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ABSTRACT

The mass extinction marking the Cretaceous/Palacogene boundary (KPgB), =66.04 £ 0.02
million years ago, was one of the most devastating events in the history of life, being the
most recent and the best studied of the ‘big five’ mass extinctions that occurred during the
Phanerozoic eon. At present, the relationship between the Cretaceous/Palacogene mass
extinction and a meteorite impact is broadly accepted. The impact crater, discovered at the
begining of the nineties on the Yucatan peninsula in Mexico (called Chicxulub structure), as
well as the size of the meteorite (with a diameter of =10 km), are essential data to interpret
the environmental consequences of this event. An ejecta layer was deposited worldwide,
which at distal sites is characterized by the presence of spherules, anomalous
concentrations of Iridium and other platinum group elements, the existence of spinels rich
in Ni, and changes in the isotopic composition of certain elements, in particular C and O.
After decades of research, one persistent challenge is to understand the effects of this
impact on the global environmental system, including the re-establishement of pre-impact
environmental conditions and marine biological productivity after such a major
environmental crisis. This PhD Thesis focuses on characterizing palacoenvironmental
conditions (oxygenation and productivity), including the response of the macrobenthic
tracemaker community, prior to, during and after the KPgB impact. With this aim, several
KPgB distal sections located over 5000 km from Chicxulub impact site were studied: the
Agost and the Caravaca sections, from the Betic Cordillera (Southeast Spain), and the
classical Gubbio sections (Bottaccione Gorge and Contessa Highway) located within the
Umbria-Marche Basin, in the Apennines (Northeast Italy). A high-resolution sampling was
carried out across the KPgB in the studied sections, along with a detailed sampling of trace
fossils, differentiating between biogenic structures and host sediment. Geochemical and
isotopic analyses were also performed both on the infilled material of the trace fossils and
on the host sediment. The obtained results support that anoxic conditions are restricted to
the deposit of the ejecta layer, and that oxygen levels similar to those of pre-impact times
were re-established shortly after the impact. The rapid re-establishement of the pre-impact
conditions (i.e., oxygenation and nutrient availability) is further supported by the
tracemaker community recovery, which was favoured by the opportunistic behaviour of
some macrobenthic organisms.






RESUMEN

La extincién masiva que marco el limite entre los periodos Cretacico y Paleégeno (KPgB),
ocurrida hace =66.04 = 0.02 millones afios, es uno de los eventos mis devastadores
acaecidos a lo largo de la historia de la vida, siendo la mas reciente y mejor estudiada de las
"cinco grandes" extinciones en masa que se han producido a lo largo del Fanerozoico. En
la actualidad, la relacion entre la extincién en masa del Creticico/Paleégeno y el impacto
meteotitico esta ampliamente aceptada. Tanto el crater del impacto, localizado a principios
de los afios noventa en la peninsula de Yucatain, México (denominado estructura
Chicxulub), como el tamafio del meteorito (con un didmetro de =10 km), son datos
fundamentales para poder interpretar las consecuencias ambientales de este impacto. A
nivel mundial, el depdsito de una limina de sedimento (ejecta layer) marca el KPgB,
caraterizada, en las secciones distales, por la presencia esférulas, concentraciones anémalas
de Iridio y otros elementos del grupo del platino, asi como por la existencia de espinelas
ricas en Ni y por importantes cambios en la composicion isotopica de algunos elementos
como C y O. Después de décadas de investigacién, uno de los principales retos es conocer
los efectos que tuvo este impacto a nivel global, coémo se produjo el restablecimiento de las
condiciones paleoambientales previas al impacto, y como fue la recuperacion bioldgica
después de la crisis ambiental generada. Asi, esta Tesis Doctoral se centra en caracterizar las
condiciones paleoambientales (oxigenaciéon y productividad), antes, durante y después del
impacto, utilizando un enfoque multidisciplinar, que incluye el estudio de la respuesta de la
comunidad macrobenténica generadora de trazas a la crisis ambiental. Con este objetivo, se
han estudiado varias secciones distales del KPgB, ubicadas a mas de 5000 km del crater de
Chicxulub, en las que el limite aparece marcado por una lamica de unos pocos milimetros
(=2 mm) de espesor que contiene las evidencias del impacto; las secciones de Agost y
Caravaca, en la Cordillera Bética (sureste de Espafa), y las clasicas secciones de Gubbio
(Bottaccione Gorge y Contessa Highway), en la cuenca de Umbria-Marche, dentro los
Apeninos (noreste de Italia). Se ha llevado a cabo un muestreo a muy alta resolucion,
atendiendo también a las estructuras biogénicas y al material encajante. En este altimo caso,
se han realizado, ademas, analisis geoquimicos e isotopicos tanto del material relleno de las
trazas fosiles como en la roca encajante. Los resultados obtenidos demuestran que las
condiciones anoxicas estan restringidas unicamente al depdsito de la lamina que marca
limite y que rapidamente se restablecieron niveles de oxigeno similares a los existentes antes
del impacto. Ademas, asociada al restablecimiento de las condiciones pre-impacto
(oxigenacion y disponibilidad de nutrientes), tuvo lugar la rapida recuperacion de la
comunidad generadora de trazas, favorecido por el comportamiento oportunista de algunos

organismos macrobentonicos.






Chapter 1

INTRODUCTION AND SCOPE



“The beginning is the most important part of the work”

— Plato (387-347 B.C)



Chapter 1

1.1. Introduction

The Cretaceous/Palacogene boundary (KPgB) mass extinction, dated at =66.04 £
0.02 Ma (Renne et al., 2013), was one of the most devastating events in the history of the
planet Earth. It is generally considered as the most recent of the “Big five” mass
extinctions occurring during the Phanerozoic (Sepkoski, 1996). This led to 40% of
extinction at the genus level (Bambach, 2000) and the disappearance of about 70% of the
marine and continental species existing at that time (D’Hondt, 2005) (Fig. 1.1). Entire
categories of organisms completely disappeared at that time. In the marine realm,
mosasaurs, sauropterygians (plesiosaurs and pliosaurs), ammonites and heterohelicid
planktic foraminifera became extinct; in the terrestrial realm, all forms of nonavian
dinosaurs disappeared. This mass extinction marks the end of the Mesozoic Era, which has
been the focus of intensive research during the last few decades (Goderis et al., 2013;
Schulte et al., 2010a and references therein).

5 Biodiversity during the Phanerozoic
1% of ™~
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Fig. 1.1. The genus extinction intensity. Numbers of genera as a function of geologic time, showing
the five major extinction events marked by sharp biodiversity decreases. Adapted from Rohde and
Muller (2005), in turn based on Raup and Sepkoski (1982).

During the late seventies, Walter Alvarez studied the Upper Cretaceous-Palacogene
section at Bottaccione Gorge, near Gubbio, which had been biostratigraphically described
by Luterbacher and Premoli-Silva (1962). At that time Alvarez and collaborators attempted
to estimate the timing of deposition of the KPgB succession, assuming a constant
sedimentation rate of cosmic material onto the surface of the Earth (Lowrie and Alvarez,
1977). Surprisingly, they recognized a large Iridium anomaly (Ir enrichment over 4 orders
of magnitude) in the sediments marking the end of the Cretaceous and the beginning of the
Palacogene. Following this finding, other sections were analyzed and the team leading this
discovery proposed the well-known extraterrestrial hypothesis to explain the faunal
extinction at the end of the Cretaceous. The authors proposed that the impact of a large



Introduction and scope of this thesis

meteorite would have been responsible for the environmental perturbations that caused the
mass extinction that occurred at this time (Alvarez et al, 1980). Other evidences were
provided simultaneously to support the extraterrestrial hypothesis. By the late seventies Jan
Smit was also studying the KPgB interval at the Barranco del Gredero, near Caravaca
(Southeast Spain), and analyses of the thin layer that marks the boundary showed
anomalous concentrations of Ni, Cr, Co, As and Sb, as well as Iridium (Smit and Hertogen,
1980). Smit moreover reported the existence of spherules (Fig. 1.2) in the sediments of the
KPgB at this section (Smit and Klaver, 1981). The spherules were interpreted as droplets of
melt that had travelled ballistically from the impact site and rapidly quenched (Smit, 1999).
These spherules, restricted to the thin ejecta layer, were designated microkrystites; and
though they are morphologically similar to microtektites, they present crystalline textures
(Glass and Burns, 1987),

Also about this time, an alternative extraterrestrial hypothesis was proposed by Ken

Hsii, who considered the impact of a comet as an explanation for the mass extinction (Hst,
1980).

[ |
200 mm

Fig. 1.2. Spherules at KPgB. SEM Photos taken from Martinez-Ruiz (1994).

Then, in the eighties, the meteoric impact hypothesis to explain the Ir anomaly and
mass extinctions was subjected to intense debate. Alternative hypotheses were formulated,
such as generalized volcanism. In particular, the “Deccan trap” was cited as responsible for
the environmental crisis at the end of the Cretaceous (Courtillot et al., 1986, 1988; Officer
and Drake, 1985).
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Throughout the eighties diverse sections of the boundary clay of the KPgB were
analyzed, and and new evidence supporting an extraterrestrial source was put forth: the
existence of shock metamorphism (Bohor et al, 1984, 1987), the presence of
metamorphosed zircons with planar features (Bohor, 1990), the record of impact glasses at
the KPgB section of Haiti (Blum et al., 1993; Koeberl and Sigurdsson, 1992; Sigurdsson et
al., 1991), the presence of nano and micro diamonds (Hough et al., 1997), the existence of
spinels rich in Ni in the KPgB (Bohor, 1990; Kyte and Smit, 1986), and changes in the
isotopic composition of elements such as C, O and Sr (Hsti and McKenzie, 1985).

In the nineties, the debate surrounding the meteorite impact resurged when a crater
structure was recognized in the Yucatan Peninsula (N 21° 20" W 89° 30" by the Gulf of
Mexico (Hildebrand et al., 1991). The so-called “Chicxulub structur”, with a diameter of
some 180 km, led researchers to estimate a meteorite size of 10 £ 4 km in diameter (Fig.
1.3).

Fig. 1.3. Three-dimensional map of the gravity and magnetic field
variations of the Chicxulub structure, from V.L. Sharpton
(Www.axxon.com).

In the late nineties a possible relict of the meterorite was also reported at DSDP Hole
576 (Kyte, 1998), mixed with the dark-brown oxidized pelagic clays typical of deep-ocean
sediments in the North Pacific. Geochemical and petrographic analyses of this meteorite
indicated that it most likely derived from a typical metal and sulphide-rich carbonaceous
chondrite rather than from the porous aggregate type of interplanetary dust typical of
cometary materials. This is further supported by the chromium isotopic signature of several
KPgB sites, and consistent with a carbonaceous chondrite-type impactor (Shukolyukov and
Lugmair, 1998). Some C-rich cores identified in KPgB spherules and enriched in Ir also
support a carbonaceous chondrite composition (Martinez-Ruiz et al., 1997). Although such
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meteorites constitute only a small percentage of the observed meteorite falls, they may be
an important component of the asteroid belt, which has been considered as the probable
source of the KPgB impactor (Bottke et al., 2007).

At present the relationship between the Cretaceous/Palacogene mass extinction and
the impact of a meteorite is broadly accepted (Schulte et al., 2010). The impact site, as well
as, the size of the meteorite are essential to interpret the environmental consequences of
this event.

Specifically, this impact can be regarded as one of the most rapid events in the history of
life on Earth, involving a sequence of regional catastrophes, including earthquakes of
magnitude >10 causing continental and marine landslides, tsunamis 100-300 m in height
that swept over 300 km onshore and carried continental debris basin-ward to deep-marine
sequences, shock waves and air blasts that radiated across the landscape, and high
temperatures that generated fires as far as 1,500 to 4,000 km from the crater (e.g., Kring,
2007; Wilf et al., 2003). But the event was also responsible for global catastrophes such as
nitric and sulfuric acid rain, widespread dust and blackout, destruction of the stratospheric
ozone layer, and an enhancement of the greenhouse effect due to an increase in
atmospheric concentrations of greenhouse gases (e.g., Kring, 2007 and references therein).
Furthermore, these disturbances gave rise to secondary effects that included an impact
winter (Brugger et al., 2017; Vellekoop et al., 2014; Woelders et al., 2017), an increase in
oceanic acidification (e.g., Alegret and Thomas, 2005; Alegret et al., 2012; Peryt et al.,
2002), and finally, a decrease in the sea surface temperature (Coccioni and Galeotti, 1994;
Kaiho et al, 1999; Vellekoop et al, 2015). Consequently, the reestablishment of
palacoenvironmental conditions after the KPgB event is held to be a key point in the
context of evolutionary and ecological dynamics of present biota (e.g., Hull, 2015;
Labandeira et al., 2010).

Recently, Expedition 364 of the European Consortium for Ocean Research Drilling
(ECORD), conducted as part of the International Ocean Discovery Program (IODP) and
supported by the International Continental Scientific Drilling Programme (ICDP), drilled
during April-May 2016 into the peak-ring of the Chicxulub structure, in order to
understand: i) how hypervelocity impacts temporarily change rock behaviour in a way that
allows materials to flow large distances and form features such as peak rings; ii) how the
impact hypothesis may be beneficial to some life forms; and iii) how ocean life recovered
after this event (Chen and Sun, 2017; Kring et al., 2017; Morgan et al., 2010).

The global consequences of the impact event are proven by the numerous deposits of
the KPgB worldwide (Goderis et al., 2013; Smit, 1999; Urrutia-Fucugauchi and Pérez-Cruz,
2016) (Fig. 1.4). Such deposits constitute a global stratigraphic marker permitting temporal
resolution and lateral correlation, and they show wvariable features depending on the
distance from the Chicxulub crater. Four types of ejecta deposits have been distinguished
(Fig. 1.4 and Tables 1.1-1.4):
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i. Very proximal to Chicxulub: Less than 500 km from Chicxulub impact site.
Relatively thick ejecta layer. Cores recovered close to the crater rim inside the
Chicxulub impact structure include a more than 100-m-thick impact-breccia
sequence, while 1-m- to more than 80-m-thick ejecta rich deposits are present in the
surrounding Central American region (e.g., Alegret et al., 2005; Arenillas et al., 2000;
Fouke et al., 2002; Goto et al., 2008; Grajales-Nishimura et al.,, 2003; Izett, 1991;
Kiyokawa et al., 2002; Kring et al., 2017; Morgan et al., 2016; Murillo-Mufieton and
Dorobek, 2003; Pope et al., 2005, 1999; Tada et al., 2002).

Table 1.1. Main locations of KPgB very proximal sites. *Estimated palacodistance to the
center of the Chicxulub crater structure. **SP, spherules; SQ, shocked quartz; NI, Ni-rich
spinel; FS, fern spore spike. ***Bathymetric division defined in Van Morkhoven et al.
(19806): neritic (0-200 m), upper bathyal (200-600 m), middle bathyal (600-1000 m), lower
bathyal (1000-2000 m), upper abyssal (2000-3000 m), lower abyssal (>3000 m). Modified
from Schulte et al. (2010b). Supplementary material.

Region and KPgB  Distance” Impact Max. Ifldll.lm '
sites (km) ejecta™ concentration Setting

T

Southern Mexico and Cuba

Kk

Guayal, Tabasco 300 SP, SQ, NI 0.8 Bathyal
Bochil, Chiapas 300 SP, SQ, NI 1.5 Bathyal
Albion Island, Belize 300 SP, SQ n.a. Terrestrial
Moncada, Cuba 400 SP, SQ 0.5 Bathyal
Loma Capiro, Santa

g;‘fia]iﬁﬁd 400 SP,SQ na. Bathyal
Cidra, Cuba

ii. Proximal to Chicxulub: Between 500 to 1,000 km from Chicxulub impact site
(Northwestern Gulf of Mexico), the KPgB is associated with high-energy clastic
deposits, and characterized by a series of cm- to m-thick spherule rich, clastic event
beds, indicative of high-energy sediment transport by, for example, tsunamis and
gravity flows (e.g., Alegret et al., 2001; Aschoff and Giles, 2005; Bohor and Glass,
1995; Bralower et al., 2010; Campbell et al., 2007; Izett, 1991; Keller et al., 2003; King
et al., 2007; Lawton et al., 2005; Leroux et al., 1995; Molina et al., 2009; Schulte et al.,
2006; Schulte and Kontny, 2005; Schulte and Speijer, 2009; Sigurdsson and Leckie,
1997; Smit et al., 1996; Soria et al., 2001; Ward et al., 1995; Yancey and Guillemette,
2008).
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iii.

Table 1.2. Main locations of KPgB proximal sites. Modified from Schulte et al. (2010b).
Supplementary material. Legend as in Table 1.1.

Max. Iridium

Region and KPgB 1,00 ce* (km) Impact centration  Setting™*
sites ejecta (opb)

Gulf of Mexico
1Eelle, I8kt SO0 SP, SQ, NI 8 Bathyal
1 Gz, WiZate 700 SP, SQ, NI n.a. Lower bathyal
El Mimbral, Mexico 00 SP, SQ, NI 5 e it
LLaLEilE, B e 730 SP,AC 0.25 Lo itz
El Mulato, Mexico 780 SPAC 1 Lo ]
(BT, Miexeo 00 SP,AC na. Middle bathyal
La Sierrita, Mexico 800 SP,AC 03 Middle bathyal
La Popa Basin, 800
Mexico SP, AC n.a. Inner neritic
Brazos River, Texas 900 SP AC na Neritic
Stoddard County, 900
Missouti SP n.a. Neritic
Mussel Creek, Shell
Creek, Antioch
Chutrch Core, 900 ..
Millers Ferry, SP, AC n.a. Neritic
Alabama
Caribbean Sea
ODP Leg 165: Site 600

999 and 1001 SP n.a. Bathyal

Intermediate: Between 2,000 to 3,000 km from Chicxulub impact site.
Representative examples are located at continental sections from the US Western
Interior and at Northwest Atlantic Ocean as part of the Ocean Drilling Program (i.c.,
ODP 171, 174, 207) and Deep Sea Drilling Projects (i.e., DSDP 93). The KPgB
deposits consist of a 2- to 10-cm-thick spherule layer topped by a 0.2- to 0.5-cm-
thick layer that is characterized by a PGE anomaly and abundant shock minerals,
granitic clasts, Ni-rich spinel and coals wamp deposits (e.g., Barclay and Johnson,
2002; Bohor et al., 1987; Bohor and Izett, 1986; Izett, 1990; Klaver et al., 1987;
Kring, 1995; Kring and Durda, 2002; MacLeod et al., 2007; Martinez-Ruiz et al.,
2002, 2001; Morgan et al., 2006; Nichols and Johnson, 2008; Nichols et al., 2002,
1992, 1986; Olsson et al., 1997; Pillmore et al., 1984; Schulte and Speijer, 2009; Sweet
et al,, 1999; Sweet and Braman, 1992; Tschudy et al., 1984; Wolfe, 1991).
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Table 1.3. Main locations of KPgB intermediate sites. Modified from Schulte et al
(2010b). Supplementary material. Legend as in Table 1.1.

: g Max. Iridium
* 5 .
Kby Distanee® b2tk concentration  Setting®**

T TemeewChome
Western Interior (USA and Canada)

Sugarite, Raton
Basin, New 2100 SP, SQ (FS) 2.7 Terrestrial
Mexico
Starkville South,
Raton Basin, 2250 SP, SQ (FS) 56 Terrestrial
Colorado
Starkville North,
Raton Basin, 2250 SP, SQ (FS) 6 Terrestrial
Colorado
Long Canyon,
Raton Basin, 2250 SQ (FS) 8.2 Terrestrial
Colorado
Berwind Canyon,
Raton Basin, 2250 SP, SQ (FS) 27 Terrestrial
Colorado
West Bijou Site,
Denver Basin, 2250 SQ ES) 0.68 Terrestrial
Colorado
Dogie Creek,
Powder River 2500 SP, SQ (FS) 20.8 Terrestrial
Basin, Wyoming
Sussex, Powder
River Basin, 2500 SQ ES) 26 Terrestrial
Wyoming
Sussex, Powder
River Basin, 2500 SQ ES) 26 Terrestrial
Wyoming
Mud Buttes,
Williston Basin, 2700 SP, SQ (FS) 1.36 Terrestrial
SW North Dakota
Brownie Butte,
Hell Creek area, 3100 SP, SQ (FS) 1.04 Terrestrial
Montana
Knudsen’s Farm,
Western Canada
Motgan Creek,
Saskatchewan, 3400 SQ (FS) 3 Terrestrial
Western Canada
Frenchman River,
Saskatchewan S e 15
Northwest Atlantic Ocean
E)SBDP Leg 93 Site 2600 SP, SQ na. Bathyal
ODP Leg 171
Sit1049, 1050, 2400 SP, SQ 1.3 Lower bathyal
1052
ODP Leg 174AX
Bass River
ODP Leg 207 Site

1258, 1259, 1260

3400 SQ (FS) 3.4 Terrestrial

Terrestrial

2500 SP, SQ, AC n.a. Netitic

4500 SP, SQ, AC 1.5 Bathyal

15



Introduction and scope of this thesis

iv. Distal to Chicxulub: More than 5000 km from Chicxulub impact site, where a few
millimeters (2 mm thick) of ejecta layer marks the KPgB (Fig. 1.5) (e.g., Abrajevitch
and Kodama, 2009; Alegret et al., 2004, 2003, 2002; Alegret and Thomas, 2007, 2005;
Bostwick and Kyte, 1996; Brooks et al., 1986, 1985, 1984; Corfield and Cartlidge,
1993; Frei and Frei, 2002; Gallala et al., 2009; Hollis et al., 2003; Hollis and Strong,
2003; Hst et al., 1982; Ingram, 1992; Kaiho et al.,, 1999; Kyte et al., 1996, 1980;
Martinez-Ruiz et al., 1992; Michel et al., 1990; Molina et al., 2004; Montanari, 1991;
Preisinger et al, 2002; Rodriguez-Tovar, 2005; Rodriguez-Tovar et al, 2011;
Rodriguez-Tovar and Uchman, 2006, 2004; Schmitz et al., 1991, 1988; Smit, 1999;
Smit and Ten Kate, 1982; Sosa-Montes de Oca et al., 2018, 2017, 2013; Stott and
Kennett, 1989; Trinquier et al., 2006; Vajda et al., 2003; Vajda and Raine, 2003;
Willumsen, 2004, 2012, 2000). A reddish clay layer contains the impact ejecta material
(e.g., Smit, 1999). Among distal sections, the El Kef section in Tunisia represents the
boundary stratotype and point for the base of the Danian Stage (Molina et al., 20006).

16
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Table 1.4. Main locations of KPgB distal sites. In red are indicated the outcrops studied in
this thesis. Modified from Schulte et al. (2010b). Supplementary material. Legend as in
Table 1.1.

Region and KPgB sites Distance Ifnpaii Max. Ir1d11.1m Setting*™*
Distal to Chicxulub
South Atlantic Ocean
DSDP Leg 75 Site 524 9600 n.a. 3 Abyssal
ODP Leg 113 Site 690 11000 n.a. 1.5 Abyssal
ODP Leg 208 Site 1262, 1267 9400 SP, SQ n.a. Abyssal
Europe, Africa, Asia
Gubbio and Petriccio, Italy 9200 SP, SQ, NI 8 Bathyal
Stevns Klint and Nye Klov, 10200 SP, SQ, NI 48 N
Denmark
Bidart, France 9500 NI 6 Upper-middle
bathyal
Caravaca, Spain 8200 SP, SQ, NI 56 Bathyal
Agost, Spain 8300  SP,SQ,NI 24.4 Pt midle
Bjala, Bulgaria 9500 SP, SQ, NI 6.1 Bathyal
El Kef, Ellés, Tunisia 9100 SP, NI 18 Outer neritic —
upper bathyal
Ain Settara, Tunisia 9100 SP, SQ, NI 11 Outer neritic —
upper bathyal
Pacific Ocean
L144-GPC 3 7200  SP,SQ,NI 12 Abyssal
DSDP Leg 62 Site 465 7900  SP,SQ, NI 54 i Traifagal
153757DP Leg 86 Site 576, 9300 SP, SQ, NI 13.4 Abyssal
DSDP Leg 91 Site 596 9700  SP,SQ, NI 10.8 Alsrsa
ODP Leg 119 Site 738 10500 - 18 A
ODP Leg 130 Site 803, 807 11000 SP,SQ, NI 10.8 Alsrsa
ODP Leg 145 Site 886 6450  SP,SQ, NI 3.6 I
ODP Leg 198 Site 1209 to 1212 11400 - na. Abyssal
Woodside Creek, New Zealand 10500  SP» (%% NI 70 Bathyal
Mid-Waipara, New Zealand 10500 SP, (FS) 0.49 Neritic
Flaxbourne River, New Zealand 10500 SP 21 Upper-Middle
bathyal
Moody Creek Mine, New Zealand 10500 SP, (FS) 4.1 Tertrestrial
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In general, the distance to the impact site determines the thickness, lithology, and the
mineralogical and geochemical composition of the different KPgB records. In distal
sections (as those studied in this thesis), four possible components are differentiated
within the ejecta layer: Chondritic material, from the meteorite itself; material of the
target rocks, also vaporized and distributed globally; local input, subsequently different
in each section; and authigenic minerals formed during of postdepositional alteration of
original material.

18
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Fig. 1.5. Photos from outcrop and laboratory showing the main lithological components in the distal section of Agost. In ascending order, the Agost Cretaceous-
Palacogene transition comprises Cretaceous sediments that consist of gray calcareous matlstones and marlstones from uppermost Maastrichtian, overlain by
Palacogene sediments that include the 2-3-mm-thick red clay (the ejecta layer), and a blackish-gray clay layer (the boundary clay) that has gradually increasing
carbonate content, giving way to the typically light marly limestones from the lowermost Danian.
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1.2. Scope of this thesis

Even though a consensus now exists as to the impact of a large meteorite in the
Yucatan Peninsula that was responsible for all the environmental perturbations occurring at
the end of the Cretaceous, questions remain regarding the patterns of extinction, how this
impact affected the different sedimentary basins, and how the recovery of biological
productivity took place. The effects of the meteor impact drastically transformed the
depositional environments, especially in marine sedimentary basins where severe
extinctions occurred and a high input of metals, both of terrestrial and extraterrestrial
origin, led to a significant alteration of seawater composition. Enhanced chemical
alteration, due to the acid rain conditions generated by the impact, also contributed to
higher metal fluxes and extremely reducing conditions. The distribution of trace elements is
crucial for a reconstruction of the conditions during the KPgB itsels and during the re-
establishment of pre-impact conditions.

In this sense, the present PhD Thesis focuses on characterizing palacoenvironmental
conditions (oxygenation and productivity), prior to, during and after the KPgB impact, by
using a multiproxy approach that also includes a study of the response of the macrobenthic
tracemaker community to the environmental crisis. Four distal sections of the KPgB were
selected to this end: the Agost and Caravaca sections, from the Betic Cordillera (Southeast
Spain), and the classic Gubbio sections (Bottaccione Gorge and Contessa Highway) located
within the Umbria-Marche Basin, in the Apennines (Northeast Italy).

The specific objectives are:

1. To analyze geochemical processes controlling trace and major element distribution
in the boundary sediments. Special attention is devoted to:

v' Ultra high resolution analysis of redox geochemical proxies to reconstruct
oxygenation conditions.

v' Assessment of the contribution of extraterrestrial vs. terrestrial material.

2. Ichnological analysis of the boundary sediments, in order to evaluate the effect of
the environmental crisis on the macrobentic trace makers.

3. Characterizing the pre, syn- and post-impact environmental conditions to evaluate
variations as a consequence of the impact.

4. Constraining the timing of the re-establishment of productivity and the recovery of
pre-impact conditions.

To achieve these objectives, a high-resolution sampling was carried out in the studied
sections of Agost, Caravaca and Gubbio.

The results of this PhD Thesis have been published in scientific journals included in the
Science Citation Index. Thus, the content and structure of some chapters correspond to
the original source. The results obtained have also been divulged in the form of oral
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presentations or posters, in national (SEM, EJIP) and international meetings (TREMP
2014, ASLO 2015, ICP 2016 and GOLDSCHMIDT 2017).

This PhD Thesis volume is organized as follows:
Chapter 1: Introduction.

Chapter 2: Bottom-water conditions in a marine basin after the Cretaceous-Paleogene

impact event: Timing the recovery of oxygen levels and productivity.
doi:10.1371/ journal.pone.0082242 (Plos One)

Chapter 3: Geochemical and isotopic characterization of trace fossil infillings: New
insights on  tracemaker activity after the K/Pg impact event. doi
10.1016/j.cretres.2015.03.003 (Cretaceons Research)

Chapter 4: Paleoenvironmental conditions across the Cretaceous-Paleogene transition
at the Apennines sections (Italy): An integrated geochemical and ichnological approach.
doi: 10.1016/ j.cretres.2016.11.005 (Cretaceous Research)

Chapter 5: Application of laser ablation-ICP-MS to determine high-resolution
elemental profiles across the Cretaceous/Paleogene boundary at Agost (Spain).
doi.org/ 10.1016/}.palaeo.2018.02.012 (Palacogeography, Palacoclimatology, Palacoecology)

Chapter 6: Microscale trace element distribution across the Cretaceous/Palacogene
ejecta layer at Agost section: Constraining the recovery of preimpact conditions. (fo be
Submitted).

Chapter 7: Conclusions.
Chapter 8: Perspectives and future research.

Some data appear in a brief paper titled “High-resolution data from Laser Ablation-ICP-
MS and by ICP-OES analyses at the Cretaceous/Paleogene boundary section at Agost (SE
Spain)”, doi: 10.1016/;.dib.2018.04.118. It contains data from Chapter 5, desctibing the
coring, resin embedding methodology and laser ablation data treatment has been included
as an Appendix.

Note that to obtain International Mention, the use of both English and Spanish
language is mandatory. For this reason, the Abstract, Conclusions and Forthcoming
research sections are included in both languages.
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“Have no fear of perfection, you will never reach it”

— Marie Curie (1867-1934)
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ABSTRACT

An ultra-high-resolution analysis of major and trace element contents from the
Cretaceous—Paleogene boundary interval in the Caravaca section, southeast Spain, reveals a
quick recovery of depositional conditions after the impact event. Enrichment/depletion
profiles of redox sensitive elements indicate significant geochemical anomalies just within
the boundary ejecta layer, supporting an instantaneous recovery —some 10” years— of
pre-impact conditions in terms of oxygenation. Geochemical redox proxies point to
oxygen levels comparable to those at the end of the Cretaceous shortly after impact, which
is further evidenced by the contemporary macrobenthic colonization of opportunistic
tracemakers. Recovery of the oxygen conditions was therefore several orders shorter than
traditional proposals (10*-10° years), suggesting a probable rapid recovery of deep-sea
ecosystems at bottom and in intermediate waters.
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2.1. Introduction

The Cretaceous—Paleogene boundary (IKK/Pg), = 65.95 Ma ago, is marked by one of the
major faunal extinctions during the Phanerozoic, which led to the disappearance of about
70% of existing marine and continental species (D’Hondt, 2005). In particular, more than
90% of Maastrichtian planktic species of foraminifera disappeared abruptly at this
boundary (Arenillas et al., 2006; Smit, 1982). The hypothesis of an extraterrestrial impact
(Alvarez et al., 1980; Smit and Hertogen, 1980) to explain the extinction has been widely
accepted (Schulte et al., 2010), though some authors also relate this mass extinction event
with the activity of the large igneous province of the Deccan Traps (Chenet et al., 2009;
Courtillot et al., 1999; Keller et al., 2011), and debate goes on in the literature regarding
volcanism, impacts and mass extinctions (Keller, 2013). However, the synchroneity of a
bolide impact and the associated mass extinction has been demonstrated (Renne et al.,
2013). Despite intensive research, many open questions remain; how and when biological
productivity recovered after the impact, and how different ecosystems responded to such
environmental changes are still controversial matters. Further understanding of the
response of marine ecosystems to global catastrophes calls for deeper study of
environmental conditions across this boundary.

The Chicxulub impact (Hildebrand et al., 1991; Smit, 1999) involved a large bolide,
about 10 * 4 km in diameter, that produced severe effects at the local and regional scale
(Kring, 2007), including earthquakes of magnitude >11 causing continental and marine
landslides, tsunamis of 100-300 m in height that swept more than 300 km onshore and
carried continental debris basin-ward to deep-marine sequences, shock waves and air blasts
that radiated across the landscape, and high temperatures that generated fires within
distances of 1,500 to 4,000 km from the crater. It is estimated that instantaneous
combustions of 18%-24% of the terrestrial biomass existed at that time (Arinobu et al.,
1999). Other global effects were nitric and sulfuric acid rain, widespread dust and blackout
that prevented sunlight from reaching the surface of the Earth and lowered its temperature,
and destruction of the stratospheric ozone layer, with a greenhouse effect that led to a
temperature increase of 1.5° to 7.5° C. Hence, the impact generated an initial brief
warming, followed by a short cooling period (= 2 kyr) and then a warm phase (Kring,
2007).

In addition to the major extinction, these environmental changes led to severe changes
in depositional conditions, particularly in marine basins. Constraining how fast such
conditions recovered is essential to further understand the recovery of ocean productivity,
and how ecosystems adapt to major environmental changes. As a result of organic matter
and metal accumulations, bottom waters underwent severe oxygen depletion. Trace metal
anomalies point to major changes in redox conditions across the boundary (Martinez-Ruiz
et al., 1999), also indicated by biomarkers (Mizukami et al., 2013). In this regard, the basal
3-mm-thick K/Pg layer at Caravaca section (Southeast Spain) shows a rapid increase in
terrestrial long-chain n-alkanes and dibenzofuran, signaling a greater supply of terrestrial
organic matter as well as a rapid increase in the concentration of dibenzothiophenes,
evidencing a change from oxic to anoxic/euxinic conditions in the intermediate water
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above the seafloor (Mizukami et al, 2013). Similarly, inorganic redox (Calvert and
Pedersen, 2007; Tribovillard et al., 2006) allow us to reconstruct the evolution of oxygen
conditions.

This study focuses on the Caravaca section, one of the best-preserved sections
wortldwide, well exposed and continuous (Smit, 2004). It has been extensively studied
during the last three decades (Coccioni and Galeotti, 1994; Kaiho et al., 1999; Mizukami et
al., 2013; Smit and Hertogen, 1980; Smit and Ten Kate, 1982), and can be considered a
highly representative distal section for analysis of the K/Pg impact event. Selection of the
sampling interval based on absence of mixing and traces fossils across the boundary to
ensure that sampling at a millimetric scale records the original distribution of geochemical
signatures. Hence, we present a mm-scale resolution approach, based on geochemical
proxies in combination with icnological data, to gain insight into the timing of oxygen
recovery and the recovery of biological productivity after the impact event.

2.2. Geologic Setting

The K/Pg boundaty section at Caravaca (38°04°36.39"'N, 1°52741.45""W) is located on
the NW side of road C-336, about 4 km southwest of the town of Caravaca (Murcia,
Spain), in the Barranco del Gredero (Fig. 2.1).

ejecta layer

Fig. 2.1. Caravaca outrop. Location and close-up potographs of the Cretaeous—alegene
(K/Pg) boundaty section at Caravaca (Southeast Spain).
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The studied section belongs to the external Subbetic of the Betic Cordillera. Lithology
consists of light marls in the upper levels of the Maastrichtian sediments (uppermost
Cretaceous), followed by 7-10 cm of a lower Danian (lowermost Paleogene) blackish gray
clay layer (the so-called boundary clay layer) with a 2-3 mm thick reddish brown layer at the
base (ejecta layer) containing spherules and platinum group element (PGE) anomalies
(Martinez-Ruiz et al., 2006, 1999; Smit, 1990; Smit and Klaver, 1981). The 7-10 cm lower
Danian clay layer gradually increases its carbonate content to a gray argillaceous marl
similar to that of the upper Cretaceous (Fig. 2.1). The Caravaca section, like the nearby
Agost section (115 km away, in Alicante, Spain) and the El Kef section (Tunisia), is one of
the best-preserved distal sections in the world (Molina et al., 2006). It is thought to
represent deposition at paleowater depths of ~200 to 1,000 m (Macleod and Keller, 1994;
Smith et al., 1981) and at around 27-30° N paleolatitude (Macleod and Keller, 1991,
MacLeod and Keller, 1991; Smith et al., 1981).

2.3. Materials and Methods

In the framework of mm-scale resolution analysis across the K/Pg boundary, we
focused on a 4.20 cm interval, from 1.20 cm below the K/Pg boundary to 3.0 cm above it,
recording depositional conditions at the Latest Cretaceous, those of the ejecta layer, and
the Earliest Danian. The fieldwork was carried out in public land and no specific
permission was required. Samples were taken in continuous sampling every 0.2 cm.
Ichnological analysis revealed a well-developed lowermost Danian trace fossil assemblage,
even penetrating vertically into the Cretaceous sediments. Nonetheless, a careful selection
of sampled intervals was done to avoid disturbation across the boundary. Thus, this highly
detailed sampling involved materials showing no evidence of discrete trace fossils and
without any mixing by bioturbation. According to the sedimentation rates of 3.1 cm Kyr'
estimated for the Maastrichtian sediments, and that of 0.8 cm Kyr' calculated for the
boundary clay layer (Kaiho et al., 1999), the studied material would span a time interval
from 400 years prior to the K/Pg boundary to 3,750 years afterward.

Major and trace element concentrations were respectively obtained by Atomic
Absorption Spectrometry (AAS) and Inductively Coupled Plasma Mass Spectrometry (ICP-
mass), at the Centre for Scientific Instrumentation (CIC), University of Granada, Spain. All
samples were crushed in an agate mortar and digested with HNO3 + HF (Bea, 1990).

We used Al-normalized concentrations of redox sensitive elements (V/Al, Mo/Al,
U/AL Pb/Al Ni/Al, Co/Al, Cu/Al, Zn/Al and Cr/Al ratios), the U/Mo ratio, authigenic
factors (Aut), and enrichment factors (EFs) of U and Mo for the reconstruction of redox
conditions.

29



Bottom-water conditions in a marine basin after the Cretaceons—Paleogene impact event: Timing the recovery of oxygen levels and productivity

Enrichment factors (EF) were calculated as:

A
AI sample
(A
Al ppns
Authigenic factors (aut) were calculated as:

X _ (X)sample _(X)PAAS
aUt ( AI )PAAS * ( AI )sample

where X and Al represent the weight percentage concentrations of elements X and Al,

XEF =

respectively. Samples were normalized using post-Archean average shale (PAAS)
compositions (Taylor and McLennan, 1985).

Rare earth element (REE) concentrations were also determined in order to show the
nature of the ejecta layer regarding sediments deposited above and below the K/Pg
boundary (Martinez-Ruiz et al., 1999).

2.4. Results and Discussion

It is well known that the K/Pg boundary marks major changes in the chemical
composition of sediments deposited across it. Some changes can be expected as a
consequence of the sudden drop in carbonate production, and the subsequent change in
sediment lithology. Geochemical changes across the boundary are particularly evident in
distal sections where a significant extraterrestrial metal contribution is recognized. In
contrast, at sections located closer to the impact site, such as Blake Nose (Martinez-Ruiz et
al., 2001) or Demerara Rise (Berndt et al., 2011) in the Western Atlantic, the extraterrestrial
metal contribution is highly diluted by target rocks.

In distal sections, as the one here studied, the bolide contribution together with the
enhanced chemical alteration in emerged areas produced a high metal supply. Additionally,
reduced oxygen levels, due to the greater input of organic matter (both terrestrial and
marine), also promoted anomalous concentrations of trace elements across the K/Pg
boundary (Martinez-Ruiz et al., 1999; Smit, 1999; Smit and Ten Kate, 1982). Despite
diagenesis and potential remobilization, original signatures are preserved, evidenced by
PGE anomalies (Martinez-Ruiz et al., 2006, 1999; Smit, 1990; Smit and Klaver, 1981) and
the extraterrestrial nature of trace elements such as Cr (Shukolyukov and Lugmair, 1998)
within the ejecta layer. After the ejecta deposition, the autochthonous terrigenous supply
led to the deposition of the boundary clay; primarily as a consequence of the reduced
carbonate production. Therefore, the ejecta layer and this clay layer record the impact and
post-impact depositional conditions, respectively. Impact evidence at Caravaca section also
includes diagenetically altered spherules, largely composed of smectites and K-feldspar
(Martinez-Ruiz et al., 1997).
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productivity

Our mm-scale resolution analysis of trace metal concentrations and elemental
ratios (V/Al, Ct/Al, Co/Al, Ni/Al, U/Al, Cu/Al, Zn/Al, Mo/Al, Pb/Al, and
U/Mo) supportt the significant geochemical anomalies of the ejecta layer (Fig. 2.2).
These ratios sharply peak just within the ejecta layer, with values (*10) of 31.65 for
the V/Al ratio, 1.18 for the Mo/Al ratio, 2.25 for the U/Al ratio, 280.50 for the
Ni/Al ratio, 34.98 for the Pb/Al ratio, 69.02 for the Co/Al ratio, 42.95 for the
Cu/Al ratio, 160.70 for the Zn/Al ratio, and 132.16 for the Cr/Al ratio; in contrast,
the U/Mo ratio (1.91) (Table 2.1.) (Zhou et al., 2012) shows a noteworthy depletion.
The abundance of U and Mo is a particularly useful proxy for paleoredox conditions
(Algeo and Tribovillard, 2009; Tribovillard et al., 2012). Significant enrichments of U
and Mo in marine sediments may generally be imputed to authigenic uptake of these
elements from seawater in suboxic (for U) or euxinic conditions (for Mo) (Fig. 2.3).
The decrease in the U/Mo ratio thus suggests that sulfidic conditions at this time
may have favored a major Mo uptake. The Uy, vs Moy, covariation (Fig. 2.4) also
indicates a change in redox conditions just within the K/Pg boundary, which implies
a quick return to previous Cretaceous oxygen levels after the impact. Yet a
comparison of redox proxies (Fig. 2.2) between Late Cretaceous sediments and those
deposited during the very Early Danian showed no major changes, which suggests
that oxygenation conditions during the Early Danian were not dramatically different
from pre-impact conditions. On a global scale, no evidence of global hypoxia is
reported, only rather low oxygen conditions at a local scale for certain outcrops
(Alegret and Thomas, 2005). Our data therefore support that lower oxygenation was
mostly restricted to the deposition of the ejecta layer, that was settled down instantly
on a geological time scale (Artemieva and Morgan, 2009), while sediments from the
Early Danian and the Late Cretaceous are similar in terms of oxygenation. The
distinct nature of the ejecta layer is moreover supported by the REE depletion (Fig.
2.5), derived not only from the diagenetic alteration of the impact glass and
subsequent loss of REE, but also from the relatively high contribution of REE-
depleted extraterrestrial material (Martinez-Ruiz et al., 1999; Smit and Ten Kate,
1982).
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Table 2.1. Element content and elemental ratios. Al and Ca concentrations (%), and elemental ratios (*104) across the Cretaceous—Paleogene (K/Pg)

boundary at the Caravaca section.

Sample Di(sm;ce Al Ca V/Al  Mo/Al U/Al Pb/Al Ni/Al Co/Al Cu/Al Zn/Al Ct/Al  REE/Al U/Mo  Mokr Urr Moaut Uit
cm
CA +2.8 +3.0 3.00 5.25 18.94 18.31 0.10 0.36 2.34 15.29 3.45 3.20 14.37 17.39 21.57 3.53 1.01 1.15 0.48 1.71
CA +2.6 +2.8 2.80 8.17 6.16 19.56 0.09 0.22 2.62 17.47 37 417 16.03 18.81 17.78 2.52 0.87 0.71 0.63 1.54
CA +2.4 +2.6 2.60 8.40 6.13 19.21 0.08 0.21 2.50 16.13 3.50 4.55 16.44 17.58 17.49 2.49 0.84 0.68 0.63 1.51
CA 422 424 2.40 8.69 5.67 19.72 0.09 0.21 2.19 16.32 3.57 373 15.31 17.48 17.28 2.49 0.85 0.68 0.65 1.57
CA 2.0 42.2 220 8.50 6.59 19.57 0.08 0.23 2.36 16.92 3.74 3.67 15.31 17.99 17.36 2.93 0.79 0.74 0.59 1.70
CA +1.8 +2.0 2.00 8.37 6.99 19.58 0.09 0.23 2.36 16.87 3.65 3.84 15.44 18.51 17.29 2.53 0.90 0.73 0.67 1.64
CA +1.6 +1.8 1.80 8.22 7.28 19.59 0.09 0.24 2.54 18.09 3.59 4.25 15.74 19.06 17.28 2.62 0.90 0.76 0.66 1.69
CA +14 +1.6 1.60 7.40 8.31 19.92 0.10 0.25 2.65 19.03 391 4.43 16.26 19.96 18.58 2.51 1.01 0.82 0.68 1.65
CA+12+14 1.40 7.50 7.74 19.90 0.10 0.26 2.62 18.29 3.81 4.30 15.83 19.92 19.30 272 0.96 0.84 0.65 1.73
CA +1.0 412 1.20 7.56 8.51 20.36 0.09 0.27 2.88 19.22 3.86 475 15.90 19.99 18.76 3.00 0.89 0.86 0.59 1.78
CA +0.8 +1.0 1.00 7.56 8.01 19.03 0.09 0.25 3.02 18.20 4.07 4.55 14.94 18.88 16.36 2.86 0.86 0.79 0.57 1.63
CA +0.6 +0.8 0.80 7.69 7.31 18.78 0.09 0.23 3.13 16.49 3.56 4.53 14.34 18.26 14.70 2.601 0.87 0.73 0.59 1.51
CA +0.4 +0.6 0.60 6.95 7.38 19.69 0.11 0.24 3.89 20.40 3.61 4.88 14.79 27.77 15.17 225 1.05 0.76 0.66 1.42
CA +0.2 +0.4 0.40 6.95 8.84 19.84 0.09 0.23 3.63 18.33 3.45 4.68 15.57 25.24 13.76 242 0.93 0.73 0.58 1.35
CA +0.0 +0.2 0.20 7.44 6.78 15.70 0.08 0.19 1.75 13.35 1.95 1.73 9.07 22.78 6.25 2.47 0.78 0.62 0.51 1.20
CA K/Pg 0.00 8.11 6.57 31.65 1.18 2.25 34.98 280.50 69.02 42.95 160.70 132.16 3.02 1.91 11.80 7.25 9.49 17.99
CA 0.0-0.2 -0.20 6.70 12.52 22.76 0.09 0.25 6.08 19.12 4.78 5.71 21.46 31.97 14.43 2.68 0.94 0.81 0.56 1.48
CA -0.2-0.4 -0.40 5.95 13.38 18.13 0.06 0.15 117 12.95 2.10 191 10.41 16.53 8.63 2.56 0.60 0.50 0.30 0.74
CA -0.4 -0.6 -0.60 5.38 23.48 19.60 0.06 0.16 1.07 12.32 2.08 215 11.53 12.59 10.58 2.56 0.63 0.52 0.29 0.70
CA -0.6 -0.8 ~0.80 4.67 2178 20.49 0.06 0.19 1.06 12.41 218 2.35 11.91 11.14 13.15 2,90 0.64 0.60 0.25 0.73
CA -0.8-1.0 -1.00 4.12 23.95 22.42 0.08 0.24 1.31 15.76 2.51 2.81 12.10 13.82 16.28 2.88 0.83 0.77 0.30 0.85
CA-1.0-12 -1.20 3.89 24.40 21.07 0.11 0.25 1.56 18.06 2.55 3.36 12.66 15.59 16.49 2.31 1.08 0.80 0.38 0.85
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In view of the distribution profiles of trace metals in terms of timing, and the interval
where pre-impact concentrations were reached (occurring at a distance between 0.2 and 0.3
cm above the K/Pg boundaty), as well the sedimentation rates of the first centimeters of
the Danian clay —0.8 cm kyr' in Caravaca (Kaiho et al., 1999)— we infer that oxygenation
conditions were recovered in less than 375 years (in the order of 10° years). This value is
several orders less than intervals traditionally proposed (10%-10° years) (Coccioni and
Galeotti, 1994; Kaiho et al., 1999). Such timing differences with respect to previous works
may derive from a much higher resolution sampling. Furthermore, the reconstruction of
oxygen conditions was based on recently developed geochemical redox proxies that have
proven to be reliable (Martinez-Ruiz et al., 1997; Shukolyukov and Lugmair, 1998; Zhou et
al., 2012). Accordingly, our data support that oxygenation conditions recovered very
quickly, almost instantly on a geological time scale (Artemieva and Morgan, 2009).
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Fig. 2.4. Mogr vs Ugr covariation. Mogr vs Ugr covariation for the Cretaceous—
Paleogene (K/Pg) boundary section at Caravaca (Southeast Spain).

Such a conclusion is also in agreement with the rapid recovery interpreted for the
macrobenthic tracemaker community based on the presence of Fe-oxide spherules in the
infilling of Thalassinoides in the Agost section (Rodriguez-Tovar, 2005), and with the
bioturbational disturbance of the 2-3-mm-thick K/Pg red boundary layer at the Caravaca
section (Rodriguez-Tovar and Uchman, 2008). In the latter case, the bioturbational
disturbance is produced by Chondrites and Zoophycos tracemakers, favored by their
relative independence from substrate features, together with an opportunistic behavior
allowing colonization of sediment poor in oxygenated pore waters and food (Rodriguez-
Tovar and Martin-Peinado, 2011, 2009; Rodriguez-Tovar and Uchman, 2008). Therefore,
the geochemical results reported here and previous ichnological data both support that the
recovery to normal levels of seafloor oxygenation was almost instantaneous, with absolute
values lower than 10” years.
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The recovery of planktic foraminifera has been linked to that of the marine carbon
system. The evolutionary recovery and biogeochemical recovery occurred in two stages, up
to four million years after the extinction (Coxall et al., 2000). This is conditioned by the
extremely long time (millions of years) required to repair food chains and to reestablish an
integrated ecosystem (Adams, 2004).
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In the benthic environment, benthic foraminifera reflect no major extinction at the
K/Pg boundary, regardless of whether they were shallow or deep dwellers, high or low
latitude forms, or infaunal or epifaunal inhabitants (Culver, 2003). However, diversity of
the assemblages and number of infaunal morphogroups decreased severely (Alegret and
Thomas, 2005). The recovery of these benthic foraminifera assemblages took a few
thousand to a few hundred thousand years, suggesting the inhabitability of the benthic
foraminifera habitat, and that their food supply likewise did not fully recover during the
first few hundred thousand years after impact (Culver, 2003). In the macrobenthic habitat,
however, we surmise that macrobenthic opportunist taxa could have initiated a very quick
recovery, since low oxygen and adverse environmental conditions were reinstated shortly
after the impact. Although full faunal recovery to pre-extinction abundances and the
complete recovery of the marine carbon system occurred over a much longer period
(Adams, 2004), the earliest response of oceanic ecosystems to the largest biotic disturbance
of the Cenozoic in terms of timing was most likely very rapid.
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2.5. Conclusions

A mm-scale resolution geochemical analysis across the K/Pg boundary at the Caravaca
section evidences a rapid return to pre-impact conditions in terms of oxygenation after this
major catastrophe. According to the estimated sedimentation rates for this section, oxygen
levels at bottom and intermediate waters recovered at a very fast rate, in a range of few
hundred years after the K/Pg boundary event. Depositional conditions for the ejecta layer
were highly anoxic, as a consequence of the enhanced contribution of metals to the basins,
accompanied by a greater supply of terrestrial and marine organic material. However,
shortly after the impact, oxygen levels rapidly recovered, favoring the earliest macrobenthic
opportunist colonization.
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ABSTRACT

Geochemical and isotopic analyses of the Cretaceous-Paleogene (K/Pg) boundary
sediments were conducted at the Caravaca section (External Subbetic, southeast of Spain)
in order to evaluate the recovery of the macrobenthic tracemaker community and the
bioturbational disturbance. Samples from the infilling material of several lower Danian
dark-colored trace fossils (Chondrites, Planolites, Thalassinoides and Zoophycos) located in the
uppermost 8-cm of the light upper Maastrichtian sediment, as well as samples from the
host sediment of these trace fossils, were analyzed and compared with data from the lower
Danian sediments. The values of element ratios indicative of extraterrestrial contamination
(Ct/Al Co/Al and Ni/Al) are higher in the infilling trace fossil material than in the upper
Maastrichtian and lower Danian sediments, which suggests a contribution of the ejecta
layer. Regarding the isotope composition, the 8"°C values are lower in the infilling material
than in the Maastrichtian host sediments surrounding the traces, while the 50 are higher
in the infilling material. The geochemical and isotopic compositions of the infilling material
evidence the unconsolidated character of the sediment, including the red boundary layer.
Softground conditions confirm a relatively rapid recovery by the macrobenthic tracemaker
community, starting a few millimeters above the K/Pg boundary layer. The mixture of the
infilling material of the trace fossils moreover reveals a significant macrobenthic tracemaker
activity affecting K-Pg boundary transition sediments that may have significantly altered
original signatures.

Keywords: K/Pg boundary, Caravaca section, geochemical anomalies, trace fossils,
tracemarker recovery, bioturbational disturbance
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3.1. Introduction

The Cretaceous-Paleogene (K/Pg) boundaty, recently dated as = 66.04 Ma ago (Husson
et al,, 2014; Vandenberghe et al., 2012), is associated with the second most relevant mass
extinction taking place during the Phanerozoic, with 40% of genus extinction (Bambach,
2000) and the disappearance of about 70% of the marine and continental species existing at
this time (D’Hondt, 2005). Currently, the hypothesis of an extraterrestrial impact (Alvarez
et al., 1980; Smit and Hertogen, 1980) causing the end-Cretaceous mass extinction is widely
accepted (Molina, 2015; Schulte et al., 2010b). The synchronicity of the Chicxulub impact
and the mass extinction at the K/Pg boundary has also been widely demonstrated (e.g.,
Pilike, 2013; Renne et al., 2013 and references therein).

Over recent decades numerous literature on this topic has provided details about the
impact site on the Yucatan peninsula in Mexico (Hildebrand et al., 1991); the size of the
meteorite, around 10X4 km in diameter (Donaldson and Hildebrand, 2001; Kyte and
Wasson, 1982); its nature, of carbonaceous chondritic type CM or CO (Goderis et al., 2013;
Kyte, 1998; Shukolyukov and Lugmair, 1998); and the amount and nature of debris ejected
to the atmosphere that led to major environmental perturbations (Kring, 2007 and
reference therein).

The impact event also resulted in geochemical anomalies worldwide, recognized both in
marine and continental depositional environments. The extraterrestrial effects are
particularly evident in marine distal sections, located further than 7,000 km from the
Chicxulub crater (Smit, 1999). In these sections, trace metals of extraterrestrial origin show
higher concentrations than in proximal and intermediate sections, wherein the
extraterrestrial contribution is highly diluted by target rocks (Berndt et al., 2011; Martinez-
Ruiz et al., 2001).

Major environmental perturbations (i.e., nitric and sulfuric acid rain, widespread dust
and blackout, destruction of the stratospheric ozone layer, greenhouse effect, temperature
increase), followed the K/Pg event (Alegret and Thomas, 2005; Peryt et al., 2002). Diverse
geochemical redox proxies, commonly used to reconstruct paleo-oxygen conditions (e.g.,
Calvert and Pedersen, 2007; Tribovillard et al., 20006), indicate anoxic conditions across the
K/Pg boundary sediments, mostly promoted by the enhanced contribution of metals to the
basins (extraterrestrial contamination and terrestrial elements derived from increasing
chemical alteration in emerged areas), as well as a higher input of both terrestrial and
marine organic material. An abrupt spike in biomarkers such as dibenzofuran, biphenyl and
cadalene evidences the increasing input of terrestrial organic material (Mizukami et al.,
2014).

The biotic response to the K/Pg impact event, including the post-event recovery, is still
a matter of debate. Several contradictory hypotheses postulate the effects on planktonic vs.
benthic organisms, k- vs. r-strategists, or deposit vs. suspension feeders (LLabandeira et al.,
2016; Molina, 2015; Powell and Macgregor, 2011; Schulte et al., 2010). In the past decade,
relevant information has been provided by ichnological data. The trace fossil analysis of
K/Pg boundary sections reveals a minor impact of K/Pg environmental changes on the
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deep-sea macrobenthic tracemaker community, as well as its rapid recovery (Molina, 2015;
Rodriguez-Tovar, 2005; Rodriguez-Tovar et al., 2011, 2006, 2004, Rodriguez-Tovar and
Uchman, 2008, 2006). As pointed out by Sosa-Montes de Oca et al. (2013), this unusual
biotic recovery could be explained by a rapid response (some few hundred years) of
bottom water oxygenation that reestablished shortly after the K/Pg event. Ichnological
analyses furthermore revealed the importance of the bioturbational redistribution by
tracemakers, which may have affected original signatures and therefore should be
considered so as to prevent possible misinterpretations (Kedzierski et al., 2011; Rodriguez-
Tovar et al., 2010).

In order to evaluate and corroborate the hypothesis of the rapid recovery of the
macrobenthic tracemaker community and the bioturbational disturbance, further analyses
have been performed. In particular, geochemical and isotopic analyses of the K/Pg
boundary sediments at the Caravaca section (southeast of Spain) included the infilling
material of trace fossils as well as the upper Maastrichtian and lower Danian host

sediments.

3.2. Geological setting and the study section

The K/Pg boundary section at Caravaca (38°04°36.39"'N, 1°52°41.45""W) is located on
the NW side of road C-336, in the Barranco del Gredero, about 4 km southwest of the
town of Caravaca (Murcia, Spain) (Fig. 3.1). It belongs to the Jorquera Formation (lower
Maastrichtian-lower Eocene), around 225 m-thick, which consists of intercalated marls,
marly limestones and occasional turbidites. Geologically, this outcrop belongs to the
External Subbetic of the Betic Cordillera, corresponding to a comparatively distal setting
mainly composed by pelagic/hemipelagic mid-Lower Jurassic-Upper Cretaceous deposits.
Cretaceous-Paleoegene transition sediments were deposited in a middle-bathyal
environment, at a variable depth of 200 to 1000 m, according to previous reports (see
Rodriguez-Tovar and Uchman, 2006 for review).

The K-Pg sediments at the Caravaca section have also been profusely studied in terms
of mineralogical, geochemical and isotopic composition (i.e., Arinobu et al., 1999; Kaiho et
al., 1999; Martinez-Ruiz, 1994; Ortega-Huertas et al., 1998, 1995; Smit, 2004; Smit and
Hertogen, 1980; Sosa-Montes de Oca et al.,, 2013). Intensive research focuses on the
exceptional record of the K-Pg boundary transition at this section; It shows a continuous
succession that allows for a detailed, high-resolution biostratigraphy of the uppermost
Maastrichtian to the lowermost Danian sediments based on planktonic foraminifers, as
occurs with the close Agost section in Alicante (i.e., Arenillas et al., 2004; Arz et al., 2000;
Canudo et al., 1991; Molina et al., 2005, 2001, 1996 and references therein).

The K-Pg transition at the Caravaca section is mainly composed by light-grey marls and
marly limestones. The topmost Maastrichtian (uppermost Cretaceous) consists of light-grey
marls that grade into a 3 mm-thick green transitional layer (Rodriguez-Tovar and Uchman,
2000). Upper Maastrichtian sediments are capped by a 2-3-mm thick reddish brown layer
(¢jecta layer) that matks the K/Pg boundary and contains impact evidence such as
spherules and platinum group element (PGE) anomalies (Martinez-Ruiz et al., 2006, 1999;
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Smit, 1990; Smit and Klaver, 1981) Above the ejecta layer, a 7-10-cm-thick blackish-grey
clay layer (the dark boundary clay layer) deposited in the Early Danian gradually increases
its carbonate content to a grey argillaceous marl similar to that of the Late Cretaceous (Fig.
3.1). The dark boundary clay layer shows alternating laminated and bioturbated horizons: at
the bottom a 14-mm-thick laminated unit, more argillaceous and dark gray in color, is
overlain by a 26-mm-thick horizon, light grey and bioturbated; above it lies a 35-mm-thick
unit of more argillaceous sediment, lighter colored and with convolute laminae; while the
upper part exhibits a 25-mm-thick greenish-grey non-laminated horizon (Rodriguez-Tovar
and Uchman, 2000).

?

Fig. 3.1. Caravaca outcrop. Location and close-up photographs of the Cretaceous—
Paleogene (K-Pg) boundaty section at Caravaca (Southeast Spain).
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3.3. Materials and methods

For this study we selected a 11-cm-thick interval, involving Maastrichtian materials from
8.0-cm below the K/Pg boundary, and Danian sediments to 3.0-cm above the boundary.
According to the sedimentation rate of 3.1 cm Kyr-1 estimated for the Maastrichtian
sediments, and of 0.8 cm Kyr-1 calculated for the boundary clay layer (Kaiho et al., 1999),
the studied transition would span a time interval of around 6,330 years —from 2,580 years
ptior to the K/Pg boundary to 3,750 years afterward. Deposition of the ejecta layer at the
K/Pg boundary can be considered instantaneous in the geological scale, roughly several
weeks after the impact event (Artemieva and Morgan, 2009).

Geochemical and isotopic analyses were conducted on samples from the infilling
material of several lower Danian dark-colored trace fossils located in the uppermost 8-cm
of the light upper Maastrichtian sediment (see Rodriguez-Tovar and Uchman, 2006 for
detailed ichnological information), as well as on samples from the host sediments of these
trace fossils. Several specimens of dark-filled trace fossils were analyzed, belonging to
Chondrites, Planolites, Thalassinoides and Zoophycos. Thalassinoides is commonly interpreted as
having been passively filled (Bromley, 19906), as are some Planolites (Locklair and Savrda,
1998), while the interpretation of Chondrites and Zogphycos is not yet definitive. Thus, we
analyzed samples from i) large Chondrites (sample CA-93 Ch) and the corresponding host
sediment (CA-93-HS), at 1-cm below the K/Pg boundaty, and ii) small Chondrites (samples
CA-32 Ch, CA-135 Ch, CA-192 Ch,), Planolites (samples CA-9 Pl, CA-152 Pl), Thalassinoides
(samples CA-135 Th1, CA-135 Th2, CA-180 Th), and Zoophycos (samples CA-180 Zo1, CA-
180 Zo2, CA-180 Zo3), and the host sediment of each trace fossil (CA-9-HS, CA-32-HS,
CA-152-HS, CA-135-HS, CA-180-HS, CA-192-HS), from 2 to 8 cm below the K/Pg
boundary. Selected specimens were sampled using a Dremmel tool fitted with a fine tip
diamond studded drill bit, allowing sampling even the smaller burrows.

Moreover, isotopic analyses of 8°C and 8O on samples from the lowermost Danian
(CA+0.0+0.2, CA+0.6+08, CA+0.8+1.0, CA+1.0+1.2, CA+1.8+2.0, CA +2.8+3.0) were
integrated with previous geochemical data from these samples (Sosa-Montes de Oca et al.,
2013).

As proxies for extraterrestrial contribution we selected Cr, Co and Ni, which are
typically enriched within the ejecta layer (Goderis et al., 2013). We used the Al-normalized
concentrations of these elements (Cr/Al, Co/Al and Ni/Al) to avoid a lithological effect
on trace element contents.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) and Inductively
Coupled Plasma-Mass Spectroscopy (ICP-MS) were used for major and trace element
analyses, and Mass Spectrometry (IRMS) for isotope analyses. All were performed at the
Center for Scientific Instrumentation (CIC), University of Granada, Spain.

44



Chapter 3

3.4. Results

3.4.1. Geochemical analysis

Geochemical data are presented in Table 3.1. The normalized concentrations of Cr, Co
and Ni are plotted in Figure 3.2, in which the diverse sediment intervals are marked: i) the
ejecta layer (CA K-Pg) (data from Sosa-Montes de Oca et al., 2013), ii) the host sediment
from the lower Paleogene, at 2.8-3.0-cm above the K/Pg boundary (previous data from
Sosa-Montes de Oca et al., 2013), iii) the infilling material of several trace fossils analyzed,
and iv) the Cretaceous sediments hosting trace fossils (Fig. 3.2).

3.4.1.1. Lower Danian

To compare the Cr/Al, Co/Al and Ni/Al ratios in the diverse sediment materials,
previous data from this section were considered (Sosa-Montes de Oca et al, 2013).
According to the lithological differentiation of the dark boundary clay layer (Rodriguez-
Tovar and Uchman, 2000), four selected samples (CA+0.0+0.2, CA+0.6+08, CA+0.8+1.0,
CA+1.0+1.2) belong to the lower 14-mm-thick laminated unit and two (CA+1.8+2.0, CA
+2.843.0) to the overlying 26-mm-thick bioturbated horizon. Samples from the laminated
unit are in the range of (*10™) 18.26-22.78 (mean 19.98) for the Cr/Al ratio, 1.95-4.07
(mean 3.36) for the Co/Al ratio and 13.35-19.22 (mean 16.81) for the Ni/Al ratio. Samples
from the overlying bioturbated interval show values of (10 17.39-18.51 (mean 17.95) for
the Cr/Al ratio, 3.45-3.65 (mean 3.55) for the Co/Al ratio and 15.29-16.87 (mean 16.08)
for the Ni/Al ratio.

The ejecta layer (lowermost Danian) presents concentrations with values (¥10™) of
132.16 for the Cr/Al ratio, 69.02 for the Co/Al ratio and 280.50 for the Ni/Al ratio (Table
3.1; Sosa-Montes de Oca et al., 2013).
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Fig. 3.2. Geochemical graphics. Compared the concentrations of Cr/Al, Co/Al and Ni/Al
ratios (data from Table 3.1). i) In the ejecta layer; if) in the host sediment from the lower
Paleogene; iii) in the trace fossils: at 1 cm bellow K-Pg boundary we found (A) large Chondrites
(sample CA-93 Ch); between 2-4-8 cm bellow K-Pg boundary, we found (B) Chondrites (samples
CA-192 Ch, CA-32 Ch, CA-135 Ch), (C) Planolites (samples CA-9 Pl, CA-152 PI), (D)
Thalassinoides (samples CA-135 Th1, CA-135 Th2, CA-180 Th) and E) Zogphycos (sample CA-180
Zol, CA-180 Zo2, CA-180 Zo3); iv) and finally, in the host sediment from Cretaceous nearby
to each trace fossils.
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Table 3.1. Element content (major and trace), elemental ratios and isotopic values. Al, Ca and CaCO; concentrations (%), Ct/ Al, Co/Al, Ni/Al ratios (*10-4), and
isotopic values (%o0) measured across the Cretaceous—Paleogene (K-Pg) boundary at the Caravaca section i) in the ejecta layer, ii) in the host sediment from the
lower Paleogene, iii) in the traces fossils infillings and in iv) the host sediment from upper Maastrichtian nearby each trace fossil. The geochemical data from the
ejecta layer (CA K-Pg) and from lowermost Paleogene (CA+0.0+0.2, CA+0.6+08, CA+0.8+1.0, CA+1.0+1.2, CA+1.8+2.0, CA +2.843.0) were taken from Sosa-
Montes de Oca et al. (2013). The isotopic data from the ejecta layer (CA K-Pg) were taken from Martinez-Ruiz (1994).

Sample D‘(Sct;‘;“ Age Al Ca CaCO; Cr Co Ni Cr/Al Co/Al Ni/Al 81C 8180
CA +2.8 +3.0 3.0 5.25 18.94 47.34 91.23 18.11 80,23 17.39 3.45 15.29 0.45 -2.48
CA +1.8 +2.0 2.0 8.37 6.99 17.49 154.99 30.54 141.26 18.51 3.65 16.87 0.07 -2.75
CA +1.0 +1.2 1.2 Early Danian 7.56 8.51 21.28 151.09 29.17 145.22 19.99 3.86 19.22 0.12 -4.00
CA +0.8 +1.0 1.0 host sediments 7.56 8.01 20.02 142.74 30.77 137.63 18.88 4.07 18.20 0.13 -3.53
CA +0.6 +0.8 0.8 7.69 7.31 18.27 140.44 27.36 126.80 18.26 3.56 16.49 -0.02 -3.97
CA +0.0 +0.2 0.2 7.44 6.78 16.95 169.46 14.49 99.32 22.78 1.95 13.35 0.02 -3.73

CA K-Pg K-Pg K/Pg boundary 8.11 6.57 16.42 1071.94 559.76 2275.07 132.16 69.02 280.50 1.14 -2.43

CA-93 Ch -1.0 6.56 14.13 35.33 178.73 74.43 322.14 27.27 11.35 49.14 1.86 -2.28

CA-32 Ch -2.0-8.0 3.20 24.23 60.58 57.08 10.38 93.03 17.85 3.25 29.10 1.92 -2.04

CA-192 Ch -2.0-8.0 4.23 22.66 56.65 72.92 20.78 91.72 17.25 491 21.69 1.41 -2.97
CA-135 Ch -2.0-8.0 4.19 22.27 55.68 76.04 17.61 103.13 18.17 4.21 24.64 1.85 -1.88
CA-135 Th2 -2.0-8.0 3.66 21.58 53.95 70.74 33.55 123.60 19.32 9.16 33.76 1.67 -2.30
CA-135 Thl -2.0-8.0 Trace fossils 4.60 19.33 48.33 92.39 27.50 118.61 20.11 5.98 25.81 1.59 -2.01
CA-180 Th -2.0-8.0 infilling material 4.97 18.36 45.90 94.76 41.40 134.87 19.09 8.34 27.16 1.49 -2.15
CA-180 Zo3 -2.0-8.0 4.76 17.70 44.25 96.26 38.80 167.46 20.24 8.16 35.22 1.23 -2.77
CA-180 Zo2 -2.0-8.0 4.72 20.00 50.00 86.12 40.47 173.60 18.25 8.58 36.79 1.32 -2.65
CA-180 Zol -2.0-8.0 4.92 19.67 49.18 91.57 35.17 143.90 18.60 7.15 29.24 1.19 -2.48
CA-152 P1 -4.0-8.0 491 16.74 41.85 96.89 37.38 117.23 19.73 7.61 23.88 1.25 -2.05
CA-9 P1 -4.0-8.0 5.04 18.28 45.70 109.14 23.07 125.12 21.66 4.58 24.84 1.16 -2.55
CA-93 HS -1.0 6.74 20.80 52.00 81.86 60.61 335.10 12.15 9.00 49.73 2.19 -1.92
CA-32 HS -2.0-8.0 Upper 3.34 30.29 75.73 46.30 8.20 65.46 13.86 2.45 19.59 2.02 -1.91
CA-192 HS 2.0-8.0 Maastrichtian 3.50 30.48 76.20 49.35 7.89 5433 14.08 225 15.51 224 -1.51
CA-135 HS -2.0-8.0 host sediments 322 31.35 78.38 46.07 8.91 59.94 14.32 277 18.63 2.06 -1.82
CA-180 HS -2.0-8.0 nearby each trace 3.12 30.78 76.95 44.37 10.14 61.05 14.23 3.25 19.58 212 -1.97
CA-152 HS -4.0-8.0 fossil 3.16 31.39 78.48 43.63 7.93 56.96 13.83 2.51 18.05 2.04 -2.00
CA-9 HS -4.0-8.0 3.52 30.71 76.78 47.91 6.34 53.77 13.63 1.80 15.29 1.99 -1.92

Standart desviation obtained with NBS 19, NBS18 is < 0,05 %o _for 6"°C and < 0,08 %o for 6’50
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3.4.1.2. Upper Maastrichtian

In the uppermost Maastrichtian, at 1.0-cm below the ejecta layer, the infilling of large
Chondrites (sample CA-93 Ch) shows values (*10™) of 27.27 for the Cr/Al ratio, 11.35 for
the Co/Al ratio and 49.14 for the Ni/Al ratio. The uppermost Maastrichtian host
sediments nearby this trace (CA-93 HS) show values (*10) of 12.15 for the Cr/Al ratio,
9.00 for the Co/Al ratio and 49.73 for the Ni/Al ratio (Fig. 3.2A).

The infilling of trace fossils and the corresponding upper Maastrichtian host sediments
from between 2 to 8 cm below the ejecta layer give the following results:

- The three specimens of small Chondrites (samples CA-32 Ch, CA-135 Ch, and CA-192
Ch) present values for the infilling material in the range of (¥10™*) 17.25-18.17 (mean 17.75)
for the Cr/Al ratio, 3.25-4.91 (mean 4.12) for the Co/Al ratio and 21.69-29.10 (mean
25.14) for the Ni/Al ratio (Fig. 3.2B).

- The host sediments close to these trace fossils (samples CA-135 HS, CA-192 HS, CA-
32 HS) show values in the range of 13.86-14.32 (mean 14.09) for the Cr/Al ratio, 2.25-2.77
(mean 2.49) for the Co/Al ratio and 15.51-19.59 (mean 17.91) for the Ni/Al ratio.

- The two specimens of Planolites (samples CA-9 Pl and CA-152 PI) show values in the
infilling material (*10™) of 19.73-21.66 (mean 20.69) for the Cr/Al ratio, 4.58-7.61 (mean
6.09) for the Co/Al ratio and 23.88-24.84 (mean 24.36) for the Ni/Al ratio (Fig. 3.2C). The
host upper Maastrichtian sediments near Planolites (samples CA-9 HS and CA-152 HS)
present values (*10%) of 13.63-13.83 (mean 13.73) for the Cr/Al ratio, 1.80-2.51 (mean
2.16) for the Co/Al and 15.29-18.05 (mean 16.67) for the Ni/Al ratio.

- Specimens of Thalassinoides (samples CA-135 Th1l, CA-135 Th2, and CA-180 Th)
register infilling material values (¥10™) in the range of 19.09-20.11 (mean 19.50) for the
Cr/Al ratio, 5.98-9.16 (mean 7.82) for the Co/Al ratio and 25.81-33.76 (mean 28.29) for
the Ni/Al ratio (Fig. 3.2D). The host sediments neatby these trace fossils (samples CA-135
HS, CA-180 HS) show values (*10) of 14.23-14.32 (mean 14.27) for the Cr/Al ratio, 2.77-
3.25 (mean 3.01) for the Co/Al ratio and 18.63-19.58 (mean 19.10) for the Ni/Al ratio.

- Zoophycos (samples CA-180 Zol, CA-180 Zo2, CA-180 Zo3) present values regarding
the infilling material (*10) in the range of 18.25-20.24 (mean 19.03) for the Cr/Al ratio,
7.15-8.58 (mean 7.76) for the Co/Al ratio, and 29.24-36.79 (mean 33.75) for the Ni/Al
ratio (Fig. 3.2E). The host sediments near the analyzed Zoophycos (sample CA-180 HS)
present values (*10) of 14.23 for the Cr/Al ratio, 3.25 for the Co/Al ratio and 19.58 for
the Ni/Al ratio.

3.4.2. Isotope composition

Isotope data are presented in Fig. 3.3, Fig. 3.4 and Table 3.1. Moreover, the isotopic
data from the K/Pg boundary layer were taken from Martinez-Ruiz (1994) in the case of
8"°0.
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3.4.2.1. Lower Danian

Isotopic data from the selected samples belonging to the lower 14-mm-thick laminated
unit at the bottom of the dark boundary clay layer are in the range of -0.02%0-0.13%o for
the 8"”C (mean of 0.06%o) and from -4.00%o to -3.53%o for 8"°O (mean -3.01%o) (Fig. 3.3
and Table 3.1). Samples from the overlying bioturbated interval show values of 0.07%o-
0.45%o for 8"°C (mean 0.26%o), and of -2.48%o and -2.75%o for 8"°O (mean -2.61%o).

The K/Pg boundary layer gives isotopic values of 1.14%o for 8°C and of -2.43%o for
8"°O (Martinez-Ruiz, 1994). We cannot discard the possibility of a slightly altered isotopic

value for 8°C, considering the global average value of -0.40%o obtained by Ivany and
Salawitch (1993).

Thickness 8"C 3"0
em) 2322238332333 38¢2
+3.00] 045%) BEEA
[
z
2
E
2
21 142,001 9(0.07 %) (<275 )J
Y [+1.40
. 0 (0.12%) (~4.00%))
E | [+1.00 (0.13%) (-3.53%))
i
§ (-0.02%0) (-3.97%0)
E
e
(0.02 %)
v Pg
K
Fig. 3.3. Isotopic composition of Caravaca
section. Isotopic composition of carbonate (813C,
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boundary at Caravaca section (Southeast Spain).
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Fig. 3.4. Isotopic results. Compatison of the isotopic composition of
carbonate (8'3C, 8'80) on the trace fossils infilling material and in the
Cretaceous host sediment close to each trace at the Caravaca section
(Southeast of Spain).

3.4.2.2. Upper Maastrichtian

The infilling of large Chondrites located at 1.0-cm below the ejecta layer shows values of
1.86%0 for 8”C and -2.08%0 for 8O, while data from the uppermost Maastrichtian
sediments nearby this trace are 2.19%o for 8"°C and -1.92%o for §"°O.

Infilling material of small Chondrites is in the range of 1.41%0-1.92%o for 8"°C (mean
1.73%0) and -1.88%0 to -2.97%o for 8O (mean -2.30%¢). The host sediments from the
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upper Maastrichtian near these small Chondrites are in the range of 2.02%o-2.24%o for 8C
(mean 2.11%o) and -1.51%o- -1.91%o for 80O (mean -1.75%o).

Isotopic data pertaining to the infilling material of Planolites are 1.16%o-1.25%0 for §"°C
(mean 1.20%o0) and -2.05%o and -2.55%o for 8O (mean -2.30%o). The upper Maastrichtian
sediments hosting trace fossils present values of 1.99%o-2.04%o for §"°C (mean 2.01%o) and
-1.92%p0 and -2.00%o for 8"°O (mean -1.96%o).

Infilling material of Thalassinoides is in the range of 1.49%0-1.67%o for 8”C (mean
1.58%0) and -2.01%o to -2.30%o for 8'"°O (mean -2.15%o). The sediments hosting these trace
fossils show values of 2.06%0-2.12%0 for the 8°C (mean 2.09%0) and of -1.82%o and -
1.97%o for 8"°O (mean -1.89%o).

Isotopic values of the infilling material of Zogphycos are in the range of 1.19%0-1.32%o for
8"C (mean 1.25%0) and -2.48%o to -2.77%o for 8"°O (mean -2.63%o). Isotopic values of the
sediments hosting the analyzed Zoophycos are 2.12%o for 8"C and -1.97%o for 8"°O (Fig.
3.4).

3.4.3. Comparative analysis

Comparative analysis of the obtained geochemical data reveals significant information:

- Infilling material of the studied trace fossils, with independence of the particular
ichnotaxon, shows higher values that those corresponding to the hosting Maastrichtian
sediments.

- Values of Ct/Al, Co/Al and Ni/Al ratios from the ejecta layer atre significantly higher
than those corresponding to the upper Maastrichtian and lower Danian sediments, and
higher as well than the infilling material of any of the studied specimens.

- Values from the lower Danian sediments, both those corresponding to samples from
the laminated unit and from the bioturbated interval, are lower than those from the infilling
materials.

- Furthermore, the values of Cr/Al, Co/Al and Ni/Al ratios from the infilling trace
fossils are higher than those from the upper Maastrichtian and lower Danian sediments,
and significantly lower than those corresponding to the ejecta layer.

In terms of isotopic composition, regardless of the particular ichnotaxa, data for the
3°C are lower in the infilling material than in the corresponding Maastrichtian host
sediment surrounding the specimen. The opposite occurs regarding the 8'°O values,
consistently higher in the infilling material.

- Values of 8"°C in the K/Pg boundary layer are lower than those from the upper
Maastrichtian sediments and higher than those from the lower Danian.

- Values of 8”0 in the K/ Pg boundary layer are slightly lower than those from the
upper Maastrichtian sediments and higher than that from the lower Danian.
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- The 8"C and 8"°O values from the lower Danian sediments, both those corresponding
to samples from the laminated unit and from the bioturbated interval, are lower than those
corresponding to the infilling materials of trace fossils.

Thus, data for the 8°°C from the lower Danian sediments and the K/Pg boundary layer
are always lower than those registered in the infilling material of trace fossils, the latter in
turn being lower than the values corresponding to the surrounding upper Maastrichtian
sediments. In the case of 80, values from lower Danian sediments and the K/ Pg
boundary layer are consistently lower than those from the infilling material; the latter are
likewise higher than the values corresponding to the upper Maastrichtian sediments hosting
the traces.

3.5. Discussion

As previously indicated, numerous paleontolological studies have been conducted on
the K/Pg boundary at the Caravaca section in order to evaluate the effect of the K/Pg
boundary event on the biota, in particular on the micropaleontological assemblages.
Micropaleontological studies involving planktonic (i.e., Arenillas and Molina, 1997; Arz et
al., 2000; Canudo et al., 1991; Kaiho and Lamolda, 1999; Molina et al., 2001, 1998; Smit,
1990) and benthic foraminifera (Coccioni et al., 1993; Coccioni and Galeotti, 1994; Kaiho
et al., 1999; Keller, 1992; Smit, 1990; Widmark and Speijer, 1997a, 1997b), together with
calcareous nannofossils (i.e., Gardin and Monechi, 1998; Molina et al., 2001; Romein, 1977)
shed some light on the effects of the K/Pg boundary perturbations on the
micropaleontological community. The sudden decrease in diversity in coincidence with the
K/Pg boundary event led to variable strategies of the biota, depending on the patticular
micropaleontological group. Similarly, the recovery shows different patterns and duration
depending on the assemblage.

Early work on trace fossils in the K/Pg boundaty at the Caravaca section was not very
detailed, mainly indicating the presence of burrows filled with dark material from the
overlying dark boundary clay layer (i.e., Arinobu et al., 1999; Molina et al., 2001; Smit, 2004;
Smit and Ten Kate, 1982). Later on, more detailed ichnological analyses revealed a well-
developed dark-colored trace fossil assemblage, bioturbating continuously from several
horizons in the lowermost Danian dark boundary layer to the uppermost Maastrichtian
sediments, cross-cutting vertically and penetrating laterally the K/Pg boundary layer
(Rodriguez-Tovar and Uchman, 2008, 2006). This fact was interpreted as revealing a minor
incidence of the K/Pg boundary event on the tracemaker macroinfaunal community, as
well as its relatively rapid recovery after the event. Moreover, these authors pointed out the
possibility that Maastrichtian sediments could be contaminated with Danian microfossils
due to bioturbation, and that the bioturbational disturbance of the rusty layer could induce
erroneous interpretations (Rodriguez-Tovar and Uchman, 2008, 2006).The vertical
displacement and taphonomical filtering of nannofossils due to bioturbation at the
Caravaca K/Pg boundary was furthermore confirmed (Kedzierski et al., 2011).
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3.5.1. Macrobenthic tracemakers after the K/Pg: recovery and
bioturbational effects

The geochemical and isotopic information obtained in the present study is of special
relevance in that it supports macrobenthic trace fossil activity after the K/Pg boundary
event, including recovery and bioturbational effects.

The infilling material of the trace fossils shows values of Cr/Al, Co/Al and Ni/Al ratios
roughly midway between the higher values registered in the ejecta layer and the lower
values obtained from the upper Maastrichtian and lower Danian sediments. This fact
supports the mixture of the infilling material of the trace fossils, consisting not only of dark
clay layer sediment but also of ejecta layer material. However, neither red-colored particles
nor spherules were observed in the infilling material. Rodriguez-Tovar (2005) registered Fe-
oxide spherules in the infilling of Thalassinoides at the nearby Agost section (Alicante,
Spain). This absence, especially of the red-colored particles from the ejecta layer, could be
the consequence of a significant mixture of the material; an important redistribution would
have caused the dilution of the comparatively scarce red boundary layer material into the
dark upper Maastrichtian sediment. Such a total mixture is more likely to occur when the
sediment is still unconsolidated and softground conditions prevail. This context also
suggests a relatively rapid recovery of tracemakers during the first phases of deposition of
the dark boundary clay layer when the ejecta layer material is still unconsolidated.
Softground conditions can be corroborated considering that the registered mixture is
independent of the type of trace fossils —it involves the actively filled (i.e., Planolites), the
passively filled (i.e., Thalassinoides), and the ones having a controversial origin (i.e., Chondrites
and Zoophycos).

However, such a sediment mixture is not evidenced by the isotope composition,
showing different patterns for the 8"°C and the §"°O; 8"°C values are lower in the infilling
material than in the corresponding Maastrichtian sediment surrounding the specimen, while
8'°O values are consistently higher in the infilling material. A number of possibilities could
be envisaged, for instance a mixture of the infilling material involving not only the lower
Danian sediment and the K/Pg boundary layer material, but also the upper Maastrichtian
host sediment; or it may be that the analyzed trace fossils came from one or several
horizons above the analyzed lower Danian sediments. In the first case, a mixture including
the upper Maastrichtian host sediments is less likely when taking into account that both
passively and actively filled trace fossils present a similar pattern. Hence, the second
hypothesis is more plausible.

Isotopic data of the K-Pg boundary transition at the nearby Agost section, obtained
from Danian dark-trace fossil filling as well as from upper Maastrichtian and lower Danian
sediments, revealed a good correspondence between data from the filling material and the
data corresponding to different levels of the lower Danian sediments (Rodriguez-Tovar et
al., 20006, 2004). This correlation allows for a precise characterization of different horizons
of colonization in the dark boundary clay layer. Such is not the case for the Caravaca
section, where it is difficult to propose concrete horizon(s) of colonization based on the
geochemical and isotopic data. Still, the horizon(s) of bioturbation must be close to the
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K/Pg boundaty, taking into consideration the interpreted softground conditions for the
ejecta layer. Accordingly, the first bioturbated horizon at 14 mm from the K/Pg boundary
layer is the most plausible interval, confirming the rapid recovery proposed by Rodriguez-
Tovar and Uchman (2008, 2000).

As interpreted from the geochemical and isotopic data, the macrobenthic tracemaker
activity during the recovery is important, significantly affecting the K-Pg boundary
transition sediments, including the ejecta layer. Trace fossil producers determine the
bioturbational mixture of sediments, which conditions the geochemical and the isotope
composition. This fact must be considered in order to arrive at a precise analysis of the
K/Pg boundary materials and cotrect interpretations.

3.6. Conclusions

Geochemical and isotopic analyses conducted on the Cretaceous-Paleogene boundary
transition at the Caravaca section have provided significant information on the
macrobenthic tracemaker activity after the K/Pg boundary event.

In particular, the Cr/Al, Co/Al and Ni/Al ratios from the infilling of trace fossils are
higher than those of the upper Maastrichtian and lower Danian sediments, but lower than
those corresponding to the ejecta layer, indicating a mixture of the sediment material due to
biological activity across the boundary. Regarding the isotope composition, the 8"°C values
are lower in the infilling material that in the corresponding Maastrichtian host sediment
surrounding the specimen, while the 8'°O values are higher in the infilling material.

These data support a significant mixture of the infilling material of trace fossils, with a
dominance of dark lower Danian sediments and a scarce contribution of the ejecta layer
material. The mixture occurred due to the unconsolidated character of the sediment,
including the ejecta layer. Softground conditions associated with this unconsolidated
sediment further support the relatively rapid recovery of the macrobenthic tracemaker
community, within horizons a few millimeters above the K/Pg boundary event. The
observed mixture of the infilling material in the different ichnotaxon also evidences a
significant macrobenthic tracemaker activity across the K/Pg boundaty sediments, which
should be considered in order to interpret original signatures and to reconstruct
paleoenvironmental conditions during the K-Pg transition.
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ABSTRACT

Two distal Cretaceous-Paleogene (K/Pg) boundary sections in the Central Apennine
region (Italy) have been studied: Bottaccione Gorge and Contessa Highway. Geochemical
and carbon isotope analyses on the infilling of trace fossils and on the host sedimentary
rocks were performed to determine paleoenvironmental conditions during the Cretaceous-
Paleogene transition. Major and trace element contents were measured in a 63 cm-thick
interval at Bottaccione Gorge (from 22 cm below to 41 ¢cm above the K/Pg boundary) and
in a 72 cm-thick interval at Contessa Highway (from 43 c¢cm below to 29 cm above the
K/Pg boundary). Even though the K/Pg ejecta layer is now depleted at these sections due
to continuous oversampling, the uppermost Maastrichtian and lowermost Danian deposits
record the paleoenvironmental conditions prior to and after the K/Pg event. We used
redox-sensitive element ratios (V/Al, Cr/Al, Co/Al, Ni/Al Cu/Al, Zn/Al, Mo/Al Pb/Al
and U/Mo) and detrital element ratios (IK/Al, Rb/Al, Zr/Al and XREE/Al) as proxies of
certain environmental parameters, used for paleoenvironmental reconstruction. In general,
similar values for elemental ratios are registered within Maastrichtian and Danian deposits,
which supportts similar paleoenvironmental conditions prior to and after the K/Pg event as
well as the rapid reestablishment of the pre-impact conditions (i.e., oxygenation, nutrient
availability, and/or sedimentary input). An enrichment in certain redox-sensitive elements
above the K/Pg at the Bottaccione Gorge section suggests lower oxygenation, as also
evidenced by the tracemaker community. Carbon isotope composition data from the
infilling material of trace fossils furthermore reveals values similar to those of the host
rocks at the corresponding depth, which supports an active infilling by nearly
contemporaneous bioturbation during sediment deposition.

Keywords: K/Pg boundary, Gubbio sections, carbon isotopes, geochemical proxies, trace-
fossils
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4.1. Introduction

The boundary between the Cretaceous and the Paleogene (K/Pg boundaty), recently
dated at = 66.04 *+ 0.02 Ma ago (Husson et al., 2014), is marked by one of the most
devastating mass extinctions during the Phanerozoic (e.g., Koutsoukos, 2005; Schulte et al.,
2010a). Since the early 1980s the origin of this extinction has been intensively debated, and
several hypotheses were proposed at that time to explain the catastrophic event (e.g.,
Alvarez et al., 1980; Officer and Drake, 1985). The role of the Deccan Traps and how
volcanism influenced the terrestrial and marine extinction are still matters of debate (e.g.,
Renne et al., 2015; Schoene et al., 2015; Stone, 2014; Tobin et al., 2016). The extraterrestrial
hypothesis has been accepted in the wake of overwhelming evidences (e.g., Alvarez et al.,
1980; Schulte et al,, 2010a), and it is further supported by the synchronicity of the
Chicxulub impact and the mass extinction (e.g., Molina, 2015; Pilike, 2013; Renne et al.,
2013 and references therein).

The impact event was responsible for major environmental perturbations including
nitric and sulfuric acid rain, widespread dust and blackout, destruction of the stratospheric
ozone layer, and an enhancement of the greenhouse effect due to an increase in
atmospheric concentrations of greenhouse gases (e.g., Kring, 2007 and references therein;
Kaiho et al.,, 2016 for a recent hypothesis on the importance of latitude-dependent climate
changes). These disturbances also led to secondary effects such as an increase in oceanic
acidification (e.g., Alegret et al., 2012; Alegret and Thomas, 2005; Peryt et al., 2002) and a
decrease in the sea surface temperature following the impact event (Galeotti et al., 2004a;
Kaiho et al., 2016; Vellekoop et al., 2015, 2014). Such perturbations sharply transformed
depositional and ecological conditions. Consequently, the reestablishment of these
paleoenvironmental conditions after the K/Pg event has been of special interest in the
context of evolutionary and ecological dynamics (e.g., Hull, 2015; Labandeira et al., 2010).
Several proxies have been used to assess the reestablishment of the pre-impact conditions
as well as the recovery of biota. Geochemical proxies, including major and trace elements
distribution (e.g., Goderis et al., 2013; Smit, 1999, 1990), along with stable isotope
composition (e.g., Arthur et al., 1987; Bojar and Smit, 2013; Kaiho et al., 1999; Zachos and
Arthur, 1986) have been broadly used to assess paleoenvironmental conditions across the
K-Pg boundary interval. The recovery of the biota has been intensively discussed, and
diverse patterns have been proposed (e.g., Coxall et al., 2000; Esmeray-Senlet et al., 2015;
Hull et al., 2011; Hull and Norris, 2011). Recent works provide new insights as to a more
rapid productivity recovery than traditionally considered (e.g., Alegret et al., 2012; Alegret
and Thomas, 2009; Birch et al., 2016). The analysis of trace fossils has also revealed a rapid
recovery of the macrobenthic tracemaker community (e.g., Kedzierski et al., 2011;
Rodriguez-Tovar, 2005; Rodriguez-Tovar and Uchman, 2008, 2006; Sosa-Montes de Oca
et al., 2016). Within this context, the present paper aims to evaluate the evolution of
paleoenvironmental conditions (i.e., rate of oxygenation, nutrient availability, and
sedimentary input), and how these parameters affect the macrobenthic tracemaker
community, across the K-Pg boundary interval at two of the classical K-Pg Gubbio
sections in the Apennines, Central Italy —Bottaccione Gorge and Contessa Highway.
These are reference sections of the K/Pg boundary since the discovery of the iridium
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anomaly at Gubbio, which led Alvarez and co-workers to propose the extraterrestrial
hypothesis undetlying K/Pg mass extinction (Alvarez et al, 1980). Also, the K-Pg
boundary was first defined biostratigraphically by Luterbacher and Premoli-Silva (1962) at
the Bottaccione section. The K/Pg boundary from the Bottaccione Gorge and the
Contessa Highway sections have been previously investigated in terms of geochemical
composition (Alvarez et al.,, 1980, 1990; Alzeni et al., 1981; Ebihara and Miura, 1996),
stable isotopes (Corfield et al., 1991; Voigt et al., 2012), magneto-bio-chronostratigraphy
(Coccioni et al., 2016, 2013; Galeotti et al., 2015; Gardin et al., 2012; Husson et al., 2014,
Lowrie et al., 1982), cyclostratigraphic analysis (Sinnesael et al., 2016) and trace fossil
distribution (Monaco et al, 2015). However, integrative analyses involving different
disciplines are scarce. The aim of this paper is to conduct the first high-resolution
integrated geochemical and ichnological analysis in the K/Pg boundary from the
Bottaccione Gorge and the Contessa Highway sections. We use the distribution of major
and trace elements across the K-Pg transition and also compare the geochemical and
carbon isotope composition from the infilling material of trace fossils with that of the host
rocks to provide some new insights into paleoenvironmental changes associated with the
K/Pg event and the reestablishment of pre-impact conditions.

4.2. Geological setting and the studied sections

The Gubbio region is located in the Umbria-Marche Basin, in the Apennines, central
Italy. The K-Pg sediments at Gubbio (Fig. 4.1) have been widely studied at the Bottaccione
Gorge (43°713739.78'N; 12° 20°14.28"'E) and the Contessa Highway (43°27°54.35"'N;
12°29737.32""E) sections. The Bottaccione Gorge section is located along state road SR298,
from Gubbio to Scheggia, while the Contessa Highway section is located 2.5 km away from
the latter, along state road SR452, running from Gubbio to Contessa (Coccioni et al.,
2012). The sedimentary succession cropping out at the Bottaccione Gorge and the
Contessa Highway sections belongs to the Scaglia Rossa Formation, which consists of a
400-m-thick sequence of pink -to -red pelagic limestones with a matl component and
featuring chert bands or nodules. This formation corresponds to a time span of 80 Myr,
between the Turonian and the early Eocene (Alvarez, 2009).
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Fig. 4.1. Gubbio outcrops. Location and close-up photographs of the Cretaceous-Paleogene (K-
Pg) transitions at Gubbio sections: Bottaccione Gorge and Contessa Highway (Umbrian-Marche
Basin, central Italy).

The lithology of the K-Pg transition at these sections mainly consists of uppermost
Maastrichtian white micritic limestone, with abundant planktonic foraminifera, and then
lowermost Danian materials with the boundary clay marked by a 1.5-2.0-cm-thick dark red
clay layer overlain by red micritic limestone (Fig. 4.2) (Coccioni et al., 2012). The ejecta
layer is absent at these sections due to oversampling during the last few decades. Thus the
well-known geochemical anomalies associated with the ejecta layer are not recorded in our
sampling, though the boundary clay layer was sampled. Both sections are considered to
represent an environment of continuous pelagic deposition (i.e., Alvarez, 2009; Coccioni et
al., 2012, 2010; Gardin et al., 2012; Husson et al., 2014; Voigt et al., 2012). Although
intrastratal folds and normal faults occur locally (Arthur and Fischer, 1977), these lie
beyond our study intervals. Several estimations of the rate of sedimentation from the
uppermost Maastrichtian to the lowermost Danian have recently been presented (i.e.,
(Gardin et al., 2012; Montanari and Koeberl, 2000; Mukhopadhyay et al., 2001; Sinnesael et
al., 2016). In this high-resolution study, we consider those of Gardin et al. (2012) for the
uppermost Maastrichtian, and Montanari and Koeberl (2000); Mukhopadhyay et al. (2001)
for the lowermost Danian. Thus, we have a sedimentation rate of 1.23 cm kyr" for the
Maastrichtian at the Bottaccione Gorge section and of 1.37 cm kyr' at the Contessa
Highway section (Gardin et al., 2012). For the lowermost Danian, a sedimentation rate of
0.04 cm kyr" for the boundary clay layer interval at both sections is considered (Montanari
and Koeberl, 2000), and of 0.2-0.3 cm kyr' for the red micritic limestones (Mukhopadhyay
et al.,, 2001).
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Fig. 4.2. Stratigraphic sections of Bottaccione Gorge and Contessa Highway. The
biostratigraphy at the Contessa Highway section is based on Coccioni et al. (2010) for the
lowermost Danian and on Gardin et al. (2012) for the uppermost Maastrichti. The
biostratigraphy at the Bottaccione Gorge section is based on Galeotti et al. (2015) for the
lowermost Danian and on Gardin et al. (2012) for the uppermost Maastrichti. The
magnetostratigraphy of both sections is based on Lowrie et al. (1982).

These sedimentary rocks were deposited well above the carbonate compensation depth
(CCD) at a middle-to-lower bathyal depth, between 1,500 and 2,500 m for the Bottaccione
Gorge section (Coccioni et al.,, 2010; Galeotti et al., 2004b; Giusberti et al., 2009) and
between 1,000 and 1,500 m for the Contessa Highway section (Coccioni et al., 2012), both
at 30°N paleoaltitude (van Hinsbergen et al., 2015).

4.3. Materials and methods

Geochemical and isotope analyses were conducted on samples from the K-Pg
transition, including those from the infilling material of trace fossils and from the host
rocks of these trace fossils. The sampling interval includes the white micritic limestone
from the uppermost Maastrichtian, the red clay layer at the basal Danian and the red
micritic limestone from the lowermost Danian (Fig. 4.2). At the Bottaccione Gorge a total
of 16 samples along 63 cm of the K-Pg transition were analyzed (labeled B in Fig. 4.2 and
Appendix A); of these, 4 samples correspond to the uppermost 22 cm of the white micritic
limestone, 1 sample to the 2 cm of the red boundary clay layer, and 11 samples to the
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lowermost 39 c¢cm of the red micritic limestone (Fig. 4.2 and Appendix A). The studied
stratigraphic interval spans a time period of approximately 233 kyrs, of which 18 kyrs
correspond to Maastrichtian deposits and 215 kyrs correspond to Danian deposits (50 kyrs
to the boundary clay layer, and 165 kyrs to the red micritic limestone) (Montanari and
Koeberl, 2000; Mukhopadhyay et al., 2001). At the Contessa Highway a total of 41 samples
were studied, along 72 cm of K-Pg transition (labeled CON in Fig. 2 and Appendix B); of
these, 14 samples were selected from the uppermost 43 cm of the white micritic limestone,
10 samples are from the 2 cm-thick red boundary clay layer, and 17 samples are from the
lowermost 27 ¢cm of the red micritic limestone (Fig. 2 and Appendix B). This represents a
time interval of approximately 201 kyrs, of which 31 kyrs correspond to Maastrichtian
deposits and 170 kyrs correspond to Danian deposits (50 kyrs to the boundary clay layer
and 120 kyrs to the red micritic limestone) (Gardin et al., 2012; Montanari and Koeberl,
2000; Mukhopadhyay et al., 2001). Bulk stable isotope analyses (8'°O and 8"C) were
conducted on the samples from the host rocks at both sections (Appendix A and B), as
well as on the infilling material of several specimens of trace fossils (Fig. 4.2 and Table 4.1).
Due to the likely diagenetic alteration affecting the oxygen isotope signature the 8'°O data
were discarded for this study and only the carbon isotope composition is considered for
paleoenvironmental reconstruction. Regarding the host sedimentary rocks, 11 samples (4
from the white micritic limestone of the uppermost Maastrichtian, 1 from the boundary
clay layer and 6 from the red micritic limestone) were studied in the Bottaccione section
(Appendix A), and 20 samples (7 from the white micritic limestone from the uppermost
Maastrichtian, 6 from the boundary clay layer and 7 from the red micritic limestone) in the
Contessa Highway section (Appendix B). As for the infilling material of trace fossils,
specimens were selected from the Maastrichtian and Danian deposits of both sections.
Several ichnotaxa were studied, belonging to the ichnogenera Chondrites, Planolites,
?Phycosiphon, 2 Taenidium, and Thalassinoides. In some cases, poor preservation impedes the
ichnotaxonomical assignation of trace fossils (e.g,, CON2PI/Th-1, CON2PI/Th-2,
CONOIATEF-6, CON9ACh/PI-7, CONIBTF-2, and CON12TF-1). The Bottaccione section
11 samples were studied, including 3 specimens located in the Maastrichtian strata (Planolites
and ?Taenidinm) and 8 in the Danian strata (Chondrites, ?Phycosiphon, Planolites and
Thalassinoides) (Table 4.1). At the Contessa Highway section 27 samples were studied, 8
specimens being from the Maastrichtian strata (Chondrites, Planolites, ?Taenidinm and
Thalassinoides), and 19 from the Danian strata (Chondrites, Planolites, ?Taenidium and
Thalassinoides) (Table 4.1).
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Table 4.1. Isotopic values of 8'3C (%oVPDB) on the trace fossils found across the Cretaceous-
Paleogene (K-Pg) transitions at Gubbio area: The Bottaccione Gorge and the Contessa Highway

sections.
Trace Samples Distance St &8C Trace Samples Distance st 8°C
Contessa (cm) 8¢ . veDB) Bottaccione ) age (% VPDB)
CON-14 CON14Ch-1 27.0 2.07 B9Th-1 38.0 1.84
CON-12 CONI12TF-1 18.0 2.10 B-9  BOYPI-2 38.0 2.03
CON-11  CONMIAPI1 11.5 2.09 B9Th-3 38.0 1.74
CON-10 CON10PI-1 6.5 2.09 B-7 B7PI1 12.0 Danian 1.94
CON9YBTF-2 45 2.01 B-6 B6Ch-2 11.0 2.10
CON-9B  CON9BPI-3 45 2.01 ps B5Th2 8.5 2.26
CON9BTh-1 4.0 1.93 B5Th-1 8.0 1.59
CONYAPI-5 45 2.07 B-4  B4Ph-1 4.0 K/Pg 2.15
CONYATF-6 45 g 2.05 i -B-2 T TB2Ta2’ | 120 T T T T T T 259
CON9ATh-8 4.0 g 2.12 B2Ta-1 -14.0 Maastrichtian 2.31
CON9ACh-10 35 =) 217 B-1 BI1PI1 —22.0 2.46
CONY9API-11 35 2.29
CON9ATh-4 35 215
CON-9A  CON9ATh-1 35 213
CON9ATh-12 3.0 2.07
CON9ACh/PL-7 3.0 2.19
CONYAPIL-9 2.5 221
CON9ATh-2 2.5 2,04
o _____CONYATh3 _ 25 _ _K/Pg _ _209 _
CON.5 CON5Ch-2 6.0 2.36
CONS5PI-1 -7.0 2.39
CON3Ta-1 —29.0 g 218
CON-3 CON3Ta-3 -30.0 E 2.28
CONB3Ta-2 -31.0 i 231
w
con.y  CON2PI/Thi -36.0 & 2.41
CON2PI/Th-2 -36.0 = 2.34
CON-1 CONICh-1 —42.0 2.36

Samples were obtained using a Dremel tool fitted with a fine-tip diamond-studded drill
bit; this tool allowed for sampling the infilling material of trace fossils, from even the
smallest burrows, and for obtaining the host rocks from the Maastrichtian and Danian
limestone.

For geochemical analysis, samples were crushed in an agate mortar and digested with
HNO, + HF (Bea, 1996) in order to obtain the sample solution. Trace element
concentrations were determined using an ICP-Mass Spectrometry (NEXION 300D).
Results were calibrated using blanks and international standards, with analytical precision
better than * 2% for 50 ppm elemental concentrations and * 5% for 5 ppm elemental
concentrations. The concentrations of major elements (Al, Ca, Fe, K and Mn) were
measured in the same samples solutions using an ICP-Optical Emission Spectroscope
(Perkin-Elmer Optima 8300) with an Rh anode X-ray tube. Blanks and international
standards were used for quality control and the analytical precision was better than *
2.79% and 1.89% for 50 ppm elemental concentrations of Al and Ca, respectively, better
than * 0.52% for 20 ppm elemental concentrations of Fe, better than + 0.44% for 5 ppm
elemental concentrations of K, and better than *£ 1.67% for 1 ppm elemental
concentrations of Mn. Carbon isotope composition was obtained from powder samples
using a Mass Spectrometer gas source (IRMS-GV INSTRUMENTS Itd. mod. Isoprime).
Results are reported in conventional §-notation relative to the Vienna Pee Dee Belemnite
standard (VPDB) in %o units, with standard deviation obtained with NBS 19, NBS 18 =<
0.05%o for 8"”C. All the geochemical analyses were performed at the Center for Scientific
Instrumentation (CIC), University of Granada, Spain.
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The selected major and trace element concentrations used as proxies for oxygen
conditions and detrital input were normalized to Al concentrations in order to avoid a
lithological effect on element content (Calvert and Pedersen, 1993; Morford and Emerson,
1999; Tribovillard et al., 20006). In particular, K-Pg sediments display large oscillations in
carbonate content, hence Al-normalized concentrations (Van der Weijden, 2002) or
recalculation on a carbonate-free basis were needed to reflect oscillations in elemental
content. The selected redox sensitive ratios were V/Al, Cr/Al, Co/Al, Ni/Al, Cu/Al,
Zn/Al, Mo/Al, Pb/Al and U/Mo, which provided reliable information on oxygen content
at the time of sediment deposition (e.g., Calvert and Pedersen, 2007; Tribovillard et al.,
20006). Additionally, the abundance of U and Mo is a useful proxy for paleoredox
conditions (Algeo and Tribovillard, 2009; Tribovillard et al., 2012), as are the enrichment
factors (EFs) of U and Mo (Tribovillard et al., 2012; Zhou et al., 2012). Regarding detrital
input proxies, we selected the K/Al, Rb/Al, Zr/Al and ZREE/Al ratios.

4.4. Results

Geochemical and isotope data from the host rocks are presented in Appendix A for the
Bottaccione Gorge section and in Appendix B for the Contessa Highway section, while
Table 4.1 presents the isotopic data from the infilling material of trace fossils in both
sections. In addition, comparison of geochemical and isotopic profiles from the host
sedimentary rocks between the two sections is presented in Fig. 4.3, and comparison
between isotopic data from the host rocks and infilling material is illustrated in Fig. 4.4 for
both sections.

4.4.1. Elemental profiles

In general, enrichment/depletion profiles of redox and detrital elements from the host
sedimentary rocks across the K-Pg transition reveal no significant changes from uppermost
Maastrichtian to lowermost Danian deposits, except for the Zn/Al, Mo/Al and U/Mo
ratios, which are used as redox proxies, and the REE/Al ratio, used as a detrital proxy.

4.4.1.1. The Bottaccione Gorge section

At the Bottaccione Gorge section, the most relevant variations across the K-Pg
transition correspond to increases in Zn/Al, Mo/Al, and U/Mo ratios among the redox-
sensitive ratios and in REE/Al ratio among the detrital proxies. Within the redox sensitive
ratios, the Zn/Al ratio shows the highest values in samples B4HS-1 (193x107"), B5HS-1
(252107, B6HS-1 (111x107%, B7HS-2 (142x107) and B7HS-1 (181x10™" within the 13
cm above the boundary clay layer, whetreas the Mo/Al ratio shows the highest values in
samples B6HS-1 (15.1x107") and B7HS-1 (13.2x107%), respectively at 10 and 15 cm above
the K/Pg boundary, and the U/Mo ratio in sample B3HS-3 reveals a peak (2.25) at the
base of the clay layer. Of the detrital proxies, the REE/Al reveals a2 minimum (18.6x107" in
sample B3HS-3 at the base of the clay boundary layer, and then an increase in the
lowermost Danian to values slightly higher (between 59.3 and 79.3x107) than those
registered within the uppermost Maastrichtian (from 42.1 to 51.7x107).
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4.4.1.2. The Contessa Highway section

Remarkably, the normalized concentrations of redox-sensitive elements in the Contessa
Highway section show even lesser fluctuations than those observed in the Bottaccione
Gorge section. Among the redox sensitive ratios, the U/Mo ratio reveals a peak (2.57) in
sample CON7HS-3 at the base of the clay layer. Regarding the detrital element ratios, a
similar trend to that observed in the Bottaccione Gorge section is registered in REE/Al
having minimum values at the boundary clay (between 20.6 and 29.2x10™") with respect to
the uppermost Maastrichtian (between 35.9 and 50.6x107") and the lowermost Danian
(between 48.2 and 81.4x107).

4.4.2. Stable isotope composition

Stable isotope data (8"°C) of the K-Pg transition sediments and infilling of the trace
fossils are shown in Fig. 4.4, Table 1 and Appendix A, B.
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Fig. 4.4. Carbon isotopic composition of the Bottaccione Gorge and the
Contessa Highway sections. Comparison of the carbon isotopic composition
(613C) on trace fossil infilling material and on host sediment across the K/Pg

transitions.
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4.4.2.1. The Bottaccione Gorge section

As the ejecta layer has not been analyzed at these sections, the global carbon §"C
decrease that characterizes the K/Pg boundary is not recorded, despite a similar isotope
composition for the uppermost Maastrichtian and lowermost Danian deposits. The §"°C
values for the uppermost Maastrichtian rocks range from 2.40 to 2.51%o0 (mean of 2.47%o),
the sample analyzed at the base of the boundary clay layer shows a value of 2.49%o, and
samples from the lowermost Paleogene show slightly lower 8"C values, between 2.05%o
and 2.23%o (mean 2.13%o0) (Fig. 4.4 and Appendix A).

Isotopic data from the infilling of trace fossils, regardless of the particular ichnotaxon,
are within the range of those from the host sedimentary rocks, with values similar to those
of the host rocks at the depth where the trace fossils were (Fig. 4.4; Table 4.1 and
Appendix A). Only certain values in 81C corresponding to the infilling of Thalassinoides,
e.g., B5Th-1 (8 cm above the K/Pg boundary), BOTh-1 and B9Th-3 (both 38 cm above the
K/Pg), show significant differences in comparison to those of the host rocks at the same
depths (i.e., 1.59%0 »s a mean of 2.13%o, 1.84%0 s a mean 2.13%o, and 1.74%o 5 a mean
2.13%o; for respective values of the infilling and host material).

4.4.2.2. The Contessa Highway section

Similarly to what occurs in the Bottaccione Gorge section, isotope values of 8°°C in the
host sedimentary rocks across the K-Pg transition in the Contessa Highway section show
no significant fluctuations from the uppermost Cretaceous (mean of 2.35%o0) to the
lowermost Paleogene, including the boundary clay layer (mean 1.94%o) and the red micritic
limestone (mean 2.07%o).

The isotope data from the infilling material of trace fossils, regardless of the particular
ichnotaxon, reveal values resembling those of the host rocks at the depth corresponding to
trace fossil (Fig. 4.4, Table 4.1 and Appendix B).

4.5. Discussion

The geochemical composition of sedimentary rocks from the K-Pg transition at Gubbio
(the Bottaccione Gorge and the Contessa Highway sections) has been profusely studied
(see Alvarez, 2009 for a review). Alvarez et al. (1980) measured platinum group elements
(PGE) at both sections, between 325 m below and immediately above the K/Pg boundary,
reporting the Ir anomaly that led to the meteorite impact hypothesis. Alzeni et al. (1981)
analyzed Si, Al, Fe, Mg, CaCO;, Sr, Mn and clay minerals from Bottaccione Gorge at a
metric resolution across the K-Pg transition, and reported some fluctuations in clay mineral
associations and in the geochemical composition. Later on, Ebihara and Miura (1996)
focused on the analysis of Pd, Ir, and Pt concentrations in both sections —mainly within
the boundary clay layer, the upper Cretaceous and the lower Paleogene deposits— and
suggested that the chemical composition did not significantly change across the K-Pg
transition except for the PGE concentrations.
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Despite significant diagenesis and potential remobilization of certain elements, it has
been demonstrated that the K-Pg transitions preserved their original signatures within the
ejecta layer, as evidenced by PGE anomalies (e.g., Martinez-Ruiz et al., 2006, 1999; Smit,
1990; Smit and Klaver, 1981) and also by the extraterrestrial nature of trace elements such
as Cr (Shukolyukov and Lugmair, 1998). Therefore, major and trace element distribution
across the K/Pg boundary has allowed for the reconstruction of the paleoenvironmental
changes occurring at this time. In general, at distal sections considerable geochemical
anomalies within the ejecta layer register a significant extraterrestrial contribution.
However, the geochemical composition is quite similar above and below the ejecta layer,
pointing to similar paleoenvironmental conditions pre- and post-impact event (e.g., Sosa-
Montes de Oca et al., 2013). The absence of the ejecta layer at the studied sections impeded
sampling of the deposits associated with the impact event, yet the lowermost Paleogene
sediments (the boundary clay layer) register the post-impact conditions. The geochemical
profiles obtained support a rapid recovery after the impact event, of the order of 10” years,
which is almost instantly on a geological time scale. Redox-sensitive elements display low
V/Al Ct/Al, Co/Al, Ni/Al, Cu/Al, and Pb/Al ratios in both outcrops, which suggests
oxygenated conditions prior to and immediately after the impact and the ejecta layer
deposition. Such conditions are further supported by the increase in the U/Mo ratio. The
abundance of U and Mo is a particularly useful proxy for paleoredox conditions (e.g.,
Tribovillard et al.,, 2012; Zhou et al., 2012). As the U and Mo enrichments in marine
sediments are generally due to authigenic uptake from seawater in suboxic or euxinic
conditions, respectively, the increase in the U/Mo ratio suggests oxic conditions. In
addition, the Uy, vs Moy, covariation (Fig. 4.5A and B) indicates similarly oxic conditions
during the uppermost Cretaceous and the lowermost Paleogene (including the boundary
clay layer). Our data therefore further support a rapid reestablishment of oxygenated
conditions after the deposition of the ejecta layer, which has been associated with anoxic
deposition (Sosa-Montes de Oca et al., 2013).
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Where, X and Al represent the weight percentage concentrations of elements X and Al,

XEF =

respectively.
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Only locally at the Bottaccione section, the slight enrichment of redox sensitive
elements (V, Cr, Co) observed in the lowermost Paleogene points to less oxygenated
conditions. Meanwhile, significant increases in the Zn/Al and Mo/Al ratios are observed in
the first few centimeters of the lowermost Paleogene. According to their exclusive record
in the Bottaccione section, such increases are interpreted as a consequence of local factors
determining particular changes in oxygenation conditions, due to variations in ocean
dynamics controlled by the paleogeography of the corresponding depositional settings —
L.e., estimated paleodepth of 1,500-2,500 m at Bottaccione (Coccioni et al., 2010; Galeotti et
al., 2004b; Giusberti et al., 2009), and 1,000-1,500 m at Contessa (Coccioni et al., 2012).

The benthic foraminifera also supports oxygenation prior to and immediately after the
impact at different distal sections (i.e., Alegret, 2007; Alegret et al., 2003; Galeotti et al.,
2004; Macleod et al.,, 1997). In fact, the benthic foraminifera did not suffer significant
extinction (~10%) at the K/Pg boundaty, but show transient assemblage changes and
decreased diversity (Alegret and Thomas, 2013).

Regarding the detrital input, a slight enrichment in REE contents in the lowermost
Paleogene points to a slight increase in detrital input after the impact that could be related
with the greater chemical alteration of continental areas after the impact. Such changes are
also indicated by magnetic susceptibility (MS) data, which support variations in the
terrigenous dust input in the pelagic deep marine environment. The availability and
transport of dust could have been influenced by variations in the vegetation cover on the
Maastrichtian-Paleocene African or Asian zones as reported by Sinnesael et al. (2010).

With respect to the isotope composition, the 8"”°C was not significantly affected by
diagenetic overprint (Sprovieri et al., 2013), and except for the boundary excursion
(Corfield et al., 1991; Voigt et al., 2012; Zachos and Arthur, 1980), it evidences minor
changes across the K-Pg transition. The similar §°C values, with only minor changes from
the uppermost Maastrichtian to the lowermost Paleogene materials (including the boundary
clay layer and the red micritic limestone), also point to a rapid recovery of
paleoenvironmental conditions. In fact, recent works provide evidence of a more rapid
productivity recovery than traditionally considered, meaning the biological pump was less
severely affected and for a shorter duration (Alegret et al., 2012; Alegret and Thomas, 2009,
Birch et al., 2016; Esmeray-Senlet et al., 2015; Schueth et al., 2015; Sepulveda et al., 2009).

Recent ichnological analysis reveals that the trace fossil assemblage shows no significant
differences below and above the K/Pg boundary (Monaco et al., 2015). Dark sediment
infilled traces registered in the white limestones of the uppermost Maastrichtian suggest
tracemaker colonization from the Danian dark clay layer, cross-cutting the K/Pg boundary
(Monaco et al., 2015).

Furthermore, the comparison of isotope data from the infilling material of trace fossils
and the host sediment in the K-Pg transition at the Agost section (Spain) has shed light on
the relationship between the isotopic values of the dark filling materials of traces registered
in the uppermost Maastrichtian sediments and those corresponding to the lowermost
Danian (Rodriguez-Tovar et al., 2006, 2004). Accordingly, distinct phases of colonization,
pre-, syn-, and post-K/Pg boundary, were interpreted. Redistribution of material by
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tracemakers throughout diverse distal sections of the K/Pg boundary at Bidart (France)
and Caravaca (Spain), involving microfossils (calcareous nannoplankton, benthic
foraminifera), has also been recognized (Alegret et al., 2015; Kedzierski et al., 2011;
Rodriguez-Tovar et al., 2010; Rodriguez-Tovar and Uchman, 2008). At the studied
sections, the comparison of the carbon isotope composition shows similar values for the
infilling material of the trace fossils and for the host material in both the uppermost
Maastrichtian and lowermost Danian deposits at the Contessa Highway section. This could
point to nearly coetaneous bioturbation during sediment deposition. The similar isotopic
composition agrees with the active infilling material (introduced by the tracemaker) of most
of the studied traces from the uppermost Maastrichtian rocks (i.e., Planolites, Taenidinm).
The few exceptions, corresponding to the infilling of Thalassinoides registered in Danian
rocks from the Bottaccione section (Fig. 4.4), agree with their passive infill (material
entering the burrow gravitationally, without the active involvement of the tracemaker).

Therefore, our data support that the rate of oxygenation, nutrient availability and
sedimentary input conditions are similar in the deposits from the uppermost Cretaceous
and the lowermost Paleogene, so that the reestablishment of the oxygenated conditions and
productivity would have occurred immediately after the deposit of the ejecta layer or
instantly on a geological time scale (e.g., Sosa-Montes de Oca et al., 2013). Moreover, the
paleoenvironmental reconstruction obtained from geochemical proxies fits the framework
provided by ichnological data obtained from the Bottaccione Gorge section (Monaco et al.,
2015). The sudden disappearance of the tracemaker community above the K/Pg boundary,
between 6 and 9 cm, observed in the previous ichnological analysis (Monaco et al., 2015)
was tentatively attributed to changes in the flux of food to the deep-sea floor and
decreasing oxygenation. As indicated by the geochemical proxies studied here, this sudden
disappearance of trace fossils is therefore most likely related to lower oxygenation and an
increase in detrital input conditions.

4.6. Conclusions

Geochemical and isotopic analyses conducted on the infilling of trace fossils and the
host sedimentary rocks in the Cretaceous-Paleogene boundary transitions at the
Bottaccione Gorge and the Contessa Highway sections (Gubbio region, Italy) provide
important information about the paleoenvironmental conditions after the K/Pg boundary
event. Although the ejecta layer is absent at the studied sections due to oversampling
during the last few decades, the preserved lowermost Danian recorded by the red boundary
clay layer and the red micritic limestone still records the post-impact event conditions.

No major changes in the enrichment/depletion profiles of redox sensitive and detrital
elements were registered in the uppermost Maastrichtian and lowermost Danian deposits.
This can be interpreted as evidence of similar paleoenvironmental conditions (oxygenation,
nutrient availability, and/or sedimentary input) prior to and after the K/Pg event, owing to
a rapid reestablishment of environmental conditions (of the order of 10° years), almost
instantly on a geological time scale.
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Carbon isotope data show similar values for the infilling material of trace fossils and
those of the host rocks at the corresponding depth. This is interpreted as revealing a nearly
coetaneous bioturbation during sediment deposition. In general, the obtained data agree
with a fast recovery of productivity patterns.
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“True wisdom comes to each of us when we realize how little we understand about life,
ourselves and the world around us”

— Socrates (470-399 B.C)
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ABSTRACT

A high-resolution analysis of the distribution of major and trace elements across a
Cretaceous/Paleogene boundary (KPgB) was done using Laser Ablation-Inductivity
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) and was compared with traditional
distinct sampling and analysis. At the Agost site (SE Spain) a 22-cm-long core containing
the KPgB was recovered using a Rolatec RL-48L drill. Within this interval, the lowermost 5
cm correspond to the Maastrichtian and the uppermost 17 cm to the Danian. The core
section was resin-embedded under O,-free conditions, cut and polished for LA-ICP-MS
continuous measurements with 10 um increments and a laser-beam of 80 um. Elemental
concentrations in discrete samples taken prior to embedding from the same core interval
were determined by Inductivity Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES). The LA-ICP-MS analyses in continuous mode considerably improve the resolution
of geochemical profiles, allowing the compositional variability at a micrometer scale within
the ejecta layer to be detected. In this study, we obtained profiles with 255 data points for
the ejecta layer interval compared to 3 data points obtained by traditional manual sampling
and ICP-OES analyses. Yet our recovered core section showed a rather limited
preservation of the ejecta layer. This paper focuses on the presentation of LA-ICP-MS
analysis as a particularly useful tool to investigate paleoenvironmental changes associated
with bio-events. Additionally, the high-resolution of major and trace elemental distribution
made it possible to study remobilization across thin but distinct boundaries such as the
KPgB.

Keywords: LA-ICP-MS, resin-embedding, KPgB; ejecta layer, bio-events, trace-element

remobilization
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5.1. Introduction

Appropriate analytical resolution is crucial for paleoenvironmental studies based on
geochemical proxies, in particular for those involving lithological boundaries as is the case
of the KPgB. In general, data resolution has increased in recent decades in the wake of
advanced capabilities and new analytical techniques. One of these new techniques is LA-
ICP-MS (e.g., Sylvester and Jackson, 2016). This set-up combines novel developments over
the past 30 years, involving laser ablation systems and elemental analytical methodologies at
sub-mm resolution. As a result, LA-ICP-MS permits high-resolution elemental analysis
including several continuous diagnostic trace elements at the sub-mm scale. LA-ICP-MS
has been successfully applied in different scientific fields, such as: detailed analysis of
natural rock systems (Jenner and Arevalo, 2016); microanalysis of fluid inclusions in
hydrothermal systems (Wagner et al, 2016); and high-frequency variability in
unconsolidated Holocene sediments (Jilbert et al., 2008).

The technique therefore allows high-resolution analyses within layers of sub-mm
thickness, as is the case for the KPgB at distal sections (Urrutia-Fucugauchi and Pérez-
Cruz, 20106). This boundary, dated at 66.04 * 0.02 Ma (Renne et al., 2013), has been widely
studied (Goderis et al., 2013; Schulte et al., 2010b), and its link to a meteorite impact
broadly demonstrated (Alvarez et al., 1980; Schulte et al., 2010b; Smit and Hertogen, 1980).
The impact caused major environmental changes (e.g., Kring, 2007; Wilf et al.,, 2003),
including an impact winter (Brugger et al., 2017; Vellekoop et al., 2014; Woelders et al.,
2017), followed by global warming (Vellekoop et al., 2016, 2014) and ocean acidification
(e.g., Alegret et al.,, 2012; Alegret and Thomas, 2005; Peryt et al., 2002). In addition, it
produced tsunamis and related deposits not only in the immediate vicinity of the Chicxulub
impact area (Shonting and Ezrailson, 2017), but also at sites as distal as Argentina -(Scasso
et al., 2005), Bulgaria -(Preisinger et al.,, 2002), Croatia -(Korbar et al., 2015), and The
Netherlands -(Brinkhuis and Smit, 1996)

Major geochemical anomalies, recognized worldwide, characterize this boundary in both
marine and continental depositional environments (Goderis et al, 2013). The
extraterrestrial contribution is particularly evident in the ejecta layer of marine distal sites,
located more than 4,000 km away from the Chicxulub impact crater (Goderis et al., 2013;
Smit, 1999; Urrutia-Fucugauchi and Pérez-Cruz, 20106). In contrast, at marine proximal or
intermediate sites, located closer to the impact site —such as Blake Nose (Martinez-Ruiz et
al., 2001) or Demerara Rise (Berndt et al., 2011)— the extraterrestrial metal contribution is
highly diluted by target rocks.

Recently, LA-ICP-MS analysis was used to studied the geochemistry and textural
characteristics of glass spherules in proximal (Belza et al., 2015; Ritter et al., 2015) and
distal sites (Belza et al., 2017) and LA-ICP-MS analyses have furthermore been undertaken
in intermediate sites of KPgB (Berndt et al., 2011; Loroch et al., 2016), but merely oriented
towards the analysis of individual spots, not in the continuous high-resolution laser mode
as used here.
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The Agost site (SE Spain) is one of the best-preserved and well-exposed marine distal
settings of the KPgB (Macleod and Keller, 1991). It has been intensely studied because of
its exceptional, expanded and continuous sedimentary record across the KPgB, i.e. without
a hiatus (Molina, 2015; Rodriguez-Tovar et al., 2006). Hence, the Agost site is ideal for high

resolution studies.

Nevertheless, appropriate high-resolution sampling is a challenge across the KPgB, due to
the nature of the deposit, being a consolidated Maastrichtian gray calcareous marlstone and
marlstone followed by the loose and unconsolidated ejecta layer and boundary clay,
overlain by Danian light marly limestones. Furthermore, the thickness (millimetric scale) of
the ejecta and boundary clay layers makes the in-tact sampling of a section containing all
units extremely difficult. For this study, the KPgB at the Agost site was drilled using a
Rolatec RL 48 L drilling machine.

We present here the first high-resolution continuous analysis (um-scale) of Ca/Al, P/Al,
St/Al Ti/Al Ct/Al, Co/Al, Cu/Al, Zt/Al, Pb/Al and U/Al ratios using LA-ICP-MS after
resin embedding across the KPgB at Agost. The results of our novel methodology are
compared with those obtained by means of traditional sampling and ICP-OES analysis, and
show how sub-mm peaks remain undetected by traditional analysis. Such peaks are
potentially diagnostic for diverse processes including diagenesis.

5.2. Geological setting

The KPgB distal section of Agost (38°27°3.31'N; 0°-38°-9.71"'E), located at km 9 on
the west side of road CV-827, north of the town of Agost, Alicante (Spain), at 372.3 m
altitude, was drilled for a high resolution study (Fig. 5.1).

The Agost site was at a distance of 5600 km from the Chicxulub impact structure at the
time of deposition and is thus considered a distal section (e.g., Goderis et al., 2013; Urrutia-
Fucugauchi and Pérez-Cruz, 2010); it is thought to represent a paleo-deposition depth
of~600-1000 m (Alegret and Thomas, 2013; Smit, 1990), an upper-middle-bathyal
environment similar to or slightly shallower than that proposed for the nearby Caravaca
site.
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Fig. 5.1. Agst outcrop. A) Location of the Cretaceous-Paleogene transitions (KPgT) at Agost site
(Alicante, Southeast Spain). B) Close photographs during drilling. C) The Agost KPgT comprises

by: (a) gray calcareous matlstones and marlstones from the uppermost Maastrichtian, (b) 2-3 mm
thick ejecta layer, (c) blackish-gray boundary clay layer and (d) the light marly limestones, the last
three belonging to the lowermost Danian.

In ascending order, the Agost Cretaceous-Paleogene transition comprises: (a) the
Cretaceous sediments that consist of gray calcareous marlstones and matlstones from
uppermost Maastrichtian age, overlain by Paleogene sediments that include: (b) the 2-3-
mm-thick red clay (the ejecta layer), (c) a blackish-gray clay layer (the boundary clay) that
has gradually increasing carbonate contents, related with the recovery of biological
productivity, giving way to the typical (d) light matly limestones from the lowermost
Danian age (Fig. 5.1). The ejecta layer, marking the sharp contact between the
Maastrichtian and Danian (KPgB), contains impact evidence such as spherules, Ir and
other platinum-group element anomalies as well as enhanced concentrations of further
trace elements such as Cr, Co, Ni, Cu, Zn, As and Sb. In addition, this interval registers a
significant decline in planktonic 8"°C values, related to the decrease in primary productivity,
and a decrease of 8"°O values related to T* variations (Goderis et al., 2013; Schulte et al.,
2010; Smit, 1990).

The Agost site has been broadly studied in terms of mineralogical (i.e. Ortega-Huertas
et al.,, 2002, 1995), geochemical and isotopic composition (i.e. Ibafiez-Insa et al., 2017;
Martinez-Ruiz et al., 1999; Ortega-Huertas et al., 1995, 1994, Rodriguez-Tovar et al., 20006,
2004), ichnological analysis (Laska et al., 2017; Rodriguez-Tovar, 2005; Rodriguez-Tovar
and Uchman, 2004a, 2004b) and biostratigraphical studies, based on planktonic and benthic
foraminifers (i.e. Arenillas et al., 2004; Arz et al., 2000; Canudo et al., 1991; Molina, 2015;
Molina et al., 2005, 1998, 1996).
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5.3. Materials and methods

5.3.1. Coring

Due to the difficulty in recovering a fresh/unexposed and in-tact sample of the full
KPgB interval, containing the 4 parts mentioned above, from the uppermost Maastrictian
to the lowermost Danian, a bore hole was drilled to obtain a core with the complete
transition. It was recovered using a Rolatec RL 48 L drilling machine with rubber tracks
from the Center for Scientific Instrumentation (CIC), University of Granada, Spain (Fig.1
in data in brief, Sosa-Montes de Oca et al., 2018).

From the platform for the drilling machine, the depth to the KPgB was estimated based
on a nearby excavation. Subsequently drilled was till approximately 30 cm above the
boundary, and an unaltered core sample was extracted by introducing an open thick-walled
sampler, and hitting this with a mallet of 63.5 kg until a maximum of 75 ¢cm penetration
(size of walled sampler). Within this sampler a PVC tube is inserted, so that our targeted
sediment interval was recovered inside the PVC tube (Fig. 5.2). Once obtained, the core

was sealed and stored in a cold room.

From the platform for the drilling machine, the depth to the KPgB was estimated based
on a nearby excavation. Subsequently drilled was till approximately 30 cm above the
boundary, and an unaltered core sample was extracted by introducing an open thick-walled
sampler, and hitting this with a mallet of 63.5 kg until a maximum of 75 cm penetration
(size of walled sampler). Within this sampler a PVC tube is inserted, so that our targeted
sediment interval was recovered inside the PVC tube (Fig. 5.2). Once obtained, the core

was sealed and stored in a cold room.
5.3.2. Resin embedding of the KPgB interval

For resin-embedding, the PVC tube containing the partly unconsolidated material was
placed horizontal, and a strip of the PVC was carefully cut and removed (Fig. 5.2A).
Discrete samples were taken for ICP-OES analyses. As PVC does not resist the attack with
acetone needed for the resin-embedding, the core was enforced using 0.2 mm aluminum
foil. To do so, first the exposed sediment was covered with a teflon mesh (dimensions 240
x 30 mm) and perforated aluminum foil (dimensions 240 x 30 mm) (Fig. 5.2B), and finally
all was covered with perforated aluminum foil (dimensions 240 x 190 mm), fixing it with
wires (Fig. 5.2C).
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Fig. 5.2. Material used in the preparation of the core prior to the resin embedding process.

Spurr Epoxy Resin was used for resin embedding (see Jilbert et al., 2008), through
which we not only preserve redox-sensitive elements, but also maintain the material
structure. All the processes were performed in an argon-filled glove box during 32 days, in
two different stages. The first was with acetone alone, for 5 consecutive days. To this end,
2 liters of oxygen-free acetone were used, changing them every 24 hours and keeping the
core always submerged (Fig. 2 in data in brief, Sosa-Montes de Oca et al., 2018). At the
same time and also inside the anoxic glove box, small pieces of PVC were immersed in a
small batch of acetone to analyze the potential contamination this might produce. The
contamination was tested with ICP-OES analyses, and appeared to be insignificant. The
second stage entailed Spurr Epoxy Resin exchange (Table 5.1) during 27 days, in which 4
sub-steps were differentiated: Step 1: using a mixture of acetone and resin (3:1; 75%
acetone: 25% resin) for 7 days. Step 2: using a mixture of acetone and resin (2:1; 66%
acetone: 33% resin) for 7 days. Step 3: using a mixture of acetone and resin (1:1; 50%
acetone: 50% resin) for 7 days. By last, step 4: using pure Spurr Epoxy Resin for 6 days. All
exchanges were done using syringes with the core remaining undisturbed inside the bath.
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Table 5.1. Components of formulations of Spurr epoxy resin and relative masses.

Spurr epoxy resin Code Relative mass
Cycloaliphatic epoxide resin ERL 4221 16.4
Diglycidal ether of polypropyleneglycal DER 736 5.72
Nonenyl succinic anhydride NSA 23.6
Dimethylaminoethanol DMAE 0.40

After that, the core was removed from the glove box, put into the oven for cure and
drying during 48 hrs at 60° C, and finally the solid resin core was cut perpendicular to the
sedimentation plane (Fig. 3 in data in brief, Sosa-Montes de Oca et al., 2018). The surface
was polished and cut to form 5 ovetlapping arrays (~5 cm), which were analyzed using LA-
ICP-MS line-scan analysis (see Fig. 5.3).

CORE BEFORE RESIN EMBEDDING

uppermost

Maastrichtian“ lowermost Danian
‘
- L]

KPgB | | 10 em

CORE AFTER RESIN EMBEDDING

uppermost
Maastrichtian, lowermost Danian
., 1

B>

11
I
N

KPgB . f0em :

Fig. 5.3. Close photographs of studied core before and after resin embedding process. i) Core
before resin embedding consolidation (Fig 5.3A). ii) Core after resin embedding consolidation
where the arrays made for LA-ICP-MS measurements are marked (Fig. 5.3B).
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5.3.3. LA-ICP-MS measurements and processing

Three line-scan analyses (a-b-c) for each of the arrays 1, 2, 3, 4 and 5 were performed.
Exceptionally, for array 1, a total of 9 line-scan analyses (a-b-c-d-e-f-g-h-1) (see Fig. 5.4)
were done. In this paper we report only the results from a line that includes the array 1
profile b and array 2 profile ¢, which was least affected by cracks. This line was of 84 mm
and the measurements were taken at 10 pm steps. For that distance 4414 values were
obtained, including 544 data points in the gray calcareous marlstones and matrlstones from
the uppermost Maastrichtian, and 3570 data points from the lowermost Danian sediments.
The latter breaks down to 255 data points taken in the ejecta layer, 1827 data points taken
in the boundary clay layer, and 1488 data points taken in the light marly limestones from
Danian (Supplementary material in data in brief, Sosa-Montes de Oca et al., 2018).
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A 193 nm wavelength COMPex 102 ArF excimer laser ablation system (Lambda Physik,
Gottingen, Germany) connected to an Element 2 sector field ICP-MS (Thermo Scientific,
Bremen, Germany) was used for all LA-ICP-MS analyses at the GML from Utrecht
University (the Netherlands). The use of a deep ultra-violet (193 nm) laser beam has been
proven to significantly reduce elemental fractionation effects during the ablation process
when compared to infrared lasers (Glinther et al., 1998). The ICP-MS was operated at low
mass resolution (M/AM=400) to provide optimal detection capability and sensitivity of the
ICP-MS. The measurement frequency of the ICP-MS for all isotope spectra was ~2.5-3
Hz.

The 5 arrays obtained after resin embedding were analyzed and the data were processed
following the procedure of Hennekam et al. (2015). In short, each array obtained was
placed into a He-flushed ablation chamber for LA-ICP-MS analysis. For line-scanning the
ablation chamber was moved perpendicular to the laminations of the resin-embedded
arrays, at a speed of 0.0275 mm s~'. The laser parameters were kept constant at a pulse
repetition rate of 10 Hz, spot diameter of 80 um, and energy density of ~8 J cm ™. Laser
input at the ablation site (fluence) was monitored daily before tuning the ICP-MS for
optimal sensitivity following the procedure of Wang et al. (2006). The measurement
frequency and scanning rate resulted in a constant shift increment of ~10 pm per
measurement. When added to the laser spot diameter, this resulted in an overall sampled
interval of ~90 um per ICP-MS cycle, having 80 um overlap with the previous and

subsequent measurements.

The obtained counts were evaluated, corrected for background noise, and calibrated.
First the mean background values, obtained from the mean intensities of an ~30 s interval
before the start of the laser ablation measurement, were subtracted from the raw analyte
intensities. Subsequently the background-corrected analyte intensities were corrected for
the relative sensitivity of the specific isotope calculated by measurement of an external
standard (NIST SRMO610, Jochum et al, 2011), and also corrected for the natural
abundance following Berglund and Wieser (2011). As the yield of ablated material varies
during LA-ICP-MS, data are commonly reported as ratios of the analyzed element to an
internal standard. In our case the internal standard was Al It is important to note that LA-

ICP-MS line-scanning gives qualitative data.

Final data are presented as ratios because on pm- to mm-scales no internal standard
with a known concentration is available during LA-ICP-MS line-scanning of natural
samples. The profiles were made with log-ratios to avoid the asymmetrical properties of
normal ratios (Aitchison and Egozcue, 2005). Subsequently, data were plotted using a
moving average with 5 data (in blue color) and also with 10 data (in black) (See Fig. 5.5).

As a summary, LA-ICP-MS specifications as well as elemental ratios used in this paper
are indicated in Table 5.2.
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Table 5.2. Typical LA-ICP-MS settings for measurements on resin embedded samples.

ICP-MS Type Thermo Scientific Element 2

RF power 1300 W

Plasma gas Ar (16.00 I min=t)

Auxiliary gas Ar (0.851 min~Tt)

Cartier gas Ar (0.67 1 min~") and He (0.75 1 min™")
Skimmer cone Aluminum

Sampler cone Nickel

Measurement frequency ~2.5-3 Hz

Resolution Low (M/AM = 400)

Isotopes* 23Na, Mg, 2>Mg, Mg, 27Al, »Si, 31P, $3Ca,

#4Ca, 49Ti, 51V, 52Ct, 55Mn, 5'Fe, %Co, N,
65Cu, 66Zn, 75As, 7Br, 81Br, 88Sr, 89Y, 9Zr 97Mo,
98Mo, 101Ry, 103Rh, 105Pd, 121Sh, 137Ba, 140Ce,
185Re, 193], 194Pt, 195Pt, 208Ph, 232Th, 2381

Laser type COMPex 102 (ArF Excimer, Lambda Physik)
Wavelength 193 nm

Fluence 8J cm™2

Spot size diameter 80 pm

Repetition rate 10 Hz

Scanning rate 0.0275 mm s~!

* Elements used in this paper
5.3.4. ICP-OES analyses

Prior to resin embedding, discrete samples were taken for analysis by ICP-OES.
Specifically, 55 samples were taken along 22 cm of the KPgB transition; they included 10
samples in the 5 cm of gray calcareous marlstone and matlstone from the uppermost
Maastrichtian, and 45 samples in the 17 cm of the lowermost Danian sediments (Table 1 in
data in brief, Sosa-Montes de Oca et al., 2018). Of the latter, 3 samples were taken in the
0.50 cm of the ejecta layer, 18 samples taken in the 4.50 cm of the boundary clay layer, and
24 samples taken in the 12.00 cm of light marly limestone. The sampling resolution rates
were of 0.15 cm in the ejecta layer, 0.25 cm for the samples from the boundary clay layer,
and 0.50 cm for calcareous marlstone and matlstone samples from the uppermost
Maastrichtian and light marly limestone samples from the lowermost Danian.

Prior to ICP-OES analyses, samples were totally digested following routine procedures
(Reitz et al., 2006). Major and minor elements were measured with a Spectro Ciros Vision
ICP-OES at the Geolab of Utrecht University (the Netherlands). Analytical precision and
accuracy for ICP-OES were better than 5% for the measured elements.

The sediments across the KPgB display large oscillations in carbonate content, hence Al-
normalized concentrations or recalculation on a carbonate-free basis were needed to reflect
oscillations in elemental content and to avoid such a ‘closed sum’ effect (e.g. Calvert and
Pedersen, 1993; Tribovillard et al., 2000; van Os et al., 1991). The ratios analyzed using
ICP-OES were P/Al, Ca/Al, St/Al, Ti/Al, Ct/Al, Co/Al, Cu/Al, Zt/Al and Pb/Al
(Table 1 in data in brief, Sosa-Montes de Oca et al., 2018).
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5.3.5. High Resolution Scanning Electron Microscopy (HRSEM)

Textural and compositional information was also obtained from High Resolution
Scanning Field Scanning Electron Microscope (HRSEM), the AURIGA from Carl Zeiss
SMT. The HRSEM is located at the Center for Scientific Instrumentation (CIC), University
of Granada (Spain).

The analysis by HRSEM was focused on the KPgB, explicitly on the boundary between
the gray calcareous marlstone and marlstone from the uppermost Maastrichtian and the
ejecta layer from the lowermost Danian.

5.4. Results and discussion

5.4.1. Technical analytical results

Geochemical data and profiles of the line (Arraylb-Array2c) analyzed by LA-ICP-MS
are represented in supplementary material (in data in brief, Sosa-Montes de Oca et al.,
2018) and Fig. 5.5 respectively.

Geochemical data and profiles of the same core section but analyzed by ICP-OES on
discrete samples are presented in Table 1 (in data in brief, Sosa-Montes de Oca et al., 2018)
and Fig. 5.6 respectively.
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5.4.2. Comparing discrete-samples ICP-OES vs continuous LA-ICP-MS
analyses

The shared interval covered by discrete sampling/ICP-OES and by continuous/LA-
ICP-MS analyses is 84 mm, including 10 mm of Maastrichtian gray calcareous matlstone
and marlstone, 5 mm of the ejecta layer, 38 mm of the boundary clay, and 31 mm of light
marly limestone from the lowermost Danian.

The ejecta layer is commonly 0.2-0.3 mm thick at distal sections and has low carbonate
content (Smit, 1999). Yet our recovered core section showed a rather limited preservation
of the ejecta layer. This core disturbance became evident in the secondary electron images
obtained with HRSEM (Fig. 5.7). The ejecta layer appears irregular and pootly preserved,
and it contains small unaltered Maastrichtian limestone fragments. Although tsunami-
generated disturbances have been reported in many distal sites (Brinkhuis and Smit, 1996;
Korbar et al., 2015; Scasso et al., 2005), the consistently reported undisturbed sections at
Agost do not support such process.

= KPgB b

Danian

Fig. 5.7. Secondary electron images made by High Resolution Scanning Electron Microscopy
(HRSEM).Visible is the fractured contact the between the gray calcareous marlstones and
matlstones from the uppermost Maastrichtian and the ejecta layer from the lowermost Danian.

In the profiles of Ca/Al, P/Al and St/Al, a significant decrease after the ejecta layer is
observed, then a slight recovery along the boundary clay, reaching values similar to those of
the uppermost Maastrichtian in the light marls from the lowermost Danian. In contrast,
elemental ratios as Ti/Al, Ct/Al, Co/Al, Cu/Al, Zt/Al, Pb/Al and U/Al show a clear peak
at the KPgB (Fig. 5.5 and Fig. 5.0).

Specifically, when comparing the profiles obtained by both techniques (Fig. 5.8), we
obsetve, for CaCOj; (from ICP-OES Ca data) and the Ca/Al ratio analyzed by LA-ICP-MS,
a maximum value of 75% CaCO; and 13 for Ca/Al ratio in the gray calcareous matlstone
and marlstone from the uppermost Maastrichtian and in the light marly limestone from the
lower Danian. Minimum values are observed for CaCO; (25%) and the Ca/Al ratio (0.05)
at the base of the clay boundary, which gradually increases its carbonate content.
Discordant data may at first sight be attributed to the difference in resolution between the
two methods (Fig. 5.8).
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Comparing the Ti/Al profile from ICP-OES and that from LA-ICP-MS, a large peak at
the base of the ejecta layer (KPgB) was observed, but more peaks are also observed in the
rest of the ejecta layer (Fig. 5.8).
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Fig. 5.8. Comparison of CaCO3 (%) analyzed by ICP-OES vs Ca/Al ratio analyzed by LA-
CP-MS, and Ti/Al (10-4) analyzed by ICP-OES vs Ti/Al ratio analyzed by LA-CP-MS, both
in a 9 mm interval, including: i) in the gray calcareous marlstones and marlstones from the
uppermost Maastrichtian, ii) the ejecta layer, iii) the boundary clay layer and iv) the light marly
limestones from the lowermost Danian.

No major changes in the profiles of redox sensitive elements such as Cr/Al, Co/Al,
Cu/Al, Pb/Al and U/Al or in the profiles of detrital elements as Zr/Al were registered for
the calcareous marlstone from uppermost Maastrichtian or the clay boundary from
lowermost Danian. This is interpreted as evidence of similar paleoenvironmental
conditions (oxygenation and/ot sedimentaty input) prior to and after the KPgB, owing to a
rapid re-establishment of environmental conditions (Sosa-Montes de Oca et al., 2017, 2016,
2013).

Within the ejecta layer, due to its poor preservation, no clear correlation between the
observed changes and the paleoenvironmental or diagenetic conditions is possible.
Nevertheless, different peaks show the enormous potential of the applied methodology
(LA-ICP-MS analyses in continuous mode after resin embedding) to investigate major and
trace element distribution and remobilization (at sub-mm scale) across abrupt boundaries
like the KPgB.

First, we compare the Cr/Al, Co/Al, Cu/Al, Zn/Al, Pb/Al and Ti/Al profiles obtained
using the two techniques (ICP-OES and LA-ICP-MS), in a 3 mm interval (Fig. 5.9).
Although Ni is also a typical meteorite-related element, we neither display nor discuss the
Ni/Al profile, as it did not show clear peaks in this interval. Using discrete samples and the
resulting limitations in sample resolution across an abrupt interval, commonly peaks of Cr,
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Co, Cu, Zn, Pb and Ti are reported to occur simultaneously. This is also observed for our
discrete samples analyzed by ICP-OES. However, using LA-ICP-MS analysis several peaks
are observed in a sub-mm scale. Titanium is an element usually taken to be immobile,
whereas elements as Pb, Cr, Cu, Co and Zn may be mobile under different redox
conditions. Such fractional deposition or diagenetic mobilization of elements could be
studied in the case of better preserved core material (Fig. 5.9).

The initial aim of this study was not only to demonstrate the novel high-resolution
approach but also to apply this in a detailed reconstruction so as to assess the evolution of
paleoenvironmental conditions (i.e., rate of oxygenation, nutrient availability, and
sedimentary input). Unfortunately, an in-depth paleoceanographic interpretation of our
data is not warranted. Consequently, this MS predominantly demonstrates that the applied
methodology (LA-ICP-MS analyses in continuous mode after resin embedding) is adequate
for advanced studies of abrupt boundaries such as the KPgB.
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Chapter 5

The first important observation is that peaks for different elements commonly
coinciding in traditional mm/cm-resolution sampling, clearly do not all coincide at pm-
sample resolution. This is essential for unravelling depositional versus diagenetic processes.
Impact(s) may have resulted in the sequential deposition of typical impact-related material,
whereas subsequent diagenetic processes may have resulted in the mobilization and
sequential deposition of certain trace elements. Such sequential (re)deposition at abrupt
boundaries like the KPgB is probably limited to the sub-mm scale, for which reason high
resolution tools are required to detect these processes.

5.4.3. Technical advantages provided by LA-ICP-MS

The obtained Ti-profile provides a clear example of the different capabilities of the two
methodologies used here, i.e. discrete sampling followed by ICP-OES and continuous sub-
mm scale analysis using LA-ICPMS. The Ti profile has a peak with a width of 1 mm by
LA-ICP-MS (Fig. 5.5), while the same peak seems to cover 10 mm by ICP-OES (Fig. 5.6).
Furthermore, at a sub-mm scale, the multiple peaks observed in the detailed profiles of Fig.
5.10 occur within a 1 mm interval. This can only be adequately detected using LA-ICP-MS,
not using traditional discrete sampling. The obvious, main difference is the analytical
resolution, being ~1 mm versus 0.09 mm. This represents, for the ~5 mm thick ejecta
layer, that the amount of analytical data by LA-ICP-MS is much larger than by discrete
sampling and ICP-OES: 255 versus 3 (Figs. 5.5 and 5.6). The low resolution obtained with
traditional sampling, commonly limited to a resolution of 1 mm at best, could easily lead to
missed or coinciding elemental peaks or other features. In contrast, the high resolution
obtained with the continuous LA-ICP-MS analysis may lead to advanced and better
interpretations, proving a particularly useful tool to investigate element distribution and
remobilization at a sub-mm scale.

Another useful and relevant example of high resolution results by LA-ICP-MS is
observed in the Pd/Al profile (Fig. 5.11). Although the detection of Pd may be influenced
by some isobaric interferences, several peaks are observed within a 3 mm interval. Hence, a
distinct pattern with rapid sub-mm changes can be detected at the sub-mm resolution but
cannot be observed by traditional discrete sampling and subsequent analysis by ICP-OES.
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Chapter 5

Other interesting elements in particular for the KPgB are Pt and Ir. Yet due to their low
sensitivity and the poor preservation of the ejecta layer in our core, both elements remained
unquantified. The slightly enhanced level of Ir observed at the KPgB does, however,
demonstrate the potential of our approach for Ir, and even more so if applied to an
undisturbed KPgB with a thin but potentially more concentrated Ir-horizon. Alternatively,
if remobilization of Ir, Pt, Pd or other PGE has occurred at this boundary, not only the
peaks of these elements could be underestimated but also all calculation results derived
from them. They include asteroid size, amount and nature of debris ejected, as well as the
severe environmental effects produced. The high-resolution detection of these elements
would therefore be advantageous for an adequate interpretation of all processes at the
KPgB.

j asmm) [—G— Moving average (10) ]

E Red clay (Ejecta layer)

—1—] Gray calcareous marlstones
|l and marlstones

1x10* 1x10° 1x10™

Fig. 5.11. Profile of Pd/Al ratio analyzed by LA-ICP-MS, in a 3 mm
interval included in i) the gray calcareous marlstones and marlstones
from the uppermost Maastrichtian and ii) the ejecta layer from the

lowermost Danian.
5.4.4. Application of LA-ICP-MS to the KPgB

Despite significant diagenesis and potential remobilization of certain elements, it has
been demonstrated that the KPgB preserved the original signature for a range of elements
within the ejecta layer, as evidenced by PGE anomalies (e.g., Martinez-Ruiz et al., 1999;
Rodriguez-Tovar et al., 2006; Smit, 1990; Smit and Klaver, 1981) and also by the
extraterrestrial nature of trace elements such as Cr (Shukolyukov and Lugmair, 1998).
Furthermore, as documented by previous environmental studies carried out at this
boundary, the impact event was responsible for main environmental perturbations
including nitric and sulfuric acid rain, widespread dust and blackout, destruction of the
stratospheric ozone layer, and an enhancement of the greenhouse effect (e.g., Kring, 2007).
It also led to secondary effects such as an increase in oceanic acidification (e.g., Alegret et
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al., 2012; Alegret and Thomas, 2005; Peryt et al., 2002) and a decrease in the sea surface
temperature (Galeotti et al., 2004a; Kaiho et al., 2016; Vellekoop et al., 2015, 2014).
Because such perturbations sharply transformed depositional and ecological conditions, the
reestablishment of paleoenvironmental conditions after the KPgB is of special interest in

the context of evolutionary and ecological dynamics (e.g., Hull, 2015)

In general, the high resolution approach provided by LA-ICP-MS analyses, as opposed to
ICP-OES (Fig. 5.10), enables researchers to verify the above information and moreover to
reconstruct in detail the environmental changes associated with the recovery time of oxic
conditions and productivity (Alegret et al., 2012; Alegret and Thomas, 2009; Birch et al.,
2016; Esmeray-Senlet et al., 2015; Schueth et al., 2015; Sepulveda et al., 2009; Sosa-Montes
de Oca et al.,, 2017, 2010).

Comparing the traditional sampling done with ICP-OES analyses and the advanced
approach with LA-ICP-MS, the major advance using the latter becomes evident: values for
the transition from typical Maastrichtian to ejecta level are 10 mm for ICP-OES and 1 mm
using LA-ICP-MS methodology. Expressed in time, and taking into account that the ejecta
layer was deposited within a few days (up to a couple of weeks for the finest fractions) after
the impact (Artemieva and Morgan, 2009), and that the lowermost Danian sedimentation
rate is of 0.83 cm/ka (Groot et al., 1989), the 10 vs 1 mm results could indicate a somewhat
different post-impact recovery time to oxic conditions (1200 versus <1 year).

In sum, analyzing an adequate and well-preserved KPgB using the high-resolution LA-
ICP-MS methodology described here will help improve our knowledge of the recovery
time of oxic conditions and therefore biological productivity, while also shedding new light
on depositional and diagenetic processes such as the remobilization of trace elements that
are potentially associated with such an abrupt boundary.

5.5. Conclusions

High resolution analyses were performed on a distal section from the KPgB at the
Agost site, southeastern Spain. Results obtained by traditional sampling and ICP-OES
analysis were compared with a novel methodology, using resin-embedded sediment and
LA-ICP-MS continuous measurements with 10 um increments and a laser-beam of 80 um.
Due to the largely improved analytical resolution, sub-mm variability was observed that
remained undetected while using traditional discrete sampling and ICP-OES analysis.
Traditional sampling may easily lead to missed or coinciding elemental peaks, whereas the
high resolution obtained with continuous LA-ICP-MS analysis permits advanced
interpretations. The latter is particularly useful for investigating element distribution and
remobilization (at sub-mm scale) across abrupt boundaries such as the Cretaceous-
Paleogene boundary (KPgB). This will not only improve our knowledge surrounding the
recovery time of oxic conditions thus biological productivity, but will also be instructive
about the trace-element remobilization potentially associated with an abrupt boundary.
Consequently, the applied methodology (LA-ICP-MS analyses in continuous mode after
resin embedding) is adequate for advanced studies of abrupt boundaries such as the KPgB,
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enhancing time resolution while also detecting the distinctly different pacing of elemental
peaks.
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“Science and everyday life cannot and should not be separated”

— Rosalind Franklin. (1920-1958)
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ABSTRACT

A high-resolution analysis (at sub-mm scale) of the distribution of major and trace elements
across the ejecta layer marking the Cretaceous/Palacogene boundary (KPgB) at the Agost
section (SE Spain) was performed using Laser Ablation-Inductivity Coupled Plasma-Mass
Spectrometry (LA-ICP-MS). The KPgB interval studied was 18 mm thick, and included
calcareous marlstones from the uppermost Cretaceous, 2-mm-thick red clay (the ejecta
layer) and blackish-gray clay (boundary clay layer) from the lowermost Palacogene. The
unconsolidated sediments were resin-embedded under O,-free conditions and analyzed by
LA-ICP-MS line continuous scan measurements at 10 pm increments and a laser-beam of
80 um. LA-ICP-MS analyses at the micron scale show that the anomalous contents of trace
and major elements in this boundary are restricted to the ejecta layer, which displays a
relatively uniform distribution over the =2 mm of thickness. Trace and major elements
ratios show similar values below and above the ejecta layer, supporting similar
palacoenvironmental conditions. Such an element distribution points to anomalies and
anoxic conditions exclusively restricted to the ejecta deposition, hence a nearly
instantaneous re-establishment of pre-impact conditions right after the impact event.
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6.1. Introduction

The link between the major mass extinction associated with Cretaceous/Palacogene
boundary (KPgB) and a meteorite impact has been broadly demonstrated (Pilike, 2013;
Schulte et al., 20102). Even though a consensus now exists as to the fact that this impact
entailed important short and long paleoenvironmental worldwide changes (Kring, 2007 and
reference therein), questions about the timing of the re-establishment of pre-impact
conditions and the recovery of biological productivity are still subjected to debate (e.g.,
Lowery et al., 2018; Sosa-Montes de Oca et al., 2017, 2016, 2013).

Major geochemical anomalies, recognized worldwide, characterize this boundary in both
marine and continental depositional environments (Goderis et al, 2013), but the
extraterrestrial contribution is particularly evident in the ejecta layer of marine distal sites,
located more than 5,000 km from the Chicxulub impact crater (Goderis et al., 2013; Smit,
1999; Urrutia-Fucugauchi and Pérez-Cruz, 2016). The KPgB distal section of Agost (SE
Spain) is one of the best exposed and most representative of marine sedimentation in distal
areas to the Chicxulub impact site (Molina, 2015; Rodriguez-Tovar et al., 2006). This
section has been broadly studied, and an exceptional KPgB section was focused on to
approach high-resolution analyses.

The distribution of trace elements is crucial for any reconstruction of the
palacoenvironmental parameters associated with the impact, and especially to approach
oxigenation conditions before, during and after the KPgB event. Thus, appropriate high-
resolution sampling across the KPgB is a challenge, due to the different lithologies of the
transition and the thickness (millimetric scale) of the ejecta and boundary clay layers.

Sosa-Montes de Oca et al. (2018) applied a novel methodology in KPgB sediment at the
Agost section (Southeast Spain), which enables high-resolution LA-ICP-MS analyses in
continuous mode after resin embedding, allowing preliminary conclusions about the
recovery time of oxic conditions and biological productivity.

In this study, we used LA-ICP-MS in continuous high-resolution laser mode (um-scale)
after resin embedding across an intact sample of the KPgB at Agost, to obtain, for the first
time, a high-resolution elemental analysis of Ca/Al, Mn/Al, Ti/Al, Ct/Al, Fe/Al, Cu/Al,
Ni/Al, Zn/Al, As/Al and Sb/Al ratios within the thin ejecta layer, improving
characterization of oxygen conditions related to the impact event.

6.2. Geological setting

The KPgB distal section of Agost (38°27°3.31"N; 0°-387-9.71"'E) is located at km 9 on
the west side of road CV-827, north of the town of Agost, Alicante (Southeast Spain) (Fig.
0.1). At the time of the KPgB impact, the Agost site was located in a upper-bathyal setting
(~600 to 1000 m depth) (Schulte et al., 2010b), at around 27-30° N palaeolatitude (Smith et
al.,, 1981).
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Fig. 6.1
(Alicante, Southeast Spain). The studied Agost KPgT interval comprises: (a) gray calcareous

matlstones and marlstones from the uppermost Maastrichtian, (b) 2-3-mm-thick ejecta layer, and (c)
blackish-gray boundary clay layer from the lowermost Danian. Close photographs of the Agost
resin embedding sample.

Lithologically, the Agost section comprises: (a) Cretaceous sediments consisting of gray
calcareous marlstones and matlstones of late Maastrichtian age, overlain by lowermost
Palacogene sediments, including (b) the 2-mm-thick red clay (the ejecta layer), and (c) a
blackish-gray clay layer (the boundary clay) (Fig. 6.1). The ejecta layer marks the sharp
contact between the Maastrichtian and Danian, and contains impact evidence such as
spherules, Iridium and other platinum-group element anomalies as well as enhanced
concentrations of Cr, Fe, Ni, Cu, Zn, along with a significant decrease of Ca (Goderis et al.,
2013; Smit, 1999).

The study focused on an 18 mm-thick interval, from which seven samples were
obtained. According to the sedimentation rates of 1.98 cm Kyr' estimated for the
uppermost Maastrichtian sediments, and that of 0.83 cm Kyr'' calculated for the lowermost
Danian sediments (Groot et al., 1989), the studied material would span a time interval from
240 years prior to the KPgB to 1300 years afterward. The deposition of the ejecta layer
settled down instantly on a geological time scale, in the order of days to months (Artemieva
and Morgan, 2009).

6.3. Materials and methods

6.3.1. Resin embedding Cretaceous-Palaeogene intervalThe collected KPgB
samples were divided in two parts; one part was reserved for ICP-OES and ICP-MS
analyses, while with the other part, resin embedding treatments were conducted. For the
resin embedding process, a previous reinforcement of the samples using aluminum foil (0.2
mm thickness) and Teflon mesh was undertaken. To do so, we first cut the sample edges as
straight as possible and covered the bottom of the samples with Teflon mesh and
perforated aluminum foil, fixing both with wires on each interval (Fig. 6.2).
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Spurr Epoxy Resin for resin embedding was used (see Jilbert et al., 2008; Sosa-Montes
de Oca et al., 2018a, 2018b). The duration of resin embedding depends on the dimensions
of the samples. In the case study, all the processes were done in an argon-filled glove box
during 26 days. The process is as follows: a) firstly, samples are treated with acetone
exchange during four consecutive days; for this, 1 liter of oxygen-free acetone was used,
changing every 24 hours and keeping the samples always submerged, b) secondly, samples
are treated with Spurr Epoxy Resin exchange during 22 days, in which four sub-steps were
differentiated: sub-step 1: using a mixture of acetone and resin 3:1 (75% acetone: 25%
resin) during four days, sub-step 2: using a mixture of acetone and resin 2:1 (66% acetone:
33% resin) during four days, sub-step 3: using a mixture of acetone and resin 1:1 (50%
acetone: 50% resin) during four days, and sub-step 4: using pure spurr epoxy resin during
10 days. All exchanges were done using syringes with the different intervals remaining
undisturbed inside the bath, and all handling was done inside the anoxic glove box.

After that, the different samples treated were removed from the glove box and put into
the oven for curing during 48 hrs at 60° C. The solid resin KPgB samples were then cut
perpendicular to the bedding plane. Sample surfaces were polished and the two best
samples, in which the ejecta layer is better preserved, were analyzed by LA-ICP-MS line-
scan (see Fig. 6.2)

sample taken sample prepared sample cutting and
in the field for embedding resin polish after resin embedding

Sample-6

Fo—
Iem

Fig. 6.2. Evolution of samples during the resin embedding process. The profiles studied in each
sample (continuous red lines) are indicated in the selected resin embedding samples.

6.3.2. LA-ICP-MS measurements and processing

Samples 1 and 6 were selected for line scan analyses, because of better preservation of
the ejecta layer. Therefore, 7 and 12 lines scan were respectively conducted in samples 1
and 6 (see Fig. 6.2). Each profile was between 9.20 and 14.30 mm long, and the analytical
sampling was done at 10 pm steps. Between 451 and 700 values were thus obtained,
including between 69 and 233 data from the gray marly limestone (uppermost
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Maastrichtian), between 91 and 107 data from the ejecta layer, and between 127 and 526
data from the boundary clay layer (lowermost Danian).

A 193 nm wavelength COMPex 102 ArF excimer laser ablation system (Lambda Physik,
Gottingen, Germany) connected to an Element 2 sector field ICP-MS (Thermo Scientific,
Bremen, Germany) was used for all LA-ICP-MS analyses at the GML of Utrecht University
(The Netherlands). The use of a deep ultra-violet (193 nm) laser beam proved to
significantly reduce elemental fractionation effects during the ablation process compared to
infrared lasers (Gunther et al, 1998). The ICP-MS was operated at low resolution
(M/AM=400) to provide optimal detection capability and sensitivity of the ICP-MS. The
measurement frequency of the ICP-MS for all isotope spectra was ~2.5-3 Hz.

After resin embedding, samples 1 and 6 were analysed and the data were processed
following the procedure of Sosa-Montes de Oca et al. (2018a, 2018b). In short, each array
obtained was placed into a He-flushed ablation chamber for LA-ICPMS analysis. For line-
scanning the ablation chamber was moved perpendicular to the laminations of the resin-
embedded arrays, at a speed of 0.0275 mm s~ '. The laser parameters were kept constant at
a pulse repetition rate of 10 Hz, spot diameter of 80 pm, and energy density of ~8 J cm ™.
Laser input at the ablation site (fluence) was daily monitored before tuning the ICP-MS for
optimal sensitivity following the procedure of Wang et al. (2006). The measurement
frequency and scanning rate resulted in a constant shift increment of ~10 pum per
measurement. When added to the laser spot diameter, this resulted in an overall sampled
interval of ~90 um per ICP-MS cycle, having 80 um overlap with the previous and
subsequent measurement.

The mean background values were obtained from the mean intensities of a ~30 s
interval before the start of the laser ablation measurement. These values were subtracted
from the raw analytical intensities. The sensitivities of the isotopes were calculated by
measurement of an external standard (NIST SRM 610), reference values being taken from
Jochum et al. (2011); for the Au, Pd, Pt, Ir Rh, Ru, Os, we used an specific external
standard (WPR-1). Subsequently, the background-corrected analytical intensities were also
modified for the relative sensitivity of the specific isotope and its natural abundance taken
from Berglund and Wieser (2011). Because the yield of ablated material varies during LA-
ICP-MS, data are commonly reported as ratios of the analyzed element to an internal
standard, in our case Al. The data are present as ratios because on pm- to mm-scales no
internal standard with a known concentration is available during LA-ICP-MS line-scanning
of natural samples. The final profiles were presented with log-ratios to avoid the
asymmetrical properties of normal ratios (Aitchison and Egozcue, 2005). As a summary,
LA-ICP-MS specifications as well as elemental ratios used in this paper are indicated in
Table 6.1.
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Table 6.1. Typical LA-ICP-MS settings for measurements on resin embedded samples

ICP-Ms Type Thermo Scientific Element 2
RF power 1300 W
Plasma gas Ar (16.00 I min™1)
Auxiliary gas Ar (0.851 min~Tt)
Carrier gas Ar (0.67 1 min~") and He (0.75 1 min=")
Skimmer cone Aluminum
Sampler cone Nickel
Measurement frequency ~2.5-3 Hz
Resolution Low (M/AM = 400)
Isotopes* 23Na, Mg, Mg, 2°Mg, 27Al, »Si, 3P, 43Ca, #Ca, ¥Ti, 'V,

52Cr, 55Mn, 5’Fe, >Co, ®Ni, 5Cu, %Zn, 75As, $St, 8Y,
907, 97Mo, %Mo, 103Rh, 105Pd, 121Sh, 137Ba, 140Ce, 185Re,
193], 194P¢, 195P¢, 208Ph, 232Th, 238

Laser type COMPex 102 (ArF Excimer, Lambda Physik)
Wavelength 193 nm

Fluence 8] cm™?

Spot size diameter 80 um

Repetition rate 10 Hz

Scanning rate 0.0275 mm s~!

* Elements used in this paper

6.3.3. ICP-OES and ICP-MS analyses

Discrete samples were analyzed by ICP-OES and ICP-MS. Specifically, nine samples
were taken along 2.2 cm of sample 1, and six samples were taken along 1.7 cm of sample 0.

For the geochemical analysis, samples were crushed in an agate mortar and digested
with HNO3 + HF in order to obtain the sample solution. Trace element concentrations
were determined using an ICP-Mass Spectrometry (NEXION 300D). Results were
calibrated using blanks and international standards, with analytical precision better than *
2% for 50 ppm elemental concentrations and £ 5% for 5 ppm elemental concentrations.
The concentrations of major elements (Al, Ca, Fe, K and Mg) were measured in the same
sample solutions using an ICP-Optical Emission Spectroscope (Perkin-Elmer Optima
8300) with an Rh anode X-ray tube. Blanks and international standards were used for
quality control and the analytical precision was better than * 2.76% and 1.89% for 50 ppm
elemental concentrations of Al and Ca, respectively; better than * 0.52% for 20 ppm
elemental concentrations of Fe; better than * 0.44% for 5 ppm elemental concentrations
of K; and better than + 1.48% for 2.5 ppm elemental concentrations of Mg. All the
geochemical analyses were performed at the Center for Scientific Instrumentation (CIC),
University of Granada, Spain.

The selected major and trace elements were normalized to Al concentrations in order to
avoid a lithological effect on element content (Calvert and Pedersen, 1993; Morford and
Emerson, 1999; Tribovillard et al., 2000). In particular, the KPgB sediments display large
oscillations in carbonate content, hence Al-normalized concentrations (Van der Weijden,
2002) or recalculation on a carbonate-free basis were needed to reflect oscillations in
elemental content. The ratios analyzed in this paper were Ca/Al, Cr/Al, Fe/Al, Ni/Al,
Cu/Al and Zn/Al
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6.3.4. High-Resolution Scanning Electron Microscopy (HRSEM)

Textural and compositional information was obtained from High-Resolution Scanning
Field Scanning FElectron Microscope (HRSEM), the AURIGA from Carl Zeiss SMT
(Center for Scientific Instrumentation, University of Granada, Spain).

The analysis by HRSEM focused on the boundary between the gray calcareous
marlstone and marlstone from the uppermost Maastrichtian and the ejecta layer from the

lowermost Danian.
6.4. Results and discussion

6.4.1. Analytical results

After LA-ICP-MS measurements, all profiles were processed for both samples (seven
profiles for sample 1 and 12 profiles for sample 6). Those profiles in which the ejecta layer
is unaffected by cracks were selected (e.g., profile 1f in sample 1, and profiles 6reva and
6revb for sample 06). Statistic treatments were applied; syntetic average with a moving
average (10) and also a composite graph (with an error of 15%) were made. Geochemical
data for Ca/Al, Mn/Al Ti/Al, Cr/Al, Fe/Al Ni/Al, Cu/Al, Zn/Al, As/Al and Sb/Al
ratios measured by LA-ICP-MS are given in Appendix A from supplementary material and
profiles for each element are represented in Figure 6.3 for a studied interval =18 mm long
and in Figure 6.4 for a 5 mm-long studied interval.

Geochemical data and profiles on discrete samples 1 and 6 by ICP-OES and ICP-MS
are presented in Table 6.2 and Figure 6.5.
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layer from the lowermost Danian (from 0 to 13 mm).
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across the KPgT at the Agost, corresponding to i) the gray calcareous marlstones and matlstones from the uppermost Maastrichtian (from -2 to 0 mm), ii) the ejecta layer (0 mm) and iii) the

boundary clay layer from the lowermost Danian (from 0 to 3 mm).



Table 6.2. Table with the elemental content (major) and elemental ratios, measured by ICP-OES and ICP-MS across a 2.0 cm-long interval
(from -0.5 to 1.5 cm) from the sample 6 and a 2.2 cm-interval (from -0.2 to 2.0 cm) from the sample 1 in the KPgB at the Agost section,
inlcuing the gray calcareous marlstones and malstones from the uppermost Maastrichtian, the ejecta layer (red color) and the boundary clay
layer from the lowermost Danian. Al, Ca, CaO, CaCO3, concentrations (%); Ca/Al and Fe/Al ratios; Cr/Al, Cu/Al, Ni/Al, and Zn/Al ratios
(x 107).

Samples Agost Distance KPgB(cm) Al Ca Ma]orCe:eOmentSCaCO_o, Fe ‘ Fe/Al Ca/Al Ge((:):/h :lmlca(llij(:lles Ni/Al  Zn/Al
Ag-1.9 (+2.0) 2 6.084 11.860 16.604 29.650 2476 0.407 1.949 15.643 4.612 10.485 11.637
Ag-1.8 (+1.5) 1.5 6.326 11.320 15.848 28.300 2.527 0.399 1.789 16.016 4.734 10.631 12.390
Ag-1.7 (+1.0) 1 6.933 11.280 15.792 28.200 2.684 0.387 1.627 14.996 5.061 10.348 11.229
‘E; Ag-1.6 (+0.5) 0.3 7.306 9.346 13.084 23.365 3.094 0.423 1.279 18.349 6.574 11.588 12.276
%‘ Ag-1.5 0,1, 0,2) 0.15 6.538 6.913 9.678 17.283 4.792 0.733 1.057 72.972 16.552 21.139 24.576
& Ag-1.4 (0,0, 0,1) 0.05 5.466 11.120 15.568 27.800 4.373 0.8 2.034 56.293 12.214 18.941 20.578
Ag-1.3 (-0.1, 0.0) -0.05 4.632 13.920 19.488 34.800 3.621 0.782 3.005 12.021 5.715 13.983 12.951
Ag-1.2 (-0.2, -0.1) -0.1 4.350 15.360 21.504 38.400 3.288 0.756 3.531 10.014 6.131 13.336 12.793
Ag-1.1 (-0.2, -0.1) -0.2 3.783 18.940 26.515 47.350 2.217 0.586 5.007 9.950 7.335 11.813 13.875
- Ag-6.6 (+1.5) 1.50 4.945 16.530 23.142 41.325 2.012 0.41 3.34 15.14 4.32 8.57 11.18
- Ag-6.5 (+1.0) 1.00 5.883 14.000 19.600 35.000 2.384 0.41 2.38 15.12 4.15 8.59 11.47
% Ag-6.4 (+0.5) 0.50 6.559 9.059 12.682 22.648 2.842 0.43 1.38 19.41 5.81 10.65 12.28
g Ag-6.3 (0,0, 0,2) 0.10 7.499 2.197 3.076 5.493 6.650 0.89 0.29 91.29 25.26 27.89 36.98
s Ag-6.2 (-0.1) -0.10 4.702 15.210 21.294 38.025 3.218 0.68 3.23 25.96 8.68 16.06 14.67

Ag-6.1 (-0.5, -0.2) -0.35 4.850 16.020 22.428 40.050 2.606 0.54 3.30 15.25 5.89 12.73 13.37
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Chapter 6

6.4.2. Comparing discrete-samples ICP-OES and ICP-MS vs
continuous LA-ICP-MS analyses

When comparing discrete-samples ICP-OES-MS vs continuous LA-ICP-MS analyses,
the shared interval covered by both discrete sampling/ICP-OES-MS and by
continuous/LA-ICP-MS analyses is 17.57 mm, including 4.75 mm of uppermost
Maastrichtian gray calcareous marlstone and marlstone, 2.05 mm of the ejecta layer, and
10.77 mm of the boundary clay layer from the lowermost Danian (Fig. 6.0).
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Fig. 6.6. Comparison of CaCOs3, Cr/Al Fe/Al, Ni/Al, Cu/Al and Zn/Al (104) analyzed by
ICP-OES-MS vs Ca/Al, Cr/Al Fe/Al, Ni/Al, Cu/Al and Zn/Al ratios analyzed by LA-ICP-
MS, in a shared 17.57 mm interval, including the gray calcareous marlstones and marlstones
from the uppermost Maastrichtian, the ejecta layer, and the boundary clay layer from the

lowermost Danian.

At this 17.57 mm interval, maximum values of =50% in CaCO, and =4 for Ca/Al ratio
are registered in both, the gray calcareous marlstone and marlstone from the uppermost
Maastrichtian and in the light marly limestone from the lower Danian, while the ejecta layer
is charactetizaed by minimum values for CaCO; (between 10-20%) and the Ca/Al ratio
(0.09).

In contrast, significant increases in Cr/Al, Fe/Al, Cu/Al, Ni/Al, Zn/Al ratios atre
exclusively observed within the ejecta layer, while in all the profiles similar values are
observed in the uppermost Maastrichtian and lowermost Danian sediments (Fig. 6.0).

Specifically, when comparing the element profiles obtained for sample 1 profile f (1f) by
LA-ICP-MS and profiles obtained for sample 1 by ICP-OES-MS, but within just a 5 mm
interval (Fig. 0.7), the main difference observed is the analytical resolution, it being ~1 mm
versus 0.09 mm. This represents, for the ~2.05 mm thick ejecta layer, that the amount of
analytical data by LA-ICP-MS is much larger than by discrete sampling and ICP-OES-MS
(101 versus 1). So, while a single peak is observed in ICP-OES-MS analyses, constant
values are obtained by LA-ICP-MS linked to the ejecta layer (Fig. 6.7). This stands as proof
of the rapid deposition of the ejecta layer, in the order or days or months (Artemieva and
Morgan, 2009).
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conditions

The conducted high-resolution analysis of the ejecta layer (mean of 2.05 mm) at the
Agost section leads one to interpret similar oxygen conditions prior to and after the KPgB,
with anoxic environments restricted only to the time of ejecta layer deposition.
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Fig. 6.7. Comparison of Cr/Al, Fe/Al, Ni/Al, Cu/Al and Zn/Al (104 analyzed by ICP-OES-
MS vs the same ratios ratios analyzed by LA-ICP-MS, in a 5 mm interval, including the gray
calcareous marlstones and marlstones from the uppermost Maastrichtian and the ejecta layer
and the boundary clay layer from the lowermost Danian.

Lowery et al. (2018) have recently shown that the recovery of productivity in the
Chicxulub structure is faster than that at many other sites. They find that proximity to the
impact was not a control on recovery in marine ecosystems, and linked it with the recovery
of environmental conditions (e.g. oxygenation conditions). In this paper we demonstrate
that at the Agost distal section (25000 km from impact site), the recovery of the oxic
conditions was instantaneous (in the range of days), which could also bring on a quick
recovery of the macrobenthic tracemaker community.

Compatison between LA-CP-MS profile of Ca/Al and the photo by HRSEM (See Fig.
6.8) also illustrates how the dectease of the Ca/Al ratio is mainly associated with the ejecta
layer, maintaining constant concentrations in all ejecta layer deposited.

Finally, at this scale resolution, using the high-resolution LA-ICP-MS methodology also
serves to evidence the scarce remobilization of the trace elements at this section, whose

element peaks are exclusively restricted to the ejecta layer.
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Traces of Laser Ablation
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Fig. 6.8. Comparison between LA-CP-MS traces (Ca/Al Ratio) and secondary
electron images made by High-Resolution Scanning Electron Microscopy (HRSEM).
In the photo are the traces of LA-ICP-MS (Trace 6Reva and 6Revb), in red dash line
the KPgB that marks the sharp contact the between the gray calcareous marlstones
and matlstones from the uppermost Maastrichtian and the ejecta layer from the
lowermost Danian, where numerous spherules are observed (in yellow).

6.5. Conclusions

High-resolution analyses performed in the distal section of Agost by ICP-OES and a
novel methodology, using resin-embedded sediment and LA-ICP-MS continuous
measurements with 10 um increments, provide evidence that sediments from the
uppermost Maastrichtian, the ejecta layer and the lowermost Danian record an
instantaneous recovery of the pre-impact conditions, also supporting the fast recovery of
productivity patterns across this boundary as reported in diverse KPg sections.

LA-ICP-MS continuous measurements further indicated that remobilization (at sub-mm
scale) across KPgB is not significant, the peaks of different elements being restricted to the
ejecta layer containing the impact evidence.
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7.1. Conclusions

The main objective of the present PhD Thesis was to characterize the
palacoenvironmental conditions (oxygenation and productivity), before, during and after
the KPgB impact, based on a detailed and integrative geochemical and ichnological analysis
in several KPgB distal sections. One novel aspect of this Thesis is the ultra high-resolution
analysis conduted at the Agost section by means of resin-embedded tecniques and LA-ICP-
MS continuous measurements, allowing for micron-resolution. Such ultra-high resolution
analyses have proven to be a useful tool to investigate abrupt bio-events and associated
palacoenvironmental changes.

The general conclusions of this PhD are:

1. Caravaca section: Geochemical analysis at mm-scale resolution evidences a rapid
return to pre-impact conditions in terms of oxygenation. Oxygen levels at bottom
and intermediate waters recovered very quickly, in the range of a few hundred years
after the KPgB event. Conditions during deposition of the ejecta layer were highly
anoxic as a consequence of the enhanced contribution of metals to the basins and
enhanced terrestrial and marine organic material input. Shortly after the impact,
oxygen levels were rapidly re-established, permitting a prompt recovery of the
macrobenthic tracemaker community, in turn favoured by the opportunistic
behaviour of some organisms. This is supported by geochemical and isotopic
analyses conducted on the infilling material of trace fossils and the host sediment.

Geochemical and isotopic data from trace fossil infilling and host sediments support
a significant mixture of the infilling material, which occurred due to the
unconsolidated character of the sediment, including the ejecta layer. Softground
conditions associated with this unconsolidated sediment further support the relatively
rapid recovery of the macrobenthic tracemaker community within horizons a few
millimeters above the KPgB event. The observed mixture of the infilling material in
the ichnotaxa also evidences a significant macrobenthic tracemaker activity across the
KPgB sediments, which should be considered in order to interpret original signatures
and to reconstruct palacoenvironmental conditions during the KPgB.

2. Gubbio Sections: Geochemical and isotopic analyses conducted at mm-cm scale
resolution, both on the infilling of trace fossils and the host rocks of the KPgB at the
Bottaccione Gorge and the Contessa Highway sections, provide important
information about the paleoenvironmental conditions after the KPgB event.
Although the ejecta layer is not well presented at these sections due to oversampling,
the preserved lowermost Danian red boundary clay layer and the red micritic
limestone still record the post-impact event conditions. No major changes in the
enrichment/depletion profiles of redox sensitive and detrital elements were
registered in the uppermost Maastrichtian and lowermost Danian deposits. This can
be interpreted as evidence of similar paleoenvironmental conditions (oxygenation,
nutrient availability and/or sedimentary input) prior to and after the KPgB, due to a
rapid reestablishment of pre-impact environmental conditions. Carbon isotope data
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also show similar values for the infilling material of trace fossils and the host rocks,
which is interpreted as revealing a nearly coetaneous bioturbation during sediment
deposition. In general, the obtained results agree with a fast recovery of productivity

patterns.

3. Agost section: Results obtained by traditional sampling and ICP-OES analysis were
compared with a novel technique using resin-embedded sediment and LA-ICP-MS
continuous measurements with 10 um increments and a laser-beam of 80 pm. Due to
the largely improved analytical resolution, sub-mm variability was for the first time
observed, undetected while using traditional discrete sampling. This technique has
revealed particularly useful for investigating element distribution and remobilization
(at sub-mm scale) across abrupt boundaries such as the KPgB.

In adition, a high-resolution elemental analysis (um-scale) of Ca/Al, Mn/Al, Ti/Al,
Cr/Al, Fe/Al, Cu/Al, Ni/Al, Zn/Al As/Al and Sb/Al ratios in an intact sample of
the KPgB at after resin embedding were made. The results of this analysis support,
for first time, that the anoxic conditions are exclusively restricted to the ejecta
deposition, thus a near instantaneous reestablishment of pre-impact oxygenation
conditions ocurred just after the impact event which could bring on the quick
recovery of the macrobenthic tracemaker community.
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7.2. Conclusiones

El objetivo principal de esta Tesis Doctoral es caracterizar las condiciones
paleoambientales (oxigenacién y productividad), antes, durante y después del impacto de
KPgB, sobre la base de un analisis geoquimico e icnolégico detallado e integrador en varias
secciones distales de KPgB. Un aspecto novedoso de esta Tesis son los analisis de ultra-alta
resolucion realizados en la secciéon Agost, previa consolidacion con resina en una camara de
vacio y posterior analisis en continuo mediante LA-ICP-MS, los cuales alcanzan una
resolucion micrométrica. Dichos analisis de resoluciéon ultra-alta han demostrado ser una
herramienta util para investigar abruptos bio-eventos asi como cambios paleoambientales
asociados.

La investigacion llevada a cabo en esta Tesis permite concluir:

1. Seccion de Caravaca: el analisis geoquimico a una resolucion mm evidencian una
rapida recuperacion de las condiciones pre-impacto en términos de oxigenacién. Los
niveles de oxigeno en las aguas profundas e intermedias se recuperaron muy
rapidamente, en el rango de algunos cientos de afios después del evento del KPgB.
Las condiciones durante el depdsito de la capa del impacto (ejecta layer) eran
anoxicas como consecuencia del importante aporte de metales a las cuencas y
sumado al incremento en el aporte de materia organica, tanto terrestre como matina.
Répidamente tras el impacto, los niveles de oxigeno se restablecieron, lo que facilité
la rapida colonizacion del sustrato por la comunidad macrobenténica, favorecida, a
su vez por el comportamiento oportunista de algunos organismos. Esto ultimo se
demuestra a partir de los analisis geoquimicos e isotopicos realizados en el material
de relleno de las trazas fésiles y en la roca encajante.

Los datos geoquimicos e isotopicos confirman una mezcla en el material de relleno
de las trazas fosiles, que se produjo debido al caracter no consolidado del sedimento,
incluida la capa de impacto. Las condiciones de suelo blando asociadas con el
sedimento no consolidado respaldan la recuperaciéon relativamente rapida de la
comunidad macrobenténicos generadora de trazas a pocos milimetros por encima
del KPgB. La mezcla observada en el material de relleno en los diferentes
ichnotaxones evidencia asu vez una importante actividad de organismos
bioturbadores a través de los sedimentos de KPgB, que debe de tenerse en cuenta,
para evitar interpretaciones erroneas de las seflales originales asi como para

reconstruir las condiciones paleoambientales durante el KPgB.

2. Secciones de Gubbio: los analisis geoquimicos e isotdpicos realizados a una escala
milimétrica y centimétrica, tanto en el relleno de las trazas fosiles como de las rocas
del KPgB en las secciones de Bottaccione Gorge y Contessa Highway, aportan
importante  informacién acerca del restablecimiento de las condiciones
paleoambientales después del KPgB. Aunque la capa del impacto esta ausente en estas
secciones debido al intenso muestreo, el Daniense inferior, constituido tanto por la
capa de arcilla roja como por la caliza micritica rojiza, registra las condiciones
paleoambientales posteriores al avento de impacto.
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No se han registrado cambios importantes en los perfiles de los elementos
indicadores del aporte detritico o redox en el Maastrichtiense superior y en el
Daniense inferior. Este hecho se interpreta como una evidencia del rapido
restablecimiento de las condiciones ambientales (oxigenacion, disponibilidad de
nutrientes y/o aporte sedimentario) después del KPgB. Los datos de is6topos de
carbono muestran valores similares en el material de relleno de las trazas fésiles y en
las rocas encajantes, lo que nos permite inferir una bioturbacidon casi coetinea
durante el depdsito de los sedimentos. En conclusién, los datos obtenidos
concuerdan con una recuperacion rapida de los patrones de productividad.

Seccion de Agost: los resultados obtenidos mediante muestreo tradicional y analisis
de ICP-OES se compararon con una novedosa metodologia que consiste en la
consolidaciéon precvia con resina de los sedimentos y un posterior analisis en
continuo mediante LA-ICP-MS (que presente incrementos de 10 pm y un haz laser
de 80 pm). Debido a la importante mejora de la resolucién analitica, se observo por
por primera vez la variabilidad por debajo del milimetro, que sin embargo no podia
ser detectada durante el muestreo discreto tradicional. En consecuencia la
metodologia aplicada es adecuada para investigar la distribucion y removilizaciéon de
clementos (en escala sub-mm) a través de limites abruptos tales como el KPgB.

Ademas, se ha realizado un anilisis elemental de alta resolucién (escala um) de
Ca/Al, Mn/Al, Ti/Al, Ct/Al Fe/Al, Cu/Al, Ni/Al, Zn/Al, As/Al y Sb/Al en una
muestra intacta del KPgB previa consolidacion en resina de resina. Los resultados
obtenidos demuestran, por primera vez, que las condiciones andxicas estan
exclusivamente relacionadas con el depésito de la capa del impacto pero ademas este
restablecimiento casi instantaneo de las condiciones de oxigenacién podria favorecer
la rapida recuperacion de la comunidad macrobentonica generadora de trazas.
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“What we know is a drop, what we don 't know is an ocean”

— Isaac Newton (1642-1727)
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8.1. Forthcoming research

The geochemical and ichnological data obtained and described here support that
oxygenation conditions were re-established almost instantaneously following the ejecta
layer deposition and that the macrobentic tracemaker community quickly colonized the
substrate. Within this context, new analyses are foreseen for future research:

e Of special interest is the analysis of further sections (distal, intermediate, proximal) of
the KPgB using the metodology developed in this thesis (continuous analysis at high
resolution, previous consolidation with resin in a vacuum chamber).

e A detailed study of biomarkers in the KPgB interval at Agost and Caravaca sections,
which has already been successfully performed in other proximal (e.g., Vellekoop et
al., 2016, 2014) and distal (Vellekoop et al., 2015) sections, holds particular interest.
The marine fossil record contains a wide variety of organic molecules —both marine
(marine algae, cyanobacteria and archaea) and terrestrial organisms that lived at the
time of deposition. The study of biomarkers will allow us to further understand
changes in environmental conditions linked to temperature variations (Uk37, LDI
and TEX86) and palacoxygenation (BIT index and diols).

e A detailed geochemical analysis to constrain trace element sources is also of
particular interest. In the KPgB ejecta, along with elements deriving from
extraterrestrial contamination, the typically-derived terrestrial elements are also
enriched. Processes leading to such enrichment are still poorly understood.

e Diagenetic processes giving rise to trace element remobilization are likewise relevant,
especially in the case of extraterrestrial elements such as the PGEs used for
reconstructing the impactor contribution at different KPgB sections. Further aspects
to explore are the alteration of the original composition of spherules, not yet well
understood, and the diagenetic processes behind the current compositions of such
spherules.
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8.2. Investigaciones futuras

Los analisis geoquimicos e icnolégicos han demostrado como la oxigenaciéon se
restableci6 de manera instantanea una vez depositada la capa del impacto, pero ademas,
una vez restablecidas las condiciones de oxigenacion, la comunidad bioturbadora
macrobentonica rapidamente colonizé el sustrato. En este contexto, se prevén nuevos
analisis para futuras investigaciones:

e Dec especial interes serfa el andlisis de otras secciones del KPgB (distales,
intermedias y proximales) utilizando la metodologia desarrollada en esta tesis
(analisis continuo y a alta resolucién, previa consolidacion en resina en una camara
de wvacio), para asi poder verificar los resultados obtenidos, y alcanzar
interpretaciones sobre el KPgB de caracter global.

e Sobre la base del estudio geoquimico de alta resolucion ya realizado, consideramos
interesante el estudio detallado de los biomarcadores en los afloramientos de Agost
y Caravaca, realizado con éxito en otras secciones proximales (e.g., Vellekoop et al.,
2014, 2016) e incluso distales (Vellekoop et al., 2015) del KPgB. El registro fosil
marino contiene una gran variedad de moléculas organicas, tanto de organismos
marinos (algas marinas, cianobacterias y arqueas) como terrestres, que vivieréon en
el momento del depdsito. El estudio de biomarcadores nos permitira avanzar en el
conocimiento de los cambios de las condiciones ambientales, como las variaciones

de la temperatura (Uk37, LDI y TEXS80) y la paleoxigenacion (indice BIT y dioles).

e Un analisis detallado del analisis geoquimico ya realizado, para conocer las fuentes
u origen de los diferentes elementos traza, también serfa de particular interés. En la
capa que forma el limite (ejectea layer), ademas del tipico enriquecimiento en los
elementos de origen extraterrestre, también se enriquecen ciertos elementos de
origen terrestres. Los procesos que conducen a tal enriquecimiento aun son poco
conocidos.

e Finalmente, el estudio de los procesos diagenéticos que conducen a la
removilizaciéon de los elementos traza también son de especial relevancia,
particularmente en el caso de los elementos extraterrestres del PGE que se han
utilizado para reconstruir la contribucion del meteorito en diferentes secciones de
KPgB. Ademas, la alteracién de la composicion original de las esferulas aun no se
comprende bien, ya que tampoco los procesos diagenéticos conducen a las

composiciones que actualmente presentan tales esférulas.
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ments were drilled to recover a 22 cm-long core; the lower 5 cm
corresponding to the uppermost Maastrichtian and the upper
17 cm to the lowermost Danian. The unconsolidated sediments
were resin-embedded under O,-free conditions, cut and polished.
Laser Ablation-Inductivity Coupled Plasma-Mass Spectrometry
(LA-ICP-MS) analyses were conducted at 10 um increments and a
laser-beam of 80 um. Discrete samples were taken immediately
prior to the resin-embedding and analyzed by Inductivity Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES). Results obtained
by both analytical methods (LA-ICP-MS and [CP-OES) are pre-
sented. (Further interpretations and discussion are included in
Sosa-Montes de Oca et al., 2018 [6]).
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Specifications table
Subject area Sedimentary geochemistry
More specific subject area  Paleoenvironmental changes across KPgB
Type of data Figures, Excel file, Table
How data was acquired - COMPex 102 ArF excimer laser ablation system (Lambda Physik,

Gottingen, Germany) connected to an Element 2 sector field ICP-MS
{Thermo Scientific, Bremen, Germany) was used for LA-ICP-MS
analyses at the GML from Utrecht University (the Netherlands)

- Spectro Ciros Vision ICP-OES at the Geolab from Utrecht University
(The Netherlands)

Data format Analyzed
Experimental factors Previously resin embedding processes
Experimental features High resolution profiles across the KPgB sediments
Data source location Agost, Alicante (Spain)

Latitude: 38°27'3.31'N; Longitude: 0°-38'-9.71"'E
Data accessibility Data are included in this article

Value of the data

® Data show continuous high-resolution element profiles across the KPgB.

® Data reveal significant changes in elemental ratios as CafAl, P/Al, Sr/Al, Ti/Al, Cr{Al, CojAl, CujAl, Zr/
Al, Pb/Al and U/Al within the ~ 2 mm-thick KPg ejecta layer.

® Data contribute to improve the characterization of major and trace element distribution. This high-
resolution approach is found to as reliable tool to evaluate rapid palecenvironmental changes
associated with bio-events.

1. Data

The boundary between the Cretaceous and Paleogene periods has been widely investigated [1-3].
Numerous KPgB sections are known worldwide [4], the Agost site (SE, Spain) being a very well-
preserved and well-exposed marine distal section [5]. This section has been profusely studied, due to
its exceptionally, expansive and continuous sedimentary record, making the Agost site ideal for high-
resolution analyses [6].

The KPgB was drilled using a Rolatec RL 48L drilling machine from the Center for Scientific
Instrumentation (CIC), University of Granada, Spain (Fig. 1). A platform was built for the drilling
machine and an unaltered core was extracted (Fig. 1). The core was sealed and stored in a cold room.

2. Experimental design, materials and methods

Discrete samples were taken for ICP-OES analysis (Table 1). Next, the core was prepared for resin
embedding in order to preserve redox-sensitive elements while maintaining the material structure.
All the resin embedding processes were done in an argon-filled glove box for 32 days, in two different
stages: First, with acetone exchange during five days (Fig. 2}, and secondly with Spurr Epoxy Resin
exchange for 27 days (Fig. 3). Afterwards, the core was removed from the glove box and put into the
oven for curing and drying 48 h at 60 °C. The embedded core was cut perpendicular to the bedding
plane (Fig. 3), polished, and then cut to obtain 2 overlapping arrays (~5 cm each one), which were
analyzed by means of a LA-ICP-MS line-scan.

Here we present the geochemical data obtained using both techniques across the KPgB, including
the ejecta layer. In the LA-ICP-MS profiles, 4114 data points were obtained in a 9 mm studied interval
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Fig. 1. Photographs of the Agost site, during the drilling and unaltered sampling.

specifically, 544 data points in the gray calcareous marlstones and marlstones from the uppermost
Maastrichtian, and 3570 data points from the lowermost Danian sediments. Among the latter, 255
data points were taken in the ejecta layer, 1827 data points in the boundary clay layer and 1488 data
points in the light marly limestones (Excel file 1 from Supplementary material). In turn, the ICP-OES
profiles include only 31 data points in a 21.50 cm studied interval, four of which correspond to the
gray calcareous marlstones and marlstones from the uppermost Maastrichtian and 27 to the lower-
most Danian sediments. Of these 27, three data points were taken in the ejecta layer, 16 in the
boundary clay layer and 8 data points in the light marly limestones (Table 1).

The counts obtained through LA-ICP-MS analysis were interpreted, corrected for background
noise, and calibrated. First, the relative ionization factors of the NIST610 standards were calculated. To
this end, a NIST610 standard was tested between each sample line-scan analysis and the measure-
ment counts are associated with concentrations by using ratios relative to Al (ppm/counts ratio
relative to Al=1) (Excel file 2 from Supplementary material). Then the LA-ICP-MS line-scans obtained
for the different isotopes were also: i) corrected for background, subtracting the mean background
values obtained from the average intensities of a ~30 s interval before starting the laser ablation
measurement; ii) the background-corrected analyte intensities were corrected for the relative sen-
sitivity of the specific isotope calculated by measuring an external standard (using the NIST610 values
previously calculated) [7]; iii) the natural abundance of each isotope was corrected [8]; iv) lastly, data
were reported as ratios of an internal standard (in this case Al) because the yield of ablated material
varies during LA-ICP-MS.

The profiles are presented as (log-) ratios, since they are statistically more informative//precise
than normal ratios; in addition, on pm- to mm-scales no internal standard with a known con-
centration is available during LA-ICP-MS line-scanning of natural samples (Excel file 3 from Sup-
plementary material).

The ICP-OES data are furthermore used as an extra calibration step by means of simple regression,
so that both data sets can be compared for the same interval.
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Table 1

Table with the elemental content (major and trace) and elemental ratios, measured by ICP-OES across a 21.5 cm interval of the KPgB at the Agost section. Al, Ca, Ca0, CaC03, concentrations
(%); CafAl and FejAl ratios; PJAl, SrjAl, Ti/Al, CrfAl, CofAl, CujAl, Zr/Al and PbjAl ratios (x10 ), in: i) gray calcareous marlstones and malstones from the uppermost Maastrichtian, ii) ejecta
layer, iii) boundary clay layer and iv) light marly limestones from the lowermost Danian.

Samples Distance K/  Stage Lithology Dilution Geochemical proxies
Pg (cm)
(%) (10 4
Al G Ca0 (CaCO; CajAl Fef PjAl  SrjAl TifAl Cr/Al Cof Cuf Zr/Al Phf
Al Al Al Al

1 16.75 Light marly limestones 202.10 1.68 3566 4994 89.15 2117 051 39875 346.19 52187 2026 196 576 1162 0.00
2 16.25 206.90 1.78 3561 4988 89.03 20.06 051 39771 33278 51882 2017 163 5.11 11.96 0.00
3 15.75 23710 L70 3542 4960 8854 2081 050 379.76 338.81 516.70 1937 167 489 1173 0.00
4 15.25 194.40 163 3621 50.72 8053 2217 050 383.00 34824 504989 1915 136 437 1161 0.00
5 1475 206.40 191 3537 4954 8843 1857 050 39080 307.70 51128 1924 175 465 1230 0.00
6 14.25 193.00 2.23 3387 4744 84.68 1522 047 35515 270.94 50881 1960 121 413 1158 0.00
7 13.75 236.00 257 3191 4468 7978 1241 045 343.84 23745 52410 1875 113 362 1L77 0.00
8 13.25 200.60 2.79 3110 4356 7775 1L15 044 33831 22149 50837 1881 104 355 1L52 0.00
9 12.75 244.60 2.84 3022 4233 7556 10.66 044 33590 21827 510.53 18889 102 371 1218 0.00
10 12.25 226.40 2.87 2996 4196 74.8% 1045 043 32896 21486 50426 1974 103 3.65 1L3%9 0.00
11 1175 193.20 2.70 3066 4294 7665 1134 043 31830 22752 503.14 1956 088 3.63 1138 0.00
12 11.25 202.10 2.58 3183 4473 7984 1237 044 32456 240.72 501.64 1928 1LI11 3.63 1141 0.00
13 10.75 24300 2.68 30.87 4323 7716 1152 044 318.09 23843 504.08 1832 127 418 1187 0.00
14 10.25 232.80 2.78 28980 41.87 7474 10.74 044 313.01 230.64 50510 1947 120 3.82 1158 0.00
15 9.75 23930 3.3 2875 4027 7188 818 043 31018 20723 51181 1878 120 355 1145 0.00
16 9.25 202.30 281 3042 42.60 76.04 1047 043 30580 229.76 51481 1994 126 3.89 11L34 0.00
17 8.75 223.10 2.87 2850 4131 7375 10.28 044 309.70 22852 51458 18.60 159 398 1L0S 0.00
18 8.25 223.20 250 3086 4322 7714 1233 048 29241 26557 51821 1817 185 429 1195 0.00
19 775 238.10 2.23 3186 4462 7965 1432 047 263.61 28956 52733 1811 218 449 1263 0.00
20 7.25 23370 2117 3141 4398 7852 1448 044 24338 30765 530.01 1798 162 432 13.70 0.00
21 6.75 22930 2118 3109 4355 7774 1424 045 21736 31354 52864 1780 2.01 451 1421 0.00
22 6.25 Danian 236.10 248 3002 42.05 7506 12.06 044 23868 31123 52108 1824 884 4599 12.84 0.00
23 5.75 257.90 280 3007 4211 7517 1037 045 276.10 2896.11 49848 1878 6.02 524 10.63 0.00
24 5.25 23300 2.62 3135 4381 7838 1198 050 227.18 36852 486.07 1823 6.64 5983 1033 0.00
25 4.875 Boundary clay layer 22750 6.58 1692 23.70 4231 257 042 140.80 12441 48149 1989 357 575 1057 469
26 4.625 218.30 6.51 17.16 24.04 4280 2.64 041 12555 117.04 47742 1942 222 550 10.67 4.65
27 4375 208.60 753 1312 1837 3278 174 041 11248 9577 47284 1971 2.06 529 1106 542
28 4125 201.00 7.75 12.07 1681 3018 156 042 100.11 8193 469.09 1897 188 546 1L08 577
29 3.875 207.70 7.75 1198 1678 2895 155 040 9262 9297 450.06 20.89 188 621 1141 540
30 3.625 230.50 815 1037 1453 2594 127 040 9083 87.18 460.77 2266 182 746 1185 555
31 3.375 241.80 7.84 10.76 1507 26.8% 137 040 S080 8838 472.00 2188 214 6.15 1L65 5.10
32 3.125 211.80 7.66 1150 1611 2876 150 041 9049 9311 46899 2204 238 595 1193 577
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Table 1 (continued )

Samples Distance K/  Stage Lithology Dilution Geochemical proxies
Pg (cm)
(%) (10 %
Al G Ca0 (CaCO; CajAl Fef P/Al  SrfAl TifAl Cr/Al Cof Cuf{ Zx/Al Pbf
Al Al Al Al

33 2.875 19760  8.05 1002 1403 2505 124 043 8061 8952 46146 2376 176 6.60 1159 632
34 2.625 22210 8.69 840 1177 21.01 097 043 6960 8455 47317 2535 157 605 1L58 6.09
35 2.375 25080 8.02 1052 1473 2629 131 045 8134 9384 45022 2660 184 7.02 1194 541
36 2.125 21200 7.66 990 13.87 2476 129 049 87.75 9461 48833 2630 2.01 906 1217 638
37 1.875 23480 7.94 942 1320 2356 LI9 049 87.02 9377 50066 2766 221 982 1218 635
38 1.625 22320 795 9.08 1272 2270 114 056 86.63 9458 49452 2822 256 1227 1272 727
39 1.375 23820 7.85 817 1145 2043 104 062 7913 9460 47429 2867 2.72 1199 1311 6.89
40 1125 21860 8.06 716 10.03 1790 089 068 7940 9132 47625 2963 2.94 1327 1422 786
41 0.875 22330 7.83 824 1153 2059 105 066 8923 9434 55495 3319 270 1413 1470 832
42 0.625 23460 732 922 1282 23.06 126 076 8571 10552 85739 4829 310 17.82 1715 1046
43 0.35 KPgB Ejecta layer 25430 547 1743 2441 4358 319 075 7967 15068 99528 4995 352 1710 16.78 878
44 0.15 236.40 4.57 2350 3292 5876 514 052 9361 18085 673.70 3030 2.70 891 12.61 433
45 0 24220 446 2387 3343 59.66 535 (059 9698 19841 960.6¢ 41.60 3.85 18.71 1456 7.01
46 -0.25 Maastrichtian Calcarecus marlstones and 203.50 3.98 2586 3622 64.65 650 041 11658 224.05 50528 20.8% 185 789 1071 291
47 -0.75 marlstones 22400 3.73 2682 3756 67.04 719 037 127.08 23979 45548 1790 146 624 1055 0.22
48 -125 206.80 4.08 2547 3567 63.66 624 040 11137 217.01 55827 2363 146 650 1089 325
49 -175 22460 3.2 2934 4110 7336 942 036 13643 29095 43265 1596 156 496 1041 0.00
50 -2.25 217.80  3.08 29.14 4081 72.85 947 036 13655 29320 42742 1599 147 518 1041 0.00
51 -2.75 21050 2.88 3093 4332 7733 10.76 037 144.07 31896 45863 1701 125 507 1036 0.00
52 -3.25 19350 2.76 3156 44.20 7883 1144 038 14841 33823 464.05 1732 141 497 1067 0.00
53 -3.75 196.10 2.77 3176 4448 7939 1146 038 14427 34032 45990 16.84¢ 124 567 1020 0.00
54 -4.25 21150  2.61 3173 4444 7933 1214 038 15329 35935 466,51 1688 138 509 1065 0.00
55 -4.75 20440 2.89 28.70 4160 7426 10.27 040 16049 31898 509.64 1894 128 516 1086 0.00

7061
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1 DAY-ACETONE |

Fig. 2. Photographs during acetone stage of resin embedding process, inside the glove box.

3 ACETONE:1 RESIN 2 ACETONE:1 RESIN

OVEN (48 hrs-60°C

Fig. 3. Photographs during resin stage of resin embedding process, in the oven (at 60° for 48 h) for curing and drying and while
cutting the arrays for LA-ICP-MS analysis.
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