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Abstract

After the mass extinction at the Cretaceous/Paleogene (K/Pg) boundary (~66 Ma), life
forms quickly radiated to occupy ecological niches in the world’s oceans. Nevertheless,
the aftermath of the Chicxulub impact, the massive volcanism of the Deccan Traps and
climatic perturbations endured during the early Danian. The impact of consequent
carbon cycle perturbations on nascent plankton communities, such as the Dan-C2 event
(~65.80 to ~65.71 Ma), is still poorly known. In this work, we present a detailed study
of planktic foraminiferal assemblages from Ocean Drilling Program (ODP) Site 1262

(Walvis Ridge, South Atlantic Ocean), spanning the first ~400 kyr of the Danian.

No relevant perturbations in planktic foraminiferal assemblages and carbonate
preservation indices have been identified at Site 1262 during the Dan-C2 event.
Approximately 50 kyr before the beginning of the Dan-C2 event, a Hg-rich interval,
potentially linked to the emplacement of the Ambenali Formation of the Deccan Traps
massive volcanism, is recorded between ~65.95 and 65.82 Ma. It coincides with an
increase in aberrant planktic foraminifera (~65.93 to ~65.82 Ma), allowing to establish
a cause-effect relationship. Additionally, a bloom of triserial guembelitriids was
recognized between ~65.87 and ~65.78 Ma, also preceding the Dan-C2 event but
lagging the Hg-rich interval and the bloom of aberrant planktic foraminifera. The lag
time between the first volcanic episode and ecosystem response may be due to factors
such as an inefficient biological pump and increases in temperature, microbial activity
and food supply at the ocean surface. A second Hg-rich interval identified between
~65.70 and ~65.65 Ma has been tentatively tied to the Mahabaleswar Formation of the
Deccan Traps. Neither the second volcanic episode nor the Dan-C2 event resulted in
relevant environmental perturbations at Site 1262. This suggests that, although

volcanism may have had an impact on early plankton communities in the early Danian
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through metal contamination, marine ecosystems likely became progressively more

stable and resistant to changes in volcanic emissions and the carbon cycle.

Keywords. Early Danian, Planktic foraminifera, Mercury, Dan-C2, Deccan Traps

1. Introduction

The mass extinction at the Cretaceous/Paleogene (K/Pg) boundary was one of the
greatest extinction events in the Earth's geological history (see Schulte et al. 2010 and
references therein). It was triggered by the impact of the Chicxulub asteroid in the
Yucatan Peninsula (Hildebrand et al. 1991). Impact evidence is recorded globally in a
fine airfall layer rich in siderophile elements (e.g., iridium, osmium and nickel), impact
glasses (microtektites), Ni-spinels, and shocked quartz (Alvarez et al. 1980, Orth et al.
1981, Schulte et al. 2010, Ravizza and Vonderhaar 2012), as well as a thick complex
clastic unit, which contains Chicxulub-impact-derived material and whose deposition
was linked to impact-induced processes (earthquakes, tsunamis, submarine landslides,
and debris flows) that took place within a distance of up to 1000 km from the Chicxulub
impact structure (see Arz et al. 2022 for a review). Models based on the size, velocity,
and angle of the impactor as well as the nature of the impact site, among other data,
predict that the Chicxulub impact would have triggered severe environmental
disturbances in the first months and years of the Danian, causing a global mass
extinction event (e.g., Kring 2007, Schulte et al. 2010, Morgan et al. 2022) in which the
planktic foraminifera underwent an extinction accounting for probably ~95% of the

Cretaceous species (see Arenillas et al. 2022, and references therein).
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Another large-scale disturbance that occurred across the Cretaceous-Paleogene (K-Pg)
transition was the eruption of ~500 000 km? of lava over a large area of present-day
India known as the Deccan Traps (DT) (see Schoene et al. 2019, Sprain et al. 2019, and
references therein). In order to establish the eruptive history of the DT, °Ar/**Ar dating
methods have been applied to basalt plagioclases (Sprain et al. 2019), and U-Pb dating
methods to zircons collected in red bole horizons between basalt flows (Schoene et al.
2019). High-precision data from the DT show that the main phase of the eruptions
started near the C30n/C29r geomagnetic polarity reversal (Maastrichtian) and
diminished shortly after the C291/C29n reversal (Danian) (Schoene et al. 2019, Sprain
et al. 2019). The estimated duration of the massive volcanism of the DT is very similar
in the two main eruption models proposed to date: ~700-800 kyr according to the model
put forward by Schoene et al. (2019, 2021) and ~1 Myr according to that of Sprain et al.
(2019). Nonetheless, there are two critical differences between the two models: 1)
Schoene et al. (2019) suggest a sequence of mega-pulses, whereas Sprain et al. (2019)
suggest a quasi-continuous release of lava flows; 2) according to Sprain et al. (2019),
the most voluminous eruptions of the DT (i.e., those corresponding to the Poladpur,
Ambenali, and Mahabaleshwar Formations) occurred in the early Danian, whereas
according to Schoene et al. (2019), the eruptive pulse that originated the Poladpur Fm.
occurred in the latest Maastrichtian, preceding the K/Pg mass extinction event by ~30
kyr (Schoene et al. 2019, 2021). According to Sprain et al. (2019), the emplacement of
the Ambelani Fm. occurred between ~65.95 and 65.62 Ma (~50 and 380 kyr after the
K/Pg boundary), with a pulse between ~65.95 and 65.85 Ma (50 and 150 kyr after the
K/Pg boundary) according to Schoene et al. (2019). The onset of Mahabaleshwar Fm.

emplacement occurred ~65.62 Ma (380 kyr after the K/Pg boundary), with a pulse
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between 65.62 and 65.57 Ma (380 and 430 kyr after the K/Pg boundary) according to

Schoene et al. (2019).

Between the K/Pg and C291/C29n boundaries, the first recorded paleoclimatic event of
the Danian is known as Dan-C2 (Quillévére et al. 2008), which has been attributed to
large-scale inputs of greenhouse gases from the DT (Coccioni et al. 2010, Punekar et al.
2014). The Dan-C2 event is typically recorded by a double negative carbon isotope
excursion (CIE-1 and CIE-2) and lasted for ~100 kyr (Quillévéré et al. 2008, Gilabert
et al. 2022). The onset of this event varies slightly with the astrochronological age model
used as a reference, being estimated to occur ~160 kyr after the K/Pg boundary by
Barnet et al. (2019) or 200 kyr after the K/Pg boundary by Gilabert et al. (2022). The
two age models differ mainly in the astronomical solution used, but they agree in tying
Dan-C2 to the first 405-kyr eccentricity maximum (Pc4o51) of the Paleocene (Barnet et
al. 2019; Gilabert et al. 2022). Dan-C2 shows broad similarity to other hyperthermal
events, for example negative carbon (8'°C) and oxygen (6'%0) isotope excursions
measured in bulk sediments and planktic foraminifera, coupled with drops in CaCO3
content in deep ocean sediments. So far, the record of this event is restricted to the
following Atlantic and Tethyan localities: Ocean Drilling Program (ODP) Site 1049C
(NW Atlantic; Quillévéré et al. 2008), Deep Sea Drilling Program (DSDP) Sites 527
and 528 (SE Atlantic; Quillévére et al. 2008), ODP Site 1262 (SE Atlantic; Kroon et al.
2007, Barnet et al. 2019), Gubbio (Italy; Coccioni et al. 2010), DSDP Site 516F (SE
Atlantic; Krahl et al. 2020), Caravaca (SE Spain; Gilabert et al. 2021), and Zumaia (N

Spain; Gilabert et al. 2022).

In general, hyperthermal events are paced and modulated by astronomical frequencies,
specifically by eccentricity (see Westerhold et al. 2020, and references therein). Bottom-

water oxygenation (ventilation) decreased in the deep Atlantic Ocean (Coccioni et al.



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

2010, Krahl et al. 2020), and a ~4°C warming in North Atlantic surface waters occurred
during the Dan-C2 event (Quillévéré et al. 2008). However, in contrast to other
hyperthermal events, no warming in deep waters (€.g., 8'8Oventhic) has yet been recorded
for Dan-C2 (Quillévére et al. 2008, Barnet et al. 2019, Arreguin-Rodriguez et al. 2021),
raising the question as to whether it was indeed a hyperthermal event (Barnet et al.

2019).

Planktic foraminifera and calcareous nannofossils were strongly affected by the K/Pg
boundary extinction event (e.g., Smit 1982, Molina et al. 1996, Olsson et al. 1999,
Arenillas et al. 2000ab, Thibault et al. 2016, Lowery et al. 2018). The high rates of
species-level extinction reduced the richness of phyto- and zooplankton communities,
affecting several trophic levels in the ocean (Sheehan et al. 1996). The early Danian was
a time of ecosystem recovery after the K/Pg boundary extinction (Molina 2015). The
earliest Danian assemblages are characterized by low diversity, high single-species
dominance, and rapid evolutionary turnovers (Smit 1982, Arenillas et al. 2000a, Aze et
al. 2011, Arenillas and Arz 2017, Huber et al. 2020, Lowery et al. 2021), as well as by
blooms of smaller generalist and/or opportunist species (Kroon and Nederbragt 1990,
Arenillas et al. 2000b, Pardo and Keller 2008, Punekar et al. 2014, Gilabert et al. 2021).
During the recovery of species richness in the early Danian (Lowery and Fraass 2019),
planktic foraminifera also responded to carbon cycle perturbations (e.g., Jehle et al.
2015, 2019, Bornemann et al. 2021). However, the impact of Dan-C2 and the influence
of the DT eruptions on early Danian planktic foraminiferal assemblages is poorly

understood (Gilabert et al. 2021, 2022).

Here we present a multiproxy approach to investigate the impact of DT volcanism and
the Dan-C2 event on early Danian planktic foraminiferal assemblages in the South

Atlantic Ocean. We studied the lower Danian interval at Ocean Drilling Program (ODP)
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Site 1262, drilled on the Walvis Ridge, which presents an excellent record of the Dan-
C2 event (Zachos et al. 2004). Site 1262 has been the basis for several multiproxy
studies exploring carbon cycle dynamics (e.g., Birch et al. 2016, 2021, Woelders et al.
2017, Hull et al. 2020), as well as for the characterization of the Dan-C2 event (e.g.,
Barnet et al. 2019, Arreguin-Rodriguez et al. 2021). Together with other well-known
localities, it has allowed the astronomical calibration of the Danian events (Dinarés-
Turell et al. 2014) upon which the Geological Time Scale GTS2020 for the Danian is

based (Gradstein et al. 2020).

2. Material and methods

2.1. Geographical location and stratigraphy of Site 1262

During ODP Leg 208, Sites 1262 and 1267 cored the K—Pg transition on the Walvis
Ridge, eastern South Atlantic Ocean (27°11.15'S, 1°34.62'"W; Zachos et al. 2004). We
studied Hole 1262B by collecting forty samples across the K—Pg transition of core 208-
1262B-22H-3-5 (Figure 1), which was located at a paleolatitude of ~40°S (Van
Hinsbergen et al. 2015) and deposited in the upper abyssal zone (~3000 m water depth;
Zachos et al. 2004). The depths assigned to each sample correspond with the meters
composite depth scale (mcd), spanning the interval between 216.83 and 214.88 mcd.
Overall, the sediments recovered at Site 1262 vary from clays to carbonate-rich oozes

(Zachos et al. 2004).

The K/Pg boundary (208-1262B-22H-4, 137 cm; 216.52 mcd) is marked by an irregular
contact between upper Maastrichtian light gray-brown clayey nannofossil oozes and

overlying lower Danian red-brown clays (Figure 2; see Appendix A), the latter of which
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are moderately bioturbated. Microtektites (impact glasses) related to the Chicxulub
impact have been reported within this reddish clay directly above the K/Pg boundary
(Zachos et al. 2004). The magnetostratigraphy of Site 1262 is based on shipboard
paleomagnetic measurements conducted at 5-cm resolution, supplemented by discrete
samples (Bowles 2006, Westerhold et al. 2008). On this basis, the C29r/C29n reversal
was placed at 215.00 mcd (Bowles, 2006; Westerhold et al. 2008; Dinares-Turell et al.
2014). Complementary to these findings, Site 1262 has been the subject of several studies
reporting sedimentological and geochemical data (such as oxygen, carbon, and osmium
isotopes) for the studied interval (e.g., Ravizza and Peucker-Ehrenbrink 2003, Robinson
et al. 2009, Kroon et al. 2007, Alegret et al. 2012, Birch et al. 2016, Woelders et al. 2017,

Barnet et al. 2018, 2019, Hull et al. 2020).

2.2. Micropaleontological methods and the planktic foraminiferal dataset

For each sample collected from Site 1262, approximately 10 g of sediments were soaked
in deionized water for 72 hours, before being washed over 63 um sieves. The residues
were dried in an oven at temperatures below 40 °C. We picked approximately 400
planktic foraminiferal specimens per sample from the >63 um residues. The quantitative
planktic foraminiferal distribution and paleoenvironmental indexes at Site 1262 are
shown in Appendix B, and the depth habitats of the planktic foraminiferal species in
Appendix C. Taxonomic identifications at genus and species levels followed Olsson et
al. (1999) and Koutsoukos (2014), whereas biostratigraphic interpretations are based on
Berggren and Pearson (2005) and Wade et al. (2011). For comparison, we have also used
the most recent biozonation of Arenillas et al. (2021) for the lower Danian, which is
based on the taxonomic and biostratigraphic interpretations of Arenillas et al. (2000a,b,
2004, 2018). In light of the known paleoecological preferences of the identified taxa

(Boersma and Premoli Silva 1983, D'Hondt and Zachos 1993, Huber and Boersma 1994,
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Berggren and Norris 1997, Olsson et al. 1999, Coxall et al. 2000, Aze et al. 2011,
Koutsoukos 2014, Huber et al. 2020), we grouped them according to their inferred
paleodepth habitats into ecogroups (mixed-layer, thermocline and sub-thermocline taxa;
see Appendix C). Variations in the relative abundances of these groups are useful to
evaluate changes in water column stratification (e.g., Lowery et al. 2021).

Changes in the relative abundances of planktic and benthic foraminifera (the P/B ratio)
may be related to paleobathymetry (e.g., Van der Zwaan et al. 1990), paleoproductivity
(e.g., Berger and Diester-Haass 1988), and/or carbonate dissolution at the seafloor (e.g.,
Hancock and Dickens 2005, Nguyen and Speijer 2014, Luciani et al. 2017). Given that
the paleobathymetry at Site 1262 did not change markedly within the studied interval
(Zachos et al. 2004), we assume that changes in the P/B ratio were mainly caused by
changes in the calcite saturation state of deep waters and, to a lesser extent, by changes
in paleoproductivity. We calculated the P/B ratio as follows: P/B ratio (%) = [planktic
specimens/ (planktic + benthic specimens) *100].

We also calculated the fragmentation index (FI) quantifying the number of fragmented
individuals. We counted as fragments specimens with clearly missing or deteriorated
chambers, as well as specimens exhibiting features of fragmentation such as large holes.
The fragmentation index was calculated as follows: FI (%) = [(number of fragments)/
(number of fragments + complete individuals) *100].

Finally, we estimated the foraminiferal abnormality index (FAI) in accordance with the
morphological criteria used by Arenillas et al. (2018). To identify morphological
abnormalities in foraminiferal tests, we compared forms considered aberrant with typical
"normal" specimens recognized in the literature (e.g., Olsson et al. 1999, Arenillas et al.

2018, 2021).
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2.3. Geochemical methods (stable isotopes, carbonate content, Hg and Mn content)

Approximately 1.5 g of bulk sediments from each sample were crushed with an agate
mortar and pestle for stable isotope analysis. Sample aliquots (100-150 ug) were reacted
with phosphoric acid, and the resulting CO> was analyzed with a Finnigan MAT 253
mass spectrometer coupled to a Carbo-Kiel type IV device at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research, University of Kiel. The standard
external error based on duplicate measurements is better than £0.05%o for 8'*Cpux and
£0.08%o for 5'®Opuik. The results were calibrated against the standard NBS-19, and values
are reported as deviations (%o) from the Vienna PeeDee Belemnite scale (VPDB).

The carbonate content (CaCO3%) was measured in oven-dried (38-40 °C for 48 hours)
ground sediment samples from Site 1262. For each sample, a ~0.26 g aliquot of
homogenized sediments was measured for total carbon (TC) content in a LECO SC-
144DR carbon and sulfur analyzer at the Technological Institute for Paleoceanography
and Climate Change (itt OCEANEON; UNISINOS University). Total organic carbon
(TOC) was also measured in ~0.26 g sample aliquots after the sediments had been treated
with HCI 6N and washed with warm water until neutral pH (pH = 7) was reached. We
calculated the CaCOs content according to Stax and Stein (1995) as follows: CaCO3% =
[TC(%) — TOC(%)] * 8.33. Since our primary goals were to analyze the planktic
foraminiferal assemblages and measure the Hg and Mn content of the samples in order to
assess the DT volcanism at Site 1262 (see just below), the sampling resolution for isotopic
analysis is markedly lower than that of Woelders et al. (2017), so we have compared and
correlated the §'*Cpuix and 8'8Opyi data of these authors in Appendix A. Geochemical data

from Site 1262 are shown in Appendix D.

10
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Mercury concentrations (Hg) were measured (~0.1 g of bulk sediment aliquots) by atomic
absorption using a direct mercury analyzer (DMA-80 evo tricell). All 40 samples were
thermally decomposed, and the Hg vapor was captured in a gold amalgamator and then
released at 850 °C. Quantification was determined by atomic absorption spectroscopy
(254 nm). Mn concentrations were measured for the same set of samples after digestion
of 150 mg per g of ground sediments in a solution of nitric and hydrochloric acids, using
an inductively coupled plasma optical emission spectroscope (ICP-OES) iCAP 7400
(Thermo Fischer Scientific). Both analyses were carried out at itt OCEANEON

(UNISINOS University).

3. Results

3.1. Record of CIEs and carbonate preservation disturbances at Site 1262

The 8"*Cpui record at Hole 1262B (Figure 2a, b) displays the negative isotope excursion
usually associated with the K/Pg boundary (~1%o 8'*C) between the samples at 216.55
and 216.50 mcd and the Dan-C2 double-peaked negative excursion between 215.52 and
215.07 med. According to our 8'3Cpui data, the CIE-1 of the Dan-C2 event (lowest §'3C)
is placed between 215.47 and 215.37 mcd, and the CIE-2 of Dan-C2 between 215.27 and
215.17 mcd (Figure 2). Our isotope data show a similar behaviour as those from Hole
1262C previously reported by Woelders et al. (2017), albeit of lower resolution. Unlike
our isotope data from Hole 1262B, Woelders et al. (2017) identified a negative §'8Opui
excursion at ~216 mcd in Hole 1262C. According to the stratigraphic correlation in
Appendix A, this oxygen isotope excursion should be placed approximately between
215.92 and 215.86 mcd in Hole 1262B. From this horizon onwards, the 8'®Opui values

remain relatively high until the top of the Dan-C2 interval.
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The carbonate content appears to oscillate parallel to 8> Cpuk and 8'8Opyik, with marked
drops at the K/Pg boundary (from 74.41 to 54.47%) and within the Dan-C2 interval
(decreasing to approximately 20%; Figure 2c). We recognize a third drop in CaCOs3
content (from 56.13 to 23%) and 8" Opui centered at 214.80 mcd, although this does not
correlate with a CIE at Site 1262 (Figure 2a). A remarkable feature of the geochemical
record of Site 1262 is the progressive decline in 8'3Cpui values and carbonate content
between the K/Pg boundary and the base of the Dan-C2 interval (Figure 2a, c).

The P/B ratio indicates a predominance of planktic foraminifera, with an average value
of 93.4% across the studied interval (Figure 2d), which is a result expected for open
marine conditions and abyssal depths. Nevertheless, the P/B ratio drops to 81.0% at the
base of the Dan-C2 interval, rapidly recovering before the first CIE. The average value
of the fragmentation index (FI) across the studied section is 9.14% (Figure 2e). Although
this average FI value is low, it is noteworthy that, between 215.55 and 215.15 mcd, the
FI reaches a mean value of 13.4%, the highest in the whole dataset (Appendix B). The FI
value rises sporadically at 214.80 mcd, reaching an isolated maximum of 15.0%. This rise
in FI coincides with the decrease in CaCOs content (33.69 to 23%) and a drop in the
8'80puik value (0.127 to -0.116%o) (Figure 2a), as well as a moderate decrease in the P/B

ratio (94 to 90.25%) (Figure 2d).

3.2. Mercury chemostratigraphy

Hg concentrations in sediment measured at Site 1262 varied between 0.99 and 7.16 ppb,
with an average of 3.19 ppb. Two intervals of increased Hg concentration were observed
during the lower Danian (Figure 2g). The first interval, between 216.37 and 215.67 mcd,
exhibits Hg concentrations ranging from 3.04 to 7.16 ppb (average = 4.72 ppb). In the

second interval (215.02 to 214.86 mcd), the Hg concentrations show a mean value of 3.88

12
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ppb (max. = 4.46 ppb). It is noteworthy that the Hg concentrations remain low in the
interval assigned to the Dan-C2 event. Within the Dan-C2 interval, the Hg concentrations
range between 2.41 and 1.41 ppb (averaging 2.66 ppb) (Figure 2g).

The Hg/TOC ratio (Figure 2h) depicts trends similar to the values of the Hg
concentrations. Two positive Hg/TOC anomalies can be recognized: (i) between 216.37
and 215.67 mcd (average = 39.58; max. = 63.80; min. = 26.09), and (i1) between 215.02
to 214.86 med (average =31.51; max. =39.98; min. = 27.66). Within the Dan-C2 interval,
the Hg/TOC ratio remains low (Figure 2h), at between 20.11 and 12.02 (average = 16.98).
At Site 1262 (Figure 2g, h), the base (215.02 mcd) of the second Hg and Hg/TOC anomaly

(11) 1s located slightly below the top of the CIE-2 of the Dan-C2 interval (215.17 mcd).

3.3. Planktic foraminiferal biostratigraphy

To study the planktic foraminiferal biostratigraphy and assemblages at Site 1262, we used
a sampling resolution of between 3 and 5 cm. In the lower Danian of Site 1262, we
recognized eighteen planktic foraminiferal species, which were assigned to seven genera
according to the taxonomy of Olsson et al. (1999) and Koutsoukos (2014) (Appendix B).
Through the text and figures, moreover, we show the equivalence of this taxonomy to the
more splitter-oriented taxonomy of Arenillas et al. (2021, and references therein). Most
of the Danian species identified at Site 1262 are illustrated in Figures 3 and 4. Changes
in the relative abundance of the Danian planktic foraminiferal species at Site 1262 are
illustrated in Figure 5.

The highest occurrences (HOs) of typical Cretaceous species, assigned to the genera
Abathomphalus, Globotruncana, Globotruncanita, Contusotruncana, Heterohelix s.l.
(Planoheterohelix and Laeviheterohelix), Pseudoguembelina, Pseudotextularia,

Planoglobulina, Racemiguembelina, Rugoglobigerina, Muricohedbergella,

13
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Planohedbergella and Globigerinelloides, were identified at 216.55 mcd, characterizing
the uppermost part of the Pseudoguembelina hariaensis Zone sensu Nederbragt (1991).
Some Cretaceous planktic foraminiferal specimens were observed in small proportions in
the lowermost Danian samples and have been interpreted as reworked.

The lower Danian key-biohorizons recognized at Site 1262 were the lowest occurrence
(LO) of Parasubbotina pseudobulloides at 216.32 mcd (Figure 5q, Appendix B), the HO
of Parvularugoglobigerina eugubina s.l. (Trochoguembelitria, 1i.e., trochospiral
guembelitriids with a pore-mounded, rugose wall) at 216.17 mcd (Figure 5g, Appendix
B), and the LO of Subbotina triloculinoides at 215.82 mcd (Figure 5r, Appendix B). This
stratigraphic interval corresponds to Subbiozones Dan3b, Dan4c and Dan4b of Arenillas
et al. (2021), suggesting a small hiatus that affects the lowermost Danian, probably
Biozone PO (or Dan1) and the lower part of Biozone Pa (Dan2 and Dan3a). Nevertheless,
this hiatus could be even smaller if there is condensed sedimentation between the
uppermost Maastrichtian sample and the lowermost Danian sample studied here, where

Chicxulub-impact-derived microtektites have been identified (see section 4.1).

3.4. Planktic foraminiferal assemblages after the K/Pg boundary

The composition and structure of planktic foraminiferal assemblages at Site 1262 were
modified significantly during the earliest Danian (Figures 5 and 6). The relative
abundance of microperforated species for the whole interval was 47.4%, with relative
abundances ranging between 31.0% and 87.5% (Figure 6a). These species belong to the
families Guembelitriidae (genera Guembelitria s.l. [Chiloguembelitria), Globoconusa
and Parvularugoglobigerina s.l. [ Trochoguembelitria]) and Chiloguembelinidae (genera
Woodringina and Chiloguembelina) (Figure 5a to 5h). The relative abundance of

normally perforated taxa for the whole interval was 52.5%, ranging between 12.5 and 69
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%. Species with normal perforations belong to the families Eoglobigerinidae (genera
Eoglobigerina, Parasubbotina, and Subbotina), Truncorotaloididae (genus Praemurica),
and Globanomalidae (genus Globanomalina) (Figures 5i to 5r1).

In the first 25 cm (up to 216.27 mcd) above the K/Pg boundary, an increase in species
richness is observed (Figure 5s). The test size of the species identified in this stratigraphic
interval (Figure 6 sample B) is considerably smaller than those in the Maastrichtian
(Figure 6, sample A). This interval is characterized by increased abundances of
microperforated species (Figure 6a), represented mainly by species of Woodringina and
Guembelitria s.l. (Chiloguembelitria) (Figures 5a to 5c). The relative abundance of
mixed-layer species, which include the microperforate species and those of Praemurica,
is also very high (75.1%), whereas thermocline and sub-thermocline species are
predominant above this interval (Figure 6b).

Guembelitria s.1. [ Chiloguembelitria] increases in relative abundance between 215.92 and
215.12 mcd, with a bloom between 215.97 and 215.42 mcd. Therefore, at Site 1262, the
bloom of triserial guembelitriids is first recorded 40 cm below the base of the Dan-C2
interval at 215.52 mcd (Figure 6), but the relative abundance of Guembelitria s.1. remains
relatively high until almost the top of the Dan-C2 interval at 215.17 mcd (Figure 6). There
is also a small increase in the FAI between 216.27 and 215.62 mcd (1.37%), with two
pronounced peaks at 216.1 (1.75%) and 215.8 mcd (2.6%) (Figure 6d). Although the
relative abundances of aberrant specimens are overall low (~2%), they exceed
background levels between 216.27 and 215.67 mcd. The specimens with aberrant tests
mostly belong to the families Truncorotaloididae (genus Praemurica) and
Eoglobigerinidae (genera Subbotina, Parasubbotina and Eoglobigerina). The
abnormalities identified in these specimens were: (1) protuberant chambers (Figures 7a-

b); (i1) additional chambers (Figures 7c-f); (ii1) abnormal last chambers (Figures 7g-j);
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(iv) elongated last chambers (Figures 7k-1); (v) atypical test growth rates (Figures 7m-p).
This increase in FAI is located below the double CIE interval that characterizes the Dan-
C2 event.

Between the top of the Dan-C2 interval (215.17 mcd) and the C291/C29n boundary (215
mcd) the average relative abundance of Subbotina increases up-core (from 5.97% to
15.35% in average). Similarly, Chiloguembelina increases its relative abundance from
6.62% to 10.77% (Figure 6¢). This increase in the relative abundance of Subbotina and
Chiloguembelina occurs parallel to an increase in the overall planktic foraminiferal test
sizes (Figure 6, sample D). The relative abundance of these genera undergoes a sharp
decrease at 214.80 mcd before returning to the overall increasing trend. This shift is
possibly related to a drop in the carbonate saturation state and the consequent poorer

preservation of the foraminiferal tests (Figure 6).

4. Discussions

4.1. Age model and dating of planktic foraminiferal and isotope events

For the age model, we followed the astrochronological models reported by Dinares-Turell
etal. (2014) and Woelders et al. (2017) and the magnetostratigraphic study carried out by
Bowles (2006) and Westerhold et al. (2008) at Site 1262. We chose the 405-kyr
eccentricity-based tuning (Batenburg et al. 2018) because it is the most reliable for ages
older than ~52 Ma (Laskar et al. 2011). Based on this astronomical framework, the age
of the K/Pg boundary was calibrated at 66 001 Ma and the C291/C29n boundary at 65
700 Ma (Dinares-Turell et al. 2014, Gradstein et al. 2020, see Appendix E). Previous
astrochronologically calibrated age models for Site 1262 (e.g., Westerhold et al. 2008,

Dinares-Turell et al. 2014, Woelders et al. 2017) used a composite depth scale for Site
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1262 following the splice-tie points established by Zachos et al. (2004), which allowed
correlation and combination of the Holes A, B and C of Site 1262. As we have only
studied Hole B, we show the stratigraphic correlation with Hole C (Appendix A and E).
The age of each sample from Hole 1262B was estimated by interpolation between the
astronomically calibrated tie-points (Appendix E). Moreover, this age model was revised
by taking into account the recent astronomical calibration of LOs of the earliest Danian
planktic foraminiferal species (Appendix E) by Gilabert et al. (2022) from the well-known
Zumaia section (Spain), which was also part of the astrochronological framework of
Dinar¢s-Turell et al. (2014). According to our new planktic foraminiferal biostratigraphic
data from Site 1262 (Figure 5), the LOs of Eoglobigerina (base of Subbiozone Dan3b),
Parasubbotina, Globanomalina, and Praemurica coincide with the lowermost Danian
sample studied here (216.50 mcd), suggesting a small hiatus which possibly affects
Biozone PO (or Danl) and the lower part of Biozone Pa (Dan2 and Dan3a). In fact,
Biozone PO, according to the original definition of Smit (1982) at Caravaca (Spain; see
Arenillas et al. 2021), has not been observed in any deep-sea drilling sites, including the
most complete ones known to date, such as ODP Site 1049 (Blake Nose Plateau; Norris
et al. 1999). Biozone PO (or Danl) has only been identified in the most continuous,
complete and expanded lower Danian sections worldwide (Molina et al. 2009, Arenillas
et al. 2021), such as El Kef and Ain Settara (Tunisia), and Caravaca and Zumaia (Spain),
which were used to establish the highest-resolution planktic foraminiferal zonations for

this interval (Smit 1982, Arenillas et al. 2004, 2021).

The lowermost Danian sample studied here (216.50 mcd), where the LO of Eoglobigerina
is recognized, has been dated to 65 975 Ma following the astronomically refined timescale
of Gilabert et al. (2022), suggesting that the small hiatus could comprise the first 26 kyr

of the early Danian. Nonetheless, it should be borne in mind that this sample is 2 cm
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above the K/Pg boundary (216.52 mcd), and in this 2 cm thick basal Danian interval,
Chicxulub-impact-derived microtektites and a remarkable negative 8'*Cpuk excursion
have been reported (Zachos et al. 2004, Kroon et al. 2007, Woelders et al. 2017).
Accordingly, Biozone PO (Danl) and/or the lower part of Biozone Pa (Dan2 and Dan3a)
could perhaps be condensed and mixed in this basal Danian interval. For this reason, we
conservatively suggest that the lowermost Danian hiatus spans roughly one precession
cycle (~21 kyr). In addition, the lower Danian at Site 1262 is characterized by clays that
are moderately bioturbated (Zachos et al. 2004), so the early Danian planktic
foraminiferal assemblages could be mixed in the first lower Danian samples. This
hypothesis could also explain why the latter contain a relatively high abundance of
triserial guembelitriids, typical precisely of the absent Biozone PO (or Danl) and the
lowermost part of Biozone Pa. (or lower Dan2) (Smit 1982, Arenillas et al. 2000a,b, 2018,
Gilabert et al. 2021, 2022). The recognition of this small hiatus at Site 1262 precludes
analysis of the evolution of planktic foraminiferal assemblages immediately after the
K/Pg boundary extinction event. Furthermore, it makes it necessary to modify slightly the
age model proposed by Dinares-Turell et al. (2014) at Site 1262 (Appendix E). However,
the remaining stratigraphic record studied here, i.e., from the upper part of Biozone Pa
(Dan3b) to Biozone P1b (Dan4b), seems to be continuous and complete at Site 1262,
allowing the Dan-C2 event to be analyzed and its relationship with DT volcanism

assessed.

According to the slightly readjusted age model for Site 1262, the key biohorizons, i.e.,
the LO of P. pseudobulloides (base of Dan4), the HO of Trochoguembelitria (= HO of
Parvularugoglobigerina eugubina s.1. sensu Olsson et al. 1999; top of Pa), and the LO of
S. triloculinoides (bases of Biozones P1b and Dan4b), are calibrated respectively at

65.943, 65.916 and 65.854 Ma, 1.e., 58, 85 and 147 kyr after the K/Pg boundary (Figure
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8). These dating are similar to those astronomically estimated by Gilabert et al. (2022),
except for the LO of S. triloculinoides. The latter is a problematic datum because it has
been placed in different stratigraphic positions: within magnetozone C29n well above
Dan-C2 (Berggren and Pearson 2005, Quillévére et al. 2008, Coccioni et al. 2010, Wade
et al. 2011), at the base of C29n (Huber and Quillévéré 2005), and within magnetozone
C29r (Arenillas et al. 2004, 2021), either within the Dan-C2 interval (Gilabert et al. 2021,
2022) or below the base of the Dan-C2 interval (Krahl et al. 2020, this study, Figure 5r).
These data suggest that it is a diachronous biozone marker, at least in the South Atlantic
Ocean. An alternative explanation may be the taxonomic difficulties in distinguishing S.
triloculinoides and its ancestor Eoglobigerina microcellulosa (see Arenillas et al. 2021),

whose interspecific boundaries may be very diffuse.

According to the age model explained above the base and top of the Dan-C2 interval are
calibrated at 65.798 (215.52 mcd) and 65.714 Ma (215.07 mcd), i.e., 203 and 287 kyr
after the K/Pg boundary (Figure 8a, Appendix D), which is compatible with the ages
given by other authors (Barnet et al. 2019, Gilabert et al. 2022). The base and top of the
CIE-1 of Dan-C2 are calibrated at 65.789 (215.47 mcd) and 65.772 Ma (215.37 mcd),
1.e., 212 and 229 kyr after the K/Pg boundary. Finally, the base and top of the CIE-2 of
Dan-C2 are calibrated at 65.753 (215.27 mcd) and 65.734 Ma (215.17 med), 1.e., 248 and

267 kyr after the K/Pg boundary.

4.2. Evaluation of the carbonate preservation and Hg concentrations at Site 1262

The decreased carbonate content of the deep ocean sediments deposited during the
negative CIEs of the Paleogene are usually attributed to the lysocline and carbonate

compensation depth (CCD) shoaling during hyperthermal events (e.g., Leon-Rodriguez
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and Dickens 2010, Luciani et al. 2010, Coccioni et al. 2012, 2019, Galazzo et al. 2013,
D’Onofrio et al. 2016, Deprez et al. 2017, Intxauspe-Zubiaurre et al. 2018). At Site 1262,
the P/B ratio dropped, and the FI values increased moderately during the Dan-C2 event
(Figure 2), suggesting a change in the carbonate saturation state that could be related to a
transient increase in ocean acidification, similar to what was observed at DSDP Site 516F
(Rio Grande Rise, South Atlantic; Krahl et al. 2020). According to Kucera et al. (1997),
the FI values associated with strong carbonate dissolution for the Maastrichtian of the
Walvis Ridge and Rio Grande Rise are usually > 40%. This result was obtained by using
more lenient criteria for calculating FI than this study, considering only those specimens
that preserve less than half of their test as fragments. Nevertheless, based on stricter
criteria (see above), we observe that the FI values at Site 1262 oscillate around 16%
during Dan-C2 (Figure 2, Appendix B), similar to the low FI values reported for the Dan-
C2 interval at Caravaca (Gilabert et al. 2021). We observed dissolution features in
planktic foraminiferal tests, such as abrasion marks, broken and/or isolated chambers, and
corroded walls (Figure 6, sample C), although they were not abundant. We thus suggest
that carbonate dissolution was low to moderate within the Danian interval at Site 1262.
Our interpretation is compatible with those based on Fe enrichments (Barnet et al. 2019)
and well-preserved calcareous benthic foraminiferal assemblages, which were not
significantly affected by the Dan-C2 event (Arreguin-Rodriguez et al. 2021), suggesting

deposition above the CCD.

Mercury concentrations and TOC values at Site 1262 show weak negative correlation (r
=-0.194; Figure 9a). The fact that there is no covariation between Hg and TOC suggests
that TOC enrichments are not solely responsible for Hg accumulation in the section,
supporting a volcanic Hg source. TOC values <0.2%, such as those at Site 1262 (Figure

2, Appendix D), can also generate artificial Hg/TOC peaks (Grasby et al. 2019). However,
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we consider this possibility unlikely due to the strong resemblance between the records
of the Hg concentration and the Hg/TOC ratio (Figure 2). In fact, the Hg concentration
can be controlled by redox conditions (Shen et al. 2019). We used the Mn concentrations
as a proxy for redox conditions (e.g., Yao et al. 2021). These exhibit a low positive
correlation (r = 0.464; Figure 9c) with Hg concentrations at Site 1262, suggesting that

seafloor oxygenation had no significant influence on Hg enrichments.

The Hg concentration in sediments can be also affected by diagenesis. We used 8'8Opyix
values as indicators of diagenetic intensity, since these can be significantly altered by
changes in carbonate precipitation (Watkins et al. 2014) or during extensive carbonate
diagenesis (Swart 2015). At Site 1262B, no significant covariation was observed for Hg
content and 8"Opui (r = 0.435; Figure 9b), suggesting that none of these diagenetic
processes was responsible for the Hg enrichments. We thus suggest that the Hg
accumulation in the early Danian sediments at Site 1262 was mainly controlled by the

global intensity of volcanic emissions.

4.3. Stepwise recovery of early Danian planktic foraminiferal assemblages

The lowermost planktic foraminiferal assemblages identified at Site 1262, recorded
within the first 25 cm above the K/Pg boundary (upper part of Biozone Pa, or Subbiozone
Dan3b), were dominated by microperforated genera such as Woodringina (Figures 5a-b),
Guembelitria s.1. (Figure 5c), and Parvularugoglobigerina s.l. (Figures 5g-h), which
inhabited the mixed-layer in the surface ocean (D'Hondt and Zachos 1993, Olsson et al.,
1999, Lowery et al. 2021). These assemblages suggest that eutrophic conditions occurred
in the upper water column during this time interval, in accordance with observations from

the Chicxulub impact site (Jones et al. 2019; Lowery et al. 2021). The dominance of
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mixed-layer planktic foraminiferal taxa after the K/Pg boundary was a consequence of
global collapse of the marine biological pump and its subsequent restoration (Birch et al.
2016). In the earliest Danian, less export productivity and thus enhanced remineralization
of organic matter in the surface ocean would have favored the proliferation of mixed-

layer taxa (Jones et al. 2019).

After this first interval, no significant variations in species richness were observed at Site
1262, implying that the Dan-C2 event and the DT volcanism had a low impact on planktic
foraminiferal species richness (Figure 5). A rapid increase in the abundance of deep-
dwelling taxa (thermocline dwellers as Eoglobigerina, Chiloguembelina, Globanomalina
and sub-thermocline dwellers as Parasubbotina pseudobulloides; Aze et al. 2011,
Appendix C), occurred ~65.93 Ma (216.25 mcd), i.e., ~70 kyr after the K/Pg boundary
(Figure 8f). This suggests increased stratification in the water column from that time on,
which was not significantly interrupted by the Dan-C2 event or by the DT volcanic
activity. The relative abundance of Subbotina and Chiloguembelina increased ~272 kyr
after the K/Pg boundary (~65.729 Ma; 215.15 mcd), rising from 5.97 to 15.35% in
Subbotina and from 6.62 to 10.77% in Chiloguembelina (Figure 6). Within the deep-
dwellers (Figure 8f), Chiloguembelina and Subbotina (Berggren and Norris 1997, Coxall
et al. 2000, Luciani et al. 2020) increased their relative abundance, suggesting a recovery
of the pelagic ecosystem towards the end of the Dan-C2 event with increased stratification
of the water column (Gilabert et al. 2021, Lowery et al. 2021). According to Birch et al.
(2016, 2021), the first phase of partial recovery of the §'*C gradient between the surface
and deep ocean occurred about ~270 kyr after the K/Pg boundary (~215.15 med in Site
1262). This recovery phase is almost coeval with the increases in abundance of Subbotina
and Chiloguembelina, as well as with an increase in the overall test sizes of planktic

foraminifera at Site 1262 (Figure 6, sample D).
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4.4. Links between the Dan-C2 event and Deccan Traps (DT) volcanic activity?

The mercury chemostratigraphy at Site 1262 allows us to identify two intervals during
the early Danian with high Hg concentrations that can be linked to the increased DT
volcanic activity. The first Hg-rich interval is dated to between 65.952 (216.375 mcd) and
65.825 Ma (215.675 mcd), 1.e., between 49 and 176 kyr after the K/Pg boundary (Figure
8c, Appendix D). Both the onset and the end of this Hg-rich interval preceded the onset
of the Dan-C2 event (65.798 Ma) by about 154 and 27 kyr respectively. These
observations suggest that the stressing paleoenvironmental conditions in the upper water
column linked to DT volcanism ended shortly before the onset of the Dan-C2 event. In
fact, considering the ages and the uncertainty of the radiometric dating (=64 kyr, U-Pb;
+213 kyr, *°Ar/*°Ar) calculated by Schoene et al. (2021), the first Hg-rich interval at Site
1262 correlates well with the emplacement of the Ambenali Fm. (~65.95 Ma, Figure 8).
Since this Hg-rich interval does not coincide with the Dan-C2 interval at Site 1262, we
can conclude that there was no direct temporal link between the Dan-C2 event and the

emplacement of the Ambenali Fm., as Gilabert et al. (2022) already proposed.

The second Hg-rich interval began almost at the C291/C29n boundary (215 med, 65.700
Ma) (Figures 2 and 8), and specifically occurred between 65.705 Ma (215.02 mcd) and
65.653 Ma (214.86 mcd), i.e., between 296 and 348 kyr after the K/Pg boundary (Figure
8c, Appendix D). This second Hg-rich interval is notably shorter (52 kyr) than the first
one (127 kyr), and its average Hg/TOC value is appreciably lower (31.5) than that of the
first one (43). Although it could also be genetically related to higher volcanic activity in
the DT, this second Hg-rich interval had a very weak influence on the climate, since no
relevant isotopic event is associated with it (Figure 8). Moreover, it did not influence the

ocean environments either, since no relevant turnovers in the planktic foraminifera
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assemblages are observed (Figure 5). The DT volcanic episode closest to the second Hg-
rich interval is the one that produced the Mahabaleshwar Fm., whose emplacement began
~65.62 Ma (Schoene et al. 2019, Sprain et al. 2019), 1.e., 381 kyr after the K/Pg boundary.
The estimated difference of ~30 kyr between the end of the second Hg-rich interval and
the onset of the emplacement of the Mahabaleshwar Fm. prevents us from establishing a
robust link between the two episodes. Nevertheless, if the hole studied (Hole 1262B) had
a small hiatus affecting the lowermost part of the magnetozone C29n, the second Hg-rich
interval would consequently be more modern and could be coeval to emplacement of the
Mahabaleshwar Fm. Another possible explanation could be terminal reactivation of the
Ambenali eruptive episode. The reactivation of a DT volcanic formation is more difficult
to explain according to the mega-pulse eruptive model of Schoene et al. (2019). Instead,
this feature could be more consistent with the quasi-continuous eruption model of Sprain

et al. (2019).

4.5. Environmental disruptions linked to the volcanic activity

Recent studies have explored a possible relationship between increased abundances of
aberrant planktic foraminiferal specimens (increased FAI) with a proliferation of triserial
guembelitriids in the early Danian and intervals of higher volcanic activity, which can
tentatively be related to enrichment in toxic heavy metals such as Hg (e.g., Arenillas et
al. 2018, Gilabert et al. 2021). Our multiproxy approach at Site 1262 lends further support
to the idea that DT volcanic emissions, recorded as Hg-rich intervals, are one of the main
environmental stress factors that potentially caused disturbances in the planktic

foraminiferal assemblages during the early Danian.
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In accordance with the readjusted age model for Site 1262 proposed here, increased
relative abundances of aberrant planktic foraminiferal specimens occurred at Site 1262
between ~65.934 (216.27 mcd) and ~65.817 Ma (215.62 mcd), i.e., between ~67 and
~184 kyr after the K/Pg boundary (Figure 8d), coinciding approximately with the first
Hg-rich interval identified. At Site 1262, species with a higher abundance in aberrant tests
belong to thermocline and sub-thermocline dwellers including FEoglobigerina,
Parasubbotina, and Subbotina (Figure 7), which is unlike other localities at or near
continental margins, such as Caravaca and Zumaia (Spain) or El Kef (Tunisia), where the
aberrant specimens are more common among mixed-layer dweller Guembelitria s.1. and
FAI values are much more anomalous, around 10 times larger (Arenillas et al. 2018,
Gilabert et al. 2021). Several environmental stressors can potentially cause morphological
abnormalities in planktic foraminiferal tests, including increases in temperature, eutrophy
and/or acidity of ocean waters (Mancin and Darling 2015, Arenillas et al. 2018). Among
recent foraminifera, contamination by heavy metals and trace elements is considered one
of the most likely causes for such abnormalities (e.g., Coccioni et al. 2009, Frontalini et
al. 2009). Since no relevant changes in temperature, acidity, and nutrient supply are
observed across this interval (Figures 6 and 8), we suggest that the main cause of this
increase in aberrant specimens was contamination by heavy metals from the DT volcanic
emissions. The inefficient biological pump during this interval could contribute to extend
over time, on a ~10*years scale, the recycling and remineralization of heavy metals and
other trace elements at the ocean surface, in a mechanism similar to that proposed by
Jiang et al. (2010) to explain why ejecta metals remained dissolved in the surface ocean
for thousands or tens of thousands of years after the Chicxulub impact at the K/Pg

boundary.
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We have also identified a bloom of triserial guembelitriids (Figure 8e), preceding the
Dan-C2 event, between ~65.872 (215.92 mcd) and ~65.781 Ma (215.42 mcd), i.e.,
between ~129 and 220 kyr after the K/Pg boundary (Figures 6¢ and 8e). Similar blooms
of triserial guembelitriids have been reported before the Dan-C2 event at Contessa
Highway (Coccioni et al. 2010), DSDP Site 577 (Pacific Ocean; Smit and Romein 1985),
Agost (Spain; Canudo et al. 1991), Caravaca and Zumaia (Gilabert et al. 2021, 2022),
ODP Site 528 (South Atlantic Ocean; D’Hondt and Keller 1991), and El Kef (Arenillas
et al. 2018). Triserial guembelitriids are considered opportunists that inhabited surface
waters and thrived under high-stress environmental conditions, proliferating on
continental margins and near volcanic areas where nutrients are abundant, whether they
are of upwelling, continental or volcanic origin (Kroon and Nederbragt 1990, Pardo and
Keller 2008, Keller and Pardo 2004). Consequently, a remarkable environmental change
at the ocean surface of the South Atlantic Ocean is required to explain the proliferation
of guembelitriids in an oceanic pelagic environment away from continental margins as
Site 1262 (Figure 8). However, at Site 1262, the triserial guembelitriid bloom started (~62
kyr) and ended (~36 kyr) later than the increased FAI interval (Figure 8d), unlike what is
recorded in pelagic sections placed at or near the continental margins (e.g. Caravaca,
Zumaia and El Kef) where both intervals coincide (Arenillas et al. 2018, Gilabert et al.
2021, 2022). The cause-effect relationship between the DT volcanism, marked by the Hg-
rich and increased FAI interval, and the guembelitriid proliferation is therefore difficult
to establish at Site 1262, so a different mechanism or a different environmental stressor

1s required.

Remarkable changes in benthic foraminiferal assemblages at Site 1262 were reported
before the Dan-C2 interval (Arreguin-Rodriguez et al. 2021), approximately coinciding

with the triserial guembelitriid bloom. The authors reported that the predominant benthic
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foraminiferal taxa during this interval were indicative of environmental instability and an
enhanced food supply to seafloor. Similarly, Bralower et al. (2020) also identified
changes in the calcareous nannoplankton assemblages, such as the proliferation of the
calcareous dinocyst Cervisella, which, as Guembelitria s.1., is an opportunistic taxon that
preferably inhabited continental margins with high nutrient availability. At Site 1262, the
triserial guembelitriid bloom coincides with a high abundance of thermocline and sub-
thermocline planktic foraminiferal taxa, such as Eoglobigerina, Parasubbotina, and
Subbotina (Figure 6b), and of the nannofossil Braarudosphaera (Bralower et al. 2020),
indicating that the bloom occurred during a time interval with a well-stratified water
column. Consequently, the environmental change that caused the proliferation of

guembelitriids at Site 1262 seems to have affected only the ocean surface.

Bralower et al. (2020) reported deposition of microcrystalline calcite structures, at Site
1262 and at many other localities, evidencing a second global acme of microbial
phytoplankton (probably cyanobacteria) after the one that occurred immediately after the
K/Pg boundary event. At Site 1262, this second microbial bloom is recorded between
~65.93 (216.28 mcd) and ~65.90 Ma (216.08 mcd), i.e., between 71 and 101 kyr after the
K/Pg boundary. Kulal et al. (2020), among others, reported that the microbial activity can
remove toxic heavy metals from water. We propose consequently that the bloom of
microbial activity helped remove Hg and other toxics from the surface ocean, explaining
why the malformations primarily affected thermocline and sub-thermocline dwellers at
Site 1262. In addition, the maximum in microbial activity occurred towards the end of the
first Hg-rich interval and the beginning of the bloom of opportunist planktic taxa, such as
Cervisella and Guembelitria s.1. This microbial maximum could not only help remove

toxic elements but also increase the nutrient availability in the surface ocean, favoring the
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proliferation of nannoplankton and planktic foraminiferal opportunistic taxa (Bralower et

at. 2020; this study).

The nutrient availability in the surface ocean could also be higher due to the inefficient
biological pump (Henehan et al. 2019). The very low transfer efficiency (quantity of
organic matter that sinks below 1000 m; Henson et al. 2012, Lowery et al. 2021) allowed
the recycling and remineralization of the nutrients to continue at the ocean surface. The
low transfer efficiency at Site 1262 would explain why the A'3C gradient in the water
column is locally low, and why the benthic foraminiferal assemblages indicate low food
supply to the sea floor before microbial and triserial guembelitriid blooms (Arreguin-

Rodriguez et al. 2021).

We suggest, therefore that the emplacement of Ambenali Fm. could be the cause of the
increase in Hg and aberrant specimens, whereas the triserial guembelitriid bloom seems
to be more closely linked to an increase in microbial activity that provided additional food
supply to the ocean surface. If the extra nutrient source that triggered the increased
microbial activity was also from the DT volcanism, the weak biological pump during all
this interval could be the reason that, in oceanic pelagic environments such as that of Site
1262, there was a lag between the increased FAI interval and the triserial guembelitriid
bloom. Unlike what occurs in localities placed at or near the continental margins, the
inefficient biological pump at Site 1262 could lead to sustained recycling and
remineralization of organic matter in the surface ocean, causing the microbial bloom to
occur ~20 kyr later than the beginning of increased DT volcanic activity. The microbial
activity increased only when the volcanic nutrient supply was a little higher, and the
triserial guembelitriid bloom lasted for 36 kyr after the end of this DT eruptive phase,
because the biological pump, although improved, was still inefficient, allowing nutrients

to be recycled and to remain in the surface ocean.
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Another environmental factor that could have favored the triserial guembelitriid bloom
was the increase in ocean surface temperatures at ~65.87 Ma (215.92 med), 1.e., 131 kyr
after the K/Pg boundary and 72 kyr before the beginning of Dan-C2 event, as suggested
by the 8'%0 record at Site 1262 (Figure 2 and Figure 8b; and Appendix A). In the early
Danian, the changes in the ocean surface temperature seem to have been mainly linked to
orbital forcing, especially modulated by 405-kyr and 100-kyr eccentricity (Gilabert et al.
2022, and references herein). At Site 1262 (Figure 8), the earliest part of triserial
guembelitriid bloom (between ~131 and 176 kyr after the K/Pg boundary) seems to
coincide with an interval in which the DT volcanic activity is still high and the ocean
surface temperature increased. Subsequently, the relative abundance in triserial
guembelitriids decreased (Figure 8e), but remained high until almost the end of the Dan-
C2 interval, suggesting that the main environmental stressor in the surface ocean was

temperature.

Based on the earliest Danian planktic foraminiferal assemblages from Site 1262, we
suggest that unstable conditions in the water column prior to the Dan-C2 event were
probably associated with the emplacement of the Ambenali Fm., as Gilabert et al. (2021,
2022) have previously proposed. As mentioned above, the onset of the emplacement of
the Ambenali Fm. occurred at ~65.95 Ma (Schoene et al. 2019, Sprain et al. 2019),
approximately 50 kyr after the K/Pg boundary, and it lasted for the next ~100 kyr
according to Schoene et al. (2019, 2021) or ~330 kyr according to Sprain et al. (2019).
Our results show a better correspondence with the mega-pulse model of Schoene et al.
(2019) than with the quasi-continuous model of Sprain et al. (2019), since the proxies of
increased volcanic activity (Hg and Hg/TOC anomalies) and the greater environmental
stress (increased FAI and triserial guembelitriid bloom) seem to be coeval with a shorter

emplacement time of the Ambenali Fm. (Figures 6 and 8). Except maybe for the increased
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microbial activity and triserial guembelitriid bloom, the paleobiological response to the
emplacement of the Ambelani Fm. was apparently quite weak (Figures 6 and 8). It was a
response similar to those reported for the Maastrichtian DT volcanic phases, such as the
one associated to the emplacement of the Kalsubai subgroup between ~66.30 and 66.10
Ma (Schoene et al. 2019, Sprain et al. 2019) that was one of the triggers of the Late

Maastrichtian Warming Event (Barnet et al. 2018, Gilabert et al. 2021b, 2022).

5. Conclusions

Detailed analyses of the planktic foraminiferal assemblages, including the foraminiferal
abnormality index (FAI), the fragmentation index (FI), and the P/B ratio, and of several
geochemical proxies, including §'*C, §'%0, CaCO3%, Mn, Hg, and the Hg/TOC ratio,
were carried out at Site 1262 (South Atlantic) for the first ~400 kyr of the early Danian.
This multiproxy study allowed us to recognize the most relevant changes in climate,
ocean surface environment, and water column structure at Site 1262 during this interval.
On the basis of the §°C and 8'80 data (reported here and in previous works), the

paleoclimatic Dan-C2 event is recognized between ~65.80 and ~65.71 Ma.

Two intervals with Hg and Hg/TOC anomalies are identified at Site 1262 and interpreted
as evidence of higher volcanic activity linked to the Deccan Traps (DT). The first Hg-
rich interval, which was the longer and greater Hg anomaly, occurred between ~65.95
and 65.82 Ma, preceding the onset of the Dan-C2 event by ~40 kyr. The second Hg-rich
interval, which was shorter and smaller, occurred between ~65.70 and 65.65 Ma,
beginning near the end of Dan-C2 and ending notably later. In light of the age model here
reported for Site 1262 and the latest radiometric dating of the DT volcanic formations,
we can conclude that there was no direct temporal link between the Dan-C2 event and the

massive DT volcanism, whereas the first Hg-rich interval seems strongly linked to the
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emplacement of the Ambenali Formation of the Deccan Traps. The origin of the second
Hg-rich interval is still unclear, but could be related to the emplacement of the

Mahabaleshwar Fm.

Higher values in aberrant planktic foraminiferal abundance (FAI) are documented only
during the first Hg-rich interval, suggesting an increased contamination by heavy metal
poisoning from the DT volcanic emissions, specifically during the emplacement of the
Ambenali Fm. In addition, a triserial guembelitriid bloom occurred between ~65.87 and
~65.78 Ma, also preceding the Dan-C2 event but lagging with respect to the interval of
high Hg content and increased FAI. The lag at Site 1262 between both intervals can be
explain by a combination of several environmental factors, such as the inefficient
biological pump, the increase in temperatures, and the increase in the microbial activity
and food supply to the ocean surface, the latter perhaps still linked to the terminal volcanic
emissions linked to the Ambelani Fm. During the Dan-C2 event, environmental stress
seems to have been considerably reduced, although the continuing high abundance of
triserial guembelitriids denotes environmental instability, perhaps related to higher ocean
surface temperatures. From the Dan-C2 event to the end of the interval studied, no
evidence of environmental stress is recognized. Conversely, we observed a progressive
increase in the relative abundance of species that inhabited the thermocline from the
middle part of Dan-C2, suggesting a progressive stratification and stabilization of the
water column. All these evidences suggest that, although volcanism may have had an
impact on planktic foraminiferal assemblages in the early Danian through metal
contamination, marine ecosystems likely became progressively more stable and resistant

to changes in volcanic emissions and the carbon cycle.
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Figure 1. Paleogeographic reconstruction for the K/Pg boundary (66 Ma) after ODSN

plate reconstruction

(ODSN system:

http://www.odsn.de/odsn/services/paleomap/paleomap.html), showing the location of

ODP Site 1262 and other localities discussed in the text. Abbreviations: C = Chicxulub

crater; D = Deccan Traps.
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Figure 2. Geochemical record at Site 1262. a) bulk sediment carbon (8'3C, %o); b) oxygen
stable isotopes (8'%0, %o); ¢) calcium carbonate content (CaCO; %); d) planktic/benthic
foraminiferal ratio: P/B ratio (%); e) foraminiferal fragmentation index: FI (%); f) total
organic carbon (TOC) content; g) Hg concentration (ppb) and Hg/TOC ratio.
Stratigraphic position of the C29r/C29r reversal at Hole B according to Bowles (2006)
and Westerhold et al. (2008). Stratigraphic position of CIE-1 and CIE-2 od Dan-C2 based
on this study. Estimated stratigraphic position of oxygen isotope excursion (OIE) based

on the correlation with Hole C (see Appendix A). KPB = Cretaceous/Paleogene boundary.
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Figure 3. Scanning electron microscope (SEM) micrographs of Danian planktic

foraminifera from Site 1262 (scale bars = 10 um). a-c. Eoglobigerina edita (E.

polycamera according to A21) (215.78 mcd). d-f. Eoglobigerina eobulloides (E. cf.
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1221

1222

1223

1224

1225

1226

trivialis according to A21) (215.43 mcd). g-1. Subbotina trivialis (E. cf. trivialis according
to A21) (215.29 mcd). j-1. Subbotina triloculinoides (214.88 mcd). m-o. Parasubbotina
varianta (214.88 mcd). p-r. Praemurica pseudoinconstans (215.10 mcd). s-u. Praemurica
taurica (215.89 mcd). v-x. Globanomalina planocompressa (G. imitata according to

A21) (215.58 med). A21 = Taxonomy in Arenillas et al. (2021, and references herein).
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1227

1228

1229

1230

Figure 4. SEM micrographs of Danian planktic foraminifera from Site 1262 (scale bars =

10 um). a-c. Praemurica nikolasi (Globanomalina imitata according to A21) (215.03

mcd). d-f. Parvularugoglobigerina eugubina s.l. (Trochoguembelitria liuae according to
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1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

A21) (216.03 mcd). g-i. Transitional specimen between Parvularugoglobigerina
eugubina s.s. and Globanomalina archaeocompressa (large Pv. eugubina sensu Smit
1982) (216.63 mcd). j-k. Woodringina claytonensis (215.43 mcd). I-m. Woodringina
hornerstownensis (215.07 mcd). n-o. Chiloguembelina midwayensis (214.88 mcd). p-q.
Chiloguembelina morsei (Ch. taurica according to A21) (215.03 mcd). r. Guembelitria
cretacea s.l. (Chiloguembelitria danica according to A21) (216.03 mcd). s-t.
Globoconusa daubjgersensis (214.88 mcd). u-w. Parasubbotina aff. pseudobulloides
(Eoglobigerina praeedita according to A21) (215.73 mcd). x. Texture detail of the latter.

A21 = Taxonomy in Arenillas et al. (2021, and references herein).
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Figure 5. Relative abundances (%) at Site 1262B of the Danian planktic foraminiferal
species and groups: parvularugoglobigerinids s.l. (Parvularugoglobigerina s.s. and
Trochoguembelitria), Dbiserial (Woodringina and Chiloguembelina), triserial
(Guembelitria s.s. and Chiloguembelitria) and other genera (Globoconusa,
Eoglobigerina, Subbotina, Parasubbotina, Praemurica, and Globanomalina). All
relative abundances of planktic foraminifera are arranged from 5a to Sr. Danian planktic
foraminiferal zones of W11 (Wade et al. 2011) and A21 (Arenillas et al. 2021). P. har. =

Pseudoguembelina hariaensis Zone sensu Nederbragt (1991).
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Figure 6. Main changes in the planktic foraminiferal assemblages occurring at Site 1262
during the early Danian. a) Relative abundance (%) of planktic foraminiferal taxa
according to their wall perforation (microperforate vs. macroperforate); b) Abundance of

planktic foraminiferal taxa according to their depth habitat, which is related to the
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1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

stratification of the upper water column; c¢) Relative abundance (%) in triserial
guembelitriids (Guembelitria s.s. and Chiloguembelitria); d) Foraminiferal abnormality
index (FAI): relative abundance (%) in aberrant planktic foraminiferal specimens; e)
Relative abundances (%) in Subbotina and Chiloguembelina; Subbotina®: species
trivialis has been included in Subbotina according to the W11 taxonomy, but the A21
taxonomy assigned it to the genus Eoglobigerina (E. cf. trivialis). Scanning electron
microscope (SEM) detail of samples A to D (identified in the time axis) showing the
overall trend of planktic foraminiferal test sizes and the main biogenic components in the
studied interval at Site 1262. Sample A = large-sized planktic foraminiferal assemblage
of the Maastrichtian; Sample B = reduced sizes of planktic foraminifera just after the
K/Pg boundary; Sample C = biogenic constituents with presence of calcispheres within
the Dan-C2 interval; Sample D = increased sizes of planktic foraminiferal tests after the

Dan-C2 event.
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1277

Figure 7. SEM micrographs of planktic foraminifera with test abnormalities from Site

1262 (scale bars = 10 um). a. Subbotina spp. (215.68 mcd). b. Subbotina spp. (216.03
mcd). c-d. Parasubbotina spp. (215.93 mcd). e. Parasubbotina or Eoglobigerina spp.
(216.58 mcd). f. Eoglobigerina spp. (215.98 mcd). g-h. Parasubbotina spp. (216.03 mcd).
1-). Parasubbotina pseudobulloides (215.13 mcd). k. Parasubbotina spp. (215.93 mcd).
1. Praemurica spp. (216.03 mcd). m-n. Eoglobigerina spp. (215.68 mcd). o-p. Praemurica

pseudoinconstans (216.03 mcd). Arrows indicate morphological abnormalities.
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Figure 8. Main changes in planktic foraminiferal assemblages and geochemical proxies

during the early Danian at Site 1262, according to the age model here proposed. a - b)

bulk sediment carbon and oxygen stable isotopes from this work and Woelders et al.

(2017); ¢) Hg/TOC ratio; d) Foraminiferal abnormality index (FAI); e) Relative

abundances (%) in Guembelitria s.1. [Chiloguembelitria]; f) Relative abundances (%) in

deep-dwelling taxa (thermocline + sub-thermocline dwellers; see Appendix C for further

details
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1289  Figure 9. Crossplots of Hg concentrations versus TOC (a), 8"Opuk (b), and Mn

1290  concentrations (c). Pearson correlations (r) are also shown.
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Appendix A: Comparison and correlation of Holes 1262B (this work) and 1262C. Bulk
813C and 8'%0 data in this study compared and correlated with those of Woelders et al.
(2017), which are based on composite depths from several holes of Site 1262 (in the
studied interval, from Holes B and C). Interval shaded in orange corresponds to the Dan-
C2 interval (CIE-1 and CIE-2). Green star marks the splice tie point defined by Zachos et

al. (2004). Other tie points (correlation lines) based on Dinarés-Turell et al. (2014).

Appendix B. Planktic foraminiferal distribution and indexes at Site 1262:
magnetostratigraphy (Bowles 2006, Westerhold et al. 2008); planktic/benthic ratio (%);
fragmentation index (FI %); relative abundance (%) of the species (index species in red);
relative abundance (%) in aberrant specimens (FAI %; gray shading = increase in aberrant
specimens); species richness; planktic foraminiferal zones of W11 (Wade et al., 2011)
and A21 (Arenillas et al., 2021); relative abundance (%) of the genera; micro- and
macroperforated taxa (%); relative abundance (%) in Cretaceous taxa; relative abundance
(%) in planktic foraminiferal groups according to their depth habitat (mixed layer,
thermocline and sub-thermocline dwellers); planktic foraminiferal groups:
parvularugoglobigerinids s.l., biserial (Woodringina and Chiloguembelina), triserial
(Guembelitria s.s. and Chiloguembelitria) and other genera (orange shading = bloom in
triserial guembelitriids). Age calibration for each sample is showed, which is based on
the magnetostratigraphic framework reported by Bowles (2006) and Westerhold et al.

(2008) at Site 1262 (Appendix E).

Appendix C. Paleoecological preferences (depth habitats) of the planktic foraminiferal

species recovered at Site 1262. References: a - Olsson et al. (1999); b - D’Hondt and
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1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

Zachos (1993); ¢ - Huber and Boersma (1994); d - Boersma and Premoli Silva (1983); e
- Koutsoukos (2014); f - Huber et al. (2020); g - Berggren and Norris (1997), h - Aze et
al. (2011); 1 - Coxall et al. (2000). See equivalence with the taxonomy of Arenillas et al.

(2021) in main text and in Appendix B.

Appendix D. Geochemical data for Site 1262: bulk sediment carbon and oxygen stable
isotope measurements (8'3Cpyik and 8'3Opui); CaCO3 content (%); Hg content (ppb); Total
Organic Content (TOC, %); Mn content (ppm); stratigraphic position of Hg-rich intervals
(gray shading), and Dan-C2 interval (yellow shading) and its CIEs (orange shading). Age
calibration for each sample is showed, which is based on the magnetostratigraphic
framework reported by Bowles (2006) and Westerhold et al. (2008) at Site 1262

(Appendix E).

Appendix E. Depth-age model for Hole 1262B, based tie points calibrated on 405 kyr
eccentricity tunning (Dinares-Turell et al. 2014; Woelders et al. 2017) but considering the
lowermost Danian hiatus (see main text). The main micropaleontological and
geochemical events recognized at Site 1262 are shown in depth scale (mcd), time-scale
(Ma), and in kyr from the KPB. Remarks: Paleomagnetism framework for each sample

follow Bowles (2006) and Westerhold et al. (2008).
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