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across the K/Pg boundary in the Western Tethys: causes and evolutionary 

implications. Paleobiology 44, (3), 460–489. https://doi.org/10.1017/pab.2018.16. 

 

Gilabert, V., Arz, J.A., Arenillas, I., Robinson, S.A., and Ferrer, D., 2021. Influence of 

the Latest Maastrichtian Warming Event on planktic foraminiferal assemblages and 

ocean carbonate saturation at Caravaca, Spain. Cretaceous Research 125, 104844. 

https://doi.org/10.1016/j.cretres.2021.104844. 

 

Gilabert, V., Arenillas, I., Arz, J.A., Batenburg, S., Robinson, S.A., 2021. Multiproxy 

analysis of paleoenvironmental, paleoclimatic and paleoceanographic changes 

during the Early Danian in the Caravaca section (Spain). Palaeogeography, 

Palaeoclimatology, Palaeoecology 576, 110513. 

https://doi.org/10.1016/j.palaeo.2021.110513. 

 

Gilabert, V., Batenburg, S.J., Arenillas.I., Arz, J.A., 2021. Contribution of orbital forcing 

and Deccan volcanism to global climatic and biotic changes across the KPB at 
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Early Publication el 30 de Agosto del 2021 (pendiente de asignación de volumen). 

 

Como se indica en el Reglamento sobre Tesis Doctorales de la Universidad de 

Zaragoza, en el Apéndice que figura tras el listado de referencias bibliográficas se incluye 

información sobre el factor de impacto de las revistas y las áreas temáticas 

correspondientes a estas cinco publicaciones, junto con una breve justificación de la 

contribución del doctorando en cada uno de los trabajos realizados en coautoría. 
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Oxford (Reino Unido), bajo la tutela del Doctor Stuart Alan Robinson. Durante esta 
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cantidad de datos de isótopos estables y calcimetrías, que fueron comparados con los 

datos micropaleontológicos. La integración de estos datos y su análisis y discusión 

resultaron esenciales para la caracterización de los eventos paleoclimáticos estudiados en 

esta tesis.  

 

La segunda estancia, con una duración total de 38 días, se realizó en la Université de 
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pertenece a una revista catalogada en el JCR. Las referencias de estos artículos son las 
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Algeria): planktic foraminiferal biostratigraphy and biochronology. Arabian Journal 

of Geosciences 12, (217), 1–34, https://doi.org/10.1007/s12517-019-4402-4. 

 

Fendley, I.M., Sprain, C.J., Renne, P.R., Arenillas, I., Arz, J.A., Gilabert, V., Self, S., 
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RESUMEN 
 

El intervalo de un millón de años a través del límite Cretácico/Paleógeno es un breve 

periodo de la historia de la Tierra en el que se sucedieron varios eventos destacables, uno 

de los cuales con la capacidad de alterar irreversiblemente la evolución de la vida en el 

planeta: el conocido como evento de extinción masiva del límite K/Pg. Durante este 

intervalo de tiempo, la Tierra se encontraba en un estado climático de tipo invernadero 

relativamente suave y óptimo para la vida. Este estado climático se vio alterado 

transitoriamente por los cambios ambientales desencadenados por el impacto del 

asteroide de Chicxulub y por episodios cortos de calentamiento climático y de 

perturbación en el ciclo del carbono (denominados en sentido amplio como eventos 

hipertermales). Los eventos analizados son conocidos por sus siglas en inglés como 

LMWE (Latest Maastrichtian Warming Event), Dan-C2 y LC29n (Lower C29n), y han 

sido relacionados por algunos autores con las principales fases eruptivas de la Gran 

Provincia Ígnea del Decán (India). 

Esta tesis tiene como objetivo analizar e interpretar la respuesta paleobiológica de 

los foraminíferos planctónicos ante los cambios paleoambientales y paleoclimáticos 

provocados por el LMWE, el impacto de Chicxulub, el Dan-C2 y el LC29n, para así 

obtener nuevas evidencias acerca del papel que jugó el vulcanismo masivo del Decán en 

las extinciones de finales del Maastrichtiense y en la posterior radiación evolutiva durante 

el Daniense inferior. Para ello, se han analizado cuantitativamente las asociaciones de 

foraminíferos planctónicos del tránsito K–Pg en cuatro localidades: Caravaca y Zumaia 

(España) y El Kef y Aïn Settara (Túnez). Las secciones de Caravaca y Zumaia se 

estudiaron multidisciplinarmente, obteniendo también datos geoquímicos (δ13C, δ18O y 

CaCO3) y paleomagnéticos (susceptibilidad magnética). Por último, mediante 

calibraciones magneto- y astrocronológicas, se han datado todos los eventos 

paleoclimáticos, paleoambientales y paleobiológicos reconocidos. Las técnicas de 

calibración astrocronológica han permitido, además, valorar el papel jugado por el 

forzamiento orbital en los eventos analizados. 

Los resultados han sido publicados en los cinco artículos seleccionados para esta tesis 

doctoral, y se resumen del siguiente modo: 1) se ha identificado un evento de extinción 

masiva catastrófica de foraminíferos planctónicos coincidiendo con el límite K/Pg, el cual 

se ha relacionado con el impacto de Chicxulub; (2) los eventos LMWE, Dan-C2 y LC29n 

tuvieron una influencia débil y transitoria en la diversidad y en la estructura de las 
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asociaciones de foraminíferos planctónicos; (3) el LMWE fue causado por la coincidencia 

temporal del último máximo de excentricidad larga del Maastrichtiense y una elevada 

tasa de desgasificación en el Decán; (4) el evento Dan-C2 estuvo relacionado con los dos 

máximos de excentricidad corta del primer máximo de excentricidad larga del Daniense, 

pero no con el vulcanismo del Decán; (5) el evento LC29n fue un evento menor 

relacionado con un máximo de excentricidad corta, que no produjo un cambio climático 

o ambiental relevante; y, por último, (6) la principal señal paleobiológica relacionada con 

el vulcanismo del Decán en el Daniense es un intervalo de estrés ecológico previo al 

evento Dan-C2 registrada como un incremento brusco en la abundancia relativa de 

guembelítridos triseriados (Chiloguembelitria) y en la tasa de conchas de foraminíferos 

planctónicos con crecimientos aberrantes. 
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ABSTRACT 
 

The one million year interval across the Cretaceous/Paleogene (K/Pg) boundary is a 

very short period of Earth history on which several important events occurred, one of 

whom irreversibly shaped the evolution of life on Earth: the so-called K/Pg boundary 

mass extinction event. During this time interval, the Earth was in a relatively mild 

greenhouse state, optimal for the development of life. This climate state was disrupted by 

the environmental changes triggered by the impact of the Chicxulub asteroid and by 

transient events of global warming and carbon cycle perturbation (broadly referred to as 

hyperthermal events). The analyzed events are the LMWE (Latest Maastrichtian 

Warming Event), the Dan-C2, and the Lower C29n (LC29n), which have been 

mechanistically linked by some authors to the main eruptive phases of the Large Igneous 

Province of the Deccan Traps (India). 

This PhD thesis aims to analyze and interpret the paleobiological response of planktic 

foraminifera to the paleoenvironmental and paleoclimatic changes caused by the LMWE, 

the Chicxulub impact, the Dan-C2 and the LC29n, in order to obtain new evidence about 

the role that massive Deccan volcanism played in the late Maastrichtian extinction and 

the subsequent evolutionary radiation during the early Danian. For this purpose, planktic 

foraminiferal assemblages from four well-known localities of the K–Pg transition have 

been quantitatively studied: Caravaca and Zumaia (Spain), El Kef and Aïn Settara 

(Tunisia). Additionally, both the Caravaca and Zumaia sections were studied with a 

multidisciplinary approach, generating geochemical data (δ13C, δ18O y CaCO3) and 

paleomagnetic data (magnetic susceptibility). Finally, all paleoclimatic, 

paleoenvironmental and paleobiological events have been dated by magnetostratigraphic 

and astrochronological calibration. Additionally, the cyclostratigraphic age models allow 

evaluating the contribution of orbital forcing to all analyzed events.  

The results have been published in the five articles selected for this PhD thesis, and 

are summarized as follows: 1) a catastrophic mass extinction event of planktic 

foraminifera has been recognized at the K/Pg boundary, which has been linked to the 

Chicxulub impact; (2) the LMWE, Dan-C2 and LC29n events had a weak and transitory 

influence on the diversity and structure of the planktic foraminiferal assemblages; (3) the 

LMWE was triggered by the temporal co-occurrence of the last long eccentricity 

maximum of the Maastrichtian and a high rate of degassing in the Deccan; (4) the Dan-

C2 event has been linked to the two short eccentricity maxima within the first long 
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eccentricity maximum of the Danian, but not to the Deccan volcanism; (5) the LC29n 

event was a minor event related to a short eccentricity maximum, which did not produce 

a relevant climatic or environmental change; and finally (6) the main paleobiological 

signal linked to the Deccan volcanism during the Danian is an interval of ecological stress 

prior to the Dan-C2 event recorded as an increase in the relative abundance of the triserial 

guembelitrid (Chiloguembelitria) and to the index of planktic foraminiferal tests with 

aberrant growths.  
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1. INTRODUCCIÓN 
 
1.1. Foraminíferos Planctónicos 
 

Los foraminíferos planctónicos son microorganismos marinos heterótrofos, 

pertenecientes al reino Protista, que recubren su cuerpo unicelular con elaboradas conchas 

calcíticas y que habitan en la parte superior de la columna de agua. El citoplasma 

contenido en el interior de sus conchas presenta los típicos orgánulos de las células 

eucariotas junto a una serie de cuerpos fibrilares que ayudan a controlar la flotabilidad de 

las mismas. En el exterior de la concha, el citoplasma se estira en hebras delgadas 

anastomosadas llamadas rizopodios, que pueden extenderse a varias veces el diámetro 

total de la concha permitiéndoles la adquisición activa de alimento (ver detalle sobre 

biología de este grupo de protozoos en Hemleben et al., 1989). 

Aunque los foraminíferos aparecieron por primera vez en el dominio bentónico 

durante el Cámbrico, no es hasta el Jurásico, y sobre todo durante el Cretácico, cuando 

colonizaron exitosamente el dominio pelágico (Loeblich y Tappan, 1987). La gran 

variedad de características morfológicas de sus conchas, así como de las diferentes 

estructuras observables en la pared o superficie de las mismas, ha permitido el 

reconocimiento de centenares de morfoespecies de foraminíferos planctónicos desde el 

Cretácico hasta la actualidad (BouDagher-Fadel, 2015). 

Los foraminíferos planctónicos son unos excelentes fósiles-guía debido a su alta 

abundancia, rápida evolución y amplia distribución biogeográfica (Bé, 1977; Vincent y 

Berger, 1981; Aze et al., 2011; BouDagher-Fadel, 2015). Su estudio proporciona un 

registro bioestratigráfico relativamente continuo durante los últimos ~100 millones de 

años (Ma) (Schiebel et al., 2018). Dado que su tasa de evolución ha sido relativamente 

alta, su estudio permite identificar en el registro estratigráfico numerosos eventos de 

primera y última aparición (Olsson et al., 1999; Arenillas et al., 2004). Su amplia 

distribución latitudinal permite reconocer muchos biohorizontes-guía (datos de primer y 

último registro) que ayudan a establecer correlaciones cronológicas entre localidades a 

escala global (McGowran, 2008; Schiebel et al., 2018). Es por ello que los foraminíferos 

planctónicos se consideran como uno de los mejores marcadores biocronoestratigráficos 

del Cretácico y del Cenozoico (Kucera et al., 2007). 

Estos organismos son también unos excelentes indicadores paleoambientales, 

paleoclimáticos y paleoceanográficos (Schiebel et al., 2018). Cada grupo está adaptado a 

unas condiciones ecológicas determinadas de temperatura y profundidad, y su 
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distribución biogeográfica dependerá de la latitud y batimetría a las que esté adaptado 

(Hart, 1980; Schiebel y Hemleben, 2005). Estos organismos se hallan afectados también 

por la distribución de las corrientes marinas y, por ello, son buenos marcadores de 

cambios paleoceanográficos (Premoli Silva y Sliter, 1999; MacLeod et al., 2001). 

Adicionalmente, los estudios biométricos y tafonómicos nos pueden brindar información 

acerca de las condiciones ambientales en las que habitaron estos microorganismos (p. ej., 

Malmgren y Kennett 1978; Berger et al., 1982; Malmgren, 1987; Kucera et al., 1997; 

Schimdt et al., 2006).  

Además, el estudio geoquímico e isotópico de sus conchas calcíticas proporciona 

información sobre temperatura, salinidad, oxigenación y cantidad de nutrientes en los 

océanos (Kucera et al., 2007). Las reconstrucciones paleoclimáticas basadas en los 

cambios de las relaciones isotópicas (δ18O y δ13C) de sus conchas a lo largo del tiempo 

geológico ha permitido la reconstrucción detallada de los principales cambios climáticos 

acontecidos desde el Cretácico hasta la actualidad (D´Hondt y Zachos, 1993; Abramovich 

et al., 2003; Pearson et al., 2009; Aze et al., 2011; Petrizzo et al., 2020). Por todas estas 

razones, a los foraminíferos planctónicos se les considera una de las herramientas 

geológicas más útiles en las reconstrucciones paleoclimáticas, paleoceanográficas y 

paleoambientales (Schiebel et al., 2018).  

Desde que los foraminíferos colonizaron los medios pelágicos, sus conchas 

constituyen una gran parte de los sedimentos calcáreos marinos en las principales cuencas 

oceánicas (Berger et al., 1982). En la actualidad, los foraminíferos planctónicos son 

responsables de la producción de aproximadamente el 25% del carbonato cálcico 

(CaCO3) de los océanos (Schiebel, 2002), lo que permite deducir el papel determinante 

de estos microorganismos en las condiciones geoquímicas de los océanos actuales y 

pasados. Además de ser importantes organismos calcificadores pelágicos, se encargan de 

transportar enormes cantidades de carbono orgánico al fondo marino (Henehan et al. 

2016), por lo que también son esenciales en el ciclo del carbono (Wu y Berger, 1989; 

Milliman 1993; Henehan et al., 2019).  

 

1.2. Evolución del clima tipo invernadero desde el Cretácico Tardío al Eoceno 
 

El intervalo del Cretácico Tardío al Eoceno es una continuación del estado climático 

de tipo invernadero (greenhouse) que se inició en el Cretácico Temprano (Littler et al., 

2011; Friedrich et al., 2012; Petrizzo et al., 2020). A lo largo de los 65 Ma que dura este 
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intervalo greenhouse se produjeron variaciones climáticas significativas que permiten 

diferenciar hasta 3 subestados climáticos: invernadero-cálido, invernadero-templado e 

invernadero-fresco (Zachos et al., 2008; O´Brien et al., 2017; Huber et al., 2018; 

Westerhold et al., 2020; Fig. 1). En el Cretácico Tardío se alcanzaron temperaturas 

extremadamente altas en el medio marino, registrándose hasta 20ºC en profundidades 

batiales (Huber et a., 2018). Estas temperaturas tan elevadas caracterizaron el intervalo 

desde el Cenomaniense tardío hasta el Campaniense más temprano (entre ~97 y 82 Ma), 

cuando el sistema climático fue del tipo invernadero cálido (Huber et al., 1995, 2018; 

Friedrich et al., 2012; Fig. 1). Por el contrario, durante el Campaniense (83,6–72,1 Ma), 

el clima fue enfriándose gradualmente hasta convertirse en un clima invernadero 

templado con temperaturas de ~6–8 °C en profundidades batiales (Clarke y Jenkyns, 

1999; Huber et al., 2018). Esta tendencia de enfriamiento gradual prosiguió durante el 

Maastrichtiense (72,1–66 Ma), momento en el que tuvo lugar la transición de un estado 

climático de invernadero templado a uno de invernadero fresco (Cramer et al., 2009; 

Linnert et al., 2014; Huber et al., 2018; Fig. 1).  

Las condiciones generales de greenhouse impidieron la formación de casquetes 

polares permanentes (Huber et al., 2002; Miller et al., 2005; MacLeod et al., 2013), 

favoreciendo que la flora y fauna termofílica habitase en latitudes altas (Frakes et al., 

1992; Francis y Frakes, 1993; Tarduno et al., 1998), y causando que el nivel del mar fuese 

entre 75 y 250 m más alto que en la actualidad (Miller et al., 2005; Haq, 2014). Algunos 

de los cambios oceánicos más representativos a lo largo de los casi 34 Ma que abarca el 

Cretácico Tardío son los eventos anóxicos oceánicos (OAEs por sus siglas en ingles). El 

OAE2 de hace ~94 Ma representa el mayor episodio de anoxia oceánica global de los 

OAEs reconocidos en el Cretácico Superior, siendo comparable a su homólogo del 

Cretácico Inferior: el OAE1 de hace ~120 Ma (Jenkyns et al., 1994; Kuypers et al., 1999; 

Jenkyns, 2010; O´Brien et al., 2017). El OAE2 marcó además el inicio de un cambio 

climático conocido como el Máximo Térmico del Cretácico (KTM por sus siglas en 

inglés) (Poulsen et al., 2003; O´Brien et al., 2017; Huber et al., 2018; Fig. 1). No obstante, 

son los cambios climáticos del Maastrichtiense tardío los que han recibido una mayor 

atención por parte de la comunidad científica, debido principalmente a que a finales de 

este periodo se produjo la extinción masiva del límite Cretácico/Paleógeno (límite K/Pg). 

El estado climático de invernadero templado-fresco típico del Maastrichtiense e 

iniciado en el Campaniense, culminó en el Paleoceno medio (~60 Ma), momento en el 

que se produjo un punto de inflexión (Cramer et al., 2011; Westerhold et al., 2020). A 
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partir de este momento, el Paleoceno se caracteriza por un ascenso gradual de las 

temperaturas globales con la vuelta a un estado climático tipo invernadero templado, que 

finalizó con el evento del Máximo Térmico del límite Paleoceno/Eoceno (PETM por sus 

siglas en inglés), momento en el que se alcanzó la máxima temperatura de todo el 

Paleógeno (Zachos et al., 1993, 2008; Westerhold et al., 2011). Con el PETM (~56 Ma) 

se estableció un nuevo estado climático invernadero cálido conocido como el Óptimo 

Climático del Eoceno Temprano (EECO por sus siglas en inglés), y que persistió hasta 

hace 49 Ma (~54–49 Ma) (Westerhold et al., 2020). Tras el EECO, tuvo lugar un 

enfriamiento gradual hasta alcanzar de nuevo el estado de invernadero fresco en el 

Eoceno medio ~42 Ma (Zachos et al., 2008; Huber et al., 2018; Westerhold et al., 2020), 

siendo brevemente interrumpido por el Óptimo climático del Eoceno medio (MECO) 

(Rivero-Cuesta et al., 2020), durante el que se estableció de nuevo un sistema climático 

de invernadero templado. Tras el MECO se produce un retorno a las condiciones de 

enfriamiento generalizado que culminó en el tránsito Eoceno–Oligoceno, marcando la 

transición hacia un estado climático frío o de tipo congelador (icehouse) (Zachos et al., 

1996, 2001; Coxall et al., 2005; Lear et al., 2008; Westerhold et al., 2020; Fig.1). 

Superpuestos a estas tendencias climáticas generales, durante el Paleoceno y el 

Eoceno aparecen registrados numerosos eventos de calentamiento climático global, 

conocidos como eventos hipertermales, los cuales quedan marcados en el registro 

estratigráfico como excursiones isotópicas negativas (Kennett y Stott, 1991; Thomas y 

Shackleton, 1996; Zachos et al., 2006; Norris et al., 2013). Los hipertermales suelen tener 

una duración breve desde el punto de vista de la escala de tiempo geológico, 

aproximadamente de 100 mil años (ka), y usualmente están asociados con grandes 

perturbaciones del ciclo del carbono, acidificación de los océanos, disolución de 

carbonatos en aguas profundas, perturbaciones del ciclo hidrológico y un aumento de la 

erosión continental (ver p. ej. Thomas et al., 2000; Cramer et al., 2003; Zachos et al., 

2010; McInerney y Wing, 2011; Lauretano et al., 2015; Zeebe et al., 2017; Giorgioni et 

al., 2019).  

La mayoría de los hipertermales del Paleógeno fueron desencadenados por cambios 

en el movimiento orbital de excentricidad de la Tierra (Cramer et al., 2003; Zachos et al., 

2010; Lauretano et al., 2015; Foster et al., 2018). Sin embargo, algunos de ellos no 

parecen coincidir con cambios orbitales como, por ejemplo, el PETM (Cramer et al., 

2003; Zachos et al., 2010; Littler et al., 2014). Al igual que el PETM, algunos de estos 

eventos hipertermales se han relacionado con diversos factores modificadores del clima 
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tales como la liberación del metano contenido en los clatratos de las rocas sedimentarias 

marinas, la combustión de materia orgánica, el derretimiento del permafrost en altas 

latitudes o una intensa desgasificación de origen volcánico (Zachos et al., 2005; 

McInerney y Wing, 2011; Barnet et al., 2019).  

 

 
 

Figura 1. Evolución del δ18O a lo largo del intervalo Cretácico Superior–Eoceno (modificado de 

Huber et al., 2018). Los círculos hacen referencia a foraminíferos planctónicos superficiales, las cruces 

a foraminíferos planctónicos profundos y los rombos a foraminíferos bentónicos; el color hace 

referencia a la localidad de procedencia. KTM = Máximo Térmico del Cretácico; PETM = Máximo 

Térmico del límite Paleoceno-Eoceno; MECO = Optimo Climático del Eoceno medio; * = intervalo 

estudiado en esta tesis; Ih = Clima tipo congelador (Icehouse). 

 

1.3. Eventoestratigrafía a través tránsito Cretácico–Paleógeno 
 

El intervalo de tiempo estudiado en esta tesis doctoral (~66,4–65,4 Ma) es uno de los 

periodos más excepcionales de la historia reciente del planeta Tierra, en el que se 

sucedieron relevantes eventos geológicos como el impacto de un gran asteroide o el 
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emplazamiento de una Gran Provincia Ígnea (GPI), junto con el desarrollo de algunos 

eventos hipertermales. De todos ellos, el evento que ha atraído la mayor atención de la 

comunidad científica desde hace más de 40 años es el impacto del asteroide de Chicxulub 

en lo que hoy es la Península del Yucatán (México) (Hildebrand et al., 1991). El impacto 

de Chicxulub se considera usualmente el principal responsable de la última de las cinco 

grandes extinciones masivas del Fanerozoico (p. ej. Smit, 1999; Kring, 2007; Schulte et 

al., 2010), que afectó a alrededor del 30% de los géneros y el 75% de las especies marinas 

(Raup y Sepkoski 1982). 

En el caso de los foraminíferos planctónicos algunos autores defienden que más del 

90% de especies se extinguieron en coincidencia con el límite K/Pg en un evento de 

extinción en masa catastrófico (Smit, 1999; Arenillas et al., 2000, 2006; Schulte et al., 

2010; Lowery et al., 2018; Hull et al., 2020). Otros autores han propuesto que un conjunto 

amplio de especies de foraminíferos planctónicos maastrichtienses se extinguieron en un 

intervalo temporal amplio, siguiendo un patrón de extinción masiva gradual (Keller, 

1988; Canudo et al., 1991; Keller et al., 1993, 1995; MacLeod y Keller, 1994; Luciani, 

1997). Los defensores de esta hipótesis han propuesto múltiples causas climático-

ambientales para explicar este patrón de extinción como son, por ejemplo, una 

combinación de episodios de vulcanismo masivo, enfriamiento climático y caída del nivel 

del mar a finales del Maastrichtiense (Keller, 1988, Stinnesbeck et al., 1996; Li y Keller, 

1998a,b) y múltiples impactos meteoríticos (Keller, 2003a, 2005; Keller et al., 2003). 

Probablemente, el principal proceso que potencialmente podría desencadenar un 

modelo de extinción masiva gradual es el vulcanismo de la GPI del Decán, ya que es el 

único fenómeno que se prolongó durante cientos de miles de años a través del límite K/Pg 

(Courtillot et al., 1988; Chenet et al., 2008; Keller et al., 2010, 2016, 2020). Sin embargo, 

durante décadas ha sido difícil establecer un vínculo directo entre la actividad volcánica 

y las alteraciones de los ecosistemas, debido en parte al grado de incertidumbre inherente 

a las dataciones radiométricas disponibles para las principales fases eruptivas (Courtillot 

et al., 1986; Vandamme et al., 1991; Chenet et al., 2007). Esta problemática ha sido 

parcialmente resuelta en trabajos recientes que han aportado nuevas dataciones 

radiométricas de los episodios volcánicos del Decán, basadas en los métodos 40Ar/39Ar 

(Renne et al., 2015; Sprain et al., 2019) y U-Pb (Schoene et al., 2015, 2019). Esta 

acumulación de datos ha permitido determinar con mayor precisión la duración del 

vulcanismo de Decán en <1 Ma y establecer una correlación más robusta entre los 

episodios volcánicos del Decán y los cambios biológicos, climáticos e isotópicos que 
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acontecieron en el tránsito K–Pg (Barnet et al., 2018; Hull et al., 2020; Fendley et al., 

2020; Hernandez Nava et al., 2021).  

 

1.3.1. Registro global de temperaturas y principales relaciones isotópicas a través del 

límite K/Pg 

La reciente publicación de una de las mayores recopilaciones de indicadores de 

paleotemperaturas a lo largo de 1 Ma a través del límite K/Pg (Hull et al., 2020), ha 

contribuido de forma importante a la reconstrucción de la temperatura global de la Tierra 

durante este periodo. Este compendio combina los cambios de temperatura de más de 50 

localidades repartidas por todo el planeta, tanto en paleoambientes continentales como 

marinos, dando como resultado una curva de variación de temperatura (DT) promedio 

global (Fig. 2).  

 

 
 
Figura 2. Integración de múltiples indicadores climáticos y paleotermómetros que reflejan los 

cambios de temperatura globales través del límite K/Pg. La línea curva granate es la resultante de una 

transformación rápida de Fourier de 60 puntos y refleja la tendencia global de la variación de 

temperatura (modificado de Hull et al., 2020). F. = foraminíferos. 

 

Tal y como se observa en la Fig. 2, las relaciones isotópicas del oxígeno (d18O) y los 

valores del TEX86 encontrados a finales del Maastrichtiense reflejan un episodio de 

calentamiento climático global conocido como el Evento de Calentamiento del 
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Maastrichtiense Tardío (LMWE por sus siglas en inglés), que se inició ~300 ka antes del 

límite K/Pg (Barrera y Savin, 1999; MacLeod et al., 2005; Huber et al., 2018). El LMWE 

fue un evento transitorio ya que, tras su finalización, se recuperó durante los últimos ~150 

ka del Maastrichtiense la tendencia climática general de lento enfriamiento progresivo 

que caracteriza esta edad de la historia geológica (Barnet et al., 2018) (Figs. 1 y 2).  

Aunque el corto e intenso enfriamiento generalizado del planeta, asociado al impacto 

meteorítico del límite K/Pg, ha sido verificado con el paleotermómetro TEX86 a partir de 

muestreos de alta resolución (Vellekoop et al., 2014, 2016, Fig. 2), éste se refleja en la 

curva de DT de Hull et al. (2020) debido a su breve duración, estimada en tan sólo unos 

meses o pocos años (Brugger et al., 2017). Esta curva tampoco refleja adecuadamente 

otros cambios en la temperatura de la superficie de los océanos de corta duración, ya que 

está basada principalmente en el registro isotópico de foraminíferos bentónicos.  

En comparación con el detallado conocimiento del clima de los últimos cientos de 

miles de años previos al límite K/Pg, el número de datos isotópicos y de 

paleotemperaturas para los primeros cientos de miles de años del Daniense es menor, lo 

que ha dificultado históricamente su estudio en detalle. Esto se debe en parte a que la tasa 

de sedimentación en este intervalo suele ser más baja, provocando secciones más 

condensadas y con frecuentes hiatos (Olsson et al., 2002; D´Hondt, 2005; Jones et al., 

2019). Por estas razones, la curva de DT de Hull et al. (2020) para el Daniense inferior se 

basa principalmente en los registros isotópicos del Ocean Drilling program ODP 1262 

en el Atlántico Sur, en el que se ha demostrado la continuidad sedimentaria a través del 

límite K/Pg (Barnet et al., 2019).  

Los primeros eventos netamente desmarcados de la influencia del impacto de 

Chicxulub fueron los hipertermales (tomado aquí este término en sentido amplio) Dan-

C2 (Quillévéré et al., 2008) y LC29n (Coccioni et al., 2010). Las excursiones isotópicas 

negativas del carbono (δ13C) y del oxígeno (δ18O) (CIE y OIE, por sus siglas en inglés) 

asociadas a estos dos eventos solo se evidencian en los registros isotópicos obtenidos en 

roca total y sobre conchas de foraminíferos planctónicos, los cuales permiten analizar los 

cambios ambientales acontecidos en la parte superficial del océano para ambientes 

pelágicos (Coccioni et al., 2010). Estos eventos se han reconocido en realidad en muy 

pocas localidades del Atlántico y del Tetis, y no se muestran con claridad en la Fig. 2. 

Además, no se ha observado un calentamiento generalizado del fondo oceánico durante 

el Dan-C2 y el LC29n, lo que ha provocado que la naturaleza hipertermal de los mismos 
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haya sido recientemente cuestionada (Barnet et al., 2019; Hull et al., 2020; Arreguín-

Rodríguez et al., 2021). 

En la actualidad, se sigue explorando no solo las repercusiones paleobiológicas de 

los cambios paleoclimáticos y paleoambientales asociados a los eventos LMWE, límite 

K/Pg, Dan-C2 y LC29n, sino también cuáles fueron los mecanismos que los 

desencadenaron (Barnet et al., 2018, 2019; Lowery et al., 2018, 2021; Hull et al., 2020; 

Fendley et al., 2020; Keller et al., 2020; Krhal et al., 2020). En esta tesis se han reconocido 

y analizado estos eventos tras estudiar el registro isotópico (d13C y d18O sobre roca total) 

de las secciones de Caravaca y Zumaia (Capítulos 4.3, 4.4, 4.5; Gilabert et al., 2021a,b,c). 

Con ello se ha contribuido a establecer cuál es la relación de cada uno de ellos con el 

vulcanismo masivo del Decán, el impacto de Chicxulub y el forzamiento orbital. 

 

1.3.2. Principales modelos eruptivos del vulcanismo del Decán a través del límite K/Pg 

A la GPI del Decán también se la conoce como las Traps del Decán (Deccan Traps, 

en inglés), distinguiéndose una región o provincia ígnea principal, que acumula la mayor 

parte de las coladas basálticas, y otras subregiones menores (Jay y Widdowson, 2008; 

Manu Prasanth et al., 2019). La provincia principal aflora en la Meseta del Decán (centro-

oeste de la India) con unas coordenadas aproximadas de ~73º–78º N y ~16–22º E, 

mientras que las subregiones volcánicas de Saurashtra, la meseta de Malwa y el lóbulo 

de Mandla, se ubican respectivamente hacia el NO, N y NE de la provincia principal (Jay 

y Widdowson, 2008; Eddy et al., 2020; Hernandez Nava et al., 2021; Fig. 3). Las coladas 

basálticas de la provincia principal del Decán afloran en las conocidas como Western 

Ghats de la India, presentan un espesor actual máximo de 3500 m y ocupan una extensión 

aproximada de 5 x 105 km2. Se estima que los volúmenes eruptivos de las coladas de 

basaltos oscilaron entre 0.6 y 1.5 x 106 km3 (Jay y Widdowson, 2008; Self et al., 2008; 

Richards et al., 2015). 

Desde el punto de vista estratigráfico, la provincia principal del Decán se puede 

subdividir en tres Subgrupos (Sgs.) con sus respectivas formaciones, que en orden 

cronológico son: 1) el Sg. Kalsubai, compuesto por las Fms. Jawhar, Igatpuri, Neral, 

Thakurvadi y Bhimashankar; 2) el Sg. Lonavala, que incluye las Fms. Khandala y Bushe; 

y 3) el Sg. Wai, compuesto por las Fms. Poladpur, Ambenali y Mahabaleswar. Cada 

formación se caracteriza por la acumulación de grandes flujos toleíticos compuestos, con 

disposiciones subhorizontales y espesores variables, en los que la composición química 

y mineralógica de cada uno de ellos permite su reconocimiento como formaciones 
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individuales (Chenet et al., 2008). Quizá la característica más destacable de la 

volcanoestratigrafía del Decán es que las formaciones del Sg. Wai representan el ~75% 

del volumen total de las coladas basálticas emitidas por el vulcanismo del Decán (Renne 

et al., 2015; Richards et al., 2015; Schoene et al., 2015, 2019; Sprain et al., 2019). 

 

 
 
Figura 3. Localización geográfica y extensión de las Traps del Decán en India (modificado de 

Hernandez Nava et al., 2021). En la columna estratigráfica se indican las formaciones volcano-

estratigráficas del Decán, los subgrupos en las que se agrupan y el volumen eruptivo acumulado para 

cada formación (modificado de Schoene et al., 2019). Rg. = Región; M.= Meseta; Lb = Lóbulo; Fm. 

= Formación; Sg. = Subgrupo; Lo. = Lonavala. 

 

La mejora en la precisión de las dataciones radiométricas recientes (Schoene et al., 

2019; Sprain et al., 2019) ha permitido asignar a los Sg. Kalsubai y Lonavala una edad 

Maastrichtiense superior, comprendida entre el límite de los magnetocrones C30n/C29r 

y el límite K/Pg. Sin embargo, existen grandes discrepancias en cuanto a la edad de la 

Fm. Poladpur, la más antigua del Sg. Wai. Esta formación ha sido datada, utilizando el 

método U-Pb, como Maastrichtiense terminal por Schoene et al. (2015, 2019) y, 

utilizando el método 40Ar/39Ar, como Daniense basal por Renne et al. (2015) y Sprain et 

al. (2019). Ambos métodos de datación radiométrica no sólo sugieren edades distintas 

para la Fm. Poladpur, sino también dos modelos eruptivos bastante diferentes entre sí 

(Fig. 4) y que se describen a continuación: 
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1) Modelo de mega-pulsos eruptivos 

Las dataciones U-Pb de Schoene et al. (2015, 2019) sugieren la emisión de las 

coladas basálticas del Decán en fases discretas, en grandes pulsos eruptivos con una 

intensidad variable en el tiempo (Schoene et al., 2019). Este modelo fue originalmente 

propuesto por Chenet et al. (2007, 2008), quienes diferenciaron tres fases eruptivas: la 

primera, situada en la parte basal del magnetocrón C30n, la segunda y principal en el 

intervalo Maastrichtiense del magnetocrón C29r, y la tercera alrededor de la base del 

magnetocrón C29n, ya en el Daniense. Sus partidarios sostienen que la mayor tasa 

eruptiva ocurrió antes del límite K/Pg, desencadenando un cambio global sobre el clima 

y los ecosistemas en los últimos cientos de miles de años del Maastrichtiense que podría 

explicar las extinciones previas al límite K/Pg que caracterizan el modelo de extinción 

masiva gradual que ellos defienden (Courtillot, 1999; Stüben et al., 2003; Keller et al., 

2008; Keller et al., 2011; Punekar et al., 2014a). La versión actualizada de este modelo 

eruptivo (Schoene et al., 2019, 2021) no habla de tres fases sino de cuatro mega-pulsos 

eruptivos concentrados en un intervalo de ~700 ka en torno al límite K/Pg (Fig. 4A).  

Schoene et al. (2019, 2021) asignan con dataciones U-Pb una edad de 66,016 ± 0,050 

Ma para el límite K/Pg, tras recalibrar el mismo conjunto de datos de Clyde et al. (2016) 

procedentes de la Cuenca de Denver (Colorado), que originalmente arrojaban una edad 

de 66,021 ± 0.24/0,039 Ma. Para estos autores, el primer mega-pulso se emitió entre ~66,3 

Ma y ~66,15 Ma, propiciando el emplazamiento de los Sgs. Kalsubai y Lonavala. El 

segundo mega-pulso, que se corresponde con el emplazamiento de la Fm. Poladpur del 

Sg. Wai, se produjo entre ~66,10 y 66,04 Ma, concluyendo ~30 ka antes del límite K/Pg. 

El tercer y cuarto mega-pulso, ligados al emplazamiento de las formaciones danienses 

Ambenali y Mahabaleswar, ocurrieron de acuerdo a sus dataciones entre ~65,9 y ~65,8 

Ma y entre ~65,6 y 65,5 Ma, respectivamente. Según Schoene et al. (2019, 2021), el 

mega-pulso de la Fm. Poladpur es el que registra la mayor tasa eruptiva de toda la 

secuencia eruptiva, mientras que los intervalos de tiempo entre el segundo y el tercer 

mega-pulso y entre el tercer y cuarto mega-pulso, de aproximadamente 100 ka y 200 ka 

respectivamente, se caracterizarían por una relativa quiescencia eruptiva (Fig. 4A).  

 

2) Modelo de erupción casi-continua  

Las dataciones 40Ar/39Ar de Renne et al. (2015) y de Sprain et al. (2019) sugieren un 

modelo eruptivo diferente (Fig. 4B), según el cual las coladas basálticas del Decán se 

emitieron con un ritmo bastante homogéneo en el tiempo (sin la existencia de mega-
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pulsos apreciables) y durante el ~1 Ma que duró la formación de la provincia ígnea 

principal del Decán (Sprain et al., 2019). El emplazamiento relativamente continuo de las 

formaciones de los Sgs. Kalsubai y Lonavala, así como de gran parte de la Fm. Poladpur 

del Sg. Wai, se infiere por la escasez de paleosuelos identificados en su interior (Chenet 

et al., 2008, 2009; Jay et al., 2009; Renne et al., 2015). Por el contrario, los paleosuelos 

son mucho más frecuentes en el resto de formaciones más modernas del Sg. Wai (Fig. 

4B), lo que refleja una tasa eruptiva más variable. Esta diferencia en el emplazamiento 

parece sugerir un cambio en el sistema magmático del Decán, produciéndose un cambio 

desde erupciones de poco volumen, pero de elevada frecuencia, a erupciones de baja 

frecuencia, pero de elevado volumen (Renne et al., 2015; Richards et al., 2015; Sprain et 

al., 2019).  

Los partidarios de este modelo sitúan el límite K/Pg entre los Sgs. Lonavala y Wai, 

ya que, de acuerdo a las dataciones 40Ar/39Ar de Sprain et al. (2018), el límite K/Pg tiene 

una edad de 66,052 Ma ± 0,008/0,043, la cual es casi indistinguible a la asignada al límite 

estratigráfico entre ambos subgrupos, que es de 66,03 ± 0,04 Ma (Sprain et al., 2019). Es 

en este momento cuando se produjo el cambio en el sistema eruptivo, el cual quedó 

reflejado como cambios en la morfología, en el volumen y en la geoquímica de los flujos 

de lava de los Sgs. Kalsubai y Lonavala respecto a los del Sg. Wai. Este cambio tan 

relevante llevó a plantear la hipótesis de una posible aceleración de la tasa eruptiva en el 

Decán provocada por el impacto de Chicxulub (Renne et al., 2015; Richards et al., 2015). 

Los cambios climáticos y ambientales más comúnmente relacionados con el 

vulcanismo del Decán son: calentamiento climático, pulsos de enfriamiento, perturbación 

del ciclo del carbono, lluvia ácida, disolución de carbonatos y acidificación oceánica (ver 

por ejemplo Li y Keller, 1998a,b; Keller, 2003a; Wignall, 2005; Gertsch et al., 2011; 

Keller et al., 2012, 2020; Henehan et al., 2016; Punekar et al., 2014a,b, 2016). Sin 

embargo, la interpretación de los cambios climáticos y ambientales ligados al vulcanismo 

del Decán difiere en función del modelo eruptivo que se escoja.  

En esta tesis, se ha comparado la cronología asignada por otros autores a las 

formaciones de las Traps del Decán, con diversos indicadores micropaleontológicos, 

geoquímicos y paleomagnéticos calibrados temporalmente. Esto ha permitido evaluar la 

influencia del vulcanismo del Decán considerando ambos modelos eruptivos en los 

eventos paleobiológicos, paleoambientales y paleoclimáticos identificados a lo largo del 

~1 Ma estudiado (ver capítulos 4.2, 4.3, 4.4, 4.5; Arenillas et al., 2018; Gilabert et al., 

2021a,b,c). 
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Figura 4. Principales modelos eruptivos y de edad para las formaciones volcano-estratigráficas de las 

Traps del Decán: A) Modelo de mega-pulsos eruptivos (modificado de Schoene et al., 2019, 2021); 

B) Modelo de erupción casi-continua (modificado de Sprain et al., 2019). Las dataciones U-Pb de la 

Fig. 4A indican que el mayor pulso volcánico antecedió al límite K/Pg, mientras que las dataciones 
40Ar/39Ar de la Fig. 4B indican que lo precedió. En el modelo de Sprain et al. (2019), se muestra con 

finas líneas verticales rojas la posición aproximada de los paleosuelos reconocidos por Chenet et al. 

(2008, 2009) y por Jay et al. (2009) a lo largo de la serie eruptiva del Decán.  
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1.3.3. El impacto de Chicxulub: edad, estratigrafía y efectos paleoambientales 

La identificación del cráter de impacto de ~180 km de diámetro enterrado bajo la 

localidad de Chicxulub, península del Yucatán, México (Hilderbrand et al., 1991; Fig. 

5A) es considerada como una de las evidencias más contundentes de que el impacto de 

un asteroide causó la extinción masiva catastrófica del límite K/Pg, teoría inicialmente 

propuesta por Alvarez et al. (1980) y por Smit y Hertogen (1980). El eyecta de impacto 

generado (vidrios de impacto, cuarzos de choque, espinelas de níquel, iridio, etc.) se 

distribuyó globalmente, acumulándose en una unidad estratigráfica que separa los 

materiales maastrichtienses y danienses y que tiende a ser más fina a medida que nos 

alejamos del cráter de Chicxulub (Smit, 1999; Claeys et al., 2002; Molina et al., 2009; 

Schulte et al., 2010; Fig. 5B,C).  

La composición química de las rocas andesíticas del interior de la estructura de 

impacto de Chicxulub se demostró similar a la de los vidrios de impacto de secciones 

proximales como las de Haití, sugiriendo una más que probable relación co-genética entre 

ambas (Hildebrand et al., 1991). Desde fechas tempranas, la coincidencia del impacto de 

Chicxulub con el límite K/Pg ha sido criticada utilizando argumentos estratigráficos y 

micropaleontológicos en estudios llevados a cabo en localidades del Golfo de México y 

El Caribe, que indicarían que el impacto antecede en 200 ó 300 ka al límite K/Pg (p. ej. 

Ward et al., 1992; Keller et al., 1997, 2004, 2009; Keller, 2003a; Stinnesbeck et al., 2004). 

Sin embargo, estos argumentos han sido criticados en otras publicaciones análogas, las 

cuales demuestran que el impacto tuvo lugar en coincidencia con el límite K/Pg (p. ej. 

Sharpton et al.,1992; Smit et al., 1996; Smit 1999; Soria et al., 2001; Arz et al., 2004; 

Arenillas et al., 2006; Molina et al., 2009; Schulte et al., 2010; Paull et al., 2014; Urrutia-

Fucugauchi et al., 2016; Lowery et al., 2018). Entre los principales trabajos que han 

confirmado una relación causa-efecto, Renne et al. (2013), aplicaron la técnica de 

datación 40Ar/39Ar a vidrios de impacto de Beloc (Haití) y a bentonitas cercanas al límite 

K/Pg en Hell Creek (Montana), con lo que demostraron que el nivel de extinción en masa, 

el límite K/Pg y el impacto de Chicxulub tuvieron lugar dentro de un corto intervalo de 

tan solo 32 ka, estableciendo una nueva edad para el límite K/Pg de 66,043 ± 0,043 Ma. 

La sincronía entre el impacto de Chicxulub y el límite K/Pg fue confirmada 

posteriormente por Renne et al. (2018) mediante la datación 40Ar/39Ar de los vidrios de 

impacto de la isla de Gorgonilla (Pacífico colombiano) (Fig. 5D), que arrojaron una edad 

de 66,051 ± 0,031 Ma para el límite K/Pg. 
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Figura 5. A) Localización geográfica de la estructura de impacto (cráter) de Chicxulub; B-C) 

Localización geográfica de las principales localidades donde se registra el límite K/Pg y estratigrafía 

variable de las unidades clásticas asociadas al impacto de Chicxulub según la distancia al centro del 

cráter de Chicxulub (modificado de Schulte et al., 2010); D) Fotografías de detalle de vidrios de 

impacto de la localidad de Gorgonilla, Colombia (Bérmudez y Cui, 2020). 

 

La estratigrafía del tránsito K-Pg es compleja debido a la gran cantidad de energía y 

procesos geológicos implicados. Las localidades de paleoambientes marinos se pueden 

clasificar en función de su proximidad o lejanía al centro de la estructura de impacto de 

Chicxulub en cuatro grupos principales: 1) Secciones muy proximales, situadas a <500 

km de distancia; están caracterizadas por depósitos de brechas enriquecidas en eyecta, de 

hasta varios centenares de metros de espesor (Urrutia-Fucugauchi et al., 1996; Takayama 

et al., 2000; Grajales-Nishimura et al., 2003; Arenillas et al., 2006; Urrutia et al., 2008); 

2) Secciones proximales, entre 500–1000 km de distancia; están caracterizadas por 

unidades clásticas con estructuras sedimentarias que reflejan procesos de alta energía, 

como tsunamis y flujos de gravedad (Smit et al., 1996; Soria et al., 2001; DePalma et al., 

2019); 3) Secciones intermedias, entre 1000–5000 km de distancia; están caracterizadas 

por una capa de 2 a 10 cm de espesor rica en vidrios de impacto, sobre la cual se deposita 

una fina capa <1 mm rica en iridio y otros elementos del grupo de los platinoides, cuarzos 

de impacto y espinelas de níquel (Norris et al., 1999; Schulte et al., 2009; Renne et al., 

2018). 4) Secciones distales, situadas a >5000 km de distancia; están caracterizadas por 
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una fina capa de arcilla roja rica en eyecta de impacto. Si existe continuidad sedimentaria 

en la parte basal del Daniense, sobre la capa que contiene el eyecta se reconoce en 

ambientes pelágicos una capa de arcilla oscura de espesor variable (Smit, 1982, 1999; 

Dupuis et al., 2001; Molina et al., 2006, 2009). De acuerdo a esta agrupación, las 

secciones de Caravaca, Zumaia, El Kef y Aïn Settara son del cuarto grupo, es decir, 

secciones pelágicas distales. 

En cuanto a las perturbaciones ambientales asociadas, se estima que el impacto de 

Chicxulub liberó a la estratosfera ~325 gigatoneladas (Gt) de azufre y ~425 Gt de CO2 

procedentes de las rocas de la plataforma carbonatada-evaporítica del Yucatán, así como 

otros volátiles e ingentes cantidades de polvo y ceniza (Schulte et al., 2010; Artemieva et 

al., 2017). El efecto combinado de la bola de fuego asociada al propio impacto y la 

reentrada de los materiales de eyecta desde la estratosfera provocó un enorme pulso 

térmico en la troposfera, el cual pudo persistir durante horas o días y alcanzar miles de 

km desde el punto de impacto (Goldin y Melosh, 2009; Morgan et al., 2013). Tras este 

breve pulso térmico, los materiales en suspensión en la atmósfera causaron una reducción 

abrupta de la luz solar, iniciando un breve invierno de impacto con una duración 

aproximada de varios meses o unos pocos años en los que las temperaturas globales 

disminuyeron al menos unos 7 ºC (Vellekoop et al., 2014, 2016) o, según recientes 

modelizaciones climáticas, incluso hasta 28 ºC (Brugger et al., 2017). Además, el bloqueo 

de la luz solar debió inhibir la fotosíntesis, provocando el colapso de las cadenas tróficas 

terrestres y marinas (Zachos et al., 1989, Toon et al., 1997, D’Hondt et al., 1998, Coxall 

et al., 2006; Birch et al., 2021). 

Las consecuencias derivadas de la liberación de aerosoles y materiales volatilizados 

procedentes tanto de la plataforma del Yucatán como del asteroide debieron ocasionar 

además la destrucción de la capa de ozono, la emisión de toxinas y metales pesados, así 

como la reducción catastrófica de los organismos calcificadores pelágicos (Smit, 1982, 

Arenillas et al., 2000a,b; Bown, 2005) y el subsecuente calentamiento climático y 

acidificación de los océanos (Smit y Romein, 1985; Hsü y McKenzie, 1985; Kring, 2007; 

Alegret et al., 2012; Henehan et al., 2019). El brusco descenso del contenido en CaCO3, 

del δ18O y del δ13C que caracterizan la quimioestratigrafía de ambientes marinos son un 

reflejo de estos últimos procesos (Zachos et al. 1989; D’Hondt et al. 1998; Schulte et al., 

2010; Henehan et al., 2016). La recuperación de la productividad oceánica fue 

relativamente rápida (Sepúlveda et al., 2009; Lowery et al., 2018, 2021). Sin embargo, la 
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diversidad no alcanzó valores similares a los de finales del Cretácico hasta de 3 a 10 Ma 

después (Aze et al., 2011; Birch et al., 2016, 2021; Lowery y Fraas, 2019). 

En esta tesis, el estudio detallado de las asociaciones de foraminíferos planctónicos 

y de los indicadores geoquímicos a través del límite K/Pg ha permitido evaluar la 

contribución del impacto de Chicxulub tanto en el evento de extinción masiva, como en 

la subsiguiente radiación evolutiva y en los cambios ambientales que caracterizaron el 

comienzo del Daniense (Capítulos 4.1, 4.2, 4.4, 4.5; Arenillas et al., 2017, 2018; Gilabert 

et al., 2021b,c). 
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2. OBJETIVOS 
 

El principal objetivo de esta tesis doctoral es el de profundizar en el conocimiento 

acerca del papel jugado por el vulcanismo del Decán, el impacto de Chicxulub y otros 

factores en la extinción masiva y en la radiación evolutiva de los foraminíferos 

planctónicos a través del tránsito Cretácico-Paleógeno (K–Pg). Se pretende así plantear 

una detallada calibración temporal de los principales eventos paleobiológicos y 

paleoambientales acontecidos durante 1 Ma a través del límite K/Pg, determinando de 

forma precisa las posibles relaciones causa-efecto entre todos ellos. En concreto, se han 

marcado los siguientes objetivos específicos1: 

 

I. Analizar bioestratigráficamente el tránsito K–Pg en cuatro de las secciones consideradas 

como más completas y expandidas del mundo: El Kef, Aïn Settara, Caravaca y Zumaia 

[Arenillas et al., 2018; Gilabert et al., 2021a,b,c]. 

II. Precisar la edad de los biohorizontes-guía de las principales biozonas y acmé-estadios de 

foraminíferos planctónicos mediante calibraciones magnetocronológicas y 

astrocronológicas [Gilabert et al., 2021a,b,c]. 

III. Reconocer y correlacionar a escala global los principales eventos isotópicos del tránsito 

Cretácico-Paleógeno (LMWE, límite K/Pg, Dan-C2 y LC29n) [Gilabert et al., 2021a,b,c].  

IV. Calibrar astrocronológicamente la duración del LMWE, y de los eventos Dan-C2 y 

LC29n [Gilabert et al., 2021c]. 

V. Interpretar las evidencias de acidificación oceánica y de cambios en la estructura de la 

columna del agua a lo largo del intervalo estudiado [Gilabert et al., 2021a,b]. 

VI. Ponderar las repercusiones paleoambientales del LMWE, K/Pg, Dan-C2 y LC29n y su 

influencia en las asociaciones de foraminíferos planctónicos [Arenillas et al., 2018; 

Gilabert et al., 2021a,b,c]. 

VII. Determinar si existen evidencias paleobiológicas de un aumento de las condiciones de 

estrés ambiental vinculadas exclusivamente al vulcanismo del Decán [Arenillas et al., 

2018; Gilabert et al., 2021a,b,c]. 

VIII. Comprobar la validez del taxón Chiloguembelitria y evaluar las implicaciones 

filogenéticas que esto conlleva [Arenillas et al., 2017]. 

 
1 En cada objetivo específico se indica en que [artículo/s], se ha abordado el objetivo en cuestión. 
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IX. Evaluar las variaciones en la tasa de formas aberrantes de foraminíferos planctónicos y

sus causas [Arenillas et al., 2018; Gilabert et al., 2021b].

X. Interpretar las contribuciones relativas del vulcanismo del Decán y del forzamiento

orbital en los cambios climáticos y biológicos en el Maastrichtiense superior y Daniense

inferior [Arenillas et al., 2018; Gilabert et al., 2021a,b,c].
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3. MATERIALES Y MÉTODOS 
 
La metodología usada en esta tesis doctoral se aborda en cada uno de los artículos que la 

componen y que se han reunido en el capítulo de Resultados. Sin embargo, y dada la 

variedad de técnicas empleadas, se ha considerado necesario redactar a continuación un 

apartado de materiales y métodos siguiendo un orden lógico en función de la tipología de 

las técnicas utilizadas.  

 

3.1. Localidades estudiadas  
 

En esta tesis doctoral se han analizado muestras provenientes de cuatro secciones 

estratigráficas muy conocidas internacionalmente por el debate sobre los patrones de 

extinción de foraminíferos planctónicos en torno al límite K/Pg, y consideradas como 

cuatro de las secciones más completas y continuas del tránsito K–Pg: Caravaca (Murcia) 

y Zumaia (Guipúzcoa) en España, y El Kef y Aïn Settara en Túnez. Las secciones 

tunecinas y Caravaca pertenecen al Tetis occidental, mientras que Zumaia se localiza en 

una zona de transición entre el Tetis y el Atlántico Norte (Tabla 1).  

 
 El Kef Aïn Settara Caravaca Zumaia 

 (Arenillas et al., 
2017, 2018) 

(Arenillas et al., 
2018) 

(Gilabert et al., 
2021a,b) 

(Gilabert et al., 
2021c) 

Coordenadas 36° 09' 13" N 
08° 38' 54" W 

35° 07' 59" N 
09° 49' 59" W 

38º 04' 36" N 
01º 52' 42" W 

42º 18' 00" N 
02º 15' 30" W 

Dominio Tetis occidental Tetis occidental Tetis occidental Tetis–Atlántico 
Norte 

Paleo-
profundidad 

Batial superior-
medio 

Batial superior-
medio Batial medio Batial medio-

profundo 

Tipo de análisis Foraminíferos 
planctónicos 

Foraminíferos 
planctónicos 

Foraminíferos 
planctónicos, d13C, 
d18O, SM, CaCO3 

Foraminíferos 
planctónicos, 

d13C, SM, CaCO3 

Eventos 
reconocidos Límite K/Pg Límite K/Pg Límite K/Pg, 

LMWE, Dan-C2 

Límite K/Pg, 
LMWE, Dan-C2; 

LC29n 
 
Tabla1: Resumen de la localización geográfica, paleogeográfica y paleobatimétrica de las secciones 

estudiadas en esta tesis doctoral, así como el tipo de análisis realizados y los eventos estudiados en 

cada una de ellas. Para mayor información consultar los artículos mencionados en esta tabla. SM = 

susceptibilidad magnética. 

 

Las muestras de El Kef y Aïn Settara fueron proporcionadas por los directores de 

tesis, mientras que las de Caravaca y Zumaia se recogieron en varias campañas de campo 

(Fig.6) en las que se realizaron muestreos de alta resolución, se levantaron columnas 
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estratigráficas anotando la posición de las muestras recolectadas y se llevaron a cabo las 

observaciones estratigráficas y/o sedimentológicas pertinentes. Además, se tomaron 

fotografías detalladas de todos los tramos litológicos para llevar un mejor control de la 

posición de las muestras.  

 

 
 
Figura 6. Toma de muestras en las secciones de Caravaca (A) y Zumaia (B,C) 

 

Las secciones estudiadas se caracterizan por ser muy completas, continuas y 

expandidas en el intervalo analizado. La sección de El Kef fue designada como la sección-

tipo del Global boundary Stratotype Section and Point (GSSP) de la base del Daniense 

(Cowie et al., 1989; Molina et al., 2006), mientras que el resto fueron designadas como 

secciones auxiliares del mismo (Molina et al., 2009). A pesar de haber sido extensamente 

estudiadas en los últimos 40 años (p. ej., Smit, 1982; Canudo et al., 1991; Keller, 1996; 

Kaiho et al., 1999; Arenillas et al., 2000a,b; Arz et al. 2000; Lamolda et al., 2005; Gallala 

et al., 2009; Batenburg et al., 2012 o Font et al., 2018), estas secciones todavía poseen un 

gran potencial para extraer información micropaleontológica y geoquímica y para ampliar 

el conocimiento sobre los cambios paleoclimáticos, paleoambientales y paleobiológicos 

a lo largo de este intervalo de tiempo de la historia de la Tierra, a tenor de los resultados 

obtenidos en los artículos en los que se basa esta tesis doctoral.  

Para una mejor caracterización e interpretación global de estos cambios, ha sido 

necesario, además, comparar los resultados obtenidos con los de otros autores, en éstas y 

en otras localidades repartidas en ambos hemisferios (Fig. 7). La mayoría de estas 

localidades con las que se han comparado los resultados pertenecen a sondeos profundos 

de las expediciones del Ocean Drilling program (ODP), del Deep Sea Drilling Project 

(DSDP) y del Integrated Ocean Drilling Program (IODP). Además, se han integrado 
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datos de otras secciones bien conocidas del Tetis, como las de Gubbio (Contessa-

Highway y Bottaccione, Italia) y Agost (Alicante). 

 

 
 

Figura 7. Localización geográfica de las secciones estudiadas en esta tesis doctoral (círculos en 

amarillo) y de otras localidades con las que se realizaron comparaciones y correlaciones del registro 

micropaleontológico, isotópico y paleomagnético. 

 

3.2. Métodos de laboratorio y tratamiento de muestras micropaleontológicas 
 

Para la extracción del residuo concentrado de foraminíferos planctónicos, se ha 

seguido el procedimiento estándar del método del levigado adaptado a las características 

litológicas particulares de cada afloramiento. En rocas poco endurecidas, como las de 

Caravaca, se inició con una primera molienda mecánica mediante mortero. Seguidamente 

se procedió a la disgregación química de la muestra, sumergiéndola en una solución de 

agua oxigenada (H2O2) diluida al 10%. El tiempo para la disgregación fue de 2 horas para 

las muestras del Maastrichtiense y de 3–4 horas para las del Daniense. Finalmente, la 

muestra disgregada se hizo pasar por una torre de tamices de luz de malla de 1 mm, 100 

µm y 63 µm bajo un flujo de agua corriente, y el residuo concentrado de foraminíferos 

fue secado en un horno a una temperatura <50 ºC y recogido en un frasco de plástico 

cilíndrico convenientemente siglado. Entre muestra y muestra, los tamices se 

sumergieron en una solución de azul de metileno (C16H18ClN3S) con el fin de reconocer 

ejemplares contaminados en las muestras procesadas. Dado que para la sección de 

Caravaca se planteó realizar un análisis del índice de fragmentación de las conchas de 
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foraminíferos planctónicos, el proceso de molienda y el paso a través de la torre de 

tamices se realizó con la máxima delicadeza posible para evitar un sesgo en su 

interpretación tafonómica.  

En el caso de las muestras de Zumaia, el procedimiento seguido fue el mismo que el 

descrito anteriormente, variando tan solo la técnica de disgregación química. En este caso, 

se utilizó la técnica descrita por Lirer (2000) para la extracción de microfósiles en rocas 

carbonatadas muy endurecidas. Para ello, tras la molienda se empleó ácido acético glacial 

(CH₃COOH) diluido al 80% y se dejó actuar durante 3–4 horas. 

En todas las localidades analizadas, las muestras han sido estudiadas 

cuantitativamente empleando para ello generalmente la fracción >63 µm. Cada muestra 

de residuo concentrado fue cuarteada usando un microcuarteador tipo Otto para obtener 

alícuotas estadísticamente representativas de al menos 300 ejemplares de foraminíferos 

planctónicos. Al mismo tiempo, se extrajeron y contabilizaron el número de foraminíferos 

bentónicos que, a diferencia de los planctónicos, no se determinaron taxonómicamente. 

Los ejemplares fueron fijados en celdillas micropaleontológicas estándar de 60 unidades 

usando goma de tragacanto, y almacenadas para asegurar su preservación y posterior 

consulta. Una parte del material figurado en las publicaciones fue etiquetado 

convenientemente y depositado en el Museo de Ciencias Naturales de la Universidad de 

Zaragoza (material etiquetado como MPZ 2016/108 a MPZ 2016/119 y como MPZ 

2019/1 a MPZ 2019/21). Complementariamente, algunos ejemplares de especies y 

géneros clave de foraminíferos planctónicos fueron seleccionados para su fotografiado 

bajo el microscopio electrónico de barrido (MEB) modelo JEOL JSM 6400, en el Servicio 

de Microscopía de la Universidad de Zaragoza. 

 

3.3. Taxonomía y bioestratigrafía 
 

Los ejemplares de foraminíferos planctónicos han sido clasificados a nivel de especie 

y de género. Para la clasificación de los taxones del Maastrichtiense se han utilizado las 

propuestas taxonómicas de Robaszynski et al. (1983–1984) y de Caron (1985) para la 

diagnosis de especies trocoespiraladas, la de Nederbragt (1991) para las especies seriadas 

y multiseriadas, y la de Smith y Pessagno (1973) para las especies planoespiraladas. Las 

descripciones y figuraciones de los taxones analizados fueron comparadas con las 

proporcionadas en tesis doctorales como las de Arz (1996) y Pérez-Rodríguez (2013). En 

la clasificación de los taxones del Daniense se ha tenido en cuenta el atlas de 
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foraminíferos planctónicos del Paleoceno de Olsson et al. (1999). Sin embargo, este 

monográfico tiene una tendencia al agrupamiento de especies y/o géneros (taxonomía 

tipo "lumper"), sobre todo en la parte basal del Daniense.  

En esta tesis doctoral se ha seguido, por el contrario, una taxonomía más 

diferenciadora (tipo “splitter”) como la propuesta en la tesis doctoral de Arenillas (1996), 

la cual se basó en los esquemas taxonómicos de Bolli (1957, 1966), Luterbacher (1964), 

Luterbacher y Premoli Silva (1964), Stainforth et al. (1975), Blow (1979), y Toumarkine 

y Luterbacher (1985). La propuesta de Arenillas (1996) fue actualizada a lo largo de las 

siguientes décadas en numerosos trabajos de revisión taxonómica y filogenética, que 

también han sido tenidos en cuenta (Arenillas y Arz 2013a,b, 2017; Arenillas et al., 2010, 

2016a, 2017, 2018). Por último, también se ha consultado la información alojada en la 

web https://www.mikrotax.org/pforams/ (Young et al., 2017), en la que se puede 

encontrar una gran cantidad de información acerca de los foraminíferos planctónicos del 

Mesozoico y Cenozoico.  

La biozonación empleada en esta tesis doctoral se ha resumido en la Fig. 8. Para los 

materiales de edad Maastrichtiense se ha seguido la biozonación alfanumérica de Li y 

Keller (1998a) y la biozonación binomial de Arz y Molina (2002). Para el Daniense, se 

ha utilizado la biozonación de Arenillas et al. (2004), la cual fue actualizada en Metsana-

Oussaid et al. (2019). Con el objetivo de facilitar la comprensión de los lectores, en los 

artículos que componen esta tesis doctoral se ha comparado la escala de Arenillas et al. 

(2004) con la biozonación alfanumérica estándar de Berggren y Pearson (2005), la cual 

fue actualizada por Wade et al. (2011). En ocasiones (p. ej. en Fig. 1 de Arenillas et al., 

2018), se ha mencionado también la biozonación de Keller et al. (1995). 

En esta tesis también se ha realizado bioestratigrafía cuantitativa, lo que ha permitido 

reconocer los tres acmé-estadios de foraminíferos planctónicos (PFAS por sus siglas en 

inglés) del Daniense inferior definidos por Arenillas et al. (2006): PFAS-1, caracterizado 

por el dominio del género triseriado Guembelitria; PFAS-2, caracterizado por el dominio 

de las especies trocoespiraladas diminutas de Palaeoglobigerina y 

Parvularugoglobigerina; y PFAS-3, caracterizado por el dominio de las especies 

biseriadas de Woodringina y Chiloguembelina (ver su equivalencia con las biozonas en 

Fig. 8). Estos tres acmé-estadios permiten minimizar la influencia en las interpretaciones 

bioestratigráficas de los potenciales problemas taxonómicos a nivel específico que 

dependen de la taxonomía empleada por los diferentes autores (Arenillas et al., 2018; 

Gilabert et al., 2021b,c).  
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Figura 8. Comparativa de las principales biozonaciones de foraminíferos planctónicos empleadas en 

esta tesis doctoral: (A) Arenillas et al. (2004); (B) Wade et al. (2011); (C) Keller et al. (1995); (D) Arz 

y Molina (2002); (E) Li y Keller (1998a). DPR = Dato de Primer Registro (o de registro más bajo); 

DUR = Dato de Último Registro (o de registro más alto). Gna. = Gansserina; Mh. = 

Muricohedbergella; Pv. = Parvularugoglobigerina; Gb. = Guembelitria. 
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3.4. Análisis cuantitativo  
 

El análisis cuantitativo de las asociaciones de foraminíferos planctónicos es la 

herramienta fundamental utilizada en esta tesis doctoral. Además del reconocimiento de 

acmé-zonas, ha permitido llevar a cabo un análisis de la diversidad de foraminíferos 

planctónicos en cada intervalo de tiempo, evaluando en cada muestra la riqueza específica 

(S), el índice de Shanon-Weaver (H´), el índice de Simpson (1/l) y la equitabilidad (E). 

Para ello, se ha utilizado el software PAST versión 4.0.3 (Hammer et al., 2001). 

Complementariamente, las bases de datos generadas por el análisis cuantitativo han 

permitido obtener reconstrucciones paleoambientales y paleoclimáticas precisas, así 

como identificar los cambios de la estructura de la parte superior de la columna de agua 

y los eventos paleobiológicos que se suceden en el intervalo de tiempo estudiado.  

Ya que en esta tesis doctoral no se han realizado análisis isotópicos directamente 

sobre conchas de foraminíferos planctónicos, para reconstruir el hábitat batimétrico de 

cada una de sus especies se ha consultado el banco de datos de paleobiología isotópica de 

foraminíferos planctónicos recopilados por numerosos autores (p. ej., D'Hondt y Zachos, 

1993; D'Hondt y Arthur, 1995; Olsson et al., 1999; Abramovich et al., 2003; Isaza-

Londoño et al., 2006; Aze et al., 2011; Birch et al., 2012; Ashckenazi-Polivoda et al., 

2014; Falzoni et al., 2014, 2016; Petrizzo et al., 2020). Con esta información, se han 

propuesto diversas reconstrucciones del estado y/o estructura de la parte superior de la 

columna de agua. Por ejemplo, en Gilabert et al. (2021a, Tabla 1) se asignó a cada uno 

de los géneros de foraminíferos planctónicos del Maastrichtiense de Caravaca un hábitat 

concreto de profundidad, en función de su preferencia a habitar la capa de mezcla, la capa 

intermedia o la termoclina. Posteriormente se empleó el índice profundo/superficial (P/S) 

como un indicador del estado de la columna de agua. Valores altos del índice P/S se 

interpretaron como una termoclina más profunda y expandida y una columna de agua 

térmicamente bien estratificada con hábitats batimétricos mejor definidos y estables. 

Valores bajos del índice P/S se interpretaron como una capa de mezcla más expandida y 

una termoclina más adelgazada, provocando una pérdida en la estratificación térmica de 

la columna de agua y la proliferación de especies generalistas que comúnmente habitan 

en la capa de mezcla. 
 

 P/S	(%) = ("#$%&#'&()	+(	&(,-./0%'#)
("#$%&#'&()	+(	&(,-./0%'#2	3#$%&#'&()	+(	/#4#	+(	-(5/0#)

	× 100 
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Por otra parte, la identificación de acmés o episodios de apogeo de especies 

generalistas y oportunistas es un buen indicador de aumentos de estrés ambiental en los 

ecosistemas. Los ejemplos más comunes de este tipo de acmés para el intervalo 

Maastrichtiense–Daniense son los asociados a los géneros Heterohelix, Guembelitria y 

Chiloguembelitria (p. ej., Kroon y Nederbragt, 1990; Punekar et al., 2014a,b; Arenillas 

et al., 2018; Gilabert et al., 2021b,c). De igual manera, y aunque es un indicador más 

habitual en foraminíferos bentónicos (Yanko et al., 1998), el brusco aumento de la tasa 

de ejemplares con malformaciones (conchas aberrantes) es otro indicador que se ha 

utilizado por primera vez como evidencia directa de condiciones de elevado estrés 

ambiental a través del tránsito K–Pg (Arenillas et al., 2018; Gilabert et al., 2021b). La 

tasa o índice de foraminíferos aberrantes (FAI en siglas inglesas) se calcula de la siguiente 

manera: 

FAI	(%) =
Aberrantes

Aberrantes + Conchas	normales 	× 100 

 

Otro indicador utilizado fue el índice de fragmentación de las conchas de 

foraminíferos planctónicos. Es un indicador tafonómico muy útil para evaluar los 

cambios en el estado de saturación del carbonato cálcico (Berger et al., 1982; Malmgren, 

1987; Henehan et al., 2016). Para contabilizar un resto de concha como fragmento se ha 

considerado que su grado de preservación es <2/3 de la concha completa. Para calcular el 

índice de fragmentación se triaron en cada muestra todos los restos reconocibles de 

conchas de foraminíferos planctónicos (con un promedio de ~765 restos por muestra entre 

fragmentos y conchas completas) hasta completar aproximadamente lo que serían unos 

500 ejemplares de conchas completas para el Maastrichtiense (Gilabert et al., 2021a) y 

unos 360 en promedio para el Daniense (Gilabert et al., 2021b). El índice de 

fragmentación (FI en siglas inglesas) se calcula de la siguiente manera: 

 

FI	(%) =
Fragmentos	

Fragmentos + Conchas	completas 	× 100	

 

Por último, el índice planctónico/bentónico (P/B) es un índice muy útil para estimar 

la paleobatimetría y la distancia de la línea de costa, permitiendo reconocer ambientes 

sublitorales o neríticos internos (<10%), medios y externos (20–60%), batial superior 

(60–90%) y batial medio (80–99%) (Gibson 1989). No obstante, en esta tesis doctoral el 
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índice P/B se ha utilizado como un indicador auxiliar al FI para evaluar los cambios en el 

estado de saturación del CaCO3. El índice P/B complementa la información del índice de 

fragmentación porque los foraminíferos bentónicos son más resistentes que los 

planctónicos a los procesos de disolución (Berger et al., 1982). Por tanto, un descenso de 

este índice, sin otras evidencias de cambios paleobatimétricos relevantes, puede reflejar 

episodios de disolución de carbonatos, como los provocados por el ascenso de la lisoclina. 

Cuando se producen estos episodios de disolución, se puede reconocer una fuerte relación 

lineal inversa entre los índices FI y P/B (Kucera et al., 1997). El índice P/B se calcula de 

la siguiente manera: 

 

P/B	(%) =
F. planctónicos

F. planctónicos + F. bentónicos 	× 100 

 

3.5. Análisis morfoestadístico 
 

Se han realizado distintos análisis morfoestadísticos univariantes, bivariantes y 

multivariantes para determinaciones taxonómicas y estudios paleoambientales, usando 

para ello el software PAST versiones 3.1.1 y 4.0.3 (Hammer et al., 2001). En Arenillas et 

al. (2017) se analizó biométricamente el ángulo de convexidad en vista axial (a), longitud 

(L), anchura (W) y altura (H) de la concha de 124 ejemplares de Chiloguembelitria, con 

el objetivo de comprobar el número de especies (morfoespecies) de este género en el 

Daniense inferior. Sobre estos ejemplares se midieron también la longitud (CL), anchura 

(CW) y altura (CH) de la última cámara. Con dichas variables biométricas se obtuvo el 

diámetro medio de la cámara (CAD = (CL x CW x CH)1/3) y la relación H/L. El parámetro 

a y la relación H/L se analizaron de manera univariante y bivariante, permitiendo 

identificar al menos tres morfoespecies de Chiloguembelitria. Además, se realizó un 

análisis de componentes principales (PCA) y un análisis clúster aglomerativo (modo R), 

que contribuyó a la determinación de dichas especies.  

En Gilabert et al. (2021a) se aplicó un análisis univariante de la altura (H) y longitud 

(L) de 507 ejemplares de Contusotruncana contusa y de la altura (H) y anchura (W) de 

507 ejemplares de Pseudoguembelina hariaensis, con el objetivo de identificar episodios 

de enanismo de sus conchas. El análisis biométrico de ambas especies se basó en 10 

ejemplares por cada muestra, seleccionado aleatoriamente sobre una muestra cuarteada y 

estadísticamente significativa en la fracción de >100 micras, para evitar el posible sesgo 
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provocado por la medición de ejemplares juveniles. En las muestras en las que no se 

alcanzó la cantidad de 10 ejemplares durante el primer triado, se procedió a repetir el 

proceso de cuarteado del residuo restante hasta completar dicha cantidad. 

En Gilabert et al. (2021b) se efectuó un análisis clúster aglomerativo de las 

asociaciones de foraminíferos planctónicos del Daniense en la sección de Caravaca, 

basado en el índice de similaridad de Bray-Curtis. El objetivo de este análisis fue el de 

reconocer los 3 acmé-estadios PFAS de Arenillas et al. (2006) y evaluar su posible 

división en subestadios estadísticamente representativos, contribuyendo de esta manera a 

una mejor caracterización de los PFAS y su posterior interpretación paleoambiental. 

 

3.6. Análisis de la susceptibilidad magnética 
 

En Caravaca y en Zumaia se analizó la susceptibilidad magnética con el objetivo de 

conseguir una precisa caracterización litológica de los afloramientos, esencial para el 

reconocimiento de la ciclicidad en la secuencia estratigráfica (Gilabert et al., 2021c) y 

para evaluar la posible influencia de los procesos de disolución en las muestras de roca a 

lo largo de la serie estratigráfica (Gilabert et al., 2021b). Para medir la susceptibilidad 

magnética, las muestras fueron trituradas con un mortero de ágata hasta obtener 

fragmentos de un volumen lo	más próximo posible al del bote de plástico cilíndrico 

empleado (10 cm3), en el que se introdujo el fragmento para su posterior medida. La 

susceptibilidad magnética se midió con un susceptómetro tipo Kappabridge KLY–35, 

aplicando un campo alterno de 300 A/m con una frecuencia de 875 Hz. Los valores de 

susceptibilidad magnética se han obtenido en función de la masa de cada muestra (m3/kg). 

 

3.7. Análisis geoquímico (%CaCO3, TOC, d13C y d18O) 
 

El análisis del contenido en carbonato de calcio (%CaCO3) es una excelente fuente 

de información, no sólo para evaluar el estado de saturación del CaCO3 oceánico, sino 

también para reconocer ciclicidad en la sedimentación. Para medir el %CaCO3 de una 

muestra, se han utilizado dos técnicas. En el caso de las muestras de Caravaca, estas se 

procesaron en el Department of Earth Sciences de la University of Oxford durante una 

estancia pre-doctoral. En este caso se calculó previamente el contenido en carbono 

orgánico e inorgánico de cada una de las muestras. Para ello, las rocas se trituraron y 

pesaron en una báscula de precisión modelo Sartorious, realizando duplicados de cada 

una de ellas. Después, uno de los duplicados de cada muestra se introdujo en un horno a 
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420 ºC durante 12 horas, con el objetivo de calcinar y eliminar todo el carbono orgánico. 

A continuación, los duplicados de muestras (calcinada y no calcinada) se introdujeron 

sucesivamente en un culombímetro tipo Strohlein Coulomat 702. La diferencia resultante 

de los valores obtenidos para cada duplicado nos proporcionó una estimación del carbono 

orgánico total (TOC). Desafortunadamente, en la mayoría de muestras, este parámetro 

quedó por debajo del umbral de detección del instrumental y esta estimación no fue de 

utilidad. Asumiendo por tanto que el resto del carbono está presente como CaCO3, el 

último paso fue multiplicar el contenido en carbono inorgánico de la muestra pre-

horneada por 8, 3F  siguiendo la ecuación de Stax y Stein (1993). Las muestras de Zumaia 

fueron analizadas en el Departamento de Ciencias de la Tierra de la Universidad de 

Zaragoza, usando un manocalcímetro. El análisis de %CaCO3 se realizó en una cápsula 

cuya presión interna es independiente de la presión atmosférica, añadiendo 5 ml de HCl 

5M a un gramo de muestra machacada; posteriormente se midió el aumento de la presión 

del CO2 liberado por la muestra tras producirse la reacción química.  

Los análisis de las relaciones isotópicas d13C y d18O, junto con los modelos de edad 

propuestos, conforman el núcleo principal de evidencias para reconocer y caracterizar los 

episodios y eventos paleoambientales estudiados en esta tesis doctoral (Gilabert et al., 

2021a,b,c). Los análisis de los isótopos estables del carbono y el oxígeno (d13C y d18O) 

en Caravaca y Zumaia se realizaron sobre roca total. Para ello se usó un dispositivo 

GasBench y/o Kiel (en función de la disponibilidad) acoplados a un espectrómetro de 

masas del tipo ThermoFisher Delta V. Las relaciones isotópicas publicadas están 

expresadas según la anotación delta estándar (d13C y d18O) en partes por mil (‰) en la 

escala de Vienna PeeDee Belemnite (VPDB). La calibración de las muestras a la escala 

VPDB se realizó mediante la repetición múltiple de los análisis, comparándolo con el 

estándar del mármol de Carrara (NOCZ), siendo los valores promedio en la escala VPDB 

de -1,90‰ para el oxígeno y 2,18‰ para el carbono. El d18O estándar NOCZ se calibró 

a la escala VDPB mediante comparación con los estándares NBS19 y NBS18, que para 

los isótopos del oxígeno tienen asignados valores de -2,20‰ y -23,01‰ respectivamente. 

Por otro lado, el d13C fue calibrado a la escala VPDB, comparándolo con los análisis del 

estándar NBS19 que tiene asignado un valor de 1,95‰. Todos los análisis han sido 

repetidos múltiples veces sugiriendo una reproducibilidad de ±1s de <0,1 para ambas 

relaciones isotópicas (d13C y d18O). 
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3.8. Elaboración de nuevo material gráfico de síntesis  
 

A lo largo de la memoria se ha tratado de integrar los resultados obtenidos en cada 

uno de los cinco artículos que componen esta tesis doctoral. Para ello, se han elaborado 

nuevas figuras y tablas que no han sido publicadas previamente, pero que recogen los 

resultados clave proyectados bajo el mismo modelo de edad, que es el que se ha obtenido 

mediante la calibración astrocronológica de horizontes isotopo- y bioestratigráficos en 

Zumaia (Gilabert et al., 2021c, y Tablas Anexas 1 y 2). Con ello se han podido establecer 

nuevas relaciones temporales para los eventos y/o episodios paleoclimáticos, 

paleoambientales y paleobiológicos que no fueron reconocidos en algunas de las 

publicaciones relacionadas con esta tesis, lo que ha enriquecido el capítulo de discusión 

de los resultados. Las figuras se elaboraron con la ayuda del software RStudio™, un 

entorno de desarrollo integrado para el lenguaje de programación R™, dedicado a la 

computación estadística y a la elaboración de gráficos. Este software permite manejar 

grandes cantidades de datos como los ilustrados en algunas de las figuras. Tras su 

elaboración con RStudio™, las figuras fueron maquetadas utilizando los programas 

Adobe Illustrator™ y/o Adobe Photoshop™.  
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a b s t r a c t

Guembelitria is the only planktonic foraminiferal genus whose survival from the mass extinction event of
the Cretaceous/Paleogene (K/Pg) boundary has been clearly proven. The evolution of Guembelitria after
the K/Pg boundary led to the appearance of two guembelitriid lineages in the early Danian: one biserial,
represented by Woodringina and culminating in Chiloguembelina, and the other trochospiral, represented
by Trochoguembelitria and culminating in Globoconusa. We have re-examined the genus Chiloguembeli-
tria, another guembelitriid descended from Guembelitria and whose taxonomic validity had been
questioned, it being considered a junior synonym of the latter. Nevertheless, Chiloguembelitria differs
from Guembelitria mainly in the wall texture (pustulate to rugose vs. pore-mounded) and the position of
the aperture (umbilical-extraumbilical to extraumbilical vs. umbilical). Chiloguembelitria shares its wall
texture with Trochoguembelitria and some of the earliest specimens of Woodringina, suggesting that it
played an important role in the evolution of early Danian guembelitriids, as it seems to be the most
immediate ancestor of both trochospiral and biserial lineages. Morphological and morphostatistical
analyses of Chiloguembelitria discriminate at least five species: Chg. danica, Chg. irregularis, and three new
species: Chg. hofkeri, Chg. trilobata and Chg. biseriata.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The mass extinction event of the Cretaceous/Paleogene (K/Pg)
boundary 66 million years ago eliminated almost all species of
Maastrichtian planktonic foraminifera (Smit, 1990; Arenillas et al.,
2002; Molina et al., 2006, 2009), leaving vacant most of the
pelagic niches and triggering in the early Danian the most impor-
tant radiation in their evolutionary history. One of the most
passionate debates in the Earth Sciences focuses on the paleobio-
logical and paleoenvironmental changes that occurred before,
during and after this extinction, as well as its relation with the
massive eruptions in the Deccan volcanic province in India (Chenet
et al., 2007; Schoene et al., 2015) and/or with the Chicxulub
asteroid impact on Yucatan in Mexico (Hildebrand et al., 1991;
Schulte et al., 2010).

Numerous new species of trochospiral and biserial planktonic
foraminifera originated after the K/Pg boundary (Luterbacher and
josearz@unizar.es (J.A. Arz),
Premoli Silva, 1964; Smit, 1982; Canudo et al., 1991; Liu and
Olsson, 1992; Molina et al., 1998). This evolutionary radiation
happened in two pulses (Arenillas et al., 2000b, 2004). The first
occurred between approximately 5 and 20 kyr after the K/Pg
boundary (Arenillas et al., 2016b), with the appearance of species
belonging to the parvularugoglobigerinids (Parvularugoglobigerina
Hofker, 1978, and Palaeoglobigerina Arenillas, Arz and N�a~nez, 2007)
and biserial taxa (Woodringina Loeblich and Tappan, 1957, and
Chiloguembelina Loeblich and Tappan, 1956). The second evolu-
tionary radiation occurred between approximately 37 and 80 kyr
after the K/Pg boundary, giving rise to species belonging to Tro-
choguembelitria Arenillas, Arz and N�a~nez, 2012, Eoglobigerina
Morozova, 1959, Parasubbotina Olsson, Hemleben, Berggren and
Liu, 1992, Globanomalina Haque, 1956, and Praemurica Olsson,
Hemleben, Berggren and Liu 1992 (Arenillas et al., 2010, 2012;
Arenillas and Arz, 2013a, 2013b, 2017). Other genera appear
shortly afterwards, such as Subbotina Brotzen and Pozaryska, 1961,
and Globoconusa Khalilov, 1956.

One of the presumed ancestors of the earliest Danian taxa was
Guembelitria Cushman, 1933, the only planktonic foraminiferal
genus whose survival from the K/Pgmass extinction event has been

mailto:ias@unizar.es
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mailto:vicengeo@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jafrearsci.2017.07.011&domain=pdf
www.sciencedirect.com/science/journal/1464343X
www.elsevier.com/locate/jafrearsci
http://dx.doi.org/10.1016/j.jafrearsci.2017.07.011
http://dx.doi.org/10.1016/j.jafrearsci.2017.07.011
http://dx.doi.org/10.1016/j.jafrearsci.2017.07.011


I. Arenillas et al. / Journal of African Earth Sciences 134 (2017) 435e456436
clearly proven (Smit, 1982; Olsson et al., 1999; Arenillas et al.,
2000a; Ashckenazi-Polivoda et al., 2014 Arenillas et al., 2016a).
There is a general consensus that Guembelitria is the ancestor of
microperforate genera such as Woodringina and Globoconusa
(Olsson et al., 1999; Arenillas and Arz, 2000; Arenillas et al., 2010;
Koutsoukos, 2014). For the latter, Arenillas et al. (2012, 2016b)
proposed the evolutionary lineage Guembelitria-Trochoguembeli-
tria-Globoconusa, instead of the more direct derivation of Globo-
conusa from Guembelitria. Woodringina, with a mixed triserial-
biserial test, is in turn the ancestor of the wholly biserial genus
Chiloguembelina.

Guembelitria species were r-strategy opportunists that inhabited
surface-water environments (Nederbragt, 1991) and bloomed
during the stressful times of Maastrichtian global warming events
associated with the Deccan Traps eruptions (Pardo and Keller,
2008). Guembelitria also bloomed immediately after the Chicxu-
lub impact, during approximately the first 10 or 15 kyr of the
Danian (acme-stage PFAS-1 of Arenillas et al., 2006). Another, later
bloom of triserial guembelitriids has been recognized in the early
Danian of Egypt, Israel, Tunisia and India. This was related to a
global warming episode linked to the last phase of Deccan volca-
nism (Punekar et al., 2014).

The main object of the present study is ChiloguembelitriaHofker,
1978, another guembelitriid that originated in the first evolutionary
radiation and whose taxonomic validity has been questioned, it
being considered a junior synonym of Guembelitria (e.g. D'Hondt,
1991; MacLeod, 1993). However, Chiloguembelitria may be key to
elucidating the evolutionary relationships among the earliest
Danian guembelitriids. Arenillas et al. (2010) suggested that Chi-
loguembelitria includes at least three species: Chg. danica Hofker,
1978, Chg. irregularis (Morozova, 1961) and Ch. cf. cretacea. How-
ever, studies of its morphologic variability and species diversity
have not been conducted so far.

In this paper, we document new specimens assignable to the
genus Chiloguembelitria mainly from the El Kef section (Tunisia) in
order to assess its taxonomic validity, advance the understanding of
its phylogenetic relationships with Guembelitria, Woodringina and
other genera, and determine its species diversity. This review will
also help to date and correlate the climatic warming episodes of the
early Danian. The bloom of triserial guembelitriids linked to the last
volcanic phase of the Deccan has been ascribed to Guembelitria
(Punekar et al., 2014). Nevertheless, it could in fact be an acme of
Chiloguembelitria, which replaced Guembelitria in the early Danian,
occupying the same ecological niche. Considering Chiloguembelitria
and Guembelitria as separate genera will make it possible to
differentiate more easily the possible Danian blooms of Chilo-
guembelitria from the PFAS-1 episode (acme of Guembelitria
immediately after the K/Pg boundary), recognize and calibrate
possible hiatuses in lower Danian sections, and interpret and
correlate more accurately the paleoenvironmental changes occur-
ring after the K/Pg boundary extinction event.

2. Material and methods

Samples for this study were selected from the lower Danian of
the El Kef section, Tunisia, which is the Global boundary Stratotype
Section and Point for the base of the Danian Stage (Molina et al.,
2006). All studied rock samples were disaggregated in water with
diluted H2O2, washed through a 63-mm sieve, then oven-dried at
50 �C. Analyzed specimens were mounted on microslides for a
permanent record and identification. Planktonic foraminifera were
picked from the residues and selected for scanning electron mi-
croscopy (SEM), using the JEOL JSM 6400 and Zeiss MERLIN FE-SEM
of the Electron Microscopy Service of the Universidad de Zaragoza
(Spain). The type-specimens of the new species described in this
paper were deposited in the Museo de Ciencias Naturales of the
Universidad de Zaragoza (Aragon Government, Spain). In addition
to El Kef, specimens from other localities have also been taken into
account for taxonomic studies, such as those from Elles and Aïn
Settara (Tunisia), Caravaca and Agost (Spain), Ben Gurion (Israel),
Lynn Creek (Mississippi), Nye Klov (Denmark) and Bajada del Jagüel
(Argentina).

For taxonomical and evolutionary studies, we have relied on
morphological, morphostatistical, ontogenetic and textural criteria,
and a high-resolution biostratigraphy. The morphostatistical
studies were based on 124 specimens of Chiloguembelitria
randomly chosen from lower Danian sample KF19.50 of El Kef
(Table 1), 7.5 m above the K/Pg boundary. The foraminiferal pres-
ervation in El Kef is good enough to analyze the wall texture,
although corroded and recrystallized surfaces can be observed. The
ranges of the studied taxa were established after reviewing the
high-resolution biostratigraphic data from the El Kef section
(Arenillas et al., 2000a), which allowed us to pinpoint the first
appearance of the taxa. We used the planktonic foraminiferal zo-
nations of Arenillas et al. (2004) and Berggren and Pearson (2005);
their equivalence is shown in Fig. 1. Notably, the former is based on
complete and greatly expanded Tunisian and Spanish K/Pg sections
such as El Kef, Aïn Settara, Elles, Caravaca, Agost and Zumaia (see
Molina et al., 2009). Biomagnetochronological calibrations allowed
Arenillas et al. (2004) to date the zonal boundaries of their bio-
chronological scale (Fig. 1). The section studied at El Kef spans only
up to the Subbotina triloculinoides Subzone (Parasubbotina pseudo-
bulloides Zone) of Arenillas et al. (2004), or Subzone P1b of
Berggren and Pearson (2005). For this reason, the range tops of
some species have been determined after reviewing previous
biostratigraphic studies at Spanish localities such as Caravaca,
Agost and Zumaia (see Molina et al., 1998).

3. Taxonomic and phylogenetic remarks

All the planktonic foraminiferal taxa studied here have usually
been considered to belong to the family Guembelitriidae
Montanaro-Gallitelli, 1957, except for Chiloguembelina of the family
Chiloguembelinidae Reiss, 1963 (Loeblich and Tappan, 1987; Olsson
et al., 1999), and Trochoguembelitria and Globoconusa, which have
recently been included in the family Globoconusidae BouDagher-
Fadel, 2012 (see Arenillas et al., 2016b). Guembelitriidae tradi-
tionally includes to planktonic foraminifers with triserial tests, at
least in their juvenile stage. Its type-genus, Guembelitria, is the only
one universally accepted as belonging to it. The other genera
included within guembelitriids show serial reduction (Wood-
ringina) or proliferation (Guembelitriella Tappan, 1940) throughout
their ontogeny. Guembelitriella was proposed to include irregular
multiserial forms in the adult stage, being triserial in the early
stage. However, the systematic position of this genus is problem-
atic, since Longoria (1974) and Georgescu (2009) considered that its
type-species, Guembelitriella graysonensis Tappan, 1940, exhibits a
trochospirally coiled test and is morphologically closer to benthic
Praebulimina Hofker, 1953, than to Guembelitria. The Guembeli-
triella-type multiserial forms of the K-Pg transition, assigned to
Guembelitriella postcretacea Pandey, 1981, were not considered in
the taxonomies of Arenillas et al. (2007) and Arz et al. (2010)
because they apparently belong to aberrant forms of Guembelitria.
According to these authors, all survivor guembelitriids from the K/
Pg boundary event belong to Guembelitria.

3.1. Upper Cretaceous triserial guembelitriids

Guembelitria is characterized by a test that is wholly triserial
(Fig. 2), microperforate and with a pore-mounded wall texture



Table 1
Biometric measurements (in microns) of Chiloguembelitria specimens, and biometric
indices H/L and CAD/H. Arithmetic means in bold type. L, test length; W, test width;
H, test height; CAD, chamber average diameter; a, test convexity angle measured in
axial view.

Chiloguembelitria danica

Specimen L W H CAD a H/L CAD/H

1 83.4 83.0 104.7 57.2 64.4 125.6 54.6
2 102.5 104.8 146.3 69.1 60.9 142.7 47.2
3 102.4 101.6 137.0 62.2 65.5 133.8 45.4
4 96.8 92.1 121.3 60.6 69.5 125.3 49.9
5 88.1 85.1 124.7 65.0 63.6 141.6 52.2
6 87.8 84.7 122.3 59.0 59.9 139.2 48.2
7 85.4 86.2 121.7 57.8 72.9 142.5 47.5
8 107.5 90.7 140.9 70.0 68.9 131.0 49.7
9 88.1 81.4 110.0 61.3 71.2 125.0 55.7
10 87.1 87.8 115.7 56.6 68.7 132.8 48.9
11 97.8 102.0 123.1 61.7 68.6 125.9 50.1
12 89.1 87.2 127.1 57.7 60.4 142.6 45.4
13 79.8 79.4 111.7 57.7 67.4 140.0 51.7
14 80.9 85.6 112.1 57.0 65.3 138.5 50.8
15 90.4 88.4 113.1 60.9 72.8 125.1 53.9
16 80.2 82.5 102.0 58.6 73.6 127.1 57.5
17 89.6 90.2 125.0 65.3 70.4 139.5 52.3
18 94.1 94.7 134.6 64.4 67.7 143.1 47.9
19 94.2 89.9 128.6 63.8 70.3 136.5 49.6
20 70.4 70.4 92.6 44.0 65.3 131.5 47.5
21 83.6 83.4 120.7 59.3 62.8 144.3 49.1
22 77.3 67.1 103.7 53.0 69.3 134.2 51.1
23 77.1 69.5 97.6 50.8 68.6 126.6 52.0
24 92.9 89.9 130.4 68.3 65.0 140.4 52.4
25 75.2 76.1 104.0 45.6 60.4 138.3 43.8
26 88.9 85.5 126.2 61.8 70.2 142.0 49.0
27 72.6 74.4 95.9 46.5 66.7 132.2 48.5
28 74.7 77.0 106.1 50.9 69.4 142.1 48.0
29 85.1 83.6 123.4 59.8 60.5 144.9 48.4
30 80.3 71.4 106.9 53.3 70.0 133.1 49.9
31 73.9 69.3 104.0 46.2 61.5 140.7 44.5
32 78.3 79.4 107.0 51.8 61.8 136.7 48.4
33 103.7 106.7 151.3 63.0 69.6 145.8 41.6
34 92.0 92.2 133.1 51.9 65.5 144.7 39.0
35 80.2 83.4 110.2 51.2 62.3 137.4 46.5
36 90.0 96.8 126.4 61.6 67.1 140.4 48.7
37 103.3 97.3 128.2 62.6 67.7 124.1 48.9
38 84.0 85.1 119.7 56.3 64.8 142.5 47.1
39 108.8 104.1 139.6 70.0 67.8 128.4 50.1
40 99.6 95.9 138.1 64.0 64.2 138.7 46.3
41 90.7 89.5 121.9 56.1 67.1 134.4 46.0
42 89.1 86.1 116.0 50.9 69.5 130.1 43.9
43 93.9 88.9 127.4 66.2 64.6 135.7 52.0
44 104.8 104.8 136.7 64.0 64.7 130.4 46.8
45 88.7 91.6 126.5 64.2 70.4 142.6 50.7
46 84.0 80.2 105.3 52.5 63.6 125.5 49.9
47 94.1 93.5 117.3 51.0 65.9 124.7 43.5
48 75.7 58.2 108.8 51.0 68.7 143.7 46.9
49 83.0 77.8 112.6 56.0 62.6 135.6 49.7
50 77.8 88.1 112.6 54.1 62.5 144.7 48.1
51 92.2 91.0 130.8 61.3 63.8 141.9 46.8
52 97.4 96.4 132.2 58.0 63.9 135.6 43.9
53 84.7 88.9 122.3 49.4 69.6 144.3 40.4
54 107.7 102.8 154.1 78.7 65.9 143.1 51.1
55 89.6 93.1 127.2 67.9 69.8 142.0 53.4
56 104.0 107.0 134.9 69.0 66.7 129.7 51.1
57 102.5 92.1 134.0 63.9 67.9 130.7 47.7
58 99.0 82.5 132.8 63.0 66.3 134.2 47.5
59 82.0 83.9 114.8 57.0 68.3 140.1 49.7
60 101.6 102.0 139.2 69.1 64.8 137.0 49.6
61 87.9 85.8 122.5 52.2 65.1 139.5 42.6
62 91.4 88.2 124.7 63.5 67.4 136.5 50.9
63 104.5 102.7 139.8 63.4 66.2 133.8 45.4
64 91.8 93.0 130.3 67.1 64.3 141.9 51.5
65 88.9 88.2 118.0 57.9 66.4 132.8 49.1
66 88.5 89.1 121.1 59.1 66.1 136.9 48.7
67 92.5 88.2 127.1 59.6 67.6 137.3 46.9
Average 89.6 87.9 122.1 59.2 66.5 136.3 48.6

Chiloguembelitria trilobata sp. nov.

Specimen L W H CAD a H/L CAD/H

1 87.0 84.9 96.6 60.4 82.1 111.0 62.5
2 85.8 83.1 94.2 57.7 83.1 109.7 61.2
3 93.2 98.0 110.6 63.9 90.7 118.8 57.8
4 84.9 83.9 96.8 58.8 96.0 114.1 60.7
5 81.1 79.2 95.2 63.4 90.1 117.3 66.6
6 93.7 93.2 101.4 63.1 98.8 108.3 62.2
7 91.4 87.3 98.3 65.8 97.3 107.6 66.9
8 85.8 77.7 97.1 62.3 85.2 113.3 64.1
9 83.0 84.0 98.9 58.2 87.0 119.2 58.9
10 98.7 94.5 103.9 61.1 85.5 105.3 58.8
11 101.8 95.8 115.3 71.4 103.2 113.3 61.9
12 81.5 83.7 90.1 59.6 88.1 110.5 66.2
13 87.0 79.2 87.1 66.5 89.2 100.1 76.3
14 89.2 85.4 101.5 69.4 90.0 113.8 68.4
15 89.6 94.4 106.5 67.3 85.5 118.9 63.2
16 87.9 79.5 93.6 62.7 99.7 106.4 67.0
17 95.3 84.7 106.3 62.8 87.7 111.5 59.1
18 86.1 77.2 93.1 61.6 85.6 108.0 66.2
19 95.4 86.7 105.4 67.2 93.6 110.6 63.8
20 86.8 77.6 100.5 66.1 94.4 115.7 65.8
21 88.7 84.5 100.7 69.6 91.1 113.5 69.1
22 87.5 84.7 96.1 59.2 91.7 109.7 61.7
23 87.5 79.2 99.1 63.7 92.4 113.3 64.2
24 83.2 84.5 91.8 61.2 94.0 110.4 66.7
25 95.5 91.0 106.3 62.8 90.0 111.3 59.1
Average 89.1 85.4 99.5 63.4 90.9 111.7 63.9

Chiloguembelitria hofkeri sp. nov.

Specimen L W H CAD a H/L CAD/H

1 92.7 91.6 140.4 64.3 53.2 151.4 45.8
2 86.1 92.9 141.9 59.7 45.6 164.8 42.1
3 89.9 99.6 141.5 65.7 48.0 157.4 46.4
4 90.5 92.6 148.6 58.9 44.3 164.2 39.7
5 106.0 105.6 170.0 70.9 48.0 160.4 41.7
6 78.4 77.4 119.7 59.5 49.4 152.7 49.7
7 80.9 75.2 126.9 53.1 50.8 156.9 41.8
8 94.0 94.1 159.9 61.7 45.5 170.0 38.6
9 82.5 77.8 128.4 53.1 48.3 155.8 41.4
10 95.3 98.3 149.8 59.0 47.4 157.2 39.4
11 84.0 82.6 126.8 56.4 56.7 150.9 44.5
12 98.9 97.0 154.7 61.1 51.4 156.5 39.5
13 76.4 78.1 115.6 48.3 55.8 151.3 41.8
14 84.9 85.3 128.5 55.8 52.8 151.2 43.4
15 82.3 85.8 125.3 53.1 53.9 152.3 42.4
16 88.9 92.1 138.7 60.6 52.3 156.0 43.7
17 80.9 81.9 125.9 54.6 54.1 155.8 43.3
18 80.2 85.1 127.6 56.8 52.8 159.2 44.5
19 81.3 81.6 123.3 54.2 53.9 151.7 44.0
20 102.2 103.6 158.9 67.2 49.4 155.5 42.3
21 110.7 114.1 179.1 69.1 50.4 161.7 38.6
22 90.3 95.3 142.9 63.6 52.1 158.3 44.5
23 107.2 110.0 167.7 66.0 50.3 156.4 39.4
Average 89.8 91.2 141.0 59.7 50.7 156.9 42.5
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(Loeblich and Tappan, 1987; Olsson et al., 1999; Georgescu et al.,
2011), its type-species being Guembelitria cretacea Cushman,
1933. After carrying out a morphostatistical analysis, Arz et al.
(2010) proposed three species in Guembelitria for the upper
Maastrichtian: G. cretacea (Fig. 2(a)e(d)), G. blowi Arz et al., 2010
(Fig. 2(e)e(g)), and G. dammula Voloshina, 1961 (Fig. 2(h)e(k)).
Before being described, G. blowiwas usually named as Guembelitria
trifolia (Morozova, 1961) because Blow (1979) used the specific
name trifolia for the low-spired triserial morphotypes. However,
the holotype of Globigerina (Eoglobigerina) trifolia Morozova, 1961,
is an early Danian trochospiral form that Olsson et al. (1999) later
considered to be Globoconusa. On the other hand, Cretaceous
specimens of G. dammula have usually been attributed to Guem-
belitria danica (Hofker, 1978) (e.g. MacLeod, 1993). Arenillas et al.
(2007) and Arz et al. (2010) pointed out the possible existence of



Fig. 1. Stratigraphic ranges at El Kef, Tunisia, of analyzed early Danian species of Guembelitria, Chiloguembelitria, Woodringina, Chiloguembelina, Trochoguembelitria and Globoconusa,
as well as of index-species of the planktonic foraminiferal zonation of Arenillas et al. (2004); (1) planktonic foraminiferal zonation and calibrated numerical ages of the biozonal
boundaries proposed by Arenillas et al. (2004), and (2) planktonic foraminiferal zonation after Berggren and Pearson (2005); dotted lines indicate uncertain range, based probably
on reworked specimens or not supported by SEM-photographed specimens; shaded intervals indicate first and second early Danian evolutionary radiations at the El Kef section.
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two pseudocryptic species among Danian high-spired Guembelitria,
both usually referred to Guembelitria danica but one exhibiting
pore-mounds (G. danica sensu MacLeod, 1993, and G. dammula
sensu Arz et al., 2010) and the other imperforate pustules and ru-
gosities (Chiloguembelitria danica sensu Hofker, 1978). The same
applies to the species Guembelitria irregularis, herein referred to as
Chiloguembelitria irregularis, which includes triserial tests of irreg-
ular appearance.

It is traditionally believed that the chronostratigraphic range of
Guembelitria spans from the upper Albian to the lower Danian
(Loeblich and Tappan, 1987; Kroon and Nederbragt, 1990). How-
ever, Georgescu (2009) restricted its range from the upper Santo-
nian to the lower Danian, considering that the triserial taxa of the
upper Albian to Turonian triserial taxa belong to a different genus,
Archaeoguembelitria Georgescu, 2009. Georgescu (2009) argued
that Archaeoguembelitria and Guembelitria are not phylogenetically
related, and that the first derived from the buliminid Praeplanctonia
Georgescu, 2009. Archaeoguembelitria was excluded from the
family Guembelitriidae and assigned to the new family Archae-
oguembelitriidae Georgescu, 2009, within the buliminid super-
family Praeplanctonioidea Georgescu, 2009.

A relevant species for the evolutionary history of Guembelitria
may be G.? turrita Kroon and Nederbragt, 1990, which ranges from
the upper Campanian to the lowerMaastrichtian. Georgescu (2009)
considered that G. cretacea evolved from G.? turrita during the
upper Campanian. However, G.? turrita has triangular pustules that
do not tend to result pore-mounds (Georgescu et al., 2011). In
addition, it usually has a buliminid-shaped, asymmetrical aperture
(Kroon and Nederbragt, 1990), and therefore it may represent a
separate lineage of triserial planktonic foraminifera descending
from some still unknown buliminid (Georgescu et al., 2011). The
benthic species Neobulimina newjerseyensis Georgescu et al., 2011,
which exhibits small pustules and incipient circular pore-mounds,
may represent a major challenge in deciphering the origin of



Fig. 2. Holotypes and specimens of Guembelitria spp. (scale bar ¼ 100 mm; scale bar of detail SEM-micrographs ¼ 10 mm). (a) Guembelitria cretacea Cushman, holotype, Upper
Cretaceous, Guadalupe County, Texas, U.S.A. (SEM-micrograph from Olsson et al., 1999). (b) Guembelitria cretacea Cushman, sample KF13.50 (1.5 m above K/Pg boundary), Pv.
longiapertura Subzone (G. cretacea Zone), El Kef, Tunisia. (c) Guembelitria cretacea Cushman, sample KF11 (1 m below K/Pg boundary), P. hantkeninoides Subzone (A. mayaroensis
Zone), El Kef, Tunisia. (d) Guembelitria cretacea Cushman, sample KF 12.05 (5 cm above K/Pg boundary), H. holmdelensis Subzone (G. cretacea Zone), El Kef, Tunisia. (e) Guembelitria
blowi Arz, Arenillas and N�a~nez, holotype, sample KF4.50 (7.5 m below K/Pg boundary), P. hantkeninoides Subzone (A. mayaroensis Zone), El Kef, Tunisia. (f) Guembelitria blowi Arz,
Arenillas and N�a~nez, hypotype, sample JA680 (19 cm below K/Pg boundary), A. mayaroensis Zone, Bajada del Jagüel, Argentina. (g) Guembelitria blowi Arz, Arenillas and N�a~nez,
hypotype, sample KF11 (1 m below K/Pg boundary), P. hantkeninoides Subzone (A. mayaroensis Zone), El Kef, Tunisia. (h) Guembelitria dammula Voloshina, holotype, Maastrichtian,
Volin-Podolsk Plateu, western Russia. (i) Guembelitria dammula Voloshina, sample KF11 (1 m below K/Pg boundary), P. hantkeninoides Subzone (A. mayaroensis Zone), El Kef, Tunisia.
(j) Guembelitria dammula Voloshina, sample KF13.00 (1 m above K/Pg boundary), Pv. longiapertura Subzone (G. cretacea Zone), El Kef, Tunisia. (k). Guembelitria dammula Voloshina,
sample KF13.25 (1.25 m above K/Pg boundary), Pv. longiapertura Subzone (G. cretacea Zone), El Kef, Tunisia.
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Guembelitria. The evolution of Guembelitria from Neobulimina
would be similar to that from Praeplanctonia to Archaeoguembelitria
in the late Albian. However, the occurrence of clear G. cretacea
specimens in Santonian sediments means that additional studies
are required to define more adequately the stratigraphical distri-
butions of G.? turrita and N. newjerseyensis as presumed ancestors
of G. cretacea (see Georgescu et al., 2011).
3.2. Biserial and trochospiral lineages of Danian guembelitriids

The Paleogene biserial lineage descending from Guembelitria
includes Woodringina and Chiloguembelina (Fig. 3). Woodringina
clusters Danian species with a triserial juvenile stage followed by
biserially arranged chambers. Its type-species is W. claytonensis
Loeblich and Tappan, 1957. The description of its wall texture has



Fig. 3. Holotypes and specimens of Woodringina spp. and Chiloguembelina spp. (scale bar ¼ 100 mm; scale bar of detail SEM-micrographs ¼ 10 mm). (a) Woodringina claytonensis
Loeblich and Tappan, holotype, lower Danian, Clayton Fm., Alabama, U.S.A. (SEM-micrograph from Olsson et al., 1999). (b) Woodringina hornerstownensis Olsson, holotype, upper
Danian, Hornerstown Fm., New Jersey, U.S.A. (SEM-micrograph from Olsson et al., 1999). (c) Woodringina hornerstownensis Olsson, sample AEA 6.90 (5.9 m above K/Pg boundary),
S. triloculinoides Subzone (P. pseudobulloides Zone), Elles, Tunisia. (d) Woodringina hornerstownensis Olsson, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone
(P. pseudobulloides Zone), El Kef, Tunisia. (e)Woodringina hornerstownensis Olsson, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef,
Tunisia. (f) Woodringina hornerstownensis Olsson, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (g) Chiloguembelina
tauricaMorozova, holotype, lower Danian, Tarkhankhut Peninsula, eastern Crimea. (h) Chiloguembelina tauricaMorozova, sample KF 21.95 (9.95 m above K/Pg boundary), lower part
of the E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (i) Chiloguembelina taurica Morozova, sample 14 cc, P. pseudobulloides Zone, Site 305 Shatsky Rise, North Pacific. (j)
Gümbelina midwayensis Cushman, holotype, Eocene, Midway Fm., Alabama, U.S.A. (SEM-micrograph from Olsson et al., 1999). (k) Chiloguembelina midwayensis (Cushman), sample
KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (l) Gümbelina morsei Kline, holotype, Danian, Porters Creek Clay (Midway series),
Alabama, U.S.A. (SEM-micrograph from Olsson et al., 1999).
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varied from one author to another, but it is usually considered to be
pustulate with a variable density of pustules, giving an appearance
that is smoother if low density or more muricate if high density.
Although Loeblich and Tappan (1957) described it as very finely
hispid, Loeblich and Tappan (1987) later depicted it as smooth.
Olsson et al. (1999) and BouDagher-Fadel (2012, 2015) also sug-
gested a smooth wall for Woodringina, though sometimes bearing
pore-mounds, at least in the juvenile stage. Arenillas et al. (2007)
proposed for Woodringina a papillate wall, with imperforate blunt
pustules, and suggested that its pustules are ontogenetically linked
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to modified pore-mounds, which are only present in the most
primitive forms (assigned herein to Chiloguembelitria biseriata sp.
nov.). Woodringina is considered the intermediate taxon between
Guembelitria and Chiloguembelina (Olsson et al., 1999). Chilo-
guembelina is characterized by a wholly biserial test, and its wall
texture was originally described as smooth or hispid (Loeblich and
Tappan, 1956), or as granulate by Loeblich and Tappan (1987).
Olsson et al. (1999), Huber et al. (2006) and BouDagher-Fadel (2012,
2015) described it as having with numerous small pustules, and
Arenillas et al. (2007) as having a finely or moderately papillate
surface, with blunt pustules. Four species of Woodringina and Chi-
loguembelina have been considered here: W. claytonensis Loeblich
and Tappan, 1957 (Figs. 3(a) and 14(e)e(h)), W. hornerstownensis
Olsson, 1960 (Fig. 3(b)e(f)), Ch. taurica Morozova, 1961
(Fig. 3(g)e(i)), and Ch. midwayensis (Cushman, 1940) (Fig. 3(j)e(k)).

Various trochospiral genera from the earliest Danian have also
been linked to or included in the family Guembelitriidae (Olsson
et al., 1999; Arenillas et al., 2007, 2012), such as Parvular-
ugoglobigerina, Palaeoglobigerina, Trochoguembelitria, and Globoco-
nusa. The first two have recently been excluded from the
guembelitriids (BouDhager-Fadel, 2012; Arenillas and Arz, 2013a,
2013b), and a benthic origin has been proposed for them
(Brinkhuis and Zachariasse, 1988; Arenillas and Arz, 2017). The
Paleogene trochospiral lineage descending from Guembelitria in-
cludes to Trochoguembelitria and Globoconusa (Fig. 4). The genus
Trochoguembelitria, whose type-species is Guembelitria? alaba-
mensis Liu and Olsson, 1992, was proposed by Arenillas et al. (2012)
in order to include trochospiral specimens with a pustulate to
rugose wall texture (with decentred pore-mounds and perforate
rugosities) previously assigned to Parvularugoglobigerina (e.g.
Olsson et al., 1999), restricting the latter genus only to species with
a smooth wall texture, such as Pv. eugubina (Luterbacher and
Premoli Silva, 1964) and Pv. longiapertura (Blow, 1979). Trocho-
guembelitria may be triserial in the juvenile stage, at least in some
specimens of T. alabamensis, revealing its triserial evolutionary
origin. Arenillas et al. (2012) suggested that Trochoguembelitria is
the ancestor of the pustulate-walled Globoconusa. After carrying
out a morphostatistical analysis of Trochoguembelitria, Arenillas
et al. (2016b) proposed four species: T. alabamensis (Liu and
Olsson, 1992) (Fig. 4(a)e(c)), T. extensa (Blow, 1979)
(Fig. 4(d)e(e)), T. liuae Arenillas, Arz and N�a~nez, 2016 (Fig. 4(f)), and
T. olssoni Arenillas, Arz and N�a~nez, 2016 (Fig. 4(g)). Moreover, three
species have been considered in Globoconusa: Gc. daubjergensis
Br€onnimann, 1953 (type-species, Fig. 4(h)e(i)), Gc. conusa Khalilov,
1956 (Fig. 4(j)-(k)), and Gc. victori Koutsoukos, 2014. The classifi-
cation of BouDagher-Fadel (2012, 2015) still retained the genus
Postrugoglobigerina Salaj, 1986, basing it on characters similar to
those attributed to Trochoguembelitria. However, Post-
rugoglobigerina has been regarded as a nomen dubium non con-
servandum due to the holotypes and type-material of its species
have been lost and are of doubtful application (see discussion in
Arenillas et al., 2012). Olsson et al. (1999) and Arenillas et al. (2012,
2016b) considered Postrugoglobigerina a junior synonym of Parvu-
larugoglobigerina. The latter has also usually been included in
Guembelitriidae because Guembelitria was considered its direct
ancestor (Olsson et al., 1999), but recent taxonomic proposals
include it, together with Globanomalina, in the family Globano-
malinidae Loeblich and Tappan, 1984 (e.g. BouDagher-Fadel, 2012).

4. Textural variability in lower Danian guembelitriids

The wall texture of upper Maastrichtian guembelitriids is usu-
ally described as pore-mounded (Loeblich and Tappan, 1987;
Olsson et al., 1999; Georgescu et al., 2011). The typical pore-
mounds of Guembelitria are blunt pustules (papilla-type) marked
by a more or less centered pore (Fig. 5(a)). However, Loeblich and
Tappan (1987) and Arenillas et al. (2007, 2010) reported that the
microtextural variability among guembelitriids of the lowermost
Danian is greater than in the upper Maastrichtian. For example, the
most immediate descendants from Guembelitria, i.e. Woodringina
(Fig. 5(e)) and Trochoguembelitria (Fig. 5(d)), already had a different
type of wall texture (a pustulate or rugose wall), although this
clearly evolved from the typical pore-moundedwall of Guembelitria
(Arenillas et al., 2012, 2016b).

These textural variations may consist of irregular pore-mounds
with decentered pores, imperforate pustules that may be blunt or
sharp, and a high or low density of pore-mounds and/or imperfo-
rate pustules on the surface. Moreover, pore-mounds and blunt
pustules can coalesce, generating small, non-aligned rugae or
ridges (a rugose wall). Some of these variations can be mixed in a
single specimen. In the case of triserial guembelitriids, these other
types of wall texture have usually been considered part of the
microtextural variability in Guembelitria (e.g. Olsson et al., 1999).
Although part of this variability could have an ecophenotypic or
ontogenetic origin, it has also been related to pseudocryptic
speciation, which resulted in species only distinguished by their
wall surface under the scanning electron microscope (Arenillas
et al., 2010).
4.1. Wall textures in lower Danian guembelitriids

Arenillas et al. (2007, 2010, 2012) and Arz et al. (2010) studied
and illustrated the textural variability of the guembelitriids of the
K-Pg transition, including examples of wall texture assignable to
Chiloguembelitria. Among the earliest Danian guembelitriids, the
following wall textures were recognized:

1) Pore-mounded wall, or papillate wall with pore-mounds
(Fig. 5(a)): wall texture characterized by blunt pore-mounds
irregularly distributed, generally with one pore per papilla,
approximately centered (regular pore-mounds), and sometimes
two pores per papilla; the density of pore-mounds is variable
and, when the density is high, the pore-mounds can be fused at
their bases; this is the wall surface typical of Maastrichtian
specimens of Guembelitria from tropical to temperate latitudes
in both oceanic and neritic environments, and also in lowermost
Danian specimens.

2) Pustulate/papillate to rugose wall, with irregular, decentered
pore-mounds, imperforate blunt pustules (papilla-type), and
imperforate and perforate rugosities (Fig. 5(c)e(d)): wall surface
characterized mainly by rugosities with or without multiple
pores, produced by the coalescence of pore-mounds or imper-
forate blunt pustules; the pustules may also be sharp (Fig. 5(g));
it is microperforate with tiny pores within the rugosities and
isolated pore-mounds, and in the smooth surface; pores in ru-
gosities and pore-mounds are very decentered, often situated in
the basal part of the ridges or mounds; in specimens with a
higher pore density, the rugosities tend to be smaller and more
crowded (muricate-type); all these types of pustules and ru-
gosities may be found in a single specimen; this is typical of
Chiloguembelitria and Trochoguembelitria.

3) Pustulate wall, with small blunt pustules (Fig. 5(e)e(f)): wall
surface with blunt pustules and tiny pores scattered over the
smooth surface of the wall; this is typical of Woodringina and
Chiloguembelina; in specimens � mainly of Woodringina �with
higher pore density, the pustules tend to be smaller and more
crowded (muricate-type); in specimens � mainly of
Chiloguembelina � with low pustule density or smaller pustule
size, the wall surface looks smooth.



Fig. 4. Holotypes and specimens of Trochoguembelitria spp. and Globoconusa spp. (scale bar ¼ 100 mm; scale bar of detail SEM-micrographs ¼ 10 mm). (a) Trochoguembelitria
alabamensis, holotype, Millers Ferry, Alabama, U.S.A. (SEM-micrograph from Liu and Olsson, 1992). (b) Trochoguembelitria alabamensis, sample KF24.80 (12.8 m above the K/Pg
boundary), S. triloculinoides Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (c) Trochoguembelitria alabamensis, sample KF20.50 (8.5 m above the K/Pg boundary), middle part of
the E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (d) Trochoguembelitria extensa, holotype, Zone P1, DSDP Leg 6, South Pacific (SEM-micrographs from Blow, 1979). (e)
Trochoguembelitria extensa, sample KF18.50 (6.5 m above the K/Pg boundary), upper part of the E. simplicissima Subzone (Pv. eugubina Zone), El Kef, Tunisia. (f) Trochoguembelitria
liuae, holotype, sample KF20.50 (8.5 m above the K/Pg boundary), middle part of the E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (g) Trochoguembelitria olssoni,
holotype, sample KF20.50 (8.5 m above the K/Pg boundary), middle part of the E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (h) Globoconusa daubjergensis
(Br€onnimann), sample BG1000e4.25, S. triloculinoides Subzone (P. pseudobulloides Zone), Ben Gurion, Israel. (i) Globoconusa daubjergensis, sample BJ56 þ 110, middle part of the
E. trivialis Subzone (P. pseudobulloides Zone), Bajada del Jagüel, Argentina. (j) Globoconusa conusa Khalilov, sample BG1000e4.25, S. triloculinoides Subzone (P. pseudobulloides Zone),
Ben Gurion, Israel. (k) Globoconusa conusa, sample NSB88, middle part of the E. trivialis Subzone (P. pseudobulloides Zone), Acarinina uncinata Zone (or Zone P2), Sidi Naseur, Kalaat
Senan, Tunisia.
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4) Pustulate wall, with sharp pustules (Fig. 5(h)): wall surface with
sharp pustules and small pores scattered over the smooth sur-
face of the wall; the pustules may also be blunt; both sharp and
blunt pustules may be found in a single specimen; the density of
pustules is usually low; this is typical of Globoconusa.
Additionally, Loeblich and Tappan (1987) and Arenillas et al.
(2010) distinguished a granular or granulate wall in guembeli-
triids or in evolutionarily and/or ecologically associated taxa (e.g.
Chiloguembelina and/or Parvularugoglobigerina). This is character-
ized by minute calcite crystallites with in a mosaic or jagged shape



Fig. 5. Wall textural details of Guembelitria, Chiloguembelitria, Trochoguembelitria, Globoconusa, Woodringina and Chiloguembelina (scale bars ¼ 10 mm). (a) Guembelitria cretacea
Cushman, sample KF13.5 (1.5 m above K/Pg boundary), Pv. longiapertura Subzone (G. cretacea Zone), El Kef, Tunisia. (b) Guembelitria dammula Voloshina, sample KF13.00 (1 m above
K/Pg boundary), Pv. longiapertura Subzone (G. cretacea Zone), El Kef, Tunisia. (c) Chiloguembelitria hofkeri sp. nov., sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone
(P. pseudobulloides Zone), El Kef, Tunisia. (d) Trochoguembelitria alabamensis, sample KF20.50 (8.5 m above the K/Pg boundary), middle part of the E. trivialis Subzone
(P. pseudobulloides Zone), El Kef, Tunisia. (e)Woodringina hornerstownensis Olsson, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef,
Tunisia. (f) Chiloguembelina taurica Morozova, sample 14 cc, P. pseudobulloides Zone, Site 305 Shatsky Rise, North Pacific. (g) Chiloguembelitria danica Hofker, sample KF 20.50 (8.5 m
above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (h) Globoconusa daubjergensis, sample BJ56 þ 110, middle part of the E. trivialis Subzone
(P. pseudobulloides Zone), Bajada del Jagüel, Argentina.
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over the entire test surface (Fig. 5(b)). Salaj (1986) defined at El Kef
two new Danian species of Guembelitria (G. besbesi and G. azzouzi)
that were also described as having small pustules, referring prob-
ably to a granulate wall texture. Although these species were later
considered junior synonyms of G. cretacea (Olsson et al., 1999) and
should be regarded as nomina dubia non conservanda like the
Postrugoglobigerina species (see discussion in Arenillas et al., 2012),
this is not the last time that this wall texture has been recognized in
guembelitriids. Arz et al. (2010) and Arenillas et al. (2010) sug-
gested that e unlike the specimens of other taxa in the same
samples of Tunisian sections e the wall surface of many Maas-
trichtian and Danian specimens of Guembelitria is covered by a
secondary granular crust (Fig. 2(c), (g)). Without ruling out the
recrystallization processes which are usual in Tunisian sections, the
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authors postulated that the granular wall could also be related to
gametogenetic calcification, i.e. a secondary outer calcite crust
covering the normal pore-mounded surface. Some specimens of
guembelitriids show a granulate surface in all chambers except in
the last ones (e.g. Fig. 2(l)), suggesting the likelihood of such a
proposal. However, due to the inability to demonstrate the differ-
ence between the diagenetically modified gametogenetic calcifi-
cation and the recrystallization itself, the suggestion of a granular
crust is here considered highly speculative for now.

4.2. Wall texture in Chiloguembelitria

Loeblich and Tappan (1987) considered that the main diagnostic
character of Chiloguembelitria is its wall texture, which made it
possible to differentiate it from Guembelitria. Hofker (1978) speci-
fied its wall texture by studying the type-species Chg. danica,
describing it as having small blunt pustules. Studying topotypes of
Chg. danica, Loeblich and Tappan (1987) concluded that Chilo-
guembelitria has a surface that is finely pustulose but lacks pore-
mounds. Later, Arenillas et al. (2010) described it as papillate to
rugose, with perforate or imperforate pustules and rugosities, and
BouDagher-Fadel (2012, 2015) as muricate, i.e. surface possessing
high density of pustules.

Kroon and Nederbragt (1990), D'Hondt (1991), MacLeod (1993),
Jenkins et al. (1998) and Olsson et al. (1999) among others have
proposed, however, that Chiloguembelitria is a junior synonym of
Guembelitria, claiming that both genera bear pore-mounds.
MacLeod (1993) illustrated Maastrichtian specimens assigned to
Guembelitria danica exhibiting well-developed pore-mounds, and
suggested that both G. cretacea and Chg. danica � although distinct
species � belong to the genus Guembelitria, Chiloguembelitria being
a junior synonym. However, Maastrichtian specimens morpholog-
ically similar to the holotype of Chg. danica have recently been
attributed to G. dammula (Arz et al., 2010). Because the holotype of
Chg. danica cannot found (depository not given by the author),
Jenkins et al. (1998) chose topotypes of Chg. danica and designated
a neotype. They conclude that these type-specimens bear pore-
mounds similar to those of Guembelitria, supporting the idea that
the two genera are synonymous. However, the specimens that they
illustrated are poorly preserved and seem to have imperforate
pustules and rugosities, including the neotype of Chg. danica
selected by them. For these reasons, Arz et al. (2010) concluded that
the presence of regular pore-mounds in Chg. danica is very dubious,
and proposed that their taxonomy should be clarified by carrying
out a more profound study of the wall texture and morphology of
this genus and other Danian guembelitriids.

5. Morphological variability in lower Danian guembelitriids

5.1. Gross morphology

At the genus level, the serial guembelitriids were usually clas-
sified in accordance with their chamber arrangement (Fig. 6(a)),
distinguishing the wholly triserial forms (Guembelitria) and the
triserial-biserial mixed forms (Woodringina). The types of wall
texture identified seemed to fit well with these two genera,
Guembelitria having a pore-mounded wall (usually with regular
pore-mounds) and Woodringina a papillate or pustulate wall
(usually with a high density of blunt pustules).

At the species level, the main diagnostic criterion used in
guembelitriids is the spire height, bearing in mind that triserial and
biserial are spiral forms with three and two chambers per whorl
respectively (Tyszka, 2006; Fig. 6). In Guembelitria (Arz et al., 2010),
three species were distinguished according to whether they are
low-spired (G. blowi, or G. trifolia for some authors), medium-spired
(G. cretacea), or high-spired (G. dammula, or G. danica for some
authors). Triserial guembelitriids of irregular appearance (twisted
test) have usually been classified within G. irregularis (herein Chi-
loguembelitria irregularis). The separation of regular and “irregular”
triserial guembelitriids can be established using the rotation angle
b, so that when b is approximately between 120� and 130� they
have a regular appearance (with some twisting when further away
from 120�) and when more than 130� they have an irregular
appearance (Fig. 6(a)). In the adult stage, the spire height of Chg.
irregularis is great, similar to that of G. dammula or that of the
original holotype of Chg. danica.

In Woodringina (Olsson et al., 1999; Arenillas et al., 2007), two
species have been distinguished according to whether they are
low-spired (W. claytonensis) or high-spired (W. hornerstownensis).
The triserial juvenile stage of many specimens of W. claytonensis
and W. hornerstownensis, mainly the most modern ones, is greatly
shrunken (pseudotriserial, b z 140-170�) or absent (biserial,
b z 170-180�) (Fig. 6(a)). Those that have a gross morphology
similar toW. claytonensis have been assigned toWoodringina kelleri
MacLeod, 1993, and those similar to W. hornerstownensis have
usually been assigned to Chiloguembelina morsei (Kline, 1943) or
Chiloguembelina cf. morsei (e.g. D'Hondt, 1991; Olsson et al., 1999;
Arenillas and Arz, 2000; Arenillas et al., 2000a, 2000b). MacLeod
(1993) remarked that W. kelleri differs from W. claytonensis in its
laterally compressed adult chambers, and especially in its large,
elongate aperture. Olsson et al. (1999) considered W. kelleri to be a
junior synonym of W. claytonensis adducing that the differences
proposed by MacLeod (1993) appear insufficient to warrant main-
tenance of W. kelleri as a separate taxon. Arenillas et al. (2007)
considered Ch. morsei (Fig. 3(l)) to be a junior synonym of Chilo-
guembelina midwayensis (Cushman, 1940), since their holotypes are
almost indistinguishable, and re-assigned the high-spired speci-
mens with a shrunken triserial initial stage within the morpho-
logical variability of W. hornerstownensis.

Considering how species are discriminated in Guembelitria and
Woodringina, it is consistent to expect the existence of several
species within Chiloguembelitria distinguishable only by the spire
height, as proposed Arenillas et al. (2010). In addition to Chg. danica
(sensu the original holotype of Hofker, 1978) and Chg. irregularis,
Arenillas et al. (2010) suggested the existence of a new pseudoc-
ryptic species in the early Danian similar to G. cretacea but with
rugose wall, which was provisionally named Ch. cf. cretacea
(assigned herein to Chg. danica sensu the neotype of Jenkins et al.,
1998).

5.2. Aperture position and shape

Another of the criteria used to distinguish Guembelitria and
Chiloguembelitria is the position and shape of the aperture (Hofker,
1978), because the Chiloguembelitria aperture was originally
described as more similar to that of Chiloguembelina than to that of
Guembelitria. Following the terminologies of Li (1987), Li et al.
(1992) and BouDagher-Fadel (2012) for describing the position
and morphology of the aperture, Arenillas et al. (2016b) considered
two types of apertural position in triserial-trochospiral tests: um-
bilical and umbilical-extraumbilical (Fig. 6(b)), subdividing the first
into two subtypes: intraumbilical and anterio-intraumbilical, and
the second into another two subtypes: intra-extraumbilical and
umbilical-peripheral. The apertures outside the umbilicus may also
be subdivided into three other subtypes (Fig. 6(b)): extraumbilical,
equatorial (in spiral tests) and lateral (in biserial tests). According to
this terminology, most of the Chiloguembelitria specimens present
umbilical-peripheral or extraumbilical (rarely intra-extraumbilical)
apertures, or lateral ones if they have a more developed biserial
stage. This diagnostic character separates Chiloguembelitria from



Fig. 6. (a) Types of chamber arrangement. (b) Types of aperture position. (ced) Biometric parameters, abbreviations and descriptive terms used for the morphological analysis of
the Chiloguembelitria tests.
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Guembelitria, whose species usually have intraumbilical or anterio-
intraumbilical apertures.

The apertures of the studied planktonic foraminifera have the
following morphologies: (a) a rounded, wide arch, (b) a marginally/
laterally elongate, wide arch, and (c) a high arch (like a loop). Most
of the Chiloguembelitria specimens exhibit apertures with a
marginally or laterally elongate, wide arch, but rounded apertures
similar to those of Guembelitria and Trochoguembelitria are also
frequent. The apertural shape in Chiloguembelitria is almost iden-
tical to that of Woodringina, although species of the latter tend to
acquire an aperture with a higher arch, as in Chiloguembelina. The
aperture of all these genera is surrounded by a thin imperforate lip,
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although some tend to acquire a thicker lip as in Chiloguembelina.

6. Morphostatistical analysis of wholly triserial
Chiloguembelitria

The biometric and morphostatistical analysis has been applied
to “regular”, wholly triserial specimens (Fig. 6(a)) of Chiloguembe-
litria. The identification of other species in Chiloguembelitria was
based on qualitative morphological criteria, i.e. their gross
morphology: a strongly twisted, triserial test for Chg. irregularis,
and a biserial final stage for Chg. biseriata sp. nov.

6.1. Biometric parameters and indices and morphostatistical
analyses

The biometric parameters used to delimit species are the
following (Fig. 6(c)e(d); Table 1): convexity angle (a) measured in
axial view; length (L), width (W) and height (H) of the test; and
length (CL), width (CW) and height (CH) of the chamber, used to
calculate the chamber average diameter CAD ¼ (CL � CW � CH)1/3.
In addition, we used the biometric indices H/L and CAD/H (Table 1).
Other biometric indices have been explored, but these have not
given consistent results for separating species.

For morphostatistical analyses, the software used was the pro-
gram PAST, version 3.11, by Hammer et al. (2001). The biometric
parameters and indices were treated statistically using the
following analyses:

1) Univariate analyses: Two of the above-mentioned biometric
indices (a and H/L) were analyzed in an univariate manner in
order to ascertain whether these biometric variables are useful
for discriminating species; the results of the univariate analyses
were displayed as histograms of 20 bins (Fig. 7). Mixture anal-
ysis was applied to each biometric variable in order to identify
two or more univariate normal distributions (Gaussian bell-
shaped curves) based on a pooled univariate sample; this
method is used to identify species and study differences be-
tween them; Kernel density estimates were also plotted on
histograms.

2) Bivariate analyses: Variables a vs H/L were used to make
bivariate analyses. Kernel density estimates allowed us to make
smooth maps of point density in XY graphs (Fig. 8); the density
estimate is based on a Gaussian function, and scales give an
estimate of the number of points per area, not a probability
density.

3) Multivariate analyses: R-mode cluster analysis and principal
component analysis (PCA) were used; the cluster analyses were
based on Bray-Curtis indexmeasures among all specimens using
the values of the above-mentioned biometric indices/parame-
ters (a, H/L and CAD/H) in order to find groupings that might
represent species (Fig. 9). The PCA was applied to the values of
the three biometric indices/parameters (original variables).
Such an analysis finds hypothetical variables (components) that
account for as much of the variance in the multidimensional
data as possible by reducing the data set to two variables (the
two most important components) through a routine that finds
eigenvalues and eigenvectors (i.e. components) of the variance-
covariance correlation matrix. All the original data points were
plotted as an XY graph in the coordinate system given by the
two most important components (PC1 and PC2) to enhance
visualization of the data sets representing the possible species
(Fig. 10); 95% confidence ellipses, which assume a bivariate
normal distribution, and convex hulls, which are the smallest
convex polygons containing all points, were presented in the
scatter diagram.
6.2. Results of the morphostatistical analysis

The morphological and morphostatistical analyses discriminate
at least three species within Chiloguembelitria. Whether or not the
statistically identified morphogroups are biological species is a
question that we do not intend to clarify. Nevertheless, there is no
doubt that the three identified species fall within the concept of
morphospecies, which is based on overall morphological similarity,
and defined as the smallest morphogroup that is consistently and
persistently distinct.

Frequency distributions of the univariate analyses (Fig. 7),
calculated for all measured specimens and represented in plot
histograms of 20 bins, suggest three morphogroups of Chilo-
guembelitria, as also suggested by Gaussian bells and Kernel density
estimates. Both a and H/L variates seem to distinguish three groups,
a low-spired group, assigned to Chg. trilobata sp. nov., a medium-
spired group, assigned to Chg. danica, and a high-spired group,
assigned to Chg. hofkeri sp. nov., Bivariate analyses (Fig. 8) also
strongly suggest that the genus Chiloguembelitria contains the three
above-mentioned species; these are well observable in the Kernel
density maps.

Cluster analysis (Fig. 9), based on the Bray-Curtis similarity in-
dex, produced dendrograms with two primary clusters, one
grouping the morphotypes with a low-spired test (Chg. trilobata sp.
nov.), and the other thosewith a high-medium-spired test, which is
subdivided into two sub-clusters, one grouping medium-spired
(Chg. danica) and the other high-spired morphogroups (Chg. hof-
keri sp. nov.). The two resulting dendrograms, one based on a and
H/L variables (Fig. 9(a)) and the other on a, H/L and CAD/H variables
(Fig. 9(b)), made it possible to discriminate the three above-
mentioned species. The principal component analysis (PCA) based
on a, H/L and CAD/H variables showed similar results to those of the
cluster analysis (Fig. 10). The principal component PC1 explains
94.5% of the variance. The PCA scatter diagram, where X and Y are
the principal components PC1 and PC2, distinguishes three sets of
points of higher density. We specified three groups of specimens,
clustering them subjectively by their gross morphology. These are
approximately equivalent to those obtained by the PCA. Except for
the intermediate and/or anomalous specimens, the convex hulls
and 95% confidence ellipses clearly delimit the three above-
mentioned species. Their main characteristics are easily recogniz-
able under the stereomicroscope.

7. Paleontological systematics

Olsson et al. (1999) showed that the phyletic relationship of
Trochoguembelitria (Parvularugoglobigerina according to them),
Globoconusa, Woodringina, and Chiloguembelina with Guembelitria
indicates that trochospiral and biserial chamber arrangements
evolved divergently within the planktonic foraminifera. Such re-
lationships are not clearly accounted for by taxonomic schemes,
which separate serial and trochospiral morphotypes at the super-
family level (e.g. Loeblich and Tappan, 1987). It is broadly accepted
that Chiloguembelina is lineally derived from Guembelitria, via
Woodringina (Olsson, 1970; Li and Radford, 1991; Liu and Olsson,
1992; D'Hondt, 1991). The phylogenetic relationship between Chi-
loguembelina and Guembelitria indicates that Guembelitriidae
constitutes a paraphyletic family because it does not include
descendant species assigned to the family Chiloguembelinidae
(Olsson et al., 1999). Moreover, BouDagher-Fadel (2012, 2015)
assigned the trochospiral guembelitriiids Trochoguembelitria
(Postrugoglobigerina according to the author) and Globoconusa to
the family Globoconusidae.

The new evidence reported here indicates that it is advisable to
reconsider the validity of the genus Chiloguembelitria, as its wall



Fig. 7. Univariate analyses based on biometric variables a and H/L to delimit the Chiloguembelitria species, displayed as histograms of 20 bins; thick dotted lines are the Kernel
density estimations; fine dot lines are univariate normal distributions (Gaussian beel-shaped curves) based on mixture analysis.

Fig. 8. Bivariate analyses based on Kernel density estimations from paired variables a vs. H/L, and plotted in smooth map of point density; colour scale with deep red for highest
density and dark blue for lowest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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texture is distinguishable from those of Guembelitria, and very
similar to those described in Trochoguembelitria and in some of the
earliest specimens of Woodringina. Furthermore, the position of its
aperture also differs from that of Guembelitria. Chiloguembelitria
should be assigned to the family Guembelitriidae together with
Guembelitria and Woodringina. The proposed phylogenetic re-
lationships of these genera are illustrated in Fig. 11.

The family Guembelitriidae is usually included in the super-
family Heterohelicoidea Cushman, 1927, which has been excluded
from the order Globigerinida Delage and H�erouard, 1896, in more



Fig. 9. R-mode cluster analysis based on Bray-Curtis index and applied to the values of the biometric variables measured in all SEM-photographed Chiloguembelitria specimens. (a)
Cluster for biometric variables a and H/L; (b) Cluster for biometric variables a, H/L and CAD/H. Djk ¼ Bray-Curtis index value between specimen j and specimen k; xij ¼ value of the
variable i (biometric index/parameter i) of the specimen j; xik ¼ value of the variable i (biometric index/parameter i) of the specimen k.
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recent taxonomies (e.g. BouDagher-Fadel, 2012), and included
separately in the order Heterohelicida Fursenko, 1958. However, if
it is confirmed that Guembelitria evolved from the benthic Neo-
bulimina or a similar buliminid, as Georgescu et al. (2011) proposed,
the family Guembelitriidae should also be excluded from the su-
perfamily Heterohelicoidea and the order Heterohelicida.

? Order Heterohelicida Fursenko, 1958
? Superfamily Heterohelicoidea Cushman, 1927
Family Guembelitriidae Montanaro-Gallitelli, 1957
Genus Chiloguembelitria Hofker, 1978, emended

Type description. Test small, elongate, wholly triserial. All
foramina and the aperture are placed axially and perpendicular to
the sutures, are slit-like elongate, with a distinct lip which is
crenulate at the axial side of the border of the apertures, as in
Chiloguembelina. It is like a Guembelina in which the biserial part is
not yet developed, and may be the true ancestor of that genus. Both
Chiloguembelitria and Chiloguembelina are monolamellar.

Emended description. Test small, subconical, wholly triserial
tending to biserial, or with an undeveloped biserial final stage.
Chambers subspherical or globular. Outline lobate, with incised
sutures. Aperture interiomarginal, umbilical-extraumbilical to
extraumbilical (in the middle part of the suture between the last
and the penultimate chamber), rounded or elongate arch, generally
asymmetrical, with an imperforate lip. Wall calcareous, hyaline,
microperforate, pustulate to rugose, with irregular or decentered
pore-mounds, imperforate blunt pustules (papilla-type), occa-
sionally sharp pustules, and both perforate and imperforate ru-
gosities; rugosities and pustules irregularly distributed.

Remarks. Chiloguembelitria was originally described in the
lower Danian as having a wholly triserial test, as Guembelitria, but
with an aperture more similar to that of the biserial genus Chilo-
guembelina. Hofker (1978) and Loeblich and Tappan (1987) showed
that the main diagnostic characters of Chiloguembelitria are its
aperture shape (similar to Chiloguembelina) and its wall texture
with imperforate blunt pustules. Kroon and Nederbragt (1990),
D'Hondt (1991), MacLeod (1993), Jenkins et al. (1998) and Olsson
et al. (1999) suggested that Chiloguembelitria is a junior synonym
of Guembelitria, after concluding that its species bear pore-mounds
similar to those of Guembelitria. However, well-preserved Danian
specimens of Chg. danica from DSDP Site 47.2, Shatsky Rise (North



Fig. 10. Principal components analysis (PCA), applied to the values of biometric variables (a, H/L and CAD/H) in all Chiloguembelitria specimens.
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Pacific) exhibit imperforate blunt pustules and rugosities (Loeblich
and Tappan, 1987), which is different from the wall texture of
Maastrichtian specimens. Arz et al. (2010) and BouDagher-Fadel
(2012, 2015) argued that Chiloguembelitria is a valid taxon, since
its wall texture and apertural position differ from Guembelitria.
Arenillas et al. (2010) described its wall texture as pustulate/
papillate to rugose, and BouDagher-Fadel (2012, 2015) as muricate
(a surface with a high density of pustules).

Chiloguembelitria danica Hofker, 1978
(Fig. 5(g); Fig. 12(c)e(g))
non 1978 Chiloguembelitria danica Hofker, p. 60, holotype: pl. 4,
Fig. 14.
non 1987 Guembelitria danica (Hofker); Loeblich and Tappan, p.
452, part, topotype: pl. 484, Fig. 8.
non 1993 Guembelitria danica (Hofker); MacLeod, pl. 3, Figs. 1
and 5.
1998 Guembelitria danica (Hofker); Jenkins et al., p. 64, part,
neotype: pl. 1, Fig. 1; topotype: pl. 1, Fig. 5.
non 2007 Guembelitria danica (Hofker); Arenillas et al., p. 38,
Figs. 13.14e17.

Type description. Test small, elongate, with triserially arranged
chambers throughout. Chambers globular, with distinctly
depressed sutures in between, gradually increasing in size so that
the whole test remains slender. Walls thin, consisting of only one
lamella, without secondary thickening. Walls finely perforate, with
small blunt pustules. Aperture high, elongate, narrow, with pro-
truding lip at the axial side of the aperture, as in Chiloguembelina.
Length of test up to 0.1 mm; larger breadth near the apertural end
0.05 mm.

Emended description. Test subconical, medium-spired
although higher than wide or long. Triserial arrangement, often
slightly twisted, with 9e12 subspherical chambers distributed in
3e4 spiral whorls, with a moderate rate of chamber enlargement.
Outline subtriangular, lobate, with incised sutures. Aperture inter-
iomarginal, umbilical-extraumbilical to extraumbilical, rounded or
elongate, generally asymmetrical, surrounded by an imperforate
lip. Wall surface microperforate, pustulate to rugose, with isolated,
decentered pore-mounds, perforate and/or imperforate rugosities,
and blunt pustules (papilla-type) and/or sharp pustules. Adult size
range 100e150 mm in height.

Occurrence. Lowermost Danian, from the upper part of Zone P0
to the lower part of Zone P1c of Berggren and Pearson (2005), i.e.
from the upper part of the Hedbergella holmdelensis Subzone
(Guembelitria cretacea Zone) to the lower part of the Globanomalina
compressa Subzone (Parasubbotina pseudobulloides Zone) of
Arenillas et al. (2004). It is very frequent in the Eoglobigerina triv-
ialis Subzone (Parasubbotina pseudobulloides Zone), i.e. in P1a
(Fig. 1).

Remarks. Kroon and Nederbragt (1990) suggested that Chg.
danica is a junior synonyms of G. cretacea, assuming that it bears
pore-mounds. However, the presence of regular pore-mounds in
Chg. danica is doubtful (Hofker, 1978; Loeblich and Tappan, 1987;
Arz et al., 2010; Arenillas et al., 2010; BouDagher-Fadel, 2012,
2015). Morphologically, G. dammula is very similar to the original
illustration of the holotype of Chg. danica. Since many authors have
considered that Guembelitria and Chiloguembelitria are synony-
mous genera, the Maastrichtian high-spired guembelitriids
assigned to Guembelitria dammula Voloshina, 1961, by Arz et al.
(2010) have frequently been named Guembelitria danica (e.g.
MacLeod, 1993). In any case, G. dammula was originally defined
fromMaastrichtian beds and has priority in date of publication over
the species defined by Hofker (1978). The neotype selected by
Jenkins et al. (1998) for Chg. danica (Fig. 12(c)) has a medium-spired
test similar to that of G. cretacea, thus not reflecting the original



Fig. 11. Proposed phylogenetic relationships of Guembelitria, Chiloguembelitria, Trochoguembelitria, Globoconusa, Woodringina and Chiloguembelina based on evidence reported here
and previous phylogenetic studies (see Arenillas et al., 2012, 2016b); thick dotted lines indicate doubtful range, based probably on reworked specimens. (1) Arenillas et al. (2004);
(2) Berggren and Pearson (2005).
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morphology (high-spired test) of the Hofker's holotype (Fig. 12(a)).
Nevertheless, the designated neotype has priority according to the
Article 75 of International Code of Zoological Nomenclature, so that
the name "danica" should be used to refer to Chiloguembelitria
specimens with a medium-spired test.

Chiloguembelitria irregularis (Morozova, 1961)
(Fig. 12(i)e(n))
1961 Guembelitria irregularis Morozova, p. 17e18, pl. 1,
Figs. 9e10.
1987 Guembelitria danica (Hofker); Loeblich and Tappan, p. 452,
part, pl. 484, Figs. 7 and 9.
1993 Guembelitria irregularis Morozova; MacLeod, pt. 3,
Figs. 2e4, 6e7.
1998 Guembelitria danica (Hofker); Jenkins et al., p. 64, part, pl. 1,
Figs. 4 and 6.
2007 Guembelitria? irregularis Morozova; Arenillas et al., p.
38e39, Figs. 13.9e13.
Type description. Test high, height two to three times
exceeding the diameter. Initial end pointed, initial angle about 30�.
Apertural end rounded. Spire consists of seven to eight whorls. The
number of chambers in each whorl is not uniform, sometimes two
and a half, sometimes three, so the chambers do not form regular
rows. In all mature forms there are 17e20 subspheroidal chambers.
Sutures deep. Aperture semilunate, basal. Wall smooth, semi-
transparent. Surface weakly rough [Translation from the Russian].

Emended description. Test elongated, subconical, high-spired.
Triserial arrangement, twisted with irregular appearance, with
11e17 subspherical chambers distributed in 3.5e5.5 spiral whorls,
with low rate of chamber enlargement. Outline subtriangular,
lobate, with incised sutures. Aperture interiomarginal, usually
extraumbilical, rounded or elongate, generally asymmetrical, with
an imperforate lip. Wall surface microperforate, pustulate to
rugose, with isolated, decentered pore-mounds, perforate and/or
imperforate rugosities, and blunt pustules (papilla-type). Adult size
range 120e180 mm in height.



Fig. 12. Holotypes and specimens of Chiloguembelitria danica Hofker and Chiloguembelitria irregularis Morozova (scale bar ¼ 100 mm; scale bar of detail SEM-micrographs ¼ 10 mm).
(a) Chiloguembelitria danica Hofker, invalid holotype (considered here as Chg. hofkeri sp. nov.), middle Danian, DSDP Leg 6 Shatsky Rise, northern Pacific. (b) Chiloguembelitria danica
Hofker (considered here as Chg. hofkeri sp. nov.), topotype of Loeblich and Tappan (1987), Danian, DSDP Site 47.2, Shatsky Rise, northern Pacific. (c) Chiloguembelitria danica Hofker,
neotype of Jenkins et al. (1998), Danian, DSDP Leg 6, Shatsky Rise, northern Pacific. (d) Chiloguembelitria danica Hofker, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis
Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (e) Chiloguembelitria danica Hofker, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El
Kef, Tunisia. (f) Chiloguembelitria danica Hofker, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (g) Chiloguembelitria
danica Hofker, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (h) Chiloguembelitria hofkeri sp. nov., sample KF 20.50
(8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (i) Guembelitria irregularis Morozova, Holotype, lower Danian, Tarkhankut, Crimea (SEM-
micrographs from Olsson et al., 1999). (j) Chiloguembelitria irregularis (Morozova), sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef,
Tunisia. (k) Chiloguembelitria irregularis (Morozova), sample STWþ45 þ 47 (46 cm above K/Pg boundary), Pv. longiapertura Subzone (G. cretacea Zone), Aïn Settara, Tunisia. (l)
Chiloguembelitria irregularis (Morozova), sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (m) Chiloguembelitria irregularis
(Morozova), sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (n) Chiloguembelitria irregularis (Morozova), sample KF 19.50
(7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia.
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Occurrence. Lowermost Danian, from the lower part of Zone Pa
to the middle part of Zone P1b of Berggren and Pearson (2005), i.e.
from the lower part of the Parvularugoglobigerina longiapertura
Subzone (Guembelitria cretacea Zone) to the middle part of the
Subbotina triloculinoides Subzone (Parasubbotina pseudobulloides
Zone) of Arenillas et al. (2004). It is frequent in the Eoglobigerina
trivialis Subzone (Parasubbotina pseudobulloides Zone), i.e. in P1a
(Fig. 1).

Remarks. It differs from Chg. danica in the twisted triserial test
that gives it an irregular appearance. It also differs from other
Chiloguembelitria species with “regular” rather than twisted trise-
rial tests (Chg. hofkeri sp. nov. and Chg. trilobata sp. nov.) in its
higher spire, similar to Chg. danica. As was suggested by Arz et al.
(2010), the species name irregularis may have been used as a
“wastebasket” grouping earliest Danian species with a pustulate to
rugose wall (Loeblich and Tappan, 1987) and both Maastrichtian
and Danian aberrant forms with different types of wall texture. Chg.
irregularis should thus not be confused with aberrant forms or with
some specimens of Guembelitria with a relatively twisted test.

Chiloguembelitria hofkeri sp. nov.
(Fig. 5(c); Fig. 12(h); Fig. 13(a)e(d))
1978 Chiloguembelitria danica Hofker, p. 60, pl. 4, Fig. 14.
1987 Guembelitria danica (Hofker); Loeblich and Tappan, p. 452,
part, pl. 484, Fig. 8.
non 1993 Guembelitria danica (Hofker); MacLeod, pl. 3, Figs. 1
and 5.
2007 Guembelitria danica (Hofker); Arenillas et al., p. 38,
Figs. 13.14e17.

Type-specimens. Holotype MPZ 2016/108 (Fig. 13(a)). Paratype
MPZ 2016/109 (Fig. 13(b)). MPZ 2016/110 (Fig. 13(c)). Paratype MPZ
2016/111 (Fig. 13(d)). Type-specimens deposited in the Museo de
Ciencias Naturales de la Universidad de Zaragoza (Aragon Gov-
ernment, Spain).

Diagnosis. Test elongated, subconical, high-spired. Triserial
arrangement, often slightly twisted, with 11e14 subspherical
chambers distributed in 3.5e4.5 spiral whorls, with low rate of
chamber enlargement. Outline subtriangular, lobate, with incised
sutures. Aperture interiomarginal, umbilical-extraumbilical to
extraumbilical, rounded or elongate, generally asymmetrical, with
an imperforate lip. Wall surface microperforate, pustulate to
rugose, with isolated, decentered pore-mounds, perforate and/or
imperforate rugosities, and blunt pustules (papilla-type). Adult size
range 120e180 mm in height.

Derivation of name. Species dedicated to Jan Hofker for the
discovery and definition of the Danian genus Chiloguembelitria.

Type locality. El Kef section, El Haria Formation, Tunisia.
Type level. 7.50 m above the Cretaceous/Paleogene boundary of

the El Kef section (sample KF19.50), in the lower part of Zone P1a,
or the middle part of the Eoglobigerina trivialis Subzone (Para-
subbotina pseudobulloides Zone), lower Danian.

Occurrence. Lowermost Danian, from the upper part of Zone P0
to the middle part of Zone P1b of Berggren and Pearson (2005), i.e.
from the upper part of the Hedbergella holmdelensis Subzone
(Guembelitria cretacea Zone) to the middle part of the
S. triloculinoides Subzone (Parasubbotina pseudobulloides Zone) of
Arenillas et al. (2004). It is very frequent in the Eoglobigerina triv-
ialis Subzone (Parasubbotina pseudobulloides Zone), i.e. in P1a
(Fig. 1).

Remarks. It differs from Chg. danica in having a higher-spired
test. The gross morphology of Chg. hofkeri sp. nov. is similar to
the original holotype of Chg. danica illustrated by Hofker (1978).
Nevertheless, because this holotype was invalidated (depository
not given by the author), the name "danica" should be used to refer
to Chiloguembelitria specimens with a medium-spired test, such as
the neotype designated by Jenkins et al. (1998). The difference in
spire height of Chg. hofkeri sp. nov. from Chg. danica and Chg. tri-
lobata sp. nov. is similar to that of Guembelitria dammula from
G. cretacea and G. blowi (Arz et al., 2010). These two triplets of
species differ from each other in the wall texture and the position
and shape of the aperture. Danian specimens of Chg. hofkeri sp. nov.
have commonly been attributed to G. cretacea (MacLeod, 1993;
Olsson et al., 1999; Arenillas et al., 2000a, 2000b), but Arenillas
et al. (2007) and Arz et al. (2010) have already pointed out the
possible existence in the early Danian of a pseudocryptic species
similar to Guembelitria spp. but with a rugose wall.

Chiloguembelitria trilobata sp. nov.
(Fig. 13(e)e(h))

Type-specimens. Holotype MPZ 2016/112 (Fig. 13(e)). Paratype
MPZ 2016/113 (Fig. 13(f)). MPZ 2016/114 (Fig. 13(g)). Paratype MPZ
2016/115 (Fig. 13(h)). Type-specimens deposited in the Museo de
Ciencias Naturales de la Universidad de Zaragoza (Aragon Gov-
ernment, Spain).

Diagnosis. Test short subconical, low-spired. Triserial arrange-
ment, often slightly twisted, with 8e11 subspherical chambers
distributed in 2.5e3.5 spiral whorls, with a high rate of chamber
enlargement. Outline subtriangular, lobate, with incised sutures.
Aperture interiomarginal, umbilical-extraumbilical to extra-
umbilical, generally rounded and asymmetrical, with an imperfo-
rate lip. Wall surface microperforate, pustulate to rugose, with
isolated, decentered pore-mounds, perforate and/or imperforate
rugosities, and blunt pustules (papilla-type) and/or sharp pustules.
Adult size range 90e120 mm in height.

Derivation of name. Latin term trilobata referring to the shape
of three lobes in the equatorial outline.

Type locality. El Kef section, El Haria Formation, Tunisia.
Type level. 7.50 m above the Cretaceous/Paleogene boundary of

the El Kef section (sample KF19.50), in the uppermost part of Zone
Pa, or the lower part of the Eoglobigerina trivialis Subzone (Para-
subbotina pseudobulloides Zone), lower Danian.

Occurrence. Lower Danian, from the lower part of Zone Pa to
the upper part of Zone P1b of Berggren and Pearson (2005), i.e.
from the uppermost part of the Parvularugoglobigerina long-
iapertura Subzone (Guembelitria cretacea Zone) to the lower part of
the Globanomalina compressa Subzone (Parasubbotina pseudo-
bulloides Zone) of Arenillas et al. (2004). It is very frequent in the
Eoglobigerina trivialis Subzone (Parasubbotina pseudobulloides
Zone), i.e. in P1a (Fig. 1).

Remarks. It differs from Chg. danica in having a lower triserial
test. Specimens of Chg. trilobata sp. nov. have been probably
attributed to Guembelitria blowi (or G. trifolia for some authors;
MacLeod,1993; Arenillas et al., 2000a, 2000b) or G. cretacea (Olsson
et al., 1999). Nevertheless, Arenillas et al. (2007) and Arz et al.
(2010) pointed out the possible existence of pseudocryptic spe-
cies of Guembelitria spp. in the lower Danian, referring to some of
the Chiloguembelitria species defined here. The gross morphology
and size of Chg. trilobata sp. nov. resemble those of Trocho-
guembelitria alabamensis, with which it shares the wall texture but
from which it differs in the chamber arrangement (triserial vs.
trochospiral).

Chiloguembelitria biseriata sp. nov.
(Fig. 14(a)e(d))
? 1998 Guembelitria danica (Hofker); Jenkins et al., p. 64, part, pl.
1, Fig. 3.
? 1999 Woodringina claytonensis Loeblich and Tappan; Olsson
et al., p. 242, pl. 68, Fig. 1.



Fig. 13. Type-specimens of Chiloguembelitria hofkeri sp. nov. and Chiloguembelitria trilobata sp. nov (scale bar ¼ 100 mm; scale bar of detail SEM-micrographs ¼ 10 mm). (a) Chi-
loguembelitria hofkeri sp. nov., Holotype MPZ 2016/108, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (b) Chilo-
guembelitria hofkeri sp. nov., Paratype MPZ 2016/109, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (c) Chiloguembelitria
hofkeri sp. nov., Paratype MPZ 2016/110, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (d) Chiloguembelitria hofkeri sp.
nov., Paratype MPZ 2016/111, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (e) Chiloguembelitria trilobata sp. nov.,
Holotype MPZ 2016/112, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (f) Chiloguembelitria trilobata sp. nov., Paratype
MPZ 2016/113, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (g) Chiloguembelitria trilobata sp. nov., Paratype MPZ 2016/
114, sample KF 21.25 (9.25 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (h) Chiloguembelitria trilobata sp. nov., Paratype MPZ 2016/115,
sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia.
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Type-specimens. Holotype MPZ 2016/116 (Fig. 14(a)). Paratype
MPZ 2016/117 (Fig. 14(b)). MPZ 2016/118 (Fig. 14(c)). Paratype MPZ
2016/119 (Fig. 14(d)). Type-specimens deposited in the Museo de
Ciencias Naturales de la Universidad de Zaragoza (Aragon Gov-
ernment, Spain).

Diagnosis. Test subconical to flaring, with 7e10 subspherical
chambers and a medium-to-high rate of chamber enlargement.
Triserial juvenile stage with 5e6 chambers distributed in 1.5e2
spiral whorls, and biserial final stage with 1e2 pairs of chambers in
a twisted plane of biseriality. Outline subtriangular, lobate, with
incised sutures. Aperture interiomarginal, lateral, rounded or
elongate, generally asymmetrical, with an imperforate lip. Wall
surface microperforate, pustulate to rugose, with isolated, decen-
tered pore-mounds, perforate and/or imperforate rugosities, and



Fig. 14. Type-specimens of Chiloguembelitria biseriata sp. nov. and comparison with specimens of Woodringina claytonensis Loeblich (scale bar ¼ 100 mm; scale bar of detail SEM-
micrographs ¼ 10 mm). (a) Chiloguembelitria biseriata sp. nov., Holotype MPZ 2016/116, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El
Kef, Tunisia. (b) Chiloguembelitria biseriata sp. nov., Paratype MPZ 2016/117, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef,
Tunisia. (c) Chiloguembelitria biseriata sp. nov., Paratype MPZ 2016/118, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (d)
Chiloguembelitria biseriata, Paratype MPZ 2016/119, sample KF 18.50 (6.5 m above K/Pg boundary), E. simplicissima Subzone (Pv. eugubina Zone), El Kef, Tunisia. (e) Woodringina
claytonensis Loeblich and Tappan, sample KF 20.50 (8.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (f) Woodringina claytonensis Loeblich
and Tappan, sample KF 19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (g) Woodringina claytonensis Loeblich and Tappan, sample KF
19.50 (7.5 m above K/Pg boundary), E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia. (h) Woodringina claytonensis Loeblich and Tappan, sample KF24.00 (12 m above the
K/Pg boundary), S. triloculinoides Subzone (P. pseudobulloides Zone), El Kef, Tunisia.

I. Arenillas et al. / Journal of African Earth Sciences 134 (2017) 435e456454
blunt pustules (papilla-type). Adult size range 120e160 mm in
height.

Derivation of name. Latin term biseriata referring to the biserial
final stage of its ontogeny.

Type locality. El Kef section, El Haria Formation, Tunisia.
Type level. 8.50 m above the Cretaceous/Paleogene boundary of

the El Kef section (sample KF20.50), in the lower part of Zone P1a,
or middle part of the Eoglobigerina trivialis Subzone (Parasubbotina
pseudobulloides Zone), lower Danian.

Occurrence. Lowermost Danian, from the lower part of Zone Pa
to the upper part of Zone P1a of Berggren and Pearson (2005), i.e.
from the lower part of the Parvularugoglobigerina longiapertura
Subzone (Guembelitria cretacea Zone) to the upper part of the
Subbotina trivialis Subzone (Parasubbotina pseudobulloides Zone) of
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Arenillas et al. (2004). It is not abundant, and is easily confusedwith
Woodringina claytonensis (Fig. 1).

Remarks. It differs from other Chiloguembelitria species in its
final biserial stage. The species Chg. biseriata sp. nov. has previously
gone unnoticed because it is morphologically very similar to
Woodringina claytonensis. However, W. claytonensis differs in its
wall surface (pustulate or muricate rather than rugose, and without
pore-mounds) and its reduced triserial initial stage (single whorl of
three-chambered stage, usually pseudotriserial rather than trise-
rial). Olsson et al. (1999) included these morphotypes within the
phenotypic variability of W. claytonensis, adducing that some
specimens of Woodringina bear scattered pore-mounds. However,
typical W. claytonensis has a pustulate wall like other species of
Woodringina and Chiloguembelina, consisting of small imperforate
blunt pustules (papilla-type). Many pustules in the wall of Wood-
ringina may have the same ontogenetic origin as the pore-mounds
in Guembelitria, although others perhaps may not.
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4.2. Blooms of aberrant planktic foraminifera across the K/Pg boundary in the 

Western Tethys: causes and evolutionary implications. 
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Blooms of aberrant planktic foraminifera across the K/Pg
boundary in the Western Tethys: causes and evolutionary
implications

Ignacio Arenillas, José A. Arz, and Vicente Gilabert

Abstract.—We report a detailed study of the different categories and types of abnormal morphologies in
planktic foraminifera recognizable in the lowermost Danian, mainly from the El Kef and Aïn Settara
sections, Tunisia. Various types of abnormalities in the test morphology were identified, including
protuberances near the proloculus, abnormal chambers, double or twinned ultimate chambers, multiple
ultimate chambers, abnormal apertures, distortion in test coiling, morphologically abnormal tests,
attached twins or double tests, and general monstrosities. Detailed biostratigraphic and quantitative
studies of the Tunisian sections documented a major proliferation of aberrant planktic foraminifera
(between approximately 5% and 18% in relative abundance) during the first 200 Kyr of the Danian,
starting immediately after the Cretaceous/Paleogene (K/Pg) boundary mass extinction (spanning from
the Guembelitria cretacea Zone to the lower part of the P. pseudobulloides Zone). This contrasts with the
proportionately low frequency of aberrant tests (generally <2%) identified within the uppermost
Maastrichtian, suggesting more stable environmental conditions during the last ~ 50–100 Kyr of the
Cretaceous. Two main pulses with abundant aberrant tests were recognized in the earliest Danian, the
one recorded in the well-known K/Pg boundary clay being the more intense of those (maxima of >18%).
These main pulses of aberrants coincide approximately with relevant quantitative and evolutionary
turnovers in the planktic foraminiferal assemblages. In this paper, we explore the relation of these high
values of the foraminiferal abnormality index with the environmental changes induced by the meteorite
impact of Chicxulub in Yucatan, Mexico, and the massive eruptions of the Deccan Traps, India.
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Introduction

Asteroid impacts represent an extreme
among natural disasters, inducing rapid and
sharp environmental perturbations with
important implications for the biosphere
(Alvarez et al. 1992; Toon et al. 1997). After
the Chicxulub asteroid impact (Yucatan, Mex-
ico) at the Cretaceous/Paleogene (K/Pg)
boundary (Hildebrand et al. 1991), a cloud of
dust and fine ejecta scattered and contami-
nated the atmosphere, land, and oceans
(Alvarez et al. 1980; Smit and Hertogen 1980).
The cloud of pulverized impact material at
Chicxulub was deposited slowly (probably
over a few years), forming a thin (few milli-
meters) airfall layer evident in deep-marine
sediments worldwide, with anomalous con-
centrations of iridium and other platinum-
group metals, nickel-rich spinels, shocked
quartz, and altered microtektites (Smit 1990;

Robin et al. 1991). The Chicxulub impact
caused the blockage of sunlight, the inhibition
of the photosynthesis, disruption of food
chains, a sudden drop in global temperature,
destruction of the ozone layer, and the produc-
tion of toxins and acid rain (Smit and Romein
1985; Hsü andMcKenzie 1985; Pope et al. 1997;
Gerasimov 2002; Ocampo et al. 2006; Alegret
et al. 2012; Bardeen et al. 2017), initiating one of
the greatest mass extinctions in the history of
life (Schulte et al. 2010).

In the earliest Danian oceans, a dark-clay bed
was deposited above the K/Pg airfall layer
under conditions of global climatic warming
and alterations in oceanic productivity (Hsü and
McKenzie 1985; D’Hondt et al. 1998; D’Hondt
2005; Coxall et al. 2006; Birch et al. 2016), with
some regions showing a sharp decline in export
productivity during approximately 2 Myr,
and others a constant or rapidly reestablished
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organic flux from the surface ocean to the deep
seafloor (Hull and Norris 2011).
The dark-clay bed also contains high con-

centrations of heavy metals, which, though
lower than in the airfall layer, are higher than
in the sediments of the upper Maastrichtian
and more modern lower Danian (Smit and ten
Kate 1982; Dupuis et al. 2001; Hollis et al. 2003).
The paleoenvironmental conditions recorded
in the dark-clay bed seem therefore to reflect
the long-term disruptive effects of the K/Pg
impact event, revealing a time in which the
ecosystems were starting to recover and ocea-
nic productivity to re-establish itself.
Planktic foraminifera, like other paleontolo-

gical groups, suffered considerable, but not
complete, extinction at the K/Pg boundary
event (Smit 1982). The cause–effect relationship
between the Chicxulub impact and the K/Pg
mass extinction has been amply verified (see
Smit 1990, 1999; Arenillas et al. 2000b, 2006), and
the impact theory is correspondingly well
established in the scientific community (Schulte
et al. 2010). However, other evidence seems to
suggest that themassive eruptions of the Deccan
Traps, India, could have played an important
role in the extinction, or at least in the paleoen-
vironmental changes that occurred during the
Cretaceous/Paleogene transition (Courtillot
et al. 1988; Chenet et al. 2007, 2009; Keller et al.
2011, among others). Recently, Schoene et al.
(2015) has applied uranium-lead (U-Pb) zircon
geochronology to Deccan rocks, showing three
main eruptive phases or megapulses, the main
one (phase 2) beginning approximately 250 Kyr
before K/Pg boundary and lasting 750 Kyr.
The Deccan megapulses have been related to

episodes of global warming and/or environ-
mental stress across the K/Pg boundary (Keller
and Pardo 2004; Pardo and Keller 2008;
Punekar et al. 2014, 2016). Keller et al. (2011)
proposed that phase 2 (responsible for ca. 80%
of the total volume of Deccan Traps emissions)
ended at or near the K/Pg boundary, spanning
the last 280 Kyr of the Maastrichtian. Deccan-
induced global warming and cooling episodes
at the late Maastrichtian seem to be responsible
for dwarfing episodes in some planktic for-
aminiferal species (Keller and Abramovich
2009; Omaña et al. 2012; Petersen et al. 2016),
migrations (Olsson et al. 2001), and regional

assemblage changes (Keller 2003), however,
without a significant decrease in global planktic
foraminiferal diversity (Arenillas et al. 2000a,b).
After the K/Pg boundary, small species began to
appear following a model of “explosive” adap-
tive radiation (Smit 1982; Brinkhuis and Zachar-
iasse 1988; Arenillas et al. 2002, 2004). One of the
ancestors of the first Danian species was the
opportunistic, triserial genusGuembelitria, which
might be the only true survivor (Smit 1982,
2004). However, the main lineages of planktic
foraminifers appearing in the Danian, whose
descendants have reached the present day,
could have a benthic origin (see Brinkhuis and
Zachariasse 1988; Arenillas and Arz 2017).
It must be emphasized that there are other
relevant taxonomic and phylogenetic models,
some of them highly supported among planktic
foraminifer taxonomists. Among the most note-
worthy proposals are those of Olsson et al.
(1999), Apellaniz et al. (2002), Aze et al. (2011),
and Koutsoukos (2014), which suggest that
the genus Muricohedbergella was a survivor of
the K/Pg extinction event and played an
important phylogeny role for being the ancestral
form of Danian genera such as Globanomalina,
Eoglobigerina, and/or Praemurica.

Abnormal tests have long been reported in
recent benthic foraminifera linked to regions
with either high environmental variability
(e.g., Polovodova and Schonfeld 2008; Ballent
and Carignano 2008) or human-induced pollu-
tion (e.g., Yanko et al. 1998; Samir and El Din
2001; Frontalini and Coccioni 2008), showing
that abnormal variations in morphology are a
response to changes in ecological parameters
such as temperature, pollution, carbonate
solubility, dissolved oxygen, or the occurrence
of rapid environmental fluctuations. The long-
term effects of Chicxulub impact and the Deccan
eruptions probably triggered similar ecological
stress conditions, thus inducing similar malfor-
mations in planktic foraminiferal tests. Indeed,
abnormal planktic foraminifers have been
reported right above the K/Pg boundary,
mainly in Guembelitria (Coccioni and Luciani
2006). Similar increases in abnormal planktic
tests have been observed in warming episodes
and episodes of ecological stress, such as the
Cretaceous ocean anoxic events (Verga and
Premoli Silva 2002) or the Paleocene–Eocene
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Thermal Maximum (Luciani et al. 2007). How-
ever, studies on the aberrant planktic foramini-
fers of the K/Pg transition from a taxonomic and
paleoenvironmental point of view are still very
limited and fragmented.

Abnormalities are formed when the ontoge-
netic plan of the test is disrupted and this
disruption generates an irregular shape in
comparison with other specimens of the same
species (Murray 2006). In recent foraminifera,
abnormalities produced during the life and
growth of an individual may be due either to
mechanical or ecological causes (Boltovskoy and
Wright 1976; Murray 2006). In the case of
planktic foraminifera, the causes behind test
abnormalities may be predation breakages, but
abnormal planktic specimens seem to reflect
mainly stressful environmental conditions
(Montgomery, 1990; Luciani et al. 2007). In
addition, abnormalities can also be produced
by mutations. The phenotypic consequences of
mutations can vary, but in the case of fossil
foraminifera, the most interesting ones are those
that affect the test morphology. Mutations can
cause lethal or physiologically nonfeasible aber-
rations, but could have also generated new
species, probably bringing on the early Danian
evolutionary radiation mentioned earlier (Bou-
Dagher-Fadel 2012; Arenillas et al. 2016).

In this paper, a wide variety of morphological
abnormalities in planktic foraminiferal tests
from the earliest Danian are described for the
first time,mainly fromTunisian sections.We use
a quantitative approach to identify changes in
the abundance of aberrant tests and correlate
them with evolutionary radiations and other
shifts recognized in the planktic foraminiferal
assemblages across the K/Pg boundary. The
main aim is to inquire into the causes that could
have triggered the proliferation of aberrant tests
before and after the K/Pg boundary mass
extinction, and the relation of these causes with
the environmental changes induced by the
Deccan eruptions and the Chicxulub impact.

Material and Methods

Geological Context and Micropaleontological
Sampling.—We studied samples from localities
considered to be the most expanded and

continuous marine K/Pg sections worldwide,
such as El Kef, Aïn Settara, and Elles (Tunisia),
and Agost and Caravaca (Spain). The El Kef
section was chosen to define the Global
Boundary Stratotype Section and Point (GSSP)
for the base of the Danian stage, or the K/Pg
boundary (Molina et al. 2006), while Caravaca,
Elles, and Aïn Settara were chosen as auxiliary
sections of the GSSP (Molina et al. 2009). The
K/Pg boundary is defined at the base of the bed
informally known as the “K/Pg boundary
clay,” specifically at the base of the 2- to 5-
mm-thick airfall layer with high concentrations
of iridium that coincides with the planktic
foraminiferal extinction horizon (Smit 1990,
1999). The dark-clay bed overlying the K/Pg
airfall layer is approximately 100 cm thick in El
Kef, with a 50-cm-thick blackish clay overlain
by a 50-cm-thick dark gray clay; it continues
with 1-m-thick darkened gray marly clay and
60-cm-thick clayey marl, so the dark-clay bed
thickness could be 200 cm ormore in El Kef. It is
characterized by low values of δ13C and CaCO3

content and high total organic carbon (TOC)
values (Keller and Lindinger 1989). In Aïn
Settara, the airfall layer is 5 to 10mm thick,
and the dark-clay bed is approximately 50 cm
thick; this is also characterized by low values of
δ13C and in CaCO3 content and high TOC
values (Dupuis et al. 2001).

For the taxonomic studies, specimens were
picked mainly from El Kef and Aïn Settara,
where the foraminiferal test preservation is good
(excellent at some samples), although specimens
from other sections (Elles, Agost, and Caravaca)
were used with the aim of conveniently illus-
trating some of the species and types of normal
and abnormal growth morphologies identified
in the lower Danian. Specimens considered to
be normal forms are those that conform to
some type of shape within the theoretical three-
dimensional morphospace of serial and spiral
foraminifeal tests proposed by Tyszka (2006).
Taxonomic remarks and a systematic scheme
for the normal forms of early Danian planktic
foraminiferal species are provided in Supple-
mentary Appendix A and Supplementary
Figure 1.

All rock samples studied were dis-
aggregated in water with diluted H2O2,
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washed through a 63 μm sieve, and then oven-
dried at 50°C. The quantitative analyses were
based on representative splits (using a mod-
ified Otto microsplitter) of approximately
300 specimens per sample, quantifying the
relative abundance of both normal and abnor-
mal tests in each group of planktic foraminifera
(Tables 1, 2). For the quantitative study, we
restudied 39 samples from El Kef and 35 sam-
ples fromAïn Settara (see Arenillas et al. 2000a,
b). The specimens analyzed were mounted on
microslides for a permanent record and iden-
tification. Planktic foraminifera were picked
from the residues and selected for scanning
electron microscopy (SEM), using the JEOL
JSM 6400 and Zeiss MERLIN FE-SEM of the
Electron Microscopy Service of the Uni-
versidad de Zaragoza (Spain). SEM photo-
graphs of the species considered here are
provided in Supplementary Figures 2 and 3.
For the illustration of these species, we used, in
addition to El Kef and Aïn Settara, other local-
ities characterized by the good preservation of
their foraminiferal tests, such as Ben Gurion
(Israel), Deep Sea Drilling Project (DSDP) Site
305 (North Pacific), and Bajada del Jagüel
(Argentina).
Planktic Foraminiferal Biochronology.—For

the Maastrichtian, the biostratigraphic and
quantitative study focused mainly on the
Plummerita hantkeninoides Subzone, which
spans the last 140 Kyr of the Cretaceous
according to Husson et al. (2014). This biozone
is defined by the total range of the nominate
taxon and is equivalent to the alphanumeric
Zone CF1 of Li and Keller (1998). For the lower
Danian, we used the biozonation of Arenillas
et al. (2004), and compared it with those of Li
and Keller (1998) and Berggren and Pearson
(2005) (the latter recently revised by Wade et al.
2011). Their equivalences are shown in Figure 1.
The former is based on continuous, complete,
and very expanded Tunisian and Spanish K/Pg
sections such as El Kef, Aïn Settara, Elles,
Caravaca, Agost, and Zumaia. It includes six
subbiozones: the Muricohedbergella holmdelensis
and Parvularugoglobigerina longiapertura Subzones
of the Guembelitria cretacea Zone, the
Parvularugoglobigerina sabina and Eoglobigerina
simplicissima Subzones of the Pv. eugubina
Zone, and the Eoglobigerina trivialis and Subbotina

triloculinoides Subzones of the P. pseudobulloides
Zone. The species ranges illustrated in Figure 1 are
based on the stratigraphic distributions verified
mainly in the El Kef stratotypic section. Note
that the Mh. holmdelensis Subzone is equivalent
to Zone P0 of Li and Keller (1998) and Berggren
and Pearson (2005), whereas Zone Pα (or P1a
of Li and Keller 1998) spans approximately the
Pv. longiapertura, Pv. sabina, and E. simplicissima
Subzones.

Arenillas et al. (2004) calibrated numerical
ages of the biozonal boundaries on the basis of
biostratigraphic and magnetostratigraphic
data from Agost, Spain, and the timescale of
Röhl et al. (2001), who astronomically cali-
brated the C29r/C29n reversal at 255 Kyr after
the K/Pg boundary. Subsequent radiometric,
paleomagnetic, and astronomical dating/cali-
brations have given different results for the age
of the K/Pg boundary as well as the duration
of the magnetozones. Taking into account the
Geologic Time Scale 2012 (GTS12; Gradstein
et al. 2012), which gives an age for the
C29r/C29n boundary of 352 Kyr after
the K/Pg boundary, the Mh. holmdelensis Sub-
zone would span the first 7 Kyr after the K/Pg
boundary, the Pv. longiapertura Subzone from
7 to 25 Kyr, the Pv. sabina Subzone from 25 to
46 Kyr, the E. simplicissima Subzone from 46
to 79 Kyr, the E. trivialis Subzone from 79 to
282 Kyr, and the S. triloculinoides Subzone from
282 to 616 Kyr.

High-resolution quantitative studies of Teth-
yan sections make it possible to recognize three
planktic foraminiferal acme-stages (PFAS) of
high biochronological interest across the lower-
most Danian in pelagic (oceanic and outer neri-
tic) environments (see Arenillas et al. 2006):
PFAS-1, dominated by the triserial Guembelitria;
PFAS-2, dominated by tiny trochospiral, infor-
mally denominated parvularugoglobigerinids
(Parvularugoglobigerina and Palaeoglobigerina);
and PFAS-3, dominated by biserial Woo-
dringina and Chiloguembelina. Following the
GTS12, PFAS-1 would span the first 18 Kyr
after the K/Pg boundary, PFAS-2 approxi-
mately from 18 to 62 Kyr, and PFAS-3 from 62
Kyr on. A second acme of triserials is identified
in the lower part of PFAS-3, that is, in the
transition between the Pv. eugubina and
P. pseudobulloides Zones (Arenillas et al.
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2017). This acme has been attributed to the
genus Chiloguembelitria Hofker, 1978, not
Guembelitria, and spans approximately from 70
to 200 Kyr according to the GTS12.

Danian Planktic Foraminiferal Evolutionary
Radiations

Many new species of trochospiral and
biserial planktic foraminifers originated after
the K/Pg boundary, as is shown in Figure 1
and described in Supplementary Appendix A.
The systematic scheme in Supplementary
Figure 1 is a good reflection of the morpholo-
gical and textural diversity that appeared after
the extinction event. As illustrated in Figure 1,
the planktic foraminifera evolutionary radiation
of the early Danian happened in two pulses (see
also Arenillas et al. 2000a,b, 2017; Arenillas and
Arz 2017). The first occurred between approxi-
mately 5 and 26 Kyr after the K/Pg boundary
according to the GTS12, with the appearance
of tiny, trochospiral species belonging to
the parvularugoglobigerinids (Pseudocaucasina,
Palaeoglobigerina, and Parvularugoglobigerina)
and biserial taxa (Woodringina and Chiloguembe-
lina), as well as triserial species of the genus
Chiloguembelitria (Supplementary Figs. 1 and 2).
The second evolutionary radiation occurred
between approximately 46 and 110 Kyr after
the K/Pg boundary according to the GTS12,
giving rise to more ornamented, larger tro-
chospiral species (Supplementary Figs. 1, 3)
belonging to Trochoguembelitria, Eoglobigerina,
Parasubbotina, Globanomalina, and Praemurica.
Other genera appear shortly afterward, such as
Subbotina and Globoconusa.

In the present work, the extinction and
evolution of planktic foraminifers across the
K/Pg boundary at the El Kef section were
quantified using the evolutionary model pro-
posed by Dean and McKinney (2001), which
measures taxonomic turnovers using four
metrics (Fig. 2): extinction rate (ER), speciation
rate (NR), volatility (V), and taxonomic flux (F).
Taxonomic flux F is used to estimate whether
there are relative increases (positive values) or
declines (negative values) in diversity. The
volatility V indicates whether there is evolu-
tionary stability (low values) or increased
taxonomic turnover (high values). The method

developed by Dean and McKinney (2001),
which is described in Supplementary Appen-
dix B, was applied to the stratigraphic ranges
of planktic foraminiferal species recognized in
the El Kef section (Supplementary Fig. 4). The
present quantification of the evolutionary
pattern is an update of the one already made
at El Kef by Arenillas et al. (2002), taking into
account the taxonomic and biostratigraphic
revisions made since then (see Supplementary
Appendix A). The metrics were measured
under two alternative hypotheses, as already
proposed by Arenillas et al. (2002): (1) all 16
Cretaceous species identified in lower Danian
levels are in situ (pattern A in Supplementary
Table 1): Muricohedbergella holmdelensis, Mur-
icohedbergella monmouthensis, Heterohelix globu-
losa,Heterohelix planata,Heterohelix navarroensis,
Heterohelix labellosa, Laeviheterohelix pulchra,
Laeviheterohelix glabrans, Pseudoguembelina kem-
pensis, Pseudoguembelina costulata, Globigerinel-
loides volutus, Globigerinelloides praeriehillensis,
Globigerinelloides yaucoensis, Guembelitria dam-
mula,Guembelitria cretacea, andGuembelitria blowi
(see Supplementary Fig. 4); and (2) except for
two Guembelitria species (Guembelitria cretacea
and Guembelitria blowi), all Cretaceous species
identified in lower Danian levels are reworked
(pattern B in Supplementary Table 2).

According to these metrics, in both hypoth-
eses (Fig. 2), four main evolutionary episodes
were recognized: (1) an extremely high extinc-
tion rate coinciding with the catastrophic mass
extinction at the K/Pg boundary; (2) a high
speciation rate in the Pv. longiapertura Subzone
coinciding with the first Danian evolutionary
radiation, mainly of parvularugoglobigerinids;
(3) a relatively high speciation rate in the E.
simplicissima Subzone coinciding with the
beginning of the second evolutionary radia-
tion; and (4) a relatively high extinction rate in
the basal part of the E. trivialis Subzone
coinciding with the parvularugoglobigerinid
extinction. Due to these evolutionary episodes,
volatility is high at El Kef during approxi-
mately the first 200 Kyr of the Danian, which
is also reflected by relevant fluctuations in
the taxonomic flux. These data contrast with
the extremely low volatility in the P. hantkeni-
noides Subzone of the uppermost Maastrichtian
(Fig. 2).
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Abnormal Specimens across the K/Pg
Boundary

Our quantitative study of planktic foramini-
fers has revealed a strong proliferation of
aberrant forms above the K/Pg boundary in
the El Kef and Aïn Settara sections (Fig. 3). At
El Kef, the abundance of aberrant tests (For-
aminiferal Abnormality Index, or FAI) in
PFAS-1 is as high as 18.7% of the total
population of planktic foraminifera, of which
almost 90% are abnormal forms of the triserial
Guembelitria. At Aïn Settara, the abundance of
aberrant forms in PFAS-1 reaches over 12%, of
which almost 70% are aberrant tests belonging
to Guembelitria. These data contrast with the
total percentage of aberrant tests in studied
Maastrichtian samples (Tables 1, 2), which
almost never exceeds 2.5% in either section
(except for the basal part of the Aïn Settara
section, whose FAI is as high as 3.4–3.6%).
These include a few aberrant specimens,
mainly of Heterohelix and Pseudoguembelina.

These percentages increase if we assume that
the Maastrichtian specimens found in Danian
horizons are reworked (pattern B hypothesis),
except for two Guembelitria species (curves
with black shading in Fig. 3). In this case, the
FAI in PFAS-1 reaches almost 20% in El Kef
and 18% in Aïn Settara. It should be noted that,
except for Guembelitria, the percentages of
other aberrant Maastrichtian specimens in the
Danian are similar to those estimated for
Maastrichtian horizons (Tables 1, 2), in contrast
with the strong increase in aberrant tests
among the Danian Guembelitria specimens
within the dark-clay bed. This suggests that
all these Maastrichtian specimens (aberrants
and non-aberrants alike) are in fact reworked.
A high-resolution biostratigraphic analysis at
the Moncada section, Cuba, revealed that, with
the exception of Guembelitria species, there

were no cosmopolitan, generalist Cretaceous
species in the lowermost Danian deposits, not
even in Zone P0 and the dark-clay bed
(Arenillas et al. 2016). This evidence led the
authors to suggest that the planktic foraminif-
eral mass extinction at the K/Pg boundary was
more severe and catastrophic than previously
suggested and that the presence of Cretaceous
species within the lowermost Danian deposits
at most K/Pg localities may be the result of
normal reworking/bioturbation processes
worldwide (see also Huber 1996; Kaiho and
Lamolda 1999; Huber et al. 2002). In any case,
whether we consider the pattern A hypothesis
or that of pattern B, the abundance curves
indicate similar trends (Fig. 3).

Aberrant Guembelitria specimens have fre-
quently been classified as Guembelitria irregu-
laris (e.g., Coccioni and Luciani 2006). This
species has no doubt been used as a “waste-
basket” taxon that also includes the aberrant
forms of both Maastrichtian and Danian
guembelitriids (see discussion in Arz et al.
2010). However, we consider here that irregu-
laris is a genuine Danian species, including
normal triserial forms (see Supplementary Fig.
1), because the abnormal morphologies among
guembelitriids are of another kind. Arenillas
et al. (2017) attributed irregularis to the genus
Chiloguembelitria instead of Guembelitria, on the
basis of differences in the wall texture and
position of the aperture. Chiloguembelitria irre-
gularis groups Danian specimens with twisted
triserial arrangements of irregular appearance,
corresponding to the irregular morphophase of
the model of Tyszka (2006). Nevertheless, if
these specimens are also counted as abnormal
forms, then the FAI during the earliest Danian
is even more anomalous, reaching more than
23% in PFAS-1 at El Kef, according to the
pattern B hypothesis (Fig. 3).

FIGURE 1. Biostratigraphic ranges of the early Danian species analyzed, based mainly on the El Kef and Aïn Settara
sections, Tunisia; (1) planktic foraminiferal zonation and calibrated numerical ages of the biozonal boundaries proposed
by Arenillas et al. (2004); (2) and (3) zonations of Berggren and Pearson (2005) and Li and Keller (1998), respectively;
intervals with green shading indicate the first and second evolutionary radiations of the early Danian at El Kef (the
shading in dark green indicates high speciation rates; see online version for color); dotted lines indicate uncertain ranges
in the case of Guembelitria species (G. cretacea, G. blowi, and G. dammula) in the lower Danian, because these may actually
correspond to reworked specimens and/or the ranges of morphologically similar species of Chiloguembelitria (Chg.
danica, Chg. trilobata, and Chg. hofkeri, respectively). PFAS, planktic foraminiferal acme-stage.
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During the episode PFAS-1, abnormalities
are frequent in all planktic foraminiferal
groups, suggesting that ecological stress
affected all pelagic environments during the
early Danian. The FAI in the upper PFAS-1 is
high not only in guembelitriids but also in
parvularugoglobigerinids; for example, almost
40% of parvularugoglobigerinid specimens
from the sample at 97 cm above the K/Pg
boundary at El Kef have some type of
abnormality. Subsequently, the abundance of
aberrant tests decreases during PFAS-2 but

remains relatively high in both El Kef and Aïn
Settara, at around 3–10% (in both patterns A
and B), suggesting that the environmental
conditions remained unstable tens of thou-
sands of years after the K/Pg boundary.
Another increase in the FAI has been recog-
nized across the boundary between the Pv.
eugubina and P. pseudobulloides Zones (mainly
in the E. trivialis Subzone, or Subzone P1a),
rising to amaximum of 11% (in both patterns A
and B) in El Kef and Aïn Settara (Fig. 3). The
increase in aberrant forms is more evident

FIGURE 2. Evolutionary metrics (extinction and speciation rates, volatility, and taxonomic flux) at El Kef according to
the model of Dean and McKinney (2001); solid line, hypothesis of pattern A; dotted line, hypothesis of pattern B; green
shading, episodes of evolutionary radiation, with shading in dark green to indicate high speciation rates (see online
version for color). *Mh. holmdelensis Subzone (= Zone P0); **Pv. longiapertura Subzone.
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among triserial and biserial specimens of the
genera Chiloguembelitria, Woodringina, and Chi-
loguembelina. This interval coincides with the
second bloom of triserials in the lower part of
PFAS-3 (Fig. 3), in this case caused by Chilo-
guembelitria and not by Guembelitria. Guembeli-
tria comprised opportunistic species whose
relative abundance strongly increased in eco-
logical stress conditions, mainly related to
eutrophication episodes (see e.g., Keller and
Pardo 2004). Chiloguembelitria replaced Guem-
belitria in the early Danian, occupying a similar
ecological niche (Arenillas et al. 2017), so its
blooms indicate similar conditions of ecologi-
cal stress. Maxima in aberrant specimens thus
seem to coincide with guembelitriid blooms in
the early Danian, as occurs in PFAS-1 and the
lower part of PFAS-3.

ACompendium of Earliest Danian Abnormal
Morphologies

Various types of abnormalities are present
among the earliest Danian planktic foramini-
fers, severely complicating their taxonomic
identification in some cases. Abnormal speci-
mens have previously been reported in the
lowermost Danian of other localities, mainly
among Guembelitria (Coccioni and Luciani
2006) but also among parvularugoglobigeri-
nids (Gerstel et al. 1986). Double and multiple
tests of Parasubbotina andGloboconusawere also
described by Ballent and Carignano (2008) in
shallow environments of the Cerro Azul sec-
tion, Argentina.

The terminology used here to describe the
abnormalities identified in the earliest Danian
(Figs. 4, 5) is based on those of Polovodova and
Schönfeld (2008), Ballent and Carignano
(2008), and Montgomery (1990) for both
benthic and planktic foraminifera. The speci-
mens illustrated in Figures 6 and 7 and
Supplementary Figures 5, 6, and 7 come
mainly from El Kef and Aïn Settara, but also
from Elles, Agost, and Caravaca. The aberrant
morphologies identified belong to the follow-
ing categories:

1. Protuberance near the proloculus, which
includes two types: (a) protruding proloculus
(Fig. 4A1); and (b) second chamber abnormally

protruding beside the proloculus (Fig. 4A2),
also known as a double- or twinned-chamber
arrangement. The latter occurs during the
calcification of juvenile individuals and may
be a result of frustrated double tests (Stouff
et al. 1999). During the early ontogenetic stage,
two chambers can grow from the proloculus
with subsequent development of an indepen-
dent whorl from each of the second chambers;
if a single whorl develops from one of these
chambers, then the other appears as a protu-
berance on the proloculus (Polovodova and
Schönfeld 2008).

2. Chamber abnormalities, which include six
types: (a) aberrant shapes (Fig. 4B1); (b)
reduced chamber sizes (Fig. 4B2); (c) over-
developed chambers of the last whorl (Fig.
4B3); (d) additional chambers (Fig. 4B4); (e)
protuberant chambers (Fig. 4B5); and (d)
welded chambers (Fig. 4B6). Overdeveloped
and reduced chambers have been related to
environmental stress (Hecht and Savin 1972).
For benthic foraminifera, Sujata et al. (2011)
proposed that abnormal chambers are a result
of specimens being subjected to temporary
hyposaline conditions, which causes consider-
able dissolution and the subsequent regenera-
tion of the chamber in an abnormal form. The
same phenomenon could be applied to plank-
tic foraminifera in conditions of acidified
waters with increased carbonate dissolution,
as occur in global warming–hyperthermal
episodes (e.g., Luciani et al. 2007).

3. Abnormal ultimate chamber, which includes
five types: (a) aberrant shape (Fig. 4C1); (b)
kummerform, or reduced last chamber (Fig.
4C2); (c) overdeveloped or inflated last chamber
(Fig. 4C3); (d) anomalous position (Fig. 4C4)
causing, for example, the change from biserial/
triserial to uniserial; and (e) bulla-like chamber
(Fig. 4C5), that is, the last chamber partially or
totally covering theumbilicus, resembling a bulla.
The first three types are identified here in all the
planktic foraminiferal groups and are frequently
associated with a decrease in ornamentation.
The bulla-like last chamber is typical of high
trochospiral specimens with an intraumbilical or
quasi-intraumbilical aperture, as in some species
of Palaeoglobigerina and Parvularugoglobigerina.
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FIGURE 3. Quantitative stratigraphic distribution of planktic foraminiferal groups and aberrant forms across the K/Pg
boundary in the El Kef and Aïn Settara sections. The triserial group includes Guembelitria and Chiloguembelitria; the
parvularugoglobigerinids include Pseudocaucasina, Palaeoglobigerina, and Parvularugoglobigerina; the biserial group
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Hecht and Savin (1972) reported that bulla-like
abnormal chambers are more common in war-
mer waters and seem to develop on unusually
long-lived specimens (Montgomery 1990).
According to Bijma et al. (1992), abnormal last
chambers could be induced by the ocean oxygen
level, light quality, or feeding rate. Saclike over-
developed chambers seem currently to be more
common in upwelling areas characterized by
waters that are more anoxic and richer in
nutrients and in more yellow-green light condi-
tions. Kummerform chambers are probably the
result of the opposite conditions, that is, more
oxygenated waters, oligotrophy, and light condi-
tions (blue) typical of the open ocean.

4. Multiple ultimate chambers, which include
two types: (a) double or twinned ultimate
chambers (Fig. 4D1); and (b) proliferation of
chambers in the last whorl(s) (Fig. 4D2). They
are present mostly in triserial species (Guembeli-
tria), but are also found here in the trochospiral
Palaeoglobigerina. In Guembelitria, these addi-
tional chambers are usually disposed in several
directions (multiserial forms). Many triserial
specimens exhibit an ultimate tetraserial stage
and have probably been misidentified as Palaeo-
globigerina alticonusa and/or Trochoguembelitria
alabamensis (see Supplementary Fig. 1). Others,
mainly biserials, have two complete and iden-
tical ultimate chambers. According to Venturati
(2006), twinned or bilobated chambers may be
used as potential proxies for environmental
stress. Montgomery (1990) suggested that speci-
mens with multiple last chambers could also be
some type of gerontic kummerforms, because
these chambers tend to be downsized and
similar in shape, and this could indicate long life.

5. Abnormal apertures, which include three
types: (a) aberrant shape (e.g., gaping aper-
ture), usually associated with abnormal ulti-
mate chambers (Fig. 5E1); (b) additional
aperture (Fig. 5E2); and (c) multiple apertures

(Fig. 5E3), usually associated with multiple
ultimate chambers. According to Montgomery
(1990), gaping apertures represent a strategy
directly opposed to that of apertures covered
by bullae, whose function is to protect them.

6. Distortion in test coiling, which includes
three types: (a) excessively high spiral side or
spiroconvex test (Fig. 5F1); (b) kinking (Fig.
5F2), that is, abnormal coiling due to a change
in the direction of coiling, with two or more
axes of rotation; and (c) twisting of entire test or
extreme kinking (Fig. 5F3), that is, the umbili-
cal side becomes the spiral side. Distortion in
test coiling also seems to be a response to very
stressed environments (Montogomery 1990;
Polovodova and Schönfeld 2008).

7. Abnormal test, which includes four types:
(a) lack of sculpture (Fig. 5G1); (b) poor devel-
opment of the last whorl (Fig. 5G2); (c) over-
development of the last whorl (Fig. 5G3); and
(d) compressed test (Fig. 5G4). Another test
abnormality is a lack of ornamentation, but this
type is not been analyzed here due to the
difficulty of demonstrating thedifference between
abnormal alterations in the wall surface and the
diagenetic processes of dissolution/recrystalliza-
tion, which are usual in El Kef andAïn Settara. As
in the previous category, these abnormalities also
seem to be a response to stressed environments
(Polovodova and Schönfeld 2008), in some cases
due to extremely stressful shifts in the environ-
ment (Montgomery 1990).

8. Attached twins or double tests, which
include two types: (a) attached twins (Siamese)
(Fig. 5H1), or even attached triplets (triamese)
(Fig. 6.C); and (b) fused test (Fig. 5H2). If a
second chamber beside the proloculus is fol-
lowed by the development of an adjacent whorl,
with two whorls with a similar number of
chambers developing synchronously, attached
twins are formed. Stouff et al. (1999) proposed

includes Woodringina and Chiloguembelina; and other Danian genera include Trochoguembelitria, Eoglobigerina,
Parasubbotina,Globanomalina, Praemurica, Subbotina, andGloboconusa. Curves with black shading represent the recalculated
percentages assuming that, except for Guembelitria, the Maastrichtian specimens found in Danian horizons are reworked
(pattern B hypothesis). Intervals with orange shading (see online version for color) represent terminal stress levels
according to themodel ofWeinkauf et al. (2014). FAI, Foraminiferal Abnormality Index (% aberrant planktic foraminifera).
*Mh. holmdelensis Subzone (= Zone P0); **Pv. longiapertura Subzone.
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that double tests in benthic foraminifera may
result from: (i) an anomaly in the development
of a single juvenile, building two or three second
chambers or two third chambers, each one

possibly developing in an individual whorl; (ii)
the early fusion of two juveniles, which both
develop after their fusion; (iii) the attachment of a
juvenile to a parental test after schizogony,

FIGURE 4. Schematic diagram of the main types of aberrant forms in the following categories: A, protuberances near
the proloculus; B, chamber abnormalities; C, abnormalities of last chamber, including kummerforms; and D, multiple
ultimate chambers, including double or twinned ultimate chambers (see explanation in text). Correlative normal forms
are represented in miniature along with the abnormal forms.
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followed by the development of the juvenile
specimen. According to Montgomery (1990),
twinned specimens indicate reproductive diffi-
culties in stressed environments.

9. General monstrosities (Fig. 5I): a conjunc-
tion of abnormal coiling due to several wrong
directions of coiling, bulla-like kummerform
chambers, double tests, and multiple ultimate

FIGURE 5. Schematic diagram of the main types of aberrant forms in the following categories (continuing from Fig. 4):
E, abnormal apertures, including multiple apertures; F, distortion in test coiling, including kinking; G, morphologically
abnormal tests; H, double tests, including attached twins or fused tests; and I, general monstrosities (see explanation in
text). Correlative normal forms are represented in miniature along with the abnormal forms.
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FIGURE 6. Examples of extreme aberrant forms of early Danian planktic foraminifera. Scale bar, 100 microns. A and B,
Guembelitria spp., multiple ultimate chambers (racemiguembeliform multiserial test). C, Guembelitria sp. (probably G.
cretacea), attached triplets (triamese). D, Guembelitria sp. or Woodringina sp., general monstrosity (probably attached twins
with abnormal, kummerform, and protuberant chambers). E, W. hornerstownensis, double or twinned ultimate chambers.
F, Guembelitria sp. or Woodringina sp., general monstrosity (probably attached twins with abnormal chambers). G,
Parvularugoglobigerina sp. or Palaeoglobigerina sp., general monstrosity. H, W. hornerstownensis, last chamber in anomalous
position, with test going from biserial to uniserial. I, Pv. longiapertura, additional chambers and apertures. J, Palaeoglobigerina
sp. (probably Pg. luterbacheri), attached twins (Siamese). K, Pv. sabina, bulla-like ultimate chamber. L, Pv. eugubina, twisting
of entire test (extreme kinking) and overdeveloped last chambers. M, Parvularugoglobigerina sp. (probably Pv. longiapertura),
two specimens with fused tests. N, Palaeoglobigerina sp., general monstrosity. O, Parvularugoglobigerina sp.; additional
chambers and apertures. All specimens come from El Kef, except for some from Aïn Settara (E, F).
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chambers can generate monstrous abnormal-
ities. Montgomery (1990) proposed that mon-
strosities are probably crushed and repaired
specimens resulting from extremely stressful
shifts in their environment or increased preda-
tion by organisms such as copepods.

Paleoenvironmental and Evolutionary
Implications

Uppermost Maastrichtian Evolutionary Stability
in Open-Ocean Assemblages.—According to
Keller et al. (2011), Font et al. (2016), and
Punekar et al. (2016), the main eruptive phase
(phase 2) of the Deccan Traps may have been
concentrated during the last ~ 50 or 100 Kyr of
the Maastrichtian, triggering a short episode of
global cooling—and ocean acidification—as a
result of sulfate aerosol particles injected into
the stratosphere and increased levels of
mercury, an extremely toxic heavy metal.
Opportunistic Guembelitria blooms have also
been identified in the uppermostMaastrichtian,
mainly in the shallow-marine environments of
Israel, Egypt, Texas, and India, which suggests
that the environmental deterioration and
extinction began with the Deccan eruptions,
several tens of thousands of years before the K/
Pg boundary (Punekar et al. 2014; Keller et al.
2016). However, only minor Guembelitria
blooms are present in the deep-marine
environments of the Maastrichtian (Pardo and
Keller 2008; Punekar et al. 2014). As proposed
for warming episodes in the early Danian,
Guembelitria acmes in shallow neritic
environments could have also been under an
orbital control related with small variations in
sea level, temperature, acidity, and nutrients
due to Milankovitch cycles (Quillévéré et al.
2008; Coccioni et al. 2010).

To test the hypothesis that the main eruptive
phase (phase 2) of the Deccan Traps may have
been concentrated during the last ~ 50 or 100
Kyr of the Maastrichtian, we have for the first
time appraised the rate of aberrant planktic
foraminifera in the upper part of the P. hantke-
ninoides Subzone from El Kef and Aïn Settara,
as a proxy for ecological stress episodes. Our
results indicate that there was a low frequency
of aberrants (generally <2.5%) across this
interval (Tables 1, 2), similar to the levels

recorded in recent deep-ocean sediments
under “normal” environmental conditions and
reflecting the natural background number of
malformations among planktic foraminifers
(Mancin and Darling 2015). Low extinction and
speciation rates, as well as low volatility and
taxonomic flux fluctuations (Figs. 2 and 8),
corroborate the high evolutionary stability that
prevailed during the latest Maastrichtian in El
Kef.

Proliferation of Aberrant Planktic Foraminifera,
Chemical Pollution, and Global Warming during
the Earliest Danian.—The causes proposed to
explain the abnormalities in planktic
foraminiferal tests are still very vague,
including biological factors (such as unusually
high levels of intraspecific variability) or
various chemical and physical stressors (see
Mancin and Darling 2015). For example,
Coccioni and Luciani (2006) speculated that
blooms of aberrant G. irregularis across the K/
Pg boundary are explained as the result of
rapid and extreme fluctuations in climate and
sea level, as well as intense volcanism and
meteoritic impact events, which could have
stressed surface waters. The higher values in
the FAI identified here during the first 200 Kyr
of the Danian (affecting not only G. irregularis
but all the planktic foraminiferal groups),
however, require a better understanding of
how the long-term effects of the Chicxulub
impact or the paleoenvironmental changes
induced by the Deccan eruptions affected
planktic foraminiferal assemblages during the
early Danian.

Model calculations have suggested several
short-term (hour- to decade-long) environ-
mental perturbations caused by the Chicxulub
impact (see reviews in Kring 2007; Schulte
et al. 2010; Brugger et al. 2017; Artemieva
et al. 2017). These include a global pulse of
increased thermal radiation on the ground
and wildfires caused by the atmospheric
re-entry of the ejecta spherules, the produc-
tion of acid rain, and an injection of dust and
aerosol particles into the atmosphere, block-
ing the sunlight. Using TEX86 paleothermo-
metry, a short-term cooling (or “impact
winter” phase) during the first months to
decades following the Chicxulub impact has
been documented at the Brazos River section
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FIGURE 7. Examples of aberrant planktic foraminifera ordered by time intervals and environmental and evolutionary
episodes. Scale bar, 100 microns. 1. Latest Maastrichtian: A, Heterohelix globulosa, kinking with change in the coiling
direction. B, Pseudoguembelina kempensis, with multiple ultimate chambers. 2. PFAS-1 and transition between PFAS-1
and PFAS-2: C, Guembelitria sp. (probably G. cretacea), protuberant chambers. D and E, Guembelitria sp. (probably G.
cretacea), welded chambers. F, Guembelitria sp. (probably G. cretacea), tetraserial form. G, Guembelitria sp. (probably G.
cretacea), tetraserial form with multiple apertures. H, W. claytonensis, abnormal test with overdeveloped or inflated
chambers. I, Guembelitria sp., multiple ultimate chambers (racemiguembeliform multiserial test). J, Chiloguembelitria sp.
(probably Chg. trilobata), attached twins (Siamese). 3. PFAS-2: K, Pg. luterbacheri, double twinned chambers. L, Pv.
sabina, bulla-like ultimate chamber. M, Parvularugoglobigerina sp., bulla-like ultimate chamber. N, Pv. eugubina,
protuberant aberrant chamber. O, Pv. longiapertura, abnormally spiroconvex test. 4. Lower part of PFAS-3
(Chiloguembelitria acme): P, W. claytonensis?, general monstrosities, probably attached twins (Siamese) with abnormal
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in Texas (Vellekoop et al. 2014). Short-term
global perturbations were likely major lethal
factors for planktic foraminifera in the K/Pg
mass extinction event (lasting months or a
few years), but are insufficient to account for
the increase of aberrants identified in the first
200 Kyr of the Danian.

Increased teratological forms in recent
foraminifera are usually related with highly
polluted areas (e.g., Alve 1991; Yanko et al.
1998; Geslin et al. 2002; Martin and Nesbitt
2015). Under the effect of extreme poisoning
by heavy metals, the ability of foraminifera
to constrain the shape of their shells is lim-
ited, leading to aberrant morphologies
(Caron et al. 1987). The action of toxic heavy
metals must have been very intense imme-
diately after the Chicxulub impact. According
to Erickson and Dickson (1987), a hypothe-
tical 10-km-diameter chondritic impactor
such as that of Chicxulub contains a mass of
heavy metals, such as cobalt, nickel, copper,
and mercury, comparable to or larger than
the world ocean burden. Several heavy
metals have relatively inefficient removal
mechanisms, such as copper and nickel with
greater than 1000-yr steady-state oceanic
residence times. In addition, the worldwide
sediments contaminated with heavy metals
from the Chicxulub impact site may well
have been eroded, removed, and resus-
pended in oceans for several thousand years
(Smit and Romein 1985; Smit et al. 1996).
Premovic et al. (2008) suggested that humics
enriched in heavy metals were transported
mainly by fluvial means into the ocean and
deposited in the dark-clay bed. Enhanced
levels of toxic heavy metals (e.g., nickel, zinc,
chromium, cobalt, or copper) have been
identified in the dark-clay bed, that is, in the
first 10 Kyr after the K/Pg boundary, at
Caravaca (Smit and ten Kate 1982), Aïn Set-
tara (Dupuis et al. 2001), and Stevns Klint,
Denmark (Premovic et al. 2008).

Chicxulub impact–linked chemical pollu-
tion could therefore be a major cause of the first
bloom of aberrant planktic foraminifers within
the dark-clay bed. In addition, the large
amount of CO2 gas devolatilized in the Chic-
xulub impact and the collapse of ocean pro-
ductivity and the biological pump initiated
intense global warming through the green-
house effect after the post-impact winter phase
(Kawaragi et al. 2009), persisting as another
ecological stress factor for thousands of years.
Isotopic data from El Kef indicate a sudden
negative excursion in bulk-sediment δ13C and
δ18O after the K/Pg boundary (Keller and
Lindinger 1989), suggesting a warming epi-
sode and a decrease in biological productivity
at the time of the dark-clay bed deposition and
PFAS-1. According to the GTS12 and the bio-
chronological scale of Arenillas et al. (2004),
this negative δ13C excursion lasted for the first
20–25 Kyr of the Danian.

Another potential cause of the first peak of
aberrant planktic foraminifers in PFAS-1 could
be phytoplankton blooms concentrating toxins
in the surface waters (Jiang et al. 2010; Schueth
et al. 2015). Toxicity is a well-known product of
modern plankton blooms (Castle and Rodgers
2009), and geographically heterogeneous spikes
of phytoplankton groups are reported in the
earliest Danian. For example, quantitative ana-
lyses with organic-walled marine dinoflagellate
cyst assemblages in the lowermost Danian of El
Kef show a relevant acme of the Andalusiella–
Palaeocystodinium complex between 10 and 15
cm above the K/Pg boundary (Brinkhuis et al.
1998). This peak correlates approximately with
the initial increase in aberrant tests of planktic
foraminifera at El Kef, but not with the max-
imum values recorded between 37 and 97 cm
above the K/Pg boundary (Fig. 3, Table 1).
Although phytoplankton blooms may have
favored the concentration of toxins in the surface-
water layers, more studies are needed to estab-
lish the relationship between such blooms and

chambers. Q,W. hornerstownensis, kinking with change in the coiling direction. R, W. claytonensis, kinking with change in
the coiling direction and last chambers apparently protuberant. S,W. claytonensis, reduced last chamber (kummerform). T,
Ch. taurica, last chamber in anomalous position, with test going from biserial to triserial. U,W. claytonensis, last chamber in
anomalous position, with test going from biserial to uniserial. Most of the specimens come from El Kef, and the rest are
from Aïn Settara (F, P, Q), Elles (G, K), Agost (O), and Caravaca (T).
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the proliferations of aberrant planktic for-
aminiferal tests in the early Danian. In any case,
spikes of Andalusiella–Palaeocystodinium complex
and other groups (such as the calcareous dino-
flagellate cyst Thoracosphaera spp. or the nanno-
fossil species Braarudosphaera bigelowii) identified
in the Tethyan realm are usually explained as
blooms of opportunistic taxa related to long-term
environmental effects of the Chicxulub impact
(Lamolda et al. 2005; Vellekoop et al. 2015).

On the basis of several independent strati-
graphic, geochronological, geochemical, and
tectonic constraints, Richards et al. (2015)
hypothesized that the main Deccan eruptive
phase (phase 2, >70% of the lava flows) could
have been triggered by the Chicxulub impact
during a relatively brief time interval on the
order of one to several hundred thousand
years. If this hypothesis by Richards et al.
(2015) is correct, the long-term disruptive

FIGURE 8. Shifts in specific richness (species number), speciation rate and volatility (according to the model of Dean
and McKinney, 2001), relative abundance (%) of triserial specimens, and FAI (rate of aberrants in %) across the K/Pg
boundary at El Kef; solid line and gray shading: hypothesis of pattern A; dotted line and black shading: hypothesis of
pattern B; orange shading: terminal stress levels according to the model of Weinkauf et al. (2014), A corresponding to
PFAS-1 and B to the Chiloguembelitria acme; green shading, evolutionary radiations, with shading in dark green to
indicate high speciation rates (see online version for color). FAI, Foraminiferal Abnormality Index (% aberrant planktic
foraminifera). *Mh. holmdelensis Subzone (= Zone P0); **Pv. longiapertura Subzone.
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effects of the Chicxulub impact could be com-
bined in the early Danian with those of Deccan
volcanism, including a chemical contamination
of the ocean surface over a longer period of
time. This hypothesis could explain why the
values of the FAI at the El Kef and Aïn Settara
sections remained high during at least the first
200 Kyr after the Chicxulub impact (including
the interval PFAS-2).

As mentioned earlier, the second increase in
aberrant forms coincides with the Chilo-
guembelitria bloom in the lower part of PFAS-3
(Figs. 3, 8). This episode spanned between
approximately 70 and 200 Kyr after the K/Pg
boundary, so it cannot be related to the long-
term disruptive effects of the Chicxulub
impact. On the contrary, it seems that it was
caused by another independent, later period of
intense ecological stress perhaps linked to the
Deccan eruptions (phase 2 or 3). Quillévéré
et al. (2008) recognized in the lower Danian (in
the E. trivialis Subzone, or Subzone P1a) a
warming episode called Dan-C2 (the first
hyperthermal episode of the Paleogene), which
lasted approximately 100 Kyr. Although Dan-
C2 and similar episodes could be a result of
orbital cycles, Coccioni et al. (2010) proposed a
possible link between this warming episode
and the Deccan volcanism. According to this
scenario, the second increase of the FAI, the
Chiloguembelitria bloom, and the Dan-C2 epi-
sode could therefore be related. The low values
of the FAI after the Chiloguembelitria bloom (in
the S. triloculinoides Subzone, or Subzone P1b)
suggest a period of greater environmental
stability. This interval is widely dominated
by biserial Woodringina and Chiloguembelina,
typical of the PFAS-3 episode. Nevertheless,
Coccioni et al. (2010) suggested that the pre-
dominance of biserials in Gubbio, along with
other micropaleontological and geochemical
proxies, was indicative of stressed ecological
conditions (climatic warming and low oxyge-
nation and acidification of ocean waters) dur-
ing the Dan-C2 episode. According to this
scenario, the whole PFAS-3 episode could
be a record of the late eruptions of Deccan
phase 2 or the first eruptions of phase 3.
Moreover, the Chiloguembelitria bloom in the
lower part of PFAS-3 could be the result of a
more intense volcanic pulse during Dan-C2,

though not one recorded at Gubbio by Coc-
cioni et al. (2010).

Evolutionary Implications.—Weinkauf et al.
(2014) suggested that the phenotypic history of
planktic foraminiferal assemblages allows the
detection of threshold levels of ecological stress
episodes that are likely to lead to extinction.
According to these authors, an increase in
interspecific morphological variability and
abnormal forms can be observed at terminal
stress levels immediately before extinction,
indicating disruptive selection. In contrast,
in periods of environmental stability and non-
terminal stress levels, a decrease inmorphological
variability and abnormal forms is recognized,
indicating stabilizing selection.

If the hypothesis that the massive eruptions
of Deccan phase 2 were concentrated in the last
50 or 100 Kyr of theMaastrichtian and started a
gradual mass extinction in planktic for-
aminifera before the K/Pg boundary (Punekar
et al. 2016) is correct, a terminal stress episode
with abundant aberrant forms should have
been recorded below the K/Pg extinction hor-
izon at El Kef and Aïn Settara. However, there
is no evidence for such a scenario and, as in
many sections worldwide, most Maastrichtian
species suddenly become extinct at the K/Pg
boundary following a catastrophic extinction
pattern compatible with the short-term effects
of the Chicxulub impact (Smit 1982, 1990;
Huber 1996; Arz et al. 2000; Arenillas et al.
2000a,b; Huber et al. 2002; Molina et al. 2005;
Gallala 2014). Similarly, latest Maastrichtian
climatic fluctuations and environmental per-
turbations linked to Deccan volcanism had a
relatively weak impact on the diversity of the
calcareous nannoplankton assemblages before
the K/Pg boundary, as evidenced in Elles and
other sections worldwide (Thibault et al. 2016).

The first bloom of aberrants and PFAS-1 in
the earliest Danian occurred in an interval in
which the speciation rate was very high, espe-
cially in the lower part of the Pv. longiapertura
Subzone, which also shows high volatility and
relevant fluctuations in the taxonomic flux
(Figs. 2 and 8). Arenillas et al. (2016) suggested
that the speciation rate may have been
increased in response to the long-term
meteoritic pollution of the oceans, which may
have caused increased mutation rates for at
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least 10 to 20 Kyr after the K/Pg boundary and
triggered the first evolutionary radiation of
planktic foraminifera. Many mutations in
planktic foraminifera are likely to have been
lethal, causing mortality before the adult stage
was reached. However, genetic mutations
could have accelerated the evolution of plank-
tic foraminifera in the early Danian, being
amplified as a consequence of stressed and
adverse environments (BouDagher-Fadel 2012).
In addition, many other mutations would have
been deleterious, producing malformations and
teratological forms, as has been proposed for
recent foraminifera (e.g., Mancin and Darling
2015). The high values of the FAI identified in
the dark-clay bed and PFAS-1 at El Kef and Aïn
Settara are consistent with this hypothesis. This
interval occurred during the survival and recov-
ery phases after the K/Pg boundary extinction
according to the terminology of Kauffman and
Erwin (1995), in which Guembelitria included the
“disaster species” and the minute parvular-
ugoglobigerinids the “progenitor species” (Molina
2015), although the latter had a benthic origin, as
has recently been proposed by Arenillas and Arz
(2017). The evolutionary history of the planktic
foraminifera was restarted almost from scratch
after the K/Pg boundary extinction, suggesting
that all the latest Maastrichtian species went
extinct at the K/Pg boundary, except for some
species of Guembelitria (see also Smit 1982;
Arenillas et al. 2016).

The second bloom of aberrants and the Chi-
loguembelitria acme appear to be better adjusted
to a terminal stress episode, as proposed by
Weinkauf et al. (2014). Nonterminal stress epi-
sodes could correspond to PFAS-2, dominated
by parvularugoglobigerinids and character-
ized by an aberrant rate lower than in PFAS-1
and the Chiloguembelitria acme. It is not possi-
ble to speak of environmental stability in
PFAS-2, because values of the FAI and volati-
lity remain high. In fact, the speciation rate in
the upper part of PFAS-2 is high (Fig. 8) as a
consequence of the beginning of the second
evolutionary radiation. Nevertheless, the max-
imum in species richness (S= species number) of
the early Danian is reached during the begin-
ning of the Chiloguembelitria acme (Fig. 8), which
represents a terminal stress episode. This is
because the species that emerged during the first

and second evolutionary radiations overlapped
in time (Fig. 1). The parvularugoglobigerinids,
which appeared in the first radiation, went
extinct toward the end of the Chiloguembelitria
acme, increasing the extinction rate (Fig. 8).
Parvularugoglobigerinids were replaced defini-
tively by the more ornamented, larger trochos-
piral species of the second evolutionary radiation.
In this case, the Chiloguembelitria included the
disaster species, and the species that appeared in
the second radiation (those of Eoglobigerina, Para-
subbotina, Globanomalina, and Praemurica, among
others) were the progenitor species.

Conclusions

1. A high-resolution, quantitative biostrati-
graphic study across the K/Pg boundary from
open-ocean Tunisian sections (El Kef and Aïn
Settara) revealed a proliferation of aberrant
planktic foraminifera during approximately
the first 200 Kyr of theDanian. Various categories
and types of abnormalities were identified,
including abnormal tests, extra chambers,
attached twin tests, and general monstrosities.

2. The proliferation of aberrants occurred in
two main pulses. The first was more intense
and occurred during the first 20 to 25 Kyr after
the K/Pg boundary, spanning the dark-clay
bed. It is characterized by abnormal forms of
triserials (Guembelitria), but also of parvular-
ugoglobigerinids (Parvularugoglobigerina and
Palaeoglobigerina) from just the first evolution-
ary radiation of Danian planktic foraminifera.
The second pulse is recorded between approxi-
mately 70 and 200 Kyr after the K/Pg bound-
ary and is characterized mainly by abnormal
forms of triserials (Chiloguembelitria) and biser-
ials (Woodringina and Chiloguembelina).

3. These two pulses of aberrants correlate
respectively with the Guembelitria acme in
PFAS-1 and the dark-clay bed and with the
Chiloguembelitria acme in the lower part of
PFAS-3, both of which have been interpreted as
ecological stress episodes. The FAI during the
parvularugoglobigerinid acme in PFAS-2 is
lower, but remains high enough to suggest
that environmental conditions were also
unstable during this interval, in which the
second evolutionary radiation of Danian
planktic foraminifera occurred.
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4. According to the data set available here,
the high values of the FAI in PFAS-1 seems to
be more related to long-term environmental
effects of the Chicxulub impact. By contrast,
the second bloom of aberrants during the
Chiloguembelitria acme was caused by an
independent, later period of ecological stress
perhaps linked to the Deccan eruptions.

5. The absence of an ecological stress episode
rich in abnormal tests during the latest Maas-
trichtian in both the El Kef and Aïn Settara
locations, as well as the high values of the FAI
during the first 200 Kyr of the Danian, could be
compatible with the hypothesis that the Chic-
xulub impact triggered the main phase of the
Deccan Traps. This would render the Deccan
volcanism an unlikely candidate as the cause of
the K/Pg boundary mass extinction.
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a b s t r a c t

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

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

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

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

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

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

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

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

2. Geological settings

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

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

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

3. Material and methods

3.1. Micropaleontological methods

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

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



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

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

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

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



Fig. 2. Lithostratigraphic column, lithologic intervals and outcrop views of the Caravaca section. Differences between lithologies are based on CaCO3 content: 75e95% for marly
limestones, 65e75% for limy marlstones and 35e65% for marlstones.

4



Table 1
Depth related ecogroups of planktic foraminiferal genera during the late
Maastrichtian.

Genera Taxonomic group Depth ecologies Average relative
abundance

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

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

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

3.2. Geochemical methods

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

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

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

4. Results

4.1. Planktic foraminiferal turnover

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

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

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

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



Fig. 3. Examples of moderate to good preserved tests of planktic foraminiferal species from the Caravaca section (scale bars ¼ 100 mm): A) Pseudoguembelina costulata, sample GR-0-
2 (MPZ 2019/1), B) Pseudotextularia elegans, sample GR-0-2 (MPZ 2019/2), C) Planoglobulina multicamerata, sample GR-0-2 (MPZ 2019/3), D) Pseudoguembelina palpebra, sample GR-
0-2 (MPZ 2019/4), E) Globotruncanella petaloidea, sample GR-0-2 (MPZ 2019/5), F) Rugoglobigerina rotundata, sample GR-4-6 (MPZ 2019/6), G) Contusotruncana contusa, sample GR-
4-6 (MPZ 2019/7), H) Pseudoguembelina hariaensis, multiserial morphotype sample GR-4-6 (MPZ 2019/8), I) Globotruncanita stuarti, sample GR-4-6 (MPZ 2019/9), J) Rugoglobigerina
macrocephala, sample GR-10 (MPZ 2019/10), K) Abathomphalus mayaroensis, sample GR-110 (MPZ 2019/11), L) Plummerita hantkeninoides, sample GR-630 (MPZ 2019/12).
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Fig. 4. Examples of poor preservation and fragmentation in planktic foraminiferal tests from the Caravaca section (scale bars ¼ 100 mm): A) Pseudoguembelina hariaensis, biserial
morphotype sample GR-1830 (MPZ 2019/13), B) Gublerina cuvillieri, sample GR-1380 (MPZ 2019/14), C) Pseudotextularia nutalli, sample GR-1020 (MPZ 2019/15), D) Planoglobulina
acervulinoides, sample GR-655 (MPZ 2019/16), E) Rugoglobigerina hexacamerata, sample GR-1380 (MPZ 2019/17), F) Contusotruncana contusa, sample GR-1080 (MPZ 2019/18), G)
fragment indet., sample GR-1290 (MPZ 2019/19), H) globotruncanid fragment sample GR-1290 (MPZ 2019/20), I) fragment indet., sample GR-655 (MPZ 2019/21).

Fig. 5. Biometric variables measured on the tests of selected species and morphotypes. A) Biserial morphotype of Pseudoguembelina hariaensis; B) Multiserial morphotype of
P. hariaensis; C) Contusotruncana contusa.
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Fig. 6. Stratigraphic distribution of the late Maastrichtian planktic foraminiferal species.
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<1% are grouped together. This group is composed of the following
genera: Abathomphalus, Archaeoglobigerina, Contusotruncana, Glo-
botruncanella, Gublerina, Planoglobulina, Pseudotextularia, Race-
miguembelina, Plummerita and Schackoina.

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

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

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

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

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

4.2. Geochemistry

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

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



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

5. Biostratigraphy and age model

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

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

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



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

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

6.1. Veracity of the isotope records

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



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

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

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

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



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

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

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

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



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



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

7. Planktic foraminiferal response to LMWE

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

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

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

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



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

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



Fig. 14. Correlation of the planktic foraminiferal fragmentation record from several upper Maastrichtian localities worldwide: Caravaca, this study; South Atlantic DSDP 527, 525
and 516 (Kucera et al., 1997); South Atlantic IODP 1267 and Central Pacific IODP 1209 (Henehan et al., 2016). Time-scale (Ma) is based on Husson et al. (2014).
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Fifth, the LO of P. hantkeninoides occurs within the upper part of
the LMWE interval in Caravaca and many other localities (Husson
et al., 2014). This species exhibits elongated chambers and well-
developed tubulospines in the last whorl. We speculate that this
morphology was an adaptation to inhabit deep waters with lower
dissolved oxygen levels. Later, when global temperature decreased,
and water-column stratification was reestablished, this species
could migrate into fully oxygenated near-surface waters. A similar
hypothesis was proposed by Coccioni et al. (2006), for planktic
foraminiferal species with well-developed tubulospines such as the
Eocene hantkeninids. However, further studies, from more local-
ities, are necessary to establish the validity of a possible relation-
ship between decreased dissolved oxygen during the LMWE and
development of elongated terminal chambers in biserial morpho-
type of P. hariaensis and tubulospines in P. hantkeninoides.

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

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

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

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

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



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

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

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

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

9. Conclusions

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

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

At Caravaca, no evidence of a gradual mass extinction in planktic
foraminifera has been recognized below the Ir-rich air-fall layer
that is linked to the Chicxulub impact marking the KPB. Although
the warming pulses of the LMWE are near the KPB and seem to
have had global repercussions, our results indicate that the climate
effects of greenhouse gas emissions linked to the Deccan volcanism
were too weak to be an essential factor in the end-Cretaceous mass
extinctions. Future work is needed to constrain the evidence of
Deccan volcanism across the K/Pg boundary and its influence on the
decline and posterior recovery of marine ecosystems in the early
Danian. It is crucial to better know why the Deccan, one of the
biggest igneous provinces in the history of Earth, apparently caused
such a weak effect on marine ecosystems while other mass ex-
tinctions have been related to similar styles of large igneous
province eruption.
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A B S T R A C T   

After the Chicxulub impact and mass extinction at the Cretaceous-Paleogene boundary (K-PgB), ecosystems 
haltingly recovered under unstable conditions. An early Danian (65.9 Ma) perturbation of the carbon cycle 
known as Dan-C2, which includes two carbon isotopic excursions (CIEs), has been ascribed to inputs of green-
house gases through large-scale volcanism of the Deccan Traps. However, the relationship between Dan-C2, 
volcanism and environmental and climatic changes during the early Danian remains ambiguous. Based on sta-
ble isotopes, calcium carbonate content, magnetic susceptibility and planktic foraminifera, we present a pale-
oenvironmental, paleoclimatic and paleoceanographic reconstruction of the early Danian from the Caravaca 
section, Spain, one of the most complete and continuous K-PgB sections worldwide. The paleobiological response 
of planktic foraminifera suggests very volatile environmental conditions during the first 230 kyr of the Danian, as 
reflected in the rapid succession of opportunistic/generalist blooms and episodic high occurrences of aberrant 
specimens. According to our age model, the Dan-C2 has been identified at the Caravaca section from 65.92 to 
65.74 Ma. No evidence of strong carbonate dissolution through ocean acidification was observed in the Dan-C2 
interval or the rest of the studied section, excluding the K-PgB clay bed. We find that blooms of highly eutrophic 
Chiloguembelitria and increases in aberrant planktic foraminifera coincided with a major early Danian eruptive 
episode of Deccan Traps (Ambelani Formation), occurring before the Dan-C2. Conversely, during both Dan-C2 
CIEs, less opportunistic taxa thrived, indicating changes in the upper part of the water column. This study 
demonstrates that the relationship between marine biota and climate change was very complex and rapidly 
changing during the early Danian. In addition, we propose that the Deccan volcanism had adverse effects on 
marine plankton, mostly through strong eutrophication, while an increased water column stratification during 
the Dan-C2 event resulted in a transient boost in the recovery of ecosystems.   

1. Introduction 

The Cretaceous-Paleogene boundary (K-PgB) is marked by one of the 
most devastating geological events that has occurred on Earth (Alvarez 
et al., 1980; Smit and Hertogen, 1980) caused by the impact of a ~ 10 
km-diameter asteroid at the Yucatan Peninsula, Mexico, known as the 
Chicxulub asteroid (Hildebrand et al., 1991). It is widely understood 
that the asteroid impact caused a series of catastrophic environmental 
effects, including the blockage of solar radiation leading to a cold and 

dark “impact winter”, ocean acidification, and pollution by toxic heavy 
metals, resulting in one of the greatest biotic crises on Earth (Kring, 
2007; Premović, 2009; Schulte et al., 2010; Vellekoop et al., 2014, 2016; 
Gulick et al., 2019; Henehan et al., 2019; Gibbs et al., 2020). The 
environmental effects were lethal in the pelagic realm and caused the 
decimation of calcareous plankton at the K-PgB (Smit, 1982; Arenillas 
et al., 2000a, 2000b; Bown, 2005). Multiple lines of evidence have 
pointed to the Chicxulub impact as the main cause of the K-PgB mass 
extinction (e.g. Smit, 1999; Arenillas et al., 2006; Schulte et al., 2010; 
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Lowery et al., 2018; Henehan et al., 2019). Nonetheless, recent advances 
in radiometric dating constrain the eruptive phases of Deccan Traps 
volcanism (in India), as well as the Chicxulub impact, to a period of only 
a few hundred thousand years during magnetochron C29r (Chenet et al., 
2007; Renne et al., 2015; Schoene et al., 2015, 2019; Sprain et al., 2019) 
thereby hindering a clear distinction between the specific roles of 
volcanism and impact in the K-PgB mass extinction. Consequently, these 
issues remain a topic of intense debate 40 years since the impact hy-
pothesis was first proposed (Alvarez et al., 1980; Hull et al., 2020; Keller 
et al., 2020). 

Discrepancies in the age of the K-PgB and its stratigraphic position 
within the Deccan Traps, as well as uncertainty regarding the eruptive 
rates of its main phases, result in two models of Deccan Traps eruptions, 
and a controversy about the role of Deccan volcanism in the K-PgB mass 
extinction and early Danian climate change (Burgess, 2019; Hull et al., 
2020; Keller et al., 2020). Based on 40Ar/39Ar dating, and volcano- 
stratigraphic and biostratigraphic evidence, it has been argued that 
the most voluminous Deccan eruptions occurred during the early Dan-
ian, corresponding to the emplacement of the Poladpur, Ambenali and 
Mahabaleswar Formations of the Wai subgroup (Jay and Widdowson, 
2008; Renne et al., 2015; Richards et al., 2015; Sprain et al., 2019). 
However, based on U/Pb dating of the Deccan Traps Formations, it has 
been proposed that the volcanic phase with the highest eruptive rate 
(Poladpur Formation) occurred in the latest Maastrichtian, only tens of 
thousands of years prior the K-PgB (Schoene et al., 2015, 2019, 2021). 

Although geochemical signatures ascribed to Deccan volcanism, 
such as 187Os/188Os excursions and Hg enrichments, have been recog-
nized prior to the K-PgB (Robinson et al., 2009; Font et al., 2016, 2018; 
Keller et al., 2020), several paleo-ecological and paleoclimate studies (e. 
g. Thibault and Gardin, 2010; Thibault et al., 2016; Hull et al., 2020; 
Gilabert et al., 2021) have shown that the influence of the Deccan 
volcanism during the latest Maastrichtian did not contribute to the K- 
PgB mass extinction (although this is disputed by some; e.g. Keller et al., 
2020 and references therein). A broad temporal coincidence also exists 
between post-K-PgB Deccan volcanism and the first Danian hyper-
thermal event, known as Dan-C2 (Quillévéré et al., 2008), which has led 
some to speculate that the two are mechanistically linked (e.g. Coccioni 
et al., 2010; Punekar et al., 2014a; Krahl et al., 2020). However, others 
have suggested that the Dan-C2 event could be astronomically 
controlled (Quillévéré et al., 2008; Barnet et al., 2019; Sinnesael et al., 
2019) and recent models of the CO2 emission rates of Deccan volcanism 
suggest that outgassing from Deccan volcanism alone was incapable of 
driving the magnitude of climate change observed during the early 
Danian (Hull et al., 2020; Fendley et al., 2020). 

During the earliest Danian, planktic foraminiferal and calcareous 
nannoplankton assemblages were characterized by low diversity, a high 
single-species dominance, rapid evolutionary turnovers, and blooms of 
smaller generalist or opportunist taxa that could thrive under eutrophic 
and unstable conditions (Romein, 1977; Smit, 1982; Huber et al., 2002; 
Lamolda et al., 2005; Arenillas et al., 2006; Jiang et al., 2010; Jones 
et al., 2019; Lowery et al., 2020). Recently, it has been proposed that 
non-calcareous algal and microbial communities bloomed in the open 
ocean in the short-term aftermath of the Chicxulub impact (Bralower 
et al., 2020). According to Bralower et al. (2020), these microbial 
blooms probably contributed to rapid ecosystem recovery by removing 
nutrients and providing a food source for higher trophic orders, 
enhancing pelagic ocean habitability as evidenced by the rapid recovery 
of planktic foraminifera and calcareous nannoplankton after the impact. 

The main planktic foraminiferal indicators of enhanced environ-
mental stress across the K-PgB are the guembelitriid blooms (Kroon and 
Nederbragt, 1990; Keller and Pardo, 2004; Pardo and Keller, 2008; 
Ashckenazi-Polivoda et al., 2014; Punekar et al., 2014a, 2014b) and the 
increases in aberrant planktic foraminifera tests (Gerstel et al., 1986; 
Coccioni and Luciani, 2006; Arenillas et al., 2018). Worldwide, blooms 
of Guembelitria and its descendant Chiloguembelitria have been reported 
well above the K-PgB (Arenillas et al., 2018), and thus appear 

genetically disconnected from the Chicxulub impact. However, the 
blooms did occur within the temporal range of Deccan volcanism in the 
Danian which points to a potential cause and effect relationship (Keller 
et al., 2012; Punekar et al., 2014a, 2014b; Arenillas et al., 2018). 
Similarly, an increase in aberrant foraminifera tests after the K-PgB has 
been shown to continue locally at the El Kef and Aïn Settara sections 
(Tunisia) for several hundreds of thousands of years after the K-PgB 
(Arenillas et al., 2018), suggesting the persistence of stressed conditions. 

Except for the immediate aftermath of the Chicxulub impact, the 
climatic and environmental changes that occurred during the first 
thousand years of the Danian leading up to the Dan-C2 event have not 
been exhaustively examined (e.g., Quillévéré et al., 2008; Barnet et al., 
2019). To improve our understanding of the complex paleobiological 
changes that took place during the early Danian, and their potential 
relationship with the Deccan volcanism and the Dan-C2 event, we car-
ried out a detailed analysis of the first ~750 kyr of the Danian at the 
Caravaca section (SE Spain, western Tethys). We took a multi-proxy 
approach: quantitative, diversity, taphonomic (fragmentation index) 
and teratological (percentage of aberrant specimens) analyses of 
planktic foraminifera, as well as bulk geochemical (stable C- and O- 
isotopes, CaCO3 content) and magnetic susceptibility measurements. 
Caravaca is a well-known section for its excellent exposure, complete-
ness and continuity (Smit, 1982, 2004; Molina et al., 2009), and pro-
vides an exceptional opportunity to evaluate paleoclimatic, 
paleoceanographic and paleobiological changes during the early 
Danian. 

2. Material and methods 

We revisited the Caravaca section, which is located in the Barranco 
del Gredero  (38◦04′36“ N, 1◦52’42” W), southwest of Caravaca de la 
Cruz, SE Spain (Fig. 1). The Danian part of this section consists mostly of 
hemipelagic marly limestones (Fig. 2), although it starts with the well- 
known K-PgB clay bed (Smit, 1982, 2004), consisting of a 1–2 mm- 
thick red air-fall layer and a 6 cm-thick dark clay bed, that is almost 
black in the lowermost 1.5 cm (Fig. 1E). This section was chosen as an 
auxiliary section of the Global Boundary Stratotype Section and Point 
(GSSP) for the base of the Danian Stage (Molina et al., 2009), as it 
represents one of the most continuous and complete K-PgB sections 
worldwide (Smit and Hertogen, 1980; Smit and Romein, 1985). Previous 
studies have focused on the K-PgB clay bed and the first one or two 
meters of the lowermost Danian, with a significantly lower resolution 
above this interval (Smit, 1982, 2004; Canudo et al., 1991; Coccioni and 
Galeotti, 1994; Kaiho and Lamolda, 1999; Arz et al., 2000; Lamolda 
et al., 2005; Vellekoop et al., 2018; Sepúlveda et al., 2019). In contrast, 
we sampled the first 820 cm of the Danian at high resolution, taking 
samples every 1–5 cm over the first 200 cm, and every 25–30 cm across 
the rest of the section. 

2.1. Micropaleontological methods 

For micropaleontological analyses, a total of 46 samples were dis-
aggregated in H2O2 for 3–4 h. These samples were washed and sieved 
under running water; the size fraction >63 μm was collected, and the 
residue was oven-dried at 50 ◦C for 24 h. Representative splits of ca. 300 
individuals per sample were studied for quantitative analyses, classi-
fying the specimens at species level. Representative specimens from 
Caravaca were photographed with a JEOL JSM 6400 SEM (scanning 
electron microscope) at the Microscopy Service of the Universidad de 
Zaragoza (Spain). 

For the Danian, we have used the planktic foraminiferal zonation of 
Arenillas et al. (2004), which was updated by Metsana-Oussaid et al. 
(2019). In Fig. 2, this biozonation has been compared with the more 
standardized zonation of Berggren and Pearson (2005), which was 
revised by Wade et al. (2011). Although the taxonomy used by the au-
thors differs, the close correspondence of biozones and subbiozones is 
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illustrated in Fig. 2. The stratigraphic distribution of Danian planktic 
foraminiferal species across the Caravaca section is also illustrated in 
Fig. 2. SEM photographs of index-species and other relevant Danian 
species are displayed in Fig. 3. 

To identify the planktic foraminiferal acme-stages (PFAS) proposed 
by Arenillas et al. (2006) for the lower Danian, we used quantitative data 
(Tables S1, S2) and the PAST software (v4.0.3, Hammer et al., 2001) for 
R-mode cluster analyses using the well-known Bray-Curtis index. We 
chose The Bray-Curtis similarity index since it is a more appropriate 
index for abundance data (i.e. species assemblages) than other distance 
measures, such as the common Euclidian distance (Beals, 1984; Ricotta 
and Podani, 2017). The Euclidean distance can lead to misleading re-
sults when species abundance data contains zeros (i.e. absences of 
certain taxa) as this method places more weight on the abundance dif-
ferences between samples than on the similarities in the assemblage of 
species (Legendre and Gallagher, 2001). In contrast, in the Bray-Curtis 
index common and scarce species have relatively similar weights, 
which means that the assemblage (as opposed to the absolute abun-
dances) becomes the more significant control on distance (Ricotta and 
Podani, 2017). The criteria for distinguishing the boundaries between 
PFAS are clear: PFAS-1 is characterized by a dominance of triserial 
guembelitriids (Guembelitria), PFAS-2 by the tiny trochospiral parvu-
larugoglobigerinids (Parvularugoglobigerina and Palaeoglobigerina), and 
PFAS-3 by biserial Woodringina and Chiloguembelina. All three acme- 
stages, first recognized in the Spanish sections of Zumaia (Arenillas 
et al., 1998) and Agost (Molina et al., 1998), have been identified in 
lower Danian sections worldwide (Arenillas et al., 2006, 2016; Gallala 
et al., 2009; Lowery et al., 2018; Renne et al., 2018). 

To reconstruct paleo-environmental change, we have used several 

planktic foraminiferal proxies: paleoecological preferences of species, 
the abundance of aberrant specimens, fragmentation index, diversity 
indices and the planktic/benthic ratio. Early Danian planktic forami-
niferal paleoecology has previously been interpreted based on the iso-
topic signatures of each species (e.g. Olsson et al., 1999; Aze et al., 2011; 
Birch et al., 2012). In order to discriminate between normal and 
abnormal specimens, we followed the compendium of aberrant mor-
phologies of Arenillas et al. (2018) for early Danian planktic forami-
nifera. The fragmentation index (ratio of broken vs. complete 
foraminifers) was calculated following the method of Berger et al. 
(1982), and used to identify changes in carbonate preservation state. 
Benthic foraminifers were picked to evaluate potential dissolution pro-
cesses by calculating the planktic/benthic (P/B) ratio (% planktic fora-
minifera of the total number of foraminifera), but they were not 
taxonomically classified. 

2.2. Geochemical and geophysical methods 

The inorganic and organic carbonate content was measured using 
duplicate subsamples from 70 samples that were weighed into ceramic 
boats, one of which was roasted in air at 420 ◦C for 12 h to remove 
organic carbon. The total carbon content (TC) of the unroasted sub-
sample, and the Total Inorganic Carbon (TIC) of the roasted subsample, 
were determined using a Strohlein Coulomat 702, in the Department of 
Earth Sciences of the University of Oxford. The difference between the 
amount of carbon determined in unroasted and pre-roasted samples 
provided an estimate of Total Organic Carbon (TOC). Assuming the 
inorganic carbon content is all associated with CaCO3 allows the esti-
mation of CaCO3 content using the equation from Stax and Stein (1993): 

Fig. 1. A) Paleogeographical location map of Caravaca and other localities worldwide: DSDP Site 516, ODP Sites 1262 and 1049, and Gubbio (Contessa Highway 
section). B) Detailed paleogeographical map of the Western Tethys, with the star indicating the position of Caravaca (modified from Andeweg, 2002). C) Caravaca 
section overview. D) Detail of the Cretaceous-Paleogene transition. E) Rock fragment of the first 3 cm of the K-PgB clay bed at Caravaca, which includes the 1–2 mm 
thick ejecta-rich air-fall layer and the basal part of dark clay bed. 
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CaCO3% = TIC * 8.33. Reproducibility of %C using this method is 
typically better than 0.1%. 

Measurements of stable carbon and oxygen isotope ratios (δ13C, 
δ18O) were performed on homogenized bulk powdered sediment from 
the same 70 samples. Samples were analyzed in the Department of Earth 
Sciences of the University of Oxford using a GasBench device attached to 
a ThermoFisher Delta V Advantage gas source isotope ratio mass spec-
trometer. Oxygen and carbon-isotopes are reported using the standard 
delta notation (δ18O, δ13C) in parts per mil (‰) on the Vienna PeeDee 
Belemnite (VPDB) scale. Calibration of samples to the VPDB scale was 
achieved using multiple analyses of an in-house standard, NOCZ, which 
has average values on the VPDB scale of − 1.90‰ for δ18O and 2.18‰ for 
δ13C. For δ18O, NOCZ has been calibrated to the VPDB scale by com-
parison with analyses of NBS-19 and NBS-18, which were assigned δ18O 
values of − 2.20‰ and − 23.01‰ respectively. For δ13C, NOCZ has been 
calibrated to the VPDB scale by comparison with analyses of NBS-19, 
which was assigned a value of 1.95‰. Repeated analyses of in-house 
standards suggest a reproducibility (±1σ) of <0.1 for both δ13C and 
δ18O. 

The magnetic susceptibility (MS) of 70 samples was measured at the 
University of Zaragoza, Spain, with a Spinning Specimen Magnetic 
Susceptibility Anisotropy Meter KLY-35 Kappabridge. Samples were 
crushed in an agate mortar and measured in cylindrical plastic boxes of 

10 cm3 in volume. MS values are reported relative to mass (m3/kg). 

3. Results 

3.1. Biostratigraphy and age model 

At the Caravaca section, a total of 49 species and 14 genera of Danian 
planktic foraminifera (including species of the genus Guembelitria) have 
been identified. Relative abundances of each species are shown in the 
Supplementary Table 1. Seven subbiozones have been identified: Mh. 
holmdelensis and Pv. longiapertura Subzones (of the G. cretacea Zone), Pv. 
sabina and E. simplicissima Subzones (of the Pv. eugubina Zone), and E. cf. 
trivialis, S. triloculinoides and G. compressa (part) Subzones (of the 
P. pseudobulloides Zone). The stratigraphic interval studied corresponds 
to Pα, P1a, P1b and (part of) P1c of Berggren and Pearson (2005) and 
Wade et al. (2011). At Caravaca, the bases of these subbiozones are at 0, 
3, 22, 42, 107, 332 and 655 cm, respectively, above the K-PgB (Fig. 2). 

To establish the age model at the Caravaca section, we linearly 
interpolated between the K-PgB, the top of the K-PgB dark clay bed, the 
C29r/C29n magnetic reversal and the C29n/C28r magnetic reversal. 
Based on the 40Ar/39Ar calibrations of Sprain et al. (2018), we have 
assigned an age of 66.052 Ma to the K-PgB, 65.724 Ma to the C29r/C29n 
reversal and 65.075 Ma to the C29n/C28r reversal. Based on cosmic 3He 

Fig. 2. Stratigraphic column and distribution of the Danian species at Caravaca. Gb. = Guembelitria; Chg. = Chiloguembelitria; Pc. = Pseudocaucasina; Pg. Palae-
oglobigerina; Pv. = Parvularugoglobigerina; W. = Woodringina; Ch. = Chiloguembelina; E. = Eoglobigerina; T. = Trochoguembelitria; G. = Globanomalina; P. = Para-
subbotina; Pr. = Praemurica; Gc. = Globoconusa; S. = Subbotina. 
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sedimentation rates, Mukhopadhyay et al. (2001) estimated a duration 
for deposition of the K-PgB dark clay bed of ~10 kyr. At Caravaca, the 
top of the K-PgB dark clay bed is ~6 cm above the K-PgB, and, according 
to Smit (1982) and Groot et al. (1989), the C29r/C29n and C29n/C28r 

reversals are at 5.1 m and 9.8 m above the K-PgB respectively. Conse-
quently, the average sedimentation rates at Caravaca are ~0.6 cm/kyr 
for the K-PgB dark clay bed, 1.58 cm/kyr for the Danian part of C29r and 
0.72 cm/kyr for C29n. In total, the studied section spans approximately 

Fig. 3. SEM photographs of Pseudocaucasina antecessor (A-D); Guembelitria cretacea (E); Chiloguembelitria hofkeri (F); Chiloguembelitria danica (G); Trochoguembelitria 
alabamensis (H); Palaeoglobigerina alticonusa (I); Chiloguembelina midwayensis (J); Parvularugoglobigerina longiapertura (K); Parvularugoglobigerina eugubina (L); 
Woodringina hornerstownensis (M); Chiloguembelina taurica (N); Eoglobigerina simplicissima (O); Eoglobigerina edita (P); Eoglobigerina pentagona (Q); Parasubbotina 
pseudobulloides (R); Subbotina triloculinoides (S); Globanomalina archeocompressa (T); Praemurica taurica (U); Praemurica inconstans (V); Globanomalina compressa (W). 
White bar scales = 100 μm. 
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the first 760 kyr of the Danian. According to this age model, the bases of 
Mh. holmdelensis, Pv. longiapertura, Pv. sabina, E. simplicissima, E. cf. 
trivialis, S. triloculinoides and G. compressa Subzones occurred at 0, 5, 20, 
33, 75, 219, and 528 kyr after the K-PgB, respectively. It is remarkable 
that Pseudocaucasina antecessor (Arenillas and Arz, 2017) has been 
identified at Caravaca for the first time. Its Lowest Occurrence Data 
(LOD) is at 1.5 cm above the K-PgB, i.e. 2.5 kyr after the K-PgB. The 
LODs of its most direct evolutionary descendants, Parvularugoglobigerina 
longiapertura and Palaeoglobigerina alticonusa, are at 3 cm above the K- 
PgB, i.e. 5 kyr after the K-PgB. 

3.2. Acme-stratigraphy 

Planktic foraminiferal assemblages identified in the lower Danian of 
the Caravaca section are characterized by low diversities and high 
consecutive dominances of single taxon groups, corresponding to the 
succession of the three acme-stages PFAS of Arenillas et al. (2006). This 
is confirmed by the cluster analysis performed here (Fig. 4). 

PFAS-1 spans the first 5 cm of the lower Danian of the Caravaca 
section (from the K-PgB to the lowermost part of Pv. longiapertura Sub-
zone), i.e. the first 8 kyr after the K-PgB boundary according to our age 
model. PFAS-1 is dominated by triserial taxa, mainly Guembelitria and, 
to a lesser extent, its descendant Chiloguembelitria. Guembelitria is the 
only Cretaceous genus that increased its abundance after the K-PgB. In 

addition, we have identified a bloom of Pseudocaucasina antecessor, 
which starts within the PFAS-1 and ends at the lowermost part of PFAS- 
2. (Fig. 5, Table S1). 

PFAS-2 is placed at 5 to 55 cm above the K-PgB at Caravaca (from the 
lowermost part of Pv. longiapertura Subzone to the middle part of the 
E. simplicissima Subzone), i.e. between 8 and 41 kyr after the K-PgB. This 
acme-stage is dominated by parvularugoglobigerinids, i.e. Parvular-
ugoglobigerina and Palaeoglobigerina (the first evolutionary radiation of 
Danian species), comprising between 50 and 80% of the assemblages. 
The LODs of Woodringina and Chiloguembelina, the first Danian biserial 
taxa, occurred within PFAS-2, but their combined relative abundance 
never exceeds 3% except for the upper part of PFAS-2. Around 38 cm 
above the K-PgB (upper part of the Pv. sabina Subzone), biserial taxa 
show a sharp increase, but they do not exceed the parvular-
ugoglobigerinids in abundance. 

PFAS-3 has been recognized from 55 cm above the K-PgB to the top 
of the studied section (from the lower part of the E. simplicissima Subzone 
to the lower part of the G. compressa Subzone), i.e. between 41 kyr and at 
least 756 kyr after the K-PgB. The planktic foraminiferal assemblages in 
PFAS-3 comprise mostly biserial taxa, i.e. the genera Woodringina and 
Chiloguembelina, and especially the species Woodringina hornerstownensis 
(30.7% on average). Although PFAS-3 assemblages are dominated by 
biserial taxa throughout, several substages can be identified on the basis 
of changes in relative abundances of some other taxa. One of the most 

Fig. 4. A) Agglomerative clustering based on the unweighted paired group method with the arithmetic mean (UPGMA) and the Bray-Curtis similarity index. Oth/Tr*. 
= Clusters with ambivalent affinity. B) Stratigraphically constrained dendrogram. 

V. Gilabert et al.                                                                                                                                                                                                                                



Palaeogeography, Palaeoclimatology, Palaeoecology 576 (2021) 110513

7

striking features within PFAS-3 at Caravaca is the occurrence of three 
successive blooms of the opportunist triserial Chiloguembelitria reaching 
maxima abundances of 48.5, 28.6, and 12.3% respectively. These Chi-
loguembelitria blooms are successively less intense and alternate in time 
with remarkable increases in the combined abundance of genera 
resulting from the second Danian evolutionary radiation, including 
Eoglobigerina, Parasubbotina, Globanomalina, Praemurica, and Subbotina, 
or “other genera” for short. The latter group reaches maxima abundance 
values of 43.1, 49.5 and 48.4% between each Chiloguembelitria bloom 
(Fig. 5). Cluster analyses strongly support the further division of PFAS-3 
into 7 shorter substages following the alternation of major groups 
(Fig. 4), with each substage named as PFAS-3 plus a suffix: α, T1, O1, T2, 
O2, T3, O3. Stratigraphic and temporal boundaries of each stage and 
substage, with average relative abundances of major groups are listed in 
Table 1. 

PFAS-3α is characterized almost exclusively by biserial Woodringina 
and Chiloguembelina, but mostly by Woodringina (Fig. 5). The LODs of 
Eoglobigerina, Parasubbotina, Globanomalina, Praemurica and Trocho-
guembelitria are at 55–85 cm above the K-PgB, forming the second 
evolutionary radiation of Danian species (Fig. 2 and Fig. 5). The Highest 
Occurrence Data (HOD) of Palaeoglobigerina and Parvularugoglobigerina 
are recognized towards the top of PFAS-3α, as these species were 
completely replaced by the incoming species of the second Danian 
evolutionary radiation. 

PFAS-3T (1–3) are characterized by subsequent blooms of triserial 

Chiloguembelitria. PFAS-3T1 witnessed the LOD of the genus Globoco-
nusa, which occupies the same ecological niche as Guembelitria and 
Chiloguembelitria (see Olsson et al., 1999), although during each Chilo-
guembelitria bloom the relative abundance of Globoconusa remains 
extremely low with values <1% (0.1, 0.2, and 0.9%). 

PFAS-3O (1–3) refers to the substages characterized by the higher 
relative abundance of the “other genera” combination. The genera 
Globanomalina (15.2%) and Praemurica (9.9%) are the most abundant 
genera during each PFAS-3O. It is noteworthy that the alternations be-
tween PFAS-3T and PFAS-3O occurred rapidly, especially between the 
first three alternations: T1-O1, O1-T2, and T2-O2 (Fig. 5 and Tables 1, 
2). 

3.3. Diversity indices 

Standard diversity indices are summarized in Table 2 and shown in 
full in Table S2. We have calculated the average diversity values for 
PFAS-1-2 and for each substage of PFAS-3. The diversity indices provide 
evidence for rapid and abrupt environmental changes from PFAS-1 to 
the end of PFAS-3T1 (suggesting less resilient planktic foraminiferal 
assemblages), and more stable environmental conditions from PFAS- 
3O1 onwards (suggesting more resilient assemblages). However, it is 
noteworthy that the rapid evolutionary radiations which occurred dur-
ing the PFAS-2 and PFAS-3α intervals (Figs. 2 and Fig. 5) highly influ-
enced the values of the diversity indices. Conversely, from the base of 

Fig. 5. Relative abundance of the Danian planktic foraminiferal genera and major groups at Caravaca. Biozones: a = (Wade et al., 2011); b = (Arenillas et al., 2004).  

Table 1 
Stratigraphic height and age of PFAS and relative abundance of major groups.  

PFAS Height from K-PgB (cm) Age from K-PgB (kyr) Major groups relative abundance (%) 

Base Top Base Top Triserial Parvul. Biserial Others 

PFAS-3O3 625 820* 487 756* 2.3% 0.0% 56.9% 40.8% 
PFAS-3T3 475 625 311 487 8.8% 0.0% 59.5% 31.7% 
PFAS-3O2 357 475 235 311 6.6% 0.0% 53.6% 39.8% 
PFAS-3T2 282 357 187 235 21.4% 0.0% 58.8% 19.8% 
PFAS-3O1 232 282 155 187 2.4% 0.0% 55.6% 41.9% 
PFAS-3T1 107 232 75 155 45.2% 0.0% 49.0% 5.8% 
PFAS-3α 55 107 41 75 0.8% 24.7% 67.0% 7.5% 
PFAS-2 5 55 8.3 41 9.7% 83.4% 6.8% 0.1% 
PFAS-1 K-PgB 5 0 8.3 76.1% 23.1% 0.9% 0.0% 

Stratigraphic position and calibrated age of planktic foraminiferal acme-stages (PFAS) at Caravaca, and relative abundances of the major planktic foraminiferal groups. 
* = Top of the studied section. Parvul. = Parvularugoglobigerinids. 
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PFAS-3O1 to the top of the section, diversity indices show more gradual 
changes, showing slightly higher average diversity values in PFAS-3O 
substages than in the PFAS-3T substages (see Table 2). 

3.4. Aberrant index 

We have found abnormal specimens of Guembelitria and almost every 
incoming Danian species (Supplementary Table S3), whereas reworked 
Cretaceous specimens within Danian sediments display almost no ab-
errations. According to the terminology of Arenillas et al. (2018), the 
most common aberrant morphologies identified at Caravaca are: 1) 
chamber abnormalities: aberrant chamber shapes, reduced chamber 
sizes and overdeveloped chamber sizes; 2) an abnormal ultimate 
chamber: aberrant shape, anomalous position and bulla-like chamber; 3) 
multiple ultimate chambers: double or twinned ultimate chambers, and 
a proliferation of chambers; 4) distortion in test coiling; 5) abnormal 
tests. Some examples of these aberrations are illustrated in Fig. 6. The 
aberrant forms of planktic foraminifera are mainly abundant within the 

first 357 cm (~230 kyr) of the Danian (i.e. from the K-PgB to the top of 
PFAS-3T2), close to the base of the S. triloculinoides Subzone (Fig. 7). 

PFAS-1 and PFAS-2 are characterized by high relative abundances of 
aberrant specimens (Fig. 7 and Table 2). The species most commonly 
displaying aberrant forms are either G. cretacea (14.4%) or Ps. antecessor 
(3.5%) for PFAS-1, and Pv. longiapertura (5.8%) for PFAS-2. The aberrant 
specimens of PFAS-3α mainly belong to biserial taxa, especially to 
Woodringina hornerstownensis (3.1%). The average aberrant index during 
PFAS-3α (6.6%) is significantly lower than during PFAS-2 (11.5%), 
while during PFAS-3T1 it reaches 12.5%, which is similar to that 
reached previously in PFAS-2. Triserial and biserial aberrant forms are 
dominant during PFAS-3T substages, especially for Chg. danica and 
W. hornerstownensis species. During PFAS-3T1, T2 and T3, aberrant 
forms of Chg. danica represent, respectively, 5.2, 1.6 and 0.3% on 
average of total planktic foraminiferal specimens, and 3.3, 2.5 and 1.0% 
for W. hornerstownensis. Each triserial bloom, i.e. PFAS-1, PFAS-3T1, 
PFAS-3T2 and to lesser extent PFAS-3T3, displays a transient increase of 
the aberrant index (Fig. 7 and Table 2). Conversely, during the blooming 

Table 2 
Diversity indices and relative abundance of aberrant forms of major groups in each PFAS.  

PFAS Main diversity indices Relative abundance of aberrant forms (%) 

S H́ 1/λ E Triserial Parvul. Biserial Others Total 

PFAS-3O3 23 2.42 6.86 0.48 0.0% 0.0% 1.3% 1.3% 2.6% 
PFAS-3T3 23 2.37 6.91 0.47 0.4% 0.0% 1.9% 1.4% 3.7% 
PFAS-3O2 26 2.55 8.09 0.49 0.2% 0.0% 2.2% 1.7% 4.1% 
PFAS-3T2 24 2.31 6.60 0.42 2.8% 0.0% 5.1% 2.2% 10.0% 
PFAS-3O1 25 2.54 8.46 0.52 0.2% 0.0% 2.9% 2.4% 5.5% 
PFAS-3T1 18 1.95 4.86 0.41 6.9% 0.0% 5.1% 0.5% 12.5% 
PFAS-3α 20 1.88 4.24 0.33 0.0% 1.3% 4.6% 0.7% 6.6% 
PFAS-2 15 1.71 3.95 0.40 1.0% 9.0% 0.7% 0.7% 11.5% 
PFAS-1 6 1.26 3.13 0.64 17.3% 3.7% 0.0% 0.0% 21.0% 

Average values of main diversity indices for each planktic foraminiferal acme-stage (PFAS), and relative abundance of the aberrant forms in total, and in each major 
group. S = Species richness; H ‘= Shanon-Weaver index; 1/λ. = Inverse Simpson index; E = Evenness; Parvul. = Parvularugoglobigerinids. 

Fig. 6. Examples of different aberrant morphologies within the studied specimens; (A) overdeveloped chamber size; (B) protuberant chamber; (C) aberrant shape; 
(D) overdeveloped chamber size + anomalous position; (E) proliferation of chambers; (F) aberrant chamber shape; (G) abnormal ultimate chamber; (H) bulla-like 
chamber; (I) distortion in test coiling and reduced ultimate chamber size; (J) additional chamber; (K) abnormal test; (L) abnormal ultimate chamber; (M) bulla-like 
chamber; (N) chamber in anomalous position; (O) abnormal test; (P) ultimate chambers in anomalous position and distortion in test coiling; (Q) proliferation of 
chambers; (R) overdeveloped ultimate chamber with aberrant shape. 
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episodes of the “other genera”, i.e. PFAS-3O1, PFAS-3O2 and PFAS-3O3, 
there are fewer aberrant specimens. The most common biserial species 
with aberrant forms within PFAS-3O substages are W. hornerstownensis 
with respectively 1.8, 1.2 and 0.8% on average, and the most common 
aberrant specimens of the “other genera” belong to the species Globa-
nomalina archeocompressa (0.55%) for PFAS-3O1, Praemurica taurica 
(0.4%) for PFAS-3O2 and Pr. inconstans (0.3%) for PFAS-3O3. 

3.5. Carbonate preservation and magnetic susceptibility 

At Caravaca, the CaCO3 content ranges from 15.5 to 88.4% with a 
mean value of 73.78% (n = 70). The lowest CaCO3 content has been 
identified in the K-PgB clay bed (0–6 cm, between 15.53 and 39.7%, and 
28% on average). From 6 to 26 cm above the K-PgB, the CaCO3 content 
increases sharply to 70%, and from 26 to 115 cm the average CaCO3 

Fig. 7. Comparison of the quantitative results for the major groups of planktic foraminifera. Parvularugoglo. = parvularugoglobigerinids.  

Fig. 8. A-B) Stable isotopes; C) Carbonate content; D) Fragmentation index; E) Magnetic susceptibility; and F) Planktic/Benthic ratio at Caravaca. Data can be found 
in Supplementary Table 4. 

V. Gilabert et al.                                                                                                                                                                                                                                



Palaeogeography, Palaeoclimatology, Palaeoecology 576 (2021) 110513

10

content is 83%. There is a decrease in the average CaCO3 content from 
115 to 520 cm above the K-PgB (71%) with two relatively low values 
identified at 245 (60.5%) and 430 (65.5%) cm above the K-PgB 
(Fig. 8C). Finally, from 520 cm to the top of section, the average CaCO3 
content is relatively stable at 80% on average. 

Apparent dissolution features on tests, such as abrasion marks, 
broken and/or isolated chambers, or corroded walls, have been identi-
fied, but they are not abundant. The planktic foraminiferal preservation 
is moderate to good in most of the samples, with the exception of those 
from the dark K-PgB clay bed. We consider that samples with planktic 
foraminiferal fragmentation ratio or fragmentation index (FI) >40% 
represent intervals of strong dissolution (e.g., Kucera et al., 1997; 
Gilabert et al., 2021). Values of planktic foraminiferal fragmentation 
vary between 7 and 45% across the Caravaca section, with an average 
fragmentation of 18.3% (n = 46). The average fragmentation values are 
high (45%) in the K-PgB dark clay bed, moderate (20%) between 6 and 
520 cm, and low (13%) from 520 cm to the top of the section (Fig. 8D). 

At Caravaca, the P/B ratio (Fig. 8F) ranges between 11 and 100%, 
with three distinct intervals: in the dark K-PgB clay bed P/B ratios range 
between 11 and 47%; from 6 to 26 cm above the K-PgB, they are be-
tween 72 and 89%; and from 30 cm to the top of the studied section, they 
are between 95 and 100%. Benthic foraminifera are more resistant to 
fragmentation and dissolution than planktic foraminifera, and the P/B 
ratio is expected to decrease with increasing dissolution intensity 
(Kucera et al., 1997). The significant, negative correlation r = − 0.75 p <
0.01 between FI and the P/B suggests that higher dissolution of planktic 
foraminifera is related to lower P/B values, which are limited to the K- 
PgB clay bed. 

Magnetic susceptibility (MS) oscillates between 1.67 × 10− 8 and 
1.23 × 10− 7 m3/kg across the Caravaca section, with a mean value of 
3.51 × 10− 8 m3/kg. MS values are within the standard range of values 
for lithified marine samples containing typical paramagnetic minerals 
(Ellwood et al., 2008). MS values increase between 115 and 520 cm 
above the K-PgB, with maxima at 245 and 430 cm, mirroring the CaCO3 
curve (Fig. 8C and E). The strong negative correlation between MS and 
CaCO3 content suggests variations in the original detrital influx or var-
iations in the flux of carbonate, causing variations in the concentration 
of paramagnetic minerals. 

3.6. Stable isotopes (bulk carbonate δ13C and δ18O) 

At Caravaca, δ13C and δ18O values for bulk carbonate show a mod-
erate degree of correlation (r = 0.62, p < 0.01) and evolve in parallel in 
some intervals. However, values are comparable with those previously 
reported for the lower Danian at the Caravaca section (Kaiho et al., 
1999; Sosa-Montes de Oca et al., 2016; Sepúlveda et al., 2019) and other 
sections worldwide (see compilation in Hull et al., 2020), suggesting 
little influence of diagenesis. Only in the K-PgB clay bed do %CaCO3 and 
stable isotope values exhibit a significant correlation. In the rest of the 
studied section, the correlation between %CaCO3 and δ18O or δ13C 
values is poor to very poor, with r = 0.54 (p < 0.01) between %CaCO3 
and δ13C, and r = 0.32 (p < 0.01) between %CaCO3 and δ18O. This lack 
of significant correlation suggests that the lithology exerts very little 
control on the stable isotope values. 

The δ13C values vary between − 0.78‰ and + 1.92‰ at Caravaca 
(Fig. 8A) with the lowest δ13C values registered within the K-PgB dark 
clay bed, ranging from − 0.78‰ to 0.20‰. From 6 to 57 cm above the K- 
PgB, δ13C increases to the highest values of the section at ~1.92‰. 
Between the maximum δ13C value at 57 cm to 180 cm, δ13C displays 
very small oscillations between 1.92 and 1.71‰. From 180 cm to the top 
of the section, δ13C broadly displays a clear overarching trend to lower 
values, with two negative carbon isotopic excursions (CIEs) super-
imposed upon this trend. The first (CIE-1) has a minimum value of 
0.93‰ at 245 cm and the second (CIE-2) a minimum value of 0.69‰, at 
460 cm above the K-PgB. 

The δ18O values are broadly invarient across much of the Caravaca 

section, except for three distinct negative excursions (Fig. 8B), the first 
at the K-PgB and the other two coinciding approximately with the CIEs 
described above. δ18O values are the lowest of the whole section within 
the K-PgB clay bed ranging from − 3.77‰ to − 2.82‰. The other two 
minima in δ18O occur at 200 cm above the K-PgB (slightly below the CIE- 
1), and 460 cm, coincident with CIE-2. 

4. Recognizing the Dan-C2 event at Caravaca 

The Dan-C2 event was first recognized in the NW Atlantic (ODP 
1049), and SE Atlantic (DSDP 527 and 528) and defined as a pair of 
major, fairly symmetrical, negative excursions in δ13C and δ18O (Fig. 9), 
associated with decreased carbonate content and increased clay content 
and magnetic susceptibility values (Quillévéré et al., 2008). At Car-
avaca, the stratigraphic interval corresponding to Dan-C2, as defined in 
some Atlantic and Tethyan sections (Fig. 9), is recorded between 200 
and 490 cm above the K-PgB, from the middle part of E. cf. trivialis (P1a) 
Subzone to the middle part of S. triloculinoides (P1b) Subzone, i.e. be-
tween 130 and 315 kyr after the K-PgB according to our age model. The 
CIEs identified in Caravaca (CIE-1 and CIE-2) are within this strati-
graphic interval and consequently they are correlated with the two 
characteristic negative excursions of Dan-C2 defined elsewhere 
(Quillévéré et al., 2008; Coccioni et al., 2010). Using our age model, the 
peak minimum values of CIE-1 and CIE-2 occur 158 and 295 kyr, 
respectively, after the K-PgB and each CIE has a duration of ~40 kyr. In 
addition, both CIEs are associated with the lowest CaCO3 content and 
the highest MS values. According to our age model, the entire Dan-C2 
event lasted approximately 185 kyr, ending around the C29r/C29n 
magnetic reversal (Fig. 9 and Fig. 10A). The small discrepancies in the 
assigned ages of Dan-C2 between Caravaca and elsewhere (Fig. 9) are 
probably related to differences and uncertainties in the age models and/ 
or variations in the local sedimentation rates between tie points that are 
not represented by linear interpolation. Nevertheless, all of different 
records suggest a broadly consistent age for Dan-C2 and a termination of 
the event near the C29r/C29n reversal. 

5. Early Danian paleoenvironmental and paleoclimatic 
evolution 

5.1. The K-PgB dark clay bed and PFAS-1 (Guembelitria acme): The 
aftermath of the Chicxulub impact 

Worldwide, the K-PgB dark clay bed was deposited above the 
Chicxulub-linked air-fall layer under conditions of global climatic 
warming and alterations in oceanic productivity and acidity (D'Hondt 
et al., 1998; Coxall et al., 2006; Kawaragi et al., 2009; Birch et al., 2016; 
Henehan et al., 2016, 2019). At Caravaca, as in most continuous marine 
sections, the K-PgB dark clay bed is characterized by very low values in 
%CaCO3, δ18O and δ13C (Fig. 8A, B and Fig. 10D, E) (see Schulte et al., 
2010, and references therein). In addition, the highest planktic forami-
niferal fragmentation index values at Caravaca occur within the K-PgB 
dark clay bed. These geochemical and preservational changes have been 
directly related to the decimation of pelagic marine calcifiers at the K- 
PgB (Smit, 1982; Bown, 2005), and subsequent ocean acidification 
(Alegret et al., 2012; Henehan et al., 2019). At Caravaca, the P/B ratio 
across the K-PgB dark clay bed is very low, around 30% in comparison to 
the P/B ratio values for most of the Danian (Table S2). This decreased P/ 
B ratio is more compatible with the sudden extinction of planktic fora-
minifera at the K-PgB than with rapid paleobathymetric changes, as 
previously shown by Alegret et al. (2003). Therefore, the K-PgB dark 
clay bed records a brief interval of time in which the ecosystems 
collapsed and the oceans acidified (D'Hondt et al., 1998; Arenillas et al., 
2006, 2018; Kring, 2007; Henehan et al., 2019). Biological recovery, 
however, was relatively quick and oceanic productivity was rapidly re- 
established after the K-PgB (Sepúlveda et al., 2009, 2019; Lowery et al., 
2018; Gibbs et al., 2020). Productivity may have been controlled by 
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blooms in the non-calcareous algal and microbial communities in the 
open ocean after the K-PgB event, which potentially provided a food 
supply for higher trophic levels such as calcareous plankton (Bralower 
et al., 2020). 

The acme of the stress tolerant and opportunistic genus Guembelitria 
during PFAS-1 is recorded within the K-PgB dark clay bed, immediately 
above the air-fall layer. Contemporaneously, the start of an acme of the 
opportunist calcareous dinocyst Thoracosphaera (Fig. 10B) has been re-
ported above the K-PgB at Caravaca (Lamolda et al., 2005, 2016) and in 
many other Tethyan sections (Romein, 1977; Smit, 1982; Pospichal, 
1996; Gardin, 2002; Lamolda et al., 2005, 2016; Fornaciari et al., 2007; 
Thibault et al., 2018). The highest planktic foraminiferal aberrant index 
(21%) of the whole section occurs in PFAS-1 (Fig. 10C); a value which is 
comparable to other Tethyan and North Pacific localities (Gerstel et al., 
1986; Coccioni and Luciani, 2006; Arenillas et al., 2018), suggesting 
stressed conditions on a global scale. Detrimental environmental effects 
such as eutrophication, warming, ocean acidification, low oxygenation, 
and the remobilization of pollutants and toxic heavy metals all occurred 
potentially in the aftermath of Chicxulub impact and can be attributed to 
it (Smit, 1999; Coccioni and Luciani, 2006; Ballent and Carignano, 2008; 
Omaña et al., 2012; Arenillas et al., 2018; Henehan et al., 2019). 
Nonetheless, a minor contribution by Deccan volcanism to some of these 
environmental changes cannot be entirely ruled out. 

5.2. PFAS-2: Recovery and the first radiation of planktic foraminifera 

Within PFAS-2, an initial recovery of planktic foraminiferal assem-
blages and a first evolutionary radiation took place. This first evolu-
tionary radiation was mostly related to the evolution and proliferation of 
the tiny trochospiral species belonging to Parvularugoglobigerina and 
Palaeoglobigerina genera. Recently, Arenillas and Arz (2017) proposed 
that parvularugoglobigerinids originated from a benthic foraminifer 
that evolved into a planktic form, such as Ps. antecessor. Both Parvular-
ugoglobigerina and Palaeoglobigerina genera radiated and proliferated 

during PFAS-2, which, together with the continued dominance of 
Thoracosphaera (Lamolda et al., 2005, 2016) and the very high (11.5%) 
abundance of aberrant specimens, suggests that conditions remained 
unstable and stressed throughout PFAS-2. 

At Caravaca, a rapid rebound (< 20 kyr) of the carbonate preserva-
tion state between PFAS-1 and PFAS-2 is supported by the rapid increase 
in %CaCO3 and P/B ratios, and a decrease in the fragmentation index 
and MS values (Fig. 8). According to Henehan et al. (2016, 2019), the 
initial surface ocean acidification after the K-PgB, together with the 
extinction of calcifying organisms, would have led to a transient 
reduction in the marine alkalinity sink. With the return of marine cal-
cifiers, the excess of alkalinity in seawater was removed leading to a 
rapid rebound and overshoot in surface ocean pH within 40 kyr after the 
K-PgB. This process likely explains the rapid increase in %CaCO3 during 
PFAS-2. The δ13C values sharply increase through PFAS-2, returning to 
relatively stable background values similar to those recorded in the 
uppermost Maastrichtian of Caravaca (e.g. Kaiho et al.,1999; Sosa- 
Montes de Oca et al., 2016; Gilabert et al., 2021). This trend in δ13C also 
suggests that there was a rapid return of oceanic productivity (Sepúl-
veda et al., 2019). 

5.3. Onset of PFAS-3 (PFAS-3α) and the second radiation of planktic 
foraminifera 

The biserial taxa Woodringina and Chiloguembelina proliferated 
throughout PFAS-3 but especially during PFAS-3α, when Woodringina 
was the dominant taxon (Fig. 5). A second radiation of Danian planktic 
foraminifera took place within PFAS-3α with the first appearance of 
several incoming Danian genera including Eoglobigerina, Globanomalina, 
Parasubbotina, Praemurica and Trochoguembelitria. Most of these new 
genera seem to have occupied thermocline and subthermocline depths 
(see Olsson et al., 1999; Aze et al., 2011 and references therein) thus 
suggesting an initial reoccupation of deeper depth habitats and an 
incipient but increased water column stratification. The dominance of 

Fig. 9. Worldwide correlation of the Dan-C2 event according to our age model and the δ13C and δ18O records from several localities: Caravaca (this report), ODP Site 
1049 (Quillévéré et al., 2008), DSDP Site 516 (Krahl et al., 2020), ODP Site 1262 (Barnet et al., 2019), and Contessa Highway (Gubbio) section (Coccioni 
et al., 2010). 
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Woodringina during PFAS-3α suggests relatively warm conditions (see 
Olsson et al., 1999 and references therein) during this stage. A similar 
bloom of biserial taxa at Gubbio has been interpreted as an overall 
reduction in oxygenation of the mixed layer in the oceans (Coccioni 
et al., 2010) similar to conditions during blooms of biserial taxa during 
the late Maastrichtian (Pardo and Keller, 2008). 

During PFAS-3α, Thoracosphaera was still the dominant calcareous 
nannoplankton genera although Braarudosphaera started to replace it as 
the dominant taxon, at least in the western Tethys (Romein, 1977; Smit, 
1982; Lamolda et al., 2016). Braarudosphaera species are thought to 
have been abundant in the lower photic zone under low temperature, 
low salinity, and eutrophic conditions, and therefore Braarudosphaera 
species are typically considered opportunists and are associated with 
episodes of environmental stress (Bukry, 1974; Cunha and Shimabu-
kuro, 1997; Kelly et al., 2003; Lamolda et al., 2005, 2016; Jones et al., 
2019). The appearance of incoming species of planktic foraminifera and 
nannofossils characteristic of deeper water depth habitats suggests a first 
step for the recolonization of deeper niches. However, it is well-known 
that the entire reoccupation of the deeper ocean niches by planktic 
foraminifera, as well as the rebound of diversity levels comparable to 
pre-KBP levels, took several million years (Aze et al., 2011; Birch et al., 
2012, 2016; Lowery and Fraass, 2019). Within PFAS-3α, carbonate pa-
rameters (%CaCO3 and the fragmentation index) are similar to those in 
PFAS-2. 

5.4. Chiloguembelitria blooms during PFAS-3 and the Dan-C2 event 

Triserial guembelitriid blooms like those recorded during PFAS-3T 
substages are the most common planktic foraminiferal indicators of 

high environmental stress (Kroon and Nederbragt, 1990; Coccioni and 
Luciani, 2006; Pardo and Keller, 2008; Punekar et al., 2014a, 2014b; 
Arenillas et al., 2018). In addition, during each triserial bloom identified 
at Caravaca, a rise in the aberrant index has been identified (Fig. 10B 
and C). Danian triserial guembelitriid blooms have been commonly 
ascribed to the effect of Deccan volcanism, and linked to the Dan-C2 
event (Punekar et al., 2014a; Keller et al., 2016). At Caravaca, the two 
main Chiloguembelitria blooms (PFAS-3T1 and T2) are related to strong 
increases in the aberrant index (Fig. 7), suggesting higher stress condi-
tions, similar to those reported in Tunisian sections (Arenillas et al., 
2018). 

A triserial guembelitriid acme, such as the bloom of Guembelitria 
(here Chiloguembelitria) during PFAS-3T1, has frequently been reported 
at other Tethyan localities (Arenillas et al., 2000a, 2000b, 2018; Keller, 
2003; Coccioni et al., 2010; Punekar et al., 2014a, 2014b), always above 
the onset of the biserial acme of PFAS-3 (here PFAS-3α). In addition, this 
acme has been reported in the Gulf of Mexico (Arz et al., 2001; Abra-
movich et al., 2011), in the North Pacific (Smit and Romein, 1985), in 
the Western North Atlantic (Mateo et al., 2016), and in the Parathetys 
(Punekar et al., 2016). Therefore, PFAS-3T1 probably characterizes a 
global response to environmental stress. 

During PFAS-3T1, the low-oxygenated sub-thermocline dweller 
Chiloguembelina (Boersma and Premoli Silva, 1989; Olsson et al., 1999; 
Aze et al., 2011; Luciani et al., 2020) became more abundant than 
during PFAS-3α, suggesting the progressive reoccupation of the deeper- 
most niches initiated in PFAS-3α. Chiloguembelina stabilized in abun-
dance through the section (Fig. 5 and Fig. 10B) suggesting that the ox-
ygen minimum zone did not show major changes during the studied 
interval. Nevertheless, near the end of PFAS-3T1 (around the onset of 

Fig. 10. Synthesis of the results obtained in this study: A) Planktic foraminiferal biozonations: a = Wade et al. (2011); b = Arenillas et al. (2004); B) Relative 
abundances of Danian planktic foraminiferal genera, and correlation of the planktic foraminiferal acme-stages (PFAS) and calcareous nannoplankton blooms (see 
references in the text); C) Relative abundance of planktic foraminiferal aberrant specimens; D) Main carbonate sensitivity parameters; E) Bulk carbonate sta-
ble isotopes. 
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Dan-C2), the Braarudosphaera bloom was followed by an acme of Neo-
biscutum species (Fig. 10B; Romein, 1977; Gardin and Monechi, 1998, 
Gardin, 2002; Lamolda et al., 2016; Thibault et al., 2018), suggesting 
rapidly changing ecological conditions in the upper part of the water 
column during the beginning of the Dan-C2 event. 

Conversely to what may be expected, the minima of both Dan-C2 
CIEs occurred during PFAS-3O substages instead of during triserial 
blooms. This lack of coincidence between the evidence for C-cycle 
perturbation and biotic stress was also noted in Italy (Coccioni et al., 
2010) and can also be observed in the data reported by Punekar et al. 
(2014a) from Israel, Egypt and the USA. Since bulk δ18O and δ13C mostly 
reflect changes in the upper part of the water column it can be assumed 
that transient surface water warming occurred during both CIEs. No 
evidence of bottom water warming has been detected in the Dan-C2 
interval, based on benthic foraminiferal δ18O (Fig. 9; see Barnet et al., 
2019 and references therein). Instead, the warming indicated by the 
bulk oxygen isotope data may have led to a rapid thermal stratification 
of the upper part of the water column that caused a stronger thermal 
gradient between the near-surface waters and the thermocline, creating 
more differentiated ecological niches. The increase of the deeper water 
dwelling species (such as Chiloguembelina, Eoglobigerina, Globanomalina 
and Parasubbotina) during both CIEs agrees with transient but enhanced 
ocean stratification (Fig. 5 and Fig. 10B, E). The overall planktic fora-
miniferal assemblage response during Dan-C2 interval is represented by 
an alternation between the triserial blooms (PFAS-3T1, 2, 3) and in-
creases in other genera (PFAS-3O1, 2) which are progressively less 
abrupt through time (Fig. 8 and Fig. 10B). These ecological alternations 
suggest rapidly changing conditions but also a slightly more resilient 
and stable ocean, compared to the very earliest Danian. During the Dan- 
C2 event, CaCO3 dissolution due to ocean acidification has been invoked 
(see Coccioni et al., 2010; Krahl et al., 2020 and references therein) but, 
at Caravaca, the dissolution-sensitive parameters (fragmentation index, 
CaCO3 content and P/B ratio) do not show evidence of strong dissolu-
tion, although we note that there are slight decreases in the %CaCO3 
content and slight increases in the fragmentation index within the Dan- 
C2 interval, roughly coincident with the two CIEs. 

5.5. End of PFAS-3: Shift to a more stable ocean 

The stabilization of the planktic foraminiferal assemblages at Car-
avaca seems to have been completed in PFAS-3O3, although there are 
some differences in comparison to the previous PFAS-3O substages. 
During PFAS-3O3, Praemurica significantly increases in abundance, and 
the triserial Chiloguembelitria is replaced by the trochospiral guembeli-
triid Globoconusa (Fig. 5, Fig. 10B and Table S2). The combined abun-
dances of the Chiloguembelitria and Globoconusa genera is lower than the 
abundance reached by Chiloguembelitria in any of the preceding acme 
stages and substages, suggesting lower environmental stress conditions 
from PFAS-3O3 onwards. 

During PFAS-3O3 newly incoming nannoplankton taxa become 
dominant, including the r-selected opportunist Futyana petalosa and the 
first K-strategists Cruciplacolithus and Coccolithius (Romein, 1977; Gar-
din, 2002; Thibault et al., 2018; Jiang et al., 2019). Cruciplacolithus and 
Coccolithius are generally reported as oligotrophic taxa (Jiang et al., 
2010, 2019), suggesting that the upper ocean waters at Caravaca 
became more oligotrophic during PFAS-3O3. Oligotrophic conditions at 
Caravaca are also supported by the very low abundance of Chilo-
guembelitria and by the rise of the Praemurica lineage, within which 
planktic foraminifera species first acquire symbionts during the Paleo-
cene (Norris, 1996; Birch et al., 2012). In addition, carbonate content, 
magnetic susceptibility, fragmentation index, the P/B ratio and isotopic 
proxies show only minor oscillations in PFAS-3O3, suggesting relatively 
stable conditions (Fig. 8). 

6. What was the environmental impact of the Deccan Traps 
during the earliest Danian? 

For several decades, identifying the role of the Deccan Traps (India) 
in environmental and climatic change across the K-PgB has been diffi-
cult, mainly due to the uncertainties associated with radioisotopic 
dating (e.g., Courtillot et al., 1986; Vandamme et al., 1991; Chenet et al., 
2007). However, recent improvements in radiometric methods have led 
to refined estimates of the duration of Deccan volcanism, at less than 1 
Myr (Schoene et al., 2019; Sprain et al., 2019), and allowed for a more 
robust correlation between volcanism and climate change (e.g., Barnet 
et al., 2018; Hernandez Nava et al., 2021). Whether the major eruptive 
episodes of the Deccan Traps occurred before or after the K-PgB remains 
a topic of intense debate, since the timing has profound implications for 
the role of the Deccan Traps in the K-PgB mass extinction (Burgess, 
2019; Hull et al., 2020; Keller et al., 2020). This controversy over the 
role of volcanism in the extinction event is mostly related to uncertainty 
over the stratigraphic position of the K-PgB within the Deccan Traps 
sequence. 

Based on 40Ar/39Ar dating, Sprain et al. (2018) reported an age of 
66.052 ± 0.008/0.043 for the K-PgB, supporting the hypothesis that the 
most voluminous formations of the Deccan Traps, which belong to the 
Wai subgroup (Poladpur, Ambenali and Mahabaleswar), are placed 
above the K-PgB (Jay and Widdowson, 2008; Renne et al., 2015; 
Richards et al., 2015; Sprain et al., 2019). According to the eruptive 
model of Sprain et al. (2019), the K-PgB is near the base of the Poladpur 
Formation, and thus the most voluminous eruptive episodes of the 
Deccan Traps may be early Danian in age. However, based on U-Pb 
dating, Clyde et al. (2016) reported an age of 66.021 ± 0.24/0.039 Ma 
for the K-PgB, supporting the emplacement of the Poladpur Formation 
prior to the K-PgB (Schoene et al., 2015, 2019, 2021; Kasbohm et al., 
2021; Fig. 11). According to the eruptive model of Schoene et al. (2019), 
the emplacement of the Poladpur Formation, (which achieved the 
highest eruption rate of Deccan volcanism) occurred in the latest 
Maastrichtian, preceding the K-PgB by only some tens of thousands of 
years. Schoene et al. (2021) recalculated the eruptive volumes of the 
model of Sprain et al. (2019) in terms of eruptive rate (Fig. 11), which 
clearly distinguishes between the mega-pulse eruptive model of Schoene 
et al. (2019) and the quasi-continuous eruptive model of Sprain et al. 
(2019). 

The Rajahmundry Traps (RT, SE India) bear witness to the scale of 
early Danian Deccan volcanism, extending ~1000 km from the erupting 
center and forming the longest lava flows on Earth (Self et al., 2008; 
Keller et al., 2011, 2012). The exposed flows of the RT have been dated 
as early Danian in age (Keller et al., 2008; Fendley et al., 2020) and have 
been geochemically assigned to the Ambenali and Mahabaleshwar 
Formations in the Western Ghats (Baksi, 2001; Self et al., 2008). The age 
of the RT is also compatible with the recently published radiometric ages 
of the Ambenali and Mahabaleshwar Formations (Schoene et al., 2019; 
Sprain et al., 2019). However, the eruption and outgassing rates in each 
phase of Deccan volcanism are considered potentially more important 
for climate change than the volume of basalt erupted (Self et al., 2006; 
Gertsch et al., 2011; Hernandez Nava et al., 2021). Recent estimations of 
the amount and rates of CO2 release from Deccan volcanism predict only 
minor increases in atmospheric CO2 compared to the background 
Cretaceous-Paleogene atmospheric reservoir (Self et al., 2006; Schmidt 
et al., 2016; Steinthorsdottir et al., 2016; Henehan et al., 2016; Fendley 
et al., 2020). Modelling of different climate sensitivities and volcanic 
outgassing scenarios suggest that Deccan volcanism alone was insuffi-
cient to have driven warming during the early Danian (Hull et al., 2020; 
Fendley et al., 2020). Conversely, the influence of volcanic SO2 and 
halogen emissions could have been profound at times of flood basalt 
emplacement (Self et al., 2006). Although volcanic aerosols have a short 
residence time in the troposphere of ~1 week, flood basalt activity could 
have provided a semi-continuous SO2 supply (Self et al., 2006), which 
may have resulted in cooling and/or ocean acidification on geologic 
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time scales (Gertsch et al., 2011; Courtillot and Fluteau, 2014). 
Our data show no indications of ocean acidification or temperature 

changes in the first 50 kyr of the Danian, except within the K-PgB clay 
bed, and thus the effect of volcanic outgassing directly following the 
Chicxulub impact (Renne et al., 2015; Sprain et al., 2019) may have 
been obscured by the extinction of calcifying plankton (Henehan et al., 
2019). Alternatively, our data could indicate that there was no signifi-
cant Deccan volcanic activity during the earliest Danian. This would be 
in accordance with Schoene et al. (2019), who suggested that the 
Poladpur eruptive pulse occurred in the latest Maastrichtian and was 
followed by a period of volcanic inactivity in the Deccan for about 100 
kyr, extending into the earliest Danian. The return to higher stressed 
environmental conditions at Caravaca occurred ~70 kyr after the K-PgB, 
as evidenced by the Chiloguembelitria bloom in PFAS-3T1, which is 
broadly coincident with the eruption of the Ambenali Formation 
(Schoene et al., 2019; Sprain et al., 2019). Recent pH estimates, based on 
boron isotopes, show initial surface water acidification after the K-PgB, 
followed by a rapid rebound and overshoot in surface ocean pH within 
40 kyr, before pH values returned to pre-K-PgB background levels after 
~120 kyr (Henehan et al., 2019). Previous ocean pH estimates predicted 
a rise in pH due to the extinction of calcifying organisms and the 
consequent transient reduction in the marine alkalinity sink (Caldeira 
et al., 1990; Henehan et al., 2016). The latter is supported by observa-
tions of improved deep-sea carbonate preservation during the time of 
the pH overshoot (e.g. Minoletti et al., 2005; Alegret and Thomas, 2013; 
Tobin et al., 2017) and by our own data (see Section 5.1 and 5.2). 

At Caravaca, the aberrant index follows a declining trend during the 
first ~70 kyr of the Danian, from PFAS-1 to PFAS-3α, suggesting a 

reduction in the impact of the different environmental stressors with a 
rapid recovery of productivity. Conversely, during the following ~80 
kyr (in PFAS-3T1), the opportunistic Chiloguembelitria bloomed at a 
global scale, and the aberrant index increased again (see Section 5.4), 
suggesting a new episode of environmental stress. Commonly, guem-
belitriid blooms are reported from shallow marine areas, often near 
volcanic provinces with a high nutrient flux (Pardo and Keller, 2008). 
However, these opportunistic taxa radiated and proliferated in the 
pelagic realm after the K-PgB (Olsson et al., 1999; Arenillas et al., 2000a, 
2000b; Keller, 2003), suggesting that, during the early Danian, their 
ecological preferences of high nutrient availability were met in the open 
ocean. Although the uncertainties in the temporal correlation between 
Deccan Traps volcanic phases, the K-PgB, and climatic and paleobio-
logical events are still significant, our data suggest that the Chilo-
guembelitria bloom (PFAS-3T1) is coeval with the emplacement of the 
Ambenali Formation (Fig. 11). 

The emplacement of the Ambenali formation and the apparent co- 
occurrence with the Dan-C2 event in the upper part of C29r (Fig. 10A 
and D), has led some authors to link these two events mechanistically 
(Coccioni et al., 2010; Krahl et al., 2020; Punekar et al., 2014a). How-
ever, the Dan-C2 event was not associated with bottom water warming 
(Quillévéré et al., 2008; Coccioni et al., 2010; Barnet et al., 2019; Krahl 
et al., 2020) which raises questions as to whether this event can be 
considered a ‘true’ hyperthermal event or not (see discussion in Barnet 
et al., 2019). Ocean acidification has also been invoked during Dan-C2 
(Coccioni et al., 2010; Krahl et al., 2020) but no convincing evidence 
has been identified during the Dan-C2 interval at Caravaca nor in other 
sections to support this (see Barnet et al., 2019). The exact mechanisms 

Fig. 11. Age models and eruption rates for the Deccan Traps based on Fig. 4 of Schoene et al. (2021), compared with the age of key early Danian paleontological and 
climatic events as determined in the Caravaca section. The yellow band shows the most probable stratigraphic range for the K-PgB position within the Deccan Traps, 
considering both the range of error on U-Pb and 40Ar/39Ar dates. Our preferred age model for Caravaca is anchored at the K-PgB using an 40Ar/39Ar age of 66.052 Ma, 
but we also show how the relationship between Deccan volcanism and the PFAS-3T1, 3O1 and 3T2 and Dan-C2 events could vary by changing the age of the K-PgB to 
that derived from U-Pb (66.021 Ma). Error margins for both radiometric techniques are also shown and incorporated into the age estimates of early Danian events. E. 
r. = eruption rate; CI = Confidence interval (1) = (Schoene et al., 2019, 2) = (Sprain et al., 2019, 3) = (Clyde et al., 2016); (4) = (Sprain et al., 2018). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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that drove the Dan-C2 event are poorly resolved, and several hypotheses 
have been put forward: pulses of massive Deccan volcanic eruptions 
(Krahl et al., 2020); a combination of Deccan volcanism with an orbital 
configuration which perturbed the carbon cycle (e.g. Coccioni et al., 
2010; Barnet et al., 2019; Sinnesael et al., 2019); and/or passive 
degassing of CO2 due to the interaction of intrusive magma bodies with 
the crust (see Sprain et al., 2019; Fendley et al., 2020). The quasi- 
continuous eruptive model suggests that the Ambenali Formation rep-
resents a relatively long volcanic episode (Renne et al., 2015; Sprain 
et al., 2019). Although this scenario does not provide a relatively rapid 
trigger mechanism for environmental change, it still permits a hypoth-
esis that the Deccan volcanism could add to emissions of CO2 by passive 
degassing over longer timescales, contributing, albeit perhaps in a minor 
way, to early Danian climate change and the Dan-C2 event. Conversely, 
the hypothesis of a shorter (<100 kyr), more intense, volcanic pulse 
(Schoene et al., 2019) is not supported by geochemical evidence from 
marine records (Hull et al., 2020), and would imply a minimal impact of 
volcanic activity on climate. Regardless of the eruptive model favoured, 
and considering the estimated duration for the Ambelani eruptive 
episode, volcanic outgassing from the Deccan Traps by itself was prob-
ably insufficient to drive significant warming during the early Danian 
(Fendley et al., 2020; Hull et al., 2020), although it may have exacer-
bated environmental stress. Our age model allows us to suggest that the 
Ambenali phase coincided with the first Dan-C2 CIE, but not with the 
second CIE (Fig. 11). If Deccan volcanism was not the cause of the 
second CIE, then it seems that other factors, such as orbital forcing, are 
required to fully explain the Dan-C2 event. 

Since the proposed warming for the Dan-C2 event is only observed in 
bulk and planktic foraminiferal isotopic records (Fig. 9), the increase in 
temperature probably only affected surface ocean waters. A transient 
but enhanced thermal stratification of the upper part of the water col-
umn may have resulted in more differentiated ecological niches. This is 
supported by our data at Caravaca, which show rapid turnovers of 
planktic foraminiferal assemblages in PFAS-3O1 and O2 coinciding 
approximately with both Dan-C2 CIEs. Remarkably, continental records 
of the first ~700 kyr of the Danian have documented increases in 
ecologic diversification of plants and mammals (suggested by increased 
species richness and taxonomic composition), coinciding with the 
warmer intervals of the early Danian (Lyson et al., 2019; Chiarenza 
et al., 2020). Therefore, if the Dan-C2 event influenced both marine and 
terrestrial ecosystems (driven by Deccan volcanism, orbital forcing, or a 
combination of those and additional mechanisms), it did not cause 
harmful environmental effects, but instead may have temporarily 
boosted the recovery of ecosystems. 

7. Conclusions 

High-resolution planktic foraminiferal, geochemical and paleomag-
netic analyses of the first ~750 kyr of the Danian at Caravaca (Spain, 
western Tethys) were carried out. Planktic foraminiferal assemblages 
after the Cretaceous-Paleogene boundary (K-PgB) are characterized by a 
rapid succession of planktic foraminiferal acme-stages (PFAS). The first 
acme is of the triserial Guembelitria (PFAS-1), the second of the tiny 
trochospiral Parvularugoglobigerina-Palaeoglobigerina (PFAS-2), and the 
third of the biserial Woodringina-Chiloguembelina (PFAS-3). Within 
PFAS-3, seven shorter substages are distinguished: PFAS-3α during the 
maximal bloom of biserials, PFAS-3T1, T2 and T3 for blooms of the 
triserial Chiloguembelitria, and PFAS-3O1, O2, O3 for increases in 
abundance of the trochospiral genera Eoglobigerina, Praemurica, Globa-
nomalina and Parasubbotina. Triserial blooms and a high abundance of 
aberrant forms are striking evidence of enhanced environmental stress, 
occurring especially within PFAS-1 and PFAS-3T substages, during the 
first 230 kyr of the Danian. 

On the basis of δ18O and δ13C, CaCO3 content and magnetic sus-
ceptibility, the Dan-C2 event has been identified for the first time at the 
Caravaca section. The two carbon isotopic excursions (CIEs) that 

characterize the Dan-C2 event have been linked to surface water 
warming that caused enhanced thermal stratification. During both CIEs, 
the PFAS-3T assemblages were rapidly replaced by the PFAS-3O as-
semblages containing less opportunistic taxa, probably because the 
water depth habitats became more differentiated. High carbonate 
dissolution is restricted to the K-PgB clay bed, while the Dan-C2 event 
and the rest of the section show no evidence of significant carbonate 
dissolution episodes. Although there are still uncertainties in radio-
metric dating, our data suggest that the first and largest Chiloguembelitria 
bloom (PFAS-3T1) coincided with the emplacement of the Ambenali 
Formation of the Deccan Traps. Conversely, the Dan-C2 event was 
decoupled from both the Ambenali eruptive pulse and the Chilo-
guembelitria bloom, starting long after these events had occurred. This 
suggests that volcanic outgassing of CO2 was insufficient to drive 
warming, which only occurred only when the effects of volcanic CO2 
were combined with other factors such as a specific orbital configura-
tion. More high-resolution multidisciplinary studies are needed to fully 
assess the relationship between Deccan Traps volcanism on early Danian 
climate, and its potential contribution in reshaping life on Earth after the 
end-Cretaceous mass extinction. 
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Algeria): planktic foraminiferal biostratigraphy and biochronology. Arab. J. Geosci. 
12 https://doi.org/10.1007/s12517-019-4402-4. 

Minoletti, F., De Rafelis, M., Renard, M., Gardin, S., Young, J., 2005. Changes in the 
pelagic fine fraction carbonate sedimentation during the Cretaceous-Paleocene 
transition: Contribution of the separation technique to the study of Bidart section. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 216, 119–137. https://doi.org/10.1016/j. 
palaeo.2004.10.006. 

Molina, E., Arenillas, I., Arz, J.A., 1998. Mass extinction in planktic foraminifera at the 
Cretaceous/Tertiary boundary in subtropical and temperate latitudes. Bull. Soc. géol. 
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ABSTRACT
Untangling the timing of the environmental effects of Deccan volcanism with respect to the 

Chicxulub impact is instrumental to fully assessing the contributions of both to climate change 
over the Cretaceous-Paleogene boundary (KPB) interval. Despite recent improvements in 
radiometric age calibrations, the accuracy of age constraints and correlations is insufficient to 
resolve the exact mechanisms leading to environmental and climate change in the 1 m.y. across the 
KPB. We present new high-resolution planktic foraminiferal, geochemical, and geophysical data 
from the Zumaia section (Spain), calibrated to an updated orbitally tuned age model. We provide 
a revised chronology for the major carbon isotope excursions (CIEs) and planktic foraminiferal 
events and test temporal relationships with different models of the eruptive phases of the Deccan 
Traps. Our data show that the major CIEs near the KPB, i.e., the late Maastrichtian warming 
event (66.25–66.10 Ma) and the Dan-C2 event (65.8–65.7 Ma), are synchronous with the last and 
the first 405 k.y. eccentricity maximum of the Maastrichtian and the Danian, respectively, and 
that the minor Lower C29n event (65.48–65.41 Ma) is well constrained to a short eccentricity 
maximum. Conversely, we obtained evidence of abrupt environmental change likely related to 
Deccan volcanism at ca. 65.9 Ma, based on a bloom of opportunistic triserial guembelitriids 
(Chiloguembelitria). The orbital, isotopic, and paleobiological temporal relationships with Deccan 
volcanism established here provide new insights into the role of Deccan volcanism in climate 
and environmental change in the 1 m.y. across the KPB.

INTRODUCTION
The Cretaceous-Paleogene boundary (KPB) 

is one of the best-documented intervals in 
Earth’s history and yet remains a subject of 
intensive research (Hull et al., 2020). Episodes 
of global climatic change during the ∼1 m.y. 
across the KPB include, among others, the Late 
Maastrichtian Warming Event (LMWE) and the 
Danian Dan-C2 event. The LMWE is associ-
ated with a transient 2°–5° C global warming 
∼150–300 k.y. prior to the KPB (Woelders
et al., 2017), and the Dan-C2 event with a 4° C
sea-surface temperature rise ∼200–300 k.y.
after the KPB (Quillévéré et al., 2008). Recent
improvements in radiometric dating (40Ar/39Ar
and U-Pb) of Deccan volcanism (Schoene et al., 

2019; Sprain et al., 2019) suggest causal links 
between Deccan activity and climatic pertur-
bations around the KPB (Barnet et al., 2018; 
Krahl et al., 2020). However, uncertainties in 
correlation mean that the timing of Deccan vol-
canism and its climatic effects over the KPB 
interval are still under intense discussion (e.g., 
Hull et al., 2020; Keller et al., 2020). Complete 
and expanded climate-sensitive archives with 
detailed age control are crucial to provide new 
insights into this classic problem.

The Zumaia outcrop in northwestern Spain 
(Fig. 1) is an auxiliary section for the Global 
Boundary Stratotype Section and Point (GSSP) 
for the base of the Danian (Molina et al., 2009). 
The KPB at Zumaia is marked by an altered 

microtektite-rich airfall layer overlain by a 
9-cm-thick blackish clay bed, which together
form the KPB clay (Figs. S1B–S1E in the Sup-
plemental Material1), separating the rhythmic
marl-limestone alternations of Maastrichtian
and Danian ages. The exceptional and cyclic
exposure of the Zumaia outcrop (Fig. S1A)
forms the basis of cyclostratigraphic age mod-
els (e.g., Batenburg et al. [2012] for the Maas-
trichtian, and Dinarès-Turell et al. [2014] for
the Paleocene). We present integrated Maas-
trichtian and Danian astrochronologies over a
1-m.y.-long interval, providing ages for paleo-
biological and paleoclimate events identified in 
new high-resolution micropaleontological, geo-
chemical, and geophysical data. Detailed age
control of episodes of climate change during the
KPB interval, i.e., the LMWE, Dan-C2, and the 
Lower C29n (LC29n) events, allows us to test
to what degree Deccan volcanism and orbital
forcing contributed to environmental change.

METHODS AND AGE MODEL
We collected 171 rock samples in the 

24.5-m-thick interval across the KPB at Zumaia 
for micropaleontological, geochemical, and geo-
physical analyses. Carbon isotope (δ13C), calcium 
carbonate (CaCO3), magnetic susceptibility (χ), 
and foraminiferal analyses followed standard pro-
cedures. δ13C data were calibrated to the in-house 
NOCZ Carrara marble standard, showing ana-
lytical precision better than ±1σ (<0.1‰ Vienna 
Peedee belemnite [VPDB]). See Text S1 in the 
Supplemental Material for detailed methods.

Our age model was constructed by correlat-
ing to the stable 405 k.y. component of long 

1Supplemental Material. Text S1 (detailed methodology), Text S2 (geochemical and geophysical properties), Text S3 (detailed age models), Text S4 (further evidence 
of the stratigraphic continuity across the KPB at Zumaia), Tables S1–S5, and Figures S1–S5. Please visit https://doi .org/10.1130/GEOL.S.15152583 to access the 
supplemental material, and contact editing@geosociety.org with any questions.

http://www.geosociety.org
https://pubs.geoscienceworld.org/geology
http://www.geosociety.org
https://doi.org/10.1130/GEOL.S.15152583
https://doi.org/10.1130/GEOL.S.15152583
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eccentricity-modulated precession as identified 
by Batenburg et al. (2012) and Dinarès-Turell 
et al. (2014). The tie points for age calibration 
were the 405 k.y. maxima and minima extracted 
from the La2011 astronomical solution (Las-
kar et al., 2011) and a KPB age of 66.001 Ma 
(Dinarès-Turell et al., 2014). This age for the 
KPB differs from those of recent U-Pb and 
40Ar/39Ar dating efforts, which yielded results 
of 66.016 ± 0.05 Ma (Schoene et al., 2019) and 
66.052 ± 0.008/0.043 Ma (Sprain et al., 2018), 
respectively, but falls within the uncertainties 
of these estimates. The stratigraphic position 
of the tie points is shown in Figure 2 and listed 
with ages in Table S1 in the Supplemental Mate-
rial. We assume that each limestone-marlstone 
couplet represents a precession cycle, and the 
CaCO3 (%) and χ (m3/kg) data support the iden-
tification of lithological alternations (Table S2; 
Fig. S2). Based on cosmic 3He sedimentation 
rates, the KPB clay spans the first ∼10 k.y. of the 
Danian (Mukhopadhyay et al., 2001), approxi-
mately half of a precession cycle. According to 
the 405 k.y. cyclostratigraphic framework of 
Dinarès-Turell et al. (2014), the interval between 
the KPB and the first Danian eccentricity mini-
mum (∼50 cm above the KPB) spans 34 k.y., 
which is compatible with the 1.5 precession 
cycles estimated here (Fig. 2). Calibrated ages 
assigned to each sample were linearly inter-
polated within each precession cycle between 
the tie points. This method has allowed us to 
account for large, orbitally driven changes in 
sedimentation rate in the Zumaia section, pro-
viding a detailed age calibration of the recog-
nized paleobiological and paleoclimatic events 
in the 1 m.y. across the KPB (Table S2). Detailed 
methods, age model data, and stratigraphy are 
provided in Texts S1–S4.

RESULTS
Calibration of Planktic Foraminiferal 
Events

At Zumaia, the lowest occurrence datum 
(LOD) of Plummerita hantkeninoides, the index 
species of Biozone CF1, is at −4.55 m (Fig. 2; 
Fig. S3; Table S3), i.e., 99 k.y. prior to the KPB. 
After intensive study, we recognized the LODs 
of the index species Parvularugoglobigerina 
longiapertura, P. eugubina, Eoglobigerina 
simplicissima, Parasubbotina pseudobulloides, 

Subbotina triloculinoides, and Globanomalina 
compressa at 6, 23, 37, 100, 330, and 655 cm 
above the KPB, respectively (Fig. 2; Fig. S3; 
Table S4); i.e., 7, 18, 26, 68, 210, and 473 
k.y. after the KPB, respectively. These datums
mark the bases of the lower Danian biozones of 
Arenillas et al. (2004). Their equivalence with
biozones P0, Pα, P1a, P1b, and P1c of Wade
et al. (2011) is shown in Figure 2.

The planktic foraminiferal assemblages 
remained relatively stable at Zumaia during the 
last ∼400 k.y. of the late Maastrichtian (Fig. 
S4), with only a minor and transient assemblage 
reorganization related to an increase in Hetero-
helix abundance (∼50% to 65%–80%) from 11 
to 7.5 m below the KPB (∼250–150 k.y. prior 
to the KPB). Conversely, the lower Danian oli-
gotaxic assemblages are characterized by a rapid 
succession of planktic foraminiferal acme stages 
(PFAS of Arenillas et al., 2006) and blooms of 
opportunistic nannoplankton taxa (e.g., Thora-
cosphaera, Braarudosphaera, and Neobiscu-
tum) (Bernaola et al., 2006, Table S2). We recog-
nized PFAS-1 (acme of triserial Guembelitria) 
from the KPB up to 6 cm; PFAS-2 (acme of tiny 
trochospiral Parvularugoglobigerina and Pal-
aeoglobigerina) from 6 to 55 cm; and PFAS-3 
(acme of biserial Woodringina and Chiloguem-
belina) from 55 cm upward. A second bloom 
of triserial guembelitriids (Chiloguembelitria) 
is recognized in PFAS-3 from 195 to 400 cm 
(Table S4). According to our age model, the 
bases of the three main PFASs (1, 2, and 3) are 
calibrated to 0, 7, and 42 k.y. after the KPB, 
respectively, and the Chiloguembelitria bloom 
to 110 to 282 k.y.

Calibration of Carbon Isotope Excursions 
(CIEs)

In the upper Maastrichtian of Zumaia, the 
main decrease in δ13C is recorded between 11.05 
and 4.75 m (∼250 and 100 k.y.) below the KPB, 
showing a distinctive gradual shift to the low-
est δ13C values of the studied section, except 
for those reached at the KPB (Fig. 3C). From 
55 cm (42 k.y.) above the KPB upward, δ13C 
shows an overall trend to lower isotopic val-
ues, interrupted by two distinctive negative CIEs 
(Fig. 3C). The first, with the shape of a double 
spike, is recorded between 3.15 and 4.30 m 
(∼200 and 305 k.y.) above the KPB, and the 

second between 7.1 and 7.9 m (∼520 and 595 
k.y.). We suggest that these isotopic events rec-
ognized at Zumaia correspond to the LMWE,
Dan-C2, and LC29n events reported at Gub-
bio, Italy (Tethys; Coccioni et al., 2010; Voigt
et al., 2012), Ocean Drilling Program (ODP)
Site 1049 and International Ocean Discovery
Program (IODP) Site U1403 (North Atlantic;
Quillévéré et al., 2008; Batenburg et al., 2018),
and ODP Site 1262 (South Atlantic; Woelders
et al., 2017), confirming the global character of 
these carbon-cycle perturbations (Figs. 1 and 3).

DISCUSSION AND CONCLUSION
To investigate the potential impact of volca-

nism, we focus on changes in carbon-cycle and 
climatic events before and after the KPB bound-
ary, excluding the Chicxulub asteroid–induced 
KPB event. The astronomically calibrated δ13C 
record of Zumaia is compared in Figure 3 to 
those of other reference sites and sections from 
the Atlantic and Tethys Oceans and to the main 
period of Deccan Traps eruptions according to 
the models of Schoene et al. (2019) and Sprain 
et al. (2019). The LMWE, calibrated here to an 
age of 66.25–66.10 Ma, coincides with a minor 
eruptive phase of the Deccan Traps (Kalsubai 
and Lonavala subgroups) in both eruptive mod-
els (Fig. 3B). Recent carbon and CO2 estima-
tions from Deccan outgassing suggest that this 
phase could have outgassed more CO2 than the 
main eruptive phases of the Wai subgroup, but 
this would still have been insufficient to explain 
the amplitude of LMWE warming (Hernandez 
Nava et al., 2021). However, both warming 
(Hull et al., 2020; Fig. 3D) and carbon-cycle 
changes follow the rhythm of long eccentricity 
(405 k.y. periodicity). The peak perturbation 
of the LMWE occurs at the eccentricity maxi-
mum Ma4051 (Figs. 3A and 3C), rather than pre-
ceding it as suggested by Barnet et al. (2018), 
coinciding with increased amplitudes of orbital 
forcing and seasonality. We hypothesize that 
raised CO2 levels through Deccan outgassing 
during the late Maastrichtian may have ampli-
fied climate sensitivity to orbital forcing, result-
ing in the enhanced global climatic response 
of the LMWE. Similarly, late Paleocene–early 
Eocene hyperthermals have been linked to 405 
k.y. eccentricity maxima during the emplace-
ment of the North Atlantic igneous province
(Barnet et al., 2019).

From the LMWE to the KPB, a gradual cool-
ing is recognized worldwide (Woelders et al., 
2017; Barnet et al., 2018; Hull et al., 2020). 
This pre-KPB cooling did not cause substan-
tial changes in the foraminiferal assemblages of 
Zumaia, except for the extinction of Archaeo-
globigerina cretacea (Fig. 2; Fig. S3). This 
points to planktic foraminiferal evolutionary 
and  environmental stability during the latest 
Maastrichtian, as previously suggested (Gila-
bert et al., 2021a, and references therein). At 

Figure 1. Paleogeographic 
reconstruction for the 
Cretaceous-Paleogene 
boundary (66 Ma), with 
localities cited in this 
study (after https://www.
odsn.de/odsn/services/
paleomap/adv_map.html). 
ODP—Ocean Drilling Pro-
gram; IODP—International 
Ocean Discovery Program; 
DSDP—Deep Sea Drilling 
Project.

https://www.odsn.de/odsn/services/paleomap/adv_map.html
https://www.odsn.de/odsn/services/paleomap/adv_map.html
https://www.odsn.de/odsn/services/paleomap/adv_map.html
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Zumaia, an absence of pre-KPB perturbations in 
the global carbon cycle is also observed, which 
calls into question the hypothesis by Schoene 
et al. (2019) and Keller et al. (2020) of a Deccan 
eruptive megapulse in the late Maastrichtian, 
associated with the emplacement of the Polad-
pur Formation (Fig. 3).

After the KPB, the first carbon cycle per-
turbation in the Paleocene is the Dan-C2 event 

(dated here at 65.8–65.7 Ma), which is char-
acterized by two distinctive CIEs according to 
bulk and calcareous plankton δ13C data (Quil-
lévéré et al., 2008). Whether the Dan-C2 event 
represents a true hyperthermal is debated due 
to the absence of bottom-water warming (Bar-
net et al., 2019). The Dan-C2 event is closely 
aligned with two short eccentricity maxima 
within the long eccentricity maximum Pc4051 

(Figs. 3A and 3C), suggesting strong orbital 
control (Quillévéré et  al., 2008; Sinnesael 
et al., 2019). However, the extrusion of the lava 
flows of the Ambenali Formation has also been 
considered a possible trigger for the Dan-C2 
event (Krahl et al., 2020). Our astronomically 
calibrated age model does not reveal a direct 
temporal link between the Dan-C2 event and 
the Ambenali Formation (Fig. 3B) using either 
the model of isolated megapulses of Schoene 
et al. (2019) or the quasi-continuous model of 
Sprain et al. (2019), the latter recalculated in 
terms of eruptive rate by Schoene et al. (2021) 
(Fig. 3B). According to Sprain et al. (2019), 
the Ambenali Formation was emplaced over a 
much longer period (∼350 k.y.) than the dura-
tion of the Dan-C2 event (∼100 k.y.), begin-
ning long before it and ending long after it, and 
thus refuting a direct cause-effect relationship. 
According to Schoene et al. (2019), the Ambe-
nali Formation was emplaced during a volca-
nic megapulse well before the beginning of the 
Dan-C2 event, suggesting seemingly unlinked 
events. In addition, Hull et al. (2020) and Fend-
ley et al. (2020) have recently proposed that 
Deccan volcanic outgassing alone was insuffi-
cient to significantly alter early Danian climate. 
By contrast, a combination of both orbital forc-
ing and an overall increase in atmospheric CO2 
associated with Ambenali Formation emplace-
ment could have caused the carbon cycle to 
briefly cross a critical threshold for carbon 
release twice, resulting in the double-peak 
CIE of the Dan-C2 event. Double-peak CIEs 
characterize several Paleogene hyperthermals 
(Coccioni et al., 2012) and have been related to 
extreme orbital configurations separated by an 
interlude of rapid replenishment (<100 k.y.) of 
carbon reservoirs (Barnet et al., 2019).

Finally, the LC29n event (65.48–65.41 Ma) 
seems to be minor, is not reported worldwide, 
and is not accompanied by relevant paleoenvi-
ronmental and paleobiological changes. Nev-
ertheless, it coincides with a short eccentricity 
maximum (Figs. 3A and 3C) and possibly with 
the final stages of Deccan volcanism according 
to the model of Sprain et al. (2019).

According to our data, unlike the Dan-C2 
and LC29n events, the onset of the bloom of 
eutrophic and/or opportunistic Chiloguembe-
litria (commonly assigned to the genus Guem-
belitria) is consistently coeval with the onset 
of Ambenali Formation emplacement at ca. 
65.9 Ma (Figs. 3A and 3B). This bloom has 
been recognized at Zumaia and other open-
ocean sites worldwide (Fig. S5), such as Deep 
Sea Drilling Project (DSDP) Site 577 (central 
Pacific; Smit and Romein, 1985), Agost (Spain; 
Canudo et al., 1991), ODP Site 528 (South 
Atlantic; D’Hondt and Keller, 1991), Gubbio 
(Italy; Coccioni et al., 2010), El Kef (Tunisia; 
Arenillas et al., 2018), and Caravaca (Spain; 
Gilabert et al., 2021b).

Figure 2. Stratigraphic log 
for planktic foraminiferal 
datums, biozones, and 
isotopic events recognized 
a t  Z u m a i a  ( S p a i n ) . 
Stratigraphic positions of 
405 k.y. tie points (colored 
triangles) are based on 
the La2011 astronomical 
solution (Laskar et  al., 
2011). Pc4052, Pc4051—
Paleocene eccentricity 
maxima 1 and 2; Ma4051—
Maastrichtian eccentricity 
maximum 1. Biozonations: 
(1)—Wade et  al. (2011); 
(2)—Li and Keller (1998); 
(3)—Arenillas et al. (2004). 
(4)—planktic foraminiferal 
acme stages (PFAS) of 
Arenillas et  al. (2006). 
Gl .—Globanomalina ; 
S . — S u b b o t i n a ; 
E . — E o g l o b i g e r i n a ; 
E s — E o g l o b i g e r i n a 
s i m p l i c i s s i m a ; Pe —
Parvularugoglobigerina 
e u g u b i n a ;  K P B —
Cretaceous-Paleogene 
b o u n d a r y ;  E c c . —
eccentricity (in k.y.).
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We hypothesize that the massive input of 
nutrients to the surface ocean due to effusive 
Deccan volcanism may have been a stressor for 
pelagic ecosystems starting ∼90 k.y. before the 
Dan-C2 event. The residence time of nutrients in 
the surface ocean may have been longer in the 
Danian due to the reduction in the efficiency of 
the biological pump (Birch et al., 2016), which 
could have allowed for a worldwide prolifera-
tion of opportunistic taxa in the open ocean for 
longer time intervals. Nonetheless, the absence 
of global changes in temperature and the carbon 
cycle prior to the Dan-C2 event suggests that 
orbital forcing was required to exacerbate the 
effect of long-term CO2 emissions of Deccan 
volcanism during the Dan-C2 event. Our inte-
grated stratigraphic results from Zumaia thus 
explain why the eruptive events of the Deccan 
Traps left a pronounced climatic signature only 
when they coincided with times of enhanced 
orbital forcing.
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5. DISCUSIÓN 
 
5.1 El evento de calentamiento del Maastrichtiense tardío (LMWE) 
 
5.1.1 Caracterización isotópica, calibración temporal y causas más probables 

El llamado Latest Maastrichtian Warming Event (LMWE), que ocurrió entre ~150 y 

300 ka antes del límite K/Pg, es considerado como el mayor episodio de calentamiento 

climático de todo el Maastrichtiense (Li y Keller, 1998b; MacLeod et al., 2005; Huber et 

al., 2018). Las curvas isotópicas del δ18O en foraminíferos bentónicos, en foraminíferos 

planctónicos y sobre roca total, y las curvas del δ13C en foraminíferos planctónicos y 

sobre roca total, se caracterizan en el LMWE por presentar una forma simétrica “en C” 

con un descenso y un ascenso gradual de los valores isotópicos (Gilabert et al., 2021a,c; 

Fig. 2). El δ18O y otros indicadores de paleotemperaturas, como el TEX86 o la relación 

Mg/Ca, indican un aumento de las temperaturas de entre 2 y 5 grados (Hull et al., 2020).  

Este calentamiento presenta un carácter global, evidenciado por el alto número y amplia 

distribución geográfica de las localidades en las que ha sido reconocido (Fig. 9).  

 

 
 

Figura 9. Localización geográfica de las principales localidades donde se ha reportado el LMWE. En 

amarillo se han señalado los sondeos y secciones analizadas y correlacionadas en esta tesis doctoral 

(ver Gilabert et al., 2021a,c). SK1n = Songke core 1 (norte). 

 

El LMWE se ha reportado en secciones y sondeos terrestres, tanto de medios 

continentales, como los sondeos de Bass River en Norte América (Wilf et al., 2003) y de 
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Songke-1-norte (SK1n) en el Noreste de China (Zhang et al., 2018), como de medios 

marinos, como las secciones de Elles en Túnez (Thibault et al., 2016) y de la Isla de 

Seymour en el océano Antártico (Petersen et al., 2016). No obstante, este evento se ha 

identificado mayoritariamente en sondeos oceánicos entre los que destacan, por la 

información detallada que han proporcionado, el ODP 174 en el Atlántico Norte 

(Woelders et al., 2018), el DSDP 525A y el ODP1262 en el Atlántico Sur (Li y Keller, 

1998b; Barnet et al., 2018), el ODP 690 en el Antártico (Stott y Kennet, 1990), y el ODP 

1209 en el Pacífico central (Westerhold et al., 2011) (Fig. 9). 

Tras analizar las evoluciones del δ18O y δ13C en Caravaca (Gilabert et al., 2021a) y 

del δ13C en Zumaia (Gilabert et al., 2021c), se pudo identificar por primera vez el LMWE 

en ambas secciones, mediante muestreos de alta resolución. Los registros isotópicos de 

Caravaca y Zumaia fueron comparados y correlacionados con los de otras localidades 

distribuidas en ambos hemisferios (Fig. 9). Para ello, se establecieron modelos de edad 

en ambas secciones, obteniendo resultados ligeramente diferentes para la edad y duración 

del LMWE. En Caravaca, se estimó una duración para el LMWE de ~210 ka, tras ser 

datado mediante calibración magnetocronológica entre 310 y 100 ka antes del límite K/Pg 

(Gilabert et al., 2021a). Este artículo supuso un avance, ya que estudios previos estimaron 

una duración para el LMWE de > 300 ka (Li y Keller, 1998b; Olsson et al., 2001; 

Abramovich et al., 2003; Petersen et al., 2016). En Zumaia, se calculó una duración para 

el LMWE de ~150 ka, tras ser datado entre 250 y 100 ka antes del límite K/Pg mediante 

calibración astrocronológica (Gilabert et al., 2021c). Esta estimación es comparable con 

otras calibraciones astrocronológicas recientes de este evento (Thibault et al., 2016; 

Barnet et al., 2018). Por considerarlo más preciso, el modelo de edad obtenido en Zumaia 

se ha tomado como referencia en esta memoria para elaborar las Figs. 10 y 11, y para 

redactar el capítulo 5 de Discusión. 

La similitud de los registros isotópicos del δ13C en Zumaia y Caravaca ha permitido 

establecer una correlación precisa entre ambos registros, tanto en el Maastrichtiense más 

alto como en el Daniense. Utilizando el modelo de edad de Zumaia, se han recalibrado 

los eventos paleoambientales y paleobiológicos reconocidos en Caravaca (Anexo V; 

Tablas anexas 1, 2), actualizando el modelo de edad originalmente descrito en Gilabert et 

al. (2021a). Además, las curvas isotópicas en Zumaia y Caravaca pueden ser 

correlacionadas con bastante precisión con la curva que muestra la variación global de la 

temperatura propuesta por Hull et al. (2020), lo que indica que los cambios 
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paleoclimáticos identificados en ambas secciones siguen la tendencia climática global 

durante el tránsito K–Pg (Fig. 10). 

Por otra parte, se ha considerado a menudo que el LMWE fue desencadenado por 

una desgasificación masiva en el Decán. Sin embargo, la relación causa-efecto entre 

ambos procesos (Thibault et al., 2016; Barnet et al., 2018; Keller et al., 2020; Gilabert et 

al., 2021a,c) no se pudo establecer hasta que no se mejoraron las dataciones radiométricas 

de las formaciones volcánicas del Decán (Renne et al., 2015; Schoene et al., 2015, 2019; 

Sprain et al., 2019). De acuerdo a estas dataciones, el LMWE se correlaciona 

cronológicamente con el emplazamiento de las formaciones volcánicas volumétricamente 

menores del Decán, es decir, aquellas que pertenecen a los Sgs. Kalsubai y Lonavala (Fig. 

10A–C). Esto contradice la hipótesis previa que sugería que el LMWE estuvo relacionado 

con los mayores pulsos eruptivos del Decán (Chenet et al. 2008, Keller et al., 2012, 

Punekar 2014a). Además, las recientes modelizaciones sobre el CO2 procedente de la 

desgasificación masiva del Decán y el consecuente aumento de temperatura sugieren que 

el vulcanismo del Decán por si solo es insuficiente para explicar el calentamiento 

climático registrado durante el LMWE tal y como se ha propuesto recientemente (Hull et 

al., 2020; Hernandez Nava et al., 2021).  

Un resultado importante de esta tesis doctoral es la correlación temporal directa que 

se ha establecido en Zumaia entre el LMWE, las variaciones orbitales de la curva 

astronómica y los episodios volcánicos del Decán (Fig. 10A–C). Esta correlación ha 

permitido relacionar el LMWE con el efecto climático combinado del vulcanismo del 

Decán y del forzamiento orbital. Según esta propuesta, la desgasificación masiva de CO2 

y de otros gases de efecto invernadero y su acumulación en la atmósfera durante el 

emplazamiento de los Sgs. Kalsubai y Lonavala potenciaron la sensibilidad climática ante 

los cambios orbitales de excentricidad larga (405 ka) de la Tierra, generando un 

mecanismo de retroalimentación positiva durante el LMWE que aumentó la temperatura 

a escala global (Fig. 10A–C). Esta hipótesis, propuesta por vez primera por Gilabert et al. 

(2021c), plantea un modelo alternativo que permite explicar el aumento de temperatura 

global observado en el LMWE, ya que las modelizaciones anteriores (Hull et al., 2020; 

Hernandez Nava et al., 2021), las cuales sólo tenían en cuenta el CO2 volcanogénico 

emitido, no podían hacerlo. Esta hipótesis contradice por tanto los modelos previos que 

sugerían una relación causal más directa entre el LMWE y el vulcanismo del Decán, y 

que excluían el forzamiento orbital como factor del cambio climático (Barnet et al., 2018). 
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5.1.2. Episodios de disolución del CaCO3  

El análisis de las variaciones del índice de fragmentación a lo largo de los últimos 18 

m del Maastrichtiense de Caravaca permitió establecer hasta cinco episodios (I-V) de 

elevada disolución de los carbonatos, los cuatro últimos dentro del intervalo estratigráfico 

en el que se ha registrado el LMWE (Gilabert et al., 2021a; Fig. 10H). En este trabajo se 

utilizó el umbral del 40% en el índice de fragmentación de las conchas de foraminíferos 

planctónicos para diferenciar un régimen de elevada disolución de carbonatos, tal como 

fue sugerido por Malgrem (1987) y Kucera et al. (1997). Los episodios de disolución 

identificados en Caravaca son comparables a otros reconocidos en distintas localidades 

durante el LMWE (Henehan et al., 2016; Batenburg et al., 2018; Gilabert et al., 2021a). 

En esta tesis doctoral se han interpretado como breves episodios de acidificación 

oceánica, probablemente causados por la desgasificación volcánica en el Decán y, en 

algunos casos, por configuraciones orbitales extremas. El modelo de edad disponible 

inicialmente para Caravaca (Gilabert et al., 2021a) impidió establecer una relación precisa 

entre los episodios de disolución y sus potenciales causas. Sin embargo, la recalibración 

de los episodios de disolución del LMWE en Caravaca según el modelo de edad de 

Zumaia (Gilabert et al., 2021c) ha permitido plantear que, al menos tres de ellos (I, II y 

IV) están probablemente relacionados genéticamente con el vulcanismo del Decán (Tabla 

2). 

 

Episodio de 
disolución 

Edad 
(Ma) 

Duración 
(ka) 

Relación con 
V. Decán (1) 

Relación con 
V. Decán (2) 

Relación 
forzamiento orbital 

V 66,11–66,09 ~20 Final Fm. 
Khandala 

Hiato eruptivo 
-inicio Fm. Poladpur 

Máximo de 
excentricidad (P100) 

IV 66,13–66,12 ~10 Inicio Fm. 
Khandala 

Final Fm. 
Khandala – 

III 66,21 <10 Inicio Fm. 
Thakurvadi 

Final Fm. 
Thakurvadi 

Máximo de 
excentricidad (P100) 

II 66,26–66,23 ~30 Emplazamiento 
Fm. Igatpuri 

Transición Fm. 
Igatpuri - Neral – 

I 66,36–66,33 ~30 Fase temprana del 
Decán* 

Fase temprana* 
- Inicio Fm. Jawhar – 

 
Tabla 2. Propuesta de calibración temporal de los principales episodios de disolución y su relación 

con el vulcanismo del Decán y el forzamiento orbital. P100 = periodicidad de 100 ka (excentricidad 

corta). En azul aparecen marcados los causantes más probables de cada episodio de disolución. * = 

Posiblemente relacionado con el emplazamiento de la provincia de Saurashtra al NW de la provincia 

principal del Decán (ver Hernandez Nava et al., 2021; Fig. 3). (1) Según Sprain et al. (2019); (2) Según 

Schoene et al. (2019). 
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Se llegó a esta conclusión tras correlacionar temporalmente los episodios de 

disolución del LMWE con la curva astronómica y los episodios volcánicos del Decán 

según los dos modelos eruptivos contemplados (mega-pulsos eruptivos o erupción casi-

continua). No obstante, todavía es difícil determinar si el episodio I fue consecuencia del 

emplazamiento de las formaciones iniciales del Decán, como la Fm. Jawhar del Sg. 

Kalsubai (Fig. 10B,H), o si estuvo relacionado con una fase eruptiva anterior. En este 

sentido, se ha planteado que este primer episodio podría ser contemporáneo al 

emplazamiento de la Fm. Saurashtra, la cual aflora en la región homónima (Fig. 3 y Tabla 

2) ya que de acuerdo a su datación 40Ar/39Ar, antecede al emplazamiento del Sg. Kalsubai 

(Hernandez Nava et al., 2021). En cualquier caso, tanto la Fm. Saurashtra como las 

formaciones que componen los Sgs. Kalsubai y Lonavala se caracterizan por presentar 

los volúmenes y las tasas eruptivas más bajas de toda la secuencia eruptiva del Decán 

(Schoene et al., 2019; Sprain et al., 2019; Hernandez Nava et al., 2021; Fig. 10H). Sin 

embargo, hay evidencias de que estas erupciones tempranas fueron las que emitieron más 

CO2 de toda la historia eruptiva del Decán (Hernandez Nava et al. 2021). No obstante, 

esta hipótesis debe ser todavía contrastada y verificada.  

En cuanto a los episodios III y V, es posible establecer un nexo temporal entre ellos 

y los dos máximos de excentricidad corta (100 ka) ocurridos durante el máximo de 

excentricidad larga (405 ka) que moduló el LMWE (Tabla 2 y Fig. 10A,H). Además, 

ambos coinciden con excursiones isotópicas del d13C (Fig. 10C) y del d18O (Gilabert et 

al., 2021a), lo que sugiere un escenario similar al de algunos eventos hipertermales del 

Paleoceno y Eoceno, en los cuales los máximos de excentricidad provocaron la liberación 

de CO2 enriquecido en 12C procedente de reservorios menores del carbono como la 

superficie oceánica, la atmósfera o los clatratos del fondo oceánico (Zachos et al., 2010). 

La rápida liberación de este CO2 no volcanogénico a la atmosfera pudo provocar un 

calentamiento climático similar durante el LMWE, y su absorción en las aguas oceánicas 

pudo ocasionar a su vez infrasaturación y disolución de los carbonatos. Esto último se 

evidencia también por enriquecimientos de Fe en los sedimentos oceánicos (Barnet et al., 

2018; Batenburg et al., 2018) y aumentos del FI de foraminíferos planctónicos (Henehan 

et al., 2016; Gilabert et al., 2021a).  

En resumen, tras la recalibración temporal de los episodios de disolución de Caravaca 

según el modelo de edad de Zumaia (Tabla 2), se sugiere que el emplazamiento de las 

formaciones basálticas menos voluminosas, pero más ricas en volátiles del Sg. Kalsubai 

fueron las causantes de la intensificación en la disolución de los carbonatos que 
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caracteriza los episodios I, II y IV, ya que estos no están relacionados con máximos de 

excentricidad corta. Por el contrario, el origen de los episodios III y V parece estar más 

relacionado con el forzamiento orbital en el rango de la excentricidad corta.  

 

5.1.3. Influencia sobre las asociaciones de foraminíferos planctónicos 

El LMWE no influyó de forma apreciable en la riqueza específica, ya que esta se 

mantuvo bastante estable en torno a 66 especies en Caravaca y a 59 en Zumaia (Fig. 10G) 

y no se produjo la extinción de ninguna especie (Gilabert et al., 2021a). A nivel 

cuantitativo, el cambio más destacable fue el aumento de la abundancia relativa del 

género Heterohelix, un taxón generalista y tolerante a condiciones de baja oxigenación al 

menos durante el Maastrichtiense tardío (Pardo y Keller, 2008). Este incremento se 

registra en ambas secciones durante la primera mitad del LMWE, entre ~66,25 y 66,17 

Ma (Fig. 10C,D). La reducción de la cantidad de oxígeno disuelto en las capas de agua 

donde habitaban los foraminíferos planctónicos fue relacionado por Gilabert et al. 

(2021a) con el aumento de temperatura durante la primera fase de calentamiento del 

LMWE, ya que ambos factores están inversamente relacionados (Helm et al., 2011). El 

aumento en la temperatura durante el LMWE está bien reflejado en la curva de DT de 

Hull et al. (2020), y permite correlacionarlo con un máximo de excentricidad larga (405 

ka) coetáneo al aumento de la abundancia relativa de Heterohelix (Fig. 10A,C,D). En el 

punto en que la curva astronómica alcanza el máximo de excentricidad larga (Ma4051), la 

curva de DT invierte su tendencia hacia un enfriamiento gradual. En este punto de 

inflexión (Fig. 10A,C), la abundancia de Heterohelix decrece rápidamente en ambas 

localidades hasta alcanzar valores similares a los previos al LMWE (Fig. 10D).  

En esta tesis doctoral no se ha identificado durante el LMWE incremento alguno en 

la abundancia relativa de Guembelitria, un género oportunista e indicador de condiciones 

de estrés ambiental y de eutrofia (Kroon y Nederbragt, 1990; Abramovich y Keller, 2002; 

Pardo y Keller, 2008). La abundancia relativa promedio de Guembelitria durante el 

LMWE es muy baja (~1% en Caravaca y ~3% en Zumaia), y se mantiene bastante 

constante en el tiempo (Fig. 10D). Algunos autores han encontrado importantes episodios 

de apogeo de Guembelitria ligados al calentamiento del LMWE (Abramovich et al., 2010; 

Punekar et al., 2014a,b; Keller et al., 2016). Sin embargo, estos parecen estar restringidos 

a secciones de medios someros. Son estos medios donde las especies del género 

oportunista Guembelitria proliferan, debido a que las condiciones ambientales son más 

variables que en océano abierto y están fuera del rango de tolerancia del resto de especies 
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(Keller y Pardo, 2004; Pardo y Keller, 2008). También se han identificado acmés de 

Guembelitria similares en el Maastrichtiense superior de localidades próximas al Decán, 

debido probablemente a que presentaban condiciones locales en las aguas oceánicas 

superficiales de mayor estrés ambiental y eutrofia (Gertsch et al., 2011; Keller et al., 2012; 

Punekar et al., 2014a,b). 

Otro efecto paleobiológico vinculado a los cambios paleoambientales del LMWE es 

una importante reducción en el tamaño de las conchas de Contusotruncana contusa, tal 

como se evidencia a partir de los análisis biométricos llevados a cabo en Caravaca. Este 

episodio de enanismo supuso una reducción promedio de su tamaño del ~33% (Fig. 10F), 

que pudo ser el resultado de una maduración sexual más temprana como adaptación a las 

condiciones de estrés ambiental (Gilabert et al., 2021a). Aunque no realizaron biometrías, 

Abramovich y Keller (2003) reportaron en el Atlántico Sur (DSDP 525A) episodios de 

enanismo equivalentes en varias especies de foraminíferos planctónicos. 

En Caravaca no hay evidencias que sugieran cambios bruscos en los niveles de 

productividad y eutrofia coincidiendo con el LMWE. Por el contrario, la abundancia 

relativa de Guembelitria se mantiene baja y constante a lo largo de toda la sección (Fig. 

10E). Por esta razón, el episodio de enanismo de C. contusa se ha asociado más bien a 

una reducción de su hábitat provocado por el incremento de la temperatura y la 

consiguiente reducción del gradiente térmico vertical entre las capas más superficiales y 

la más profundas. Los análisis isotópicos en conchas de foraminíferos realizados por Li 

y Keller (1998a) y Barnet et al. (2018) en los sondeos DSDP 525A y ODP 1262 (Atlántico 

Sur) también sugieren una debilitación del gradiente térmico de la columna de agua 

oceánica durante el LMWE.  

Gilabert et al. (2021a) reconoció en Caravaca una reducción del índice P/S 

(profundos/superficiales) a la mitad (de 0.4 a 0.2) durante el LMWE. Esta reducción es 

compatible con un episodio de calentamiento climático, el cual pudo reducir la 

termoclina, perjudicando a las especies de hábitat profundo, y ampliar la capa de mezcla, 

lo que favoreció a las especies generalistas de hábitat superficial, como las de los 

heterohelícidos y trocoespiralados no carenados. El descenso del índice P/S durante el 

LMWE es paralelo a la reducción del tamaño de las conchas de C. contusa (Gilabert et 

al., 2021a, Fig. 10F). Ambos indicadores sugieren, por tanto, el mismo tipo de estrés 

ambiental, el cual se ha relacionado con una reducción del gradiente térmico vertical y la 

consiguiente perdida temporal de nichos ecológicos profundos. 

 



Capítulo 5    Discusión 

 171 

5.2. El enfriamiento progresivo en los últimos 100 ka del Maastrichtiense 
 

Los últimos ~100 ka del Maastrichtiense se caracterizan, desde el punto de vista 

climático, por un rápido descenso de las temperaturas globales de entre ~2 a 5 ºC respecto 

al LMWE, que implica un retorno a la tendencia general de enfriamiento global del 

Maastrichtiense (Stott y Kennett, 1990; Barrera, 1994; Li y Keller, 1998b; Wilf et al., 

2003; Huber et al., 2018; Barnet et al., 2018; Hull et al., 2020). Los indicadores isotópicos 

y micropaleontológicos reflejan este retorno a las condiciones previas al LMWE tanto en 

Zumaia como en Caravaca (Gilabert et al., 2021a,c; Fig. 10). Este gradual enfriamiento 

climático finicretácico cuestiona el hipotético rol del vulcanismo del Decán en el clima 

de las últimas decenas de miles de años del Maastrichtiense. Según el modelo eruptivo 

de Schoene et al. (2019), entre ~100 y 30 ka antes del límite K/Pg se produjo de manera 

abrupta el mayor pulso volcánico del Decán, es decir, aquel que formó la Fm. Poladpur. 

Si este fue realmente el caso, debería haberse registrado en el Maastrichtiense tardío 

evidencias de un abrupto cambio climático y/o ambiental en vez de un enfriamiento 

gradual.  

Según Gilabert et al (2021c), la Zona de Plummerita hantkeninoides abarca los 

últimos ~100 ka del Maastrichtiense, por lo que en esta biozona deberían haberse 

encontrado evidencias del emplazamiento de la Fm. Poladpur. Sin embargo, en Caravaca 

no se han identificado episodios de disolución de carbonatos relacionados con el pulso 

eruptivo Poladpur, salvo tal vez por la parte final del episodio V anteriormente descrito 

(Gilabert et al., 2021a; Fig. 10H). Por tanto, la hipótesis que relaciona la emisión de los 

basaltos de la Fm. Poladpur con una acidificación oceánica generalizada a finales del 

Maastrichtiense y un consiguiente deterioro de los ecosistemas pelágicos (Punekar et al., 

2016; Font et al., 2018; Schoene et al. 2019; Keller et al., 2020) no ha podido ser 

corroborada en Caravaca. Esta hipótesis tampoco ha podido ser verificada en la curva de 

evolución del pH oceánico del Maastrichtiense tardío que Henehan et al. (2019) 

reportaron en Geulhemmerberg Cave (Países Bajos), Owl Creek y Brazos River (Estados 

Unidos), DSDP 465 y ODP 1209 (Pacífico), y ODP 1049 (Atlántico). En estas 

localidades, el pH oceánico se mantuvo también estable durante los últimos ~100 ka del 

Maastrichtiense.  

Teniendo en cuenta los márgenes de error de la datación U-Pb de la Fm. Poladpur de 

Schoene et al. (2021), aunque son pequeños, aún cabe la posibilidad de que el mega-pulso 

eruptivo que la formó ocurriera tras el límite K/Pg. Si fue este el caso, esta datación aun 
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puede ser compatible con la hipótesis de Richards et al. (2015) de que el mega-pulso 

Poladpur fuera impulsado por el propio impacto de Chicxulub. Esta hipótesis explicaría 

por qué su señal isotópica y paleobiológica no se registra antes pero tampoco después del 

límite K/Pg, ya que pudo quedar enmascarada por los cambios climáticos y ambientales 

que provocó el impacto de Chicxulub. Por otro lado, en las últimas decenas de miles de 

años del Maastrichtiense no existió una configuración orbital propicia para maximizar el 

impacto climático asociado a la desgasificación del Decán, como había sucedido en el 

LMWE. En todo caso, si realmente el mega-pulso Poladpur tuvo lugar a finales del 

Maastrichtiense, parece que tuvo una influencia climática y paleobiológica muy pequeña. 

Desde el punto de vista micropaleontológico, solo se tradujo en una reorganización muy 

limitada de las asociaciones de foraminíferos planctónicos y en la extinción de 

Archaeoglobigerina cretacea (Gilabert et al., 2021a,c). 

 

5.3. El evento del límite K/Pg. 
 
5.3.1 Definición y edad del límite Cretácico/Paleógeno 

El GSSP de la base del Daniense o, lo que es lo mismo, del límite K/Pg se definió en 

la base de la capa de arcilla oscura en la localidad de El Kef (Cowie et al., 1989). Esta 

definición se impuso por votación con una aceptación del 75%, frente a la propuesta de 

otras localidades candidatas a albergar el GSSP (Brazos River, Stevns Klint y Zumaia) y 

frente a otros horizontes-guía como la base de la tsunamita, el primer registro del 

dinoflagelado Danea californica, y el máximo valor de contenido en iridio de la capa de 

arcilla. Sin embargo, la definición formal únicamente fue publicada en una nota breve en 

la revista Episodes y como parte del informe anual sobre las actividades de la Comisión 

Internacional de Estratigrafía (Cowie et al., 1989). No fue hasta 2006 cuando el presidente 

de la Subcomisión Internacional de Estratigrafía del Paleógeno lideró una publicación 

“en extenso” en la que se precisaba, de acuerdo a la descripción original, una definición 

inequívoca del GSSP de la base del Daniense y el criterio que debe seguirse para su 

correlación a escala global (Molina et al., 2006).  

La base de la arcilla del límite K/Pg en El Kef se caracteriza por una capa de espesor 

milimétrico de color rojizo rica en iridio y en eyecta (vidrios de impacto, espinelas de 

níquel, cuarzos de choque). Sobre este nivel estratigráfico, que marca el límite K/Pg de 

acuerdo a su definición original, se depositó una capa de arcilla oscura de en torno a 50 

cm de potencia, la cual muestra valores muy bajos de CaCO3 y una excursión negativa de 
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~1 a 3‰ del δ13C en roca total y en foraminíferos planctónicos (Molina et al., 2006). Esta 

secuencia estratigráfica es fácilmente reconocible en todas aquellas secciones pelágicas 

distales a la estructura de impacto de Chicxulub que son continuas a través de límite K/Pg 

(Arenillas et al., 2006; Molina et al., 2009; Schulte et al., 2010), como es el caso de las 

estudiadas en esta tesis doctoral (Arenillas et al., 2018; Gilabert et al. 2021a,b,c). 

Las dataciones del límite K/Pg varían en función de las técnicas de datación 

radiométrica usadas: según el método 40Ar/39Ar, se ha datado entre 66,038 ± 0,025/0,049 

Ma (Renne et al., 2013) y en 66,052 ± 0,008/0,043 Ma (Sprain et al., 2018); y según el 

método U-Pb, entre 66,021 ± 0,024/0,039 Ma (Clyde et al., 2016) y 66,016 ± 0,050 Ma 

(Schoene et al., 2019). Cualquiera de estas edades, con sus respectivos márgenes de error, 

son compatibles con la edad de referencia dada en la GTS 2020 (Geological Time Scale 

2020; Gradstein et al., 2020), que es de 66,001 Ma, la cual está basada en calibraciones 

astrocronológicas realizadas en Zumaia y que se han basado en la excentricidad larga de 

405 ka (Dinarés-Turell et al., 2014). Dado que tanto el modelo de edad de la GTS 2020 

como el utilizado en la presente tesis doctoral se han basado en la sección de Zumaia, se 

ha considerado una edad para el límite K/Pg de 66,001 Ma.  

 

5.3.2. Modelo de extinción y de supervivencia de los foraminíferos planctónicos 

La alteración paleobiológica más destacable en el millón de años estudiados en esta 

tesis doctoral es sin lugar a dudas el evento de extinción masiva del límite K/Pg. Durante 

las últimas cuatro décadas, se han producido intensos debates entre los partidarios de un 

modelo de extinción masiva catastrófica, encabezados por Jan Smit (Smit, 1982), y los 

partidarios de un modelo de extinción masiva gradual, encabezados por Gerta Keller 

(Keller, 1988). Aunque no hay un consenso total, el modelo más ampliamente aceptado 

por la comunidad científica es el de una extinción masiva catastrófica, ya que es el que 

mejor se ajusta al registro bioestratigráfico de los foraminíferos planctónicos (Molina et 

al., 2006). 

Las distribuciones estratigráficas de las especies a través del límite K/Pg, analizadas 

a partir de muestreos de alta resolución, confirman el modelo de extinción masiva 

catastrófica, tanto en El Kef (Anexo I, Supplementary Figure 4) como en Caravaca 

(Anexo II, Supplementary Table 1 y Anexo III, Supplementary Table 1) y Zumaia (Anexo 

IV, Supplementary Figure 3). Para evaluar la intensidad de la extinción, en esta tesis 
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doctoral se han planteado y comparado tres escenarios distintos en las tres secciones 

mencionadas (Tabla 3).  

 
 Patrones de extinción en las asociaciones de foraminíferos planctónicos 

 
Sp1 

Escenario 1   Escenario 2   Escenario 3 

Sección Sp2 Extinción (%)   Sp2 Extinción (%)   Sp2 Extinción (%) 

Caravaca 66 33 50%  10 85%  2 97% 

Zumaia 64 22 66%   7 89%   1 99% 

El Kef 61 24 61%   8 87%   2 97% 

 
Tabla 3. Comparación de los patrones de extinción según los distintos escenarios planteados. Sp1 = nº 

especies identificadas inmediatamente por debajo del límite K/Pg; Sp2 = nº especies cretácicas 

promedio reconocidas en las rocas danienses de cada sección y según cada escenario (datos tomados 

de Arenillas et al., 2018, y Gilabert et al., 2021a,b,c, y resumidos en el Anexo V, Tabla anexa 2)  

 

Estos escenarios se han establecido según los siguientes criterios: Escenario 1) todos 

los ejemplares cretácicos identificados en el Daniense pertenecen a especies que 

sobrevivieron al evento de extinción; Escenario 2) solo las especies cretácicas que 

presentan un registro relativamente continuo en el Daniense (>3 muestras consecutivas 

desde el límite K/Pg) son consideradas especies supervivientes; y Escenario 3) 

únicamente las especies cretácicas que presentan en el Daniense un incremento relevante 

en su abundancia relativa respecto al que presentan en las últimas muestras del 

Maastrichtiense son consideradas especies supervivientes. Además, la correlación 

temporal de todos los eventos identificados en esta tesis doctoral (Fig. 11), ayuda a 

evaluar el modelo de extinción y supervivencia de los foraminíferos planctónicos a través 

del límite K/Pg. 

En el Escenario 1, el porcentaje de especies extintas en el límite K/Pg es ~60%, lo 

que representa una tasa de extinción ya de por sí compatible con el modelo de extinción 

masiva catastrófica. Sin embargo, la mayoría de los especialistas en foraminíferos 

planctónicos han sugerido patrones de extinción más cercanos al propuesto en el 

Escenario 2, en el que se consideran solo entre 5 y 10 especies supervivientes (p. ej., 

Huber, 1996; Arz et al., 1999a,b; Gallala et al., 2009; Lowery et al., 2020). Las especies 

estimadas como supervivientes son las consideradas como más cosmopolitas y 

generalistas, y pertenecen a los géneros Guembelitria, Heterohelix, Muricohedbergella, 

Globigerinelloides y Pseudoguembelina. Salvo las de Guembelitria, la abundancia 
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relativa de estas especies desciende rápidamente tras el límite K/Pg, haciéndose residual 

en cuanto las nuevas especies danienses comienzan a proliferar (Arenillas et al., 2018; 

Gilabert et al., 2021b,c). 

Por último, el Escenario 3 es el más extremo en cuanto a la tasa de extinción sugerida 

(~97%) y el que más se ajusta al modelo de extinción propuesto originalmente por Smit 

(1982). Según los resultados de esta tesis doctoral se puede concluir que hay un conjunto 

de evidencias que respaldan este último escenario, el cual resulta compatible con la teoría 

de que el impacto de Chicxulub fue la causa desencadenante de la extinción masiva.  

La primera evidencia es la más directa y proviene del análisis cualitativo y 

cuantitativo de las asociaciones de foraminíferos planctónicos. Según este análisis, el 

horizonte de extinción masiva coincide con el nivel que contiene las evidencias de 

impacto en el límite K/Pg (Arenillas et al., 2018; Gilabert et al., 2021a,c). Además 

coincide con un rápido aumento de la acidificación oceánica, la cual duró ~1 ka (Gilabert 

et al., 2021b). 

La segunda evidencia la proporciona el género oportunista Guembelitria, ya que es 

el único género maastrichtiense que incrementa su abundancia relativa tras el límite K/Pg 

y lo hace de manera brusca (Arenillas et al., 2018; Gilabert et al., 2021b,c; Fig. 11E). La 

proliferación de Guembelitria se observa no solo en su hábitat preferente, es decir, en 

medios neríticos relativamente someros (Pardo y Keller, 2008), sino también en medios 

oceánicos y neríticos externos como los estudiados en esta tesis doctoral (Fig. 11E). 

Arenillas et al. (2016b) pudieron corroborar la hipótesis de un sólo género superviviente 

(Guembelitria) tras analizar la sección de Moncada (Cuba), donde se ha identificado la 

arcilla del límite y todas las biozonas de foraminíferos planctónicos del Daniense inferior. 

Arenillas et al. (2016b) descubrieron que, en la parte basal del Daniense de Moncada, 

solo hay ejemplares del género Guembelitria, el cual presenta por tanto una abundancia 

relativa del 100%. Tras una búsqueda intensiva, no pudieron encontrar ejemplares de 

otros géneros cretácicos. 

La tercera evidencia es el aumento brusco de la tasa de formas aberrantes tras el límite 

K/Pg, es decir, del número de especímenes de foraminíferos plantónicos con conchas de 

crecimiento anormal. Este aumento de formas aberrantes se ha atribuido al estrés 

ambiental extremo durante el Daniense más temprano provocado por las perturbaciones 

ambientales globales causadas por el impacto de Chicxulub (Arenillas et al., 2018; 

Gilabert et al., 2021b; Fig. 11H). Los factores ambientales concretos que causaron el 

incremento en el índice de foraminíferos aberrantes no se conocen con  
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exactitud, pero podrían estar relacionados con el aumento de la temperatura (Kawaragi et 

al., 2009; MacLeod et al., 2018), la acidificación oceánica (Alegret et al., 2012; Henehan 

et al., 2019; Gilabert et al., 2021b), la contaminación ambiental por metales pesados (Smit 

y Romein, 1985; Premović et al., 2008; Arenillas et al., 2016b) o la intensificación local 

de condiciones eutróficas justo inmediatamente después del límite K/Pg (Bralower et al., 

2020). Estas perturbaciones ambientales derivadas del impacto, se estima que duraron 

entre <1 y 10 ka. 

Lo que resulta más relevante es que, entre los ejemplares de géneros cretácicos 

identificados en el Daniense, solo se han observado tasas anómalas de aberrantes en 

Guembelitria, corroborando de este modo el Escenario 3. El resto de especies cretácicas, 

incluyendo las que han sido consideradas como potenciales supervivientes (como por 

ejemplo las especies de Muricohedbergella y algunas de Heterohelix), no se han 

reconocido en el análisis cuantitativo del Daniense inferior de Caravaca y Zumaia lo que 

sugiere una tasa de aberrantes muy poco abundante. En la misma línea, el estudio 

cuantitativo realizado en El Kef y Aïn Settara permitió el reconocimiento de un número 

muy bajo de ejemplares maastrichtienses con crecimientos aberrantes (Arenillas et al., 

2018). Sin embargo, los valores obtenidos para estas especies son similares a los que 

tienen en el Maastrichtinse y por tanto no reflejan un aumento significativo, como por el 

contrario si hacen las especies y géneros Danienses (Arenillas et al., 2018). Por esta razón 

 
Figura 11 (página anterior). Marco de correlación temporal para el Daniense inferior: A) Biozonas 

de foraminíferos planctónicos y curva astronómica La2011 (Laskar et al., 2011); B) Modelos eruptivos 

del vulcanismo del Decán; C) Variación del δ13C y curva de DT. D) Variación de la riqueza específica 

en cada sección comparada con variación del nº de especies máximo según el modelo evolutivo de 

Arenillas et al. (2018); Nº sp. Paleógeno = nº de especies paleógenas reconocidas en el estudio 

cuantitativo; Nº sp. Cretácico = nº de especies cretácicas reconocidas en el estudio cuantitativo; * 

Evolución sp. = variación del nº máximo de especies según el modelo evolutivo de Arenillas et al. 

(2018). E) Abundancia relativa de géneros triseriados (Guembelitria y Chiloguembelitria); F) 

Abundancia relativa de géneros biseriados (Woodringina y Chiloguembelina); G) abundancia relativa 

de parvularugoglobigerina (Parvularugoglobigerina y Palaeoglobigerina) y de otros (Eoglobigerina, 

Parasubbotina, Globanomalina, Praemurica, Trochoguembelitria, Subbotina); H) Abundancia 

relativa de foraminíferos aberrantes. Símbolos empleados en las biozonas del Daniense temprano: * = 

Muricohedbergella holmdelensis; ** = Parvularugoglobigerina longiapertura; *** = Pv. sabina; 4* 

= Eoglobigerina simplicissima; 5* = Guembelitria cretacea; 6* = Pv. eugubina. Con bandas grises se 

han marcado los intervalos correspondientes a los eventos Dan-C2 y LC29n. 

 



Capítulo 5    Discusión 

 178 

en esta tesis doctoral se considera que los ejemplares de géneros cretácicos encontrados 

en el Daniense inferior son reelaborados, salvo los de Guembelitria. 

Existe bastante aceptación en admitir que el género superviviente Guembelitria 

originó dos nuevos linajes danienses, el de los géneros biseriados Woodringina y 

Chiloguembelina, y el de los trocoespiralados Trochoguembelitria y Globoconusa 

(Olsson et al., 1999; Arenillas y Arz, 2017). Esta filogenia fue matizada tras la 

revalidación del género Chiloguembelitria, de manera que el origen de ambos linajes no 

ocurrió directamente desde Guembelitria sino a través de su descendiente 

Chiloguembelitria (Arenillas et al., 2017).  

Muricohedbergella es considerado también, al igual que Guembelitria, como un 

género cretácico superviviente del evento de extinción del límite K/Pg (Huber et al., 

2002). La hipótesis más comúnmente aceptada sugiere que Muricohedbergella es el 

ancestro de los foraminíferos planctónicos espiralados cenozoicos (Olsson et al., 1999; 

Aze et al., 2011), por lo que este género es comúnmente considerado como un 

superviviente de la extinción del límite K/Pg. Sin embargo, si la hipótesis del origen 

bentónico de foraminíferos planctónicos espiralados cenozoicos es verificada, la presunta 

evidencia filogenética de la supervivencia de Muricohedbergella quedaría por tanto 

refutada.  

 
5.4.2. Radiaciones evolutivas y reconocimiento de acmé-estadios 

Las asociaciones de foraminíferos planctónicos del Daniense más temprano se 

caracterizan por una baja diversidad (Fig. 11D). Sin embargo, la tasa de especiación fue 

muy alta tras la extinción masiva del límite K/Pg. Según los estudios bioestratigráficos 

de alta resolución realizados en Caravaca, Zumaia, El Kef y Aïn Settara, en el Daniense 

temprano tuvieron lugar dos importantes radiaciones evolutivas de foraminíferos 

planctónicos (intervalos marcados como franjas verdes horizontales en las Figs. 11 y 12. 

La más antigua incluye a 16 especies de Chiloguembelitria, Pseudocaucasina, 

Parvularugoglobigerina, Palaeoglobigerina, Woodringina y Chiloguembelina, cuyos 

primeros registros se sitúan en la Subzona de Parvularugoglobigerina longiapertura de 

Arenillas et al. (2004), es decir, entre ~6 y 18 ka tras el límite K/Pg.  

La segunda radiación evolutiva comprende la aparición de la mayoría de las especies 

trocoespiraladas de los géneros Trochoguembelitria, Eoglobigerina, Parasubbotina, 

Globanomalina y Praemurica. Durante este intervalo, Palaeoglobigerina y 

Parvularugoglobigerina se extinguen, siendo reemplazados por el nuevo conjunto de 
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géneros trocoespiraladas, los cuales alcanzaron un tamaño mayor. En esta segunda 

radiación se reconocen hasta 21 nuevas especies, cuyos primeros registros se sitúan en la  

Subzonas de Eoglobigerina simplicissima y E. trivialis, entre ~26 ka y ~100 ka tras el 

límite K/Pg. Posteriormente, entre ~140 y ~200 ka después del límite K/Pg aparecieron 

los géneros Globoconusa y Subbotina. Ambos géneros y los que caracterizan la segunda 

radiación evolutiva persistieron durante los siguientes 500 ka, aumentando su abundancia 

relativa hasta convertirse en los grupos predominantes de la asociaciones de foraminíferos 

planctónicos de las Subzonas de Subbotina triloculinoides y de Globanomalina 

compressa (Arenillas et al., 2018; Gilabert et al., 2021b,c). 

 

 
 

Figura 12. Calibración astrocronológica de biozonas, acmé-zonas y radiaciones evolutivas (R. Ev.) 

reconocidas en esta tesis doctoral. G. cr.= Guembelitria cretacea; M. ho.= Muricohedbergella 

holmdelensis; Pv. lon= Parvularugoglobigerina longiapertura Pv. E.= Parvularugoglobigerina 

eugubina; E. s= Eoglobigerina simplicissima; E.= Eoglobigerina; S. = Subbotina; Gl.= 

Globanomalina. 
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Estas radiaciones evolutivas parecen ser en gran parte responsables de la sucesión de 

los tres acmé-estadios PFAS del Daniense inferior de Arenillas et al. (2006), los cuales 

han sido identificados en la cuatro secciones estudiadas en esta tesis doctoral: El Kef, Aïn 

Settara, Caravaca y Zumaia (Fig. 11A,E–G; Fig. 12; Arenillas et al., 2018; Gilabert et al., 

2021b,c): PFAS-1 (predominio de Guembelitria), PFAS-2 (predominio de 

Palaeoglobigerina y Parvularugoglobigerina) y PFAS-3 (predominio de Woodringina y 

Chiloguembelina). Estos PFAS se han reconocido en medios pelágicos oceánicos y 

neríticos externos principalmente en el Tetis, Atlántico Norte, Golfo de México y el 

Caribe (p. ej., Alegret et al., 2004; Arenillas et al., 2006, 2016, 2018; Gallala et al., 2009; 

Lowery et al., 2018, 2021; Renne et al., 2018; Gilabert et al., 2021b,c). Ninguno de ellos 

se repite en el tiempo, por lo que parecen estar ligados fundamentalmente a procesos 

evolutivos, resultando así una herramienta muy útil para llevar a cabo correlaciones 

bioestratigráficas.  

Las radiaciones evolutivas del Daniense temprano permiten establecer biozonaciones 

de muy alta resolución (Arenillas et al., 2004; Wade et al., 2011). En la Fig. 12 se 

muestran los biohorizontes-guía utilizados en la biozonación de Arenillas et al. (2004), 

así como su calibración astrocronológica basada en el modelo de edad de Zumaia. 

Además, los horizontes que delimitan los PFAS han sido calibrados 

astrocronológicamente por primera vez en la sección de Zumaia por Gilabert et al. 

(2021c) (Fig. 11E,F,G y Fig. 12).  

 

5.4.3. Episodios de apogeo de Chiloguembelitria y vulcanismo del Decán  

De acuerdo al modelo de mega-pulsos eruptivos planteado por Schoene et al. (2019, 

2021) y descrito en el apartado 1.3.2. de esta memoria, el intervalo de tiempo entre el 

final del mega-pulso maastrichtiense de la Fm. Poladpur (hace ~66,04 Ma) y el primer 

mega-pulso eruptivo daniense que dio lugar a la Fm. Ambenali (hace ~65,92 Ma), el 

sistema eruptivo del Decán entró en un periodo de inactividad. Esta quiescencia eruptiva 

es compatible con nuestros datos geoquímicos y micropaleontológicos ya que, tras la 

intensa perturbación global de los ecosistemas que caracteriza los primeros ~10 ka del 

Daniense, los principales indicadores de estrés ambiental tendieron a decrecer, aunque 

todavía registrando valores elevados durante los primeros ~70 ka del Daniense (Arenillas 

et al., 2018; Gilabert et al., 2021b,c). 
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La tendencia hacia la estabilización ambiental fue interrumpida abruptamente hace 

~65,9 Ma coincidiendo con el inicio de un episodio de apogeo de Chiloguembelitria 

(Arenillas et al., 2018; Gilabert et al. 2021b,c). Se trata de un episodio de proliferación 

de foraminíferos planctónicos triseriados que ha sido reconocido en numerosas 

localidades para esta edad, bien como episodios de apogeo de Guembelitria o de 

Chiloguembelitria. Es el caso del DSDP 577 (Pacífico; Smit y Romein 1985), Agost 

(España; Canudo et al., 1991), Gubbio (Italia; Coccioni et al., 2010), El Kef y Aïn Settara 

(Túnez; Arenillas et al., 2018), Caravaca (Gilabert et al., 2021b), Zumaia (Gilabert et al., 

2021c) y ODP M0077 (interior del cráter de Chicxulub; Lowery et al., 2021).  

Los resultados descritos en Arenillas et al. (2018) y Gilabert et al. (2021b,c) parecen 

indicar que existen sutiles diferencias temporales en el inicio y sobre todo en el final de 

este episodio. Este ligero desfase temporal entre unas localidades y otras (Fig. 11E) puede 

responder a diferencias ambientales locales y/o a una respuesta a las condiciones de 

productividad oceánica heterogénea tras el límite K/Pg (Birch et al., 2021). Con está 

particularidad, el episodio de apogeo de Chiloguembelitria puede datarse en promedio 

entre ~65,90 y 65,75 Ma (es decir, entre 100 y 250 ka después del límite K/Pg) y por lo 

tanto tendría una duración de ~150 ka, lo que permite sugerir una correlación temporal 

muy alta con el emplazamiento de la Fm. Ambenali (Fig. 11B,E). Los principales 

modelos eruptivos (Schoene et al., 2019; Sprain et al., 2019) coinciden en la edad de la 

base de la Fm. Ambenali, pero la duración estimada para su emplazamiento es muy 

diferente. Según el modelo de Sprain et al. (2019), la Fm. Ambenali se formó en ~300 ka 

mientras que, según el modelo de Schoene et al. (2019), tan solo en ~100 ka. Teniendo 

en cuenta la duración estimada para el apogeo de Chiloguembelitria (~150 ka), parece 

más probable que éste fuera la respuesta a un pulso eruptivo más breve e intenso como el 

propuesto por Schoene et al. (2019). 

Asociado al acmé de Chiloguembelitria se ha reconocido un aumento en el índice de 

foraminíferos aberrantes (FAI), que alcanza valores anormalmente altos y similares a los 

registrados en la arcilla del límite K/Pg (Fig. 11H). Estos valores del FAI evolucionan 

paralelamente al apogeo de Chiloguembelitria, lo que corrobora que ambos indicadores 

responden al mismo estresor ambiental. Dado que no hay evidencias de acidificación 

oceánica ni de cambios drásticos en la temperatura (Gilabert et al., 2021b,c; Hull et al., 

2020) y que Chiloguembelitria prolifera bajo condiciones de estrés ambiental y/o eutrofia 

(Pardo y Keller, 2008; Arenillas et al., 2018), se ha sugerido que el factor desencadenante 

de ambas señales paleobiológicas fue la masiva liberación de nutrientes y metales 
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procedentes de la actividad eruptiva del Decán. Una ineficaz bomba biológica en el 

Daniense temprano (Henehan et al., 2019; Jiang et al., 2019; Birch et al., 2021) pudo 

aumentar el tiempo de residencia de estos nutrientes y metales volcanogénicos en la 

superficie oceánica. Esto explicaría la persistencia del acmé de Chiloguembelitria y de la 

abundancia de formas aberrantes a lo largo de los ~50 ka posteriores al final del 

emplazamiento de la Fm. Ambenali (Fig. 11B,E,H), según la edad estimada para esta 

formación por Schoene et al. (2019). En la misma línea, Arreguín-Rodríguez et al. (2021) 

reportaron cambios en las asociaciones de foraminíferos bentónicos en el Atlántico Sur 

(ODP 1262) que sugieren condiciones ligeramente más eutróficas en el fondo oceánico 

en un intervalo temporal aproximadamente similar al del acmé de Chiloguembelitria. 

 

5.5. Los eventos Dan-C2 y LC29n 
 
5.5.1. Características principales y calibración temporal 

El evento Dan-C2 está estratigráficamente situado en torno al límite 

magnetoestratigráfico C29r/C29n (Quillévéré et al., 2008). Según estos autores, se 

caracteriza por una doble excursión negativa simétrica en δ13C y en δ18O (sobre roca total 

y en foraminíferos planctónicos), por una reducción del contenido de CaCO3 oceánico y 

por un incremento en la susceptibilidad magnética. Es la doble excursión negativa 

simétrica en el δ13C (doble CIE) lo que comúnmente se utiliza para reconocer en el 

registro estratigráfico este evento, ya que el δ13C es menos susceptible que el δ18O a los 

efectos de la diagénesis (Wendler, 2013). El evento Dan-C2 se ha identificado 

principalmente en sondeos oceánicos como el ODP 1049 (NO Atlántico; Quillévéré et 

al., 2008), el DSDP 516 (SO Atlántico; Krahl et al., 2020), los DSDPs 525 y 527 (SE 

Atlántico; Quillévéré et al., 2008) y el ODP 1262 (SE Atlántico; Woelders et al., 2017). 

También se ha identificado en Gubbio (Coccioni et al., 2010) y Caravaca (Gilabert et al., 

2021b) en el Tetis occidental, así como en Zumaia (Gilabert et al., 2021c) dentro de la 

zona de transición entre el Tetis y el Atlántico Norte.  

Teniendo en cuenta la señal isotópica del δ18O en foraminíferos planctónicos, en el 

Dan-C2 se produjo un aumento de temperatura de ~4 ºC en la superficie oceánica 

(Quillévéré et al., 2008). Sin embargo, según la señal isotópica del δ18O sobre los 

foraminíferos bentónicos, no hubo calentamiento de las aguas del fondo oceánico 

(Westerhold et al., 2011; Barnet et al., 2019). Por otra parte, Coccioni et al. (2010) 

reconocieron en Gubbio un aumento del índice de fragmentación en ambas CIEs, por lo 
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que relacionaron el Dan-C2 con un episodio de acidificación oceánica. Sin embargo, esta 

posible acidificación oceánica y sus efectos no se han descrito en el resto de localidades 

antes citadas en la Fig. 13 (Quillévéré et al., 2008; Barnet et al., 2019; Gilabert et al., 

2021b,c). La ausencia de evidencias de una acidificación oceánica a escala global y de un 

aumento de las temperaturas en el fondo oceánico pone en duda de la naturaleza 

hipertermal del Dan-C2 (Barnet et al., 2019; Krhal et al., 2020; Hull et al., 2020; Arreguín 

et al., 2021). El Dan-C2 parece por tanto una perturbación relativamente pequeña del 

ciclo del carbono si lo comparamos con otros hipertermales del Paleógeno (Gilabert et 

al., 2021b,c). 

 

 
 
Figura 13. Localización geográfica de las localidades donde se ha identificado el Dan-C2. En amarillo 

se han señalado los sondeos y secciones analizadas y correlacionadas en esta tesis doctoral (Gilabert 

et al., 2021b,c). 

 

La duración del Dan-C2 se estimó inicialmente en ~100 ka, iniciándose ~250 ka 

después del límite K/Pg (Quillévéré et al., 2008; Coccioni et al., 2010). No obstante, las 

calibraciones más recientes sugieren que comenzó un poco antes, ~150 o 200 ka tras el 

límite K/Pg (Barnet et al., 2019; Krahl et al., 2020). La recalibración astronómica del 

Dan-C2 en la sección de Zumaia (Fig. 11C) ha permitido datar su inicio en 200 ka tras el 

límite K/Pg, por lo que duró entre 65,8 y 65,7 Ma (Gilabert et al., 2021b,c; Fig. 11C). 

Como la mayoría de hipertermales del Paleógeno, el evento Dan-C2 está 

modulado por los cambios en la excentricidad de la órbita de la Tierra (Coccioni et al., 
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2010; Sinnesael et al., 2016, 2019; Barnet et al., 2019; Westerhold et al., 2020). Tanto 

Gilabert et al. (2021c) como Barnet et al. (2019) constataron que el Dan-C2 se 

correlaciona con el primer máximo de excentricidad larga (405 ka) del Daniense (Pc4501), 

y las 2 CIEs simétricas que lo caracterizan se correlacionan con 2 máximos de 

excentricidad corta (100 ka) vinculados al Pc4501. Aunque el Dan-C2 ha sido fuertemente 

ligado al forzamiento orbital, su proximidad en el tiempo con el emplazamiento de la Fm. 

Ambelani (Schoene et al., 2019; Sprain et al., 2019) ha llevado a varios autores a plantear 

una posible relación causa-efecto entre ambos episodios (Coccioni et al., 2010; Punekar 

et al., 2014a; Krhal et al., 2020). No obstante, modelizaciones y estimaciones recientes 

del volumen de CO2 volcánico emitido desde el Decán sugieren que fue insuficiente para 

desencadenar un cambio climático significativo durante el Dan-C2 (Fendley et al., 2020; 

Hull et al., 2020). La comparación entre las dataciones radiométricas del pulso eruptivo 

Ambenali (Schoene et al., 2019) con las calibraciones astrocronológicas realizadas en 

Zumaia indican que este pulso eruptivo concluyó ~60 ka antes que el Dan-C2 (Gilabert 

et al., 2021c), por lo que no parecen tener una relación directa.  

Por otra parte, a diferencia de los otros eventos descritos en esta tesis doctoral, el 

LC29n es muy poco conocido a escala global. Fue reconocido por primera vez por 

Coccioni et al. (2010) en Gubbio, donde se caracteriza por una sola excursión negativa 

del δ13C de ~0.5‰. Según estos autores, la duración del LC29n fue de ~38 ka y se inició 

~75 ka después del Dan-C2. En Gubbio, el LC29n también coincide con un aumento 

moderado de la susceptibilidad magnética y una reducción también moderada en el 

contenido en CaCO3, aunque no hay evidencias de una disolución de carbonatos o de una 

acidificación oceánica relevante.  

Según el registro isotópico del δ13C y la calibración astrocronológica llevada a cabo 

en el Daniense de Zumaia (Gilabert et al., 2021c), el LC29n se produjo entre 65,48 y 

65,41 Ma, es decir, ~220 ka después del Dan-C2, una calibración similar a la estimada 

por Woelders et al. (2017) en el ODP 1262 (Atlántico Sur). En ambas localidades, los 

valores del δ13C descendieron entre ~0.2 y 0.3‰, siendo hasta la fecha las únicas 

secciones marinas en las que ha sido identificado con claridad. Como ocurre con el Dan-

C2, en el evento LC29n no se ha reconocido un calentamiento del fondo oceánico 

(Westerhold et al., 2011; Barnet et al., 2019; Hull et al., 2020).  

En cuanto a su origen, el LC29n no parece estar relacionado con el vulcanismo del 

Decán: según el modelo de pulsos eruptivos de Schoene et al. (2019), las erupciones del 

Decán finalizaron ~200 ka antes, y según el modelo de erupciones casi-continuas de 
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Sprain et al. (2019), lo hicieron aproximadamente coincidiendo con el inicio del LC29n. 

Como en el Dan-C2, el LC29n pudo ser causado principalmente por el forzamiento 

orbital, aunque en esta ocasión la contribución del vulcanismo del Decán es aún menos 

probable. Pickersgill et al. (2021) han propuesto recientemente que el impacto de Boltysh 

(Ucrania), cuyo cráter tienen un diámetro estimado de ~24 km, pudo estar relacionado 

con el LC29n. El impacto de Boltysh había sido previamente relacionado con el Dan-C2 

(Gilmour et al., 2013, 2014; Jolley et al., 2017). Sin embargo, las nuevas dataciones de 

Pickersgill et al. (2021) con el método 40Ar/39Ar dan una nueva edad de 65,39 ± 0,14/0,16 

Ma para el impacto de Boltysh, la cual es prácticamente indistinguible a la edad aquí 

estimada para el LC29n (entre 65,48 y 65,41). Es poco probable que un impacto 

relativamente tan pequeño como el de Boltysh causara por sí solo los cambios descritos 

en el evento LC29n (Pickersgill et al., 2021). Sin embargo, su coincidencia temporal con 

un máximo de excentricidad corta y con las últimas erupciones del vulcanismo del Decán 

apunta a que las causas que lo originaron son todavía inciertas.  

 

5.5.2. Efectos en las asociaciones de foraminíferos planctónicos. 

El inicio del evento Dan-C2 ocurrió ~100 ka después del final del emplazamiento de 

la Fm. Ambenali y del inicio del episodio de apogeo de Chiloguembelitria y de 

incremento del FAI descritos en el apartado 5.4.3, por lo que el evento Dan-C2 no parece 

estar relacionado con ellos. De hecho, aunque se solapan parcialmente en el tiempo, la 

abundancia relativa de Chiloguembelitria y el valor del FAI disminuyeron rápidamente 

antes de concluir el Dan-C2 (Fig. 11E–H), lo que indica que este último tuvo un escaso 

impacto en las asociaciones de foraminíferos planctónicos.  

Contrariamente a lo propuesto por Coccioni et al. (2010) en Gubbio, el análisis del 

índice de fragmentación en Caravaca sugiere que no hubo un incremento de la disolución 

del carbonato destacable durante el evento Dan-C2 (Gilabert et al., 2021b). Los resultados 

obtenidos por otros autores, como la ausencia de incrementos en la concentración de 

hierro en el sedimento (Barnet et al., 2019) o como la estabilidad en la abundancia de los 

diferentes grupos de foraminíferos bentónicos de conchas calcáreas (Arreguín-Rodríguez 

et al., 2021), corroboran que el Dan-C2 no está ligado a un aumento en la disolución de 

los carbonatos y/o de la acidez oceánica.  

Hacia el final del Dan-C2 ~65,75 Ma, las asociaciones de foraminíferos planctónicos 

registran un cambio relevante, en el que las especies pertenecientes a los géneros de la 

segunda radiación evolutiva (Eoglobigerina, Parasubbotina, Subbotina, Praemurica, 
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Globanomalina) aumentan progresivamente su abundancia relativa, hasta alcanzar en 

conjunto entre el 40 y el 50% (Fig. 11G). La alta abundancia de estos géneros se mantuvo 

durante los 300 ka posteriores al final del Dan-C2, lo que ha sido interpretado como 

condiciones de creciente estabilidad ambiental (Gilabert et al. 2021b). En esta tesis 

doctoral no se han identificado cambios relevantes en las asociaciones de foraminíferos 

planctónicos que sugieran algún tipo de respuesta ligada al último mega-pulso eruptivo 

del Decán (Fm. Mahabaleswar).  

Por lo que respecta al LC29n, tampoco se ha identificado un cambio significativo en 

las condiciones ambientales, climáticas y paleoceanográficas. En este evento, las 

asociaciones de foraminíferos planctónicos registran pequeñas fluctuaciones que resultan 

irrelevantes (Fig. 11E–H). Tampoco se han reportado episodios de disolución de 

carbonatos en el LC29n, ni en las localidades estudiadas en esta tesis doctoral ni en otras 

(Coccioni et al., 2010; Barnet et al., 2019), confirmando que se trata simplemente de una 

perturbación menor en el ciclo del carbono.  
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6. CONCLUSIONES 
 

 Se han analizado los eventos climáticos acontecidos durante 1 Ma a través del límite 

K/Pg (LMWE, límite K/Pg, Dan-C2 y LC29n) y se ha evaluado su influencia en las 

asociaciones de foraminíferos planctónicos en tres secciones del Tetis occidental 

(Caravaca, El Kef y Aïn Settara) y en una sección de la zona de transición entre el Tetis 

y el Atlántico Norte (Zumaia). Los datos micropaleontológicos, geoquímicos y 

paleomagnéticos obtenidos se han integrado en un robusto modelo de edad calibrado 

astrocronológicamente. Este modelo ha permitido ponderar la influencia específica del 

impacto de Chicxulub, del vulcanismo del Decán y del control orbital en los principales 

cambios paleoclimáticos, paleoambientales y paleobiológicos a través del tránsito K–Pg, 

obteniendo las siguientes conclusiones: 

 

I. El estudio bioestratigráfico de las cuatro secciones ha permitido reconocer las dos 

últimas biozonas del Maastrichtiense: Biozonas CF2 (o de Pseudoguembelina palpebra) 

y CF1 (o de Plummerita hantkeninoides), y las tres primeras biozonas del Daniense: 

Zonas de Guembelitria cretacea, de Parvularugoglobigerina eugubina y de 

Parasubbotina pseudobulloides. Estas últimas han sido divididas en 7 subbiozonas: 

Subzonas de Muricohedbergella holmdelensis y de Parvularugoglobigerina 

longiapertura (Zona de G. cretacea), Subzonas de Parvularugoglobigerina sabina y de 

Eoglobigerina simplicissima (Zona de Pv. eugubina), y Subzonas de Eoglobigerina cf. 

trivialis, de Subbotina triloculinoides y de Globanomalina compressa (Zona de P. 

pseudobulloides). Las biozonas danienses utilizadas en esta tesis doctoral equivalen 

aproximadamente a las Biozonas danienses estándar P0, Pα, P1a, P1b y P1c. También se 

han reconocido los acmé-estadios de foraminíferos planctónicos PFAS 1 (acmé de 

Guembelitria), PFAS 2 (acmé de Parvularugoglobigerina y Palaeoglobigerina) y PFAS 

3 (acmé de Woodringina y Chiloguembelina) del Daniense temprano. 

 

II. Estas biozonas y los biohorizontes-guía que las definen han sido recalibrados 

magneto- y astrocronológicamente. Asumiendo una edad de 66,001 Ma para el límite 

K/Pg y utilizando la sección de Zumaia como referencia, la edad de la base de la Biozona 

CF1 ha sido estimada en 66,098 Ma, y las de las bases de las Subzonas de Mh. 

holmdelensis, Pv. longiapertura, Pv. sabina, E. simplicissima, E. cf. trivialis, S. 

triloculinoides y Globanomalina compressa en 66,001, 65,994, 65,983, 65,975, 65,933, 
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65,791 y 65,528 Ma respectivamente. De la misma manera, las bases de los acmé-estadios 

PFAS 1, 2 y 3 han sido calibradas astrocronológicamente en 66,001, 65,994 y 65,959 Ma 

respectivamente. 

 

III. Los eventos LMWE, límite K/Pg, Dan-C2 y LC29n se han identificado en 

Caravaca y Zumaia basándose en su registro isotópico, en robustos modelos de edad y en 

la comparación y correlación con el registro de otras localidades. Se ha comprobado que 

tanto el LMWE, como el evento del límite K/Pg, se registran a escala mundial y por tanto 

que responden inequívocamente a cambios climáticos globales. Por el contrario, el Dan-

C2 solo se ha reconocido en localidades del Atlántico y del Tetis, lo que sugiere su 

relación con un posible cambio climático más regional. El LC29n, hasta ahora, se ha 

registrado en muy pocas localidades, lo que nos impide determinar si es de naturaleza 

global.  

 

IV. Asumiendo una edad de 66,001 Ma para el límite K/Pg y utilizando la sección de 

Zumaia como referencia, los eventos LMWE, Dan-C2 y LC29n se han calibrado 

astrocronológicamente entre 66,25 y 66,10 Ma, entre 65,8 y 65,7 Ma, y entre 65,48 y 

65,41 Ma, respectivamente. 

 

V. Solo se han reconocido episodios de acidificación oceánica y de disolución de 

carbonatos ligados al LMWE y al límite K/Pg, los cuales han quedado registrados como 

intervalos con elevados índices de fragmentación de las conchas de foraminíferos 

planctónicos. Durante el LMWE, estos episodios se correlacionan temporalmente con los 

máximos de excentricidad corta (100 ka) y con el emplazamiento de las formaciones 

volcánicas menos voluminosas del Decán.  

 

VI. Los cambios en las asociaciones de foraminíferos planctónicos asociados a cada 

evento varían enormemente. El evento del límite K/Pg se ha atribuido a las perturbaciones 

ambientales globales desencadenadas por el impacto del asteroide de Chicxulub. Se 

caracteriza por una casi completa extinción instantánea a escala geológica, seguida de un 

acmé de Guembelitria, considerado el único género superviviente al evento del límite 

K/Pg, y de una etapa de proliferación de foraminíferos planctónicos aberrantes. El LMWE 

se caracteriza por una perturbación transitoria de las asociaciones de foraminíferos 

plantónicos. Durante el Dan-C2, las asociaciones no sufrieron ninguna perturbación 
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relevante sino más bien lo contrario, ya que se produjo la diversificación de nuevas 

especies de foraminíferos planctónicos. Finalmente, no se ha evidenciado ninguna 

respuesta paleobiológica en el LC29n.  

 

VII. El único episodio de estrés ambiental relevante que no está relacionado con los 

efectos del impacto de Chicxulub, se caracteriza por el apogeo del género oportunista 

Chiloguembelitria y por el aumento de la tasa de formas aberrantes en los foraminíferos 

planctónicos, y ha sido atribuido al vulcanismo del Decán y concretamente al 

emplazamiento de la Fm. Ambenali ~100 ka tras el límite K/Pg. 

 

VIII. El análisis morfológico, textural, biométrico y morfoestadístico del género 

daniense Chiloguembelitria ha permitido revalidar este género cuya validez taxonómica 

se había puesto en entredicho, al ser considerado como un sinónimo posterior de 

Guembelitria. Chiloguembelitria jugó un rol determinante en la evolución de varios 

linajes de foraminíferos planctónicos (chiloguembelínidos y globoconúsidos). 

 

IX. El acmé de Guembelitria tras el límite K/Pg (PFAS 1) y los acmés de 

Chiloguembelitria posteriores se caracterizan también por la proliferación de formas 

aberrantes de foraminíferos planctónicos. Se ha realizado un estudio morfológico 

detallado de las diferentes categorías y tipos de estas formas anormales en El Kef y Aïn 

Settara, y de sus implicaciones en las reconstrucciones paleoambientales. Al igual que los 

acmés de guembelítridos, la proliferación de formas aberrantes es considerada un 

indicador de estrés ambiental. 

 

X. Tras comparar las dataciones radiométricas de los episodios volcánicos del Decán 

y las calibraciones temporales de los eventos aquí estudiados, se concluye que el 

vulcanismo del Decán fue incapaz por si solo de provocar los cambios climáticos 

observados en el tránsito K–Pg a escala global. Se ha demostrado que el LMWE, el Dan-

C2 y el LC29n fueron fuertemente modulados por los cambios orbitales de la Tierra. 
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6. CONCLUSIONS 
 

 The influence of the recognized climatic events 1 Ma across the K/Pg boundary 

(LMWE, K/Pg boundary, Dan-C2 and LC29n) on planktic foraminiferal assemblages has 

been analyzed in the studied samples of three sections of the western Tethys (Caravaca, 

El Kef and Aïn Settara) and one section belonging to the transitional zone between the 

Tethys and the North Atlantic realm (Zumaia). The micropaleontological, geochemical 

and paleomagnetic data obtained have been integrated into a robust astrochronologically 

calibrated age model. This age-model has allowed to disentangle the specific 

contributions of the Chicxulub impact, Deccan volcanism and orbital control on the main 

paleoclimatic, paleoenvironmental and paleobiological changes across the K–Pg 

transition, resulting in the following conclusions: 

 

I. The biostratigraphic study of the four sections has made it possible to recognize 

the last biozones of the Maastrichtian: Biozones CF2 (or of Pseudoguembelina palpebra) 

and CF1 (or of Plummerita hantkeninoides), and the first three biozones of the Danian: 

Zones of Guembelitria cretacea, of Parvularugoglobigerina eugubina and 

Parasubbotina pseudobulloides. The last-mentioned Zone has been divided into 7 sub-

biozones: The Muricohedbergella holmdelensis and Parvularugoglobigerina 

longiapertura subzones (Zone of G. cretacea), the Parvularugoglobigerina sabina and 

Eoglobigerina simplicissima subzones (Zone of Pv. eugubina) and the Eoglobigerina cf. 

trivialis, Subbotina triloculinoides and Globanomalina compressa subzones (Zone of P. 

pseudobulloides). The Danian biozones used in this PhD thesis are roughly equivalent to 

the standard Danian biozones P0, Pα, P1a, P1b and P1c. The planktic foraminiferal acme-

stages PFAS 1 (Guembelitria acme), PFAS 2 (Parvularugoglobigerina and 

Palaeoglobigerina acme) and PFAS 3 (Woodringina and Chiloguembelina acme) from 

the early Danian have also been recognized. 

 

II. These biozones and the key-biohorizons that define them have been magneto- and 

astrochronologically recalibrated. Assuming an age of 66.001 Ma for the K/Pg boundary 

and using the astronomically calibrated age model developed in Zumaia as the reference, 

the age of the base of Biozone CF1 has been calibrated, at 66.098 Ma, as well as the bases 

of the Danian subzones: Mh. holmdelensis, Pv. longiapertura, Pv. sabina, E. 

simplicissima, E. cf. trivialis, S. triloculinoides and Gl. compressa, which have been 
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calibrated at 66.001, 65.994, 65.983, 65.975, 65.933, 65.791 and 65.528 Ma respectively. 

In the same way, the bases of the acme-stages PFAS 1, 2 and 3 have been calibrated at 

66.001, 65.994 and 65.959 Ma respectively. 

 

III. The LMWE, K/Pg boundary, the Dan-C2 and the LC29n events have been 

identified at Caravaca and Zumaia based on their isotopic signature, that was integrated 

into robust age models, allowing comparison and correlation with the isotopic record of 

other localities. It has been demonstrated that the LMWE and the K/Pg boundary event 

are worldwide events that unequivocally occurred in response to global changes. In 

contrast, the Dan-C2 has only been recognized in Atlantic and Tethyan localities, which 

suggests a probably more regional climate change. The LC29n is extremely poorly 

represented, having been reported only in a few localities, which prevents us from 

determining whether it is global or not. 

 

IV. Assuming an age of 66.001 Ma for the K/Pg boundary and using the Zumaia 

section as a reference, the LMWE, Dan-C2 and LC29n events have been astronomically 

calibrated between 66.25 and 66.10 Ma, between 65.8 and 65 .7 Ma, and between 65.48 

and 65.41 Ma, respectively. 

 

V. The episodes of oceanic carbonate dissolution and acidification have been 

recognized by the increase in fragmentation index among planktic foraminifera tests 

which have been chronologically linked to the LMWE and the K/Pg boundary. During 

the LMWE, carbonate dissolution episodes were temporally correlated with short 

eccentricity maxima (100 ka) and with the emplacement of the less voluminous volcanic 

formations of the Deccan. 

 

VI. Planktic foraminifera assemblages show a very different ecological response to 

the different perturbations. The K/Pg boundary event has been attributed to global 

environmental disturbances triggered by the Chicxulub impact. It is characterized by an 

almost complete instantaneous extinction of planktic foraminifera on a geological scale, 

followed by an acme-stage of Guembelitria, considered the only surviving genus at the 

K/Pg boundary event, and by the proliferation stage of aberrant planktic foraminifera. 

The LMWE is characterized by a transient disturbance of planktic foraminifera 

assemblages. During the Dan-C2 event, the assemblages did not suffer any relevant 
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disturbance but rather the opposite, since the appearance of new species of planktic 

foraminifera occurred. Finally, no paleobiological response to LC29n has been detected. 

 

VII. The only relevant episode of environmental stress unrelated to the long-term 

Chicxulub effects, is the acme-stage of the opportunistic genus Chiloguembelitria and the 

rebound in the increase of the planktic foraminiferal tests with aberrant growths. This rise 

in environmental stress has been related to the emplacement of the Ambenali Fm., which 

represents the third megapulse of Deccan Trap volcanism which occurred ~ 100 ka after 

the K/Pg boundary. 

 

VIII. The morphological, textural, biometric and morpho-statistical analysis of the 

Danian genus Chiloguembelitria has allowed us to revalidate this genus, whose 

taxonomic validity had been questioned since it was considered a later synonym of 

Guembelitria. Chiloguembelitria played a determining role in the evolution of several 

lineages of planktic foraminifera (chiloguembelinid and globconusid). 

 

IX. The Guembelitria acme after the K/Pg boundary (PFAS 1) and the subsequent 

Chiloguembelitria acme are also characterized by the proliferation of aberrant forms of 

planktic foraminifera. A detailed morphological study of the different categories and 

types of these abnormal forms, and their implications in paleoenvironmental 

reconstructions has been carried out at the El Kef and Aïn Settara sections. Similar to the 

acme of guembelitrids, the proliferation of aberrant forms is considered an indicator of 

environmental stress. 

 

X. After comparing the radiometric dating of the volcanic episodes of the Deccan 

Traps and the temporal calibrations of the events studied here, it is concluded that the 

volcanism of the Deccan Traps alone was insufficient to cause the climatic changes 

observed in the K–Pg transition on a global scale. It has been demonstrated that the 

LMWE, the Dan-C2, and the LC29n events were strongly modulated by Earth's orbital 

variations. 
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ANEXOS 
 
Anexo I. Material suplementario de Arenillas et al. (2018), (2 apéndices de texto, 

bibliografía, 7 figuras y 2 tablas). 

 

SUPPLEMENTARY APPENDIX A. Taxonomic Remarks  

The planktic foraminiferal taxonomy used in this paper is based on detailed 

morphological, morphostatistical and textural studies of specimens from the most 

continuous, complete and expanded sections worldwide (Arenillas and Arz, 2000, 2007, 

2013a,b, 2017; Arenillas et al. 2007, 2012, 2016; Arz et al. 2010). Specimens illustrated 

in Supplementary Figures 2 and 3 come mainly from El Kef and Aïn Settara, but also 

from Ben Gurion (Israel), Bajada del Jagüel (Argentina) and DSDP Site 305 (North 

Pacific). 

After the K/Pg boundary, two main evolutionary lineages emerged, one of tiny 

globigeriniform, trochospiral tests informally called parvularugoglobigerinids 

(Palaeoglobigerina Arenillas, Arz and Náñez, 2007, and Parvularugoglobigerina 

Hofker, 1978) with a smooth wall-texture, and the other of triserial tests 

(Chiloguembelitria) with a rugose wall-texture (Arenillas and Arz 2017; Arenillas et al. 

2017). The benthic genus Caucasina Khalilov, 1951, seems to be the ancestor of 

parvularugoglobigerinids (Brinkhuis and Zachariasse 1988), with Pseudocaucasina 

Arenillas and Arz, 2017 encompassing the intermediate morphotypes (Arenillas and Arz 

2017). On the basis of transitional specimens, Arenillas and Arz (2013a) suggested an 

evolution from smooth-walled Palaeoglobigerina to a spinose, cancellate lineage, first 

Eoglobigerina (initially with a pitted wall), and then Parasubbotina and Subbotina. 

Likewise, Arenillas and Arz (2013b) suggested an evolution from smooth-walled 

Parvularugoglobigerina to pitted Globanomalina, and then to non-spinose, cancellate 

Praemurica (wall-textures shown in Supplementary Fig. 1).  
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Guembelitria is the ancestor of Chiloguembelitria (Hofker 1978; Arenillas et al. 2017). 

This taxon played an important role in the evolution of early Danian guembelitriids, as it 

seems to be the most immediate ancestor of two lineages, one biserial and culminating in 

Chiloguembelina and another trochospiral and culminating in Globoconusa (Arenillas 

and Arz 2000; Arenillas et al. 2010). For the latter, Arenillas et al. (2012, 2016) proposed 

Trochoguembelitria as an intermediate taxon; this shares its wall-texture with 

Chiloguembelitria and, like the latter, may be triserial in its juvenile stage (Supplementary 

Fig. 1). Woodringina, with a mixed triserial-biserial test, is the intermediate taxon 

between Chiloguembelitria and the wholly biserial Chiloguembelina. This biserial 

lineage is characterized by a finely pustulate wall-texture, which tends to be smoother in 

Chiloguembelina (Supplementary Fig. 1). 
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SUPPLEMENTARY APPENDIX B. Evolutionary model of planktic foraminifera across the 

K/Pg boundary 

 

The evolutionary model proposed by Dean and McKinney (2001) includes four 

metrics: extinction rate (ER), speciation rate (NR), taxonomic flux (F) and volatility (V). 

These are calculated for consecutive stratigraphic intervals of approximately the same 

thickness and duration (Supplementary Fig. 4). The number, position and resolution of 

intervals are chosen by the researcher. In order to measure the metric turnovers in the 

greatest detail, we chose two series of overlapping intervals of 100 cm thickness (each 

interval between approximately 10 and 20Kyr in duration). The interval boundaries of the 

first series fall within the middle parts of the second series of intervals, and vice versa. 

The K/Pg boundary was made to coincide with the boundary between intervals 12 and 13 

and with the middle part of interval 13’ (Supplementary Fig. 4). 

Four parameters were measured in each interval (Supplementary Tables 1 and 2): the 

number of identified species (G), of extinct species (E), of new species (N) and of stable 

species (S), all quantified from stratigraphic range data. A stable species in a particular 

interval is the one that persists across the entire interval. We used the K-Pg planktic 

foraminiferal biostratigraphic data from Arenillas et al. (2000) and subsequent 

modifications (see Arenillas and Arz 2017; Arenillas et al. 2017) and calculated the Dean 

and McKinney (2001) metrics for the pattern A hypothesis (Supplementary Table 1), with 

sixteen Cretaceous survivors (see Supplementary Fig. 4), and the pattern B hypothesis, 
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with two Cretaceous survivors (Guembelitria cretacea and G. blowi) and the rest 

considered to be reworked specimens (Supplementary Table 2). The extinction (ER) and 

speciation (NR) rates in each interval were expressed as ER = E/G and NR = N/G, 

respectively. The taxonomic flux was defined as F = (G-E+N+S)/[S+G((E+S)/(N+S))] 

and log F was used to estimate the relative increase (positive value) or decline (negative 

value) in diversity in each interval. Finally, evolutionary variability was measured in 

terms of volatility, V = (G-S)/G, where low values indicate evolutionary stability and 

high values imply evolutionary turnovers. 

 

Supplementary APPENDIX B - References 

Arenillas, I., and J. A. Arz. 2017. Benthic origin and earliest evolution of the first 

planktonic foraminifera after the Cretaceous/Paleogene boundary mass extinction. 

Historical Biology 29:17–24. 

Arenillas, I., J. A. Arz, E. Molina, and C. Dupuis. 2000. An independent test of planktonic 

foraminiferal turnover across the Cretaceous/Paleogene (K/P) boundary at El Kef, 

Tunisia: Catastrophic mass extinction and possible survivorship. Micropaleontology 

46:31–49. 

Arenillas, I., J. A. Arz, and V. Gilabert. 2017. Revalidation of the genus 

Chiloguembelitria Hofker: implications for the evolution of early Danian planktonic 

foraminifera. Journal of African Earth Sciences 134:435–456. 

Dean, W. G., and M. L. McKinney. 2001. Taxonomic flux as a measure of evolutionary 

turnover. Revista Española de Paleontología 16:29–38. 

  



   Anexo I 

 232 

SUPPLEMENTARY FIGURES AND TABLES 

 

SUPPLEMENTARY FIGURE 1. Systematic scheme of early Danian planktic foraminifera (normal forms) with 

notes on test wall structure according to the taxonomy used here. The first evolutionary radiation occurred 

between approximately 5 and 26Kyr after the K/Pg boundary includes the appearance of species belonging 

to the genera Pseudocaucasina, Palaeoglobigerina Parvularugoglobigerina, Chiloguembelitria, 

Woodringina and Chiloguembelina appeared. The second evolutionary radiation occurred between 

approximately 46 and 110Kyr after the K/Pg boundary includes the appearance of species belonging to the 

genera Trochoguembelitria, Eoglobigerina, Parasubbotina, Globanomalina and Praemurica. 
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SUPPLEMENTARY FIGURE 2. Normal forms of early Danian species of the first evolutionary radiation (scale 

bar = 100 microns). 1. Guembelitria cretacea; 2. Guembelitria blowi; 3. Guembelitria dammula; 4. 

Chiloguembelitria danica; 5-6. Chiloguembelitria irregularis; 7. Chiloguembelitria hofkeri; 8. 

Chiloguembelitria trilobata; 9. Chiloguembelitria biseriata; 10. Woodringina claytonensis; 11. 

Woodringina hornerstownensis; 12. Chiloguembelina taurica; 13. Chiloguembelina midwayensis; 14. 

Pseudocaucasina antecessor; 15. Palaeoglobigerina alticonusa; 16. Palaeoglobigerina fodina; 17. 

Palaeoglobigerina minutula; 18. Palaeoglobigerina luterbacheri; 19. Parvularugoglobigerina 

longiapertura; 20. Parvularugoglobigerina eugubina; 21. Parvularugoglobigerina perexigua; 22. 

Parvularugoglobigerina umbrica; 23. Parvularugoglobigerina sabina. All specimens come from El Kef, 

except for some from Aïn Settara (10, 11, 19) and DSDP Site 305 (12). 
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SUPPLEMENTARY FIGURE 3. Normal forms of early Danian species of the second evolutionary radiation 

(scale bar = 100 microns). 1. Trochoguembelitria alabamensis; 2. Trochoguembelitria extensa; 3. 

Trochoguembelitria liuae; 4. Trochoguembelitria olssoni; 5. Globoconusa daubjergensis; 6. Eoglobigerina 

simplicissima; 7. Eoglobigerina eobulloides; 8. Eoglobigerina microcellulosa; 9. Eoglobigerina cf. 

trivialis; 10. Eoglobigerina praeedita; 11. Eoglobigerina edita; 12. Eoglobigerina fringa; 13. Subbotina 

triloculinoides; 14. Parasubbotina moskvini; 15. Parasubbotina pseudobulloides; 16. Parasubbotina 

varianta; 17-18. Globanomalina archeocompressa; 19. Globanomalina imitata; 20. Globanomalina 

planocompressa; 21. Praemurica taurica; 22. Praemurica pseudoinconstans; 23. Praemurica inconstans. 

All specimens come from El Kef, except for some from Bajada del Jagüel (5), Ben Gurion (9, 12, 14, 16), 

DSDP Site 305 (15, 21, 22, 23) and Aïn Settara (18). 
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SUPPLEMENTARY FIGURE 4. The planktic foraminifer species ranges across the K/Pg boundary at the El 

Kef section (modified from Arenillas et al. 2000a, 2002) and the two series of 1 m-thick intervals used to 

quantify the evolutionary model; solid line = certain range; thick dotted line = uncertain range, either 

because the range has not been corroborated at El Kef, because the range may be perhaps based on reworked 

specimens, or because the range indeed correspond to that of another morphologically similar species; thin 

dotted line = highly doubtful species range, based probably on reworked specimens. The pattern A 

hypothesis includes uncertain and highly doubtful ranges, whereas the pattern B hypothesis only takes into 

account ranges considered certain. 
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SUPPLEMENTARY FIGURE 5. Examples of aberrant planktic foraminiferal forms from acme-stage PFAS-

1, and transition between acme-stages PFAS-1 and PFAS-2 (scale bar = 100 microns). 1. Guembelitria sp. 

(probably G. cretacea), lack of sculpture in the test due to aberrant ultimate chambers. 2. Chiloguembelitria 

sp. (probably Chg. danica), reduced last chamber (kummerform). 3. Guembelitria spp., multiple ultimate 

chambers (racemiguembeliform multiserial test). 4. Guembelitria sp. (probably G. cretacea), second 

chamber abnormally protruding beside the proloculus. 5. Guembelitria sp. (probably G. cretacea), two 

specimens with fused tests. 6. Guembelitria sp. (probably G. cretacea), attached twins (Siamese). 7. W. 

claytonensis, kinking with change in the coiling direction. 8. W. hornerstownensis, kinking with change in 

the coiling direction. 9-10. W. hornerstownensis, multiple ultimate chambers (planoglobuliniform 

multiserial test). 11. Ch. midwayensis, kinking with change in the coiling direction of 90º. 12. 

Palaeoglobigerina sp. (probably Pg. alticonusa), multiple ultimate chambers and apertures (multiserial 

test). 13. Palaeoglobigerina sp. (probably Pg. fodina), multiple ultimate chambers (multiserial test). 14. 

Pv. longiapertura, kinking with two axes of rotation. 15. Parvularugoglobigerina sp. (probably Pv. 

umbrica), lack sculpture of the test, with multiple bulla-like chambers. 16-17. Pv. sabina, overdeveloped 

or bulla-like ultimate chamber. 18. Pv. longiapertura, aberrant antepenultimate chamber. 19. Pv. 

longiapertura, twisting of entire test (extreme kinking) and overdeveloped chambers. 20. 

Parvularugoglobigerina sp. (probably Pv. longiapertura), double or twinned ultimate chambers. Most of 

the specimens come from El Kef, and the rest are from Aïn Settara (9, 14, 17), Caravaca (10, 19), Elles 

(11) and Agost (15, 16, 18, 20). 



   Anexo I 

 237 

 

SUPPLEMENTARY FIGURE 6. Examples of aberrant planktic foraminiferal forms from PFAS-1 and PFAS-

2 (scale bar = 100 microns). 1. Pv. longiapertura, abnormally compressed test and aberrant ultimate 

chambers. 2. Pv. sabina, bulla-like ultimate chamber. 3. Parvularugoglobigerina sp. (probably Pv. 

longiapertura), twisting of entire test (extreme kinking). 4. Pv. longiapertura, abnormally compressed test 

and aberrant ultimate chamber. 5. Pv. eugubina, aberrant chamber (second chamber of the last whorl). 6. 

Pv. longiapertura, protuberant additional chamber. 7. Pv. longiapertura, inflated additional chamber. 8. 

Pv. longiapertura, test with two additional chambers. 9. Pv. eugubina, protuberant aberrant chamber. 10. 

Pv. longiapertura, poor development of last whorl. 11. Palaeoglobigerina sp. (probably Pg. fodina), 

multiple ultimate chambers (multiserial test). 12-14. Palaeoglobigerina sp. (Pg. alticonusa or Pg. fodina), 

bulla-like ultimate chamber with additional apertures. 15. Palaeoglobigerina sp. (probably Pg. fodina), 

second chamber abnormally protruding beside the proloculus. 16. Palaeoglobigerina sp. (probably Pg. 

fodina or Pg. luterbacheri), attached twins (Siamese). 17. Palaeoglobigerina sp. (probably Pg. fodina), 

twisting of entire test (extreme kinking). 18. Pv. eugubina, overdeveloped last chamber with aperture in 

equatorial position, and test going from trochospiral to planispiral. All specimens come from El Kef, except 

for some from Elles (1, 9) and Agost (10). 
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SUPPLEMENTARY FIGURE 7. Examples of aberrant planktic foraminiferal forms from PFAS-3, mainly 

from the Chiloguembelitria acme (scale bar = 100 microns). 1. Pv. eugubina, overdevelopment of the last 

whorl. 2. W. claytonensis, protuberant last chamber in anomalous position, with test going from biserial to 

triserial. 3. W. claytonensis, lack of sculpture in the test with both abnormal and protuberant chambers. 4. 

W. hornerstownensis, kinking with change in the coiling direction and reduced last chamber (kummerform). 

5. Woodringina sp. (probably W. claytonensis), general monstrosity, probably attached twins (Siamese) or 

test with extreme kinking. 6. Ch. taurica, welded chambers. 7. Ch. taurica, multiple ultimate chambers 

(multiserial test). 8. W. claytonensis, overdeveloped ultimate chamber. 9. Trochoguembelitria sp. (probably 

T. extensa), general monstrosity (proliferation of generally kummerform chambers, kinking, chambers 

abnormally protruding beside the proloculus, multiple apertures, etc.). 10. T. liuae, bulla-like ultimate 

chambers. 11. T. liuae, double or twinned ultimate chambers. 12. Praemurica sp. (probably Pr. 

pseudoinconstans), lack of sculpture in the test, with bulla-like antepenultimate chamber and two 

kummerform last chambers. All specimens come from El Kef, except for some from Aïn Settara (5), 

Caravaca (6), and Agost (7). 
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EL KEF - HYPOTHESIS OF PATTERN A 

Interval G E N S ER NR V F log F 
1' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
1 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
2' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
2 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
3' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
3 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
4' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
4 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
5' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
5 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
6' 68 2 0 66 0.03 0.00 0.03 0.97 -0.01 
6 68 2 0 66 0.03 0.00 0.03 0.97 -0.01 
7' 66 0 0 66 0.00 0.00 0.00 1.00 0.00 
7 66 0 0 66 0.00 0.00 0.00 1.00 0.00 
8' 66 2 0 64 0.03 0.00 0.03 0.97 -0.01 
8 66 2 0 64 0.03 0.00 0.03 0.97 -0.01 
9' 64 0 0 64 0.00 0.00 0.00 1.00 0.00 
9 64 1 0 63 0.02 0.00 0.02 0.98 -0.01 

10' 64 1 0 63 0.02 0.00 0.02 0.98 -0.01 
10 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
11' 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
11 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
12' 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
12 63 1 0 62 0.02 0.00 0.02 0.98 -0.01 
13' 65 50 2 13 0.77 0.03 0.80 0.10 -0.98 
13 71 51 9 11 0.72 0.13 0.85 0.17 -0.76 
14' 25 2 10 13 0.08 0.40 0.48 1.57 0.20 
14 25 0 5 20 0.00 0.20 0.20 1.25 0.10 
15' 27 1 7 19 0.04 0.26 0.30 1.31 0.12 
15 27 2 2 24 0.07 0.07 0.11 1.00 0.00 
16' 26 1 0 25 0.04 0.00 0.04 0.96 -0.02 
16 30 1 5 24 0.03 0.17 0.20 1.16 0.07 
17' 32 1 8 23 0.03 0.25 0.28 1.30 0.11 
17 32 4 3 25 0.13 0.09 0.22 0.96 -0.02 
18' 35 3 4 28 0.09 0.11 0.20 1.03 0.01 
18 31 0 4 26 0.00 0.13 0.16 1.15 0.06 
19' 33 0 1 32 0.00 0.03 0.03 1.03 0.01 
19 33 2 1 30 0.06 0.03 0.09 0.97 -0.01 
20' 36 2 3 31 0.06 0.08 0.14 1.03 0.01 
20 34 0 3 31 0.00 0.09 0.09 1.10 0.04 
21' 36 5 2 29 0.14 0.06 0.19 0.91 -0.04 
21 35 6 2 27 0.17 0.06 0.23 0.87 -0.06 
22' 33 0 2 31 0.00 0.06 0.06 1.06 0.03 
22 32 2 2 28 0.06 0.06 0.13 1.00 0.00 
23' 32 3 0 29 0.09 0.00 0.09 0.90 -0.04 
23 32 2 2 28 0.06 0.06 0.13 1.00 0.00 
24' 30 0 2 28 0.00 0.07 0.07 1.07 0.03 
24 30 0 0 30 0.00 0.00 0.00 1.00 0.00 
25' 30 4 0 26 0.13 0.00 0.13 0.86 -0.07 
25 32 6 2 24 0.19 0.06 0.25 0.85 -0.07 
26' 28 2 2 24 0.07 0.07 0.14 1.00 0.00 
26 26 0 0 26 0.00 0.00 0.00 1.00 0.00 

 
 

SUPPLEMENTARY TABLE 1. Values of parameters (G, E, N and S) and metrics (Er, Nr, F and V) in each 

interval of the El Kef section for pattern A hypothesis (meaning of parameters and metrics in 

SUPPLEMENTARY APPENDIX A). 
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EL KEF - HYPOTHESIS OF PATTERN B 
Interval G E N S ER NR V F log F 

1' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
1 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
2' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
2 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
3' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
3 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
4' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
4 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
5' 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
5 68 0 0 68 0.00 0.00 0.00 1.00 0.00 
6' 68 2 0 66 0.03 0.00 0.03 0.97 -0.01 
6 68 2 0 66 0.03 0.00 0.03 0.97 -0.01 
7' 66 0 0 66 0.00 0.00 0.00 1.00 0.00 
7 66 0 0 66 0.00 0.00 0.00 1.00 0.00 
8' 66 2 0 64 0.03 0.00 0.03 0.97 -0.01 
8 66 2 0 64 0.03 0.00 0.03 0.97 -0.01 
9' 64 0 0 64 0.00 0.00 0.00 1.00 0.00 
9 64 1 0 63 0.02 0.00 0.02 0.98 -0.01 

10' 64 1 0 63 0.02 0.00 0.02 0.98 -0.01 
10 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
11' 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
11 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
12' 63 0 0 63 0.00 0.00 0.00 1.00 0.00 
12 63 1 0 62 0.02 0.00 0.02 0.98 -0.01 
13' 65 61 2 2 0.94 0.03 0.97 0.01 -2.11 
13 71 62 9 0 0.87 0.13 1.00 0.04 -1.43 
14' 14 1 10 3 0.07 0.71 0.79 3.56 0.55 
14 15 1 5 9 0.07 0.33 0.40 1.42 0.15 
15' 17 2 4 11 0.12 0.24 0.35 1.17 0.07 
15 16 1 2 13 0.06 0.13 0.19 1.07 0.03 
16' 15 0 0 15 0.00 0.00 0.00 1.00 0.00 
16 20 0 5 15 0.00 0.25 0.25 1.33 0.12 
17' 23 0 8 15 0.00 0.35 0.35 1.53 0.19 
17 23 3 3 17 0.13 0.13 0.26 1.00 0.00 
18' 27 3 4 20 0.11 0.15 0.26 1.05 0.02 
18 24 0 4 20 0.00 0.17 0.17 1.20 0.08 
19' 25 0 1 24 0.00 0.04 0.04 1.04 0.02 
19 25 0 1 24 0.00 0.04 0.04 1.04 0.02 
20' 28 0 3 25 0.00 0.11 0.11 1.12 0.05 
20 28 0 3 25 0.00 0.11 0.11 1.12 0.05 
21' 29 5 1 23 0.17 0.03 0.21 0.84 -0.07 
21 28 6 1 21 0.21 0.04 0.25 0.79 -0.10 
22' 26 1 2 23 0.04 0.08 0.12 1.04 0.02 
22 25 0 2 23 0.00 0.08 0.08 1.09 0.04 
23' 25 2 0 23 0.08 0.00 0.08 0.92 -0.04 
23 28 2 3 23 0.07 0.11 0.18 1.04 0.02 
24' 26 0 3 23 0.00 0.12 0.12 1.13 0.05 
24 26 0 0 26 0.00 0.00 0.00 1.00 0.00 
25' 26 1 0 25 0.04 0.00 0.04 0.96 -0.02 
25 28 2 2 24 0.07 0.07 0.14 1.00 0.00 
26' 27 1 2 24 0.04 0.07 0.11 1.04 0.02 
26 26 0 0 26 0.00 0.00 0.00 1.00 0.00 

 
 

SUPPLEMENTARY TABLE 2. Values of parameters (G, E, N and S) and metrics (Er, Nr, F and V) in each 

interval of the El Kef section for pattern B hypothesis (meaning of parameters and metrics in 

SUPPLEMENTARY APPENDIX A). 
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Anexo II. Material suplementario de Gilabert et al. (2021a), (4 Tablas). 

Archivos originales de las tablas en formato xlsx. se encuentran en la carpeta (Anexos). 

 

 
 

Supplementary Table 1. Stratigraphic distribution of planktic foraminifera across the Caravaca section, 

and specific richness in each sample. 
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Supplementary Table 2. Relative abundance (%) of planktic foraminifera genera (ˆ = mixed layer dweller; 

∗ = intermediate dweller, + = thermocline dweller), N = total number of studied specimens in each sample, 

planktic/benthic (P/B) ratio, depth-habitat ecogroups (%), Deep/surface ratio, and fragmentation index. 
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Supplementary Table 3. Biometric data measured in Contusotruncana contusa and Pseudoguembelina 

hariaensis tests, and relative abundance (%) of P. hariaensis morphotypes. 
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Supplementary Table 4. Geochemical results: bulk δ18O and δ13C data (‰ VPDB) and CaCO3 content. 
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Anexo III. Material suplementario de Gilabert et al. (2021b), (4 Tablas). 
Archivos originales de las tablas en formato xlsx. se encuentran en la carpeta (Anexos). 

 

 
Supplementary Table 1. Relative abundance of planktic foraminifera species across the Caravaca section. 
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Supplementary Table 2. Relative abundance of planktic foraminifera genera, major groups, main diversity 

indices, Planktic/Benthic ratio and Fragmentation index across the Caravaca section. 
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Supplementary Table 3. Relative abundance of planktic foraminifera genera and major groups, with 

aberrante morphologies across the Caravaca section. 
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Supplementary Table 4. Geochemical results: bulk δ18O and δ13C data (‰ VPDB), CaCO3 content, and 

magnetic susceptibility.
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Anexo IV. Material suplementario de Gilabert et al. (2021c), (4 textos, 5 figuras, 5 

tablas y bibliografía suplementaria). 

Archivos originales de las tablas en formato xlsx. se encuentran en la carpeta (Anexos). 

 

Text S1: Detailed Methodology 

Sampling: For the micropaleontological, geochemical and geophysical analysis, we 

sampled 24.5 m across the Cretaceous/Paleogene boundary (KPB) of the Zumaia section. 

A total of 171 samples were taken, of which 103 samples were from the 16-m-thick 

Maastrichtian interval and 68 from the 8.5-m-thick Danian interval. The sample spacing 

for the Maastrichtian was of 15–20 cm, except for the 2 m below the KPB, which were 

sampled every 5–10 cm. The Danian interval was sampled every 2.5–5 cm across the first 

80 cm and every 15 cm further upwards. 

 

Micropaleontology: We follow the disaggregating technique of Lirer (2000) which 

employs dilute acetic acid for 3-4 hours to liberate calcareous microfossils from strongly 

lithified calcareous rocks such as those from Zumaia. The disaggregated samples were 

then washed through a 63 μm sieve and oven-dried at 50 ºC. When quantitative analysis 

was possible, the samples were split with a microsplitter to obtain a representative aliquot 

of ca. 300 specimens per sample. 

 

Calcium carbonate content: The calcium carbonate content of each rock sample was 

estimated with a manocalcimeter by measuring and recording the carbon dioxide pressure 

rise produced by acid attack on the rock sample. 171 rock samples were analyzed, which 

were mechanically powdered to avoid the secondary calcite veins. The analyses were 

performed by adding 5ml of 5M HCl to one gram of powdered sample in the reaction 

cell, which is independent of the atmospheric pressure. 
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Carbon isotope analyses: Measurements of δ13C were performed on homogenized bulk 

powdered sediment from the same 171 samples. Samples were analyzed in the 

Department of Earth Sciences of the University of Oxford, using a GasBench device 

attached to a ThermoFisher Delta V Advantage gas source isotope ratio mass 

spectrometer. Carbon isotopes are reported using the standard delta notation (δ13C) in 

parts per mill (‰) on the Vienna PeeDee Belemnite (VPDB) scale. Calibration of samples 

to the VPDB scale was achieved using multiple analyses of an in-house standard. For the 

d13C, the in-house standard, NOCZ, has an average value of 2.18‰. The NOCZ standard 

was calibrated to the VPDB scale by comparison with analyses of NBS-19 and NBS-18, 

which were assigned values of +1.95‰ and -5.014‰, respectively. Repeated analyses of 

in-house standards suggest a reproducibility (±1σ) of <0.1. 

 
Magnetic susceptibility: The magnetic susceptibility (MS) of the 171 samples was 

measured at the University of Zaragoza, Spain, with a Kappabridge KLY-35 spinning 

specimen magnetic susceptibility anisotropy meter. Samples were crushed in an agate 

mortar and measured in cylindrical plastic boxes 10 cm3 in volume. MS values are 

reported relative to mass (m3/kg). 

 

Text S2: Geochemical and geophysical properties. 

The d13C, CaCO3 and magnetic susceptibility data from Zumaia presented here (Figs. 3, 

S2 and Table S2) are comparable to previous studies from the KPB interval at Zumaia 

(e.g., Batenburg et al., 2012; Dinarés-Turell et al., 2003, 2014). Fig. S2 shows that d13C 

and CaCO3 exhibit a limited degree of correlation, although this is variable through the 

section. Covariation of d13C and carbonate content at the KPB and the first 50 cm of the 

Danian is ascribed to the KPB mass extinction that caused the decimation of the marine 

calcifiers, causing a sudden decrease in carbonate production (Smit, 1982; Bown, 2005; 
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Henehan et al., 2019). The generally poor correlation in the 1 m.y. across the KPB 

suggests that the lithology of the Zumaia section is not the dominant control on d13C 

values, which is consistent with reported carbonate concentrations and d13C values for 

the Late Cretaceous and early Danian (e.g., Hull et al., 2020). A strong negative 

correlation between magnetic susceptibility and CaCO3 content (Fig. S2) suggests that 

variations in the original fluxes of detrital material and carbonate were the main driver of 

variations in the concentration of paramagnetic minerals. Although we could not replicate 

the detailed sampling of Danian rocks of ten Kate and Sprenger (1993) due to coastal 

erosion, previous studies indicate that the thin layers in between indurated Danian 

limestones beds are marls (e.g., ten Kate and Sprenger, 1993; Dinares-Turell et al., 2003, 

2014; Hilgen et al., 2010, 2015). Rather than dissolution of CaCO3, the formation of marls 

was likely driven by increases in siliciclastic input during extremes of the precessional 

cycle, in a time of overall low production of CaCO3 in the aftermath of the extinction of 

marine calcifiers at the KPB (e.g., Smit, 1982; Bown, 2005; Schulte et al., 2010).  

 

Text S3: Age models 

The age model presented here is based on the identification of the 405 k.y. component 

of eccentricity-modulated precession in the lithological alternations at Zumaia, following 

the studies by Batenburg et al. (2012) for the Maastrichtian interval and by Dinarès-Turell 

et al. (2014) for the Danian interval, anchored to a KPB age of 66.001 Ma, as in the 405 

k.y. age model of Dinarès-Turell et al. (2014) (Table S1). The 405 k.y. periodicity, also 

known as long eccentricity, is the only reliable tuning target beyond 52 Ma (Laskar et al., 

2011). Lithological patterns are tied to eccentricity minima and maxima, with maximal 

lithological contrast taken to reflect eccentricity maxima, and minimal contrast between 

lithologies considered to reflect eccentricity minima. Lithological alternations, i.e. 
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limestone-marl couplets or more gradual variations in lithology, were interpreted to 

reflect precession-driven cyclicity (manuscript Fig. 2), following the work of Dinarès-

Turell et al. (2014), Hilgen et al. (2015) and Batenburg et al. (2012). In between tie-points, 

precessional cycles were ascribed ages by assuming an equal duration per precessional 

cycle (Table S2), an approximation which allows considerable differences in 

sedimentation rate within 405 k.y. cycles to be accounted for. This approach is in line 

with that of Batenburg et al. (2012) in providing astronomically calibrated ages for bio-, 

chemo- and magneto-stratigraphic events.  

To correlate and compare the d13C curve of Zumaia with data from other localities 

(ODP 1262, South Atlantic; ODP 1049 and IODP U1403, North Atlantic; and Gubbio, 

Italy), we anchored the d13C curves to the same KPB age, aligned the different tie-points 

in each locality (Table S5), and assumed a constant sedimentation rate between the tie-

points.  

 

Text S4: Stratigraphic continuity across the KPB at Zumaia 

The Zumaia section was designated one of the auxiliary sections of the GSSP for 

the base of the Danian due to its continuity and good exposure (Molina et al., 2009). The 

KPB is easily identifiable at Zumaia because there is an abrupt change of facies from the 

uppermost Maastrichtian reddish marls to the KPB blackish clay bed (Fig. S1B). The first 

2 cm of the Danian exhibits calcite veins as the result of small-scale tectonic shear stress 

at the Maastrichtian/Danian contact (Fig. S1B), which favored the growth of millimetric 

to centimetric fractures filled with calcite. Nevertheless, moving laterally across the 

outcrop, sites can be found where the KPB sequence is better exposed and is less affected 

by calcite veins. At Zumaia, the KPB is well marked by a millimeter-thick airfall layer 

consisting of altered microtektites, referred to as microkrystites by Smit (1999), and a 
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“rusty” layer (Fig. S1C-E). According to Smit (1990), the airfall layer at Zumaia has an 

anomalous iridium concentration of up to 26.3 ppb, which is similar to other iridium 

anomalies identified in well-known KPB sections such as Caravaca (Smit, 1982) and 

Agost (Ruíz et al., 1992). At Zumaia, the mass extinction horizon of planktic foraminifera 

coincides with the airfall layer at the base of the KPB Clay (Fig. S3). 

Our lithological, cyclostratigraphic, micropaleontological and geochemical 

observations refute the recent suggestion by Font et al. (2018) that there would be a ~150 

k.y. hiatus across the KPB. Above and below the boundary clay, rhythmic alternations of 

marls and limestones at Zumaia have proven instrumental for the tuning and correlation 

of sections worldwide (ten Kate and Sprenger, 1993; Westerhold et al., 2008; Batenburg 

et al., 2012; Dinares-Turell et al., 2014; Hilgen et al., 2015; this work), and even for 

intercalibrating astrochronology and radiometric dating (Kuiper et al., 2008). We 

recognized 13.5 precession cycles in the ~ 4-m-thick interval between the KPB and the 

C29r/C29n reversal, which represents the first ~300 k.y. of the Danian, in line with 

previous cyclostratigraphic studies for this interval at Zumaia (Dinarès-Turell et al., 2003, 

2014; Hilgen et al., 2010, 2015). A hiatus of ~150 k.y. as proposed by Font et al. (2018) 

implies that the lithological alternations only represent 6–7 precession cycles with an 

average thickness of ~0.6 m per precession cycle, similar to lithological couplets in the 

Maastrichtian (~0.7 m average thickness; Batenburg et al., 2012). Such a low number of 

cycles is not in agreement with the bedding patterns, and a constant sedimentation rate is 

not in agreement with the change in lithology from predominantly marl in the uppermost 

Maastrichtian to predominantly limestone in the lowermost Danian at Zumaia, ascribed 

to a sharp drop in siliciclastic supply (Dinarès-Turell et al., 2003). Abrupt changes in 

sedimentation rate are commonly recognized at other localities in the early Danian (e.g., 

Smit, 1999; D’Hondt et al., 2005; Dameron et al., 2017).  
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Unlike the biostratigraphic study of Font et al. (2018), we were able to recognize 

the complete sequence of biozones and bioevents of planktic foraminifera across the KPB 

interval of Zumaia. For the Maastrichtian, these include the lowest occurrence datum 

(LOD) of Plummerita hantkeninoides and the highest occurrence datum (HOD) of 

Archaeoglobigerina cretacea (Fig. S3, Tables S3 and S4), in stratigraphic positions 

directly correlatable to those recognized in other reference sections such as El Kef 

(Tunisia; Arenillas et al., 2000a), Aïn Setara (Tunisia; Arenillas et al., 2000b), Caravaca 

(Spain; Gilabert et al., 2021), and Agost (Spain; Molina et al., 2005). All the lowermost 

Danian biozones of Arenillas et al. (2004) and Wade et al. (2011) and all the planktic 

foraminiferal acme-stages (PFAS) of Arenillas et al. (2006) are identified in this section 

(Figs. 2, 3, S2, S3, S4, Tables S3 and S4). The PFAS have been reported worldwide, 

mainly in the Tethys, North Atlantic and Gulf of Mexico-Caribbean regions (Arenillas et 

al., 2000a,b, 2018; Alegret et al., 2004; Gallala et al., 2009; Renne et al., 2018; Lowery 

et al., 2018), and consequently they have been considered a very useful tool for 

biostratigraphic correlation. Their identification in the lowermost Danian provides 

additional support in assessing the stratigraphic continuity of the Zumaia section across 

the KPB. Danian nannoplankton assemblages typically display a similar acme stage 

sequence worldwide (e.g., Jiang et al., 2010; Jones et al., 2019; Gibbs et al., 2020), which 

has been recognized at Zumaia by Bernaola et al. (2006) above the KPB (Table S2).  

The geochemical and isotope-stratigraphic record at Zumaia also supports the 

completeness of the stratigraphic record. We recognize all the isotopic events identified 

worldwide across the KPB (see main text), including the sharp decrease in CaCO3 and 

d13C that is recognized worldwide (Molina et al., 2009; Schulte et al., 2010; Sepulveda et 

al., 2019; Fig. 3 and Table S2).  
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Supplementary figures S1-S5 

 
 
Figure S1: Cretaceous-Paleogene transition of Zumaia at different scales. A) Field overview of the Zumaia 

outcrop, illustrating the rhythmic lithological patterns across the upper Maastrichtian (reddish-marl-

dominated upper part of the Zumaia-Algorri Formation) and lower Danian (limestone-dominated lower 

part of the Aitzgorri Formation). B) Detailed field view of the boundary interval; the KPB is located at the 

base of the KPB Clay. C) Magnified view of the airfall layer with abundant microkrystites in concordant 

contact with the underlying Maastrichtian sediments. D) Detail of ejecta-rich airfall layer, illustrating lateral 

changes in thickness. E) Thin-section micrograph of the airfall layer under a petrographic microscope; 

several in situ planktic foraminifera specimens in the reddish Maastrichtian marls can also be recognized, 

and only one reworked specimen in the overlying blackish clay bed. 
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Figure S2: Cross-plots between CaCO3 and d13C (A), magnetic susceptibility and d13C (B), CaCO3 and 

magnetic susceptibility, the gray shadow in each plot represents the standard error. Changes in the values 

of CaCO3 (D) and magnetic susceptibility (E) across the Zumaia section. 
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Figure S3: Stratigraphic ranges of the late Maastrichtian and early Danian planktic foraminiferal species 

recognized at the Zumaia section. Dashed line represents the extinction pattern based only on quantitative 

data, showing a biased extinction pattern. Lowest occurrence datums (LODs) of the species numbered from 

(1) to (6) are the base of the biozones and subbiozones of Arenillas et al. (2004). (I) LOD of Plummerita 

hantkeninoides is the base of the uppermost Maastrichtian Biozone CF1 of Li and Keller (1998). 

Biozonations: A – Wade et al. (2011); B – Arenillas et al. (2004); C – Li and Keller (1998); D – Arz and 

Molina (2002). C– Contusotruncana; Gita– Globotruncanita; Psg.–Pseudoguembelina; R. 

Rugoglobigerina; A–Archaeoglobigerina; G.–Globotruncana; Gtlla.–Globotruncanella; H.–Heterohelix; 

Gu.–Gublerina; S.–Schackoina; Pm.–Plummerita; Abth.–Abathomphalus; Gll.–Globigerinelloides; M.–

Muricohedbergella; Pl.–Planoglobulina; L.– Laeviheterohelix; Ptx.–Pseudotextularia; Rcm.– 

Racemiguembelina; Gb.–Guembelitria for the Maastrichtian. Ps.–Pseudocaucasina; Pv.–

Parvularugoglobigerina; Pg.–Palaeoglobigerina; E.–Eoglobigerina; P.–Parasubbotina; W.–

Woodringina; Ch.–Chiloguembelina; Chg.– Chiloguembelitria; Gl.–Globanomalina; T.–

Trochoguembelitria; Pr.–Praemurica; S.–Subbotina; Glc.–Globoconusa for the Danian. 
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Figure S4: Quantitative analysis of planktic foraminifera based on the >63 microns sieved fraction. 

(Others* Globotrunanids) – Abathomphalus + Contusotruncana +Globotruncanita; (Others* Biserial and 

multiserial heterohelicids) – Racemiguembelina + Planoglobulina + Gublerina. 
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Figure S5: Correlation of the lowermost Danian PFAS at Zumaia (this study), El Kef (Tunisia; Arenillas 

et al., 2018), DSDP-577 (Central Pacific; Smit and Romein, 1985), Agost (Spain; Canudo et al., 1991), 

Gubbio (Italy; Coccioni et al., 2010) and DSDP 528 (South Atlantic; D´Hondt and Keller, 1991). Triserial 

taxa = Guembelitria and Chiloguembelitria. Parvularugoglobigerinids (tiny trochospiral taxa): 

Parvularugoglobigerina and Palaeoglobigerina. Biserial taxa: Woodringina and Chiloguembelina. Other 

taxa: Eoglobigerina, Parasubbotina, Subbotina, Globanomalina and Praemurica (Trochoguembelitria and 

Globoconusa are also included here). 
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Supplementary Tables S1-S5  

 

 
 

Table S1: Tie-points for the astronomically calibrated age model of the Cretaceous-Paleogene 

transition at Zumaia. Min.–Minima; max.–maxima. All the ages are based on the La2011 astronomical 

solution (Laskar et al., 2011); the KPB age is based on the 405 k.y. calibration by Dinarès-Turell et 

al. (2014); the 405 eccentricity maxima follow the nomenclature of Husson et al. (2011). 

 

TABLE S2. ASTRONOMICALLY CALIBRATED AGE MODEL FOR THE CRETACEOUS-PALEOGENE 
TRANSITION AT ZUMAIA 

Height 
from KPB Age d13C 

Bulk CaCO3 
Magnetic 

suceptibility 
Time 
from 
KPB Main paleobiologic and isotopic events 

(cm) (Ma) (‰) (%) (kg/m3) (k.y.) 
850 65.364 1.773 83 1.581E-08 636.69  

820 65.389 1.865 87 9.313E-09 611.82  

805 65.401 1.753 81 1.677E-08 600.27  

790 65.408 1.817 86 1.481E-08 592.73 End of Lower C29n event 
770 65.418 1.524 79 2.076E-08 582.68  

750 65.434 1.614 84 1.385E-08 566.60  

730 65.459 1.513 80 1.700E-08 542.48  

710 65.480 1.741 85 1.337E-08 521.38 Onset of Lower C29n event 
680 65.514 1.793 86 1.279E-08 486.90  

655 65.528 1.879 80 1.852E-08 472.76 LOD of Globanomalina compressa 
625 65.549 2.012 86 9.687E-09 452.04  

600 65.570 1.981 79 1.860E-08 430.93  

580 65.586 1.895 86 1.256E-08 415.43  

565 65.595 2.153 84 1.750E-08 405.74  

550 65.605 2.177 87 1.317E-08 396.05  

525 65.621 2.079 83 1.444E-08 379.90  

510 65.633 2.107 87 1.186E-08 367.62  

500 65.642 1.893 78 1.750E-08 358.58  

485 65.654 2.067 89 8.700E-09 346.52  

470 65.666 2.210 82 1.799E-08 335.21  

460 65.673 2.204 84 1.499E-08 327.68  

445 65.685 2.196 80 1.939E-08 316.37  

430 65.696 1.930 84 1.571E-08 305.06 End of Dan-C2 event 
415 65.707 1.686 51 4.500E-08 293.76  
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400 65.719 1.814 81 1.830E-08 281.70 
End of Chiloguembelitria bloom, end of 
Neobiscutum parvulum* bloom, LOD of 
Cruciplacolithus primus (large)*, onset 

of Futyania petalosa* bloom 

380 65.737 2.200 83 1.345E-08 263.61  

365 65.760 2.050 76 2.392E-08 241.00  

350 65.776 2.215 81 1.886E-08 225.48  

340 65.784 1.620 80 3.664E-08 216.85  

330 65.791 1.920 84 1.428E-08 209.95 LOD of Subbotina triloculinoides 
315 65.801 2.110 58 2.020E-08 199.60 Onset of Dan-C2 event 
305 65.812 2.293 86 1.270E-08 189.25  

285 65.830 2.076 85 1.045E-08 170.62  

265 65.847 2.292 83 1.300E-08 154.06  

250 65.859 2.243 87 8.991E-09 141.64  

230 65.872 2.301 85 1.148E-08 128.63  

215 65.881 2.341 87 9.110E-09 119.76  

195 65.891 2.211 82 1.153E-08 109.90 Onset of Chiloguembelitria bloom, LOD 
of Futyania petalosa* 

180 65.898 2.063 86 8.506E-09 103.00  

165 65.905 2.194 88 9.833E-09 96.10  

152 65.910 2.141 85 1.121E-08 90.72 End of Cyclagelospahera reinhardtii* 
bloom 

140 65.915 2.347 88 8.523E-09 85.75  

128 65.920 1.969 84 1.311E-08 80.78 HOD of Parvularugoglobigerina 
eugubina 

115 65.926 2.174 84 1.116E-08 75.40  

110 65.928 1.909 82 1.204E-08 73.10  

100 65.933 2.127 89 1.335E-08 68.50 LOD of Parasubbotina pseudobulloides, 
onset of Neobiscutum parvulum* bloom 

90 65.937 2.072 82 1.387E-08 63.90  

80 65.942 2.182 83 1.291E-08 59.30  

74 65.945 2.249 89 1.387E-08 56.43  

72 65.945 1.976 83 1.479E-08 55.62  

67 65.949 1.860 79 2.580E-08 52.42  

61 65.954 2.124 82 1.741E-08 47.46  

55 65.959 2.040 81 1.822E-08 42.49 Onset of PFAS-3 

50 65.967 1.233 50 3.589E-08 34.00  

43 65.971 1.432 50 2.007E-08 29.89  

37 65.975 1.741 52 4.014E-08 26.38 LOD of Eoglobigerina simplicissima 
33 65.977 0.936 36 5.738E-08 24.04  

30 65.979 0.797 33 6.013E-08 22.29  

27 65.981 1.150 33 6.138E-08 20.53  

23 65.983 0.867 29 6.293E-08 18.19 LOD of Parvularugoglobigerina 
eugubina 

20 65.985 0.767 29 6.628E-08 16.44 Onset of Braarudosphaera bigelowii* 
bloom 

17 65.987 0.500 26 7.062E-08 14.68  

14 65.989 0.640 25 6.727E-08 12.93  

11 65.990 0.846 31 6.271E-08 11.17  

9 65.992 0.148 20 6.247E-08 10.00 Onset of Cyclagelospahera reinhardtii* 
bloom 
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6 65.995 -0.044 27 8.496E-08 6.60 LOD of Parvularugoglobigerina 
longiapertura, onset of PFAS-2 

4 65.997 -0.156 12 8.266E-08 4.40  

1 66.000 1.422 14 8.266E-08 1.10 
LOD of Pseudocaucasina antecessor, 

onset of PFAS-1, and onset of 
Thoracosphaera operculata* bloom 

0 66.001     
KPB mass extinction, HOD of 

Plummerita hantkeninoides. Airfall layer 
(microkrystites) 

-1 66.001 1.950 35 6.650E-08 -0.34  

-6 66.003 1.830 43 8.032E-08 -1.71  

-10 66.004 1.805 47 7.163E-08 -2.73  

-15 66.005 1.694 49 7.842E-08 -4.10  

-20 66.006 1.758 42 7.409E-08 -5.47  

-25 66.008 1.982 45 8.152E-08 -6.83  

-30 66.009 1.899 49 7.653E-08 -8.20  

-35 66.011 1.826 41 8.523E-08 -9.56  

-40 66.012 1.780 45 8.280E-08 -11.30  

-45 66.014 1.760 46 8.191E-08 -13.04  

-50 66.016 1.901 49 8.042E-08 -14.78 HOD of Archaeoglobigerina cretacea 
-65 66.021 1.486 36 8.169E-08 -20.00  

-75 66.024 1.512 41 8.247E-08 -23.48  

-85 66.028 1.692 46 7.835E-08 -26.95  

-95 66.031 1.670 48 7.945E-08 -29.97  

-105 66.034 1.782 49 8.171E-08 -32.52  

-115 66.036 1.597 36 7.936E-08 -35.07  

-125 66.039 1.650 42 8.100E-08 -37.62  

-135 66.041 1.491 35 8.966E-08 -40.17  

-145 66.044 1.351 30 7.369E-08 -42.72  

-155 66.046 1.510 32 7.775E-08 -45.27  

-165 66.049 1.604 42 8.066E-08 -47.82  

-175 66.051 1.517 41 8.486E-08 -49.73  

-185 66.053 1.569 42 8.222E-08 -51.65  

-195 66.055 1.343 37 8.259E-08 -53.56  

-205 66.056 1.460 21 6.516E-08 -55.47  

-220 66.059 1.051 28 9.642E-08 -58.34  

-235 66.062 1.255 33 7.133E-08 -61.21  

-255 66.066 1.242 34 5.824E-08 -65.04  

-270 66.069 1.619 35 9.901E-08 -67.68  

-290 66.072 1.570 32 1.026E-07 -70.63  

-310 66.075 1.496 32 9.047E-08 -73.57  

-330 66.078 1.136 28 9.442E-08 -76.51  

-345 66.080 1.052 26 9.486E-08 -78.72  

-360 66.082 1.467 30 9.839E-08 -80.93  

-375 66.084 1.422 32 1.065E-07 -83.13  

-395 66.087 1.346 33 9.901E-08 -86.08  

-415 66.091 1.664 36 9.074E-08 -90.33  

-435 66.096 1.149 31 9.071E-08 -94.58  

-455 66.100 1.057 29 7.708E-08 -98.83 LOD of Plummerita hantkeninoides 

-475 66.104 1.730 35 8.999E-08 -103.08 End of Late Maastrichtian Warming 
event 

-490 66.107 1.565 33 8.277E-08 -106.04  

-510 66.110 1.539 38 8.993E-08 -109.36  
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-530 66.114 1.436 27 9.526E-08 -112.69  

-550 66.117 1.200 29 7.281E-08 -116.02  

-570 66.120 1.013 25 1.008E-07 -119.34  

-590 66.124 1.498 27 1.014E-07 -122.67  

-610 66.127 1.483 30 8.217E-08 -126.00  

-630 66.130 1.254 23 9.886E-08 -129.32  

-650 66.134 0.952 21 9.532E-08 -132.65  

-670 66.137 1.199 21 1.010E-07 -135.98  

-695 66.141 1.226 26 9.640E-08 -140.13  

-715 66.144 1.375 30 1.033E-07 -143.46  

-735 66.149 1.238 31 9.429E-08 -148.24  

-755 66.154 0.420 26 7.972E-08 -153.03  

-770 66.158 1.399 28 8.778E-08 -156.61  

-795 66.164 1.440 32 4.983E-08 -162.59  

-810 66.168 1.456 33 8.668E-08 -166.69  

-830 66.172 0.861 23 8.253E-08 -171.00  

-850 66.179 1.124 31 8.646E-08 -177.62  

-875 66.185 1.252 39 7.521E-08 -184.45  

-890 66.190 1.539 37 8.648E-08 -188.55  

-905 66.194 1.609 40 8.073E-08 -192.65  

-925 66.199 1.564 41 7.504E-08 -198.11  

-965 66.212 1.140 41 9.010E-08 -211.28  

-985 66.219 1.650 42 5.497E-08 -218.24  

-1000 66.225 1.692 52 6.162E-08 -223.80 LOD Micula prinsii* 
-1015 66.231 1.725 50 6.372E-08 -229.54  

-1030 66.236 1.356 45 6.552E-08 -235.28  

-1045 66.241 1.520 48 6.642E-08 -240.23  

-1060 66.245 1.500 43 6.510E-08 -243.60  

-1075 66.248 1.349 42 7.581E-08 -246.98  

-1090 66.251 0.965 34 6.853E-08 -250.35  

-1105 66.255 1.570 49 6.359E-08 -253.73 Onset of Late Maastrichtian Warming 
event 

-1130 66.261 1.704 56 5.686E-08 -259.97  

-1150 66.268 1.487 43 7.279E-08 -266.93  

-1165 66.273 1.766 38 7.132E-08 -272.14  

-1185 66.280 1.679 53 5.719E-08 -278.63  

-1200 66.283 1.616 49 5.641E-08 -282.46  

-1220 66.289 1.738 49 6.506E-08 -287.56  

-1245 66.295 1.672 47 6.495E-08 -293.94  

-1260 66.299 1.637 50 6.595E-08 -297.96  

-1275 66.303 1.578 50 6.769E-08 -302.37  

-1305 66.312 1.538 46 7.138E-08 -311.20  

-1305 66.312 1.528 45 7.278E-08 -311.20  

-1320 66.317 1.615 57 5.387E-08 -315.62  

-1340 66.322 1.500 58 5.887E-08 -320.72  

-1355 66.326 1.291 46 7.078E-08 -324.54  

-1375 66.331 1.347 30 7.271E-08 -329.64  

-1390 66.334 1.376 44 6.352E-08 -333.47  

-1405 66.339 1.507 59 6.750E-08 -337.93  

-1420 66.344 1.280 41 5.713E-08 -342.71  

-1435 66.348 1.394 37 6.853E-08 -347.50  

-1450 66.353 1.348 41 7.287E-08 -352.28  

-1465 66.359 1.574 56 5.622E-08 -357.70  
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-1485 66.366 1.430 49 6.709E-08 -365.35  

-1495 66.370 1.521 46 6.709E-08 -369.17  

-1505 66.374 1.513 58 5.591E-08 -373.00  

-1520 66.378 1.469 56 5.216E-08 -377.10  

-1545 66.385 1.351 38 6.562E-08 -383.93  

-1565 66.390 1.536 49 5.762E-08 -389.40  

-1580 66.398 1.480 53 5.642E-08 -396.91  

-1595 66.412 1.568 57 5.342E-08 -411.26  

Note: * Nannoplankton datums for Zumaia section are taken from Bernaola et al. (2006) 
 

Table S2: Astronomically calibrated age model for the Cretaceous-Paleogene transition at Zumaia. 
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Table S3: Relative abundance of planktic foraminiferal species in the upper Maastrichtian of Zumaia.  
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Table S4: Relative abundance of planktic foraminiferal species in the lower Danian of Zumaia. 
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Table S4 (continued): Relative abundance of planktic foraminiferal species in the lower Danian of Zumaia.  
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Table S5: Age model tie-points for other Cretaceous-Paleogene sections. All the ages are based on the 

La2011 astronomical solution (Laskar et al., 2011); the KPB age is based on the 405 k.y. eccentricity 

calibration of Dinarès-Turell et al. (2014); the 405 eccentricity maxima follow the nomenclature of Husson 

et al. (2011). The ages for KPB and C29r/C29n are based on the astronomical tuning of Dinarès-Turell et 

al. (2014). The age for the d13C minimum below C30n/C29r is based on the astronomical tuning of 

Batenburg et al. (2018). min.–Minima; max.–maxima. 
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Anexo V. (Material suplementario elaborado para esta tesis doctoral), (2 Tablas). 
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-1 66,001 1,53 66,001 66 66,001 1,1 63,5 20,7 66,001 716,30 923,40 
-3 66,001 2,07 66,001 67 66,004 1,6 65,0 25,7 66,007 661,60 905,70 
-5 66,002 2,03 66,002 67 66,007 1,2 67,7 21,6 66,014 719,80 927,30 
-7 66,002 2,04 66,003 67 66,010 2,0 65,4 22,3 66,037 725,70 976,70 
-9 66,002 2,06 66,003 68 66,014 5,1 58,7 19,1 66,061 677,40 895,50 
-15 66,003 2,01 66,004 68 66,018 2,0 62,0 21,6 66,069 692,30 910,10 
-20 66,004 2,07 66,005 68 66,028 0,6 63,7 27,7 66,080 700,60 958,30 
-25 66,005 2,05 66,007 68 66,037 2,0 55,6 30,2 66,084 544,50 773,90 
-30 66,006 2,05 66,007 69 66,053 1,8 62,4 30,7 66,088 450,60 589,30 
-35 66,007 2,12 66,009 68 66,061 0,2 70,5 27,5 66,092 468,80 614,30 
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-100 66,017 1,92 66,061 67 66,193 1,5 72,8 32,6 66,311 587,00 803,60 
-110 66,018 1,81 66,067 67 66,205 1,3 77,9 48,5 66,326 653,50 832,80 
-130 66,021 1,73 66,069 69 66,218 1,8 75,3 34,8 66,364 650,10 823,00 
-150 66,025 1,71 66,078 67 66,230 2,8 75,0 38,5 66,412 592,80 792,00 
-170 66,028 1,54 66,080 68 66,243 1,8 77,9 57,7    

-190 66,031 1,62 66,089 66 66,249 2,2 68,5 63,7    

-210 66,034 1,30 66,092 68 66,255 0,4 71,1 42,8    

-230 66,037 1,70 66,100 66 66,280 0,5 64,8 34,0    

-250 66,040 1,83 66,107 64 66,326 0,2 61,7 50,5    

-280 66,045 1,69 66,113 65 66,364 0,8 56,9 42,9    

-305 66,049 1,50 66,118 64 66,380 0,6 59,9 33,3    

-330 66,053 1,49 66,124 65 66,396 0,6 58,3 28,2    

-355 66,057 1,56 66,131 64 66,412 0,8 62,1 34,8    

-380 66,061 1,39 66,137 63        

-405 66,065 1,19 66,147 65        

-430 66,069 1,69 66,155 66        

-455 66,073 1,25 66,168 67        

-480 66,076 0,85 66,180 65        

-505 66,080 1,50 66,193 66        

-530 66,084 0,95 66,205 67        

-555 66,088 1,28 66,218 67        

-580 66,092 1,25 66,228 67        

-605 66,096 0,87 66,230 68        



   Anexo V 

 277 

-630 66,100 -0,58 66,243 68        

-655 66,107 0,09 66,249 66        

-680 66,113 1,39 66,255 65        

-690 66,116 1,52 66,272 64        

-720 66,124 1,47 66,280 67        

-750 66,131 1,39 66,326 66        

-780 66,139 1,36 66,364 67        

-810 66,147 0,73 66,373 67        

-840 66,155 0,83 66,380 65        

-870 66,161 1,13 66,386 65        

-900 66,168 0,95 66,396 68        

-930 66,174 0,78 66,398 67        

-960 66,180 1,14 66,412 67        

-990 66,186 0,82          

-1020 66,193 1,47          

-1050 66,199 1,37          

-1080 66,205 -0,60          

-1110 66,211 0,58          

-1140 66,218 1,14          

-1170 66,224 1,43          

-1200 66,230 1,57          

-1230 66,236 1,32          

-1260 66,243 0,59          

-1290 66,249 0,63          

-1320 66,255 0,96          

-1350 66,268 1,05          

-1380 66,280 1,59          

-1410 66,295 1,48          

-1440 66,311 1,35          

-1470 66,326 1,16          

-1500 66,343 1,19          

-1530 66,359 1,32          

-1560 66,364 1,31          

-1590 66,370 1,81          

-1620 66,375 1,75          

-1650 66,380 1,90          

-1680 66,386 1,87          

-1710 66,391 2,07          

-1740 66,396 1,58          

-1770 66,401 1,62          

-1800 66,407 1,81          

-1830 66,412 1,92          
Nota: (1) = (Gilabert et al., 2021c); (2) (Gilabert et al., 2021a), 
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TABLA ANEXA 1: SECCIÓN DE ZUMAIA 
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(cm) (Ma) (‰) (Ma) (%) (%) (Ma) (n) 
-1 66,001 1,95 66,001 52,9 1,0 66,001 64 
-6 66,003 1,83 66,005 58,0 0,7 66,005 59 
-10 66,004 1,80 66,008 53,9 5,6 66,016 58 
-15 66,005 1,69 66,011 55,0 4,7 66,028 59 
-20 66,006 1,76 66,014 66,2 1,4 66,036 63 
-25 66,008 1,98 66,016 61,5 4,3 66,046 63 
-30 66,009 1,90 66,021 64,3 3,4 66,059 62 
-35 66,011 1,83 66,024 63,2 2,0 66,066 59 
-40 66,012 1,78 66,028 60,7 4,3 66,075 68 
-45 66,014 1,76 66,031 58,2 3,2 66,087 61 
-50 66,016 1,90 66,036 62,5 6,1 66,100 64 
-65 66,021 1,49 66,041 66,4 1,4 66,107 59 
-75 66,024 1,51 66,046 61,7 0,0 66,114 57 
-85 66,028 1,69 66,051 66,7 0,3 66,120 58 
-95 66,031 1,67 66,055 65,7 0,0 66,127 54 
-105 66,034 1,78 66,059 59,3 4,3 66,134 61 
-115 66,036 1,60 66,066 63,8 0,3 66,149 63 
-125 66,039 1,65 66,069 64,9 4,7 66,158 57 
-135 66,041 1,49 66,075 59,4 1,7 66,172 61 
-145 66,044 1,35 66,080 58,5 0,3 66,194 62 
-155 66,046 1,51 66,082 66,7 0,3 66,212 59 
-165 66,049 1,60 66,087 65,4 1,4 66,236 59 
-175 66,051 1,52 66,091 60,1 0,0 66,251 60 
-185 66,053 1,57 66,096 63,8 0,0 66,268 63 
-195 66,055 1,34 66,100 61,1 1,1 66,283 59 
-205 66,056 1,46 66,107 69,3 0,7 66,295 62 
-220 66,059 1,05 66,114 57,6 2,1 66,312 56 
-235 66,062 1,25 66,117 65,5 2,0 66,322 58 
-255 66,066 1,24 66,120 54,7 10,5 66,334 55 
-270 66,069 1,62 66,127 56,1 2,9 66,348 59 
-290 66,072 1,57 66,130 57,1 13,9 66,366 56 
-310 66,075 1,50 66,134 60,1 5,0 66,378 62 
-330 66,078 1,14 66,141 51,6 4,3 66,412 62 
-345 66,080 1,05 66,149 54,5 0,0   

-360 66,082 1,47 66,154 53,5 2,5   

-375 66,084 1,42 66,158 59,7 1,0   

-395 66,087 1,35 66,164 60,7 4,3   

-415 66,091 1,66 66,168 75,1 0,0   

-435 66,096 1,15 66,172 61,1 0,0   
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-455 66,100 1,06 66,185 75,4 0,0   

-475 66,104 1,73 66,194 64,8 2,8   

-490 66,107 1,57 66,212 67,0 3,4   

-510 66,110 1,54 66,219 71,0 4,2   

-530 66,114 1,44 66,225 66,7 1,0   

-550 66,117 1,20 66,236 61,7 3,4   

-570 66,120 1,01 66,245 59,4 1,9   

-590 66,124 1,50 66,251 56,3 1,5   

-610 66,127 1,48 66,255 51,8 1,3   

-630 66,130 1,25 66,268 52,0 0,4   

-650 66,134 0,95 66,283 53,6 1,8   

-670 66,137 1,20 66,295 53,4 2,5   

-695 66,141 1,23 66,312 60,0 0,0   

-715 66,144 1,38 66,322 57,3 0,0   

-735 66,149 1,24 66,334 56,7 0,0   

-755 66,154 0,42 66,348 43,6 4,9   

-770 66,158 1,40 66,366 58,3 0,0   

-795 66,164 1,44 66,378 58,1 1,3   

-810 66,168 1,46 66,412 57,6 1,7   

-830 66,172 0,86      

-850 66,179 1,12      

-875 66,185 1,25      

-890 66,190 1,54      

-905 66,194 1,61      

-925 66,199 1,56      

-965 66,212 1,14      

-985 66,219 1,65      

-1000 66,225 1,69      

-1015 66,231 1,72      

-1030 66,236 1,36      

-1045 66,241 1,52      

-1060 66,245 1,50      

-1075 66,248 1,35      

-1090 66,251 0,96      

-1105 66,255 1,57      

-1130 66,261 1,70      

-1150 66,268 1,49      

-1165 66,273 1,77      

-1185 66,280 1,68      

-1200 66,283 1,62      

-1220 66,289 1,74      

-1245 66,295 1,67      

-1260 66,299 1,64      

-1275 66,303 1,58      

-1305 66,312 1,54      

-1305 66,312 1,53      

-1320 66,317 1,61      
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-1340 66,322 1,50      

-1355 66,326 1,29      

-1375 66,331 1,35      

-1390 66,334 1,38      

-1405 66,339 1,51      

-1420 66,344 1,28      

-1435 66,348 1,39      

-1450 66,353 1,35      

-1465 66,359 1,57      

-1485 66,366 1,43      

-1495 66,370 1,52      

-1505 66,374 1,51      

-1520 66,378 1,47      

-1545 66,385 1,35      

-1565 66,390 1,54      

-1580 66,398 1,48      

-1595 66,412 1,57      

Nota: (1) = (Gilabert et al., 2021c); (2) (Gilabert et al., 2021a), 

 
Tabla Anexa 1. Compilación de los resultados obtenidos en la presente tesis doctoral para la elaboración de la figura 
de síntesis, Figura 10. 
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TABLA ANEXA 2: SECCIÓN DE CARAVACA 
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(cm) (Ma) (‰) (Ma) (%) (%) (%) (%) (%) (%) (Ma) (n) (n) (n) 
820,0 65,364 0,85 65,364 98,97 2,45  58,39 39,16 2,08 65,364 21 20 1 
790,0 65,388 0,81 65,388 98,77 0,93  50,62 48,45 2,17 65,388 24 22 2 
760,0 65,412 0,94 65,412 100,00 2,13  59,22 38,65 2,45 65,412 22 22 0 
730,0 65,435 1,00 65,435 99,65 2,46  63,03 34,51 2,11 65,435 25 24 1 
700,0 65,459 0,86 65,459 100,00 3,27  53,09 43,64 3,27 65,459 24 24 0 
670,0 65,505 1,08 65,505 99,64 3,27  55,27 41,45 2,55 65,505 27 26 1 
640,0 65,546 1,04 65,546 99,30 1,42  58,52 40,06 3,87 65,546 25 24 1 
610,0 65,580 1,06 65,580 99,23 6,59  64,73 28,68 3,47 65,580 28 26 2 
580,0 65,615 1,19 65,615 98,72 12,34  55,84 31,82 4,55 65,615 24 21 3 
550,0 65,650 1,25 65,650 100,00 10,18  58,98 30,84 3,29 65,650 26 26 0 
520,0 65,685 1,26 65,685 99,26 7,43  60,97 31,60 3,35 65,685 20 18 2 
490,0 65,696 0,95 65,696 98,20 7,69  56,78 35,53 4,03 65,696 25 23 2 
460,0 65,707 0,69 65,707 98,24 3,94  46,59 49,46 3,94 65,707 27 26 1 
430,0 65,722 1,05 65,722 98,38 2,97  57,10 39,93 3,95 65,722 30 28 2 
400,0 65,737 1,16 65,737 97,73 7,28  53,64 39,07 3,97 65,737 31 27 4 
370,0 65,750 1,09 65,750 98,99 12,20  56,95 30,85 4,41 65,750 26 24 2 
345,0 65,760 1,19 65,760 96,48 28,57  56,04 15,38 11,31 65,760 26 24 2 
320,0 65,766 1,14 65,766 97,58 16,85  67,74 15,41 8,51 65,766 23 22 1 
295,0 65,772 1,18 65,772 96,90 18,86  52,67 28,47 10,32 65,772 29 26 3 
270,0 65,778 1,04 65,778 97,40 3,85  53,08 43,08 6,11 65,778 25 24 1 
245,0 65,784 0,93 65,784 97,66 1,03  58,22 40,75 4,79 65,784 26 25 1 
220,0 65,795 1,18 65,795 98,11 46,47  44,55 8,97 8,01 65,795 23 21 2 
200,0 65,803 1,20 65,803 96,14 48,51  42,16 9,33 15,33 65,803 24 23 1 
180,0 65,812 1,71 65,812 98,09 47,02  44,70 8,28 13,96 65,812 21 19 2 
160,0 65,830 1,72 65,830 99,19 46,31  50,41 3,28 13,52 65,830 15 14 1 
155,0 65,841 1,75 65,892 96,97 38,19  59,38 2,43 14,24 65,892 14 13 1 
150,0 65,851 1,68 65,922 98,77 44,79 0,00 52,68 2,52 9,97 65,922 17 15 2 
145,0 65,861 1,86 65,938 97,19 0,97 9,68 72,26 17,10 7,40 65,938 28 24 4 
140,0 65,871 1,79 65,945 97,27 0,00 9,61 84,34 6,05 5,96 65,945 21 18 3 
135,0 65,881 1,66 65,954 97,46 1,12 30,71 64,79 3,37 5,95 65,954 21 19 2 
130,0 65,892 1,77 65,966 97,83 0,95 48,89 46,67 3,49 6,98 65,966 22 19 3 
125,0 65,902 1,60 65,975 97,69 3,42 59,59 35,62 1,37 9,80 65,975 19 16 3 
120,0 65,912 1,54 65,977 88,64 6,67 62,92 30,42  9,92 65,977 22 16 6 
115,0 65,922 1,56 65,980 91,49 5,51 89,37 5,12  13,18 65,980 19 13 6 
110,0 65,933 1,59 65,981 79,34 7,48 86,45 6,07  13,02 65,981 19 14 5 
105,0 65,933 1,59 65,982 89,46 9,39 89,53 1,08  12,14 65,982 25 16 9 
100,0 65,934 1,74 65,983 84,21 9,09 90,91 0,00  10,71 65,983 24 14 10 
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95,0 65,935 1,69 65,985 86,41 7,11 91,63 1,26  13,71 65,985 24 16 8 
90,0 65,936 1,57 65,988 82,58 11,21 88,79 0,00  9,63 65,988 24 14 10 
85,0 65,937 1,86 65,990 77,93 15,79 83,63 0,58  13,29 65,990 25 15 10 
80,0 65,942 1,72 65,991 83,61 11,39 88,12 0,50  9,80 65,991 27 15 12 
75,0 65,948 1,77 65,992 75,52 10,67 89,33 0,00  12,25 65,992 24 14 10 
70,0 65,953 1,84 65,994 67,13 19,15 80,43 0,43  10,25 65,994 31 16 15 
65,0 65,959 1,82 65,995 27,99 73,33 24,00 2,67  21,33 65,995 30 11 19 
60,0 65,964 1,86 65,998 11,61 54,84 45,16   19,35 65,998 19 5 14 
57,0 65,967 1,92 65,999 8,91 100,00    22,22 65,999 36 3 33 
54,0 65,970 1,87 66,001 98,18 1,11     66,001 66 0 66 
50,0 65,975 1,65 66,004 97,70 1,63     66,001 67 0 67 
48,0 65,975 1,61 66,007 98,07 1,21     66,002 67 0 67 
45,0 65,976 1,60 66,010 98,43 1,99     66,003 67 0 67 
42,0 65,977 1,39 66,014 98,07 5,13     66,003 68 0 68 
39,0 65,978 1,39 66,018 97,66 2,00     66,004 68 0 68 
36,0 65,979 1,40 66,028 98,39 0,61     66,005 68 0 68 
33,0 65,980 1,10 66,037 97,27 2,01     66,007 68 0 68 
30,0 65,981 1,37 66,053 99,01 1,80     66,007 69 0 69 
28,0 65,982 1,21 66,061 99,31 0,23     66,009 68 0 68 
26,0 65,982 1,11 66,069 99,01 2,00     66,010 67 0 67 
24,0 65,983 0,82 66,080 99,60 0,40     66,012 67 0 67 
22,0 65,984 1,17 66,092 98,34 2,81     66,014 69 0 69 
20,0 65,985 1,15 66,100 98,11 0,70     66,018 69 0 69 
18,0 65,987 1,19        66,025 66 0 66 
16,0 65,988 0,93        66,028 68 0 68 
14,0 65,989 0,94        66,029 68 0 68 
12,0 65,990 1,15        66,034 69 0 69 
10,0 65,991 1,12        66,037 68 0 68 
8,0 65,992 1,21        66,040 68 0 68 
6,0 65,994 0,20        66,045 67 0 67 
4,0 65,995 0,82        66,053 68 0 68 
2,0 65,998 0,78        66,061 67 0 67 
1,0 65,999 0,58        66,067 67 0 67 
-1,0 66,001 1,53        66,069 69 0 69 
-3,0 66,001 2,07        66,078 67 0 67 
-5,0 66,002 2,03        66,080 68 0 68 
-7,0 66,002 2,04        66,089 66 0 66 
-9,0 66,002 2,06        66,092 68 0 68 
-15,0 66,003 2,01        66,100 66 0 66 
-20,0 66,004 2,07            

-25,0 66,005 2,05            

-30,0 66,006 2,05            

-35,0 66,007 2,12            

-40,0 66,007 2,02            

-45,0 66,008 1,79            

-50,0 66,009 1,92            

-55,0 66,010 1,78            

-60,0 66,010 1,64            
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-65,0 66,011 1,73            

-70,0 66,012 1,71            

-75,0 66,013 1,74            

-80,0 66,014 1,92            

-85,0 66,014 1,99            

-90,0 66,015 1,57            

-100,0 66,016 1,72            

-110,0 66,017 1,92            

-130,0 66,018 1,81            

-150,0 66,021 1,73            

-170,0 66,025 1,71            

-190,0 66,028 1,54            

-210,0 66,031 1,62            

-230,0 66,034 1,30            

-250,0 66,037 1,70            

-280,0 66,040 1,83            

-305,0 66,045 1,69            

-330,0 66,049 1,50            

-355,0 66,053 1,49            

-380,0 66,057 1,56            

-405,0 66,061 1,39            

-430,0 66,065 1,19            

-455,0 66,069 1,69            

-480,0 66,073 1,25            

-505,0 66,076 0,85            

-530,0 66,080 1,50            

-555,0 66,084 0,95            

-580,0 66,088 1,28            

-605,0 66,092 1,25            

-630,0 66,096 0,87            

Nota: (1) = (Gilabert et al., 2021c); (2) (Gilabert et al., 2021a); (3) Gilabert et al., 2021b; (4) (Arenillas et al., 2018); (NP) No 
publicado, Triseriados = Guembelitria + Chiloguembelitria; Parvularugoglobigerinidos = Parvularugoglobigerina + 
Palaeoglobigerina + Pseudocaucasina; Biseriados = Woodringina + Chiloguembelina; Otros géneros = Globanomalina, 
Praemurica, Subbotina, Parasubbotina, Globoconusa, Trochoguembelitria, Eoglobigerina, 

 
 
  



   Anexo V 

 284 

TABLA ANEXA 2: SECCIÓN DE ZUMAIA 
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(cm) (Ma) (‰) (Ma) (%) (%) (%) (%) (%) (%) (Ma)   (n)   (n)   (n) 
850 65,364 1,77 65,364 0,36 100 

 
46,72 52,92 2,55 65,364 21 20 1 

820 65,389 1,86 65,389 1,34 98,68 
 

43,62 55,03 2,01 65,389 19 18 1 
805 65,401 1,75 65,408 0,00 97,44 

 
52,46 47,54 0,66 65,408 21 20 1 

790 65,408 1,82 65,434 0,00 96,82 
 

43,80 56,20 1,46 65,434 20 19 1 
770 65,418 1,52 65,480 0,41 98,40 

 
39,84 59,76 1,22 65,480 20 19 1 

750 65,434 1,61 65,514 2,72 98,22 
 

36,25 61,03 1,81 65,514 23 21 2 
730 65,459 1,51 65,528 3,10 95,71 

 
35,52 61,38 0,34 65,528 26 25 1 

710 65,480 1,74 65,549 7,22 98,93 
 

38,63 54,15 2,89 65,549 22 21 1 
680 65,514 1,79 65,570 6,01 95,93 

 
30,04 63,96 2,47 65,570 24 23 1 

655 65,528 1,88 65,586 5,52 100,00 
 

45,30 49,17 3,31 65,586 17 16 1 
625 65,549 2,01 65,605 6,25 98,91 

 
41,18 52,57 2,21 65,605 23 22 1 

600 65,570 1,98 65,621 5,44 98,33 
 

45,92 48,64 3,40 65,621 22 21 1 
580 65,586 1,89 65,654 3,33 98,54 

 
40,74 55,93 4,81 65,654 23 22 1 

565 65,595 2,15 65,673 0,40 100,00 
 

11,20 88,40 2,40 65,673 22 21 1 
550 65,605 2,18 65,685 7,25 98,92 

 
33,70 59,06 6,52 65,685 23 22 1 

525 65,621 2,08 65,719 42,67 98,04 
 

31,67 25,67 6,67 65,719 21 19 2 
510 65,633 2,11 65,760 26,67 97,60 

 
42,81 30,53 8,07 65,760 21 20 1 

500 65,642 1,89 65,791 50,81 97,62 
 

35,37 13,82 10,98 65,791 17 16 1 
485 65,654 2,07 65,812 50,19 97,82 

 
34,57 15,24 11,52 65,812 16 15 1 

470 65,666 2,21 65,830 70,68 98,88 
 

19,92 9,40 15,79 65,830 19 16 3 
460 65,673 2,20 65,859 47,62 98,44 

 
41,67 10,71 10,32 65,859 18 15 3 

445 65,685 2,20 65,881 35,14 98,92 
 

50,72 14,13 7,97 65,881 17 16 1 
430 65,696 1,93 65,891 19,74 98,06 

 
67,76 12,50 7,24 65,891 15 14 1 

415 65,707 1,69 65,920 6,11 98,13 0,45 80,53 12,91 12,21 65,920 17 14 3 
400 65,719 1,81 65,933 2,25 99,11 0,00 89,64 8,11 10,36 65,933 12 11 1 
380 65,737 2,20 65,942 1,17 96,97 0,39 82,03 16,41 15,23 65,942 20 17 3 
365 65,760 2,05 65,945 3,76 98,67 6,39 74,44 15,41 12,61 65,945 23 22 1 
350 65,776 2,22 65,945 2,25 96,73 14,86 77,48 5,41 10,90 65,945 18 13 5 
340 65,784 1,62 65,949 4,51 85,26 22,18 71,43 1,88 9,35 65,949 18 12 6 
330 65,791 1,92 65,952 6,17 97,08 32,16 45,37 16,30 11,28 65,952 27 23 4 
315 65,801 2,11 65,959 6,45 91,90 39,25 51,08 3,23 8,37 65,959 23 17 6 
305 65,812 2,29 65,971 7,48 90,73 59,35 30,37 2,80 17,20 65,971 20 13 7 
285 65,830 2,08 65,975 7,25 78,46 50,78 40,93 1,04 12,44 65,975 24 15 9 
265 65,847 2,29 65,981 10,75 76,23 75,27 13,98 

 
15,59 65,981 24 16 8 

250 65,859 2,24 65,983 7,69 71,23 92,31 0,00 
 

15,38 65,983 20 8 12 
230 65,872 2,30 65,985 8,08 63,26 88,89 3,03 

 
14,14 65,985 20 11 9 

215 65,881 2,34 65,987 7,34 80,45 84,18 8,47 
 

16,38 65,987 20 12 8 
195 65,891 2,21 65,989 10,87 62,73 79,71 9,42 

 
19,57 65,989 24 11 13 

180 65,898 2,06 65,990 13,48 68,99 81,46 5,06 
 

14,61 65,990 23 12 11 
165 65,905 2,19 65,992 2,24 47,02 89,55 8,21 

 
14,93 65,992 25 11 14 
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152 65,910 2,14 65,995 8,52 52,38 82,39 9,09 
 

11,93 65,995 26 13 13 
140 65,915 2,35 66,000 81,82 17,05 18,18 

   
66,000 25 3 22 

128 65,920 1,97 66,001 0,98 100,00 
    

66,001 64 64 64 
115 65,926 2,17 66,005 0,68 100,00 

    
66,005 59 59 59 

110 65,928 1,91 66,008 5,59 100,00 
    

66,016 58 58 58 
100 65,933 2,13 66,011 4,67 100,00 

    
66,028 59 59 59 

90 65,937 2,07 66,014 1,41 99,30 
    

66,036 63 63 63 
80 65,942 2,18 66,021 4,32 100,00 

    
66,046 63 63 63 

74 65,945 2,25 66,024 3,40 98,70 
    

66,059 62 62 62 
72 65,945 1,98 66,028 1,97 100,00 

    
66,066 59 59 59 

67 65,949 1,86 66,031 4,33 98,60 
    

66,075 68 68 68 
61 65,954 2,12 66,036 3,19 99,32 

    
66,087 61 61 61 

55 65,959 2,04 66,041 6,14 98,57 
    

66,100 64 64 64 
50 65,967 1,23 66,046 1,45 98,99 

        

43 65,971 1,43 66,051 0,00 99,02 
        

37 65,975 1,74 66,055 0,33 100,00 
        

33 65,977 0,94 66,059 0,00 99,64 
        

30 65,979 0,80 66,066 4,29 99,68 
        

27 65,981 1,15 66,069 0,32 98,92 
        

23 65,983 0,87 66,075 4,71 98,37 
        

20 65,985 0,77 66,080 1,66 100,00 
        

17 65,987 0,50 66,082 0,35 98,99 
        

14 65,989 0,64 66,087 0,34 98,95 
        

11 65,990 0,85 66,091 1,41 100,00 
        

9 65,992 0,15 66,096 0,00 99,67 
        

6 65,995 -0,04 66,100 0,00 98,61 
        

4 65,997 -0,16 
           

1 66,000 0,65 
           

0 66,001 1,42 
           

-1 66,001 1,95 
           

-6 66,003 1,83 
           

-10 66,004 1,80 
           

-15 66,005 1,69 
           

-20 66,006 1,76 
           

-25 66,008 1,98 
           

-30 66,009 1,90 
           

-35 66,011 1,83 
           

-40 66,012 1,78 
           

-45 66,014 1,76 
           

-50 66,016 1,90 
           

-65 66,021 1,49 
           

-75 66,024 1,51 
           

-85 66,028 1,69 
           

-95 66,031 1,67 
           

-105 66,034 1,78 
           

-115 66,036 1,60 
           

-125 66,039 1,65 
           

-135 66,041 1,49 
           

-145 66,044 1,35 
           

-155 66,046 1,51 
           

-165 66,049 1,60 
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-175 66,051 1,52 
           

-185 66,053 1,57 
           

-195 66,055 1,34 
           

-205 66,056 1,46 
           

-220 66,059 1,05 
           

-235 66,062 1,25 
           

-255 66,066 1,24 
           

-270 66,069 1,62 
           

-290 66,072 1,57 
           

-310 66,075 1,50 
           

-330 66,078 1,14 
           

-345 66,080 1,05 
           

-360 66,082 1,47 
           

-375 66,084 1,42 
           

-395 66,087 1,35 
           

-415 66,091 1,66 
           

-435 66,096 1,15 
           

-455 66,100 1,06 
           

Nota: (1) = (Gilabert et al., 2021c); (2) (Gilabert et al., 2021a); (3) Gilabert et al., 2021b; (4) (Arenillas et al., 2018); (NP) No 
publicado, Triseriados = Guembelitria + Chiloguembelitria; Parvularugoglobigerinidos = Parvularugoglobigerina + 
Palaeoglobigerina + Pseudocaucasina; Biseriados = Woodringina + Chiloguembelina; Otros géneros = Globanomalina, Praemurica, 
Subbotina, Parasubbotina, Globoconusa, Trochoguembelitria, Eoglobigerina, 
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TABLA ANEXA 2: SECCIÓN DE EL KEF 
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N
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ie
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e)

 (4
)  

N
º d

 e
sp

ec
ie

s (
Cr

et
ác
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o)

 (4
) 

(cm) (Ma) (%) (%) (%) (%) (%) (Ma) (n) (n) (n) 
1347 65,600 7,4 

 
55,30 27,9 3,6 65,60 26 26 0 

1277 65,631 4,6 
 

62,20 35,4 2,5 65,64 29 28 1 
1197 65,667 3,6 

 
59,30 36,2 3,2 65,75 29 26 3 

1107 65,708 7,0 
 

59,50 31,1 3,9 65,82 32 28 4 
992 65,759 18,5 

 
56,90 22,6 4,8 65,86 30 25 5 

922 65,791 28,3 0,4 53,80 12,7 5,0 65,90 31 28 3 
847 65,824 54,3 0,5 41,10 2,9 8,8 65,94 32 28 4 
747 65,869 59,9 0,2 36,10 2,2 11,1 65,95 31 25 6 
647 65,914 31,1 7,7 53,90 5,4 10,1 65,96 29 24 5 
547 65,959 1,2 11,6 77,60 9,1 8,4 65,97 29 23 6 
447 65,969 3,5 53,5 28,30 8,9 8,1 65,97 26 20 6 
372 65,976 2,9 70,1 17,00 8,6 7,2 65,98 22 16 6 
297 65,983 4,5 70,1 23,70 0,8 3,1 65,99 21 15 6 
247 65,988 8,6 90,3 1,40 0,0 7,3 66,00 16 6 10 
197 65,992 7,9 92,1 0,00 0,0 10,7 66,00 16 6 10 
172 65,995 27,3 71,8 0,90 0,0 11,0 66,00 21 2 19 
147 65,996 72,3 27,4 0,30 0,0 8,3 66,00 26 2 24 
122 65,997 83,5 16,5 0,00 0,0 9,3 66,00 61 0 61 
97 65,997 73,7 23,7 2,50 0,0 19,5 66,00 60 0 60 
67 65,999 89,8 9,5 0,70 0,0 19,3 66,00 59 0 59 
37 66,000 100 0,0 

 
0,0 15,1 66,00 61 0 61 

17 66,000 100 
  

0,0 14,2 66,01 58 0 58 
7 66,001 100 

  
0,0 13,2 66,01 61 0 61 

2 66,001 100 
  

0,0 2,0 66,01 61 0 61 
-1 66,001 1,2 

  
0,0 0,0 66,02 62 0 62 

-3 66,001 1,2 
  

0,0 0,3 66,02 59 0 59 
-20 66,003 0,3 

    
66,03 62 0 62 

-40 66,004 1,8 
    

66,05 63 0 63 
-70 66,007 0,9 

    
66,06 66 0 66 

-100 66,009 2,2 
    

66,08 63 0 63 
-135 66,012 0,3 

    
66,09 64 0 64 

-175 66,015 2,3 
    

66,10 66 0 66 
-250 66,022 0,9 

        

-400 66,034 1,2 
        

-540 66,046 2,6 
        

-750 66,063 4,1 
        

-900 66,075 3,4 
        

-1050 66,088 2,1 
        

-1200 66,100 1,8 
        

Nota: (1) = (Gilabert et al., 2021c); (2) (Gilabert et al., 2021a); (3) Gilabert et al., 2021b; (4) (Arenillas et al., 2018); (NP) No publicado, 
Triseriados = Guembelitria + Chiloguembelitria; Parvularugoglobigerinidos = Parvularugoglobigerina + Palaeoglobigerina + 
Pseudocaucasina; Biseriados = Woodringina + Chiloguembelina; Otros géneros = Globanomalina, Praemurica, Subbotina, 
Parasubbotina, Globoconusa, Trochoguembelitria, Eoglobigerina, 
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 TABLA ANEXA 2: SECCIÓN DE AÏN SETTARA 

 

A
ltu

ra
 re

sp
ec

to
 a

l l
ím

ite
 

K
/P

g 

Ed
ad

 re
ca

lib
ra

da
 se

gú
n 

(1
) 

Tr
ise

ria
do

s (
4)

 

Pa
rv

ul
ar

ug
og

lo
bi

ge
rin

id
os

 
(4

) 

Bi
se

ria
do

s (
4)

 

O
tro

s g
én

er
os

 (4
) 

A
be

rra
nt

es
 to

ta
l (
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 (cm) (Ma) (%) (%) (%) (%) (%) 
 1040 65,600 2,2 0,0 44,1 53,7 1,6 
 860 65,723 15,4 0,0 52,4 32,2 2 
 660 65,858 16,6 5,2 64 24,6 1,7 

560 65,925 38,4 2,5 48,2 15,9 10,8 
 460 65,961 35,8 5 47,2 22 11 

360 65,965 4,5 76,3 17,3 1,9 5,9 
260 65,970 3,4 76,5 20,1 0,0 5,8 
160 65,974 10,2 74 15,8 0,0 6,2 
130 65,977 13,5 86,1 0,4 0,0 8,7 
110 65,978 14,2 85,8 0,0 0,0 7,2 
80 65,981 7,4 92,6 0,0 0,0 7,4 
60 65,983 26,9 73,1 0,0 0,0 8,9 
55 65,985 24,4 75,6 0,0 0,0 5,8 
50 65,986 29,5 70,5 0,0 0,0 4,9 
45 65,987 37,3 627 0,0 0,0 7,7 
40 65,989 31,4 68,6 0,0 0,0 6 
30 65,992 42,4 57,6 0,0 0,0 10 
20 65,995 85,4 14,6 0,0 0,0 14,2 
15 65,996 94,4 5,6 0,0 0,0 15,2 
10 65,998 100 0,0 0,0 0,0 16 
5 65,999 100 0,0 0,0 0,0 17,9 
-1 66,001 4,7     

-2 66,001 3,4     

-6 66,002 0,9     

-11 66,003 4,2     

-13 66,003 1,8     

-21 66,004 1,8     

-31 66,006 2     

-40 66,007 1,3     

-90 66,015 2,7     

-140 66,023 1,7     

-240 66,038 1     

-340 66,054 2,5     

-540 66,085 6     

-640 66,100 6,9     

Nota: (1) = (Gilabert et al., 2021c); (2) (Gilabert et al., 2021a); (3) Gilabert et al., 2021b; (4) (Arenillas et al., 2018); (NP) 
No publicado, Triseriados = Guembelitria + Chiloguembelitria; Parvularugoglobigerinidos = Parvularugoglobigerina + 
Palaeoglobigerina + Pseudocaucasina; Biseriados = Woodringina + Chiloguembelina; Otros géneros = Globanomalina, 
Praemurica, Subbotina, Parasubbotina, Globoconusa, Trochoguembelitria, Eoglobigerina, 

 
Tabla Anexa 2. Compilación de los resultados obtenidos en la presente tesis doctoral para la elaboración 
de la figura de síntesis, Figura 11. 



 

 289 

   

 Apéndices 



 

 290 

 
  



Apéndice I 

 291 

APÉNDICE I. Listado de trabajos que componen esta tesis doctoral. 
 
-Arenillas, I., Arz, J. A., Gilabert, V., 2017. Revalidation of the genus Chiloguembelitria 

Hofker: Implications for the evolution of early Danian planktonic foraminifera. 

Journal of African Earth Sciences 134, 435–456.  

 

Factor de impacto: 1.532 - 122/189 Q3 Geociencias, Multidisciplinar: El doctorando 

contribuyó en el reconocimiento y extracción de especímenes de Chiloguembelitria 

para su posterior análisis biométrico, así como en la discusión, escritura y revisión 

del manuscrito. 

 

-Arenillas, I., Arz, J. A., Gilabert, V., 2018. Blooms of aberrant planktic foraminifera 

across the K/Pg boundary in the Western Tethys: causes and evolutionary 

implications. Paleobiology 44, (3), 460–489. 

 

Factor de impacto: 2.354 - 6/57 Q1 Paleontología: El doctorando contribuyó en el 

reconocimiento y extracción de especímenes de foraminíferos planctónicos con 

malformaciones, así como en la discusión, interpretación de resultados, escritura, 

revisión del manuscrito, y preparación y edición de figuras. 

 

-Gilabert, V., Arz, J.A., Arenillas, I., Robinson, S.A., and Ferrer, D., 2021. Influence of 

the Latest Maastrichtian Warming Event on planktic foraminiferal assemblages and 

ocean carbonate saturation at Caravaca, Spain. Cretaceous Research 125, 104844.  

 

Factor de impacto: 2.176 - 8/55 Q1 Paleontología (datos SCI 2020): El doctorando 

realizó la clasificación a nivel de género de los foraminíferos planctónicos 

maastrichtienses, fotografió los especímenes en el SEM, calculó el índice de 

fragmentación, participó en los análisis biométricos, y preparó las muestras para los 

análisis isotópicos y calcimetrías. El doctorado se encargó de la conceptualización, 

investigación, elección y utilización de metodología, así como de la escritura y 

elaboración de las figuras del manuscrito. 

 

-Gilabert, V., Arenillas, I., Arz, J.A., Batenburg, S., Robinson, S.A., 2021. Multiproxy 

analysis of paleoenvironmental, paleoclimatic and paleoceanographic changes 
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during the Early Danian in the Caravaca section (Spain) Palaeogeography, 

Palaeoclimatology, Palaeoecology 576, 110513. 

 

Factor de impacto: 3.318 - 2/54 Q1 Paleontología (datos SCI 2020): El doctorando 

realizó la clasificación a nivel de especie de los foraminíferos planctónicos del 

Daniense y Maastrichtiense, fotografió los especímenes en el SEM, calculó el índice 

de fragmentación, reconoció y cuantificó el porcentaje de especímenes aberrantes, 

preparó las muestras para isótopos estables, calcimetrías y susceptibilidad magnética. 

El doctorado se encargó de la conceptualización, investigación, elección y utilización 

de metodología, así como de la escritura y elaboración de las figuras del manuscrito. 

 

-Gilabert, V., Batenburg, S.J., Arenillas.I., Arz, J.A., 2021. Contribution of orbital 

forcing and Deccan volcanism to global climatic and biotic changes across the KPB 

at Zumaia, Spain. Geology. https://doi.org/10.1130/G49214.1. Publicado online 

como Early Publication el 30 de Agosto del 2021 (pendiente de asignación de 

volumen). 

Factor de impacto: 5.399 - 1/61 Q1 Geología (datos SCI 2020). El doctorando realizó la 

clasificación a nivel de especie de los foraminíferos planctónicos del Daniense y 

Maastrichtiense, desarrolló un modelo de edad calibrado astrocronológicamente, 

preparó las muestras para isótopos estables, calcimetrías y susceptibilidad magnética. 

El doctorado se encargó de la conceptualización, investigación, elección y utilización 

de metodología, así como de la escritura y elaboración de las figuras del manuscrito. 
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APÉNDICE II. Cartas de aceptación. 
 
Según normativa de Tesis Doctorales de la Universidad de Zaragoza, se adjunta carta de 

aceptación del artículo titulado: Contribution of orbital forcing and Deccan volcanism to 

global climatic and biotic changes across the KPB, en la revista Geology, donde está 

aceptado y publicado online, pero todavía sin número de volumen y páginas en la versión 

impresa. 

 

 

Manuscript Home  Author Instructions  Reviewer Instructions  Contact  Journal home  Logout

 

Close Window

Print Email

Date: 07-16-2021 01:41

Last Sent: 07-16-2021 01:41

Triggered By: Redacted

BCC: Redacted

Subject: G49214R1 Decision Letter from GEOLOGY

Message: July 16, 2021 

RE: G49214R1 
GEOLOGY 

Dear Dr. Gilabert: 

I am pleased to inform you that your revised manuscript G49214R1 "Contribution of orbital forcing and Deccan volcanism to global
climatic and biotic changes across the KPB at Zumaia, Spain" has been accepted for publication in GEOLOGY. 

It was accepted on July 16, 2021. My congratulations for a great paper! 

If you will be requesting Gold Open Access, the GEOLOGY OA Article Processing Fee is US$2500. Please contact Lyne Yohe, Managing
Editor of GEOLOGY, at lyohe@geosociety.org to complete the request process. 

If you have not already done so, please send electronic copies of your final figure files (in native graphics format and high-resolution PDF
format) to us at geology@geosociety.org or lyohe@geosociety.org. 

We will soon be sending you a copyedited version of your paper, for your approval, prior to typesetting. 

Any questions you might have about your manuscript should be directed to geology@geosociety.org. 

Thank you for submitting your work to this journal. 

Sincerely, 
Urs Schaltegger 
Science Editor 
GEOLOGY 

------------------------------------ 

Print Email

Close Window


	2116_Gilabert Perez TESIS.pdf
	2017 Arenillas.pdf
	Revalidation of the genus Chiloguembelitria Hofker: Implications for the evolution of early Danian planktonic foraminifera
	1. Introduction
	2. Material and methods
	3. Taxonomic and phylogenetic remarks
	3.1. Upper Cretaceous triserial guembelitriids
	3.2. Biserial and trochospiral lineages of Danian guembelitriids

	4. Textural variability in lower Danian guembelitriids
	4.1. Wall textures in lower Danian guembelitriids
	4.2. Wall texture in Chiloguembelitria

	5. Morphological variability in lower Danian guembelitriids
	5.1. Gross morphology
	5.2. Aperture position and shape

	6. Morphostatistical analysis of wholly triserial Chiloguembelitria
	6.1. Biometric parameters and indices and morphostatistical analyses
	6.2. Results of the morphostatistical analysis

	7. Paleontological systematics
	Acknowledgements
	References


	2018 Arenillas_modifiy2.pdf
	Outline placeholder
	Introduction
	Material and Methods
	Geological Context and Micropaleontological Sampling
	Geological Context and Micropaleontological Sampling
	Planktic Foraminiferal Biochronology


	Table 1Relative abundance (&#x0025;) of planktic foraminiferal groups considered here and rates of aberrants at the El Kef section.
	Table 2Relative abundance (&#x0025;) of planktic foraminiferal groups considered here and rates of aberrants at the A&#x00EF;n Settara section.
	Danian Planktic Foraminiferal Evolutionary Radiations
	Abnormal Specimens across the K&#x002F;Pg Boundary
	Figure 1Biostratigraphic ranges of the early Danian species analyzed, based mainly on the El Kef and A&#x00EF;n Settara sections, Tunisia; (1) planktic foraminiferal zonation and calibrated numerical ages of the biozonal boundaries proposed by Arenillas e
	Figure 2Evolutionary metrics (extinction and speciation rates, volatility, and taxonomic flux) at El Kef according to the model of Dean and McKinney (2001); solid line, hypothesis of pattern A; dotted line, hypothesis of pattern B; green shading, episodes
	A Compendium of Earliest Danian Abnormal Morphologies
	Figure 3Quantitative stratigraphic distribution of planktic foraminiferal groups and aberrant forms across the K&#x002F;Pg boundary in the El Kef and A&#x00EF;n Settara sections.
	Figure 4Schematic diagram of the main types of aberrant forms in the following categories: A, protuberances near the proloculus; B, chamber abnormalities; C, abnormalities of last chamber, including kummerforms; and D, multiple ultimate chambers, includin
	Figure 5Schematic diagram of the main types of aberrant forms in the following categories (continuing from Fig.
	Figure 6Examples of extreme aberrant forms of early Danian planktic foraminifera.
	Paleoenvironmental and Evolutionary Implications
	Uppermost Maastrichtian Evolutionary Stability in Open-Ocean Assemblages
	Uppermost Maastrichtian Evolutionary Stability in Open-Ocean Assemblages
	Proliferation of Aberrant Planktic Foraminifera, Chemical Pollution, and Global Warming during the Earliest Danian


	Figure 7Examples of aberrant planktic foraminifera ordered by time intervals and environmental and evolutionary episodes.
	Figure 8Shifts in specific richness (species number), speciation rate and volatility (according to the model of Dean and McKinney, 2001), relative abundance (&#x0025;) of triserial specimens, and FAI (rate of aberrants in &#x0025;) across the K&#x002F;Pg 
	Outline placeholder
	Evolutionary Implications


	Conclusions
	Acknowledgments
	ACKNOWLEDGEMENTS
	Literature Cited


	2021 Gilabert.pdf
	Influence of the Latest Maastrichtian Warming Event on planktic foraminiferal assemblages and ocean carbonate saturation at ...
	1. Introduction
	2. Geological settings
	3. Material and methods
	3.1. Micropaleontological methods
	3.2. Geochemical methods

	4. Results
	4.1. Planktic foraminiferal turnover
	4.1.1. Planktic foraminiferal size and morphological variation
	4.1.2. Planktic foraminiferal fragmentation index (FI)

	4.2. Geochemistry

	5. Biostratigraphy and age model
	6. Global correlation of the isotope record and Latest Maastrichtian Warming Event
	6.1. Veracity of the isotope records
	6.2. Identifying the LMWE at Caravaca

	7. Planktic foraminiferal response to LMWE
	8. Latest Maastrichtian cooling and return to pre-LMWE conditions
	9. Conclusions
	Acknowledgments
	References
	Appendix A. Supplementary data
	Appendix. Alphabetic list of all species mentioned in the paper


	2021b Gilabert.pdf
	Multiproxy analysis of paleoenvironmental, paleoclimatic and paleoceanographic changes during the early Danian in the Carav ...
	1 Introduction
	2 Material and methods
	2.1 Micropaleontological methods
	2.2 Geochemical and geophysical methods

	3 Results
	3.1 Biostratigraphy and age model
	3.2 Acme-stratigraphy
	3.3 Diversity indices
	3.4 Aberrant index
	3.5 Carbonate preservation and magnetic susceptibility
	3.6 Stable isotopes (bulk carbonate δ13C and δ18O)

	4 Recognizing the Dan-C2 event at Caravaca
	5 Early Danian paleoenvironmental and paleoclimatic evolution
	5.1 The K-PgB dark clay bed and PFAS-1 (Guembelitria acme): The aftermath of the Chicxulub impact
	5.2 PFAS-2: Recovery and the first radiation of planktic foraminifera
	5.3 Onset of PFAS-3 (PFAS-3α) and the second radiation of planktic foraminifera
	5.4 Chiloguembelitria blooms during PFAS-3 and the Dan-C2 event
	5.5 End of PFAS-3: Shift to a more stable ocean

	6 What was the environmental impact of the Deccan Traps during the earliest Danian?
	7 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


	2021c Gilabert.pdf
	Contribution of orbital forcing and Deccan volcanism to global climatic and biotic changes across the Cretaceous-Paleogene boundary at Zumaia, Spain
	ABSTRACT
	INTRODUCTION
	METHODS AND AGE MODEL
	RESULTS
	Calibration of Planktic Foraminiferal Events
	Calibration of Carbon Isotope Excursions (CIEs)

	DISCUSSION AND CONCLUSION
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Citation


	2021c Gilabert_m.pdf
	Contribution of orbital forcing and Deccan volcanism to global climatic and biotic changes across the Cretaceous-Paleogene boundary at Zumaia, Spain
	ABSTRACT
	INTRODUCTION
	METHODS AND AGE MODEL
	RESULTS
	Calibration of Planktic Foraminiferal Events
	Calibration of Carbon Isotope Excursions (CIEs)

	DISCUSSION AND CONCLUSION
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Citation






