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The Latest Danian Event (LDE) or Top Chron C27n hyperthermal event has been identified in the Caravaca section
(Southern Spain) by means of calcareous nannofossil biozones (Subzone NTp7b) and the recognition of a prom-
inent, negative ~0.6 per mille carbon isotope excursion measured in benthic foraminiferal tests. This is the first
time that this Danian hyperthermal event has been identified in a deep-water, middle to lower bathyal setting
from the Western Tethyan realm.

The analysis of benthic foraminiferal assemblages shows gradual changes in the assemblages prior to the onset of

ﬁ;ﬁfgﬁ}m the LDE and an increase in food supply to the seafloor during the LDE, in agreement with results from shallower
Hyperthermal Southern Tethyan settings. The benthic assemblage changes across the LDE at Caravaca share some characteris-
Microfossils tics with other hyperthermal events, including the negative carbon isotope excursion, the increased abundance
Carbonate corrosivity of buliminids, or the common occurrence of A. aragonensis, an opportunistic species that proliferated during other
Food-flux

Paleogene hyperthermal events. In addition, the increased abundance of Nuttallides truempyi, a dissolution-resis-
tant form that thrived during the Paleocene Eocene Thermal Maximum, and the abundance of calcareous infaunal
morphogroups, which calcify in less carbonate-undersaturated pore waters, indicate slightly CaCOs-corrosive
bottom waters during the LDE.
Turnover of calcareous plankton across the LDE is similar to other sites globally distributed, including the evolu-
tion of photosymbiotic foraminiferal lineages and the radiation of the nannofossil “fasciculiths group”. The occur-
rence of innovative morphostructures (Diantholitha and Lithoptychius) towards the base of the LDE may indicate
a more efficient biological pump. This hypothesis is supported by increased percentages of benthic infaunal
morphogroups and a decrease in the abundance of oligotrophic species.
A reworked interval has been identified immediately above the LDE. Higher up in the section, benthic and
planktic assemblages from the post-LDE interval point to the recovery of the environmental conditions, including
a decrease in the food supply to the seafloor.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The early Paleogene was a dynamic part of the geological record,
characterised by a long-term global warming trend (Zachos et al.,
2001) punctuated by short-lived perturbations of the carbon cycle
that have been linked to extreme (1-4 °C) warming pulses, called
hyperthermals (e.g. Littler et al., 2014). The Paleocene-Eocene Thermal
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Maximum (PETM, ~56 Ma) was the largest hyperthermal event: tem-
peratures increased globally by 5 to 9 °C within <10,000 years (e.g.
R&hl et al., 2000; Zachos et al., 2006; Thomas, 2007) and mean deep-
sea temperatures increased by 5 °C (Dunkley-Jones et al., 2013). The bi-
otic consequences of the PETM include diversification and migrations in
the oceans and on land, while deep-sea benthic foraminifera suffered
from the largest extinction (30-55% of the species) in the Phanerozoic
(e.g. Tjalsma and Lohmann, 1983; Thomas, 2007; Alegret et al., 20093,
2009b, 2010). The PETM and the abrupt ~3-4%. carbon isotope excur-
sion (CIE) at the base of the event have been associated with a massive
release of methane with strongly depleted carbon isotope signature
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(813C) (Dickens et al., 1995; Bowen et al., 2014), but the triggering
mechanism of the methane release is still under debate and includes
such causes as the crossing of a climatic threshold (e.g. Lourens et al.,
2005), organic matter oxidation (Higgins and Schrag, 2006), burning
of peat deposits (Kurtz et al., 2003), increased volcanic activity in the
North Atlantic Igneous Province (Svensen et al., 2004; Nisbet et al.,
2009), and orbitally forced dissociation of permafrost deposits on Ant-
arctica (DeConto et al., 2012).

The PETM shares characteristics with other early Eocene
hyperthermals (e.g. ETM 1 to 3), including CIEs in carbonate and organic
matter, oxygen isotope (8'80) excursions indicative of warming, disso-
lution of deep-sea marine carbonates, increased continental weathering
and biotic perturbations (e.g. Thomas and Zachos, 2000; Nicolo et al.,
2007; Stap et al., 2010; Lauretano et al., 2015; Arreguin-Rodriguez et
al,, 2016; Arreguin-Rodriguez and Alegret, 2016). Hyperthermal events
of smaller magnitude have also been reported from the Paleocene, and
these include the Dan-C2 event (Quillévéré et al., 2008; also called
Lower C29n event, Coccioni et al., 2010), the Top C27n event (also called
Latest Danian Event, LDE; Bornemann et al., 2009; Westerhold et al.,
2008), or possibly the Early Late Paleocene Event (ELPE, Petrizzo,
2005; also called Mid Paleocene Biotic Event, MPBE, Bernaola et al.,
2007).

Whereas the PETM has been intensively studied over the last de-
cades, the exact timing, magnitude and pattern of other hyperthermals
as well as their paleoenvironmental consequences are still poorly un-
derstood, and further studies are necessary for correlation purposes
and to look into the origin of the transient greenhouse episodes, espe-
cially during the Paleocene. Here we focus on the Top C27n event
(Westerhold et al., 2008) or Latest Danian Event (LDE; Bornemann et
al., 2009) at ~62.15 Ma (Dinarées-Turell et al., 2014). This ~2-3 °C tran-
sient warming event is associated with a 0.5-2%. CIE and it has been
identified in the central Pacific Ocean (Shatsky Rise, Westerhold et al.,
2011), NE Atlantic Ocean (Zumaia section in Spain, Dinarés-Turell et
al., 2012), Caribbean Sea and SE Atlantic Ocean (Westerhold et al.,
2008), Southern Tethyan shelf (Egypt and Tunisia, Bornemann et al.,
2009; Sprong et al.,, 2013) and Northern Tethys (Bjala section in Bulgar-
ia, Dinarées-Turell et al., 2012). Reported similarities between the LDE
and the PETM include a relatively rapid onset of the CIE and a longer
tailing back to pre-event values, and an estimated duration of ~200 ka
(Dinarés-Turell et al., 2012). The shape of the 6'3C curve across the
LDE suggests a much slower rate of injection of '2C to the ocean-atmo-
sphere system than e.g. for the PETM; alternatively, the shape of the ex-
cursion might be also controlled by carbonate dissolution, as discussed
for the PETM (e.g. McCarren et al., 2008). The onset of volcanism in
the North Atlantic Igneous Province at the C27n / C26r polarity transi-
tion has been suggested as the causal trigger for the LDE (Dinarés-
Turell et al., 2012).

Biotic and environmental effects of the LDE in open ocean, deep-sea
sites are mainly based on studies of calcareous plankton (other than iso-
tope analyses on benthic microfossils). These effects include the diversi-
fication of planktic foraminiferal communities in surface ocean habitats,
the evolution of photosymbiotic lineages (Quillévéré and Norris, 2003)
and the radiation of the nannofossil “fasciculiths group” (Diantholitha
and Lithoptychius), and point to an enhanced nutrient supply, warming
and increased stratification of the upper water masses (Monechi et al.,
2013; Jehle etal,, 2015). In contrast, detailed studies on the seafloor con-
ditions (based on benthic assemblages) are missing from the western
Tethys, and few analyses have been carried out in other regions. The
benthic foraminiferal turnover across the late Danian (including the D/
S transition) was only described at a very low resolution in the Zumaia
section (Schmitz et al., 1998, 2011; Alegret and Ortiz, 2010), where the
boundary stratotype for the base of the Selandian Stage (i.e., the Danian/
Selandian boundary) was defined, but no detailed studies have been
published from this section, nor from other deep-water sections from
the Tethys area. To our knowledge, the only studies dealing with ben-
thic foraminiferal assemblages are based on shallower, shelf to upper

bathyal sections from the Southern Tethys (Egypt and Tunisia; e.g.
Sprong et al., 2012, 2013). In Egyptian sections, the LDE is placed at
the base of an organic-rich dark bed (formerly thought to mark the D/
S boundary) that contains a characteristic benthic foraminiferal assem-
blage with common Neoeponides duwi (Speijer and Schmitz, 1998;
Speijer, 2003; Guasti et al., 2005; Alegret and Ortiz, 2013), a shallow-
water (inner neritic) species. This assemblage, however, has not been
recognized in other neritic sections from the Southern Tethyan margin
(Guasti et al.,, 2006). The LDE sequence is condensed and represented
by hiatus in the Tunisian sections, where it corresponds to a glauco-
nite-rich indurated marl bed (Sprong et al., 2013). The assemblage turn-
over in both regions indicates shallowing associated with a sea-level
lowering around the planktonic foraminiferal zones P3a-P3b transition,
and more eutrophic conditions at the seafloor (Sprong et al., 2013).

Here we identify for the first time the LDE in a deep-water setting
from the western Tethys (Caravaca section, Southern Spain), describe
the calcareous nannofossil and benthic foraminiferal turnover across
the late Danian, and infer the paleoenvironmental changes based on
faunal and geochemical data.

2. Material and methods

Upper Danian sediments are well exposed along the Gredero ravine
4 km south of Caravaca de la Cruz (Murcia, S Spain; Fig. 1), which is lo-
cated in the Subbetic Zone of the Betic Cordilleras. The studied sedi-
ments belong to the upper part of the Quipar-Jorquera Formation
(Upper Cretaceous to Eocene; Vera, 1983) and they consist of grey
marls and calcareous marls rich in foraminifera, with intercalations of
pink or reddish marls across the upper Danian and lower Selandian
(Molina, 1994; Arenillas and Molina, 1997). A total of 25 samples
were collected along a 17 m thick sequence for micropaleontological
studies (Fig. 2).

In order to analyse benthic foraminifera, samples were disaggre-
gated in H,0,, washed over a 63 um sieve and dried at <50 °C. The quan-
titative analysis is based on the study of approximately 300 benthic
foraminifera picked from the >100 pm residue. A total of 141 species
and 74 genera were identified (Table 1, Plate 1). All specimens were
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Fig. 1. Location of the Caravaca section (38° 04’ N, 01° 52'W) in Southern Spain.
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Fig. 2. Calcareous nannofossil events, benthic foraminiferal stable isotopes and indices across the Danian-Selandian transition at Caravaca. Shannon-Weaver heterogeneity index, percentage of agglutinated/calcareous tests, infaunal/epifaunal
morphogroups and %buliminids. Planktic foraminiferal biozones (identified by Ortiz et al., 2008 and Arenillas, 2012) include (1) the Acarinina uncinata, Morozovella angulata and Morozovella cf. albeari biozones of Arenillas and Molina (1997),
and (2) zones P2, P3a and P3b of Berggren and Pearson (2005). Calcareous nannofossil zones follow (3) Agnini et al. (2014) and (4) Varol (1989).
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Table 1
Relative abundance of benthic foraminiferal taxa identified in the studied samples, and 5'>C and §'®0 values on N. truempyi.
Samples
Species 1 2 3 4 6 7 9 10 105 11 115 12 125 1275 13 135 1375 14 1425 145 1475 15 1525 16 18
Alabamina creta 0.7 0.0 0.0 0.0 0.0 0.4 0.7 0.4 0.4 0.7 0.7 0.0 0.0 0.0 03 0.7 0.0 0.0 0.0 1.1 0.0 0.3 0.0 0.0 0.9
Alabamina spp. 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Alabamina wilcoxensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 03 0.0
Allomorphina velascoensis 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 04 0.0 0.0 0.0 0.0
Ammobaculites sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ammodiscus sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
Angulogavelinella avnimelechi 0.0 0.0 29 0.0 0.0 0.0 0.0 0.4 0.0 0.7 0.7 0.0 03 0.0 0.6 0.4 0.0 0.4 0.8 0.0 0.0 0.3 0.0 2.0 0.0
Anomalinoides acutus 0.3 0.0 0.0 0.0 04 0.0 0.0 0.0 0.0 0.0 0.4 0.0 1.0 0.0 0.0 0.7 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anomalinoides ammonoides 14 0.0 0.8 0.5 0.4 0.4 41 1.6 29 2.6 4.6 11 1.7 0.8 0.9 0.7 2.7 22 29 53 3.6 0.3 44 7.2 5.0
Anomalinoides cf. ammonoides 0.0 2.8 29 33 2.5 3.0 2.8 0.0 1.1 0.7 1.1 0.7 1.4 0.0 12 1.9 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anomalinoides praeacutus 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.4 04 0.0 0.0 0.0 03 0.5
Anomalinoides rubiginosus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5
Anomalinoides spp. 4.1 1.1 0.0 1.9 0.4 0.9 0.0 0.0 1.1 1.1 0.0 1.1 1.7 0.0 2.8 1.5 1.1 0.0 0.8 23 13 4.8 0.6 0.0 1.4
Aragonia aragonensis 0.7 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 34 0.0 43 1.5 0.0 3.0 4.2 04 04 0.0 0.6 03 0.5
Aragonia velascoensis 0.3 0.4 0.0 0.0 04 0.0 0.3 0.0 0.0 0.4 0.0 0.0 0.0 0.0 03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Arenobulimina truncata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.3 0.0
Astacolus spp. 0.3 1.8 25 0.9 33 13 0.3 2.8 1.1 1.1 14 2.2 14 12 19 1.9 2.7 1.5 0.0 0.8 2.2 1.7 0.6 1.7 14
Bathysiphon spp. 0.7 0.0 13 0.0 13 0.4 0.7 0.8 04 0.0 0.0 0.0 03 0.8 0.0 0.0 0.0 0.0 0.8 0.0 04 0.3 1.1 0.0 0.0
Bolivinoides cf. delicatulus 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0
Bolivinoides delicatulus 2.7 14 1.7 0.9 0.0 2.2 3.1 0.4 0.0 1.5 0.0 0.0 0.7 1.6 0.6 4.1 2.1 0.4 0.8 1.1 4.0 14 2.8 2.0 23
Bolivinoides sp. 1 0.0 0.7 0.0 0.5 0.0 0.4 0.0 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0
Brizalina alata 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bulimina alazanensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bulimina kugleri 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0
Bulimina midwayensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0
Bulimina navarroensis 1.0 0.0 13 0.0 04 0.0 0.0 0.0 0.0 0.0 25 0.0 0.0 0.0 0.0 0.0 0.0 04 0.0 0.0 0.0 14 0.0 0.0 0.0
Bulimina paleocenica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0
Bulimina sp. 1 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 04 0.4 0.0 0.0 0.0 0.8 0.3 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0
Bulimina sp. 2 0.7 0.7 0.0 0.5 0.0 0.0 24 0.0 2.9 1.1 25 04 0.0 1.6 1.2 1.1 2.7 2.2 25 1.5 0.9 1.7 0.6 03 1.4
Bulimina trinitatensis 3.7 74 29 4.7 7.5 2.2 3.8 4.4 5.1 4.1 2.8 59 34 3.6 4.6 5.6 2.1 7.7 4.6 8.4 4.9 7.6 3.9 5.5 3.2
Bulimina velascoensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 03 0.0
Bulimina sp. 3 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.4 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0
Buliminella beaumonti 14 0.0 0.8 0.9 04 1.7 0.3 0.8 1.5 1.1 2.5 33 6.4 0.8 25 1.5 0.0 3.0 4.2 1.9 04 1.7 0.0 0.0 2.7
Buliminella grata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 1.1 0.0 0.7 0.0 03 0.0 0.0 2.2 0.0 0.4 0.0 0.7 0.6 0.0 0.0
Cassidulina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cibicidoides cf. mexicanus 0.0 0.0 0.0 0.5 0.8 0.0 0.0 0.0 0.0 04 0.0 0.0 03 0.0 0.0 0.0 0.0 04 0.0 0.8 0.0 0.3 0.0 0.0 0.0
Cibicidoides cf. pseudoperlucidus (+ juv) 0.0 0.0 0.0 0.5 0.8 13 03 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 1.9 43 1.5 1.7 04 13 0.0 0.0 1.4 1.4
Cibicidoides dayi (+ juv) 0.0 0.7 0.0 0.9 0.0 0.9 0.0 0.4 0.0 1.1 0.0 0.4 0.0 0.0 0.3 04 0.0 1.1 1.7 04 0.0 0.0 0.0 0.0 0.0
Cibicidoides eocaenus 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 03 0.0 0.0 0.0
Cibicidoides howelli 2.7 2.8 4.6 1.9 13 0.9 2.8 2.0 1.5 0.0 1.8 1.5 2.7 0.8 0.9 2.2 0.0 0.7 13 23 0.9 1.7 1.7 0.0 1.4
Cibicidoides hyphalus 6.8 53 25 7.5 1.7 4.8 34 0.8 1.5 3.0 1.1 2.6 8.1 0.4 2.8 0.7 1.6 0.4 0.0 0.8 3.6 35 1.7 8.5 0.9
Cibicidoides sp. 1 0.7 0.0 0.0 0.5 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.8 13 0.0 0.0 0.0 0.0
Cibicidoides sp. 2 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.4 0.5 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0
Cibicidoides velascoensis (+ juv) 1.7 0.4 1.7 0.9 0.8 0.0 0.0 24 0.0 0.4 0.0 0.0 0.7 0.0 0.6 04 0.0 1.1 0.0 0.0 0.0 0.7 0.6 0.7 0.9
Cibicidoides westi 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Clavulinoides amorpha 0.3 0.0 0.0 0.0 1.7 04 0.0 1.2 0.4 0.4 0.0 0.4 0.0 0.0 0.0 0.4 0.0 04 0.8 0.4 0.4 0.0 0.0 0.0 1.8
Clavulinoides spp. (+ juv) 1.0 14 29 0.9 2.1 2.2 4.5 0.4 1.1 19 25 1.5 03 2.0 12 2.2 0.5 0.7 13 1.1 1.8 2.1 0.0 1.4 1.8
Clavulinoides trilatera 1.0 1.1 0.0 0.0 04 0.9 0.0 0.4 1.8 1.1 0.0 0.0 0.7 0.0 03 0.0 0.0 0.4 0.0 0.4 04 0.0 0.0 0.0 0.5
Coryphostoma midwayensis 1.7 1.1 25 0.9 0.0 13 41 32 22 2.6 2.5 5.9 24 7.6 43 4.1 6.4 2.6 33 2.7 3.1 3.1 0.0 2.0 23
Dorothia bulleta/cylindracea 0.7 0.7 0.4 0.5 0.0 0.0 0.0 1.2 0.0 0.7 0.0 0.0 0.0 0.0 0.0 04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dorothia crassa 0.3 14 13 0.9 33 0.0 03 0.8 0.0 0.4 0.4 0.4 0.7 0.0 0.0 0.0 0.0 0.7 1.7 1.9 0.0 0.3 1.7 1.0 14
Dorothia pupa 1.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 13 0.0 1.1 0.0 0.5
Ellipsoglandulina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 03 0.5
Eouvigerina spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.1
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Fissurina spp.

Gaudryina cf. pyramidata
Gaudryina pyramidata
Gaudryina sp. 1
Gaudryina sp. 2
Gaudryina sp. 3
Gaudryina spp.
Globocassidulina subglobosa
Globorotalites spp.
Globulina sp.

Glomospira sp.

Guttulina spp.
Gyroidinoides acutus
Gyroidinoides angulosa
Gyroidinoides beisseli
Gyroidinoides sp. 1
Gyroidinoides depressus
Gyroidinoides girardanus
Gyroidinoides globosus
Gyroidinoides planulatus
Gyroidinoides spp.
Gyroidinoides subacutus
Haplophragmoides spp.
Hemirobulina spp.
Karreriella spp.
Laevidentalinids

Lagena spp.

Lenticulina spp.
Marssonella floridana
Marssonella oxycona
Marssonella spp.
Neoflabellina cf. jarvisi
Neoflabellina jarvisi (4 juv)
Nodosarella spp.

Nonion havanense
Nonion sp. 1

Nonion spp.

Nonionella spp.
Nuttallides truempyi
Nuttallinella florealis
Nuttallinella spp.

Oolina spp.

Oridorsalis plummerae
Oridorsalis umbonatus
Osangularia sp. 1
Osangularia sp. 2
Osangularia spp.
Osangularia velascoensis
Osangularia sp. 4
Palliolatella spp.
Osangularia sp. 3
Paralabammina hilldebrandti
Planulina sp.
Pleurostomella spp.
Polimorphinids
Praebulimina sp.
Pseudoclavulina trinitatensis
Pseudouvigerina plummerae
Pullenia coryelli

(continued on next page)
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Table 1 (continued)

Samples

Species 1 2 3 4 6 7 9 10 105 11 115 12 125 1275 13 135 1375 14 1425 145 1475 15 15.25 16 18
Pullenia cretacea 0.0 0.0 0.0 0.0 0.0 0.0 0.3 2.8 0.7 04 0.4 0.0 0.3 0.4 0.0 1.1 0.0 04 13 0.4 0.4 0.3 1.1 2.4 1.8
Pullenia jarvisi 0.7 0.0 0.0 0.0 1.7 13 1.0 0.4 0.4 04 1.8 0.7 1.0 0.8 19 0.0 2.7 0.7 13 0.4 13 0.0 1.1 14 0.5
Pullenia quinqueloba 0.7 0.7 0.0 0.0 0.0 0.0 03 0.0 04 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pullenia spp. 0.3 0.7 0.8 1.9 0.4 2.6 0.7 0.0 1.1 19 0.0 1.5 0.7 0.0 0.3 1.1 0.0 0.0 0.0 1.5 0.0 14 0.0 1.7 0.5
Pyramidina rudita 14 0.0 0.8 0.5 13 0.4 0.7 0.0 0.4 1.1 0.7 0.0 0.0 0.0 2.2 0.0 0.0 1.8 0.0 0.4 0.0 03 0.0 0.0 0.0
Pyrulinoides spp. 0.0 32 13 0.5 3.8 0.0 2.8 0.0 1.5 1.1 0.0 0.4 14 0.0 22 1.1 0.0 1.5 0.0 0.0 0.0 14 0.0 14 0.5
Quadratobuliminella pyramidalis 1.0 1.8 2.5 2.3 13 13 1.0 0.8 0.4 0.4 1.1 0.4 1.0 4.8 2.5 1.1 1.1 0.7 4.6 0.4 2.2 0.0 1.1 1.0 0.0
Quadrimorphina allomorphinoides 1.7 0.4 2.1 0.5 0.8 0.4 1.0 0.0 1.1 0.0 0.4 0.0 03 1.2 0.0 0.4 2.1 1.1 5.0 1.1 13 1.0 0.0 0.0 0.5
Quadrimorphina cf. allomorphinoides 1.0 0.7 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.7 1.1 2.6 0.0 0.0 4.0 3.7 0.0 1.5 0.0 0.0 0.0 0.0 0.0 2.0 0.0
Quadrimorphina profunda 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Recurvoides spp. 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Remesella varians (+ juv) 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.7 04 0.0 0.0 0.0 0.0 0.3 0.4 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Repmanina charoides 0.0 0.4 0.4 0.0 04 0.0 0.7 0.0 04 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.3 0.0
Saracenaria spp. 0.7 0.7 0.0 0.0 0.4 13 0.7 0.4 1.8 0.7 0.0 0.4 1.0 0.0 0.0 0.0 0.0 1.1 0.0 0.8 0.0 1.0 0.0 0.0 0.0
Siphonodosaria sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 19 0.0 0.0 0.0 0.4 0.0 09 0.0 0.0 24 09
Sitella spp. 0.0 0.0 0.0 0.0 0.4 0.9 03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Spiroplectammina spectabilis (+ juv) 2.4 2.5 0.8 4.2 7.1 35 7.9 4.0 7.4 3.7 2.1 7.7 8.1 2.8 3.7 0.7 3.7 33 13 2.3 13 42 33 1.0 0.5
Stensioina beccariiformis 2.7 74 0.0 6.5 4.6 43 2.8 1.2 1.8 49 4.6 0.4 3.4 3.6 0.3 33 4.8 2.2 13 2.7 4.5 4.5 2.2 2.0 8.7
Stilostomella spp. 0.0 1.1 2.1 0.5 0.8 0.0 1.0 0.0 0.0 1.9 0.0 0.4 0.0 2.0 0.0 0.0 2.1 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
Tappanina selmensis 0.7 0.0 0.4 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.4 0.0 0.3 0.0 0.3 0.9
Trochammina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.3 0.0
Turrilina sp. 0.0 0.0 0.0 0.0 0.0 0.0 03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Valvalabamina lenticula 0.0 1.1 0.8 0.0 0.0 0.9 1.7 0.8 0.0 0.0 0.4 0.4 0.0 0.8 0.9 0.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.9
Valvalabamina spp. 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.5 1.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Valvulineria spp. 0.3 0.0 13 0.0 0.0 0.4 0.3 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Virgulopsoides sp. 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Vulvulina sp. (juv) 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Agglutinated 9.5 102 133 112 205 109 145 149 136 108 6.7 110 118 6.8 6.8 6.3 43 7.7 9.2 9.1 9.4 9.0 8.9 8.5 7.3
Calcareous 90.5 898 867 888 795 891 855 851 864 892 933 890 882 932 932 937 957 923 908 909 906 910 911 915 927
Epifaunal 422 364 396 444 322 435 366 298 298 343 314 379 392 275 341 327 229 244 271 388 296 304 389 365 301
Infaunal 57.8 636 604 556 678 565 634 702 702 657 686 621 608 725 659 673 771 756 729 612 704 696 61.11 63.5 699
513C VPDB (N. truempyi) 1.26 111 120 120 123 129 113 122 126 122 119 075 062 060 081 072 068 081 095 204 122 123 103 100 121
5180 VPDB (N. truempyi) —-111 -137 -141 -148 -131 -129 -114 -1.02 -1.01 -1.09 -1.01 -131 -133 -125 -122 -144 -136 -098 -1.13 -184 -1.16 -1.06 -086 -127 -1.16
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mounted on microslides for identification at species and genus level, fol-
lowing Tjalsma and Lohmann (1983), van Morkhoven et al. (1986),
Loeblich and Tappan (1987) and Alegret and Thomas (2001). We calcu-
lated the relative abundances of species (Table 1), and the H (S) or
Shannon Weaver index as a proxy for the heterogeneity of the assem-
blages (Fig. 2). The calcareous-agglutinated and the infaunal-epifaunal
ratios were assessed (Fig. 2), the latter based on morphotypic analysis
(e.g. Corliss and Chen, 1988) and serving as a proxy for combined oxy-
genation and food availability in the deep sea (Jorissen et al., 2007).

R-mode (species) hierarchical cluster analyses were performed to
identify groups of benthic foraminiferal species with similar distribution
patterns. The unweighted pair-group average algorithm (UPGMA) and
the Pearson correlation, as similarity coefficient, were used. For this
analysis we constructed a dataset of species with a relative abundance
>3% in at least one sample, excluding rare (1-2%) and very rare taxa
(<1%). Juvenile forms were included in counts of adult forms of the
same species. A total of 53 species (48 calcareous and 5 agglutinated)
and 25 samples were used in the cluster analysis. As an attempt to iden-
tify the environmental variables that may have controlled the distribu-
tion pattern of benthic foraminifera, Detrended Correspondence
Analysis (DCA) in both R-mode and Q-mode were performed on the
same dataset. Statistical analyses were made using PAST software
(Hammer et al., 2001).

Calcareous nannofossils were examined on smear-slides prepared
following standard methods and analysed under cross-polarised and
plain light using a Zeiss Axioplan2 petrographic microscope at 1250 x
magnification. In this study mainly qualitative analyses were performed
in order to define the biostratigraphy and to allow the identification of
the marker bioevents (Fig. 2). Since the Danian-Selandian transition is
characterised by the appearance of “fasciculiths” (Diantholitha,
Lithoptychius, Fasciculithus) and Sphenolithus, and these taxa are very
rare in the lower part of their range, calcareous nannofossil analyses
were carried out on two tracks of the smear slide in order to detect
the index species. Species concepts largely follow Perch-Nielsen
(1985) and for the “fasciculiths group” we refer to Monechi et al.
(2012, 2013 and references therein).

The geochemical analyses were carried out at the Stable Isotope Lab-
oratory of the Swiss Federal Institute of Technology Zurich (ETH). Twen-
ty-five samples were prepared for stable isotope analysis by extracting
Nuttallides truempyi specimens from each level. Samples were analysed
on a Finnigan GasBench II carbonate device connected to a
ThermoFisher Delta V PLUS mass spectrometer. The reproducibility of
the measurements based on replicated standards was =+ 0.04%. for
6!3C and =+ 0.05%. for 5'30. The instrument is calibrated with the inter-
national standards NBS19 and NBS18. The obtained results are shown in
Fig. 2, the isotope values being reported in the conventional delta nota-
tion with respect to VPDB. Oxygen isotope values are prone to diagenet-
ic alteration during burial and they were not used for paleotemperature
estimations but only to assess the degree of diagenetic overprinting on
the 6'3C record.

3. Results
3.1. Stable isotopes

Results of mono-specific isotope analyses on benthic foraminifera
(Nuttallides truempyi) show pretty stable &'>C values in the lower half
of the Caravaca section (from 1 to 11.5 m), with positive values ranging
close to 1.2%.. The 6'3C record shows a shift to less positive values in an
interval from 12 to 14.25 m, where values range from 0.6 to 0.9%. and
display a~0.6 per mille carbon isotope excursion (CIE), showing the
lowest values recorded in the studied section. The 8'3C record returns
to more positive values immediately above the CIE, across an anomalous
interval (samples 14.5 to 15.25 m), hereafter called “interval R”
(reworked interval in Fig. 2), with 6'3C values of 2.0%. at 14.5 m, follow-
ed by 6'>C values ranging from 1.0 to 1.2%., and average out at 1.1%..

The Nuttallides truempyi 5'%0 values are negative throughout the
studied section, showing trends that are similar to those of the 5'3C
values. In the lower part of the section (from 1 to 11.5 m), 8'®0 values
show a decreasing trend towards metre 4, followed by a gradual in-
crease. They range from —1.5% to —1.0%., and average out at
— 1.2%.. A shift to more negative values is recorded over the interval
from 12 to 13.5 m, ranging from — 1.4%. to — 1.2%.. The 6'80 record
strongly fluctuates over the interval from 14 to 15.25 m in coincidence
with the interval R. Only two samples were analysed towards the top
of the Caravaca section (from 16 to 18 m), and these show average
5180 values of —1.1%..

The benthic species Nuttallides truempyi was selected in order to
minimise the effect of diagenesis on the stable isotopic composition. Al-
though the apparent correlation between the 6'3C and §'0 values sug-
gests that Nuttallides truempyi may have undergone significant
diagenetic overprint, the magnitude of §'3C values is similar to coeval
unaltered pelagic deposits (Zachos et al., 2001) and the 6'3C shift
(—0.6%o0) is similar to other Paleocene and Eocene hyperthermal events,
including the CIE reported across the LDE. These results suggest that
5'3C data from Nuttallides truempyi may reflect a primary signal.

3.2. Calcareous nannofossils and biostratigraphy

The calcareous nannofossil content of the Caravaca section was first
investigated by Romein (1979), who pointed out the continuous sedi-
mentation of the section, reported a detailed distribution of the calcare-
ous nannofossils and the evolutionary trends of the main genera (in
particular of Fasciculithus), and recognized the most important zones
of the Paleocene. Recent studies on the calcareous nannofossil biostra-
tigraphy across the Danian-Selandian transition include Steurbaut and
Sztrakos (2008), Bernaola et al. (2009), Coccioni et al. (2010), Dinarés-
Turell et al. (2010), Aubry et al. (2012) and Monechi et al. (2013). Fol-
lowing the standard biostratigraphic zonation of Martini (1971), the
studied interval spans the NP4 Zone (Martini, 1971) and Zones NTp6-
8 of Varol (1989). In this study, however, we applied the new zonation
of Agnini et al. (2014), codified as CNP, integrated with the bio-horizons
proposed by Monechi et al. (2013) because it provides a better resolu-
tion and easier correlation with other sections.

Preservation of calcareous nannofossils varies from medium to poor,
showing traces of dissolution and recrystallisation. Reworked Creta-
ceous species are present with different abundances throughout the
studied interval. The stratigraphic ranges of the most important taxa
have been reported in Fig. 2. The biostratigraphic distribution of index
species correlates well with other sections in different paleogeographic
settings (Sites 1262 and 577A, and Bottaccione, Contessa, Zumaia,
Qreiya and Bijala sections; e.g. Monechi et al., 2013). The presence of
Gomphiolithus magnus and G. magnicordis from the lowest part of the
studied interval indicate the lower part of Zone CNP5. A succession of
several events has been recognized:

- The highest occurrence (Top) of Gomphiolithus spp. at metre 6.50-7.

- The lowest occurrence (Base) of Diantholitha spp. around metre 10,
just one sample below the Base of Chiasmolithus bidens group that
in agreement with Agnini et al. (2014) can approximate the base
of SubZone NTp7b of Varol (1989).

- The lowest occurrences of Lithoptychius varolii and L. chowii define
the First Radiation of Lithoptychius (= fasciculiths of Monechi et al.,
2013, and references therein) event that occurs at metre 11.50. Ac-
cording to Monechi et al. (2013), this event approximates the
onset of the LDE of Bornemann et al. (2009). Immediately above
metre 11.50, a sudden and clear negative excursion of 6'>C and
5180 suggests that this event corresponds to the LDE (= top Chron
C27n Event), although our sampling resolution did not allow identi-
fication of its a characteristic double peak in carbon isotopes. Fur-
thermore, Arenillas (2012) recorded the first common abundance
of the planktic foraminifer Morozovella cf. albeari at around metre



L. Alegret et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 463 (2016) 45-59



Image of Plate 1

L. Alegret et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 463 (2016) 45-59 53

11.50-12. This is a controversial species that has been commonly in-
cluded in the taxonomic concept of Igorina albeari (Sprong et al.,
2009; Arenillas, 2012), but this controversy is outside the scope of
this paper. According to Jehle et al. (2015), the first common abun-
dance of this species marks the onset of the LDE, rather than a simple
first (rare) common occurrence. Following these authors, one may
conclude that planktic foraminifera indicate that the onset of the
LDE is located at metre 11.50-12 at Caravaca. This inference is in
agreement with our calcareous nannofossil results.

- The lowest common occurrence of Sphenolithus moriformis gr. has
been identified at metre 16. This event defines the base of CNP7
Zone and can approximate the base of NTp8 Zone. Very rare speci-
mens of Sphenolithus have been recorded in two lower samples at
metre 12.50 suggesting a lower level for the lowest occurrence of
this genus.

- A paracme (absence) of Lithoptychius has been recognized across a 2
m-thick interval (from 15.50 to 17.50 m). Sphenolithus becomes
common across this interval.

- The occurrence of L. ulii, L. janii and L. vertebratoides has been ob-
served at the very top of the section, indicating the recovery of
Lithoptychius and the beginning of the Second radiation at metre 18.

- L. billii has been recorded between metres 20 and 22, and can ap-
proximate the Danian/Selandian boundary (Monechi et al., 2013).

An approximately 1-m-thick interval (called “interval R”, around
metres 14.25-15.25) shows an abrupt and major change in the calcare-
ous nannofossil assemblages. The genera Braarudosphaera and
Thoracosphaera, and Cretaceous specimens increase markedly within
this interval, whereas sphenoliths and Lithoptychius are absent, and
the presence of older and larger forms such as Gomphiolithus sp. and
Diantholitha spp. has been observed. These data suggest that interval R
corresponds to a reworked level.

Calcareous nannofossil assemblages show abundant and diversified
nannoflora consisting mainly of Coccolithus pelagicus, Prinsius spp.,
Cruciplacolithus tenuis, Placozygus sigmoides, and Ericsonia subpertusa.
Species of Braarudosphaera and Thoracosphaera are common in the
lower part of the section, while Toweius pertusus is sporadically present
in the lower part of the section and it occurs from metre 12 upwards.
Ellipsolithus macellus, the marker species of NP4 Zone, is very rare and
it has been observed in very few samples throughout the studied
interval.

3.3. Benthic foraminifera

Benthic foraminiferal assemblages from Caravaca are diverse and
well preserved. Agglutinated foraminifera are minor components of
the assemblages (4-21%; Fig. 2). The high percentages of calcareous
taxa indicate deposition well above the carbonate compensation
depth. Among calcareous species, Nuttallides truempyi, Bulimina
trinitatensis, Buliminella beaumonti, Cibicidoides hyphalus, Stensioeina
beccariiformis, Oridorsalis umbonatus, Anomalinoides ammonoides and
Coryphostoma midwayensis are most abundant (Fig. 3). Laevidentalinids,
Lenticulina spp. and unilocular taxa are also abundant. Other common
taxa include Gyroidinoides and Nonion species. Spiroplectammina
spectabilis is the most abundant agglutinant species, and it makes up
to 8% of the benthic assemblages. Clavulinoides and Marssonella species

are also common among agglutinated taxa. Assemblages are slightly to
fairly dominated by infaunal morphogroups (56-76%; Fig. 2), reaching
the highest percentages towards the upper part of the section. Taxa
with cylindrical-tapered (e.g. buliminids, laevidentalinids), rounded-
planispiral (e.g. Lenticulina and Nonion species), spherical (e.g. Lagena
species) and tapered-flattened (e.g. S. spectabilis) tests dominate
among infaunal morphogroups. Among the epifaunal morphogroups,
species with planoconvex-trochospiral (e.g. N. truempyi, S.
beccariiformis) and biconvex-trochospiral (e.g. A. ammonoides) tests
dominate.

The R-mode cluster analysis shows two main clusters (A and B) of
benthic foraminifera, and each one is subdivided into two minor assem-
blages (Figs. 3, 4).

Cluster A (Gaudryina spp. - Anomalinoides spp.) includes both infau-
nal and epifaunal taxa, but it is dominated by infaunal species. This clus-
ter is most abundant in the lower half of the section (Fig. 4), and it is
divided into subclusters A1 and A2. Subcluster A1 is more abundant in
the middle part of the studied section, in the pre-LDE interval. Its abun-
dance drops down to minimum values within the core of the LDE, and
shows a positive peak within the upper part of the LDE interval. Lagena
spp. and Lenticulina spp. are the most abundant taxa in this cluster, and
0. umbonatus and A. ammonoides are common. The highest abundance
of subcluster A2 is recorded towards the lower part of the section and
at the lower part of the LDE interval, and it shows a progressive decrease
in relative abundance across de LDE and towards the top of the section,
which is only interrupted by an increase across the reworked interval. N.
truempyi is the most abundant species in A2, and other common species
include B. trinitatensis, S. spectabilis and C. hyphalus.

Cluster B (C. cf. pseudoperlucidus-B. beaumonti) is slightly more
abundant in the upper half of the studied section, with abundance
peaks being recorded within the LDE interval. Cluster B is divided into
subclusters B1 and B2. The first one is most common towards the
upper part of the studied section, with marked abundance peaks within
the LDE. Coryphostoma midwayensis, S. beccariiformis, laevidentalinids
and polymorphinids are the most abundant taxa in B1. Subcluster B2
is most abundant across the LDE, and it includes the species Q.
allomorphinoides, A. aragonensis and B. beaumonti.

The R-mode DCA shows the benthic foraminiferal species mostly
concentrated at the centre of the plot (Fig. 5a), but the two main clusters
can be easily differentiated. Taxa from cluster B are represented towards
the left of the plot, at lower values on axis 1, and species from cluster A
show higher values along axis 1. Almost all taxa from the two clusters
are located at the same range of values along axis 2, except for A.
aragonensis from cluster B, which shows higher values along the vertical
axis, and Nuttallinella spp. from cluster A, placed at the lowest values
along this axis.

According to their location in the Q-mode DCA plot (Fig. 5b), the
studied samples have been assigned to three main groups: pre-LDE,
LDE and reworked intervals. Samples from the pre-LDE interval show
higher abundance of species from cluster A, as do samples from the
reworked interval. Samples from the LDE interval show strong fluctua-
tions in the abundance of species from subclusters A1, A2 and B1. Spe-
cies from subcluster B2, which are scarce across the studied section,
become more abundant across the LDE interval. Regarding the post-
LDE interval, only two samples were analysed (excluding those from
the reworked interval): sample 18 m is located at lower values along
axis 1 as a result of the high contribution of subcluster B1 to this

Plate 1. Scanning electron micrographs of selected benthic foraminiferal species from Caravaca. All scale bars represent 100 um. 1 Clavulinoides trilatera sample 12.5; 2 Dorothia crassa,
sample 14; 3 Spiroplectammina spectabilis, sample 12; 4 Spiroplectammina spectabilis, sample 12; 5 Spiroplectammina spectabilis, sample 10.5; 6, Aragonia aragonensis, sample 14; 7
Aragonia aragonensis, sample 14; 8 Bulimina trinitatensis, sample 13; 9 Bulimina navarroensis, sample 14; 10 Buliminella beaumonti, sample 12.5; 11 Buliminella grata, sample 14; 12
Bolivinoides delicatulus, sample 13.5; 13 Coryphostoma midwayensis, sample 13; 14 Quadrimorphina allomorphinoides, sample 12,5; 15, Quadrimorphina allomorphinoides, sample 13; 16
Quadrimorphina allomorphinoides, sample 1; 17 Paralabammina hillebrandti, sample 13; 18 Paralabammina hillebrandti, sample 13.5; 19 Angulogavelinella avnimelechi, sample 14; 20
Stensioeina beccariiformis, sample 14.5; 21, Cibicidoides howelli, sample 2; 22 Cibicidoides hyphalus, sample 2; 23 Cibicidoides velascoensis, sample 13; 24 Cibicidoides velascoensis, sample
12.5; 25 Nuttallides truempyi, sample 14.5; 26 Nuttallinella florealis, sample 10,5; 27 Oridorsalis umbonatus, sample 14,5; 28 Cibicidoides cf. pseudoperlucidus, sample 13.5; 29 Cibicidoides
dayi, sample 14; 30 Nonion havanense, sample 15; 31 Gyroidinoides girardanus, sample 14; 32 Gyroidinoides globosus, sample 12.5; 33 Gyroidinoides beisseli, sample 12.5; 34 Lenticulina

spp., sample 13; 35 Laevidentalina spp., sample 15.
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Fig. 3. Cluster analysis plot and relative abundances of selected benthic foraminiferal taxa across the Danian-Selandian transition at Caravaca. Biozones (1) to (4) according to caption for Fig. 2.
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Fig. 4. Relative abundance of benthic foraminiferal clusters across the Danian-Selandian transition at Caravaca. Biozones (1) to (4) according to caption for Fig. 2.

assemblage, and sample 16 m also depicts peaks in abundance of spe-
cies from subcluster B1.

4. Interpretation and discussion
4.1. Paleobathymetry

Benthic foraminiferal assemblages contain abundant representa-
tives of the bathyal and abyssal Velasco-type fauna (Berggren and
Aubert, 1975) namely Nuttallides truempyi, Stensioeina beccariiformis,
Gyroidinoides globosus, Nuttallinella florealis, Coryphostoma midwayensis,
Gaudryina pyramidata, Cibicidoides velascoensis, Osangularia velascoensis
or Aragonia velascoensis, as well as other deep-water species such as
Bulimina trinitatensis, Cibicidoides hyphalus, Spiroplectammina spectabilis
or Marssonella oxycona. The upper depth limit of some of the most abun-
dant species at Caravaca (e.g. B. trinitatensis, N. truempyi, S.
beccariiformis, S. spectabilis) is located at 500-700 m depth. Shallow-
water taxa (e.g. Oridorsalis plummerae, Cibicidoides cf. pseudoperlucidus,
Angulogavelinella avnimelechi) that are common in sublittoral to upper
bathyal depths are also present in Caravaca but they are not common.
These data suggest deposition in the middle-lower part of the slope,
with no significant changes in paleodepth across the studied section.

4.2. Paleoenvironmental inferences

Benthic foraminiferal assemblages are dominated by infaunal
morphogroups throughout the studied section, suggesting mesotrophic
to slightly eutrophic conditions at the seafloor (Jorissen et al., 2007)
during the late Danian. However, changes in the benthic foraminiferal
assemblages and in the isotopic composition of their shells, as
well as the calcareous nannofossil turnover, allow us to infer
paleoenvironmental changes across the studied interval.

Benthic assemblages from the lower part of the section (biozone
CNP5) are mostly dominated by taxa from subcluster A2, such as N.
truempyi and S. spectabilis. Assemblages are relatively stable throughout
this interval, but the relative abundance of subcluster A2 increases to-
wards the P2/P3a biozones boundary (samples 6-6.5 m; Fig. 4),

coinciding with an increase in the percentage of N. truempyi and a de-
crease in the percentage of C. hyphalus. Agglutinated taxa reach their
highest abundance within the studied section (20.5%, Fig. 2), and
point to slightly carbonate-corrosive bottom waters at the P2/P3a
boundary. This hypothesis is supported by a decrease in heterogeneity
of the assemblages (Fig. 2), and by the increased abundance of N.
truempyi, a dissolution-resistant form that thrived during the PETM
(Alegret et al., 20093, 2009b; Giusberti et al., 2009). Increased CaCO5
corrosivity of bottom waters is also consistent with the decreased per-
centage of some epifaunal taxa such as C. hyphalus. Among calcareous
nannofossils, the last occurrence of Gomphiolithus spp. and a reduction
in the hyposaline and opportunistic genus Braarudosphaera is recorded
in samples 6.5-7 m, which suggests normal salinity conditions and a
possible decrease in nutrients (Bartol et al., 2008).

Benthic foraminiferal assemblages undergo significant changes
higher up in the section, at the 10 m level, where peaks in abundance
of species from subcluster A1 such as unilocular taxa (Lagena spp.)
and other infaunal taxa (mainly Lenticulina spp. and Nonion spp.) have
been recorded. Increased percentages of infaunal morphogroups in
this level may result from an increased nutrient flux to the seafloor
(e.g. Jorissen et al.,, 1995). This interpretation is supported by the de-
crease in relative abundance of oligotrophic taxa such as N. truempyi
or C. hyphalus. Benthic foraminiferal changes in sample 10 m are coeval
with the occurrence of an innovative morphostructure (Diantholitha) in
the calcareous nannofossil assemblages, which until that time was
mainly formed by placoliths. This innovation is difficult to interpret,
and it may correspond to a new adaptation to a more efficient biological
pump (Fuqua et al., 2008) or to gathering food in a nutrient-poor ocean-
ic water (Aubry et al., 2012). Our data suggests that the first interpreta-
tion is more plausible, as a more efficient biological pump would result
in an increased nutrient flux to the seafloor, as inferred from benthic
foraminifera.

An interval (from ~12 to 14 m) characterised by abundant
Coryphostoma midwayensis and common Aragonia aragonensis and
Quadrimorphina allomorphinoides has been identified in coincidence
with the lowest 8'3C values recorded in the studied section, which
mark the LDE. A. aragonensis has been speculated to be an opportunistic
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increase in environmental stress based on our interpretation of the data.

species (Steineck and Thomas, 1996) that proliferated in the deep-sea
during and after Paleogene warming events (Thomas, 2003; Alegret et
al., 2009a; Giusberti et al., 2009; Ortiz et al., 2011; Arreguin-Rodriguez
et al., 2016), and is considered as a potential marker of hyperthermal
events. Towards the upper part of this interval, assemblages are domi-
nated by infaunal taxa (77% of the assemblages) and contain higher per-
centages of Q. allomorphinoides and buliminids (18% of the
assemblages), indicating an increased food flux to the seafloor
(Fontanier et al., 2002; Gooday, 2003; Jorissen et al., 2007). Although
the total percentage of agglutinated taxa does not increase across the
LDE, the increased abundance of calcareous infaunal morphogroups,
which calcify in less carbonate-undersaturated pore waters (Foster et
al.,, 2013), and the increased percentages of N. truempyi, may point to
slightly corrosive bottom waters.

Immediately above the CIE interval that marks the LDE, anomalous
values of 6'3C and 6'80 have been recorded (Fig. 2), benthic foraminif-
eral assemblages fluctuate as seen in the faunal clusters (Fig. 3), A.
aragonensis becomes very scarce, and assemblages of calcareous
nannofossils are more similar to those recorded in the lower part of

the studied section. These results suggest that this problematic interval
corresponds to a reworked interval, possibly through faulting or a
slump. The Q-mode DCA plot clearly places the studied samples in
three groups (pre-LDE, LDE and reworked intervals; Fig. 5). The consec-
utive arrangement of these groups may indicate increased environmen-
tal stress, with lowest values during the pre-LDE interval, and maximum
values during the LDE interval. The reworked interval is plotted very
close to the pre-LDE interval, suggesting a strong similarity between
benthic foraminiferal assemblages.

The upper part of the studied section corresponds to the post-LDE
interval. The percentage of infaunal morphogroups and buliminids de-
creases above the reworked interval, subcluster B1 increases, and the ol-
igotrophic taxon Cibicidoides hyphalus is slightly more abundant,
suggesting a slight decrease in the nutrient flux to the seafloor towards
the top of the section. Among calcareous nannofossils, Prinsius and
Toweius are common and Sphenolithus shows the common occurrence
in sample 16 m, where a paracme of Lithoptychius has been observed.
In agreement with Monechi et al. (2013), these changes suggest a meso-
trophic preference for Sphenolithus (Wade and Bown, 2006) and slightly
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cooler waters, and point to the recovery of environmental conditions
after the LDE.

4.3. The latest Danian event

Previous studies on calcareous plankton from shallower settings in
the Southern Tethys (Tunisia and Egypt; Guasti et al., 2006; Sprong et
al., 2012, 2013) have documented a change from oligotrophic condi-
tions in the P2/P3a transition to shallower and nutrient-rich environ-
ments from the base of Subzone P3b. More eutrophic conditions have
also been inferred for the benthic realm. Sprong et al. (2012) document-
ed arapid relative sea-level rise in the Egyptian sections during the LDE,
the magnitude of shallowing and subsequent deepening across the LDE
not exceeding 50 m maximum, whereas this interval and the P3a/P3b
transition are condensed in the Tunisian sections (Sprong et al., 2013).
A sea-level fall was also identified across the LDE by Steurbaut and
Sztrakos (2008), who examined sections from the southern Tethys up
to the North Sea Basin. Our results support an increase in the food sup-
ply towards the base of Subzone P3b, and a further increase towards the
top of the CIE that marks the LDE, but no changes in paleodepth have
been inferred at Caravaca. We cannot exclude, however, minor sea-
level changes which might not be detectable through the vertical
depth-distribution of benthic foraminifera in such a deep (middle-
lower bathyal) environment. The planktic turnover shares similarities
between the Southern Tethyan sections and Caravaca, such as the radi-
ation of Lithoptychius among calcareous nannofossils, and the substitu-
tion of the planktic foraminiferal genus Praemurica by Morozovella
(reported from the Caravaca section by Arenillas and Molina, 1997
and Arenillas, 2012). The replacement of Praemurica by Morozovella
was also documented from the Southern Tethys (Tunisia) by Guasti et
al. (2006) and from Pacific ODP Site 1210 by Jehle et al. (2015).

In addition, changes in benthic foraminiferal assemblages across the
LDE at Caravaca share some characteristics with other hyperthermal
events (e.g., PETM, ETM2, H2, ETM3), such as the negative shift in the
carbon isotopic signal in their calcareous tests, the common occurrence
of A. aragonensis, or the increased abundance of buliminids towards the
upper part of this event, which may indicate unfavourable conditions,
fluctuations in food supply to the seafloor, or increased CaCO;
corrosivity of bottom waters (e.g. Thomas, 2007; Alegret et al., 2009a,
2009b; Arreguin-Rodriguez et al., 2016; Arreguin-Rodriguez and
Alegret, 2016).

Benthic foraminiferal changes did not start in coincidence with the
onset of the CIE that marks the LDE at Caravaca, but more gradually
below this onset, as observed in the gradual increase in % buliminids
and other calcareous infaunal taxa (Figs. 2, 3), or the decrease in hetero-
geneity of the assemblages (Fig. 2). These results point to an early onset
of the biotic and paleoenvironmental perturbations, which started be-
fore the onset of the LDE, in agreement with Jehle et al. (2015).

5. Conclusions

Micropaleontological and geochemical studies of upper Danian
sediments from the bathyal Caravaca section (Spain) allowed us
to identify calcareous nannofossil biozones and to evaluate the
paleoenvironmental turnover in the western Tethyan realm. The Latest
Danian Event (LDE) at Caravaca has been identified within calcareous
nannofossil and planktic foraminiferal Subzones NTp7b and P3b, re-
spectively, in coincidence with a negative shift in benthic foraminiferal
§'3C values and significant changes in planktic assemblages. The First
Radiation of Lithoptychius (= fasciculiths) approximates the onset of
the LDE.

Changes in benthic foraminiferal assemblages did not start sharply
at the onset of the carbon isotope excursion that marks the LDE, but
gradually below this interval. The occurrence of innovative
morphostructures (Diantholitha) in the calcareous nannofossil assem-
blages, increased percentages of benthic infaunal morphogroups and a

decrease in the abundance of benthic oligotrophic species, indicate a
more efficient biological pump during the LDE. In addition, the in-
creased abundance of benthic taxa that are resistant to dissolution sug-
gests slightly more corrosive bottom waters during this event. The
composition of the benthic assemblages across this event has similari-
ties with the assemblages across other Paleocene and Eocene
hyperthermal events.
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