
lable at ScienceDirect

Cretaceous Research 125 (2021) 104844
Contents lists avai
Cretaceous Research

journal homepage: www.elsevier .com/locate /CretRes
Influence of the Latest Maastrichtian Warming Event on planktic
foraminiferal assemblages and ocean carbonate saturation at Caravaca,
Spain

Vicente Gilabert a, *, Jos�e A. Arz a, Ignacio Arenillas a, Stuart A. Robinson b, Daniel Ferrer a

a Departamento de Ciencias de La Tierra, and Instituto Universitario de Investigaci�on en Ciencias Ambientales de Arag�on, Universidad de Zaragoza, E-50009
Zaragoza, C/ Pedro Cerbuna 12, 50009 Zaragoza, Spain
b Department of Earth Sciences, University of Oxford, South Parks Road, Oxford, OX1 3AN, UK
a r t i c l e i n f o

Article history:
Received 26 May 2020
Received in revised form
16 February 2021
Accepted in revised form 31 March 2021
Available online 14 April 2021

Keywords:
Deccan volcanism
Stable isotopes
Mass extinction
Western Tethys
* Corresponding author.
E-mail addresses: vgilabert@unizar.es (V. Gilabert)

ias@unizar.es (I. Arenillas), stuart.robinson@earth
danielferrer26795@gmail.com (D. Ferrer).

https://doi.org/10.1016/j.cretres.2021.104844
0195-6671/© 2021 The Authors. Published by Elsevie
a b s t r a c t

A global warming episode in the Late Cretaceous, the Latest Maastrichtian Warming Event (LMWE), has
been commonly linked to both the onset of massive Deccan Trap volcanism and the start of a planktic
foraminiferal mass extinction prior to the Cretaceous/Paleogene boundary (KPB). The mechanisms that
drove the LMWE are still under discussion, but radiometric dating of the onset of the main phase of the
Deccan volcanism supports a temporal coincidence and permits a potential mechanistic link. Here we
evaluate the planktic foraminiferal record, carbonate content and stable carbon and oxygen isotopes in
the Caravaca section, in order to characterize paleoenvironmental change related to the LMWE. We
identified negative d13C and d18O excursions in bulk carbonate from 66.35 to 66.14 Ma, i.e. ~310 to ~100
kyr before the KPB, which can be stratigraphically correlated to the LMWE and a major pulse of Deccan
Traps volcanism. Within this warm interval, we identified high values in the fragmentation index of
planktic foraminiferal tests, episodes of very high abundance of the low oxygen tolerant genus Hetero-
helix, a decrease of thermocline dwellers, dwarfing in Contusotruncana contusa tests, and an increase in
the biserial morphotype of Pseudoguembelina hariaensiswith elongated terminal chambers. However, the
environmental disturbance during the LMWE did not cause changes in the planktic foraminiferal
extinction rate. At Caravaca, the warming associated with LMWE was followed by a gradual cooling up to
the KPB suggesting no extended interval of perturbed environments before the KPB extinction due to
Deccan volcanism.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

For more than 40 years there has been a debate about the tempo
and causes of the end-Cretaceous mass extinction ~66Ma ago, with
the Chicxulub impact widely argued to be the major contributing
factor (e.g., Alvarez et al., 1980; Hull et al., 2020; Kring, 2007;
Schulte et al., 2010a; Smit, 1982). Nonetheless, more accurate
magnetochronological studies (Chenet et al., 2007, 2009) and
radiogenic isotope dating of rocks from the Deccan Traps in India
(Chenet et al., 2008), have fueled the debate over whether there
was a single cause, the Chicxulub impact (Schulte et al., 2010a,b), or
, josearz@unizar.es (J.A. Arz),
.ox.ac.uk (S.A. Robinson),
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a combination of causes, with uncertain relative contributions
(Courtillot and Fluteau, 2010; Keller et al., 2010). Radiometric
dating of intertrappean zircon crystals using the uranium-lead
(UePb) geochronometer (Schoene et al., 2015, 2019), and new
precise ages using 40Ar/39Ar geochronology, have proven that the
Deccan megaflows erupted during almost 1 Ma, fully spanning the
magnetochron C29r (Renne et al., 2015; Sprain et al., 2019) inwhich
the Cretaceous/Paleogene boundary (KPB) event occurred. Planktic
foraminiferal biostratigraphic studies in the intertrappean marine
sediments from the Krishna-Godavari Basin, SE India, are consistent
with an onset of the Deccan main eruptive phase near the C29r/
C30n reversal (Keller et al., 2008, 2012).

A decline in the marine 187Os/188Os ratio (Robinson et al., 2009)
provides the most unequivocal geochemical evidence for the
timing in the marine sedimentary record of this latest Maas-
trichtian high-flux magma pulse. Although some authors have
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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suggested an increased input of volcanogenic Hg during the latest
Maastrichtian (e.g., Sial et al., 2016; Font et al., 2016, Font et al.,
2017) the patterns are not consistent between sites or through
time (Percival et al., 2018), suggesting this proxy cannot be used as a
reliable and consistent stratigraphic marker of Deccan volcanism.
Alongside the geochemical evidence for volcanism, other records
suggest that the carbonate system was perturbed during this time,
possibly as a result of outgassing from the Deccan Traps (e.g. Kucera
et al., 1997; Font et al., 2014; Punekar et al., 2014; Henehan et al.,
2016; Keller et al., 2016; Dameron et al., 2017).

Global warming intervals during the KPB interval have beenwell
documented from oxygen isotope (d18O) records for several de-
cades, and have been commonly related to increased emissions of
carbon dioxide greenhouse gases from the Deccan Traps (Stott and
Kennett, 1990; Li and Keller, 1998a; Barrera and Savin, 1999). The
magnitude of the temperature increase during the well-known
Latest Maastrichtian Warming Event (LMWE) has been estimated
to have been between 5 and 8 �C in the terrestrial realm from lo-
calities in North America (Nordt et al., 2003; Wilf et al., 2003) and
NE China (Zhang et al., 2018). In the marine realm, contempora-
neous warming episodes have been recognized in the North
Atlantic Ocean (3.9 ± 1.1 �C in the ODP 174AX Bass River core by
Woelders et al., 2018); the South Atlantic Ocean (~2 to 5 �C at ODP
1262 and DSDP 525A Sites by Barnet et al., 2018; Li and Keller,
1998a); Pacific Ocean (~3 �C at ODP 1209 Site by Westerhold
et al., 2011); and the Southern Ocean (7.8 ± 3.3 �C at Seymour Is-
land by Petersen et al., 2016). Recently, Hull et al. (2020) have
modelled several scenarios for the timing of outgassing from the
Deccan Traps and the climatic effects of volcanic emissions of CO2
and SO2. Based on this modelling, Hull et al. (2020) suggest that the
most likely scenario was one in which 50% of the degassing of the
Deccan Traps occurred between 358 kyr (C29r/C30n reversal
boundary) and 218 kyr before the KPB, with the other 50% of
eruptive degassing events occurring in the early Danian.

Most of the evidence for the paleobiological response to the
LMWE comes from marine records including, among others,
blooms in the warm-water calcareous nannofossil Micula murus
(Thibault et al., 2016), blooms of the planktic foraminiferal oppor-
tunist species Guembelitria cretacea (Punekar et al., 2014), blooms
in Palynodinium grallator dinoflagellate cysts (Vellekoop et al.,
2019) and changes in bivalve assemblages (Petersen et al., 2016).
According to some authors (Wilf et al., 2003; Keller et al., 2008,
2016; Gertsch et al., 2011; Keller, 2014), the age constraints for the
LMWE and the terrestrial and marine paleobiological and
geochemical data suggest that the global climate change triggered
by Deccan volcanism started the end-Cretaceous extinctions.
However, others found no evidence of extinctions or significant
changes in the community structure of marine microbiota during
the LMWE (see extensive compilation in Table S1 of Hull et al.,
2020), suggesting that the environmental and climatic effects of
Deccan Trap volcanism alone were insufficient to drive biotic
extinctions.

To of improve our knowledge about the role of the Deccan Traps
in the complex paleoclimatic and paleobiological changes that took
place during the latest Maastrichtian, we provide a detailed multi-
proxy analysis of the last ~400 kyr of the Maastrichtian at the
Caravaca section (SE Spain, western Tethys), including quantitative,
biometric and taphonomic studies of planktic foraminifera, as well
as bulk geochemical measurements (stable C- and O-isotopes,
CaCO3 content). Several decades ago, the Caravaca section played a
key role in testing the tempo and duration of biotic and environ-
mental changes across the KPB (catastrophic vs gradual mass
extinction; e.g. Smit, 1982 vs Canudo et al., 1991). However, most of
the previous analyses performed at Caravaca have been focused
only on the uppermost Maastrichtian rocks (~last meter), thereby
2

failing to capture the environmental influence of the late Maas-
trichtian Deccan eruptive phase.

2. Geological settings

The Caravaca section is located in southern Spain (Murcia re-
gion), about 4 km south of the town of Caravaca, in the Barranco del
Gredero ravine (38�0403600 N,1�5204200 W). Geologically, the section
lies in the Betic System (Subbetic Zone) which represents the
westernmost edge of the Alpine Orogeny. Caravaca is one of the
most complete, expanded, and well-exposed KPB outcrops in the
world (Smit, 2004) and was designated as an auxiliary section for
the Global Boundary Stratotype Section and Point (GSSP) for the
base of the Danian Stage (Molina et al., 2009). On the basis of
benthic foraminifera, Coccioni and Galeotti (1994) reported that the
terminal Maastrichtian to basal Danian sedimentary rocks were
deposited in an open marine middle-bathyal environment with a
paleodepth of about 600e1000 m, similar to previous estimations
of Smit (1982) (Fig. 1).

The uppermost Maastrichtian interval is defined as the Raspay
Formation by Chacon (2002) and consists of 45 m of hemipelagic
marlstones with some marly limestones intercalations. In this
study, we focused only on the last 18.3 m immediately underlying
the KPB since, from this level to downwards, the outcrop is no
longer accessible.

The stratigraphic interval studied is thicker than that analyzed
by Arz et al. (2000), which focused on the KPB mass extinction
event, and consists mainly of limymarlstones andmarly limestones
(Fig. 2) rich in planktic foraminifera with rare, minor intercalations
of siliciclastic turbidites. Lithologies have been distinguished on the
basis of the CaCO3 content with 75e95% for marly limestones,
65e75% for limy marlstones and 35e65% for marlstones. From base
to top we differentiated five lithologic intervals: 1) 2.4 m of greyish
marly limestones; 2) 5.8 m of whitish limy marlstones with some
centimetric to decimetric marly limestones intercalations and some
scarcemillimetric to centimetric siliciclastic turbidites; 3) 3.6m of a
gradual succession of whitish marlstones, limy marlstones and
marly limestones. 4) 4.7 m of a rhythmic alternation between
whitish limy marlstones with greyish marly limestones 20e40 cm
thick; 5) 1.8 m of massive greyish marlstones with some centi-
metric to millimetric limy marlstone intercalations that get thinner
towards the top. The KPB at Caravaca is marked by a 2 to 3 mm-
thick rusty red layer that contains altered microtektites (Smit and
Klaver, 1981), as well as anomalously high concentrations of Ir,
Co, Cr, Ni, As, Sb, and Se (Smit and Ten Kate, 1982).

3. Material and methods

3.1. Micropaleontological methods

Fifty-eight samples were carefully disaggregated in 10% diluted
H2O2 for 2 h each, then washed and passed gently through 63, 100
and 1000 mm mesh sieves, and finally dried in an oven at less than
50 �C. For planktic foraminiferal biostratigraphy, age model and
specific richness determinations, we carried out an intensive
scanning of the residue to minimize the Signor-Lipps effect (Signor
and Lipps, 1982), trying to identify all the scarce species present in
the samples (see Table 1 in the supplementary data).

Later, a subset of 35 samples was selected for paleoenvir-
onmental analysis, using an Ottomicrosplitter over the >63 mm size
fraction to obtain a representative aliquot in each sample. We
randomly picked about 500 whole planktic foraminifera tests per
sample, and classified them at genus level in order to evaluate
changes in the relative abundance of each genus. Changes in depth-
habitat ecogroups were investigated using the deep-surface (D/S)



Fig. 1. Paleogeographic reconstruction of western Tethys, showing the position of the Caravaca section. Modified from ODSN Plate Tectonics Reconstruction Service and Andeweg
(2002).
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ratio, calculated as follows: D/S ¼ [thermocline dwellers/(thermo-
cline dwellers þ mixed layer dwellers)]. It is used as a proxy to
analyze the water column state, with higher values suggesting
more stable conditions with a deeper and wider thermocline or an
increase in the suitability of the upper water column for planktic
foraminifera. Interpretations of depth-habitat ecogroups are based
mainly on stable isotope signatures and paleoecological data of
planktic foraminiferal species from D'Hondt and Zachos (1993),
D'Hondt and Arthur (1995), Abramovich et al. (2003), Isaza-
Londo~no et al. (2006), Georgescu et al. (2008), Abramovich et al.
(2010), 2011), Ashckenazi-Polivoda et al. (2014), Falzoni et al.
(2014, 2016), Petrizzo et al. (2020). We have adopted the depth
ecology categories of Petrizzo et al. (2020) which differentiate be-
tweenmixed layer, intermediate and thermocline dwelling planktic
foraminifera (Table 1). Finally, in order to quantify the planktic/
benthic (P/B) ratio and estimate changes in the paleobathymetry,
we have picked the benthic foraminiferal specimens in each sample
over the same split as the 500 whole planktic foraminiferal tests.
The P/B ratio was calculated as follow: P/B¼ [planktic foraminifera/
(planktic þ benthic foraminifera)] * 100.

For the taphonomic analysis, we additionally picked fragments
of planktic foraminiferal tests over the same 35 sample set and
>63 mm splits in order to identify episodes of enhanced fragmen-
tation. Planktic foraminiferal test preservation is usually moderate
to good (Fig. 3), but highly variable in some stratigraphic intervals
3

(Fig. 4). The fragmentation index is a well-known taphonomic
proxy of carbonate saturation state or dissolution of calcium car-
bonate (Berger et al., 1982; Malmgren, 1987), and it is considered a
better proxy to quantify these variables than other indicators such
as weight percent CaCO3 or weight percent coarse fraction
(Henehan et al., 2016). The fragmentation index (FI) measures the
percentage of planktic foraminiferal fragments (specimens con-
sisting of less than two-third on an entire test) in relation to the
total number of whole tests, following Berger et al. (1982). We
considered that the dissolution effects upon the composition of
planktic foraminifera assemblages were substantially higher in
samples with FI >40%. This boundary has been previously used to
distinguish between regimes of moderate and strong dissolution in
other upper Cretaceous sections (e.g., Malmgren, 1987; Kucera
et al., 1997). The sample by sample results of this detailed quanti-
tative taphonomic analysis are listed in Table 2 in the
supplementary data.

We have also performed a biometric analysis in order to identify
patterns of variation in test size over time in two selected species of
planktic foraminifera (Fig. 5): the mixed layer dweller Pseudo-
guembelina hariaensis and the intermediate dweller Con-
tusotruncana contusa, one of the largest planktic foraminiferal
species ever in evolutionary history. To avoid juvenile specimens,
we studied the >100 mm size fraction, that was split into a repre-
sentative aliquot using a microsplitter. Then, ten specimens of each



Fig. 2. Lithostratigraphic column, lithologic intervals and outcrop views of the Caravaca section. Differences between lithologies are based on CaCO3 content: 75e95% for marly
limestones, 65e75% for limy marlstones and 35e65% for marlstones.
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Table 1
Depth related ecogroups of planktic foraminiferal genera during the late
Maastrichtian.

Genera Taxonomic group Depth ecologies Average relative
abundance

Abathomphalus Globotruncanids Thermocline1,2,3 <0.1%
Archaeoglobigerina Rugoglobigerinids Intermediate3 0.1%
Contusotruncana Globotruncanids Intermediate2,3,4,5,6 0.1%
Globigerinelloides Globigerinelloids Intermediate2,3 8.6%
Globotruncana Globotruncanids Thermocline1,2,3,6 1.9%
Globotruncanella Globotruncanids Thermocline1,2,3 0.8%
Globotruncanita Globotruncanids Thermocline1,2,3,6 1.6%
Gublerina Heterohelicids Thermocline1,2,7,10 0.1%
Guembelitria Guembelitrids Mixed layer3,8,9 1.4%
Muricohedbergella Hedbergellids Intermediate1,3,6 6.1%
Heterohelix Heterohelicids Intermediate1,2,3,4 66.2%
Laeviheterohelix Heterohelicids Thermocline1,2 1.0%
Planoglobulina Heterohelicids Intermediate1,2,3 0.2%
Pseudoguembelina Heterohelicids Mixed layer2,3,4,8 6.8%
Pseudotextularia Heterohelicids Intermediate1,2,3,4,6 0.8%
Racemiguembelina Heterohelicids Intermediate1,3,5,6 0.4%
Rugoglobigerina Rugoglobigerinids Mixed layer2,3,6,7,8 3.5%
Plummerita Rugoglobigerinids Mixed layer11 0.1%
Schackoina Schackoinids Mixed layer3 0.3%

References:1D'Hondt and Arthur (1995);2Abramovich et al. (2003);3Petrizzo et al.
(2020);4Abramovich et al. (2010);5Isaza-Londo~no et al. (2006);6Falzoni et al.
(2016);7Falzoni et al. (2014);8Ashckenazi-Polivoda et al. (2014);9D'Hondt and
Zachos (1993);10Georgescu et al. (2008);11Abramovich et al. (2011).
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species were randomly picked andmounted on standard 60-square
micropaleontological slides. In case the aliquot did not contain ten
specimens of a species, the splitting was repeated until the whole
sample had been completely examined. For biometric analysis, we
measured the test height and width of P. hariaensis, and height and
length of C. contusa (see Fig. 5) using an Olympus UC30 digital
camera connected to a Zeiss Discovery V.20 stereomicroscope, and
the Stream Image Analysis Software. In the case of P. hariaensis, we
differentiate two morphotypes, on the basis of the final serial
arrangement of chambers: biserial, with elongated final chambers
with subparallel pairs of the last few chambers (Figs. 4A and 5A), or
multiserial with one or two sets of small subglobular chamberlets
(Figs. 3H and 5B). Both morphotypes have previously been recog-
nized within the inter-specific variability of P. hariaensis (e.g., Pl. 3,
Figs. 9 and 11 of Coccioni and Premoli Silva, 2015). Biometric data
and morphotype relative abundance of 507 specimens are given in
Table 3 in the supplementary data.

Biometrically measured planktic foraminiferal specimens were
also mounted on in a micropaleontological slide to provide a per-
manent record. Representative specimens of some relevant species
were selected for scanning electron microscopy (SEM) analysis, and
photographed using a JEOL JSM 6400 SEM at the Microscopy Ser-
vice of the Universidad de Zaragoza. In order to ensure the repli-
cability of this research, the micropaleontological material figured
in this study is appropriately labelled with MPZ abbreviations
(Museo Paleontol�ogico de la Universidad de Zaragoza) and housed
in the Natural Science Museum of the University of Zaragoza
(Canudo, 2018).

3.2. Geochemical methods

The inorganic and organic carbonate content was measured
using duplicate powdered subsamples from 87 samples that were
weighed into ceramic boats, one of which was roasted in air at
420 �C for 12 h to remove organic carbon. The total carbon content
of each subsample was determined using a Strohlein Coulomat 702
in the Department of Earth Sciences, University of Oxford. The
difference between the amount of carbon determined in unroasted
5

and pre-roasted samples provided an estimate of Total Organic
Carbon (TOC). Reproducibility of %C using this method is typically
better than 0.1%. Assuming that all the inorganic carbon is present
as CaCO3 allows the CaCO3% to be calculated by multiplying the
inorganic carbon value (from the pre-roasted sample) by 8.333
(recurring).

Stable carbon and oxygen isotopes (d13C, d18O) were measured
using powdered bulk-rock from the same set of 87 samples. Sam-
ples were analyzed in the Department of Earth Sciences, University
of Oxford using either a GasBench or a Kiel device attached to a
ThermoFisher Delta V Advantage gas source isotope ratio mass
spectrometer. Data are reported using the standard delta notation
in per mil (‰) deviation on the VPDB scale. International and in-
house standards were used to ensure the comparability between
instruments and the precision and accuracy of the data. Repeated
analyses of in-house standards suggest a reproducibility (±1s) of
<0.1 for both d13C and d18O.

4. Results

4.1. Planktic foraminiferal turnover

At Caravaca, planktic foraminiferal assemblages are character-
ized by a high diversity and a wide range of size and morphological
variability of the tests. Species richness from the base to the top of
the studied section remains very high with values between 63 and
69 species per sample. A total of 70 species belonging to 20 genera
have been identified throughout the section (Fig. 6 and Table 1 in
the supplementary data). Within the interval from 13.80 to
5.05 m below the KPB, the average species richness value is slightly
lower (Fig. 7A). This is due to the disappearance of scarcer species,
such as Archaeoglobigerina cretacea, A. blowi, Globotruncanita fal-
socalcarata, Abathomphalus intermedius and Contusotruncana
patelliformis, that are absent in >20% of the analyzed samples. At
Caravaca, we have identified the highest occurrences (HO) of only 4
species: HO of A. cretacea at 50 cm below the KPB, HO of Gita. fal-
socalcarata at 40 cm below the KPB, HO of A. blowi at 15 cm below
the KPB, and HO of Planoglobulina manuelensis at 1 cm below the
KPB. All remaining 66 planktic foraminiferal species have been
identified in the uppermost sample, just 1 cm below the KPB
(Table 1 in the supplementary data).

Quantitative data are shown in Table 2 of the supplementary
material and plotted in Figs. 7 and 8. The P/B ratio always ex-
ceeds 95% (Fig. 7B), suggesting pelagic conditions and a relatively
stable paleobathymetry throughout the Caravaca section. Given
these broad and stable environmental conditions, it is no surprise
that all Maastrichtian planktic foraminiferal ecogroups are well
represented (e.g., heterohelicids, pseudoguembelinids, globo-
truncanids, rugoglobigerinids, hedbergellids, globigerinelloids and
schackoinids).

Changes in the deep/surface (D/S) ratio allow us to differentiate
three intervals (Fig 7C). In the lower part of the studied section
(18.30e13.20 m below the KPB), the D/S ratio varies between 0.28
and 0.52, with an average of 0.39. The lowest D/S ratio values in the
Caravaca section have been identified from 13.20 to 5.05 m below
the KPB. Within this interval, D/S ratio values range between 0.0
and 0.45, with an average of 0.20. From 5.05 m to the KPB, D/S ratio
values range between 0.29 and 0.47, with an average value of 0.39.

Planktic foraminiferal assemblages in the >63 mm size fraction
are dominated by the generalist Heterohelix, with an average rela-
tive abundance of about 66% (Fig. 8). Other common genera are
Globigerinelloides (8.6%), Pseudoguembelina (6.8%) and Mur-
icohedbergella (6.1%). On average, the least abundant genera are
Rugoglobigerina (3.5%), Globotruncana (1.9%), and Globotruncanita
(1.6%). In Fig. 8, other genera whose average relative abundance is



Fig. 3. Examples of moderate to good preserved tests of planktic foraminiferal species from the Caravaca section (scale bars ¼ 100 mm): A) Pseudoguembelina costulata, sample GR-0-
2 (MPZ 2019/1), B) Pseudotextularia elegans, sample GR-0-2 (MPZ 2019/2), C) Planoglobulina multicamerata, sample GR-0-2 (MPZ 2019/3), D) Pseudoguembelina palpebra, sample GR-
0-2 (MPZ 2019/4), E) Globotruncanella petaloidea, sample GR-0-2 (MPZ 2019/5), F) Rugoglobigerina rotundata, sample GR-4-6 (MPZ 2019/6), G) Contusotruncana contusa, sample GR-
4-6 (MPZ 2019/7), H) Pseudoguembelina hariaensis, multiserial morphotype sample GR-4-6 (MPZ 2019/8), I) Globotruncanita stuarti, sample GR-4-6 (MPZ 2019/9), J) Rugoglobigerina
macrocephala, sample GR-10 (MPZ 2019/10), K) Abathomphalus mayaroensis, sample GR-110 (MPZ 2019/11), L) Plummerita hantkeninoides, sample GR-630 (MPZ 2019/12).

V. Gilabert, J.A. Arz, I. Arenillas et al. Cretaceous Research 125 (2021) 104844
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Fig. 4. Examples of poor preservation and fragmentation in planktic foraminiferal tests from the Caravaca section (scale bars ¼ 100 mm): A) Pseudoguembelina hariaensis, biserial
morphotype sample GR-1830 (MPZ 2019/13), B) Gublerina cuvillieri, sample GR-1380 (MPZ 2019/14), C) Pseudotextularia nutalli, sample GR-1020 (MPZ 2019/15), D) Planoglobulina
acervulinoides, sample GR-655 (MPZ 2019/16), E) Rugoglobigerina hexacamerata, sample GR-1380 (MPZ 2019/17), F) Contusotruncana contusa, sample GR-1080 (MPZ 2019/18), G)
fragment indet., sample GR-1290 (MPZ 2019/19), H) globotruncanid fragment sample GR-1290 (MPZ 2019/20), I) fragment indet., sample GR-655 (MPZ 2019/21).

Fig. 5. Biometric variables measured on the tests of selected species and morphotypes. A) Biserial morphotype of Pseudoguembelina hariaensis; B) Multiserial morphotype of
P. hariaensis; C) Contusotruncana contusa.

V. Gilabert, J.A. Arz, I. Arenillas et al. Cretaceous Research 125 (2021) 104844
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Fig. 6. Stratigraphic distribution of the late Maastrichtian planktic foraminiferal species.
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<1% are grouped together. This group is composed of the following
genera: Abathomphalus, Archaeoglobigerina, Contusotruncana, Glo-
botruncanella, Gublerina, Planoglobulina, Pseudotextularia, Race-
miguembelina, Plummerita and Schackoina.

4.1.1. Planktic foraminiferal size and morphological variation
We evaluated changes in test size of two planktic foraminiferal

species: Contusotruncana contusa (intermediate dweller) and
Pseudoguembelina hariaensis (mixed layer dweller). Biometric data
are provided in Supplementary Table 3 and plotted in Fig. 9. The
variation in test size of C. contusa is remarkable, especially between
13.8 and 5.05 m below the KPB (Fig. 9A). In this interval, the size
reduction is close to 35% and occurs almost equally on both height
and length of the test. Conversely, P. hariaensis was not affected by
dwarfing, since its size progressively increases across the section
(Fig. 9B). However, the relative abundance of the two morphotypes
of P. hariaensis also varies remarkably between 13.2 and 5.05 m
below the KPB (Fig. 9C). The biserial morphotype, with elongated
final chambers, became more abundant within this depth interval,
with a mean relative abundance of about 75%. Multiserial mor-
photypes, with small chamberlets, tend to dominate below and
above this depth interval.

4.1.2. Planktic foraminiferal fragmentation index (FI)
We have recognized FI values higher than 40% in ten samples

within two intervals: from 15.60 to 10.80m and from 7.50 to 6.30m
8

below the KPB (Table 2 in the supplementary data and Fig. 10A).
Large oscillations in the FI are identified within both intervals,
suggesting relatively rapid changes in carbonate dissolution in-
tensity. Nonetheless, most of the studied section is below a mod-
erate/strong dissolution limit of FI < 40% especially in the
uppermost 6 m of the Maastrichtian. Linear regressions between FI
and CaCO3 content (Fig. 10B) and between FI and P/B ratios
(Fig. 10C) show null and poor correlation coefficients.

4.2. Geochemistry

Total organic carbon (TOC) is less than 0.2%, or below detection
limits in some samples, so, these data are not discussed further. %
CaCO3 varies from 55.4% to 82.0%, with a mean value of 72.7%
(±1s ¼ 5%, n ¼ 87). Stratigraphically there is little variability
(Table 4 in the supplementary data), with small scale-fluctuations
representing lithological differences between marlstones, marly
limestones and limy marlstones.

Carbon-isotope (d13C) values vary between �0.60 and þ 2.12‰
with a mean of þ1.44‰ (±1s ¼ 0.51‰, n ¼ 87; Table 4 in the
supplementary data). Oxygen-isotope (d18O) values vary
between�3.17 and�1.80‰, with amean of�2.21‰ (±1s¼ 0.26‰,
n ¼ 87). The isotopic data exhibit broad stratigraphic trends, with
higher resolution variability superimposed upon these (Fig.11). At a
broad scale across the entire record, both carbon and oxygen iso-
topes exhibit a broad decrease to minimum values between 13.80



Fig. 7. Shifts in species richness (S), planktic/benthic (P/B) ratio and deep/surface (D/S) ratio.
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and 5.05 m below the boundary before increasing prior to the KPB.
In detail, there are notable negative excursions from the broad
pattern in both d18O and d13C, occurring at 10.80 m, 6.55 m and
6.30 m below the KPB.

5. Biostratigraphy and age model

Only the last two biozones of Li and Keller (1998b) alphanu-
merical scale, Zones CF1 (Plummerita hantkeninoides) and CF2
(Pseudoguembelina palpebra), have been identified at Caravaca
(Fig. 6). The lowest occurrence (LO) of Plummerita hantkeninoides,
the base of Zone CF1, is located 6.3 m below the KPB. In this bio-
horizon, we found the first indubitable specimens of
9

P. hantkeninoides with well-developed tubulospines in the last
whorl (Fig. 3L), although proto-P. hantkeninoides transitional forms
with rugosities and some elongated chambers (but not true tubu-
lospines) are found from 6.8m below the KPB. The HO of Gansserina
gansseri, the base of Zone CF2, has not been recognized since it
occurs >18.3 m below the KPB, within strata that are no longer
exposed and were, thus, inaccessible to us. Through the whole
stratigraphic section, there is no evidence of erosive surfaces or
abrupt changes in lithology, so we assume that the sedimentation
rate was rather stable across the studied interval.

We have used the Husson et al. (2014) calibration for the
Cretaceous part of the C29r magnetochron, which is based on the
astrochronological age model from the Contessa Highway and



Fig. 8. Quantitative stratigraphic distribution of planktic foraminiferal genera. Other genera includes: Abathomphalus, Archaeoglobigerina, Contusotruncana, Globotruncanella,
Gublerina, Planoglobulina, Pseudotextularia, Racemiguembelina, Plummerita and Schackoina.
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Bottaccione sections near Gubbio, Italy. This age model provides a
duration for the Cretaceous part of C29r of ~365 kyr, very similar to
that given by GTS 2012 (~358 kyr, Gradstein et al., 2012). Following
Renne et al. (2013), the KPB is dated at 66.04Ma in both time scales.
Husson et al. (2014) provided calibrated ages for micropaleonto-
logical data, such as the LO of P. hantkeninoides at 140 kyr before the
KPB. The KPB and the LO of P. hantkeninoides have been used as tie
points to estimate the linear sedimentation rate of the entire Car-
avaca section, resulting in an average of 4.5 cm/kyr.

At Bottaccione (Gubbio), the LO of P. hantkeninoides and HO of
G. gansseri are, respectively, 1.4 and 4.7 m below the KPB (Husson
et al., 2014; Coccioni and Premoli Silva, 2015). Assuming a con-
stant sedimentation rate of 4.5 cm/kyr for Caravaca and correlating
with planktic foraminiferal data from Gubbio, the HO of G. gansseri
should be located 21.15m below the KPB of Caravaca, so the studied
section spans approximately the uppermost 80% of Zone CF2. In this
age framework, the materials studied and discussed here span the
last ~400 kyr of the Maastrichtian.
10
6. Global correlation of the isotope record and Latest
Maastrichtian Warming Event

6.1. Veracity of the isotope records

Bulk stable-isotope records from pelagic marls, chalks and
limestones have been used extensively for chemostratigraphic
correlation and for reconstructing trends in Cretaceous climate
(e.g., Scholle and Arthur, 1980; Jenkyns et al., 1994; Clarke and
Jenkyns, 1999; Jarvis et al., 2006). However, before interpreting
such data as a record of primary signals from Cretaceous seawater,
diagenetic effects must be discounted. The d13C and d18O data from
Caravaca presented here have values that are consistent with car-
bonate formation from Late Cretaceous seawater (Table 4 in the
supplementary data) and are comparable to previous studies
from the KPB interval itself at Caravaca (Kaiho and Lamolda, 1999;
Sosa-Montes de Oca et al., 2016). A cross plot (Fig. 12C) shows that a
positive correlation exists between d13C and d18O. Although this



Fig. 9. Changes in the test size of C. contusa (A) and P. hariaensis (B), and in the relative abundance of P. hariaensis biserial morphotype (C).
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relationship could be an indicator of a minor contribution of
diagenetic calcite (with isotopically low d13C and d18O values).

Three samples, in particular, appear to have slightly lower d13C
and d18O values than the remainder of the dataset and could,
therefore, be outliers as a consequence of either unknown analyt-
ical issues, a more significant contribution of diagenetic calcite or
short-termwarming events associated with isotopically lighter DIC.
When plotted stratigraphically, these three samples with relatively
low d13C and d18O values (highlighted in Fig. 13) are offset from the
remainder of the dataset. However, we note that they occur within
intervals of relatively low background values and that ‘extreme’
values are within the broad range of possible seawater values
recorded by pelagic sediments. We cannot exclude the possibility
that these samples are outliers (as a consequence of diagenesis or
analysis) but we have no analytical or geological justification for
excluding them entirely from the dataset at this point.

Overall, the small range of oxygen-isotope values, their absolute
value, and the moderate to good preservation of the planktic
foraminifer are not consistent with extensive burial diagenesis nor
the influence of meteoric waters. Furthermore, there is no rela-
tionship between %CaCO3 and the stable-isotope data (Figs. 12A-B),
suggesting that lithology exerts little control on the measured
11
isotope values. There are statistically significant negative relation-
ships between the fragmentation index and both d13C and d18O
(Figs. 12D-E), but with very weak correlation coefficients. These
relationships could suggest that differential degrees of dissolution
of some carbonate components (most likely planktic foraminifera)
may be contributing to the covariance of d13C and d18O, but the
weak regression coefficients suggest that, if true, this cannot be a
major effect.We cannot constrain absolute paleotemperatures from
the d18O data with confidence due to varying sources of carbonate
within the sediment, but given the dominance of calcareous
plankton observed by us, the isotopic trends presented here likely
reflect the average isotopic signature of the planktic dwellers of the
upper part of the water column. In light of the considerations dis-
cussed here, we suggest that the stable-isotope data from Caravaca
most likely reflect primary trends in Maastrichtian seawater
chemistry and temperature.
6.2. Identifying the LMWE at Caravaca

The Maastrichtian was a relatively cool period in the Late
Cretaceous, following the long-term cooling trend in the Campa-
nian (e.g. Huber et al., 1995, 2018; Linnert et al., 2014; O'Brien et al.,



Fig. 10. Changes in fragmentation index (FI) (A), cross-plots between CaCO3% and FI (B), and cross-plots between CaCO3% and P/B ratio (C).
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2017; O'Connor et al., 2019). During the Maastrichtian itself, a
number of relatively minor fluctuations in climate have been
recorded in widespread localities, most notably the brief warming
episode of LMWE, ~300-150 kyr before the KPB (Barrera and Savin,
1999; MacLeod et al., 2005; Huber et al., 2018). The LMWE has
previously been identified from globally distributed sites and sec-
tions, typically by d18O and has been commonly related to the onset
of the main eruptive phase of the Deccan Traps (e.g. Dessert et al.,
2001; Keller et al., 2008; Tobin et al., 2012; Husson et al., 2014;
Barnet et al., 2018, 2019; Schoene et al., 2019; Hull et al., 2020).

In Fig. 13, we compare the isotopic record from the Caravaca
section with isotopic datasets from the Southern Ocean ODP Site
690 (Stott and Kennet, 1990), the South Atlantic DSDP Site 525A (Li
and Keller, 1998a), the central Pacific Site ODP1209 (Westerhold
et al., 2011), the South Atlantic ODP Site 1262 (Barnet et al.,
2018), the Newfoundland Margin Site U1403 (Batenburg et al.,
2018), the Gubbio section, Italy (Voigt et al., 2012) and Zumaia
section, northern Spain (Batenburg et al., 2012). Age models for
ODP Site 1209 (Westerhold et al., 2011), ODP Site 1262 (Barnet et al.,
2018), IODP U1403 (Batenburg et al., 2018) and Zumaia (Batenburg
et al., 2012) are based on cyclostratigraphy. Age models for the
12
other localities are based on interpolated ages using those esti-
mated for the base of C29r, KPB and LO of P. hantkeninoides by
Husson et al. (2014). For a better comparison of the different
datasets, we applied the KPB age of 66.04 Ma estimated by Renne
et al. (2013) to all localities.

At Caravaca and the ODP/IODP Sites (Fig. 13), the d18O records all
show an interval characterized by relatively low d18O values be-
tween 66.35 and 66.14 Ma (i.e., between 310 and 100 kyr before the
KPB), which was preceded and followed by higher d18O isotope
values. This interval has been previously recognized as the LMWE at
some of these sites (e.g., Abramovich and Keller, 2003; Thibault and
Gardin, 2010; Woelders et al., 2017; Barnet et al., 2018, 2019). As
there are local differences between the different datasets, we pro-
pose, that the generally warm episode identified at the Caravaca
section is the local isotopic record of the LMWE.

Previous work by Voigt et al. (2012) has postulated the existence
of a consistent pattern of d13C change immediately prior to the KPB
at several sites, with relatively positive values around the C29r/
C30n boundary (KPg-2 event of Voigt et al., 2012), followed by a
negative excursion (KPg-3 event) before a final positive event
withinwhich the KPB itself occurs (not named by Voigt et al., 2012).



Fig. 11. Changes in d13C and d18O across the Caravaca section, the arrows mark the mean value for each isotope.
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At Caravaca, it is possible that the positive values at the base of the
section correspond to part of KPg-2, followed by lower d13C values
associated with the LMWE (KPg-3) and then a return to more
positive values at the KPB. At Site 525, the highest occurrence of
G. gansseri is associated with the KPg-2 event (Voigt et al., 2012),
which, given that this same foraminiferal event must occur below
the base of the section at Caravaca, implies that Caravaca contains
only a partial record of the KPg-2 event. Fig. 13 illustrates that
13
precise correlation of the carbon isotope events prior to the KPB is
problematic, as there is not perfect consistency between records of
these (rather small magnitude) events when viewed at such high
resolution, possibly as a consequence of age model limitations and
uncertainties, sampling resolution, carbonate type, and/or site-
specific oceanographic and diagenetic conditions. It is only during
the last ~100 kyr of the Maastrichtian that there is a clearer con-
sistency in d13C trends with many records, including Caravaca,



Fig. 12. Cross-plots between CaCO3% and d18O (A), CaCO3% and d13C (B), d18O and d13C (C), d13C and FI (D), and d18O and FI (E).
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exhibiting a small increase in d13C towards the KPB (Fig. 13).
Intriguingly, at both Zumaia and Caravaca, there are some
remarkable negative excursions in d13C bulk values (Fig. 13;
Batenburg et al., 2012) which are very close in age at both localities.
However, uncertainties in the precise age assignments of these
isotope events, and questions over their veracity as primary
seawater signals (as discussed in Section 6.1 above), prevents us
from concluding that they are simultaneous events and requires
further work in order to determine if these events have any
significance.

7. Planktic foraminiferal response to LMWE

In this study, the planktic foraminiferal proxies presented pro-
vide evidence for environmental and climatic disturbances at Car-
avaca during the LMWE between 66.35 and 66.14 Ma, i.e. between
310 and 100 kyr before the KPB (Figs. 14 and 15). The evidence for
changes in the upper water column environment are as follows:

First, specific richness (S) slightly decreases during the LMWE,
due to temporary disappearances (Lazarus effect) of some scarce
species. Lazarus-taxa, such as Gita. falsocalcarata, C. patelliformis or
A. intermedius, reappeared when the waters returned (marked by
14
an increase in d18O) to cooler conditions similar to the pre-LMWE
phase.

Second, the Deep/Surface (D/S) ratio is 2e4 times higher in the
pre- and post-LMWE intervals, compared to the LMWE itself.
Similar ecological replacement has been observed in the late
Maastrichtian at South Atlantic DSDP Site 525A, where the climate
warming de-stratified the upper water column causing the removal
of deep habitat niches (Abramovich and Keller, 2003).

Third, changes in the relative abundances of some genera, such
as the increase in the low-oxygen tolerant genus Heterohelix (Pardo
and Keller, 2008), indicate lower oxygen levels in the upper part of
the water column during the LMWE. The relative abundance of
Heterohelix increases in the intervals from 13.80 to 9.00 m and 7.50
to 5.05 m below the KPB, reaching maximum values between 78
and 82% in the samples at 12.60, 10.80, and 6.55 m below the KPB.
Based on the d18O record from Caravaca, the Heterohelix maxima
coincide with the warmer events during the LMWE, probably
driven by a decrease of seawater oxygen solubility in this area of the
western Tethys. Seawater oxygen solubility is a limiting factor that
decreases with increasing temperature since surface-water oxygen
concentrations depend on the mixed-layer temperature (Helm
et al., 2011). Between the two Heterohelix maxima, a discrete and



Fig. 13. Correlation of the d13C and d18O record from several upper Maastrichtian localities worldwide: Caravaca, this study; Southern Ocean ODP Site 690 (Stott and Kennet, 1990);
South Atlantic DSDP Site 525A (Li and Keller, 1998a); central Pacific Site ODP1209 (Westerhold et al., 2011); South Atlantic ODP Site 1262 (Barnet et al., 2018); North Atlantic
Newfoundland Margin Site U1403 (Batenburg et al., 2018); Zumaia (Batenburg et al., 2012); Gubbio (Voigt et al., 2012). Time-scale (Ma) is based on Husson et al. (2014).
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temporary increase in Pseudoguembelina, globotruncanids and
rugoglobigerinids is observed, which could reflect short intervals of
better environmental conditions. Significantly, no increase in the
disaster opportunist Guembelitria is identified across this interval
(Fig. 8). Guembelitria blooms are often considered indicators of
widespread high-stress conditions during the late Maastrichtian
(Abramovich and Keller, 2002; Pardo and Keller, 2008; Punekar
et al., 2014).

Fourth, an increase in the abundance of the biserial morphotype
of P. hariaensiswith elongated terminal chambers during the LMWE
15
could be related to a lower seawater oxygen solubility. Throughout
the evolutionary history of the planktic foraminifera, the elonga-
tion of the terminal chambers is commonly associated with a
reduced oxygenation of the water column (BouDagher-Fadel et al.,
1997; Premoli Silva et al., 1999; Coccioni et al., 2006; Luciani et al.,
2007). Luciani et al. (2007) considered the chamber elongation in
planktic foraminifera as a recurring morphological character that
constitutes an adaptation to facilitate oxygen uptake in a poorly
oxygenated environment by increasing the surface/volume ratio of
chambers.



Fig. 14. Correlation of the planktic foraminiferal fragmentation record from several upper Maastrichtian localities worldwide: Caravaca, this study; South Atlantic DSDP 527, 525
and 516 (Kucera et al., 1997); South Atlantic IODP 1267 and Central Pacific IODP 1209 (Henehan et al., 2016). Time-scale (Ma) is based on Husson et al. (2014).

V. Gilabert, J.A. Arz, I. Arenillas et al. Cretaceous Research 125 (2021) 104844
Fifth, the LO of P. hantkeninoides occurs within the upper part of
the LMWE interval in Caravaca and many other localities (Husson
et al., 2014). This species exhibits elongated chambers and well-
developed tubulospines in the last whorl. We speculate that this
morphology was an adaptation to inhabit deep waters with lower
dissolved oxygen levels. Later, when global temperature decreased,
and water-column stratification was reestablished, this species
could migrate into fully oxygenated near-surface waters. A similar
hypothesis was proposed by Coccioni et al. (2006), for planktic
foraminiferal species with well-developed tubulospines such as the
Eocene hantkeninids. However, further studies, from more local-
ities, are necessary to establish the validity of a possible relation-
ship between decreased dissolved oxygen during the LMWE and
development of elongated terminal chambers in biserial morpho-
type of P. hariaensis and tubulospines in P. hantkeninoides.

Sixth, we observe a significant size reduction (close to 35%) of
the tests of Contusotruncana contusa (Lilliput effect). Our biometric
analyses indicate that the test sizes of C. contusa are around 1 mm-
length before and after the LMWE interval. These test sizes are
similar to those previously measured in samples by Kucera and
Malmgren (1996) at Caravaca and El Kef samples for the terminal
Cretaceous. However, Kucera and Malmgren (1996) analyzed only
two samples from each site which were very close to the KPB, and
therefore fail to catch the influence of LMWE, which prevents us
from making a detailed comparison. Notwithstanding this issue, it
is noteworthy that Kucera and Malmgren (1996) determined that
largest sized tests of C. contusa come from the Caravaca and El Kef
section and are around twice the size of those reported at higher
latitudes sites. Although they did not perform biometric analysis,
Keller and Abramovich (2009) provided examples of the Lilliput
effect in late Maastrichtian planktic foraminifera and concluded
that this was a response to a stressed environment. According to
MacLeod et al. (2000), a smaller test size implies stunted growth
and early sexual maturity, which maximizes survival rates in high-
stress environments where survival depends on rapid turnover, as
was the case for the LMWE.

Seventh, the increase of the fragmentation index (FI) during the
LMWE indicates increased dissolution intensity and/or poor pres-
ervation of CaCO3. One possible explanation can be a lysocline
shoaling, but this seems unlikely due to the poor linear correlation
between the P/B ratio and the FI (Fig. 10C). In addition, the P/B ratio
16
remains stable along all the section, indicating no decline in
planktic foraminiferal flux to the seafloor as the result of a rapid rise
of the lysocline. The carbonate sediments of Caravaca were appar-
ently deposited well above the foraminiferal lysocline, but FI in-
dicates relatively poor preservation and high amounts of test
dissolution in intervals from 15.60 to 10.80 m and 7.50 to 6.30 m
below the KPB. This apparent contradiction between FI and P/B
ratio could be explained by local surface water becoming more
acidic, perhaps due to a short-lived increase in the atmospheric
partial pressure of CO2 (Henehan et al., 2016, 2019).

Although there are differences in absolute fragmentation index
values between Caravaca and sites in the Pacific and South Atlantic
(Fig. 14; Kucera et al., 1997; Henehan et al., 2016), a significant in-
crease in fragmentation index can be observed close to the C30n/
C29r boundary in all the localities, followed by relatively high
values during the LMWE. In the last 100 kyr of the Maastrichtian,
the fragmentation index seems to be more variable, but returned to
values similar to the pre-LMWE interval, which is especially evident
at Caravaca and DSDP 527. Other moderate to strong carbonate
dissolution intervals broadly coeval with those identified in Fig. 14
have been also reported from South Atlantic DSDP Site 528 and
Central Pacific DSDP Site 577 by D'Hondt (2005), albeit with a lower
sampling resolution. According to the fragmentation records dis-
cussed here, it is suggested that widespread ocean acidification
during the LMWE was probably linked to Deccan volcanism.

According to our data summarized in Fig. 15, the maximum in
ecological stress, evidenced by the planktic foraminifera assem-
blages, occurred towards the end of the LMWE in the studied sec-
tion. This event is recorded 6.55 m below the KTB and is
characterized by the low values in d18O and d13C, the highest
relative abundance of Heterohelix (82.3%), the lowest relative
abundance of globotruncanids (0%), and the lowest D/S ratio (0%)
(see Supplementary Tables 2 and 4). Maximum FI values seem to
concentrate in the LMWE, but they do not coincide precisely with
the excursions of both d18O and d13C.

In order to reduce the influence of the most extreme d18O and
d13C values, smoothed curves were produced using the non-
parametric Locally Weighted Scatterplot Smoothing (LOWESS;
span ¼ 0.3) and compared to the most relevant planktic forami-
niferal proxies (Fig. 15). These smoothed records were generated
both with and without the three ‘extreme’ values shown in Fig. 13



Fig. 15. Summary of the changes in most relevant planktic foraminiferal and geochemical proxies, and position of the LMWE in the Caravaca section. 1Smoothing considering all the
dataset, 2Smoothing excluding three potential outliers discussed in Section 6.1.
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(discussed in Section 6.1). Both approaches yield similar long-term
trends but reduce the influence of the outlying datapoints. Both
approaches exhibit two intervals of warming within the LMWE,
although the timing of the younger interval is slightly shifted in the
smoothed record that excludes the outlying data points. Overall,
this comparison between isotopic and micropaleontological data
supports the hypothesis that two warmer intervals could have
occurred during the LMWE. Using the smoothed record that in-
cludes all the available data, the first warmer interval occurred
between 66.32 and 66.26 Ma (i.e., between 280 and 220 kyr before
the KPB) and the second between 66.19 and 66.15 Ma (i.e., between
150 and 110 kyr before the KPB). Both are characterized by maxima
values of low oxygen tolerant genus Heterohelix and negative ex-
cursions of d18O and d13C. The intermediate interval is characterized
by higher d18O and d13C values, a decrease in Heterohelix, and an
increase in the globotruncanids, Rugoglobigerina and Pseudo-
guembelina, reliably related to cooler pulses within the LMWE in-
terval. Recently, Woelders et al. (2018) compared multiple
palaeotemperature proxies (stable oxygen isotope, Mg/Ca and
TEX86) from the latest Maastrichtian of Bass River, New Jersey and,
on this basis, proposed at least two warmer intervals within the
LMWE (see Fig. 3 of Woelders et al., 2018). We suggest that these
two intervals may correlate with those recognized in Caravaca.

8. Latest Maastrichtian cooling and return to pre-LMWE
conditions

After the LMWE, a worldwide cooling is well documented at the
end of Maastrichtian, from oceanic ODP/IODP sites (see Fig. 13) and
outcrop sites in Seymour Island, Antarctica (Petersen et al., 2016),
Argentina (Woelders et al., 2017), North America (Vellekoop et al.,
2016; Woelders et al., 2018) and Tunisia (Thibault et al., 2016).
The global temperature compilation of Hull et al. (2020) also shows
that the climate cooled at this time, returning to pre-LMWE con-
ditions. At Caravaca, this trend in cooling is evidenced by the in-
crease in d18O values recorded in the uppermost ~4.5 m of the
section, i.e. during the last ~100 kyr of the Maastrichtian according
to our age model (Fig. 15) and is consistent with the global pattern.
The progressive decline in the FI values during this same interval
suggests that surface waters were less corrosive after the LMWE up
to the KPB. This contradicts the hypothesis that a major pulse of
Deccan volcanism caused the most harmful effects, such as rapid
warming and ocean acidification, just before the KPB (e.g., Font et
al., 2014, 2017; Punekar et al., 2014, 2016; Keller et al., 2016;
Schoene et al., 2019). Conversely, our results are consistent with the
hypothesis of Henehan et al. (2019) in which ocean pH was stable
over the last 100 kyr of the Cretaceous.

Planktic foraminiferal assemblages suffered minor reorganiza-
tion during the LMWE but following the event the ecological
proxies suggest a return to conditions similar to the pre-LMWE
(Fig. 15). According to our data, water column stratification was
reestablished during the end-Maastrichtian cooling, as suggested
by the increase in the abundance of thermocline dwellers, espe-
cially globotruncanids, and the increase in the Deep/Surface ratio
(Fig. 15 and Table S2). Species richness remained very high during
the climate cooling, reaching the highest average value in species
richness of the entire Caravaca section. Nevertheless, four HOs of
planktic foraminiferal species (6% of the total number of species)
have been recorded in the last 50 cm below the KPB (Fig. 6).
However, three of these species (A. blowi, P. manuelensis, and Gita.
falsocalcarata) have been identified just below the KPB in some
western Tethyan sections including Agost, Spain (Molina et al.,
1998), Aïn Settara and El Kef, Tunisia (Arenillas et al., 2000a,b;
Gallala, 2013), and Sidi Ziane and Djebel Zakhamoune, Algeria
(Metsana-Oussaid et al., 2019). Therefore, the extinction rate before
18
the KPB was probably as low as 1.5%, since only A. cretacea actually
became extinct just before the KPB, as part of the background
extinction. Our data from Caravaca support high evolutionary sta-
bility during the latest Maastrichtian, and, therefore, indicate that
the catastrophic planktic foraminiferal mass extinction at the KPB
was caused by the Chicxulub impact (see Arenillas et al., 2000a, b,
2006; Arz et al., 2000; Lowery et al., 2018) and not by gradual
environmental degradation induced by Deccan forcing as has been
proposed by Keller (1988), Keller et al. (2012) and Punekar et al.
(2014), among others.

9. Conclusions

In this work, we performed high-resolution micropaleonto-
logical and geochemical analyses of the last ~400 kyr of the
Cretaceous from Caravaca (Spain, western Tethys), for the first
time demonstrating the Latest Maastrichtian Warming Event
(LMWE) in this section. As a warming indicator, we used the d18O
in bulk-rock to demonstrate the presence of a warm phase from
~66.35 to 66.14 Ma. Our data suggest that the LMWE at Caravaca
included at least two shorter warming pulses marked by rela-
tively lower d18O and d13C values, probably related to two massive
and short periods of greenhouse gas injection during Deccan
outgassing activity. Simultaneously with warming, high values of
the fragmentation index (FI) of planktic foraminiferal tests are
recorded, reaching significant values that exceed 40%; these
values may be the result of changes in the carbonate saturation
state of surface oceanic waters.

At Caravaca, planktic foraminiferal proxies suggest high-stress
conditions (including warming, decreased water mass stratifica-
tion and reduced oxygenation) during the LMWE, ending ~100 kyr
before the Cretaceous/Paleogene boundary (KPB). Later, species
richness and all ecological proxies return to values similar to the
pre-LMWE interval.

At Caravaca, no evidence of a gradual mass extinction in planktic
foraminifera has been recognized below the Ir-rich air-fall layer
that is linked to the Chicxulub impact marking the KPB. Although
the warming pulses of the LMWE are near the KPB and seem to
have had global repercussions, our results indicate that the climate
effects of greenhouse gas emissions linked to the Deccan volcanism
were too weak to be an essential factor in the end-Cretaceous mass
extinctions. Future work is needed to constrain the evidence of
Deccan volcanism across the K/Pg boundary and its influence on the
decline and posterior recovery of marine ecosystems in the early
Danian. It is crucial to better know why the Deccan, one of the
biggest igneous provinces in the history of Earth, apparently caused
such a weak effect on marine ecosystems while other mass ex-
tinctions have been related to similar styles of large igneous
province eruption.
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Globotruncanita insignis (Gandolfi, 1955).
Globotruncanita stuarti (de Lapparent, 1918).
Globotruncanita stuartiformis (Dalbiez, 1955).
Gublerina acuta de Klasz, 1953.
Gublerina cuvillieri Kikoine, 1948.
Guembelitria blowi Arz, Arenillas and N�a~nez, 2010.
Guembelitria cretacea Cushman, 1933.
Heterohelix globulosa (Ehrenberg, 1840).
Heterohelix labellosa Nederbragt, 1991.
Heterohelix navarroensis Loeblich, 1951.
Heterohelix punctulata (Cushman, 1938).
Laeviheterohelix glabrans (Cushman, 1938).
Laeviheterohelix pulchra (Brotzen, 1936).
Muricohedbergella holmdelensis (Olsson, 1964).
Muricohedbergella monmouthensis (Olsson, 1960).
Planoglobulina acervulinoides (Egger, 1899).
Planoglobulina carseyae (Plummer, 1931).
Planoglobulina manuelensis (Martin, 1972).
Planoglobulina multicamerata (de Klasz, 1953).
Plummerita hantkeninoides (Br€onnimann, 1952).
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Pseudoguembelina costellifera Masters, 1976.
Pseudoguembelina costulata (Cushman, 1938).
Pseudoguembelina excolata (Cushman, 1926).
Pseudoguembelina hariaensis Nederbragt, 1991.
Pseudoguembelina kempensis Esker, 1968.
Pseudoguembelina palpebra Br€onnimann and Brown, 1953.
Pseudotextularia elegans (Rzehak, 1891).
Pseudotextularia intermedia de Klasz, 1953.
Pseudotextularia nuttalli (Voorwijk, 1937).
Racemiguembelina fructicosa (Egger, 1899).
Racemiguembelina powelli Smith y Pessagno, 1973.
Rugoglobigerina hexacamerata Br€onnimann, 1952.
Rugoglobigerina macrocephala Br€onnimann, 1952.
Rugoglobigerina milamensis Smith and Pessagno, 1973.
Rugoglobigerina pennyi Br€onnimann, 1952.
Rugoglobigerina reicheli Br€onnimann, 1952.
Rugoglobigerina rotundata Br€onnimann, 1952.
Rugoglobigerina rugosa (Plumier, 1926).
Rugoglobigerina scotti (Br€onnimann, 1952).
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