doi.org/10.1016/s0377-8398(96)00023-0

Falzoni, F., & Petrizzo, M. R. (2020). Patterns of planktonic foraminiferal extinctions and eclipses during Oceanic Anoxic Event 2 at Eastbourne 
(SE England) and other mid-low latitude locations. Cretaceous Research, 116, 104593. https://doi.org/10.1016/j.cretres.2020.104593

Falzoni, F., & Petrizzo, M. R. (2022). Evidence for changes in sea-surface circulation patterns and∼ 20° equatorward expansion of the Boreal 
bioprovince during a cold snap of Oceanic Anoxic Event 2 (Late Cretaceous). Global and Planetary Change, 208, 103678. https://doi.
org/10.1016/j.gloplacha.2021.103678

Falzoni, F., Petrizzo, M. R., Caron, M., Leckie, R. M., & Elderbak, K. (2018). Age and synchronicity of planktonic foraminiferal bioevents 
across the Cenomanian–Turonian boundary interval (Late Cretaceous). Newsletters on Stratigraphy, 51(3), 343–380. https://doi.org/10.1127/
nos/2018/0416

Falzoni, F., Petrizzo, M. R., Clarke, L. C., MacLeod, K. G., & Jenkyns, H. J. (2016). Long-term Late Cretaceous carbon- and oxygen-isotope trends 
and planktonic foraminiferal turnover: A new record from the southern mid-latitudes. Geological Society of America Bulletin, 128(11–12), 
1725–1735. https://doi.org/10.1130/B31399.1

Falzoni, F., Petrizzo, M. R., Huber, B. T., & MacLeod, K. G. (2014). Insights into the meridional ornamentation of the planktonic foraminif-
eral genus Rugoglobigerina (Late Cretaceous) and implications for taxonomy. Cretaceous Research, 47, 87–104. https://doi.org/10.1016/j.
cretres.2013.11.001

Falzoni, F., Petrizzo, M. R., Jenkyns, H. C., Gale, A. S., & Tsikos, H. (2016). Planktonic foraminiferal biostratigraphy and assemblage compo-
sition across the Cenomanian–Turonian boundary interval at Clot Chevalier (Vocontian Basin, SE France). Cretaceous Research, 59, 69–97. 
https://doi.org/10.1016/j.cretres.2015.10.028

Falzoni, F., Petrizzo, M. R., MacLeod, K. G., & Huber, B. T. (2013). Santonian-Campanian planktonic foraminifera from Tanzania, Shatsky 
Rise and Exmouth Plateau: Species depth ecology and paleoceanographic inferences. Marine Micropaleontology, 103, 15–29. https://doi.
org/10.1016/j.marmicro.2013.07.003

Forster, A., Schouten, S., Baas, M., & Sinninghe Damsté, J. S. (2007). Mid-Cretaceous (Albian–Santonian) sea surface temperature record of the 
tropical Atlantic Ocean. Geology, 35(10), 919–922. https://doi.org/10.1130/g23874a.1

Friedrich, O. (2006). Benthic foraminifera and their role to decipher paleoenvironment during mid-Cretaceous Oceanic Anoxic Events – The 
“anoxic benthic foraminifera” paradox. Revue de Micropaleontologie, 53(3), 175–192. https://doi.org/10.1016/j.revmic.2009.06.001

Friedrich, O., Norris, R. D., & Erbacher, J. (2012). Evolution of middle to Late Cretaceous oceans - A 55 my record of Earth's temperature and 
carbon cycle. Geology, 40(2), 107–110. https://doi.org/10.1130/g32701.1

Friedrich, O., Schmiedl, G., & Erlenkeuser, H. (2006). Stable isotope composition of Late Cretaceous benthic foraminifera from the southern South 
Atlantic: Biological and environmental effects. Marine Micropaleontology, 58(2), 135–157. https://doi.org/10.1016/j.marmicro.2005.10.005

Gale, A. S., Smith, A. B., Monks, N. E. A., Young, J. A., Howard, A., Wray, D. S., & Huggett, J. M. (2000). Marine biodiversity through the 
late Cenomanian–early Turonian: Palaeoceanographic controls and sequence stratigraphic biases. Journal of the Geological Society, 157(4), 
745–757. https://doi.org/10.1144/jgs.157.4.745

Gambacorta, G., Jenkyns, H. C., Russo, F., Tsikos, H., Wilson, P. A., Faucher, G., & Erba, E. (2015). Carbon-and oxygen-isotope records of 
mid-Cretaceous Tethyan pelagic sequences from the Umbria-Marche and Belluno Basins (Italy). Newsletters on Stratigraphy, 48(3), 299–323. 
https://doi.org/10.1127/nos/2015/0066

Gangl, S. K., Moy, C. M., Stirling, C. H., Jenkyns, H. C., Crampton, J. S., Clarkson, M. O., et al. (2019). High-resolution records of Oceanic 
Anoxic Event 2: Insights into the timing, duration and extent of environmental perturbations from the Palaeo-South Pacific Ocean. Earth and 
Planetary Science Letters, 518, 172–182. https://doi.org/10.1016/j.epsl.2019.04.028

Gebhardt, H. (1997). Cenomanian to Turonian foraminifera from Ashaka (NE Nigeria): Quantitative analysis and palaeoenvironmental interpre-
tation. Cretaceous Research, 18(1), 17–36. https://doi.org/10.1006/cres.1996.0047

https://doi.org/10.1029/94pa02671
https://doi.org/10.1006/cres.2000.0196
https://doi.org/10.1111/sed.12303
https://doi.org/10.2113/gsjfr.46.2.124
https://doi.org/10.2113/gsjfr.46.2.124
https://doi.org/10.1016/j.epsl.2015.07.020
https://doi.org/10.1016/j.epsl.2015.07.020
https://doi.org/10.1016/j.epsl.2013.12.024
https://doi.org/10.1016/j.epsl.2013.12.024
https://doi.org/10.1016/j.cretres.2015.11.009
https://doi.org/10.1016/j.palaeo.2014.07.002
https://doi.org/10.1016/j.marmicro.2004.04.007
https://doi.org/10.1016/j.marmicro.2004.04.007
https://doi.org/10.1016/s0377-8398(96)00023-0
https://doi.org/10.1016/j.cretres.2020.104593
https://doi.org/10.1016/j.gloplacha.2021.103678
https://doi.org/10.1016/j.gloplacha.2021.103678
https://doi.org/10.1127/nos/2018/0416
https://doi.org/10.1127/nos/2018/0416
https://doi.org/10.1130/B31399.1
https://doi.org/10.1016/j.cretres.2013.11.001
https://doi.org/10.1016/j.cretres.2013.11.001
https://doi.org/10.1016/j.cretres.2015.10.028
https://doi.org/10.1016/j.marmicro.2013.07.003
https://doi.org/10.1016/j.marmicro.2013.07.003
https://doi.org/10.1130/g23874a.1
https://doi.org/10.1016/j.revmic.2009.06.001
https://doi.org/10.1130/g32701.1
https://doi.org/10.1016/j.marmicro.2005.10.005
https://doi.org/10.1144/jgs.157.4.745
https://doi.org/10.1127/nos/2015/0066
https://doi.org/10.1016/j.epsl.2019.04.028
https://doi.org/10.1006/cres.1996.0047


Paleoceanography and Paleoclimatology

PETRIZZO ET AL.

10.1029/2022PA004474

26 of 30

Gebhardt, H., Friedrich, O., Schenk, B., Fox, L., Hart, M. B., & Wagreich, M. (2010). Paleoceanographic changes at the northern Tethyan margin 
during the Cenomanian–Turonian Oceanic Anoxic Event (OAE-2). Marine Micropaleontology, 77(1–2), 25–45. https://doi.org/10.1016/j.
marmicro.2010.07.002

Gebhardt, H., Kuhnt, W., & Holbourn, A. (2004). Foraminiferal response to sea level change, organic flux and oxygen deficiency in the Cenoma-
nian of the Tarfaya Basin, southern Morocco. Marine Micropaleontology, 53(1–2), 133–157. https://doi.org/10.1016/j.marmicro.2004.05.007

Gradstein, F. M., Ogg, J. G., Schmitz, M. D., & Ogg, G. M. (2012). The geologic time scale 2012 (p. 1144). Elsevier.
Gradstein, F. M., Ogg, J. G., Schmitz, M. D., & Ogg, G. M. (2020). Geologic time scale 2020 (p. 1357). Elsevier BV.
Grosheny, D., Beaudoin, B., Morel, L., & Desmares, D. (2006). High-resolution biostratigraphy and chemostratigraphy of the Cenomanian–

Turonian boundary Event in the Vocontian Basin, S-E France. Cretaceous Research, 27(5), 629–640. https://doi.org/10.1016/j.
cretres.2006.03.005

Grosheny, D., Ferry, S., Jati, M., Ouaja, M., Bensalah, M., Atrops, F., et al. (2013). The Cenomanian–Turonian boundary on the Saharan platform 
(Tunisia and Algeria). Cretaceous Research, 42, 66–84. https://doi.org/10.1016/j.cretres.2013.01.004

Grosheny, D., Ferry, S., Lécuyer, C., Thomas, A., & Desmares, D. (2017). The Cenomanian–Turonian Boundary Event (CTBE) on the southern 
slope of the Subalpine Basin (SE France) and its bearing on a probable tectonic pulse on a larger scale. Cretaceous Research, 72, 39–65. https://
doi.org/10.1016/j.cretres.2016.11.009

Haq, B. U. (2014). Cretaceous eustasy revisited. Global and Planetary Change, 113, 44–58. https://doi.org/10.1016/j.gloplacha.2013.12.007
Harry, D. L., Tejada, M. L. G., Lee, E. Y., Wolfgring, E., Wainman, C. C., Brumsack, H. J., et al. (2020). Evolution of the southwest Australian 

rifted continental margin during breakup of East Gondwana: Results from International Ocean Discovery Program expedition 369. Geochem-
istry, Geophysics, Geosystems, 21(12), e2020GC009144. https://doi.org/10.1029/2020gc009144

Hart, M. B. (1980). The recognition of mid-Cretaceous sea-level changes by means of foraminifera. Cretaceous Research, 1(4), 289–297. https://
doi.org/10.1016/0195-6671(80)90040-3

Hart, M. B. (1991). The late Cenomanian calcisphere global bioevent. Proceedings of the Ussher Society, 7, 413–417.
Hart, M. B. (1999). The evolution and biodiversity of Cretaceous planktonic Foraminiferida. Geobios, 32(2), 247–255. https://doi.org/10.1016/

s0016-6995(99)80038-2
Hart, M. B., Monteiro, J. F., Watkinson, M. P., & Price, G. D. (2002). Correlation of events at the Cenomanian/Turonian boundary: Evidence 

from Southern England and Colorado. In M. Wagreich (Ed.), Aspects of Cretaceous Stratigraphy and Palaeobiogeography. Schriftenreihe 
der erdwissenschaftliche Kommission der Österreichische Akademie der Wissenschaften (Vol. 15,  pp.  35–46). Verlag der Österreichische 
Akademie der Wissenschaften.

Hasegawa, T. (1997). Cenomanian-Turonian carbon isotope events recorded in terrestrial organic matter from northern Japan. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 130(1–4), 251–273. https://doi.org/10.1016/s0031-0182(96)00129-0

Hasegawa, T. (1999). Planktonic foraminifera and biochronology of the Cenomanian-Turonian (Cretaceous) sequence in the Oyubari area, 
Hokkaido, Japan. Paleontological Research, 3, 173–192.

Hasegawa, T., Crampton, J. S., Schiøler, P., Field, B., Fukushi, K., & Kakizaki, Y. (2013). Carbon isotope stratigraphy and depositional oxia 
through Cenomanian/Turonian boundary sequences (Upper Cretaceous) in New Zealand. Cretaceous Research, 40, 61–80. https://doi.
org/10.1016/j.cretres.2012.05.008

Hay, W. W., DeConto, R., Wold, C. N., Wilson, K. M., Voigt, S., Schulz, M., et al. (1999). Alternative global Cretaceous paleogeography. In E. 
Barrera & C. C. Johnson (Eds.), The evolution of the Cretaceous ocean/climate system: Boulder, Colorado (Vol. 332, pp. 1–47). Geological 
Society of America Special Paper.

Haynes, S. J., Huber, B. T., & MacLeod, K. G. (2015). Evolution and phylogeny of mid-Cretaceous (Albian-Coniacian) biserial planktic 
foraminifera. Journal of Foraminiferal Research, 45(1), 42–81. https://doi.org/10.2113/gsjfr.45.1.42

Herb, R. (1974). Cretaceous planktonic foraminifera from the Eastern Indian Ocean. In Initial report of the Deep Sea drilling project (Vol. 
26, pp. 745–770). U.S. Government Printing Office.

Huber, B. T., Hobbs, R. W., Bogus, K. A., Batenburg, S. J., Brumsack, H.-J., do Monte Guerra, R., et al. (2019a). Site U1516. In R. W. Hobbs, 
B. T. Huber, & K. A. Bogus (Eds.), Australia Cretaceous climate and tectonics. Proceedings of the International Ocean Discovery Program 
(Vol. 369). International Ocean Discovery Program. https://doi.org/10.14379/iodp.proc.369.107.2019

Huber, B. T., Hobbs, R. W., Bogus, K. A., Batenburg, S. J., Brumsack, H.-J., do Monte Guerra, R., et al. (2019b). Expedition 369 methods. In R. 
W. Hobbs, B. T. Huber, & K. A. Bogus (Eds.), Australia Cretaceous climate and tectonics. Proceedings of the International Ocean Discovery 
Program (Vol. 369). International Ocean Discovery Program. https://doi.org/10.14379/iodp.proc.369.102.2019

Huber, B. T., Hodell, D. A., & Hamilton, C. P. (1995). Middle-Late Cretaceous climate of the southern high latitudes: Stable isotopic 
evidence for minimal equator-to-pole thermal gradients. The Geological Society of America Bulletin, 107(10), 1164–1191. https://doi.
org/10.1130/0016-7606(1995)107<1164:MLCCOT>2.3.CO;2

Huber, B. T., Leckie, R. M., Norris, R. D., Bralower, T. J., & CoBabe, E. (1999). Foraminiferal assemblage and stable isotopic change across the 
Cenomanian–Turonian boundary in the subtropical North Atlantic. Journal of Foraminiferal Research, 29, 392–417.

Huber, B. T., MacLeod, K. G., Watkins, D. K., & Coffin, M. F. (2018). The rise and fall of the Cretaceous Hot Greenhouse climate. Global and 
Planetary Change, 167, 1–23. https://doi.org/10.1016/j.gloplacha.2018.04.004

Huber, B. T., Petrizzo, M. R., & Falzoni, F. (2022). Taxonomy and phylogeny of Albian-Maastrichtian planispiral planktonic foraminifera tradi-
tionally assigned to Globigerinelloides. Micropaleontology, 68(2), 117–183. https://doi.org/10.47894/mpal.68.2.01

Huber, B. T., Petrizzo, M. R., Watkins, D. K., Haynes, S. J., & MacLeod, K. G. (2017). Correlation of Turonian continental margin and deep-sea 
sequences in the subtropical Indian Ocean sediments by integrated planktonic foraminiferal and calcareous nannofossil biostratigraphy. News-
letters on Stratigraphy, 50(2), 141–185. https://doi.org/10.1127/nos/2017/0373

Huber, B. T., Petrizzo, M. R., Young, J. R., Falzoni, F., Gilardoni, S. E., Bown, P. R., & Wade, B. S. (2016). Pforams@ mikrotax. Micropaleon-
tology, 62(6), 429–438. https://doi.org/10.47894/mpal.62.6.02

Ifrim, C., Götz, S., & Stinnesbeck, W. (2011). Fluctuations of the oxygen minimum zone at the end of Oceanic Anoxic Event 2 reflected by 
benthic and planktic fossils. Geology, 39(11), 1043–1046. https://doi.org/10.1130/g32161.1

Jarvis, I., Lignum, J. S., Gröcke, D. R., Jenkyns, H. C., & Pearce, M. A. (2011). Black shale deposition, atmospheric CO2 drawdown, and cooling 
during the Cenomanian–Turonian Oceanic Anoxic Event. Paleoceanography, 26(3), PA3201. https://doi.org/10.1029/2010PA002081

Jati, M., Grosheny, D., Ferry, S., Masrour, M., Aoutem, M., Içame, N., et al. (2010). The Cenomanian–Turonian boundary event on the Moroccan 
Atlantic margin (Agadir basin): Stable isotope and sequence stratigraphy. Palaeogeography, Palaeoclimatology, Palaeoecology, 296(1–2), 
151–164. https://doi.org/10.1016/j.palaeo.2010.07.002

Jenkyns, H. C. (2003). Evidence for rapid climate change in the Mesozoic–Palaeogene greenhouse world. Philosophical Transactions of the Royal 
Society of London, Series A: Mathematical, Physical and Engineering Sciences, 361(1810), 1885–1916. https://doi.org/10.1098/rsta.2003.1240

https://doi.org/10.1016/j.marmicro.2010.07.002
https://doi.org/10.1016/j.marmicro.2010.07.002
https://doi.org/10.1016/j.marmicro.2004.05.007
https://doi.org/10.1016/j.cretres.2006.03.005
https://doi.org/10.1016/j.cretres.2006.03.005
https://doi.org/10.1016/j.cretres.2013.01.004
https://doi.org/10.1016/j.cretres.2016.11.009
https://doi.org/10.1016/j.cretres.2016.11.009
https://doi.org/10.1016/j.gloplacha.2013.12.007
https://doi.org/10.1029/2020gc009144
https://doi.org/10.1016/0195-6671(80)90040-3
https://doi.org/10.1016/0195-6671(80)90040-3
https://doi.org/10.1016/s0016-6995(99)80038-2
https://doi.org/10.1016/s0016-6995(99)80038-2
https://doi.org/10.1016/s0031-0182(96)00129-0
https://doi.org/10.1016/j.cretres.2012.05.008
https://doi.org/10.1016/j.cretres.2012.05.008
https://doi.org/10.2113/gsjfr.45.1.42
https://doi.org/10.14379/iodp.proc.369.107.2019
https://doi.org/10.14379/iodp.proc.369.102.2019
https://doi.org/10.1130/0016-7606(1995)107%3C1164:MLCCOT%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(1995)107%3C1164:MLCCOT%3E2.3.CO;2
https://doi.org/10.1016/j.gloplacha.2018.04.004
https://doi.org/10.47894/mpal.68.2.01
https://doi.org/10.1127/nos/2017/0373
https://doi.org/10.47894/mpal.62.6.02
https://doi.org/10.1130/g32161.1
https://doi.org/10.1029/2010PA002081
https://doi.org/10.1016/j.palaeo.2010.07.002
https://doi.org/10.1098/rsta.2003.1240


Paleoceanography and Paleoclimatology

PETRIZZO ET AL.

10.1029/2022PA004474

27 of 30

Jenkyns, H. C. (2010). Geochemistry of oceanic anoxic events. Geochemistry, Geophysics, Geosystems, 11(3), Q03004. https://doi.org/ 
10.1029/2009GC002788

Jenkyns, H. C., Dickson, A. J., Ruhl, M., & Boorn, S. H. (2017). Basalt-seawater interaction, the Plenus Cold Event, enhanced weathering and 
geochemical change: Deconstructing Oceanic Anoxic Event 2 (Cenomanian–Turonian, Late Cretaceous). Sedimentology, 64(1), 16–43. https://
doi.org/10.1111/sed.12305

Jiang, Q., Jourdan, F., Olierook, H. K., Merle, R. E., & Whittaker, J. M. (2021). Longest continuously erupting large igneous province driven by 
plume-ridge interaction. Geology, 49(2), 206–210. https://doi.org/10.1130/g47850.1

Jorissen, F. J., Fontanier, C., & Thomas, E. (2007). Paleoceanographical proxies based on deep-sea benthic foraminiferal assemblage character-
istics. In C. Hillaire-Marcel & D. A. Vernal (Eds.), Proxies in late cenozoic paleoceanography, volume 1, Developments in Marine Geology 
(Vol. 1, pp. 263–325). Elsevier.

Kaiho, K. (1998). Phylogeny of deep-sea calcareous trochospiral benthic foraminifera: Evolution and diversification. Micropaleontology, 44(3), 
291–311. https://doi.org/10.2307/1486051

Kalanat, B., Vahidinia, M., Vaziri-Moghaddam, H., & Mahmudy-Gharaie, M. H. (2016). Planktonic foraminiferal turnover across the Cenomanian- 
Turonian boundary (OAE2) in the northeast of the Tethys realm, Kopet-Dagh Basin. Geologica Carpathica, 67(5), 451–462. https://doi.
org/10.1515/geoca-2016-0028

Kalanat, B., & Vaziri-Moghaddam, H. (2019). The Cenomanian/Turonian boundary interval deep-sea deposits in the Zagros Basin (SW Iran): 
Bioevents, carbon isotope record and palaeoceanographic model. Palaeogeography, Palaeoclimatology, Palaeoecology, 533, 109238. https://
doi.org/10.1016/j.palaeo.2019.109238

Kaminski, M. A., & Gradstein, F. M. (2005). Atlas of Paleogene cosmopolitan deep-water agglutinated foraminifera, 10 (Vol. 7, p. 547). Grzy-
bowski Foundation special publication.

Keller, G., Adatte, T., Berner, Z., Chellai, E. H., & Stueben, D. (2008). Oceanic events and biotic effects of the Cenomanian-Turonian anoxic 
event, Tarfaya Basin, Morocco. Cretaceous Research, 29(5–6), 976–994. https://doi.org/10.1016/j.cretres.2008.05.020

Keller, G., Han, Q., Adatte, T., & Burns, S. (2001). Paleoenvironment of the Cenomanian-Turonian transition at Eastbourne, England. Cretaceous 
Research, 22(4), 391–422. https://doi.org/10.1006/cres.2001.0264

Keller, G., Nagori, M. L., Chaudhary, M., Reddy, A. N., Jaiprakash, B. C., Spangenberg, J. E., et al. (2021). Cenomanian-Turonian sea-level trans-
gression and OAE2 deposition in the Western Narmada Basin, India. Gondwana Research, 94, 73–86. https://doi.org/10.1016/j.gr.2021.02.013

Keller, G., & Pardo, A. (2004). Age and paleoenvironment of the Cenomanian–Turonian global stratotype section and point at Pueblo, Colorado. 
Marine Micropaleontology, 51(1–2), 95–128. https://doi.org/10.1016/j.marmicro.2003.08.004

Kennedy, W. J., Walaszczyk, I., & Cobban, W. A. (2000). Pueblo, Colorado, USA, candidate global boundary stratotype section and point for the 
base of the Turonian stage of the Cretaceous, and for the base of the middle Turonian substage, with a revision of the Inoceramidae (Bivalvia). 
Acta Geologica Polonica, 50(3), 295–334.

Kennedy, W. J., Walaszczyk, I., & Cobban, W. A. (2005). The global boundary stratotype section and point for the base of the Turonian stage of 
the Cretaceous: Pueblo, Colorado, USA. Episodes Journal of International Geoscience, 28(2), 93–104. https://doi.org/10.18814/epiiugs/2005/
v28i2/003

Kopaevich, L., & Vishnevskaya, V. (2016). Cenomanian–Campanian (Late Cretaceous) planktonic assemblages of the Crimea–Caucasus area: 
Palaeoceanography, palaeoclimate and sea level changes. Palaeogeography, Palaeoclimatology, Palaeoecology, 441, 493–515. https://doi.
org/10.1016/j.palaeo.2015.09.024

Koutsoukos, E. A., & Hart, M. B. (1990). Radiolarians and diatoms from the mid-Cretaceous successions of the Sergipe basin, Northeastern 
Brazil: Palaeoceanographic assessment. Journal of Micropalaeontology, 9(1), 45–63. https://doi.org/10.1144/jm.9.1.45

Kuroda, J., Ogawa, N. O., Tanimizu, M., Coffin, M. F., Tokuyama, H., Kitazato, H., & Ohkouchi, N. (2007). Contemporaneous massive subaerial 
volcanism and Late Cretaceous Oceanic Anoxic Event 2. Earth and Planetary Science Letters, 256(1–2), 211–223. https://doi.org/10.1016/j.
epsl.2007.01.027

Kuypers, M. M. M., Pancost, R. D., Nijenhuis, I. A., & Sinninghe Damsté, J. S. (2002). Enhanced productivity led to increased organic carbon 
burial in the euxinic North Atlantic basin during the late Cenomanian oceanic anoxic event. Paleoceanography, 17(4), 3-1–3-13. https://doi.
org/10.1029/2000pa000569

Lamolda, M. A., Gorostidi, A., Martı́nez, R., López, G., & Peryt, D. (1997). Fossil occurrences in the upper Cenomanian-lower Turonian at 
Ganuza, northern Spain: An approach to Cenomanian/Turonian boundary chronostratigraphy. Cretaceous Research, 18(3), 331–353. https://
doi.org/10.1006/cres.1997.0061

Larson, R. L. (1991). Latest pulse of the Earth: Evidence for a mid-Cretaceous super plume. Geology, 19(6), 547–550. https://doi.
org/10.1130/0091-7613(1991)019<0547:lpoeef>2.3.co;2

Leary, P. N., Carson, G. A., Cooper, M. K. E., Hart, M. B., Horne, D., Jarvis, I., et al. (1989). The biotic response to the late Cenomanian oceanic 
anoxic event; integrated evidence from Dover, SE England. Journal of the Geological Society, 146(2), 311–317. https://doi.org/10.1144/
gsjgs.146.2.0311

Leckie, R. M. (1985). Foraminifera of the Cenomanian–Turonian boundary interval, Greenhorn formation, Rock Canyon Anticline, Pueblo, 
Colorado. In L. M. Pratt, E. G. Kauffman, & F. B. Zelt (Eds.), Fine-grained deposits and biofacies of the Cretaceous Western Interior Seaway: 
Evidence of cyclic sedimentary processes, Field Trip Guidebook, Society of Economic Paleontologists and Mineralogists (Vol. 4, pp. 139–149).

Leckie, R. M. (1987). Paleoecology of mid-Cretaceous planktonic foraminifera: A comparison of open ocean and epicontinental sea assemblages. 
Micropaleontology, 33(2), 164–176. https://doi.org/10.2307/1485491

Leckie, R. M., Bralower, T. J., & Cashman, R. (2002). Oceanic anoxic events and plankton evolution: Biotic response to tectonic forcing during 
the mid-Cretaceous. Paleoceanography, 17(3), 13-1–13-29. https://doi.org/10.1029/2001PA000623

Leckie, R. M., Yuretrich, R. F., West, O. L. O., Finkelstein, D., & Schmidt, M. (1998). Paleoceanography of the southwestern Western Interior Sea 
during the time of the Cenomanian–Turonian boundary (Late cCretaceous). In W. Dean & M. A. Arthur (Eds.), Stratigraphy and paleoenviron-
ments of the Cretaceous Western Interior Seaway, SEPM concepts in Sedimentology and Paleontology (Vol. 6, pp. 101–126).

Lee, E. Y., Wolfgring, E., Tejada, M. L. G., Harry, D. L., Wainman, C. C., Chun, S. S., et al. (2020). Early Cretaceous subsidence of the Natu-
raliste Plateau defined by a new record of volcaniclastic-rich sequence at IODP Site U1513. Gondwana Research, 82, 1–11. https://doi.
org/10.1016/j.gr.2019.12.007

Lisitzin, A. P. (1985). The silica cycle during the last ice age. Palaeogeography, Palaeoclimatology, Palaeoecology, 50(1), 241–270. https://doi.
org/10.1016/s0031-0182(85)80015-8

Loeblich, A. R., Jr., & Tappan, H. (1988). Foraminiferal genera and their classification (p. 970). Van Nostrand Reinhold.
Lowery, C. M., & Leckie, R. M. (2017). Biostratigraphy of the Cenomanian-Turonian eagle Ford Shale of South Texas. Journal of Foraminiferal 

Research, 47(2), 105–128. https://doi.org/10.2113/gsjfr.47.2.105

https://doi.org/10.1029/2009GC002788
https://doi.org/10.1029/2009GC002788
https://doi.org/10.1111/sed.12305
https://doi.org/10.1111/sed.12305
https://doi.org/10.1130/g47850.1
https://doi.org/10.2307/1486051
https://doi.org/10.1515/geoca-2016-0028
https://doi.org/10.1515/geoca-2016-0028
https://doi.org/10.1016/j.palaeo.2019.109238
https://doi.org/10.1016/j.palaeo.2019.109238
https://doi.org/10.1016/j.cretres.2008.05.020
https://doi.org/10.1006/cres.2001.0264
https://doi.org/10.1016/j.gr.2021.02.013
https://doi.org/10.1016/j.marmicro.2003.08.004
https://doi.org/10.18814/epiiugs/2005/v28i2/003
https://doi.org/10.18814/epiiugs/2005/v28i2/003
https://doi.org/10.1016/j.palaeo.2015.09.024
https://doi.org/10.1016/j.palaeo.2015.09.024
https://doi.org/10.1144/jm.9.1.45
https://doi.org/10.1016/j.epsl.2007.01.027
https://doi.org/10.1016/j.epsl.2007.01.027
https://doi.org/10.1029/2000pa000569
https://doi.org/10.1029/2000pa000569
https://doi.org/10.1006/cres.1997.0061
https://doi.org/10.1006/cres.1997.0061
https://doi.org/10.1130/0091-7613(1991)019%3C0547:lpoeef%3E2.3.co;2
https://doi.org/10.1130/0091-7613(1991)019%3C0547:lpoeef%3E2.3.co;2
https://doi.org/10.1144/gsjgs.146.2.0311
https://doi.org/10.1144/gsjgs.146.2.0311
https://doi.org/10.2307/1485491
https://doi.org/10.1029/2001PA000623
https://doi.org/10.1016/j.gr.2019.12.007
https://doi.org/10.1016/j.gr.2019.12.007
https://doi.org/10.1016/s0031-0182(85)80015-8
https://doi.org/10.1016/s0031-0182(85)80015-8
https://doi.org/10.2113/gsjfr.47.2.105


Paleoceanography and Paleoclimatology

PETRIZZO ET AL.

10.1029/2022PA004474

28 of 30

Luciani, V., & Cobianchi, M. (1999). The Bonarelli Level and other black shales in the Cenomanian-Turonian of the northeastern Dolomites 
(Italy): Calcareous nannofossil and foraminiferal data. Cretaceous Research, 20(2), 135–167. https://doi.org/10.1006/cres.1999.0146

Luyendyk, B. P., & Davies, T. A. (1974). Results of DSDP Leg 26 and the geologic history of the Southern Indian Ocean. In T. A., Davies, & 
B. P., Luyendyk, (Eds.), Initial reports of the Deep Sea drilling project (Vol. 26, pp. 909–943). U.S. Government Printing Office). https://doi.
org/10.2973/dsdp.proc.26.136.1974

MacLeod, K. G., Huber, B. T., Jiménez Berrocoso, Á., & Wendler, I. (2013). A stable and hot Turonian without glacial δ 18O excursions is indi-
cated by exquisitely preserved Tanzanian foraminifera. Geology, 41(10), 1083–1086. https://doi.org/10.1130/G34510.1

MacLeod, K. G., Huber, B. T., Pletsch, T., Röhl, U., & Kucera, M. (2001). Maastrichtian foraminiferal and paleoceanographic changes on Milan-
kovitch time scales. Paleoceanography, 16(2), 133–154. https://doi.org/10.1029/2000pa000514

Marcucci Passerini, M., Bettini, P., Dainelli, J., & Sirugo, A. (1991). The “Bonarelli Horizon” in the central Apennines (Italy): Radiolarian 
biostratigraphy. Cretaceous Research, 12(3), 321–331. https://doi.org/10.1016/0195-6671(91)90039-f

Matsumoto, H., Coccioni, R., Frontalini, F., Shirai, K., Jovane, L., Trindade, R., et al. (2022). Mid-Cretaceous marine Os isotope evidence for 
heterogeneous cause of oceanic anoxic events. Nature Communications, 13(1), 1–9. https://doi.org/10.1038/s41467-021-27817-0

Meyers, S. R., Siewert, S. E., Singer, B. S., Sageman, B. B., Condon, D. J., Obradovich, J. D., et al. (2012). Intercalibration of radioisotopic and 
astrochronologic time scales for the Cenomanian-Turonian boundary interval, Western Interior Basin, USA. Geology, 40(1), 7–10. https://doi.
org/10.1130/g32261.1

Mort, H., Jacquat, O., Adatte, T., Steinmann, P., Föllmi, K., Matera, V., et al. (2007). The Cenomanian/Turonian anoxic event at the Bonarelli 
Level in Italy and Spain: Enhanced productivity and/or better preservation? Cretaceous Research, 28(4), 597–612. https://doi.org/10.1016/j.
cretres.2006.09.003

Müller, R. D., Seton, M., Zahirovic, S., Williams, S. E., Matthews, K. J., Wright, N. M., et al. (2016). Ocean basin evolution and global-scale 
plate reorganization events since Pangea breakup. Annual Review of Earth and Planetary Sciences, 44(1), 107–138. https://doi.org/10.1146/
annurev-earth-060115-012211

Murray, J. W. (2006). Ecology and applications of benthic foraminifera (p. 426). Cambridge University Press.
Musavu-Moussavou, B., Danelian, T., Baudin, F., Coccioni, R., & Fröhlich, F. (2007). The Radiolarian biotic response during OAE2. A 

high-resolution study across the Bonarelli level at Bottaccione (Gubbio, Italy). Revue de Micropaleontologie, 50(3), 253–287. https://doi.
org/10.1016/j.revmic.2007.07.002

Nederbragt, A. J., & Fiorentino, A. (1999). Stratigraphy and palaeoceanography of the Cenomanian–Turonian boundary Event in Oued Mellegue, 
north-western Tunisia. Cretaceous Research, 20(1), 47–62. https://doi.org/10.1006/cres.1998.0136

O'Brien, C. L., Robinson, S. A., Pancost, R. D., Sinningeh Damsté, J. S., Schoulten, S., Lunt, D. J., et al. (2017). Cretaceous sea-surface temper-
ature evolution: Constraints from TEX86 and planktonic foraminiferal oxygen isotopes. Earth Sciences Review, 172, 224–247. https://doi.
org/10.1016/j.earscirev.2017.07.012

Omaña, L., Torres, J. R., López Doncel, R., Alencáster, G., & López Caballero, I. (2014). A pithonellid bloom in the Cenomanian-Turonian 
boundary interval from Cerritos in the western Valles-San Luis Potosí platform, Mexico: Paleoenvironmental significance. Revista Mexicana 
de Ciencias Geológicas, 31(1), 28–44.

Pancost, R. D., Crawford, N., Magness, S., Turner, A., Jenkyns, H. C., & Maxwell, J. R. (2004). Further evidence for the development of 
photic-zone euxinic conditions during Mesozoic oceanic anoxic events. Journal of the Geological Society, 161(3), 353–364. https://doi.
org/10.1144/0016764903-059

Paul, C. R. C., Lamolda, M. A., Mitchell, S. F., Vaziri, M. R., Gorostidi, A., & Marshall, J. D. (1999). The Cenomanian–Turonian boundary at 
Eastbourne (Sussex, UK): A proposed European reference section. Palaeogeography, Palaeoclimatology, Palaeoecology, 150(1–2), 83–121. 
https://doi.org/10.1016/s0031-0182(99)00009-7

Pearce, M. A., Jarvis, I., & Tocher, B. A. (2009). The Cenomanian–Turonian boundary event, OAE2 and palaeoenvironmental change in epicon-
tinental seas: New insights from the dinocyst and geochemical records. Palaeogeography, Palaeoclimatology, Palaeoecology, 280(1–2), 
207–234. https://doi.org/10.1016/j.palaeo.2009.06.012

Perch-Nielsen, K. (1985). Mesozoic calcareous nannofossils. Plankton Stratigraphy, 329–426.
Petrizzo, M. R. (2000). Upper Turonian-lower Campanian planktonic foraminifera from southern mid high latitudes (Exmouth Plateau, NW 

Australia): Biostratigraphy and taxonomic notes. Cretaceous Research, 21(4), 479–505. https://doi.org/10.1006/cres.2000.0218
Petrizzo, M. R. (2001). Late Cretaceous planktonic foraminifera from Kerguelen Plateau (ODP Leg 183): New data to improve the Southern 

Ocean biozonation. Cretaceous Research, 22(6), 829–855. https://doi.org/10.1006/cres.2001.0290
Petrizzo, M. R. (2002). Palaeoceanographic and palaeoclimatic inferences from Late Cretaceous planktonic foraminiferal assemblages from 

the Exmouth Plateau (ODP sites 762 and 763, eastern Indian Ocean). Marine Micropaleontology, 45(2), 117–150. https://doi.org/10.1016/
s0377-8398(02)00020-8

Petrizzo, M. R., Amaglio, G., Watkins, D. K., MacLeod, K. G., Huber, B. T., Hasegawa, T., & Wolfgring, E. (2022). Cenomanian-Turonian 
foraminifera, radiolaria and calcispheres distribution and abundances, calcareous nannofossils distribution, carbonate content, stable isotopes, 
TOC from IODP Site 369-U1513. [Dataset]. PANGAEA, https://doi.org/10.1594/PANGAEA.945804

Petrizzo, M. R., & Gilardoni, S. E. (2020). Planktonic foraminiferal biostratigraphy of late Albian-Cenomanian pelagic sequences from the 
Umbria-Marche basin (central Italy) and the Mazagan Plateau (northeast Atlantic Ocean). Rivista Italiana di Paleontologia e Stratigrafia, 
126(3), 865–904. http://doi.org/10.13130/2039-4942/14493

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. Cretaceous Research, 115, 104547. 
https://doi.org/10.1016/j.cretres.2020.104547

Petrizzo, M. R., Huber, B. T., Wilson, P. A., & MacLeod, K. G. (2008). Late Albian paleoceanography of the western subtropical North Atlantic. 
Paleoceanography, 23(1), PA1213. https://doi.org/10.1029/2007pa001517

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. Sedi-
mentology, 64(1), 252–285. https://doi.org/10.1111/sed.12331

Petrizzo, M. R., MacLeod, K. G., Watkins, D. K., Wolfgring, E., & Huber, B. T. (2022). Late Cretaceous paleoceanographic evolution and the 
onset of cooling in the Santonian at southern high latitudes (IODP Site U1513, SE Indian Ocean). Paleoceanography and Paleoclimatology, 
37(1), e2021PA004353. https://doi.org/10.1029/2021PA004353

Petrizzo, M. R., Watkins, D. K., MacLeod, K. G., Hasegawa, T., Huber, B. T., Batenburg, S. J., & Kato, T. (2021). Exploring the paleoceanographic 
changes registered by planktonic foraminifera across the Cenomanian-Turonian boundary interval and Oceanic Anoxic Event 2 at southern high 
latitudes in the Mentelle Basin (SE Indian Ocean). Global and Planetary Change, 103595. https://doi.org/10.1016/j.gloplacha.2021.103595

https://doi.org/10.1006/cres.1999.0146
https://doi.org/10.2973/dsdp.proc.26.136.1974
https://doi.org/10.2973/dsdp.proc.26.136.1974
https://doi.org/10.1130/G34510.1
https://doi.org/10.1029/2000pa000514
https://doi.org/10.1016/0195-6671(91)90039-f
https://doi.org/10.1038/s41467-021-27817-0
https://doi.org/10.1130/g32261.1
https://doi.org/10.1130/g32261.1
https://doi.org/10.1016/j.cretres.2006.09.003
https://doi.org/10.1016/j.cretres.2006.09.003
https://doi.org/10.1146/annurev-earth-060115-012211
https://doi.org/10.1146/annurev-earth-060115-012211
https://doi.org/10.1016/j.revmic.2007.07.002
https://doi.org/10.1016/j.revmic.2007.07.002
https://doi.org/10.1006/cres.1998.0136
https://doi.org/10.1016/j.earscirev.2017.07.012
https://doi.org/10.1016/j.earscirev.2017.07.012
https://doi.org/10.1144/0016764903-059
https://doi.org/10.1144/0016764903-059
https://doi.org/10.1016/s0031-0182(99)00009-7
https://doi.org/10.1016/j.palaeo.2009.06.012
https://doi.org/10.1006/cres.2000.0218
https://doi.org/10.1006/cres.2001.0290
https://doi.org/10.1016/s0377-8398(02)00020-8
https://doi.org/10.1016/s0377-8398(02)00020-8
https://doi.org/10.1594/PANGAEA.945804
http://doi.org/10.13130/2039-4942/14493
https://doi.org/10.1016/j.cretres.2020.104547
https://doi.org/10.1029/2007pa001517
https://doi.org/10.1111/sed.12331
https://doi.org/10.1029/2021PA004353
https://doi.org/10.1016/j.gloplacha.2021.103595


Paleoceanography and Paleoclimatology

PETRIZZO ET AL.

10.1029/2022PA004474

29 of 30

Premoli Silva, I., Erba, E., Salvini, G., Locatelli, C., & Verga, D. (1999). Biotic changes in Cretaceous oceanic anoxic events of the Tethys. Jour-
nal of Foraminiferal Research, 29, 352–370.

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

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

Quilty, P. G. (1992). Upper Cretaceous benthic foraminifers and paleoenvironments, southern Kerguelen Plateau, Indian Ocean. In S. W. Jr.Wise, 
& R. Schlich, (Eds.), Proceedings of the ocean drilling program (Vol. 120, pp. 393–443). Scientific Results.

Ray, D. C., van Buchem, F. S., Baines, G., Davies, A., Gréselle, B., Simmons, M. D., & Robson, C. (2019). The magnitude and cause of short-term 
eustatic Cretaceous sea-level change: A synthesis. Earth-Science Reviews, 197, 102901. https://doi.org/10.1016/j.earscirev.2019.102901

Reolid, M., Sánchez-Quiñónez, C. A., Alegret, L., & Molina, E. (2015). Palaeoenvironmental turnover across the Cenomanian-Turonian transi-
tion in Oued Bahloul, Tunisia: Foraminifera and geochemical proxies. Palaeogeography, Palaeoclimatology, Palaeoecology, 417, 491–510. 
https://doi.org/10.1016/j.palaeo.2014.10.011

Reolid, M., Sánchez-Quiñónez, C. A., Alegret, L., & Molina, E. (2016). The biotic crisis across the Oceanic Anoxic Event 2: Palaeoenvironmental 
inferences based on foraminifera and geochemical proxies from the South Iberian Palaeomargin. Cretaceous Research, 60, 1–27. https://doi.
org/10.1016/j.cretres.2015.10.011

Robaszynski, F., & Caron, M. (1995). Foraminiféres planctoniques du Crétacé: Commentaire de la zonation Europe-Méditerranée. Bulletin de la 
Societe Geologique de France, 166, 681–692.

Robaszynski, F., Caron, M., Amédro, F., Dupuis, C., & Hardenbol, J. (1993). Le Cénomanien de la région de Kalaat Senan (Tunisie centrale): 
Litho-biostratigraphie et interprétation séquentielle. Revue de Paléobiologie, 12(2), 351–505.

Robaszynski, F., Caron, M., Dupuis, C., Amédro, F., & González Donoso, J. M. (1990). A tentative integrated stratigraphy in the Turonian of central 
Tunisia: Formations, zones and sequential stratigraphy in the Kalaat Senan area. Bulletin des Centres de Recherches Exploration-Production 
Elf-Aquitaine, 4(1), 213–384.

Robinson, S. A., Dickson, A. J., Pain, A., Jenkyns, H. C., O’Brien, C. L., Farnsworth, A., & Lunt, D. J. (2019). Southern Hemisphere sea-surface 
temperatures during the Cenomanian-Turonian: Implications for the termination of Oceanic Anoxic Event 2. Geology, 47(2), 131–134. https://
doi.org/10.1130/g45842.1

Robinson, S. A., Heimhofer, U., Hesselbo, S. P., & Petrizzo, M. R. (2017). Mesozoic climates and oceans–a tribute to Hugh Jenkyns and Helmut 
Weissert. Sedimentology, 64(1), 1–15. https://doi.org/10.1111/sed.12349

Scaife, J. D., Ruhl, M., Dickson, A. J., Mather, T. A., Jenkyns, H. C., Percival, L. M. E., et al. (2017). Sedimentary mercury enrichments as a 
marker for submarine large igneous province volcanism? Evidence from the mid-Cenomanian event and Oceanic Anoxic Event 2 (Late Creta-
ceous). Geochemistry, Geophysics, Geosystems, 18(12), 4253–4275. https://doi.org/10.1002/2017gc007153

Scheibnerová, V. (1976). Cretaceous foraminifera of the Great Australian basin. Memoirs of the Geological Survey of New South Wales, 277, 77. 
Palaeontology No. 17.

Schlanger, S. O., Arthur, M. A., Jenkyns, H. C., & Scholle, P. A. (1987). The Cenomanian-Turonian Oceanic Anoxic Event, I. Stratigraphy and 
distribution of organic carbon-rich beds and the marine δ 13C excursion. Geological Society, London, Special Publications, 26(1), 371–399. 
https://doi.org/10.1144/gsl.sp.1987.026.01.24

Schlanger, S. O., & Jenkyns, H. C. (1976). Cretaceous oceanic anoxic events: Causes and consequences. Geologie en Mijnbouw, 55, 179–184.
Scholle, P. A., & Arthur, M. A. (1980). Carbon isotope fluctuations in Cretaceous pelagic limestones: Potential stratigraphic and petroleum 

exploration tool. AAPG Bulletin, 64, 67–87.
Schröder-Adams, C. J., Herrle, J. O., Selby, D., Quesnel, A., & Froude, G. (2019). Influence of the high Arctic igneous province on the Ceno-

manian/Turonian boundary interval, Sverdrup basin, high Canadian Arctic. Earth and Planetary Science Letters, 511, 76–88. https://doi.
org/10.1016/j.epsl.2019.01.023

Scopelliti, G., Bellanca, A., Coccioni, R., Luciani, V., Neri, R., Baudin, F., et al. (2004). High-resolution geochemical and biotic records of the 
Tethyan “Bonarelli level” (OAE2, latest Cenomanian) from the Calabianca–Guidaloca composite section, northwestern Sicily, Italy. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 208(3–4), 293–317. https://doi.org/10.1016/j.palaeo.2004.03.012

Scopelliti, G., Bellanca, A., Erba, E., Jenkyns, H. C., Neri, R., Tamagnini, P., et al. (2008). Cenomanian–Turonian carbonate and organic-carbon 
isotope records, biostratigraphy and provenance of a key section in NE Sicily, Italy: Palaeoceanographic and palaeogeographic implications. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 265(1–2), 59–77. https://doi.org/10.1016/j.palaeo.2008.04.022

Scotese, C. R. (2016). PALEOMAP PaleoAtlas for GPlates and the PaleoData plotter Program, PALEOMAP project. Retrieved from http://www.
earthbyte.org/paleomap/paleoatlas--for--gplates/

Strasser, A., Caron, M., & Gjermeni, M. (2001). The Aptian, Albian and Cenomanian of Roter Sattel, Romandes Prealps, Switzerland: A 
high-resolution record of oceanographic changes. Cretaceous Research, 22(2), 173–199. https://doi.org/10.1006/cres.2001.0248

Takashima, R., Nishi, H., Hayashi, K., Okada, H., Kawahata, H., Yamanaka, T., et al. (2009). Litho-bio-and chemostratigraphy across the Ceno-
manian/Turonian boundary (OAE 2) in the Vocontian Basin of southeastern France. Palaeogeography, Palaeoclimatology, Palaeoecology, 
273(1–2), 61–74. https://doi.org/10.1016/j.palaeo.2008.12.001

Tejada, M. L. G., Lee, E. Y., Chun, S. S., Harry, D. L., Riquier, L., & Wainman, C. C., & the Expedition 369 Scientists. (2020). Data report: 
Petrology and volcanic stratigraphy at site U1513, IODP expedition 369. In R. T. Hobbs, B. T. Huber, & K. A. Bogus (Eds.), Proceedings of 
the international ocean discovery program (Vol. 369). https://doi.org/10.14379/iodp.proc.369.202.2020

Tewari, A., Hart, M. B., & Watkinson, M. P. (1996). Foraminiferal recovery after the mid-Cretaceous oceanic anoxic events (OAEs) in the Cauvery 
Basin, southeast India. Geological Society, London, Special Publications, 102(1), 237–244. https://doi.org/10.1144/gsl.sp.1996.001.01.17

Trabucho Alexandre, J., Tuenter, E., Henstra, G. A., van der Zwan, K. J., van de Wal, R. S., Dijkstra, H. A., & de Boer, P. L. (2010). The 
mid-Cretaceous North Atlantic nutrient trap: Black shales and OAEs. Paleoceanography, 25(4). https://doi.org/10.1029/2010pa001925

Tsikos, H., Jenkyns, H. C., Walsworth-Bell, B., Petrizzo, M. R., Forster, A., Kolonic, S., et al. (2004). Carbon-isotope stratigraphy recorded by 
the Cenomanian–Turonian Oceanic Anoxic Event: Correlation and implications based on three localities. Journal of the Geological Society of 
London, 161(4), 711–719. https://doi.org/10.1144/0016-764903-077

Turgeon, S. C., & Creaser, R. A. (2008). Cretaceous Oceanic Anoxic Event 2 triggered by a massive magmatic episode. Nature, 454(7202), 
323–326. https://doi.org/10.1038/nature07076

van Hinsbergen, D. J., De Groot, L. V., van Schaik, S. J., Spakman, W., Bijl, P. K., Sluijs, A., et al. (2015). A paleolatitude calculator for paleocli-
mate studies. PLoS One, 10(6), e0126946. https://doi.org/10.1371/journal.pone.0126946

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. Cretaceous Research, 27(6), 836–858. https://doi.org/10.1016/j.cretres.2006.04.005

https://doi.org/10.1130/0-8137-2332-9.301
https://doi.org/10.1016/j.earscirev.2019.102901
https://doi.org/10.1016/j.palaeo.2014.10.011
https://doi.org/10.1016/j.cretres.2015.10.011
https://doi.org/10.1016/j.cretres.2015.10.011
https://doi.org/10.1130/g45842.1
https://doi.org/10.1130/g45842.1
https://doi.org/10.1111/sed.12349
https://doi.org/10.1002/2017gc007153
https://doi.org/10.1144/gsl.sp.1987.026.01.24
https://doi.org/10.1016/j.epsl.2019.01.023
https://doi.org/10.1016/j.epsl.2019.01.023
https://doi.org/10.1016/j.palaeo.2004.03.012
https://doi.org/10.1016/j.palaeo.2008.04.022
http://www.earthbyte.org/paleomap/paleoatlas--for--gplates/
http://www.earthbyte.org/paleomap/paleoatlas--for--gplates/
https://doi.org/10.1006/cres.2001.0248
https://doi.org/10.1016/j.palaeo.2008.12.001
https://doi.org/10.14379/iodp.proc.369.202.2020
https://doi.org/10.1144/gsl.sp.1996.001.01.17
https://doi.org/10.1029/2010pa001925
https://doi.org/10.1144/0016-764903-077
https://doi.org/10.1038/nature07076
https://doi.org/10.1371/journal.pone.0126946
https://doi.org/10.1016/j.cretres.2006.04.005


Paleoceanography and Paleoclimatology

PETRIZZO ET AL.

10.1029/2022PA004474

30 of 30

Wagner, T., Sinninghe Damsté, J. S., Hofmann, P., & Beckmann, B. (2004). Euxinia and primary production in Late Cretaceous eastern 
equatorial Atlantic surface waters fostered orbitally driven formation of marine black shales. Paleoceanography, 19(3). https://doi.org/ 
10.1029/2003pa000898

Wagreich, M., Bojar, A. V., Sachsenhofer, R. F., Neuhuber, S., & Egger, H. (2008). Calcareous nannoplankton, planktonic foraminiferal, and 
carbonate carbon isotope stratigraphy of the Cenomanian–Turonian boundary section in the Ultrahelvetic Zone (Eastern Alps, Upper Austria). 
Cretaceous Research, 29(5–6), 965–975. https://doi.org/10.1016/j.cretres.2008.05.017

Wainman, C. C., Borissova, I., Harry, D. L., Hobbs, R. W., Mantle, D. J., Mariati, A., & Lee, E. Y. (2019). Evidence for non-marine Jurassic to 
earliest Cretaceous sediments in the pre-breakup section of the Mentelle Basin, southwestern Australia. Australian Journal of Earth Sciences, 
67(1), 89–105. https://doi.org/10.1080/08120099.2019.1627581

Wendler, I. (2013). A critical evaluation of carbon isotope stratigraphy and biostratigraphic implications for Late Cretaceous global correlation. 
Earth-Science Reviews, 126, 116–146. https://doi.org/10.1016/j.earscirev.2013.08.003

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. Marine Micropaleontology, 102, 1–33. https://doi.
org/10.1016/j.marmicro.2013.04.003

Wendler, J., Grafe, K.-U., & Willems, H. (2002). Palaeoecology of calcareous dinoflagellate cysts in the mid-Cenomanian Boreal Realm: 
Implications for the reconstruction of palaeoceanography of the NW European shelf sea. Cretaceous Research, 23(2), 213–229. https://doi.
org/10.1006/cres.2002.0311

Wendler, J. E., Lehmann, J., & Kuss, J. (2010). Orbital time scale, intra-platform basin correlation, carbon isotope stratigraphy and sea-level 
history of the Cenomanian–Turonian Eastern Levant platform, Jordan. Geological Society, London, Special Publications, 341(1), 171–186. 
https://doi.org/10.1144/sp341.8

Westermann, S., Caron, M., Fiet, N., Fleitmann, D., Matera, V., Adatte, T., & Föllmi, K. B. (2010). Evidence for oxic conditions during Oceanic 
Anoxic Event 2 in the northern Tethyan pelagic realm. Cretaceous Research, 31(5), 500–514. https://doi.org/10.1016/j.cretres.2010.07.001

Widmark, J. G. V., & Speijer, R. P. (1997). Benthic foraminiferal ecomarker species of the terminal Cretaceous (late Maastrichtian) deep-sea 
Tethys. Marine Micropaleontology, 31(3–4), 135–155. https://doi.org/10.1016/s0377-8398(97)00008-x

Wilkinson, I. P. (2011). Pithonellid blooms in the Chalk of the Isle of Wight and their biostratigraphical potential. Proceedings of the Geologists' 
Association, 122(5), 862–867. https://doi.org/10.1016/j.pgeola.2011.09.001

Wilmsen, M. (2003). Sequence stratigraphy and palaeoceanography of the Cenomanian Stage in northern Germany. Cretaceous Research, 24(5), 
525–568. https://doi.org/10.1016/s0195-6671(03)00069-7

Wilson, P. A., Norris, R. D., & Cooper, M. J. (2002). Testing the Cretaceous greenhouse hypothesis using glassy foraminiferal calcite from the 
core of the Turonian tropics on Demerara Rise. Geology, 30(7), 607–610. https://doi.org/10.1130/0091-7613(2002)030<0607:ttcghu>2.0.co;2

Wolfgring, E., Petrizzo, M. R., MacLeod, K. G., Huber, B. T., & Watkins, D. K. (2022). Santonian deep sea benthic foraminifera from IODP Site 
U1513, Mentelle Basin (SW Australia): Reactions of benthic foraminiferal assemblages to surface water cooling at southern high latitudes. 
Marine Micropaleontology, 175, 102152. https://doi.org/10.1016/j.marmicro.2022.102152

Wonders, A. A. H. (1992). Cretaceous planktonic foraminiferal biostratigraphy, Leg 122, Exmouth plateau, Australia. Proceedings of the Ocean 
Drilling Program, Scientific Results, 122, 587–599.

Zaghbib-Turki, D., & Soua, M. (2013). High resolution biostratigraphy of the Cenomanian–Turonian interval (OAE2) based on planktonic 
foraminiferal bioevents in North-Central Tunisia. Journal of African Earth Sciences, 78, 97–108. https://doi.org/10.1016/j.jafrearsci.2012.09.014

Zagrarni, M. F., Negra, M. H., & Hanini, A. (2008). Cenomanian–Turonian facies and sequence stratigraphy, Bahloul formation, Tunisia. Sedi-
mentary Geology, 204(1–2), 18–35. https://doi.org/10.1016/j.sedgeo.2007.12.007

Zheng, X. Y., Jenkyns, H. C., Gale, A. S., Ward, D. J., & Henderson, G. M. (2013). Changing ocean circulation and hydrothermal inputs during 
Ocean Anoxic Event 2 (Cenomanian–Turonian): Evidence from Nd-isotopes in the European shelf sea. Earth and Planetary Science Letters, 
375, 338–348. https://doi.org/10.1016/j.epsl.2013.05.053

https://doi.org/10.1029/2003pa000898
https://doi.org/10.1029/2003pa000898
https://doi.org/10.1016/j.cretres.2008.05.017
https://doi.org/10.1080/08120099.2019.1627581
https://doi.org/10.1016/j.earscirev.2013.08.003
https://doi.org/10.1016/j.marmicro.2013.04.003
https://doi.org/10.1016/j.marmicro.2013.04.003
https://doi.org/10.1006/cres.2002.0311
https://doi.org/10.1006/cres.2002.0311
https://doi.org/10.1144/sp341.8
https://doi.org/10.1016/j.cretres.2010.07.001
https://doi.org/10.1016/s0377-8398(97)00008-x
https://doi.org/10.1016/j.pgeola.2011.09.001
https://doi.org/10.1016/s0195-6671(03)00069-7
https://doi.org/10.1130/0091-7613(2002)030%3C0607:ttcghu%3E2.0.co;2
https://doi.org/10.1016/j.marmicro.2022.102152
https://doi.org/10.1016/j.jafrearsci.2012.09.014
https://doi.org/10.1016/j.sedgeo.2007.12.007
https://doi.org/10.1016/j.epsl.2013.05.053

	Biotic and Paleoceanographic Changes Across the Late Cretaceous Oceanic Anoxic Event 2 in the Southern High Latitudes (IODP Sites U1513 and U1516, SE Indian Ocean)
	Authors

	Biotic and Paleoceanographic Changes Across the Late Cretaceous Oceanic Anoxic Event 2 in the Southern High Latitudes (IODP Sites U1513 and U1516, SE Indian Ocean)
	Abstract
	1. Introduction
	2. Materials and Methods
	3. Results: Site U1513
	3.1. CaCO3 Content and Isotope Data From Bulk Carbonate and TOC
	3.2. 
          Bio-Chronostratigraphic Framework, Age-Depth Model and Sedimentation Rates
	3.3. Composition of the Microfossil Assemblages
	3.4. Benthic Foraminiferal Assemblages
	3.5. Planktonic Foraminiferal Assemblages

	4. Discussion: Comparison Between Sites U1513 and U1516
	4.1. Correlation and Identification of OAE 2
	4.2. Similarities and Discrepancies Between Sites

	5. Paleoceanographic Interpretations Across OAE 2
	5.1. Interval Below OAE 2
	5.2. OAE 2 Interval
	5.3. Interval Above OAE 2

	6. Conclusions
	Data Availability Statement
	References


