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The Chicxulub impact and Deccan volcanism have long been considered opposing factors to explain the
changes observed across the Cretaceous/Paleogene boundary (KPB). Although the geologically instanta-
neous effects of the Chicxulub impact better explain the KPB catastrophic mass extinction, refinement
of geochemical and micropaleontological proxies contributes to assessing the actual role of the Deccan
volcanism in environmental changes across the KPB. Furthermore, cyclostratigraphy is being used to
evaluate the role of orbital forcing on climate, and to refine age models. In this paper, we evaluate the
climate and environmental changes across the KPB (66.100-65.350 Ma) from a global perspective,
exploring several proxies from the Pacific, Atlantic and Tethyan realms: bulk 8'80 and 5'3C disturbances,
mercury enrichments, and blooms of triserial guembelitriids and aberrant planktic foraminifera. The KPB,
Dan-C2 and LC29n events, dated at 66.0, 65.8-65.7 and 65.47-65.41 Ma, respectively, have been recog-
nized in all Tethyan and Atlantic localities, but only the KPB in the Pacific. Multiproxy analysis suggests
that volcanic activity of the Deccan Traps did not have a relevant role in the aforementioned events, but
contributed to environmental stress in the first 10 kyr of the Danian, and between ~70 and 200 kyr after

the KPB.
© 2024 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Cretaceous/Paleogene boundary (KPB, ~66 Ma) is recog-
nized as one of the big five mass extinctions events, being espe-
cially catastrophic for calcareous plankton, with an extinction
rate of >90% for planktic foraminifera (Arenillas et al., 2022). The
planktic foraminiferal turnover across the KPB was contemporane-
ous with two major geological events: the emplacement of the
massive (1.1 x 10° km?®) Deccan Traps large igneous province
(LIP) in India (Sprain et al., 2019; Schoene et al., 2019) and the
asteroid impact at Chicxulub, Mexico (Schulte et al., 2010). For dec-
ades, the untangling of climatic and environmental effects on biota
caused by each event have fueled an ongoing debate among the
scientific community (Li and Keller, 1998; Keller, 2008; Schulte
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et al., 2010; Renne et al., 2015; Keller et al., 2020; Gilabert et al.,
2022). The Deccan volcanism and the Chicxulub impact operated
on very different time scales, with the Deccan Traps eruptions
starting 300-400 kyr prior the KPB and ending ~700 kyr later
(Sprain et al., 2019; Schoene et al., 2019), while the Chicxulub
impact was a geologically instantaneous event (Schulte et al.,
2010; Renne et al., 2013) with its climatic and environmental per-
turbations occurring on a scale from days to a few kyr (Henehan
et al.,, 2019).

It is established that the small-volume eruptive formations of
the Deccan Traps ~100-250 kyr before the KPB were coincident
with a transient warming episode known as the Late Maastrichtian
Warming event (Li and Keller, 1998; Barnet et al., 2018), although
the contribution of orbital forcing to this event may also have been
significant (Gilabert et al., 2022). However, the influence of Deccan
volcanism on climate during the last 100 kyr of the Maastrichtian
is still highly debated (Hull et al., 2020). Despite the recent high-
precision radiometric dating of the largest Deccan lava formations,
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the uncertainties on these age determinations have significant
implications. According to “%°Ar/*Ar dating, the large-volume
Poladpur and Ambenali formations were early Danian in age and
eruption may have been triggered by the Chicxulub impact
(Richards et al., 2015; Renne et al., 2015). However, U-Pb zircon
dating suggests that the Poladpur Fm. was erupted between
~80-30 kyr prior to the KPB (Schoene et al., 2019). Therefore, fur-
ther investigation is needed to evaluate the sequence of events
during the last 100 kyr of the Maastrichtian and the subsequent
KPB mass extinction event. For this interval, very different inter-
pretations are discussed among the scientific community; e.g.,
environmental and evolutionary stability until the Chicxulub
impact (Schulte et al., 2010; Gilabert et al., 2021a), strong pertur-
bation of the ecosystems by Deccan volcanism prior to the asteroid
impact (Keller, 2008; Keller et al., 2020), or even mitigation of the
latest Maastrichtian cooling due to volcanogenic greenhouse
gasses (Hull et al., 2020).

High-resolution multiproxy studies of the first 700 kyr of the
Danian are sparse (Quillévéré et al., 2008; Coccioni et al., 2010),
but recently this time interval is receiving more attention (Barnet
et al., 2019; Hull et al., 2020; Gilabert et al., 2021a, 2021b, 2022;
Krahl et al., 2023; Jouini et al., 2023). It has been proposed that cli-
matic perturbations during the early Danian, such as the Dan-C2
and the Lower Chron C29n (LC29n) events may be related to the
Deccan Traps magmatism (Coccioni et al., 2010; Krahl et al,,
2020). However, other authors have argued that estimations of vol-
canogenic CO, emissions, further hindered by dating uncertainties,
are insufficient to establish a direct cause-effect relationship
between these events and the Deccan volcanism (Barnet et al.,
2019; Fendley et al., 2020), while orbital forcing may have played
a significant role (Barnet et al., 2019; Gilabert et al., 2022).

For the early Danian, even small uncertainties in radiometric
dating have large implications for the interpretation of climatic
perturbations, as mentioned above. Therefore, to assess the role
of the Deccan volcanism in climate and environmental changes
across the KPB, a direct and reliable geochemical proxy of volcanic
emissions is required. Mercury (Hg) enrichments in sedimentary
rocks potentially meet this requirement (Percival et al., 2018;
Grasby et al., 2019). While Hg anomalies yield promising results
(Font et al., 2022; Keller et al., 2020), a multi-proxy approach is
required to evaluate factors that may affect the reliability of the
Hg signal such as changes in Hg source, organic matter deposition
or redox conditions (Grasby et al., 2019).

In this study we compiled existing data and generated new
micropaleontological and geochemical datasets across the KPB in
some of the most continuous and expanded sections. The geo-
graphic distribution of the chosen localities (Pacific, Atlantic and
Tethys) allows us to establish a global picture of climate change
during this time interval. The high-resolution datasets presented
here allow us to examine the paleoclimatic and paleoenvironmen-
tal changes in the surface ocean during the last 100 kyr of the
Maastrichtian and the first 700 kyr of the Danian. We evaluate
the different proposed Deccan eruptive models using a compilation
of climate-sensitive records and compare them with potential
direct evidence of volcanism (Hg anomalies) as well as with the
astronomical solution, considering that orbital forcing influences
global climate change. Moreover, we combine these geochemical
data with planktic foraminifera from these localities in order to
identify blooms of opportunistic triserial guembelitriids and aber-
rant specimens across the KPB, which are considered the most
common indicators of high environmental stress (Arenillas et al.,
2018). This new compilation of planktic foraminiferal and geo-
chemical data allow us to identify the mechanisms that led to
the ecological deterioration and/or recuperation of the sea-
surface, and to evaluate the temporal relationships of biotic
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changes with Deccan volcanism and the KPB, Dan-C2 and LC29n
events.

2. Material and methods

Here we have generated, compiled and integrated the records of
three main proxies: bulk rock carbon and oxygen stable isotope
ratios, planktic foraminiferal quantitative analyses and mercury/
TOC anomalies, with all of them displayed on independent age
models. These records come from some of the most complete
and internationally recognized KPB localities worldwide including
both deep sea sites and inland sections. The deep-sea sites ana-
lyzed are Ocean Drilling Program (ODP) Site 1262 and Deep-Sea
Drilling Program (DSDP) Site 525 on the Walvis Ridge, South Atlan-
tic; ODP-1209 and DSDP Site 577 on Shatsky Rise, North Pacific;
and ODP-1049 at Blake Nose, North Atlantic. Land-based shallow
marine localities include Zumaia and Caravaca, Spain; Bidart,
France; Gubbio, Italy; and El Kef, Elles and Ain Settara, Tunisia
(Fig. 1).

2.1. Bulk stable isotope data

We generated new bulk isotope data from the El Kef (5'3C, 5'%0)
and Zumaia (8'80) sections. The 8'3C and 5'80 measurements from
El Kef were performed on homogenized bulk powdered sediment
on 39 samples. The El Kef samples were analyzed at the Leibniz
Laboratory for Radiometric Dating and Stable Isotope Research of
the Kiel University (Germany), using a Kiel IV carbonate prepara-
tion device connected to a MAT 253 mass spectrometer from
ThermoScientific. The bulk 5'®0 measurements from Zumaia were
performed on 108 samples. The Zumaia samples were analyzed in
the Department of Earth Sciences of the University of Oxford (Uni-
ted Kingdom), using a GasBench device attached to a ThermoFisher
Delta V Advantage gas source isotope ratio mass spectrometer. All
values for both sections are reported in the Vienna Pee Dee Belem-
nite notation (VPDB) compared to NBS-19 and IAEA-603 standards
(El Kef) and NBS-19 and NBS-18 standards (Zumaia). Repeated
analyses of in-house standards suggest a reproducibility (+10)
with a standard error of the laboratory internal and international
standards (NBS-19, NBS-18 and 1AEA-603) of <0.05% for 5'C and
of <0.09%. for 5'80 values. The new isotope datasets are compared
with those previously reported at ODP-1262 (Kroon and Zachos,
2007; Woelders et al., 2017), ODP-1049 (Quillévéré et al., 2008),
ODP-1209 (Hull et al., 2020), Gubbio (Coccioni et al., 2010, 2012;
Sinnesael et al., 2016), Caravaca (Gilabert et al., 2021a, 2021b),
and Zumaia (Gilabert et al., 2022). The complete isotopic dataset
is summarized in Table ST (Appendix A).

2.2. Planktic foraminifera (triserial guembelitriids and aberrant
specimens)

We evaluated environmental changes using two planktic fora-
miniferal proxies of environmental stress: relative abundance of
triserial guembelitriids (Guembelitria and Chiloguembelitria), and
relative abundance of aberrant specimens, or foraminiferal abnor-
mality index (FAI), both measured in the >63 pum sieved fraction.
For the guembelitriids abundance, we rely on the previously pub-
lished quantitative dataset from Caravaca (Gilabert et al., 2021a,
2021b), Zumaia (Gilabert et al., 2022), Gubbio (Coccioni et al.,
2010), El Kef and Ain Settara (Arenillas et al., 2018), ODP-1262
(Krahl et al., 2023), DSDP Site 525 (Abramovich and Keller, 2003),
and ODP-1209 (Hull et al., 2011). For the FAI, we used the quanti-
tative studies from El Kef and Ain Settara (Arenillas et al., 2018),
DSDP Site 577 (Gerstel et al., 1986) and ODP-1262 (Krahl et al.,
2023), and new quantitative data from the Spanish sections. For
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Fig. 1. A. Paleogeographic reconstruction for the Cretaceous-Paleogene boundary (~66 Ma; after https://www.odsn.de/odsn/services/paleomap/adv_map.html). B.
Paleobathymetric reconstruction for the KPB (66 Ma), including the localities cited in this study. Estimated paleodepths are based on: Arenillas et al. (2018) for El Kef
and Ain Settara, Gilabert et al. (2021a, 2022) for Caravaca and Zumaia, Keller et al. (2020) for Elles, Font et al. (2022) for Bidart, Li and Keller (1998) for DSDP Site 525, Gerstel
et al. (1986) for DSDP Site 577, Barnet et al. (2019) for ODP Site 1262, and Westerhold et al. (2011) for ODP Site 1209. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

the latter, we studied 67 samples from Zumaia, and 14 new sam-
ples from the Maastrichtian of Caravaca, which complements the
Danian quantitative study by Gilabert et al. (2021b) for the same
locality. The complete foraminiferal dataset is summarized in
Table S2 (Appendix A). For recognition of aberrant morphologies,
we follow the guidelines of Arenillas et al. (2018). Our new results
are compared with other quantitative analyses of aberrant planktic
foraminifera from Caravaca (Gilabert et al., 2021b), El Kef and Ain
Settara (Arenillas et al., 2018), ODP-1262 (Krahl et al., 2023), and
DSDP Site 577 (Gerstel et al., 1986). Examples of aberrant speci-
mens from different localities are illustrated in Fig. 2.

2.3. Mercury enrichments

Volcanoes are considered a primary source of Hg to the atmo-
sphere (Grasby et al., 2019) and it has been proposed that Hg
enrichments in some late Maastrichtian-early Danian sedimentary
sections are the result of Deccan Traps volcanic activity. For this
reason, we have compiled some of the most recently published
Hg concentrations across the KPB, from ODP-1049 (Nauter-Alves
et al,, 2023), ODP-1262 (Krahl et al., 2023), Zumaia (Font et al,,
2018; Percival et al., 2018), Bidart (Font et al., 2022), and Elles
(Keller et al., 2020). Mercury is commonly presented normalized
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Fig. 2. Examples of extreme aberrant specimens of early Danian planktic foraminifera. A-C. Specimens from Zumaia (this study). A: aberrant shape of last chamber; B:
anomalous position of last chamber (uniserial); C: kummerform or reduced last chamber. D, E. Specimens from El Kef (Arenillas et al., 2018). D: proliferation of chambers
(multiserial); E: abnormally spiroconvex test. F. Attached triplets (triamese). G-I. Specimens from Caravaca (Gilabert et al., 2021b). G: aberrant chamber; H: additional
chamber; I: aberrant chamber. J-L. Specimens from DSDP-577 (Gerstel et al., 1986). J: monstrous test; K: double twined chambers; L: attached twins (siamese). M-0.
Specimens from ODP Site 1262 (Krahl et al., 2023). M: additional chamber; N: aberrant shape of last chamber; O: aberrant chamber. P-R. Specimens from El Kef (Arenillas
et al., 2018). Abnormally compressed test and aberrant ultimate chamber. S-U. Specimens from Ain Settara (Arenillas et al., 2018). S: kinking (two rotation axes); T: double
twined chambers; U: monstrous test. V-X. Specimens from El Kef (Arenillas et al., 2018). Lack of sculpture in the test, with bulla-like antepenultimate chamber and two

kummerform last chambers. Scale bars: 100 pm.

to total organic carbon (TOC), to account for its strong affinity to
organic matter. Therefore, the Hg/TOC ratio is preferably used to
evaluate the volcanic contribution to the Hg anomalies (Grasby
et al., 2019), although comparison with Al,O3 can be used when
TOC values are <0.1% (Percival et al., 2018). The compiled Hg
records are shown in Table S3 (Appendix A).

3. Results
3.1. Age models

Age models are based on three types of data: (i) cyclostrati-
graphic data, (ii) planktic foraminiferal biostratigraphic data, and

(iii) magnetostratigraphic data. As core age model, we used the
astronomical age models, based on the 405-kyr eccentricity cycle
tuning, of Dinares-Turell et al. (2014) for the early Danian and of
for the Maastrichtian. Both Danian and Maastrichtian models were
developed at Zumaia, and have recently been combined and
updated by Gilabert et al. (2022). For ODP Sites 1209 and 1262,
the early Danian 405-kyr eccentricity tuning of Dinares-Turell
et al. (2014) was applied. For the Maastrichtian of Sites 1209 and
1262, we used the age models proposed by Westerhold et al.
(2011) and Woelders et al. (2017), respectively. The tie-points for
age calibration were the 405-kyr maxima and minima extracted
from the La2011 astronomical solution (Laskar et al., 2011). For
consistency, we assign a KPB age of 66.001 Ma as proposed by



V. Gilabert, S.J. Batenburg, José A. Arz et al.

Dinarés-Turell et al. (2014) and the Geological Time Scale 2020
(Gradstein et al., 2020). This age for the KPB differs from latest
U-Pb and “°Ar/*°Ar dating with ages of 66.016 + 0.05 Ma
(Schoene et al,, 2019) and 66.052 + 0.008/0.043 Ma (Sprain et al.,
2018), respectively, but it falls within the uncertainties of the sys-
tematic error of both techniques. For localities with unavailable
cyclostratigraphic data, we used the biochronological age model
of Gilabert et al. (2022) with planktic foraminifera (for details,
see Suppl. Text and Fig. S1, Appendix A). For the magnetochrono-
logical age model, we use the ages given by Gradstein et al.
(2020) for the C30n/C29r magnetic reversal (66.31 Ma) and those
reported by Dinarés-Turell et al. (2014) for the C29r/C29n and
C29n/C28r magnetic reversals (65.700 and 64.958 Ma, respec-
tively). Furthermore, at El Kef, Gubbio and Caravaca, we establish
chemostratigraphic correlations with the astronomically tuned
Zumaia section, allowing to refine their age models. Finally, an
age interpolation for every sample was performed assuming a con-
stant sedimentation rate between the anchored tie-points (i.e., 405
kyr maxima and minima, magnetic reversals and bioevents).
Details for the different age models are shown in Fig. S2 and
Table S4 (Appendix A).

3.2. New isotopic dataset

The new bulk isotopic record at the El Kef section shows a low
degree of correlation between §'3C and §'%0 (r = 0.304, p < 0.01,
n = 39), suggesting that primary isotopic trends are preserved
(Swart, 2015). The &'>C values range between —1.49%. and
1.72%0 with an average value of 0.16%. for the entire section, and
between 0.92%0 and —0.31%o for the Maastrichtian and the Danian,
respectively. The 5'80 values varies between —3.79%. and —2.68%o
with an average value of —3.21%o. for the entire section, and 0.92%o
and —0.31%. for the Maastrichtian and the Danian, respectively.
Isotopic values obtained here are consistent with previous isotopic
analyses carried out at El Kef (Keller and Lindinger, 1989; Jones
et al., 2023). The 5'80 values obtained for the Zumaia section cor-
respond to the §'3C values of the same sample-set already pub-
lished in Gilabert et al. (2022). Although correlation between
813C and 5'%0 values seems quite high (r = 0.73, p < 0.01,
n = 108), this seems to be due to parallel trends in §'C and 5'%0
values across the section. For both O and C, the same isotopic
trends are maintained across the Upper Maastrichtian-lowermost
Danian interval, i.e., 4.55 m below to 0.25 m above the KPB. Similar
trends are recognized in other open marine sections, such as Car-
avaca, El Kef or Gubbio (Fig. S2; Appendix A), suggesting that the
primary isotopic trends at Zumaia are preserved. The remaining
early Danian samples (i.e., ~0.25 cm to 8.5 m above the KPB) show
low correlation between 5'3C and §'30 values (r = 0.33, p < 0.01,
n =59), suggesting that, although diagenesis could exert some con-
trol in the 5'80 record across the lower portion of the Zumaia sec-
tion, overall isotopic trends are preserved. The detailed evolution
of the isotopic records of both El Kef and Zumaia is dissected and
compared with the other studied localities (Caravaca, Gubbio,
ODP-1262 and ODP-1209) below, in the discussion section.

4. Discussion
4.1. Last 100 kyr of the Maastrichtian

According to the stable isotope dataset compiled here, the latest
100 kyr of the Maastrichtian show a robust trend towards increas-
ing (more positive) bulk 3'80 and 8'3C values of ca. 1.2%0 and 1.3%,
respectively, for Caravaca; 0.8%0 and 0.9%. for Zumaia; 0.6%. and
1.4%0 for El Kef; 1.0%0 and 0.2%. for Gubbio; 0.3%. and 0.6%. for
ODP-1262; and 0.3%c and 0.2%. for ODP-1209 (Fig. 3). These values
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reflect a return to the general global cooling trend of the Maas-
trichtian after the peak of the Late Maastrichtian Warming Event
approximately ~150 kyr before the KPB (Li and Keller, 1998; Hull
et al., 2020). This cooling of the sea surface is mimicked by a sim-
ilar cooling trend in the deep sea observed in benthic foraminiferal
records (Westerhold et al., 2011; Barnet et al., 2018). This gradual
and stable latest Cretaceous climatic cooling questions the hypo-
thetical role of Deccan volcanism in the climate of the last tens
of thousands of years of the Maastrichtian (Schoene et al, 2019).

The changes in the Hg/TOC ratio during this interval are very
variable in each locality (Fig. 4). While distinct Hg enrichments
are recorded at Bidart and Elles in the last ~30-15 kyr of the Maas-
trichtian (Keller et al., 2020; Font et al.,, 2022); no significant
changes are identified at Zumaia (Font et al., 2018), ODP-1262
(Krahl et al., 2023), Brazos River, USA (Percival et al., 2018), and
Wasserfallgraben, Germany (Regelous et al., 2022) during this
interval. Local scavenging and post-depositional processes pene-
trating the uppermost Maastrichtian (Smit, 2016) and greater ter-
rigenous runoff (Percival et al.,, 2018) have been proposed as
potential explanations for the occasional enrichment of Hg below
the KPB. In general, the environmental effects expected as a result
of volcanism, such as carbonate dissolution, have not been
reported in the localities studied (Gilabert et al. 2021a; Barnet
et al., 2018), although Font et al. (2018) identified akageneite
within the last meters of the Maastrichtian from Zumaia, and inter-
preted it as evidence for continental magnetite dissolution by acid
rains. In any case and according to Henehan et al. (2019), oceanic
pH remained stable during the last ~100 kyr of the Maastrichtian,
negating a widespread ocean acidification episode in the latest
Maastrichtian as suggested by Keller et al. (2020).

Mean relative abundances in opportunistic Guembelitria are low
during the last 100 kyr of the Maastrichtian: 1.69% at Caravaca,
2.15% at Zumaia, 1.75% at El Kef, 2.92% at Ain Settara, and 0% at
DSDP Site 525 (Fig. 5; Table S2, Appendix A). No values for ODP-
1209 nor for DSDP Site 577 have been considered since both cores
are severely affected by contamination by planktic foraminiferal
specimens from the overlying basal Paleocene (Jouini et al,
2023). Mean relative abundances in planktic foraminiferal aberrant
specimens for the same interval are also low: 0.6% at Caravaca,
0.3% at Zumaia, 0.6% at El Kef, and 1.8% at Ain Settara (Fig. 5;
Table S2, Appendix A). Therefore, if the Poladpur volcanic pulse
did take place at the end of the Maastrichtian rather than the ear-
liest Danian, it seems to have had very little climatic and paleobi-
ological impact on open ocean settings, as indicated by the low
frequency of Guembelitria specimens (generally <3%) and of aber-
rant specimens (generally <2%), suggesting environmental condi-
tions remained stable during this interval.

4.2. Paleoclimatic and paleoenvironmental trends during the first ~10
kyr of the Danian: The KPB and the dark clay bed

The KPB displays a very sharp negative carbon isotope excur-
sion (CIE) in all the analyzed localities (Fig. 3(A), 6(A)). The 5'3C
values remain low across the well-known KPB dark clay bed depos-
ited, according to Gilabert et al. (2021b), during the first ~10 kyr of
the Danian. The KPB dark clay bed CIE, albeit very well developed
in all the sections, is more pronounced in the shallower Tethyan
sections, with drops in 8'>C of ca. —2.7%0, —2.3%0, —2.0%0, and
—1.0%0 for El Kef, Caravaca, Zumaia, and Gubbio, respectively. For
ODP Sites 1262 and 1209, the decrease in 5'>C is ca. —0.6%o, while
for ODP-1049 it is —0.9%. (Fig. 3(A); Table S1, Appendix A). It has
been proposed that higher remineralization of refractory material
in the surface ocean, together with inefficient export to the deep-
sea due to collapse of marine ecosystems could explain the extre-
mely low 8'3C values at the KPB event (Henehan et al., 2019;
Bralower et al., 2020). The bulk 8'80 record displays a similar pat-
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tern as 8'3C, with a sharp negative oxygen isotope excursion (OIE)
at the KPB briefly disrupting the latest Maastrichtian cooling trend.
The KPB OIE is recognized in all the studied localities, except for
ODP-1209.

Several severe environmental and climatic consequences of the
Chicxulub impact are proposed to have taken place immediately
after the KPB, including global warming, changes in oceanic pro-
ductivity, surface ocean acidification, heavy metal pollution, and
eutrophication (Birch et al., 2016; Henehan et al.,, 2019; Hull
et al., 2020). The contribution of Deccan volcanism to these cli-
matic/environmental effects are still poorly constrained (Hull
et al., 2020), although they should not be entirely discarded. The
greatest Hg/TOC anomaly of all studied localities is recognized at
the KPB of Elles (~6000), but Bidart also shows a considerable
enrichment (Keller et al., 2020; Font et al., 2022). This short-lived
early Danian Hg anomaly (Figs. 4, 6(B)) has been linked to the
Chicxulub impact (Smit et al., 2016), but Deccan volcanism could
also have contributed to the Hg anomalies identified immediately
above the KPB. In addition, it is unclear whether the release of toxic
heavy metals other than Hg (e.g., nickel, thallium, lead or tel-
lurium), typically attributed to the Chicxulub impact, can also be
explained by the onset of intense Deccan volcanism at the KPB
(Regelous et al., 2022). Some heavy metals could have long oceanic

residence times (Jiang et al., 2010), which in combination with the
weathering of contaminated surface sediments, could have con-
tributed to prolong their deposition for thousands of years after
the KPB (Arenillas et al., 2018). Therefore, the enrichment of toxic
metals derived from both the Chicxulub impact and Deccan erup-
tions could explain the trace element composition and paleobio-
logical response recorded in the KPB dark clay bed (Gilabert
et al.,, 2021b).

Immediately after the KPB catastrophic mass extinction, a sharp
bloom of opportunistic Guembelitria is identified in open ocean
localities (Arenillas et al., 2018, 2022; Gilabert et al., 2022; Figs. 5,
6(B)). A similar bloom is recognized in the opportunistic-eutrophic
calcareous dinoflagellate Thoracosphaera/Cervisella (Jones et al.,
2019). The Guembelitria bloom is better recorded in localities
where the KPB dark clay bed is more expanded, as at Caravaca
and Zumaia (with a ~10 cm-thick dark clay bed; Gilabert et al.,
2021b, 2022) and at El Kef and Ain Settara (with a ~100 cm- and
65 cm-thick dark clay bed, respectively; Arenillas et al., 2018). At
these four sections, average relative abundances of Guembelitria
range between 80% to almost 100%, after considering the rest of
the Cretaceous specimens as reworked (Arenillas et al., 2022). In
addition to the Guembelitria bloom, the KPB dark clay bed is also
characterized by a remarkable increase in planktic foraminiferal
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aberrant specimens, with FAIs between 15% and 20% at El Kef, Ain
Settara, Zumaia, Caravaca and DSDP-577 (Figs. 5, 6(B)). Increased
FAls usually coincide with high pollution levels (Arenillas et al.,
2018), which are to be expected after the Chicxulub impact and a
volcanic outburst in the Deccan, as we suggest here. It is notewor-
thy that the proliferation of aberrant specimens across this short
stratigraphic interval is exclusively restricted to the genus Guembe-
litria and to the new incoming Danian taxa, mostly represented by
tiny trochospiral genera Parvularugoglobigerina and Palaeoglo-
bigerina, reinforcing the hypothesis that Guembelitria was the only
planktic foraminifera survivor of the KPB (Arenillas et al., 2018,
2022; Gilabert et al., 2022).

4.3. From ~10 to 50 kyr after the KPB: Short and transient recovery

After the first 10 kyr of the Danian, which are characterized by
the CIE-OIE of the KPB dark clay bed, most localities exhibit a trend
towards more positive values in both §'3C and §'80 (Figs. 3, 6(A)),
returning to values near those recorded before the KPB. Nonethe-
less, there are differences depending on locality: at Caravaca,
Zumaia, Gubbio and ODP-1049, 3'3C reaches values similar to
those of the uppermost Maastrichtian; at El Kef and the ODP-
1209, the §'3C recovery stops half way; and, at ODP-1262, the
813C increase is very small (Fig. 3(A), Fig. 6(A)). To identify the
cause of these shifts, it must be considered that bulk 8'3C values
are a mixture of isotopic signatures of multiple carbonate sources
and diagenetic processes (Septlveda et al., 2019). Henehan et al.
(2019) proposed that the initial surface ocean acidification after
the KPB, together with the extinction of calcifying organisms,
would have led to a transient reduction in the marine alkalinity
sink. With the return of marine calcifiers, the excess of alkalinity
in seawater was removed leading to a rapid rebound and overshoot
in surface ocean pH ~50 kyr after the KPB (Henehan et al., 2019),
which could condition the bulk '3C signal during the early Danian.
Nonetheless, the bulk §'3C record between ~66.0 and 65.95 Ma
shows that the carbon cycle of the earliest Danian was character-
ized by a global positive shift. The 8'80 record also shows a positive
shift, suggesting that sea-surface temperatures continued the
trend towards cooling started in the latest Maastrichtian, which

in fact coincided with a 405-kyr eccentricity minima according to
the astronomical solution used here (Fig. 6). The Hg/TOC anomaly
found at Bidart (Fig. 4; Hg anomaly 3) occurred above the iridium
anomaly (Font et al., 2022), suggesting a rapid increase in the Dec-
can volcanic activity after the KPB. A similar Hg anomaly is recog-
nized at Zumaia (Fig. 4) and it has also been reported at
Wasserfallgraben (Regelous et al., 2022). According to our age
model, this anomaly lasted for only ~18 kyr after the Chicxulub
impact (Fig. 4; Table S4, Appendix A).

Between 10 and 50 kyr after the KPB, the relative abundance of
Guembelitria decreased rapidly (Arenillas et al., 2018; Lowery et al.,
2021; Gilabert et al., 2021b), suggesting less harmful conditions for
calcareous plankton than those immediately after the KPB. This
datum questions the significance of the above-mentioned volcanic
event. Moreover, during this time, a bloom of parvularugoglo-
bigerinids (Parvularugoglobigerina and Palaeoglobigerina) occurred,
as well as the beginning of the second planktic foraminiferal evo-
lutionary radiation, with the appearance of the slightly larger and
more complex genera Eoglobigerina, Globanomalina, Trochoguembe-
litria, Parasubbotina, and Praemurica. Nevertheless, these incoming
Danian genera still were scarce during this interval (Gilabert et al.,
2022). Finally, the parvularugoglobigerinid bloom was replaced by
a proliferation of the biserial genera Woodringina and Chiloguembe-
lina about 30 or 40 kyr after the KPB (Arenillas et al., 2021; Gilabert
et al., 2022).

In this interval, the average FAI is 10% at Caravaca, 13% at
Zumaia, 8% at El Kef, 6.7% at Ain Settara, and 4.5% at DSDP Site
577 (Figs. 5, 6(B); Table S2, Appendix A). These FAI values, although
high, are lower than those of the first ~10 kyr after the KPB, rein-
forcing that maximum environmental stress was reached during
the deposition of the KPB dark clay bed. It is noteworthy that the
FAI at ODP-1262 is extremely low (~0.5%), which contrasts with
the proliferation of aberrant specimens at localities relatively close
to the continent, as in those from Tethys and DSDP Site 577 from
the Pacific (Fig. 5). The FAI dataset suggests that the environmental
perturbation at ODP-1262 (South Atlantic) was less intense during
this interval in comparison to the localities evaluated in the North-
ern hemisphere, as also proposed by Jiang et al. (2010). An alterna-
tive explanation is that, after the devastation of calcareous
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plankton at the KPB, the biological pump was globally weakened
(Birch et al., 2016), but there was some degree of regional hetero-
geneity in the export productivity (Hull et al., 2011; Henehan et al.,
2019), which could be locally higher by removing the excess of
nutrients from the sea-surface more efficiently (Lowery et al,
2021).

4.4. From 50 to 300 kyr after the KPB: A second bloom of opportunistic
triserial guembelitriids, and the Dan-C2 event

From ~65.95 to 65.80 Ma, §'C follows a gradual negative trend,
where ODP Sites 1209 and 1262 display the greatest negative shift
with drops of —0.6%. and —1%., respectively (Fig. 3(A), Fig. 6(A)).
ODP-1049 shows a moderate drop of ca. —0.2%., while Caravaca
and Zumaia seem to fluctuate around a stable average, similar to
values recorded for the uppermost Maastrichtian. El Kef is the only
locality with an increase, of ca. 0.8%.. Similarly, bulk 0 shows
the greatest decrease at ODP Sites 1209 and 1262, of —0.8%. and

—1.2%0, respectively. Nevertheless, at Caravaca, Zumaia, Gubbio,
El Kef and ODP-1049, bulk 8'80 values display almost no change,
although some few negative peaks can be recognized (Fig. 3(B),
Fig. 6(A)). Simultaneously, in the interval ~65.95-65.8 Ma (i.e.,
50-200 kyr after the KPB), a remarkable second bloom of the
opportunistic triserial guembelitriids, specifically of Chiloguembeli-
tria, a Danian descendant of Guembelitria (Arenillas et al., 2018),
has been identified in all the studied sections, reaching maximum
values that range between 40% and 60% in most localities (Fig. 5
(A)). Only ODP-1262 shows values <40%, but reaches around 20-
25% during the same time interval. The contemporaneity of Chi-
loguembelitria blooms in all the studied localities suggests that
the perturbation that drove this biological response was indeed
global. The isotopic record does not show clear changes during this
interval, and therefore increases in opportunistic taxa do not seem
to be linked to a sudden change in sea-surface temperatures as
other authors have proposed (Abramovich and Keller, 2003;
Keller et al., 2020). Guembelitria/Chiloguembelitria often inhabit
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nutrient-rich, shallow waters near continental margins and vol-
canic areas (Arenillas et al., 2018). Therefore, an intensive and glo-
bal environmental disturbance at the sea-surface is required to
explain this new proliferation of triserial guembelitriids in open
marine localities. A possible explanation is that the emplacement
of the largest volume Wai formations of the Deccan flood basalts
may have increased heavy metals and nutrients in the the sea-
surface, contributing to the bloom of triserial taxa and the rise in
FAI observed during this period in all studied localities (Gilabert
et al.,, 2022; Figs. 5, 6(B)). The Hg/TOC records of Bidart, ODP-
1262 and ODP-1049 show a remarkable Hg anomaly between
~65.95 and 65.85, with the higher values recorded in North Atlan-
tic ODP-1049 (Nauter-Alves et al., 2023; Font et al., 2022; Krahl
et al.,, 2023). It is noteworthy that this Hg anomaly cannot be rec-
ognized at Zumaia (Figs. 4, 6(B)). This could be explained by the
higher sedimentation rate recognized at Zumaia for this interval
(1.52 cm/kyr) compared with the other localities for the same time
interval: Bidart (1.05 cm/kyr), ODP-1049 (0.02 cm/kyr), and ODP-
1262 (0.006 cm/kyr). Therefore, it is possible that, during this
interval, the higher sedimentation rate at Zumaia could have led
to dilution of the volcanic Hg signal and overprinting with detrital
Hg, which would explain the very low Hg concentrations in this
section. In any case, and excluding the Zumaia Hg record for this
interval, the Hg anomaly between 65.95 and 65.85 Ma can be tem-
porally correlated to the emplacement of the Ambenali Fm. of the
Deccan Traps (Schoene et al., 2019; Sprain et al., 2019), suggesting
a mechanistic relationship between volcanism and environmental
perturbation during this interval. Explaining why the blooms of
triserial guembelitriids and aberrant specimens lasted slightly
longer than the Hg anomaly (Fig. 6(B)) requires further investiga-
tion. Nevertheless, the very weak and inefficient biological pump
that characterizes this interval could have prolonged the residence
time of nutrients on a time scale of 10*-10° years (Jiang et al.,
2010) and explain the different duration of the blooms with
respect to the Hg anomaly. In addition, recycling of refractory
material in the surface ocean during the earliest Danian
(Henehan et al., 2019; Lowery et al., 2021) could have contributed.

The gradual decreasing 8'3C trend is interrupted by a double
spiked CIE known as Dan-C2 event (Quillévéré et al., 2008). Accord-
ing to our compilation, this isotopic event occurred between ~65.8
and 65.7 Ma and can be recognized in all the Atlantic and Tethyan
sections studied here (Fig. 3(A), Fig. 6(A)). Its absence in Pacific Site
ODP-1209 (Fig. 3(A)), together with the lack of evidence for deep-
sea warming and carbonate dissolution (Barnet et al., 2019), ques-
tions the hyperthermal nature of the Dan-C2 event as originally
proposed (Quillévéré et al., 2008). However, whereas the bulk
313C signature of all the Atlantic and Tethyan localities shows the
characteristic double spiked CIE, the §'80 records do not display
the same pattern as described by Quillévéré et al. (2008) with only
Caravaca showing a concurrent double spiked OIE (Fig. 3(B)). This
reinforces the non-hyperthermal nature of Dan-C2, since a clear
warming trend is not common according to the available isotopic
records (Hull et al., 2020; Bazeen et al., 2024). Another possibility
is that the bulk 8'®0 values are diagenetically overprinted
(Septlveda et al., 2019).

Although we do not consider it to be an hyperthermal event, the
Dan-C2, like most of the Paleogene hyperthermals, seems modu-
lated by changes in the eccentricity of the Earth’s orbit (Galeotti
et al,, 2015; Barnet et al., 2019). Both Barnet et al. (2019) and
Gilabert et al. (2022) found that the Dan-C2 event correlates well
with the first 405 kyr eccentricity maximum of the Danian
(Pcgps1), and its two symmetric CIEs correlate with two 100 kyr
eccentricity maxima within the Pc4o51 maximum (Fig. 6(A)). How-
ever, some authors have proposed that the Dan-C2 event could
have been triggered by Deccan volcanism (Coccioni et al., 2010;
Krahl et al., 2020), although recent estimates of volcanic CO, out-
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gassing argue against Deccan volcanism as a trigger of the Dan-
C2 event (Fendley et al., 2020; Hull et al., 2020). Moreover, Hg
enrichments, which appear to be the most direct evidence of vol-
canic activity, first occurred ~100 kyr before the onset of the
Dan-C2 event (Fig. 6(B)), suggesting the latter is not directly
related to the Deccan volcanism.

On the other hand, the Chiloguembelitria bloom clearly precedes
the Dan-C2 event onset (Fig. 6(B)), and the abundance of these tris-
erial guembelitriids decreases during the Dan-C2 event, reaching
their typical values in open marine environments of <5-10%. Dur-
ing this event, planktic foraminiferal taxa inhabiting the thermo-
cline and sub-thermocline, such as Chiloguembelina, Eoglobigerina,
Parasubbotina, and Subbotina, start to became more abundant, sug-
gesting an increase in the water column stratification and a first
step towards the recolonization of deeper marine environments
(Gilabert et al., 2021b, Krahl et al., 2023; Farouk et al., 2023). How-
ever, it is well-known that the entire reoccupation of the deeper
ocean niches and the return to pre-KBP planktic foraminiferal
diversity took several million years (Birch et al., 2016).

4.5. From 300 to 650 kyr after the KPB: End of Deccan volcanism,
redefining the LC29n event and stabilization in the surface ocean

After the Dan-C2 event, a return to the gradual decreasing trend
in 5'3C is observed until the end of the studied interval (Fig. 3(A),
Fig. 6(A)). The deepest localities, ODP Sites 1262 and 1209
(Fig. 1), show some differences in comparison with the shallower
ones (Fig. 3(A)). ODP-1262 displays a change towards higher iso-
topic values from the end of Dan-C2 event at ~65.7 Ma until
65.55 Ma, briefly interrupted by a transient decrease in '>C values
culminating around 65.62 Ma (Fig. 3(A)). On the other hand, ODP-
1209 follows the decreasing isotopic trend for 5'3C after the time
interval corresponding to the Dan-C2 event until ~65.63 Ma, after
which it follows the same positive shift as ODP-1262 until
~65.57 Ma. From this time until the end of the investigated inter-
val, both sites resume a subtle decreasing isotopic trend in §'3C
values. The §'30 record of Caravaca, Zumaia and Gubbio share a
slight and gradually decreasing trend similar to the one recognized
in their 8'3C bulk signatures (Fig. 3(A), Fig. 6(A)). Again, the deeper
ODP Sites 1262 and 1209 display larger short-term changes,
although the overall trend is towards lower §'80 values, confirm-
ing the warming trend during most of the early Danian. At ODP-
1209, from the end of the interval corresponding to the Dan-C2
event (i.e., from 65.7 Ma to 65.57 Ma), §'0 increases by 0.8%o,
reaching the highest values of the entire studied interval (Fig. 3
(B), Fig. 6(A)). At 65.57 Ma, §'%0, like 5'C, changes to an overall
decreasing trend, as recorded in the shallower sites, although with
some fluctuation during this interval (Figs. 3, 6(A)).

Between the Dan-C2 event and the following hyperthermal or
carbon cycle perturbation (the low C27r event) ~2.4 myr elapsed
(Galeotti et al., 2015). The only climatic event described between
these two is the LC29n event, which was originally defined by
Coccioni et al. (2010) at Gubbio, where it is characterized by a sin-
gle point negative 8'3C excursion of ~0.5%.. Here we propose that
the CIE identified at Zumaia, ODP-1262, Gubbio and Caravaca
between ~65.47 Ma and 65.42 Ma (530-580 kyr after the KPB;
Fig. 3(A), Fig. 6(A)) is the LC29n event, and thus we consider that
the LC29n event is younger than proposed by Coccioni et al.
(2010). At these localities, '3C values consistently decreased
between ~0.2%. and 0.4%. during the LC29n event. Moreover, a
small OIE is recognized at ~65.45 Ma in all the localities, approxi-
mately in the middle part of the LC29n event (Fig. 3(B), Fig. 6(A)).
However, as in the case of Dan-C2 event, no clear warming of the
ocean floor has been reported at the LC29n event (Hull et al,
2020). The trigger of LC29n event seems unlikely to be related to
the Deccan volcanism, since it occurred 200 kyr later than the
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end of Deccan volcanism (Schoene et al., 2019) or, at most, at the
end of the emplacement of Mahabaleshwar Fm. (Sprain et al,
2019; Fig. 6). Recent radiometric dating of the Boltysh impact, a
24 km-diameter crater in Ukraine, suggests an age of 65.39 * 0.1
4/0.16 Ma (Pickersgill et al., 2021), which coincides within the
error range of age estimated here for the LC29n event. Although
the exact mechanism behind LC29n event remains uncertain, its
good temporal alignment with a 100 kyr eccentricity maxima
(Fig. 6(A)) indicates that orbital forcing is the most likely trigger
(Gilabert et al., 2022).

Towards the end of the Dan-C2 event at ~65.7 Ma, planktic for-
aminiferal assemblages became more diverse, with species belong-
ing to genera of the second evolutionary radiation (Eoglobigerina,
Parasubbotina, Subbotina, Praemurica, and Globanomalina) becom-
ing progressively more abundant, until they collectively reach
between 40% and 50% (Arenillas et al., 2021). The increase in the
relative abundance of these species, which are mostly thermocline
dwellers, ~300 kyr after the Dan-C2, suggests a more global and
stable reoccupation of thermocline depths, which allows us to con-
firm that the stratification of the oceanic water column increased
during this time (Lowery et al., 2021; Gilabert et al., 2021b;
Krahl et al., 2023). With the available data, no relevant changes
have been identified among the planktic foraminiferal assemblages
during this interval, suggesting no severe environmental effects
related to the emplacement of the Mahabaleshwar Fm., which
spans the C29r-C29n transition. Similarly, during the LC29n event,
the planktic foraminiferal assemblages exhibit only small-scale
fluctuations, suggesting that no significant change in paleoenviron-
mental or palaeoceanographic conditions can be recognized
(Gilabert et al., 2021b, 2022). No episodes of carbonate dissolution
have been reported within the LC29n event in the localities studied
here (Westerhold et al., 2011; Arenillas et al., 2018; Barnet et al.,
2019; Gilabert et al., 2021b, 2022), indicating that this event was
only a small climate/carbon cycle disturbance.

5. Conclusions

Our high-resolution multiproxy analysis from Pacific, Atlantic
and Tethyan localities provides new evidence on the complex
interplay between Deccan volcanism, the Chicxulub impact and
orbital forcing across the Cretaceous-Paleogene boundary (KPB).
Mercury (Hg) enrichments suggest increased volcanic activity
between 30 kyr and 15 kyr before the KPB, which is tentatively
attributed to the emplacement of the Poladpur Fm. of the Deccan
Traps. However, in open marine localities, this volcanic activity
did neither alter the planktic foraminiferal assemblages nor disrupt
the gradual cooling trend of the Late Maastrichtian.

In addition to the planktic foraminiferal mass extinction, the
Chicxulub impact triggered sudden climatic and environmental
changes on the sea-surface during the first 10 kyr of the Danian,
recorded as sharp negative carbon and oxygen isotopic excursions
and blooms of triserial guembelitriids and aberrant specimens of
planktic foraminifera. The origin of the Hg anomalies at the KPB
are unclear, and both Chicxulub impact and Deccan volcanism
can be potential sources for the Hg enrichments. The Hg anomalies
dated at ~15-20 kyr after the KPB could be evidence of an acceler-
ation of the Deccan volcanism (onset of the large-volume Wai for-
mations) perhaps induced by the Chicxulub impact. However, if
this Hg enrichment is due to volcanism, it clearly had not effect
on the planktic foraminiferal assemblages. The last Hg anomaly
recognized, dated at ~65.94-65.86 Ma, may be linked to the
emplacement of the Ambenali Fm. This Hg anomaly is associated
with a new bloom of triserial guembelitriids and aberrant speci-
mens, indicating a new interval of environmental stress. Finally,
our age model allows us to infer that the Deccan volcanism was
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not the trigger of the Dan-C2 and LC29n events, but these climate
perturbations were more likely the result of orbital forcing.
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