UNIVERSIDADE DO VALE DO RIO DOS SINOS — UNISINOS
UNIDADE ACADEMICA DE PESQUISA E POS-GRADUACAO
PROGRAMA DE POS-GRADUAGAO EM GEOLOGIA
NiVEL DOUTORADO

DISSERTACAO DE DOUTORADO

GERMAN DAVID PATARROYO CAMARGO

PALEOENVIRONMENTAL AND BIOSTRATIGRAPHIC CONSTRAINTS FOR
UPPERMOST CRETACEOUS (MAASTRICHTIAN) SEDIMENTARY SUCCESSIONS
OF NORTHERN SOUTH AMERICA

Orientador: Karlos Guilherme Diemer Kochhann
Co-orientadora: Laia Alegret (Zaragoza University)

Linea de pesquisa: Paleontologia Aplicada

Banca examinadora:
Dra. Ana Luiza S. Albuquerque
Dra. Renata Guimaraes Netto

Dr. Eduardo A. M. Koutsoukos

Sao Leopoldo, Brasil

2024



C173p Camargo, German David Patarroyo.
Paleoenvironmental and biostratigraphic constraints for
uppermost cretaceous (Maastrichtian) sedimentary successions of
northern South America / German David Patarroyo Camargo. —2024.
182 f.:il.; 30 cm.

Dissertacdo (doutorado) — Universidade do Vale do Rio dos
Sinos, Programa de Pds-Graduacdo em Ciéncias Geologia, 2024.

“Orientador: Karlos Guilherme Diemer Kochhann

Co-orientadora: Laia Alegret (Zaragoza University)”.

1. Sedimentos (Geologia). 2. Geologia estratigrafica - Cretaceo.
3. Paleontologia - Cretaceo. . Titulo.
CDU 551.7

Dados Internacionais de Catalogacao na Publicacdo (CIP)
(Bibliotecaria: Amanda Schuster — CRB 10/2517)




ABSTRACT

One of the major environmental and biotic turnovers of the Phanerozoic occurred at the Cretaceous-
Paleogene (K-Pg) transition, being the focus of countless scientific studies that addressed the timing,
mechanisms and consequences of this global event. Though less explored, Late Cretaceous oceanic
settings also underwent significant paleoenvironmental changes, due to a combination of global or
regional paleoceanographic and tectonic events. This study aims to reconstruct paleoenvironmental
conditions on a series of Maastrichtian localities along the equatorial South American margin. To have
a better understanding of low-latitude water masses during that time, we applied high-resolution
micropaleontological (foraminifers) and geochemical (sediment elemental ratios, carbon isotopes,
among others) methods in shallow marine units from northern Colombia, and in deep-sea sites from

the tropical Atlantic Ocean.

Two Maastrichtian localities were considered in Colombia: (1) Core Diablito-1E (Colén Formation,
Cesar-Rancheria Basin), and (2) the Aguablanca Creek section (Umir Formation, Middle Magdalena
Valley). In general, foraminiferal assemblages were dominated by benthic taxa (Maastrichtian regional
biozones Siphogenerinoides bramletti to Ammobaculites colombiana), and planktonic foraminiferal
assemblages were mostly composed of Guembelitria cretacea and heterohelicids. Ostracods and
calcareous nannofossil were also studied to provide integrated paleoenvironmental interpretations.
Despite their potential, both microfossil groups had been poorly studied in this region. Integrated
microfossil assemblages and sediment elemental ratios (Zr/Rb, Fe/Ca, V/Cr and Sr/Ba) in both
localities clearly indicated a transition from inner platform settings, with moderately oxygenated
bottom waters, to sublittoral conditions. Throughout the studied sections, weathering intensity
increased, accompanied by increased input of terrigenous sediments. These environmental
disturbances were related to the geological evolution of extensive epicontinental seas that occupied
northern South America, and gradually disappeared due to sea level fluctuations, and the onset of the

Andean orogeny since the Maastrichtian.

To track paleoenvironmental disturbances in the deep-sea, two Maastrichtian localities were surveyed
in the tropical Atlantic Ocean: (1) Ocean Drilling Program (ODP) Hole 1258A (Demerara Rise), and (2)
ODP Hole 1001B (Nicaraguan Rise). At Hole 1258A, high-resolution geochemical and benthic
foraminiferal analyses suggest the occurrence of paleoenvironmental shifts during the entire
Maastrichtian, related to changes in the intermediate to deep-water oxygenation and surface
productivity, as well as a sudden dissolution episode in the earliest Maastrichtian. For instance,
selected taxa (Aragonia, Nuttallides truempyi, Coryphostoma, Strictoscomella, among others), and the

distribution of redox-sensitive trace metals (Ni, Cu) along the core, indicated suboxic bottom water



conditions, with oxygenation pulses during the mid-Maastrichtian event (MME), which was identified
by a high-resolution stable carbon isotope (63C) record at the site. Moreover, sediment elemental
ratios (log(Fe/Ca), Si/Ti, Fe/K) indicated fluctuations of biogenic silica and carbonate export via surface
productivity, and probable disturbances of the regional hydroclimate since the early Maastrichtian.
These disturbances of local surface productivity and bottom water oxygenation on Demerara Rise
were likely related to the MME and the onset of the late Maastrichtian warming event, both linked to
a higher interference of high-latitude deep-waters on the tropics and likely latitudinal migrations of
the Paleo-Intertropical Convergence Zone (PITCZ). On the other hand, tracking paleoenvironmental
disturbances at Hole 1001B was more challenging since diagenetic issues hampered good microfossils
preservation, whose assemblages suggested a typical bathyal setting. However, the sedimentary
archive of Hole 1001B was sensitive enough to allow identifying of the K-Pg boundary with a
preliminary 613C survey, also indicating subtle changes of surface paleoproductivity and bottom water
conditions during the late Maastrichtian, as suggested by sediment elemental ratios (log(Fe/Ca), Si/Al,

Ba/Al, Fe/K) and concentrations of redox-sensitive trace metals (Ni, Zn, V) along the core.

Finally, the analysis of mercury (Hg) concentrations as a proxy for widespread volcanic activity was
conducted in three of the studied localities: Sites Diablito-1E, ODP Holes 1258A and 100B. Considering
the shallowing processes underwent by core Diablito-1E, and the poorly explored influence of the
northern South American volcanism during Maastrichtian, Hg concentrations could not be exclusively
linked to a single volcanic source (Deccan or regional volcanism). Bulk sediments §'3C analyses at Core
Diablito-1E, the first ones conducted in Maastrichtian rocks from this area, indicate that the low-
latitude sedimentary record has the potential to track perturbations of the global carbon cycle.
Moreover, the sedimentary records from Demerara Rise and Nicaraguan Rise illustrated significant Hg
peaks along the Maastrichtian, which based on their proposed age models and comparisons with
other Maastrichtian localities, would evidence the influence not only of Deccan volcanic episodes but
also of the less studied volcanic pulses in the Caribbean during the late Maastrichtian. The role of

those widespread processes on the low latitude climate is a promising field of study.

These results clearly pointed out that the northern South America region was particularly sensitive to
paleoenvironmental disturbances during the Maastrichtian, reflecting their highly complex geological

evolution during the latest Cretaceous.



ARCABOUCO PALEOAMBIENTAL E BIOESTRATIGRAFICO PARA SUCESSOES SEDIMENTARES DO
CRETACEO SUPERIOR NO NORTE DA AMERICA DO SUL

Uma das maiores perturbagcdes ambientais e bidticas durante o Fanerozdico ocorreu na transicdo
Cretaceo-Paleogeno (K-Pg), pelo que incontaveis trabalhos académicos tém procurado compreender
a cronologia, os mecanismos e consequéncias deste evento global. Entretanto, apenas alguns
trabalhos tém documentado mudancas significativas nos ambientes marinos antes do limite K-Pg,
explicadas por uma combina¢do de eventos paleoceanograficos e tecténicos de escala regional a
global. Esta pesquisa procurou reconstruir as condi¢Ges paleoambientais de diversas localidades com
sedimentos do Maastrichtiano, ao longo da margem equatorial da América do Sul. Procurando obter
um melhor conhecimento das massas de dgua de latitudes baixas durante aquele intervalo do tempo,
foram aplicados diferentes métodos micropaleontoldgicas (foraminiferos) e geoquimicas (razoes
elementais em sedimentos, isétopos de carbono) de alta resolugdo em unidades marinhas rasas do

norte da América do Sul, e também em testemunhos de dguas profundas do Oceano Atlantico tropical.

Duas localidades do Maastrichtiano da Colémbia foram estudadas: (1) Testemunho Diablito-1E
(Formacdo Coldn, Bacia de Cesar-Rancheria), e (2) a secdo do Riacho Aguablanca (Formacdo Umir,
Vale Médio de Magdalena). As associacdes de foraminiferos foram dominadas por espécies
bentbnicas (Biozonas regionais do Maastrichtiano Siphogenerinoides bramletti e Ammobaculites
colombiana), enquanto as associacdes planctdnicas foram representadas principalmente por
Guembelitria cretacea e heterohelicidos. Com o propdsito de obter uma ampla compreensio das
condicBes paleoambientais nas duas localidades, os conteddos de nanofdsseis calcdrios e ostracodes
também foram considerados nas interpreta¢des. Apesar do potencial destes grupos de organismos
fosseis, eles tém sido pouco explorados nesta regido. A integracao da informagao micropaleontoldgica
e diferentes razoes elementares (Zr/Rb, Fe/Ca, V/Cr, Sr/Ba) nos sedimentos das duas localidades,
permitiu a identificacdo de uma transicdo de ambientes de plataforma interna, com aguas de fundo
moderadamente oxigenadas, e gradando para condi¢des marinhas rasas, associadas a um maior
aporte de material terrigeno. Essas mudancas ambientais estiveram relacionadas a evolugao geoldgica
dos mares epicontinentais que dominaram o norte da América do Sul, e que, gradualmente
desapareceram devido a oscilacGes eustaticas, e a ativacdo da orogenia Andina, desde o comeco do

Maastrichtiano.

Dois testemunhos de dguas profundas foram analisados para identificar mudancas paleoambientais
no Oceano Atlantico tropical: (1) Ocean Drilling Program (ODP) Hole 1258A (Alto de Demerara), e (2)
ODP Hole 1001B (Alto de Nicaragua). A analise micropaleontoldgico e geoquimico de alta resolugédo

no Hole 1258A sugeriu a ocorréncia de mudancas paleoambientais ao longo do Maastrichtiano,



relacionada a perturbagbes na oxigenacdo das massas de agua intermedias-profundas e a
produtividade superficial, assim como um episédio subito de dissolucdo de carbonatos no
Maastrichtiano inicial. Taxa especificos (Aragonia, Nuttallides truempyi, Coryphostoma,
Strictoscomella) e a distribuicdo de metais sensiveis (Ni, Cu) a oxigenagdo da dgua ao longo do
testemunho, sugerem a ocorréncia de condi¢des subdxicas nos sedimentos de fundo, e pulsos de
oxigenacdo durante o mid-Maastrichtian Event (MME), identificado por um registro de alta resolugédo
de isdtopos estdveis de carbono (613C). Razdes elementais (log(Fe/Ca), Si/Ti, Fe/K) indicaram varia¢des
no aporte de silica e carbonatos biogénicos via produtividade superficial, e provaveis perturbagdes
hidroclimaticas desde o Maastrichtiano inicial. As perturbac¢des de produtividade superficial e na
oxigenacdo de aguas de fundo no Alto de Demerara estariam relacionadas com o MME e com o
comeco do evento de aquecimento do Maastrichtiano tardio, ambos conectados com uma maior
influéncia de massas de aguas profundas, oriundas de latitudes altas, nos trépicos, além de possiveis
migracGes da paleo-Zona de Confluéncia Intertropical (PZCIT). Em contraste, reconhecer mudancas
paleoambientais no Hole 1001B foi mais complexo por causa da intensa diagénese, dificultando um
melhor diagnostico dos foraminiferos batiais que foram reconhecidos. Entretanto, esse registro
sedimentar foi suficientemente sensivel para capturar o limite K-Pg no registro de 8'3C, enquanto
variacOes sutis na produtividade superficial e da oxigenagdo de aguas de fundo durante o
Maastrichtiano tardio foram registradas por diferentes razoes elementares dos sedimentos

(log(Fe/Ca), Si/Al, Ba/Al, Fe/K) e o contelido de metais sensiveis as condicdes redox (Ni, Zn, V).

Finalmente, as concentra¢gdes do mercurio (Hg) como um indicador de vulcanismo de grande
magnitude foram estudadas em trés localidades: Diablito-1E, ODP Hole 1258A e ODP Hole 1001B. Por
causa do ambiente marinho raso e o pouco conhecimento do vulcanismo regional da América do Sul
durante o Maastrichtiano, as concentracdes de Hg em Diablito-1E ndo puderam ser associadas com
eventos vulcanicos exclusivos (Deccan ou vulcanismo regional). De qualquer forma, anélises de §3C,
primeiras em rochas maastrichtianas desta regiao, sugerem seu potencial para registrar perturbacoes
no ciclo global do carbono. Os registros sedimentares dos testemunhos ODP Hole 1258A e ODP Hole
1001B também apresentaram variacoes significativas no conteldo de Hg ao longo do Maastrichtiano,
as quais ndo somente evidenciariam a influéncia dos episddios vulcanicos da Provincia de Deccan, mas
também de episdédios pouco estudados na regido caribe durante o Maastrichtiano tardio. O impacto
que aqueles episddios vulcanicos puderam ter no clima em baixas latitudes é uma oportunidade de

pesquisa promissora.

Em conclusédo, todos os resultados obtidos nesta investigacdo ilustraram a sensibilidade climatica que
Ameérica do Sul teve durante o Maastrichtiano, uma consequéncia da incrivelmente complexa histéria

geoldgica desta drea ao longo do Cretaceo tardio.
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SUMMARY

The Cretaceous-Paleogene transition has been intensively studied in the literature due to the
occurrence of the fifth largest mass extinction at the K-Pg boundary (e.g., Alvarez et al., 1980). There
is a broad consensus that the impact of an asteroid 66 Ma caused global paleoclimatic and
paleoenvironmental changes as well as the mass extinction, although the specific mechanisms are
debated (e.g., D'Hondt, 2005; Schulte et al., 2010; Alegret et al., 2012, 2022; Henehan et al., 2019;
Hull et al., 2020; Chiarenza et al., 2020; Carvalho et al., 2021; Goderis et al., 2021). Life and ecosystems
also underwent significant paleobiological disturbances during the Late Cretaceous (Campanian-
Maastrichtian), evidenced by faunal turnovers, diversity declines, and even extinction of
representative marine groups, such as the inoceramids and the rudist bivalves (e.g., Johnson, 2002;
Frank et al., 2005; Mateo et al., 2007; Stinnesbeck et al., 2012; Condamine et al., 2021; Coiffard et al.,
2023). In general, Late Cretaceous climate was characterized by a shift from “hot greenhouse”
conditions which dominated during most of Cretaceous, to a “cool greenhouse” scenario during the
Maastrichtian, with a moderate latitudinal gradient and the development of stable deep-water masses

at high latitudes.

This climatic shift has been tracked mostly on the deep-sea records using micropaleontological
(foraminifers, calcareous nannofossils) and geochemical proxies (e.g., Friedrich et al., 2004; Voigt et
al., 2013; Linnert et al., 2016; Huber et al., 2018; Ladant e al., 2020). The Late Cretaceous world also
experienced an increase in global volcanic activity, commonly related to episodic volcanic pulses in
India, as evidenced by the widespread Deccan Traps (e.g., Schoene et al., 2019; Sprain et al., 2019).
How that recurrent activity was linked with the Campanian-Maastrichtian and the K-Pg climatic shifts,
is also an issue widely explored in recent years (e.g., Percival et al., 2018; Keller et al., 2020; Hull et al.,

2020; Font et al., 2021; Gu et al., 2022).

Considering that low-latitude ecosystems have operated as major triggers of biological diversity
through geological time (Mittelbach et al., 2007), a better understanding of the Maastrichtian tropics,
particularly their shallow marine and deep-sea environments, would help properly estimate how the
marine biota responded to climate changes before the K-Pg extinction. In addition, this approach
would provide more tools for Late Cretaceous climatic modelling (Ladant et al.,, 2020) and

paleobiogeographical inferences.

Like in modern times, Late Cretaceous shallow marine ecosystems of northern South America were
highly complex, being characterized by extensive epicontinental seas that gradually disappeared by a
combination of sea level fluctuations and the onset of the Andean orogeny (Erlich et al., 2000; Bayona

et al., 2020). On the other hand, low latitude open marine settings were likely influenced by changes
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in water mass circulation in the Atlantic and Pacific realms (e.g., D’"Hondt and Arthur, 2002; Friedrich
et al., 2012; Batenburg et al., 2018). This study provides new data to improve our understanding of
Maastrichtian marine settings, using an integrated analysis of micropaleontological (foraminifera) and
geochemical (elemental ratios, isotopes, among others) proxies. One of the reasons why this study
focused on the Maastrichtian interval is that foraminiferal assemblages were highly diverse in
northern South America, with a moderate input of previous research (e.g., Tchegliakova and Mojica,

2001; Martinez, 2003; Koutsoukos, 2006).

Here, high-resolution studies were conducted at the stratigraphic core Diablito-1E and at the
Aguablanca Creek section (northern Colombia). Micropaleontological and geochemical analyses in
both localities aimed to establish a robust paleoenvironmental reconstruction for the latest
Cretaceous of northern South America. To have a robust understanding of paleoceanographic
conditions in the tropics, systematic studies (micropaleontological and geochemical) were also
conducted at two deep-sea sections in the tropical Atlantic Ocean (ODP sites 1258 and 1001). High-
resolution paleoenvironmental reconstructions for Maastrichtian deep-water masses and surface
productivity were the major goals of this part of the study, tracking the likely influence of major
perturbations in the global carbon cycle such as the Mid-Maastrichtian Event (MME) or the latest

Maastrichtian warming event (LMWE), on northern South America.

An additionally explored issue was the tentative use of sedimentary mercury (Hg) concentrations as a
chemostratigraphic tool for the Maastrichtian in tropics, and its link with not only the Deccan
vulcanism, but also regional volcanic sources such as the Caribbean Large Igneous Province, and their
possible consequences for low latitude climate. Results of Hg analyses in the surveyed shallow marine
and deep-sea localities were compared with those reported in previous studies (e.g. Percival et al.,

2018; Schoene et al., 2019; Sprain et al., 2019; Keller et al., 2020; Font et al., 2021).
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THESIS STRUCTURE

An introductory chapter explains the main motivations for conducting this study, the geological
context of the Late Cretaceous sedimentary successions in northern South America, the main research
goals of this study, and additional topics that were explored during the doctorate. Main results are
sorted in three major components: (1) paleoenvironmental inferences from shallow-marine units in
northern South America (CHAPTERS 1-2), (2) paleoceanographic inferences from deep-sea settings in
the tropical Atlantic Ocean (CHAPTERS 3-4), and (3) mercury chemostratigraphy in Maastrichtian low

latitude locations (CHAPTER 5). Figure 1 summarizes the location of the studied sites.

CHAPTER 1 describes the results of an integrated micropaleontological and geochemical study of core
Diablito-1E (Cesar-Rancheria Basin, Colombia). A paleoenvironmental reconstruction was made for
the Colén Formation (Maastrichtian). This chapter was published at the Journal of South American
Earth Sciences (Vol 119, 104015 Special Volume: “Stratigraphy and Micropaleontology of Caribbean
Basins”), and it is entitled “Paleoenvironmental changes recorded at a late Maastrichtian marine

succession of northern South America”.

An additional shallow marine succession is explored in CHAPTER 2: Aguablanca Creek section (Middle
Magdalena Valley, Colombia). An integrated micropaleontological and geochemical study surveyed
the stratigraphic contact between La Luna-Umir formations, and the lower segment of the Umir
Formation (Maastrichtian). This chapter was published at Ameghiniana (Vol 60 (4), p. 297-311), and it
is entitled “Maastrichtian microfossils of the shallow marine Umir Formation, North-eastern

Colombia”.

CHAPTER 3 comprises high-resolution benthic foraminiferal and geochemical analyses at Ocean
Drilling Program (ODP) Hole 1258A (Demerara Rise, offshore Suriname). A series of paleoceanographic
and paleoclimatic inferences were made for this locality (e.g., surface productivity, bottom water
oxygenation, regional hydroclimate), comparing them with previous studies of high latitude locations
in the Atlantic Ocean, and one site from the tropical Pacific Ocean. These results will be submitted to
Paleoceanography and Paleoclimatology with the title “Benthic foraminifera and
paleoenvironmental turnover across the mid-Maastrichtian event in the tropical Atlantic Ocean

(ODP Site 1258)”.

A similar approach is illustrated in CHAPTER 4, for ODP Hole 1001B (Nicaraguan Rise, Western
Caribbean), where the paleoceanographic discussion was mostly focused on geochemical proxies,

including stable carbon isotope and mercury (Hg) records along the Maastrichtian and the K-Pg
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boundary. Results of this chapter will be submitted to Cretaceous Research with the title “Low latitude

deep-sea paleoenvironmental evolution during the Maastrichtian”.

CHAPTER 5 deals with Hg concentrations and associated geochemical proxies (Hg/TOC, Hg/S ratios)
from the studied localities described in CHAPTERS 1, 3 and 4. A tentative Hg chemostratigraphy is
tested for the tropics, including a discussion about the likely volcanic sources of higher Hg
concentrations (Deccan Traps and Caribbean Large Igneous Province). These results will be submitted
to Geology as “Mercury concentrations as a proxy for volcanic activity in the Maastrichtian low-

latitude oceans”.

CHAPTERS 1-2
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Figure 1. Geographic location of each chapter. 68 Ma paleogeographic reconstruction from the ODSN online tool

(http://www.odsn.de/odsn/services/paleomap/paleomap.html). The location of the studied material described

in the ADDENDA is in the same region as that of CHAPTER 1.

The concluding remarks of this dissertation are presented in CHAPTER 6, as well as an additional study
(ADDENDA), submitted as second author to Cretaceous Research: “Ostracod assemblages from the

Upper Cretaceous Colén Formation, Colombia: Taxonomy and paleoecological inferences”
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INTRODUCTION

MOTIVATION
The “mysterious” Late Cretaceous seas of northern South America

When | wanted to discuss (or to argue, depending on context) with colleagues about the Late
Cretaceous sedimentary successions in Colombia, | usually quoted Hermann Duque-Caro (1935-2015),
a prominent Colombian micropaleontologist who used to say “ah, the mysterious Cretaceous seas”.
Those seas were unusual indeed, not only in Colombia but in most of northern South America. In
general, Cretaceous seas of this region were characterized by poorly ventilated intermediate water
masses and anoxic-dysoxic to euxinic bottom water conditions, both associated with strong to
moderate upwelling activity (Martinez and Hernandez, 1992; Vergara, 1997; Villamil and Pindell, 1998;
Bralower and Lorente, 2003; Martinez, 2003; Sarmiento-Rojas, 2019; Pdez-Reyes et al., 2021).
Consequently, the Late Cretaceous sedimentary units in northern South America, consist of thick
sequences of organic-rich limestones and shales, cherts and silicified limestones, with scattered
glauconitic and phosphatic levels (Figure 1; Macellari, 1988; Féllmi et al., 1992; Villamil and Arango,
1998, Erlich et al., 1999; Guerrero et al., 2000; Bayona, 2018; Sarmiento-Rojas, 2019). Due to those
paleoenvironmental conditions, Late Cretaceous sedimentary successions are responsible for >70% of
the extracted hydrocarbons in Venezuela, Colombia and northern Peru (Talukdar and Marcano, 1994;
Pindell and Tabbutt, 1995; Villamil et al., 1999; Mann et al., 2006), and uncountable earth science
professionals in Colombia and Venezuela have dealt with the geological concept of the La Luna Sea

(LLS).

Proposed by Erlich et al., (2000), the LLS was originally dated as late Santonian, but the
aforementioned paleoenvironmental conditions partially or completely extended from Early to Late
Cretaceous, and were developed under a passive-margin regime (Figure 1). Considering that many
studies have focused only on Oceanic Anoxic Event 2 (OAE2; e.g. Villamil and Pindell, 1998; Sarmiento-
Rojas et al., 2019; Pdez-Reyes et al., 2021), there are still major doubts about the timing and
paleoceanographic settings of the LLS. Tracking the end of the LLS is equally challenging, since major
facies changes and hiatuses are present at the end of the Campanian, with truncation of Cretaceous
marine sequences in all the inter-mountainous basins from Colombia (Figure 2). For instance, in the
Catatumbo, Cesar-Rancheria and Maracaibo basins, major unconformities have been identified
between strata recording highly productive deeper water settings of the LLS, and the overlying
successions that represent shallower and oligotrophic conditions (Guerrero et al., 2000; Patarroyo et

al., 2017; Terraza, 2019).
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Figure 1. Main features of the La Luna Sea (LLS) in northern South America. Schematic stratigraphic synthesis of
the Late Cretaceous sedimentary successions in Colombia (compiled from Vergara, 1997; Villamil and Arango,
1998; Guerrero et al., 2000; Erlich et al., 2000, Sarmiento-Rojas, 2019). Paleogeography of the Cenomanian-late

Campanian interval from Scotese (2016).

An integration of sedimentological, biostratigraphic and seismic studies suggest that those facies
changes and time gaps of late Campanian-early Maastrichtian were a consequence of gradational
processes, linked to global sea level fluctuations, and the early stages of the Andean orogeny (Mora
et al., 2006; 2010; Cooney and Lorente, 2009; Horton, 2018; Bayona, 2018; Bayona et al., 2020).
Finally, though the highly productive water masses that defined the LLS disappeared for most of
northern South America, restricted marine conditions continued until the Paleogene in the Perija

Range and the Maracaibo region (e.g. Hato Nuevo and Guasare Formations; Martinez and Hernandez,
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1992; Bayona et al., 2011). So far, the K-Pg boundary in this region of South America has been only
described in a stratigraphic core from Cesar-Rancheria basin (Diablito-1E; De La Parra et al., 2022) and
in a sedimentary outcrop from Gorgonilla Island, located in an open marine setting that was later

accreted to South America (Bermudez et al., 2019).
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Figure 2. Regional tectonic setting of the northern Andes and general stratigraphic chart of the Late Cretaceous
succession for the inter-mountainous basins of Colombia. Tectonic features based on Tschanz et al (1974),
Bayona et al (2011) among others. Stratigraphy based on Montenegro and Barragan (2011), Pedraza and Ramirez
(2011), Roncancio and Martinez (2011), Sarmiento-Rojas (2011). Stratigraphy for the Middle Magdalena basin

followed the recent model of Terraza (2019).

It is already known that low latitude marine environments underwent significant shifts during the
Campanian-Maastrichtian interval but, what was the evolution of their associated ecosystems?
Previous paleontological studies have shown that marine microfossils (e.g., foraminifers, calcareous
nannofossils, ostracods, dinoflagellates), which are key elements of the trophic chains, responded to
these major changes. Marine microfossils were relatively abundant and diverse during the
Maastrichtian, and they have been regularly used as paleoenvironmental proxies and
chronostratigraphic markers (Blrgl and Dummit, 1954; Petters, 1955; Martinez, 1989; Tchegliakova,
1996; Vergara, 1997; Guerrero et al., 2000; Yepes, 2001; Tchegliakova and Mojica, 2001; Garzén et al.,
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2012; Juliao-Lemos et al., 2016; Patarroyo et al., 2017; Navarrete et al., 2018; Carvalho et al., 2021;
De La Parra et al., 2022). However, most of these efforts, though effective, have relied on the
distribution and abundance of the individual microfossil groups, an issue that could be troubling
considering the dynamic paleoenvironmental context of this region. For instance, sedimentological
(e.g., carbonate dissolution) and ecological (e.g., changes in bottom water oxygenation) processes
could bias the potential of individual micropaleontological proxies. In order to draw reliable
paleoenvironmental and chronostratigraphic interpretations for the Late Cretaceous of northern
South America, a multiproxy approach is ideal, not only for assessing the strengths and weaknesses
of the selected microfossil groups, but also exploring the sedimentary record from a geochemical
perspective. For instance, sediment elemental ratios and organic geochemistry provide valuable data
for reconstructing paleoclimatic (weathering intensity, paleohumidity, e.g., Stuut et al., 2005, Mulitza
et al., 2008) and paleoceanographic parameters (surface productivity, sea level changes, e.g., Calvert
and Pedersen, 2007, Agnihotri et al., 2008). Additionally, bulk sediment stable carbon isotope records
have been used in chronostratigraphic correlations of uppermost Cretaceous sedimentary successions

(Voigt et al., 2010, 2012; Vellekoop et al., 2022).

The multiproxy (micropaleontology and geochemistry) approach of this PhD thesis improves the
understanding of northern South America marine ecosystems during the Maastrichtian in two ways:
(1) providing robust paleoenvironmental and paleoceanographic schemes for the latest Cretaceous of
northern South America and (2) assessing paleoclimate sensitivity of the low latitude regions to global
and regional events such as the Andean orogeny or large-scale volcanism (Caribbean Large Igneous

Province, Deccan Traps).

The Maastrichtian deep ocean in low latitude regions: “swimming on stranger tides”

There is a major consensus about the warmer nature of the Cretaceous climate (Figure 3; e.g., Barron,
1983; Jenkyns et al., 2004; O’Brien et al.,, 2017; Huber et al., 2018; Huber, 2020). Global
paleotemperature compilations, based on paleontological (microfossils, plant remains) and
geochemical data (oxygen isotopes, TEXss) confirm this global warmth and reduced latitudinal
temperature gradients during a long-time span of the Cretaceous, with an interval of maximum
temperatures during the Cenomanian—Turonian (Wilson and Norris, 2001; Pucéat et al., 2003; Cramer
et al., 2009; Friedrich et al., 2012; MacLeod et al., 2013; O’Brien et al., 2017; Huber et al., 2018). In
contrast, a steady cooling trend has been recorded throughout the late Campanian-Maastrichtian,
with arguably short-lived polar ice sheets in the late Maastrichtian (Davies et al., 2009; Bowman et al.,

2013; Ladant and Donnadieu, 2016; Huber, 2020). As a response to warm intervals and changes of
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water masses circulation patterns, the Cretaceous world is also distinguished by major perturbations
of the carbon cycle, known as ocean anoxic events (OAEs, e.g. Schlanger and Jenkyns, 1976; Jenkyns,

2010).
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Figure 3. Compiled late Aptian-Maastrichtian planktonic and benthic foraminiferal stable oxygen isotope (8*0)
data and from Deep Sea Drilling Project (DSDP) sites 257, 258, 327, 511, and 689 by Huber et al. (2018). Note
the occurrence of different Cretaceous greenhouse climatic states. Green square indicates the geochronological
range of our studied material. Cretaceous sea level curve after Hag (2014). Regional and global Oceanic Anoxic
Events after Takashima et al. (2015) and global large igneous provinces (LIP) magma flux estimations by Coffin

et al. (2006). Figure modified from Li et al. (2019) and Huber (2020).

Oceanic Anoxic Events were characterized by widespread deposition of black shales and organic-rich
limestones in marine environments (Schlanger and Jenkyns, 1976; Jenkyns, 2010; Jones et al., 2019).
Many studies have focused on the onsets of OAEs, concluding that volcanism of large igneous
provinces, likely caused these perturbations of the carbon cycle (e.g., Du Vivier et al., 2014; Huber,
2020). In contrast, OAE3 (Coniacian-Santonian) has only been discussed by Machado et al. (2016) in
Venezuela, and its presence has been inferred from organic rich layers from central Colombia (e.g.,
Galembo Formation, Terraza, 2019). Late Cretaceous OAEs have been linked to rapid CO, degassing of
the Caribbean Large Igneous Province and the High Arctic Large Igneous Province (Figure 3; Du Vivier
et al., 2014; Schroder-Adams et al., 2019). The expression of OAEs in northern South America was
likely favored by the openings of the Equatorial Atlantic Gateway and Southern Oceans between the

Cenomanian and Maastrichtian (e.g., Martin et al., 2012). Similar conditions have been proposed for
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the deposition of organic-rich layers and the presence of the OAE2 in the U.S. Western Interior
Seaway, where subtropical and Tethyan water masses interacted during the Albian-Maastrichtian time
interval (e.g. He et al., 2005; Lowery et al., 2018). In the case of the LLS, the presence of OAE2 is
beyond discussion, with most of the records located in Colombia and Venezuela (e.g., Villamil and
Pindell, 1998; Davis et al., 1999; Erlich et al., 1999; Paez-Reyes et al., 2021). Additional features such
as the phosphogenesis events recorded at the final stages of the LLS (Santonian-Campanian; Erlich et
al., 2000; Martinez, 2003) also point to the combined effect of the post-Santonian cooling at high

latitudes, sea level highstands, and the changing tectonic configuration of northern South America.

Open, relatively shallow, low latitude marine environments underwent significant environmental
shifts before the Santonian but, the evolution of the Maastrichtian deep-sea settings is debated.
Several studies, based on micropaleontological (foraminifers, calcareous nannofossils), geochemical
(elemental ratios, organic matter and carbonate contents) and isotopic signatures (8'3C, 680, eNd)
have proposed that, since the early and middle Maastrichtian, Atlantic water masses recorded a
change in their source areas. For instance, warm-saline water masses in the equatorial Atlantic
underwent a major influence of boreal deep-water masses since 69 Ma, rather than of the austral
sources as recorded since the Albian-Cenomanian (e.g., Friedrich et al., 2004; Thibault and Gardin,
2006; Friedrich and Hemleben, 2007; MacLeod et al., 2011; Koch and Friedrich, 2012; Martin et al.,
2012; Linnert et al., 2019). In the tropical Pacific Ocean (e.g., Shatsky Rise), changes in deep water
masses have been recorded along the Maastrichtian, though with an ineffective oceanic circulation
with the Atlantic and Tethyan realms. The recurrent presence of submarine barriers in the southern
Atlantic (e.g., Rio Grande Rise) probably conditioned deep water formation in this region (e.g., Frank
et al., 2005; Jung et al., 2013; Dameron et al., 2017; in press). The controlling mechanisms of deep-
water formation in the Atlantic and Pacific realms have been proposed as possible triggers of at least
two significant perturbations of the global carbon cycle: (1) the Campanian-Maastrichtian Boundary
Event (CME; Friedrich et al., 2009), and (2) the mid-Maastrichtian Event (MME; Voigt et al., 2012). The
MME (69 Ma) has been associated with ecological perturbations of the marine biota, reflected on the
decline of several invertebrate groups (inoceramid and rudist bivalves, ammonoids; Johnson, 2002;
Frank et al., 2005; Stinnesbeck et al., 2012), and changes in the benthic and planktonic microbiotas

(e.g., Thibault and Husson, 2016; Dameron et al., 2017; in press; Vancoppenolle et al., 2022)

The question remains, were major perturbations of the global carbon cycle such as the MME
recorded in low-latitude settings? The privileged geographic location of the low Iatitude
Maastrichtian records favors a likely influence of this event, since the previously referred processes
must have stimulated westward flowing of the Tethyan circumglobal current through the Caribbean

Gateway (e.g., Soudry et al., 2006; Beil et al., 2020). Moreover, evidence for deep ocean circulation,
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linked to the aperture of the Equatorial Atlantic Gateway, has been documented in Cenomanian and
even older sedimentary records of the northern South American margin (e.g., Koutsoukos and
Merrick, 1986; Koutsoukos, 1992, 2006; Friedrich and Erbacher, 2006; Erbacher et al., 2009; Martin et
al.,, 2012). Late Cretaceous climatic teleconnections between low and the high latitude processes
(marine and continental) have been poorly explored, possibly undermining climatic modelling of this
time interval, and discussions about the climatic transition at the K-Pg boundary (e.g., Hull et al., 2020;
Ladant et al., 2020). For instance, studies based on geochemical proxies, such as Corentin et al (2022,
2023), have explored the possible role that tectonic pulses in South America could have played in the
Late Cretaceous global cooling, due to chemical weathering feedback. Mercury (Hg)
chronostratigraphy has tentatively linked Hg anomalies 400 k.y. before the K-Pg boundary with
widespread volcanism of the Deccan Traps (Sial et al., 2014, 2016), but the role that Caribbean Plate

volcanic activity might have played on global climate is still unclear.

Considering all these aspects, ODP Holes 1258A (Demerara Rise) and 1001B (Nicaraguan Rise) are
suitable candidates for testing climate sensitivity of the tropical oceans during the Maastrichtian.
Studies on the Maastrichtian record from Demerara Rise, would fill an important knowledge gap in
the Cretaceous paleoceanographic history of the tropical Atlantic Ocean, comprising around 5 million
years (Ma) before the K-Pg boundary extinction event (Friedrich and Erbacher, 2006; Friedrich et al.,
2008; Schulte et al., 2009; Berndt et al., 2011; Martin et al., 2012; Thibault and Husson, 2016; MacLeod
et al., 2017; Corentin et al., 2023). On the other hand, the Maastrichtian record of Nicaraguan Rise
would not only provide insights about the nature of the deep-water circulation through this ancient
gateway, but it also would complement studies about the geological evolution of the Caribbean Plate

(Sigurdsson et al., 2000; Pindell et al., 2005; Garcia-Reyes and Dyment, 2021).

The multiproxy (micropaleontological and geochemical) approach of this PhD thesis contributes to the
understanding of low latitude marine ecosystems during the Maastrichtian, focusing on the following
features: (1) Low latitude surface productivity and bottom water oxygenation, (2) paleoceanographic
links with other oceanic settings (e.g., deep water formation) in the equatorial Pacific Ocean and high
latitude settings in the Atlantic Ocean, as well as atmospheric circulation patterns, and (3) Hg

chemostratigraphy of the Maastrichtian in low-latitude settings.

Based on the aforementioned questions, the main motivation of this study was imitating those ancient
sea wolves while searching for new lands, though sailing will be this time in the mysterious Cretaceous

seas.
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RESEARCH HYPOTHESES

Marine microorganisms (such as foraminifera), and water masses (surface and deep settings)
from low-latitude seas responded to global climatic and paleoceanographic changes occurred
during the Maastrichtian. Those changes should be reflected in the composition and
abundance of the benthic foraminiferal assemblages or selected species, as well as
fluctuations of selected geochemical proxies.

Perturbations on the global carbon cycle, such as the MME, were reflected by changes of the
surface productivity, deep-water circulation and bottom water oxygenation. Those
fluctuations should be expressed in the distribution of selected foraminiferal taxa, estimations
of benthic foraminiferal accumulation rates. Selected geochemical proxies and carbon stable
isotope surveys must also reflected this perturbation.

Regional tectonic features, such as the first pulses of the Andean orogeny, or volcanic episodes
from the Deccan and Caribbean provinces, affected shallow marine settings and regional
paleoclimatic parameters, such as weathering intensity. Mercury concentrations in the
studied material, normalized with carbon and sulfur concentrations, can be used as a tracker

of this volcanic activity.

MAIN RESEARCH GOAL

To explore Maastrichtian foraminiferal assemblages and selected geochemical proxies as tools for
understanding paleoenvironmental and temporal constraints on latest Cretaceous water masses and
epicontinental seas of northern South America, and coeval tropical Atlantic Ocean sedimentary

successions.

ADDITIONAL RESEARCH GOALS

To improve paleoenvironmental inferences for deep and surface water masses of the latest
Cretaceous seas surrounding northern South America.

To define paleoceanographic and paleoclimatic teleconnections of northern South America
water masses and regional hydroclimate with surrounding areas of the Tethyan realm and
high latitude locations of the Atlantic Ocean.

To explore possible evidence of Deccan and Caribbean Plate volcanic activity in the low

latitude paleoenvironments.
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STUDIED LOCALITIES

A total of four localities were considered for this research (Figure 4).

Stratigraphic core Diablito-1E (northern Colombia; 9°34’N, 73°16’W). The analyzed material
spans the Colon Formation (Maastrichtian). Previous biostratigraphic data and sedimentary
iridium concentration records, defined the K-Pg boundary at this core (De la Parra, 2022).
Aguablanca Creek section (central Colombia; 7°7’N, 73°18’W). The surveyed material spans
the Umir Formation (Maastrichtian). Detailed stratigraphy of the section was defined by
Terraza (2019).

ODP Hole 1258A (Demerara Rise; 9°26’N, 54°43’W). The analyzed material comprises the early
to late Maastrichtian. Chronostratigraphy is based on Erbacher et al. (2004) and Suganuma
and Ogg (2006).

ODP Hole 1001B (Nicaraguan Rise; 15°45’N, 74°54’W). The studied material comprises the
middle to late Maastrichtian. Chronostratigraphy is based on Sigurdsson et al. (1997) and
Louvel and Galbrun (2000).
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Figure 4. Geographic location of the studied sites. Left: 68 Ma paleogeographic reconstruction from the ODSN

online

tool

(http://www.odsn.de/odsn/services/paleomap/paleomap.html).

Right:
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reconstruction of northern South America during the Maastrichtian interval (modified from Bayona, 2018).
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CONTRIBUTION ROLES TAXONOMY
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ABSTRACT

One of the major environmental and biotic turnovers of the Phanerozoic occurred at the Cretaceous-Paleogene (K-Pg) boundary, being the focus of countless scientific
studies that addressed the timing, causes and consequences of this global event. Paleoenvironmental conditions that preceded the K-Pg boundary, however, have
been less studied, especially at low latitudes. In order to help reconstructing late Maastrichtian marine environments along the equatorial South American margin, we
apply micropaleontological and geochemical techniques to a stratigraphic core that recovered the Colén Formation in northern Colombia. Low abundance fora-
miniferal assemblages were overall dominated by benthic taxa (Maastrichtian local biozones Siphogenerinoides bramletti and Ammobaculites colombiana), and the
planktonic species Guembelitria cretacea. Ostracod assemblages were mainly composed of the genera Veenia, Cytherella, Paracypris, and Cythereis. Calcareous nan-
nofossils were typical of Upper Cretaceous low-latitude successions, with low abundance and diversity assemblages dominated by Micula staurophora, Kamptnerius
magnificus and Cervisiella operculata. Sediment elemental ratios (Zr/Rb, Fe/Ca and Sr/Ba), as well foraminiferal, ostracod and nannofossils assemblages, indicate a
shallowing upward trend, characterized by a transition from inner platform settings to sublittoral conditions. Input of terrigenous sediments and weathering intensity
also increased upward in the section, probably related to the uplift pulses of the Andean orogeny. Proportions of benthic infauna, as well the V/Cr ratio and the

distribution of redox-sensitive trace metals (Ni, Cu) along the core, mostly indicate suboxic bottom water conditions in the Colén Formation.

1. Introduction

Upper Cretaceous strata worldwide have been analyzed by countless
studies addressing the mass extinction at the Cretaceous-Paleogene (K-
Pg) boundary. The K-Pg mass extinction is attributed to a and asteroid
impact at the Chicxulub impact site (Yucatan Peninsula, Mexico), evi-
denced by several features such as iridium anomalies, microspherules,
among others (Alvarez et al., 1980; Simonson and Glass, 2004; Schulte
et al., 2010; Goderis et al., 2021). This event triggered major environ-
mental perturbations, causing significant ecosystem turnovers and
widespread extinctions in terrestrial and marine ecosystems (e.g.
D’Hondt, 2005; Schulte et al., 2010; Dameron et al., 2017; Chiarenza
et al., 2020; Carvalho et al., 2021).

Though the mechanisms and possible causes of the K-Pg mass
extinction are still a matter of discussion (Alvarez et al., 1980; Alegret
et al., 2001; Punekar et al., 2014; Richards et al., 2015; Petersen et al.,
2016; Schoene et al., 2019; Sprain et al., 2019; Chiarenza et al., 2020;
Hull et al., 2020; Keller et al., 2020), there is a broad consensus that

drastic biological, oceanic and climatic changes occurred at the K-Pg
boundary (e.g. Culver, 2003; D’Hondt, 2005; Koutsoukos, 2006; Keller
and Abramovich, 2009; Dameron et al., 2017; Guerra et al., 2021;
Carvalho et al., 2021; Krahl et al., 2021). Even since the
Campanian-Maastrichtian interval, major paleoenvironmental distur-
bances occurred (e.g. Abramovich et al., 2010; Thibault and Husson,
2016; O’Brien et al., 2017; Huber et al., 2018; Ladant et al., 2020). For
instance, high resolution studies of deep-sea sites from the Atlantic and
Southern oceans, and of the Maastrichtian type area (Netherlands),
reconstructed perturbations of the global carbon cycle during the late
Campanian and the mid-Maastrichtian (Voigt et al., 2012; Linnert et al.,
2019; Vancoppenolle et al., 2022; Vellekoop et al., 2022). Moreover,
foraminiferal assemblages and stable isotope analyses indicate steady
global temperature decline during the Campanian-Maastrichtian inter-
val, which likely promoted a gradual intensification of deep-water cir-
culation in the Atlantic Ocean (MacLeod and Huber, 1996; Barrera et al.,
1997; D’ Hondt and Arthur, 2002; Friedrich et al., 2004; Cramer et al.,
2009; Abramovich et al., 2010; Jung et al., 2013; Linnert et al., 2014;
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Batenburg et al., 2018; Huber et al., 2018; Ladant et al., 2020).
However, these paleoenvironmental reorganizations that preceded
the K-Pg boundary have not been yet explored in detail for tropical
marine settings. So far, studies on latest Cretaceous records in areas such
as northern South America have focused on the identification of the K-Pg
boundary, and on how some selected biological groups (planktonic
foraminifers, palynomorphs) responded across this transition (Sar-
miento, 1994; Yepes, 2001; Koutsoukos, 2006; MacLeod et al., 2017;
Gertsch et al., 2013; Bermtdez et al., 2019; Carvalho et al., 2021; De La
Parra et al., 2022). Most of the Upper Cretaceous sedimentary succes-
sions of northern South America were deposited in extensive epiconti-
nental seas, which gradually disappeared due to sea level fluctuations,
and the onset of the Andean orogeny since the Campanian-Maastrichtian
(Martinez and Hernandez, 1992; Villamil and Pindell, 1998; Erlich et al.,
1999; Cooney and Lorente, 2009; Bayona, 2018; Sarmiento-Rojas, 2019;
Montes et al., 2019; Bayona et al., 2020). Therefore, marine environ-
ments underwent significant shifts during the Campanian-Maastrichtian
interval, not only of their depositional settings (retrogradational stack-
ing and erosional episodes), but also of their associated ecosystems.
Considering that Campanian-Maastrichtian sedimentary successions
have a wide geographic distribution in Ecuador, Colombia and
Venezuela, some studies have explored their geological evolution,
mostly based on sedimentological and tectonic approaches (Veloza
et al., 2008; Ayala-Calvo et al., 2009; Bayona et al., 2011, 2020; Mon-
tano et al., 2016; Valencia-Gomez et al., 2020; Gramal-Aguilar et al.,
2021). Previous paleontological studies, however, have shown that
Maastrichtian marine microfossils were still relatively abundant and
diverse, providing an opportunity to be used as paleoenvironmental
proxies and chronostratigraphic markers (Biirgl and Dumit, 1954; Pet-
ters, 1955; Martinez, 1989; Tchegliakova, 1996; Vergara, 1997; Guer-
rero et al., 2000; Yepes, 2001; Tchegliakova and Mojica, 2001; Garz6n
et al., 2012; Juliao-Lemos et al., 2016; Patarroyo et al., 2017; Navarrete
et al., 2018; Carvalho et al., 2021; De La Parra et al., 2022). In addition,
Upper Cretaceous successions of northern South America were not yet

Journal of South American Earth Sciences 119 (2022) 104015

studied with geochemical approaches, which are crucial to understand
how tropical climates evolved during this time interval.

Here we provide an integrated micropaleontological (foraminifers,
ostracods, and calcareous nannofossils) and geochemical (sediments
elemental ratios derived by X-ray fluorescence) study for a stratigraphic
core that recovered the Colon Formation (Maastrichtian) in northern
Colombia. Our main goals are: (1) to build on the previously proposed
tectono-sedimentary models for the uppermost Cretaceous successions
of the region, and (2) to provide paleoenvironmental interpretations for
those dynamic shallow marine settings. This integrated approach has
been explored in regions with a similar geological evolution in South
America such as in the Neuquén basin (Argentina; Guerra et al., 2021).

1.1. Study area and geological setting

The Cesar-Rancheria Basin (northeast Colombia) represents part of
the tectonic domain of the Maracaibo Sub-Plate, conforming an asym-
metric elongated depression with a N30°E orientation, and an area of
11.630 km? (Fig. 1). The geological evolution of the basin can be traced
in four tectonic phases: 1) an extensional regime from the late Paleozoic
(Carboniferous?) until the early Cretaceous (probably before the
Aptian), which allowed deposition of volcanoclastic rocks (La Quinta
and Rio Negro formations); 2) deposition of clastic and carbonate suc-
cessions on a passive margin during most of the Cretaceous (Cogollo
Group, La Luna Formation); 3) development of a foreland basin during
the late Maastrichtian-Paleocene (Col6n, Catatumbo/Barco and Cuervos
formations); 4) infilling of the basin by alluvial and fluvial (molassic)
deposits since the Eocene, which were related to several uplifting events
of the Andean orogeny (Mora and Garcia, 2006; Ayala-Calvo et al.,
2009; Bayona et al., 2011; Mesa and Rengifo, 2011; Montes et al., 2019).

The Colén Formation (also referred to as Molino Formation),
described in the Cesar-Rancheria basin and in the proximal Catatumbo
basin, can be divided into two major stratigraphic intervals: The basal
Socuy Member (sensu Sellier de Civrieux, 1952), composed of
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moderately micritic levels and calcareous mudstones; and an uppermost
segment, not yet formally named, which is composed of a monotonous
succession of dark grey fine-grained rocks and sandy intervals (Ayala--
Calvo et al., 2009; Avendano-Suarez et al., 2021). An average thickness
of 600 m is proposed for the formation, though most of the reports are
related to exploratory wells and scattered outcrops in the Rancheria
sub-basin (e.g. Molino River section; Martinez, 1989; Ayala-Calvo et al.,
2009). The Colén Formation is underlaid by the La Luna Formation
(Fig. 1). Although the lithological contrast between the La Luna and
Colén formations is easy to identify on field and in subsurface, there are
discussions about the stratigraphic and paleoenvironmental transitions
between these two units. For instance, in the Catatumbo Basin some
studies have suggested a concordant contact in the western part of the
basin (e.g. Santa Elena Creek; Notestein et al., 1944; Pedraza and
Ramirez, 2011), while other studies, mostly based on geophysical data
and paleontological surveys, suggested a regional discordance at the
boundary between these units (Sutton, 1946; Castillo and Mann, 2006;
Cooney and Lorente, 2009; Patarroyo et al., 2017). Micropaleontolog-
ical and geochemical data also suggest a condensed interval in the up-
permost part of the La Luna Formation (formally assigned to the Tres
Esquinas Member; De Romero and Galea-Alvarez, 1995; Parra et al.,
2003). The upper part of the Colén Formation has been characterized by
sedimentological and palynological data, mainly in the Cesar-Rancheria
basin and the Mérida Range (e.g. Yepes, 2001; Ayala-Calvo et al., 2009;
De La Parra et al., 2022). The Colén Formation is overlaid by the Cat-
atumbo/Barco or Mito Juan (Catatumbo basin) formations, where both
upper contacts seem to be conformable (Fig. 1).

A latest Campanian to Maastrichtian age has been proposed for the
entire Colén Formation in both the Cesar-Rancheria and Catatumbo
basins, mostly based on foraminiferal (planktonic and benthic) and
palynological data (Cushman and Hedberg, 1930, 1941; Notestein et al.,
1944; Sellier de Civrieux, 1952; Gandolfi, 1955; Martinez, 1989; Yepes,
2001; Mora and Garcia, 2006; Patarroyo et al., 2017; De La Parra et al.,
2022). Additional biostratigraphic information has been registered in
technical reports from petroleum companies (e.g. Jaramillo and De La
Parra, 2005; Malumian, 2010). However, the major input of biostrati-
graphic data comes from foraminiferal assemblages. The first formal
biostratigraphic scheme for the Colén Formation was proposed by
Cushman and Hedberg (1941) who divided the unit into three benthic
foraminiferal assemblage zones (from base to top of the formation):
Pullenia cretacea, Siphogenerinoides bramletti, and Ammobaculites
colombiana assemblage zones. Even though these zones still have a
practical use, depending on depositional settings, Sellier de Civreaux
(1952) later focused on the Socuy Member, and integrated both benthic
and  planktonic  foraminiferal = assemblages,  assigning a
Campanian-Maastrichtian age for this interval. Gandolfi (1955) focused
only on planktonic assemblages from the Molino River section, making
some stratigraphic indications, though most of his taxonomical pro-
posals was later discarded. Martinez (1989) revisited that section, and
using planktonic foraminiferal assemblages identified the Globotruncana
aegyptiaca to Abatomphalus mayaroensis standard biozones (latest
Campanian-mid Maastrichtian) within the Colén Formation. More
recent studies on foraminiferal assemblages have discussed the chro-
nology and the paleoenvironments of the La Luna-Colén formations
(Martinez and Hernandez, 1992; Erlich et al., 1999; Villamil et al., 1999;
De Romero et al., 2003; Parra et al., 2003; Cooney and Lorente, 2009;
Patarroyo et al., 2017). Furthermore, palynological biostratigraphic
schemes agree with the foraminiferal biostratigraphic framework, and
have even recognized the K-Pg boundary at the uppermost part of the
Colén Formation (Yepes, 2001; Mora and Garcia, 2006; Carvalho et al.,
2021; De La Parra et al., 2022).
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2. Methods
2.1. Core location and sample strategy

We studied a rock-core (Diablito-1), drilled by Drummond Coal
Company, in the Jagua de Ibirico locality (Cesar Department, Colombia;
9°34' N, 73°16° W). The cored interval spanned a thickness of 701 m,
recovering the Colén, Catatumbo/Barco formations (Figs. 1 and 2). At
this site, the K-Pg boundary was identified between 501.80 and 501.72
m, based on palynological, sedimentological and geochemical analyses
(De La Parra et al., 2022). We focused our study on the interval from
701.5 to 563.5 m, which comprises the middle to upper part of the Colon
Formation. Lithological descriptions did not indicate the occurrence of
the Socuy Member limestones at Core Diablito-1. Average sampling
resolution in the studied interval of Core Diablito-1 was 1 m.

2.2. Micropaleontology

Calcareous microfossil samples (n = 40; interval 701.5-563.5 m)
were prepared according to standard methods at the Technological
Institute for Paleoceanography and Climate Change (itt Oceaneon —
Unisinos University, Brazil). Approximately 20-30 g of dried rock were
soaked into a 5% hydrogen peroxide (H30,) solution for about 24 h,
washed over 63 pm and 150 pm sieves, and dried at 40 °C (Sohn, 1961).
Due to low abundances, all foraminifers and ostracods were handpicked.
Planktonic foraminiferal taxonomy followed Caron (1985), Nederbragt
(1991), Georgescu (2005), Premoli Silva and Verga (2011), among
others. Benthic foraminiferal taxonomy followed previous studies of the
Colén Formation (Cushman and Hedberg, 1930, 1941; Sellier de Civ-
rieux, 1952; Petters, 1955; Martinez, 1989; Malumian, 2010; Patarroyo
et al., 2017) and regional literature for the tropics and the U.S. Western
Interior (Frizzell, 1954; Koutsoukos and Merrick, 1986; 1990; Bolli
et al., 1994). The definition of benthic foraminiferal morphogroups and
their ecological preferences followed to Frenzel (2000) and Cetean et al.
(2011). Ostracod suprageneric classification follows Scott (1961) and
taxa were classified only at genus level due to poor preservation.
Selected foraminiferal and ostracod specimens were imaged using a
Zeiss EVO MA15 scanning electron microscope (SEM) at itt Oceaneon.
Diversity (Shannon-H) and richness (S) estimations were calculated for
foraminiferal assemblages using the software Past (version 2.15;
Hammer et al., 2001). All studied specimens were archived in the
micropaleontological collection at itt Oceaneon. Total microfossil
counts and their diversity estimates are available in Supplementary
Tables S1 and S2.

Calcareous nannofossil samples (n = 33; interval 697.4-574.5 m)
were also prepared at itt Oceaneon following the smear-slide technique
detailed by Bown and Young (1988), and studied using a petrographic
microscope Zeiss Axio Imager A2, at 1000 x magnification. In order to
achieve a quantitative analysis of assemblages, 700 fields of view (FOV)
were counted per slide. Preservation of calcareous nannofossils was
evaluated under light microscope using qualitative criteria: “Good”
indicating specimens with little or no etching and/or overgrowth;
“moderate” for specimens exhibiting some degree of etching and/or
overgrowth, but still easily recognizable; and “poor” for specimens
exhibiting extreme etching and/or overgrowth (Roth and Thierstein,
1972; Roth, 1983). Considering the low abundances of the studied as-
semblages, we based our paleoenvironmental interpretations on the
stratigraphic distributions of selected taxa, such as Kamptnerius magnif-
icus. Total calcareous nannofossil counts are given in Supplementary
Table S3.

2.3. Geochemistry
X-ray fluorescence (XRF) analyses were performed on 5-10 g of

ground rock (n = 93; interval 700.3-574.7 m), with elemental concen-
trations reported as raw counts per second (cps). Samples were
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measured at 10 kV (150 pA, no filter) for Al, Mg, and Si intensities; 12 kV
(400 pA, Al-50 filter) for Ca, K, Ti and V intensities; 20 kV (250 pA, Al -
200 filter) for Co, Cr, Fe and Mn intensities; and 50 kV (100 pA, Ti filter)
for Ba and Rb intensities. XRF analyses were performed with a Pan-
Alytical Epsilon 1 XRF spectrometer, at itt Oceaneon. In order to prevent
bias between contrasting values, data was mostly interpreted as loga-
rithmic elemental ratios and normalized to a median-scaled (NMS)
following Lyle et al. (2012).

The log (Zr/Rb) ratio was used as a proxy for sediment grain size
changes. Zirconium resides mainly in relatively resistant and coarse
grains, almost exclusively in zircons, while rubidium is mainly present in
clays (aluminosilicates and related products; Calvert and Pedersen,
2007; Beil et al., 2018). The log (K/Fe) ratio was used to evaluate
weathering intensity (regional hydroclimate), since potassium is mainly
delivered to ocean basins as illite, which is preferentially generated in
relatively dry climate conditions, whereas Fe oxides-hydroxides are
mainly generated as products of intense chemical weathering under
relatively wet climates (Piva et al., 2008; Govin et al., 2012). In addition,
fluctuations in the log (Fe/Ca) ratio can be used as a tracer for terrige-
nous input and carbonate accumulation (Kujau et al., 2010; Govin et al.,

2012). We used the Sr/Ba ratio as a paleosalinity proxy; strontium tends
to be adsorbed onto fine-grained sediments deposited under
high-salinity waters, whereas barium content is higher in freshwater
delivered by continental runoff (e.g. Wei and Algeo, 2020; Yelwa et al.,
2022). To reconstruct bottom water paleoredox conditions, we followed
the classification scheme proposed by Tyson and Pearson (1991),
defining improved or decreased oxygenation conditions based on the
observations of Rivera et al. (2018) in Cretaceous rocks of Colombia. As
a redox-sensitive element, vanadium (V) concentrations tend to be
greater than other elements, such as the chromium (Cr), under suboxic
to anoxic conditions. We thus considered the V/Cr ratio as a proxy for
bottom water oxygenation where, according to Rivera et al. (2018),
V/Cr values < 2.00 indicate oxic conditions, values between 2.00 and
4.25 suggest dysoxic conditions, and V/Cr > 4.25 indicate suboxic to
anoxic conditions. In addition, bottom water oxygenation was also
evaluated with the NMS intensities of the redox-sensitive trace metals
(TM) Ni and Cu, normalized by NMS Al intensities (e.g. Dummann et al.,
2021). All geochemical data are provided in Supplementary Table S4.

41



G.D. Patarroyo et al.

3. Results
3.1. Biostratigraphy of Core Diablito-1

A previous palynological study identified the K-Pg boundary within
the interval 501.80-501.72 m at Core Diablito-1 (De La Parra et al.,
2022). In general, most of the recovered planktonic foraminiferal taxa
have wide chronostratigraphic ranges (Guembelitria cretacea, Planohe-
terohelix globulosa), but there are some species, such as Spiroplecta
americana, Pseudoguembelina excolata and Rugoglobigerina macrocephala
with late Campanian to late Maastrichtian chronostratigraphic ranges.
Based on the distribution of benthic foraminiferal taxa in our study, we
recognized the Siphogenerinoides bramletti (701.5-638 m) and Ammoba-
culites colombiana (631.8-563.5 m deep) assemblage zones. These zones
have a mid to late Maastrichtian age, following the definitions of
Cushman and Hedberg (1941) in the Col6n Formation, and its calibra-
tion with the standard planktonic foraminiferal zonation (Martinez,
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1989; Molino River section).

Considering our new biostratigraphic data, and the definition of the
K-Pg boundary by De La Parra et al. (2022), the analyzed interval at the
Core Diablito-1 comprises the late Maastrichtian (Abathomphalus
mayaroensis to probably Plummerita hantkeninoides foraminiferal zones;
Fig. 2). A first order estimate of sedimentation rate for the studied in-
terval at Core Diablito-1 yields an approximated value of 100 mm/kyr,
using the location level of the K-Pg boundary (66.04 Ma; Gradstein et al.,
2012) proposed by De La Parra et al. (2022) and the first occurrence of
Pseudoguembelina hariaensis (67.30 Ma; Gradstein et al., 2012). Despite
P. hariaensis is not present at Core Diablito-1, according to Martinez
(1989), its first occurrence would be probably correlated with the top of
the regional biozone Siphogenerinoides bramletti (638 m at Core
Diablito-1; Fig. 2). Therefore, the interval between 638.0 and 501.7 m at
Core Diablito would span approximately span the time interval between
67.9 and 67.3 Ma. The estimated sedimentation rate for the Core
Diablito-1 is in concordance with observations of modern shallow

Fig. 3. Selected foraminifers from Core Diablito-1.
Scale bars represent 100 pm. Benthic foraminifers
are: 1. Ammobaculites sp. (574 m). 2a-b. Haplo-
phragmoides excavatum (608.8 m). 3-4. Ammobaculites
colombiana (574 m). 5a-b. Cibicides coonensis (661.6
m). 6. Haplophragmoides glaber (656.8 m). 7. Evoluti-
nella flageri (574 m). 8. Undetermined rotaliid (595.2
m). 9. Gavelinella spissocostata (608.8 m). 10. Gav-
elinella sp. (594.5 m). 11. Epistominella alata (595.2
m). 12. Triloculina neotica (595.2 m). 13. Triloculina
sp. (665.5 m). 14. Coryphostoma incrassata (661.6 m).
15. Loxostomum minutissimum (594.5 m). 16. Sipho-
generinoides bramletti (661.6 m). 17. Orthokarstenia
parva (661.6 m). Planktonic foraminifers are: 18.
Pseudoguembelina costulata (661.6 m). 19. Pseudo-
guembelina sp. (594.5 m). 20. Spiroplecta cf. americana
(668.8 m). 21. Planoheterohelix globulosa (668.8 m).
22. Rugoglobigerina macrocephala (689 m). 23. Mur-
icohedbergella sp. (627.7 m). 24-25. Guembelitria cre-
tacea (668.8 and 631.8 m).
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marine settings, with values such as 0.3-1.0 mm/yr (Strasser and
Samankassou, 2003; Restreppo et al, 2020), considering
post-depositional compaction in the Colén Formation.

Calcareous nannofossil assemblages were also mostly composed of
taxa with wide chronostratigraphic ranges (e.g. Aptian-Maastrichtian),
though species such as Arkhangelskiella maastrichtiensis and Predis-
cosphaera stoveri, which ranged from Campanian to Maastrichtian, were

17

Fig. 4. Selected calcareous nannofossils from Core Diablito-1.1-2. Arkhangelskiella maastrichtiana (2167.5 m). 3-4. Cervisiella operculata (2204.2 m). 5-6. Chiasto-
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present in low abundances. Among ostracod assemblages, Sapucariella
spp. corresponds to the first record of this genus for the Maastrichtian of
Colombia. In general, early brachycytherides were already widespread
in the Maastrichtian, also occurring in Venezuela and together with the
genera Veenia, and Cythereis, they represent a typical Cretaceous marine
fauna (Puckett et al., 2016).

zygus litterarius (2265.2 m). 7-8. Eiffelithus gorkae (2265.2 m). 9-10. Kamptnerius magnificus (2120.5 m). 11-12. Micula cubiformis (2167.5 m). 13-14. Micula
staurophora (2133.2 m). 15-16. Prediscosphaera cretacea (2133.2 m). 17-18. Prediscosphaera stoveri (2252 m). 19-20. Watznaueria barnesiae (2057.4 m).
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3.2. Foraminiferal assemblages

Foraminiferal assemblages (planktonic and benthic) are moderately
to poorly preserved and abundances along the core are moderate to
scarce (usually 10-100 individuals/sample). Agglutinated taxa are
common in the upper part of the core (563.5-617.8 m), mainly repre-
sented by the genera Ammobaculites, Evolutinella and Haplophragmoides
(Fig. 3). Among those, Ammobaculites colombiana is the most abundant
and recurrent species. Calcareous taxa include rotalids (Cibicides, Epis-
tominella, Gavelinella, Lenticulina), buliminids (Praebulimina), and elon-
gated uniserial/biserial forms such as the genera Coryphostoma,
Loxostomum, and Dentalina, as well the species Siphogenerinoides bram-
letti and Orthokarstenia cretacea (Plate 1). Planktonic assemblages are
mainly dominated by Guembelitria cretacea (highest abundances occur
from 689 to 661.6 m), whereas both the biserial genera Planoheterohelix,
Pseudoguembelina and Spiroplecta, and the trochospiral forms Mur-
icohedbergella and Rugoglobigerina are present but scarce (Figs. 3 and 6).
Despite the low abundance of foraminiferal assemblages, general esti-
mates of diversity (Shannon-H) and richness (S) were tentatively
calculated. Richness is relatively high (S > 10) in the intervals
668.8-656.8 m and 608.8-595.2 m, and at 698.1 m. Shannon-H di-
versity is > 2 within the interval 663.4-647.1 m, as well as at 601.6 m,
608.8 m, and 698.1 m.

Journal of South American Earth Sciences 119 (2022) 104015
3.3. Calcareous nannofossil assemblages

Assemblages of calcareous nannofossils are characterized by mod-
erate to poor preservations and low abundances (<100 specimens/
sample), except for those at 650.2 m and 660.6 m, which represented
increased abundances (>150 specimens/sample). In general, occur-
rences are mostly restricted to the lower part of the Core Diablito-1
succession (Interval 690.4-611.4 m deep), with Micula staurophora,
Kamptnerius magnificus, Prediscosphaera cretacea and Watznaueria bar-
nesiae as the most representative taxa. Micula cubiformis, Cervisiella
operculata, Chiastozygus litterarius and Eiffelithus gorkae occurrences were
more scattered or less abundant throughout the studied interval (Figs. 4
and 6). Considering the low abundance of the calcareous nannofossil
assemblages, we only estimated species richness (S). The highest rich-
ness values (S > 10) occur within the interval 660.6-627.1 m.

3.4. Ostracod assemblages

Among the set of samples analyzed for calcareous microfossils at
Core Diablito-1, 11 samples yielded ostracods. Overall, ostracod as-
semblages are scarce (<5 specimens/sample), though samples at 595.2
m, 605.7 m and 613.8 m have higher abundances (>10 specimens/
sample; Fig. 6). We identified ten species, belonging to four families,

Fig. 5. Selected ostracods from Core Diablito-1. Scale
bars represent 100 pm. 1la-b. Cytherella cf.
C. piacabucuensis (574 m), 1a carapace, left view; 1 b,
dorsal view. 2. Cytherella sp. 1, (676.5 m), right valve.
3. Cytherella sp. 2 (602.3 m), right valve. 4a-b. Bun-
tonia sp. (574 m), 4a carapace, right view; 4 b dorsal
view. 5a-b. Paracypris sp. (574 m), 5a carapace, right
view, 5 b dorsal view. 6. Munseyella? sp. (595.2 m),
left valve. 7. Cythereis? sp. (574 m), left valve. 8a-b.
Sapucariella sp. (595.2 m); 8a carapace, right view;
8 b dorsal view. 9. Paracosta sp. (608.8 m), left valve.
10. Veenia sp., internal mold (613.8 m). 11. Gen et sp.
indet. 1. (608.8 m), carapace, right view. 12. Gen et
sp. indet. 2 (627.7 m), carapace, right view.
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eight genera and two undetermined genera. Trachyleberididae and
Cytherellidae are the richest families (5 and 3 species respectively),
followed by Paracyprididae and Pectocytheridae with a single species
each. The identified taxa were Cytherella cf. C. piacabucuensis, Cytherella
sp.1, Cytherella sp.2, Paracypris sp., Buntonia sp., Cythereis sp., Paracosta
sp., Sapucariella sp., Veenia sp., Munseyella? sp., Gen. et sp. indet. 1 and
Gen. et sp. indet. 2. In general, the most abundant species were
Cytherella sp.2 and Veenia sp. (particularly at 613.8 m), though they
were mostly represented by molds (Fig. 5). Besides ostracods, micro-
paleontological samples contained mollusk remains (gastropods and
bivalves), fish teeth, echinoderm spines, possible plant remains and
charophytes.

3.5. Geochemistry

Log (Zr/Rb) values range between 0 and 1.20, steadily increasing
from 700.3 to 623.8 m. High-amplitude fluctuations are recorded up-
ward in the section, with the highest values at 599.1 m, 592.2 m and
578.5 m. In general, a decreasing upward trend is observed in the log (K/
Fe) ratio, with values ranging from 1.4 to 1.7, and higher-amplitude
fluctuations in the upper part of the core. The Sr/Ba ratio also depicts
an overall decreasing upward trend, with values ranging between 16.7
and 30.7. Minimum Sr/Ba values (<8.5) are present at 599.1 and 582.8
m. In contrast, log (Fe/Ca) values tend to increase upward. Log (Fe/Ca)
values range between —1.80 and —1.05, with the most negative spike at
662.8 m, and the highest values occurring within the interval
629.7-574.7 m (Fig. 6). A t-test showed that the differences in the log
(Zr/Rb), and the Sr/Ba ratios between the lower (629.7-700.3 m) and
upper (574.7-628.8 m) section of the Core Diablito-1, are statistically
significant (t-test: 7.70, p: 3.43 x 10~° for log (Zr/Rb); t-test: —6.86, p:
4.39 x 1078 for Sr/Ba).

The V/Cr ratio presents little variations, with most values ranging
from 3.4 to 4.2, and a slight increase is recorded in the upper part of Core
Diablito-1. Spikes with lower values (<1.1) are present at 674.2 and
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692.3 m. (Fig. 7). The Cu/Al and Ni/Al values mainly range between 3.0
x 107210 6.0 x 1072, with increasing-upward trends between 700.3 and
687.4 m, and between 630 m and the top of the studied interval (Cu/Al).
Spikes with anomalously high Cu/Al and Ni/Al ratios were observed at
687.4 m, 664 m, 644.7 m, and 585 m (Fig. 7).

4. Discussion

4.1. Relative sea level changes recorded at the upper maastrichtian Colén
Formation

Our integration of micropaleontological and geochemical analyses
indicates a transition from an inner platform setting, recorded in the
lower part of the studied interval (700.3-629.7 m), to sublittoral con-
ditions in the upper part of Core Diablito-1 (628.8-574.7 m; Figs. 6-8).
Foraminiferal assemblages show two intervals that illustrate this tran-
sition: a lower assemblage (638-701.5 m) dominated by calcareous
benthic foraminifers (mostly elongated and planispiral forms) and some
planktonic taxa; and an upper assemblage (563.5-631.8 m) mostly
dominated by agglutinated benthic taxa, commonly associated with
relatively shallow conditions (Fig. 6; Cetean et al., 2011; Murray et al.,
2011). The regressive trend in the uppermost part of the Colén Forma-
tion has been previously documented with foraminiferal assemblages,
but without a clear stratigraphic control (Cushman and Hedberg, 1941).
The detailed study of Martinez (1989) suggested a regressive pattern for
this unit, based on the disappearance of keeled planktonic taxa, a drop in
the planktonic/benthic ratio, and an increase in the proportion of tex-
tulariids upward in the succession. However, as previously mentioned,
the study of Martinez (1989) focused on the lower (Socuy Member) and
the middle part of the Colén Formation, only partially present at Core
Diablito-1. This aspect explains why planktonic assemblages at Core
Diablito-1 were mainly composed of Guembelitria cretacea and scarce
non-keeled taxa, both characteristic of inner platforms and restricted
marine settings (Leckie and Olson, 2003; Keller and Abramovich, 2009).
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Fig. 6. General distribution of microfossils and geochemical proxies at Core Diablito-1. A) Foraminiferal and ostracod relative abundances. B) Relative abundances of
the calcareous and agglutinated benthic foraminifers. C-D) Relative abundances of selected planktonic foraminifers and calcareous nannofossils (Guembelitria cre-
tacea, Kamptnerius magnificus). Red points indicate samples barren of microfossils or presenting low abundances (<10 specimens/sample). E) Log (Zr/Rb) as a proxy
for sediments grain sizes. F) Log (Fe/Ca) as a proxy for input of terrigenous sediments. G) Sr/Ba ratio as a proxy for paleosalinity. H) Log (K/Fe) as a proxy for

weathering intensity.
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late Maastrichtian. Paleogeographic map adapted from Bayona (2018).

A similar deposition setting was observed at the nearby stratigraphic
core LL-3E (Fig. 1), where foraminiferal assemblages (planktonic and
benthic) also suggest middle to outer shelf settings and an early to
middle Maastrichtian age (Malumian, 2010). In contrast, most of the
foraminiferal assemblages recovered at Core Diablito-1 differ from those
reported for localities in the Western Colombian Cordillera (e.g. Pen-
derisco Formation), Gorgonilla Island, and the Colombian Caribbean
(Cansona and Guaralamai formations), where open marine and deep-sea
depositional settings have been proposed for uppermost Cretaceous

strata (Fig. 5; Petters, 1955; Martinez, 1989; Bermtdez et al., 2019). We
suggest that foraminiferal assemblages with Ammobaculites, Evolutinella
and Haplophragmoides indicate proximal depositional conditions (Mur-
ray et al., 2011; Cetean et al., 2011) for the upper segment of the studied
interval at Core Diablito-1. Previous micropaleontological and sedi-
mentological analyses even inferred a highly dynamic coastal lagoon
setting for other Maastrichtian units in Colombia (Umir, Guaduas and
Buscavidas formations; Biirgl and Dumit, 1954; Tchegliakova,
1993-1996; Sarmiento, 1994; Vergara, 1997; Guerrero et al., 2000;
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Tchegliakova and Mojica, 2001; Montano et al., 2016).

Like planktonic foraminifers, calcareous nannofossil assemblages are
mostly present in the lower part of the core (Fig. 6). Considering the
scarcity of studies of Upper Cretaceous calcareous nannofossils in
northern South America, we present here some general paleoenvir-
onmental inferences for the Colén Formation. Despite low abundances
of the recovered assemblages, well-known species such as Micula
staurophora and Watzneuria barnesiae are present at Core Diablito-1. The
paleobiogeographic distribution of both taxa and their relative abun-
dance are commonly used to infer fluctuations in sea surface water
temperatures (Wind, 1979). We suggest that higher proportions of
M. staurophora, a taxon dominant at high latitudes (in comparison with
the low-latitude adapted W. barnesiae), might indicate relatively cold
surface waters at the location of Core Diablito-1 during the Maas-
trichtian. However, according to Watkins and Self-Trail (2005) and Lees
(2002), M. staurophora was relatively common in proximal environ-
ments, probably having an r-selected ecological strategy. Some studies
have also emphasized the high resistance of M. staurophora to dissolu-
tion as an explanation for its higher abundance in some sections (e.g.
Eshet and Almogi-Labin, 1996). In any case, high relative abundance of
M. staurophora is a common feature of several Maastrichtian onshore
(relatively proximal) localities in the Gulf of Mexico, Israel, and even at
high latitude basins in Argentina (Eshet et al., 1992; Pospichal, 1996;
Keller et al., 2007; Tantawi, 2011; Guerra et al., 2021). The species
Kamptnerius magnificus, which is also abundant at the studied core
(Fig. 3), had abundance episodes in deep-sea high-latitude localities in
the South Atlantic Ocean, associated with sea-surface cooling during the
late Campanian-Maastrichtian (Guerra et al., 2016). Considering the
tropical location of Core Diablito-1, and the potential deposi-
tional/environmental biases of the succession, we suggest that the
paleoenvironmental significance of K. magnificus in northern South
America can only be elucidated with future sea surface temperature
studies, such as those exploring the TExgg proxy (O’Brien et al., 2017).

In contrast to planktonic foraminifers and calcareous nannofossils,
ostracod assemblages were mostly present in the upper part of the
studied interval at Core Diablito-1 (Fig. 6). The exception being
Cytherella sp.1, which was identified between 701.5 and 676.5 m. The
highest abundances of ostracods are recorded between 663.3 and 613.8
m, though assemblages of this interval are mostly composed of poorly
preserved Veenia sp. and Cytherella sp. 2 molds. The best ostracod re-
covery (considering both preservation and species richness) was recor-
ded in the uppermost part of the core (interval 601.6-574 m), where six
species occurred (Cythereis sp. Buntonia sp., Cytherella cf.
C. piacabucuensis, Sapucariella sp., Paracypris sp., and Munseyella? sp.)
Among these, Cythereis was the most abundant genus followed by
Cytherella. In general, Cythereis is an opportunistic genus, with exclu-
sively marine habitat and can be found in infra-littoral to deep-water
environments (Van Morkhoven, 1963). Most of the taxa belonging to
the family Trachyleberididae were sthenohaline and suggest shallow
shelf settings (Bertels, 1975; Neale, 1975; Guerra et al., 2021). The
genus Paracypris is exclusively marine, inhabiting infra-neritic to
bathyal settings (Van Morkhoven, 1963), and, more specifically, it was
reported for outer carbonate platforms, restricted coastal environments
and open ocean contexts (Babinot and Colin, 1988; Andreu, 1991;
Santos-Filho et al., 2017). In conclusion, ostracod assemblages from
Core Diablito-1 indicate a shallow marine setting, characterized by the
families Cytherellidae and Trachyleberididae. A more diversified
ostracod fauna was reported by Malumian (2010) at the stratigraphic
core LL-3E, but it has not been yet formally classified.

Our interpretation of a shallowing-upward trend for studied interval
of the Colon Formation is also supported by geochemical records at Core
Diablito-1. Higher values of the log (Zr/Rb) ratio in the upper part of the
core (628.8-574.7 m) suggest an increase in sediments granulometry,
since zirconium and rubidium concentrations are usually related to
fluctuations in the accumulation of moderately resistant zircon grains
versus aluminosilicates, respectively (Fig. 6; Calvert and Pedersen,
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2007; Beil et al., 2018). This gradual increase in grain size is also
associated with higher input of terrigenous sediments (Kujau et al.,
2010; Govin et al., 2012), as evidenced by increased values of the log
(Fe/Ca) ratios (Fig. 6). Previous sedimentological studies at Core
Diablito-1, as well as at proximal sites in the basin (Cores LL-3E, VE-2,
ANH-La Loma-1), described the upper part of the Col6n Formation as a
succession of siliceous mudstones, with scattered calcareous intervals
(Ayala-Calvo et al., 2009; Avendano-Sanchez et al., 2021). In addition,
provenance and petrographic analyses of selected lithic sandstones of
the upper segment of Core Diablito-1 indicated that the sedimentary
lithics are more abundant than monocrystalline quartz grains and feld-
spars, being the main lithic fragments mica schists, sandstones, mud-
stones and cherts, likely characterizing a recycled orogenic material
(Drummond, 2007). Macroscopic sedimentological descriptions of the
Core Diablito-1 and coetaneous material (Core LL-3E, ANH La Loma-1)
also suggested this transition from marine inner shelf to coastal plain
depositional settings, with scattered mollusks remains and glauconi-
tic/phosphatic levels, being superposed by a fluvio-estuarine deposi-
tional system, with common occurrences of plant remains, paleosols,
coal beds, and sideritic levels (Drummond, 2007; Ayala-Calvo et al.,
2009; Avendano-Sanchez et al., 2021). These studies agree with our
overall interpretation of a transition from an inner shelf setting to more
proximal conditions (coastal plains), and a higher input of terrigenous
sediments and freshwater (see below) for the upper part of the Colon
Formation (Figs. 6 and 8).

The Sr/Ba ratio depicted lower values in the upper part of Core
Diablito-1 (628.8-574.7 m), suggesting decreases in water salinity (Wei
and Algeo, 2020; Yelwa et al., 2022). Even though we were not able to
measure CaCOj3 content at Core Diablito-1, we do not consider that the
Sr/Ba proxy is biased by sedimentological changes, since lithological
descriptions do not suggest significant increases in CaCO3 content. A
possible bounding of Sr to carbonates can be discarded by the lack of
correlation between the Sr/Ba ratio and Ca NMS values (% < 0.2; Sup-
plementary Fig. S1), assuming that most Ca in the studied sedimentary
rocks occurs as carbonates.

In general, the Maastrichtian time interval was characterized by
global sea-level fluctuations, which have been associated with the
possible occurrence of intermittent icesheets at high latitudes (Kominz
et al., 2008; Ray et al., 2019). Sea-level estimations, such as Haq (2014)
propose five major eustatic events for the Maastrichtian. From these, the
sedimentary succession at Core Diablito-1 could span eustatic events
KMa4 and KMa5 (68.8 Ma and 66.8 Ma respectively). However, before
assuming correlations with global sea level events, new localities must
be surveyed in Cesar-Rancheria and proximal basins, using high reso-
lution sequence stratigraphy approaches. In fact, the geological evolu-
tion of Maastrichtian coastal environments in northern South America
was deeply influenced by the onset of tectonic activity in the Central and
Eastern Cordilleras during the Campanian-Maastrichtian (Villamil and
Pindell, 1998; Bayona, 2018; Sarmiento-Rojas, 2019; Montes et al.,
2019). This tectonic activity makes it difficult to reconstruct the depo-
sitional evolution of the Cesar-Rancheria Basin, and other
inter-mountainous basins in Colombia, due to the occurrence of several
stages of basin deformation, local upliftings, xenoconformities, dia-
chronism of units, and abrupt lateral facies shifts (Villamil, 1998; Veloza
et al., 2008; Ayala-Calvo et al., 2009; Bayona et al., 2011, 2020; Mon-
tano et al., 2016; Valencia-Gomez et al., 2020). So far, Maastrichtian
sea-level fluctuations have been studied at the Umir Formation (Middle
Magdalena basin), which records at least five maximum flooding sur-
faces over a major retro-gradational sequence (Montano et al., 2016).
Moreover, Bayona et al. (2020) proposed that the onset of tectonic
deformation in the Cocuy region (southeastern of the Cesar-Rancheria
basin) occurred in the earliest Maastrichtian, tracking the shift of
depositional conditions from anoxic marine (typical of Cretaceous
epicontinental seas of northern South America), to oxygenated shallow
marine, coastal plains, continental swamps, fluvial and finally lacustrine
environments, mostly deposited in closed basins. We suggest that the
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shallowing upward trend described at Core Diablito-1 shares a similar
geological history with that described for the Cocuy region, and it was
likely influenced by tectonic activity in the Central and Eastern
cordilleras.

4.2. Late maastrichtian weathering intensity changes over northern South
America

The log (K/Fe) record at Core Diablito-1 allows inferring Maas-
trichtian hydroclimate conditions. Log (K/Fe) values show transient
decreases in the upper part of the studied interval (612.7-574.7 m),
suggesting the occurrence of pulses of relatively humid climate condi-
tions (Fig. 6). Increased continental runoff in the upper Col6n Formation
would have delivered higher amounts of Fe-bearing oxi-hydroxides,
which are secondary minerals usually generated under enhanced
chemical weathering (Piva et al.,, 2008; Govin et al., 2012). So far,
Maastrichtian terrestrial ecosystems of northern South America have
been interpreted as tropical rainforests (annual precipitation of
234-293 cm/year), with relatively open canopies (a mixture of angio-
sperms, ferns, and conifers), and evidence of intense host-specific insect
herbivory, contrasting with the modern-like tropical rainforest of the
Paleocene, with closed and sectorized angiosperms-dominated canopies
(Carvalho et al., 2021). However, it is likely that the steady temperature
decrease of the Campanian-Maastrichtian and the warming events at the
end of the Cretaceous (Linnert et al., 2014; Huber et al., 2018) could be
related to fluctuations in the regional precipitation patterns. Recent
studies suggest that the paleo-intertropical convergence zone has been
probably active since Aptian times (Santos et al., 2022). The nature of
intertropical convergence during the late Maastrichtian may be tested in
future studies at Core Diablito-1, and additional
Campanian-Maastrichtian localities in Colombia.

Detailed paleopedological studies that explore precipitation shifts,
combining proxies such as carbon isotopes, magnetic susceptibility or
major oxides analyses, have not been yet conducted for the Late Creta-
ceous of northern South America. Considering the geographic extension
of Campanian-Maastrichtian successions in Colombia, paleopedological
analyses could be a promising field for paleoclimate research. For
instance, studies with this approach have documented precipitation
changes across the Paleocene-Eocene boundary in the Bogotd Basin
(southwest of Core Diablito-1; Moron et al., 2013).

4.3. Bottom water oxygenation of the northern south American
epicontinental sea during the late maastrichtian

V/Cr values are mostly constant (3.4-4.2) along Core Diablito-1,
which, according to the thresholds of Rivera et al. (2018), indicate
dysoxic conditions (V/Cr values 2.00-4.25). Exceptions occur at 692.3
m and 674.2 m, where V/Cr values are <1.1 (Fig. 7). However, these
samples present anomalous spikes in several of the studied geochemical
proxies (Fe/Ca, Sr/Ba), suggesting possible diagenetic or compositional
biases. Increased Cu/Al ratios in the upper part of studied interval at
Core Diablito-1 (700.3-687.4 m) correlate with the dominance of the
infaunal foraminiferal taxa, suggesting decreased bottom water
oxygenation (Fig. 7). Nevertheless, we cannot rule out that the anoma-
lously high Cu/Al and Ni/Al values at 664 m, 644.7 m, and 585 m, were
related with the higher input of terrigenous sediments and more prox-
imal depositional settings in the upper part of the core (Fig. 7).

A dysoxic scenario can be also interpreted, based on the occurrence
of benthic agglutinated morphogroups (rounded planispiral and elon-
gated forms) at Core Diablito-1, such as Ammobaculites colombiana and
Haplophragmoides spp., which are more common in the upper segment
(617.8-563.5 m). In the Umir Formation, a similar benthic foraminiferal
assemblage was reported by Tchegliakova (1993, 1995), which indi-
cated poorly to moderately ventilated bottom waters in a marginal
marine setting.

Despite major proportions of benthic infaunal taxa at Core Diablito-
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1, there is no record of high abundances of elongated (e.g. Siphogener-
inoides, Orthokarstenia), ovoidal (buliminids) or elongated biserial (e.g.
Coryphostoma, Loxostomum) forms. These morphotypes are usually
thought to indicate poorly oxygenated bottom water conditions, related
to water mass eutrophication (Frenzel, 2000; Van der Akker et al., 2000;
Jorissen et al., 2007). Benthic foraminiferal assemblages at Core
Diablito-1 contrast with those of Cenomanian-late Campanian succes-
sions of northern Colombia, where primary productivity was higher,
anoxic episodes were recurrent, and benthic foraminiferal assemblages
were mostly composed of deep infaunal forms (buliminids; De Romero
and Galea-Alvarez, 1995; Vergara, 1997; Martinez, 2003; Parra et al.,
2003; Rivera et al., 2018; Patarroyo et al., 2017).

Moreover, the moderately diverse ostracod assemblages and the
presence of ichnofossils at Core Diablito-1 also favors a dysoxic envi-
ronment instead of an anoxic one. Preliminary core descriptions re-
ported the presence of intensely bioturbated facies with Chondrites
burrows between 505 and 395 m (Drummond, 2007). In addition,
geochemical and petrographical studies in other cores of the Colén
Formation in Cesar-Rancheria (Cores LL-3E, ANH-La Loma-1) and Cat-
atumbo basins (Core ECOPETROL-1) indicate low organic carbon con-
centrations (~0.8% for the calcareous Socuy Member, and <0.6% for
fine-grained lithologies; Ayala-Calvo et al., 2009; Patarroyo et al.,
2017; Avendano-Sanchez et al., 2021).

5. Conclusions

The integrated micropaleontological (foraminifers, calcareous nan-
nofossils, and ostracods) and geochemical (log (Zr/Rb), log (Fe/Ca), St/
Ba ratios, and distribution of redox-sensitive trace metals Ni, Cu and V/
Cr) analyses of the late Maastrichtian stratigraphic succession at Core
Diablito-1 allowed us to recognize two paleoenvironmental scenarios for
the Colon Formation: 1) A late Maastrichtian (regional foraminiferal
zone Siphogenerinoides bramletti) inner platform setting, with mostly
oxic-dysoxic bottom water conditions, and moderate continental runoff
and input of terrigenous sediments; this interpretation is supported by
the dominance of planktonic microfossils (Guembelitria cretacea,
Kamptnerius magnificus) and calcareous benthic foraminifers (Siphoge-
nerinoides, Gavelinella, among others), and low ostracod diversity; 2)
shallower marine conditions for the latest Maastrichtian (regional
foraminiferal zone Ammobaculites colombiana), with higher siliciclastic
supply due to regional upliff events and enhanced continental runoff,
and dysoxic bottom water conditions; this interval is characterized by
the absence of planktonic microfossils, the dominance of agglutinated
benthic foraminifers (Ammobaculites, Haplophragmoides, among others),
and the occurrence of the ostracod families Cytherellidae and Trachy-
leberididae. Overall, micropaleontological and geochemical data (log
(K/Fe), log (Fe/Ca) and Sr/Ba records) depict a shallowing upward trend
for the studied interval of the Colén Formation. Given that northern
South America was tectonically active during the Maastrichtian, it seems
likely that the observed shallowing trend is mainly reflecting the earliest
stages of uplift associated with the Andean orogeny.
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Como uma onda no mar

Lulu Santos / Nelson Motta
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Abstract. During the Late Cretaceous, northern South America was characterized by broad epicontinental seas, with variable surface
productivity and changing bottom-water oxygenation. Global sea-level fluctuations and local tectonic shifts caused their disappearance in the
latest Cretaceous. We present an integrated micropaleontological and geochemical study of a section comprising the Umir Formation and its
lower stratigraphic contact with the La Luna Formation, in the Middle Magdalena Valley, northeastern Colombia. Foraminiferal assemblages
were moderately diverse and mainly dominated by benthic taxa, characterizing the biozones Siphogenerinoides bramletteiand Ammobaculites
colombiana (Maastrichtian). Planktonic foraminiferal assemblages were less diversified, being species assigned to Heterohelicidae and scarce
keeled forms (Globotruncana spp.) the most recurrent taxa. Ostracod recovery was very scarce, and we could only identify the genus
Actinocythereis. In contrast, calcareous nannofossil assemblages were moderately diversified along the section, and composed of typical Late
Cretaceous low-latitude taxa such as Micula staurophora, Cribrosphaerella ehrenbergii, Gartnerago segmentatum. The identified microfossils indicate
a transition from middle-inner shelf conditions, with moderately oxygenated bottom waters within the La Luna Formation, to a shallower
marine setting within the Umir Formation. This interpretation is supported by Sr/Ba and log(Fe/Ca) ratios measured in bulk sediment, which
indicate increased continental runoff and terrigenous input in the upper part of the section. Moreover, a significant biotic turnover was identified
at the base of the section, suggesting the presence of a xenoconformity at the La Luna-Umir contact, which has been previously described and
proposed as a regional stratigraphic feature.

Key words. Paleoenvironments. Late Cretaceous. Colombia. Micropaleontology.

Resumen. MICROFOSILES DEL MAASTRICHTIANO EN AMBIENTES MARINOS SOMEROS DE LA FORMACION UMIR (NORESTE DE COLOMBIA).
El Cretacico Tardio del norte de Sudamérica estuvo dominado por mares epicontinentales extensos, con fluctuaciones de la productividad
superficial y oxigenacion del agua de fondo. Cambios en los regimenes tectonicos locales y descensos globales en el nivel del mar, llevaron a
la desaparicion de dichos ambientes hacia fines del Cretacico. Presentamos un estudio micropaleontoldgico y geoquimico integrado de una
seccion de la Formacion Umir y su contacto basal con la Formacion La Luna en el Valle Medio del Magdalena, noreste de Colombia. Las
asociaciones de foraminiferos fueron moderadamente diversas y estuvieron dominadas por formas benténicas que definen las biozonas de
asociacion locales Siphogenerinoides bramlettei y Ammobaculites colombiana (Maastrichtiano). Las formas plancténicas, menos diversas,
incluyeron ejemplares de Heterohelicidae y escasas formas quilladas (Globotruncana spp.). El registro de ostracodos fue muy escaso, sélo
pudimos reconocer al género Actinocythereis. En contraste, las asociaciones de nanofdsiles calcareos fueron moderadamente diversas y
comprendieron formas tipicas de bajas latitudes del Cretacico Tardio como Micula staurophora, Cribrosphaerella ehrenbergii, Gartnerago
segmentatum. Las asociaciones de microfésiles indican una transicion de condiciones de plataforma media-interna, moderadamente oxigenada
en la Formacion La Luna, a un ambiente mas somero en la Formacion Umir. Esta interpretacion es corroborada por las relaciones de Sr/Ba 'y
log(Fe/Ca) del sedimento que indican un aumento en la escorrentia continental y el aporte de terrigenos hacia la parte superior de la seccion.
De igual forma, la variacion significativa en las asociaciones de microfosiles hacia la base sugiere la presencia de una xenoconformidad en el
contacto La Luna-Umir, que fue previamente reportada como de caracter regional.

Palabras clave. Paleoambientes. Cretacico Tardio. Colombia. Micropaleontologia.

NoRTHERN SouTH AMERICA underwent a series of geological  regional sedimentary regimes, in progressively shallowing
reorganizations at the end of the Mesozoic era. For instance, ~ widespread epicontinental seas, with high surface productivity
the onset of the Andean orogeny likely occurred during the  and the occurrence of recurrent anoxic episodes (Martinez &
Campanian—Maastrichtian, causing significant shifts of =~ Hernandez, 1992; Villamil & Pindell, 1998; Erlich et al, 1999;
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Sarmiento-Rojas, 2019; Montes et al, 2019; Bayona et dl,
2020). In addition, the latest Cretaceous was characterized
by a global sea-level fall, which has been associated with
the possible occurrence of intermittent ice sheets at high
latitudes (Hardenbol et al, 1998; Kominz et al, 2008; Huber
et al, 2018). Consequently, Campanian—Maastrichtian
sedimentary successions of northern South America record
a myriad of tectonic (basin deformation, local uplifts), strati-
graphic (xenoconformities, diachronism of units), and sedi-
mentary (abrupt lateral facies shifts, retrogradational
stacking) features that make their depositional evolution
highly complex (Ayala-Calvo et al, 2009; Bayona et al, 2011,
2020; Sarmiento et al, 2015; Montano et al, 2016;
Sarmiento-Rojas, 2019; Terraza, 2019; Valencia-Gémez et
al, 2020; Gramal-Aguilar et al, 2021).

Marine microfossils have enabled paleoenvironmental
reconstructions and chronostratigraphic constraints of the
Upper Cretaceous sedimentary successions of northern
South America (Birgl & Dummit, 1954; Petters, 1955;
Sole de Porta, 1972; Martinez, 1989, 2003; Sarmiento,
1992; Vergara, 1997; Guerrero et al, 2000; Yepes, 2001;

9°N

VENEZUELA

8°N -

7°N=

6°N=

5°N=

Tchegliakova & Mojica, 2001; Garzon et al, 2012; Patarroyo
et al, 2017, 2022; Carvalho et al, 2021; De La Parra et al,
2022). This is the case for the Maastrichtian Umir Formation,
cropping out in the Middle Magdalena Valley (MMV), north-
eastern Colombia (Fig. 1), where depositional and chronos-
tratigraphic interpretations have been traditionally based
on microfossils, and eventually, integrated with sedimento-
logical studies (Tchegliakova, 1993, 1995, 1996; Santos,
2012; Montano et al, 2016; Navarrete et al, 2018; Terraza,
2019). However, since most of these studies have focused
on economically relevant coal-bearing strata of the middle
and upper part of this unit, there is still debate on whether
the lower part of the Umir Formation was deposited in a
marine setting, and on the nature of its boundary with the
underlying La Luna Formation. Previous works suggested
the presence of an unconformity or a condensed section be-
tween the La Luna and Umir formations, as well as in coeval
units in more proximal areas, such as in the Catatumbo and
Cesar-Rancheria basins (Ward et al, 1973; Sarmiento et al,
2015; Terraza, 2019).

Here we present a micropaleontological (foraminifers,
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FORMATION
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Figure 1. 1. Location of the Middle Magdalena Valley Basin. 2. Map showing the location of the Aguablanca Creek section, northeastern Colombia.
Abbreviations: CC, Central Cordillera; EC, Eastern Cordillera; UMB, Upper Magdalena basin; MMB, Middle Magdalena basin; LMB, Lower
Magdalena basin; CB, Catatumbo basin; RSZ, Romeral suture zone; ESFS, Espiritu Santo fault system; BSFS, Bituima and La Salina fault system;

BSMF, Bucaramanga-Santa Marta fault system.
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ostracods, and calcareous nannofossils) and geochemical
(sediments elemental ratios) survey for a stratigraphic
section that spans the lowermost segment of the Umir
Formation (Maastrichtian) and its contact with the under-
lying La Luna Formation. Our goals are to reconstruct the
lower Umir Formation paleoenvironmental setting and
assess the possible occurrence of a basal unconformity with
the La Luna Formation.

Institutional abbreviations. UNISINQOS, Universidade do
Vale do Rio dos Sinos, Sao Leopoldo, Brasil; itt OCEANEON,
Instituto Tecnolégico de Paleoceanografia e Mudancas
Climaticas, Sao Leopoldo, Brasil; UIS, Universidad Industrial
de Santander, Bucaramanga, Colombia.

MATERIAL AND METHODS
Studied section

We sampled sediments from the Aguablanca Creek
section in the Middle Magdalena Basin (7° 7' N, 73° 18" W;
Eastern Colombian Cordillera). This locality was previously
studied by Terraza (2019), and we focused on the upper-
most interval investigated by this author (320.8-344.2 m
stratigraphic height), which comprises the uppermost part
of the La Luna Formation (La Renta Formation sensu Terraza,
2019) and the lower segment of Umir Formation (Figs. 1-3).
The La Luna Formation is composed mainly of homoge-
neous limestones (mainly packstones) and a ~25 cm thick
greenish glauconitic sandstone at its top. The Umir Formation
is composed of a monotonous succession of dark grey
marlstones, mudstones, and siltstones. The La Luna-Umir

contact was proposed at 322.8 m by Terraza (2019).

Methods

Micropaleontological samples (n=28; interval 320.8—
344.2 m stratigraphic height) were prepared according to
standard methods at itt OCEANEON (UNISINOS). Approxi-
mately 30 g of dried rock were soaked into a 5% hydrogen
peroxide (H,0,) solution for about 36 hours, washed over 63
and 150 pm sieves, and dried at 40°C (Sohn, 1961). Due to
moderate and poor abundance, respectively, all foraminifers
and ostracods were handpicked. Planktonic foraminiferal
taxonomy followed Caron (1985), Nederbragt (1991),
Georgescu (2005), Premoli Silva and Verga (2011), among
others. Benthic foraminiferal taxonomy followed previous

studies of Maastrichtian units in Colombia (Cushman &

Hedberg, 1930, 1941; Martinez, 1989; Tchegliakova 1993,
1995; Tchegliakova & Mojica, 2001; Patarroyo et al, 2017,
2022), and regional literature for the tropics and the US
Western Interior (Sellier de Civrieux, 1952; Frizzell, 1954;
Bolli et al, 1994). Ostracod suprageneric classification follows
Scott (1961). Selected foraminiferal specimens were imaged
using an EVO MA15 Zeiss scanning electron microscope
(SEM), and all studied specimens are archived in the mi-
cropaleontological collections at itt OCEANEON. Total mi-
crofossil counts and their diversity estimations are given in
Supplementary Table S1.

Nannofossil samples (n=27; interval 321.2-344.2 m)
were also prepared at itt OCEANEON following the smear-
slide technique detailed by Bown and Young (1998), and
studied using a Zeiss Axio Imager A2 petrographic micro-
scope, at 1000x magnification. In order to achieve a quanti-
tative analysis of the assemblages, 700 fields of view (FOV)
were counted per slide. Preservation of calcareous nanno-
fossils was evaluated under a light microscope using quali-
tative criteria: “Good” indicating specimens with little or no
etching and/or overgrowth; "“moderate” for specimens ex-
hibiting some degree of etching and/or overgrowth, but still
easily recognizable; and "poor” for specimens exhibiting
extreme etching and/or overgrowth (Roth, 1983). Total cal-
careous nannofossil counts are given in Supplementary
Table S2.

Diversity (Shannon-Weaver-H), richness (S) and even-
ness (E) estimations were calculated using the software
Past version 2.15 (Hammer et al, 2001), in addition to an
SHEBI (“SHE Analysis for Biozone Identification”) analysis,
which is defined by the natural logarithm (In) of the even-
ness estimations. SHEBI analysis searched general trends
in In(E) values in order to identify different assemblage
intervals in the section (Buzas & Hayek, 1998, 2005).

A geochemical survey was conducted with bulk sedi-
ment samples from the section. Sample aliquots of 5 to 10
g ground rock (n = 29; interval 320.8—344.2 m height) were
measured with a PanAlytical Epsilon 1 X-ray fluorescence
(XRF) spectrometer at itt OCEANEQON, with elemental con-
centrations reported as raw counts per second (cps). Results
were normalized to a median-scaled (NMS) following Lyle
et al (2012) and interpreted as simple and logarithmic ele-
mental ratios. We used the log(Fe/Ca) ratio as a proxy for

terrigenous sediments input versus carbonate production
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(e.g, Govin et al, 2012), and the Sr/Ba ratio as a salinity
proxy (e.g, Wei & Algeo, 2019). Bottom water oxygenation
was evaluated with the NMS intensities of redox-sensitive
trace metals (TM) Ni, Cu, V, and Zn normalized by NMS Al
intensities (e.g, Dummann et al, 2021). XRF measurements

are provided in Supplementary Table S3.

RESULTS
Microfossil occurrences

The micropaleontological record of the Aguablanca Creek
section yielded heterogeneous assemblages. Foraminiferal
assemblages of the La Luna Formation and of the glauconitic
level at the contact with the Umir Formation yielded few
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specimens of Lenticulina spp., undetermined rotaliids and
planktonic foraminifera. Abundance and diversity increased
along the succession of the Umir Formation (Figs. 2-3),
where at least two intervals can be recognized based on
the composition of foraminiferal assemblages: (1) a lower
(329-338.2 m stratigraphic height)
composed of benthic taxa such as Haplophragmoides

interval mainly

excavatum, Gavelinella spp., Gyroidinoides depressus,
Lenticulina muensteri, Orthokarstenia cretacea, Praebulimina
spp., Pyramidina triangularis, and Siphogenerinoides bramletti,
while the planktonic assemblages were mainly composed
of biserial taxa (Planoheterohelix spp., Pseudoguembelina
spp., Spiroplecta americana) and scarce trochospiral forms
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Figure 2. Stratigraphic distribution of foraminiferal taxa at Aguablanca Creek section. Biozones identification follows the local foraminiferal as-
semblage zones of Cushman and Hedberg (1941). Stratigraphic column based on descriptions of Terraza (2019). Gray dots indicate samples
barren in foraminifers; red dashed line indicates the xenoconformity between the La Luna and Umir formations.

Figure 3. Selected foraminifers from Aguablanca Creek section. SEM Images. Scale bars represent 100 pm. 1. Spiroplectammina spectabilis
(337.6 m); 2. Haplophragmoides walteri (334.9 m); 3. Ammobaculites colombiana (343 m); 4. Haplophragmoides excavatum (338.2 m); 5.
Haplophragmoides glaber (333.9 m); 6. Gaudryina quadrans (329.9 m); 7. Lenticulina muensteri(337.6 m); 8. Lenticulina cf. williamsoni(329.9 m);
9. Gavelinella henbesti(334.9 m); 10-11. Gyroidinoides depressus (336 m); 12. Marginulinopsis texasensis (331.3 m); 13. Dentalina wimani (331 m);
14. Stilostomella stimea (329.9 m); 15. Nodosaria paupercula (337.6 m); 16. Praebulimina spp. (334.9 m); 17. Pyramidina prolixa (335.5 m); 18.
Spiroplecta americana (336 m); 19. Pseudoguembelina costulata (336.9 m); 20. Pseudoguembelina excolata (330.3 m); 21. Siphogenerinoides
bramletti(334.9 m); 22. Orthokarstenia cretacea (331.3 m); 23. Globotruncana aegyptiaca (336 m); 24. Rugoglobigerina macrocephala (331.3 m);

25. Muricohedbergella cf. holmdelensis (334.9 m).
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such as Archaeoglobigerina spp., Rugoglobigerina spp.,  richness was relatively high (5>10), while the Shannon-
Muricohedbergella spp., and Globotruncana aegyptiaca (Fig. ~ Weaver-H index was >2 for most samples (Fig. 6). Calcare-
3); and (2) an upper interval (340-344.2 m) mainly  ous nannofossil richness was also higher in this interval
dominated by undetermined textulariids and few specimens  (S>10), and some other specific levels in the Umir Formation
of Ammobaculites colombiana (sample 343 m; Figs. 2-3). such as 331 and 331.3 m (reaching S>35). Regarding cal-

Nannofossil assemblages, in contrast, were equally  careous nannofossil diversity, the Shannon-Weaver-H
abundant in the La Luna and Umir formations, though species  index ranged from 1.2 to 2.0, with the highest values (H>2)
such as Cervisella operculata, Cribrosphaerella ehrenbergii,  at322.5mand 335.5. m, while the smallest value (H<1.1) was
Micula staurophora, or Reinhardtites levis were more  recorded in the lower part of the section (321.2-321.6 m).
common in the La Luna Formation (Figs. 4—5). Chiastozygus ~ Evenness estimations in the calcareous nannofossil as-
synquadriperforatus, Cylindralithus biarcus, Cylindralithus  semblages also presented a wide range of values along the
serratus, and Predicosphaera stoveriwere only presentinthe  section (0.1 to 0.7), though samples of the Umir Formation
Umir Formation, but with low abundances. The interval  presented mostly values around 0.6 in the upper part of
340-344.2 m was barren of calcareous nannofossils, the section. Finally, SHEBI analysis, based on In(E) values
though samples at 340 m and 340.5 m yielded abundant  of calcareous nannofossil assemblages, suggests the oc-
(>300 fragments/sample) ascidian spicules (Fig. 4). currence of at least two assemblage intervals: (1) a lower

Other microfossils recovered from the Aguablanca Creek  assemblage (321.2-331.3 m) with most of the samples
section include fish teeth, gastropod fragments, and ostra-  having values of In(E)>-1.2, and (2) an upper assemblage,
cods (Fig. 2). Poor preservation and the scarcity of ostra-  comprising samples of the Umir Formation (333.9-339 m)
cods hampered taxonomic descriptions, and only a single  with values of In(E)<-1.0 (Fig. 6).
specimen of Actinocythereis? sp. at 337.6 m was identified.

Diversity (Shannon-Weaver-H), evenness (E), and rich- ~ Geochemical proxies
ness (S) estimations for foraminiferal and the calcareous Log(Fe/Ca) presents an upward-increasing trend at the
nannofossil assemblages varied throughout the section. Inthe  Aguablanca Creek section, with values ranging between —0.1
interval with better foraminiferal recovery (329.9-338.2 m),  and 1.8. Conversely, the Sr/Ba ratio presents a decreasing-
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Figure 4. Stratigraphic distribution of calcareous nannofossil taxa at Aguablanca Creek section. Biozones identification follows the local

foraminiferal assemblage zones of Cushman and Hedberg (1941). Stratigraphic column based on descriptions of Terraza (2019). Gray dots
indicate samples barren in calcareous nannofossils; red dashed line indicates the xenoconformity between the La Luna and Umir formations.
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upward trend, with values ranging from 130 to 90 in the
lower part of the section and values <30 for most of the
samples of the Umir Formation (Fig. 6). Most of the trace
metals (TM)/Al ratios exhibit similar trends throughout the
section, presenting a steady decrease above the contact

between the La Luna and Umir formations. For instance, the

Ni/Al, Cu/Al, and Zn/Al ratios present higher values in the

La Luna Formation (5-10*107 in the Ni/Al and Cu/Al,
>38*107in the Zn/Al) and drop to average values of 4*1077
and 25*107, respectively, within the Umir Formation. The
V//Al ratio presents relatively high values in the La Luna
Formation (19-26*1077), drops abruptly at the contact be-
tween the two formations, and shows an upward increasing
trend across the Umir Formation (Fig. 6).

Figure 5. Selected calcareous nannofossils from Aguablanca Creek section. Scale bar represents 5 pm for all images. Petrographic microscopy
images. 1-2. Arkhangelskiella cymbiformis (321.2 m); 3—4. Gartnerago segmentatum (329.9 m); 5-6. Micula staurophora(323.4 m); 7-8. Quadrum
gartneri(321.2 m); 9-10. Reinhardetites levis (331 m); 11-12. Watznaueria barnesiae (321.2 m); 13-14. Zeugrhabdotus bicrescenticus (321.2 m);

15-16. Ascidian spicule (340 m).
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Figure 6. Records of foraminiferal and calcareous nannofossil distribution of diversity and richness estimates, and geochemical proxies at
Aguablanca Creek section. 1. Species richness of foraminiferal and calcareous nannofossil assemblages. 2. Shannon-weaver-H diversity of
foraminiferal and calcareous nannofossil assemblages. 3. Ln (E) estimates for calcareous nannofossil assemblages. 4. Log (Fe/Ca) as a proxy
for terrigenous input. 5. Sr/Ba ratio as a proxy for paleosalinity. 6. Stratigraphic distribution of the redox-sensitive trace metals Ni, Cu, V, and
Zn normalized to Al content. Red dashed line indicates the xenoconformity between the La Luna and Umir formations.

DISCUSSION
Biostratigraphic constraints for Maastrichtian strata
at the Aguablanca Creek section
Micropaleontological evidence supports a latest
Cretaceous (Campanian—Maastrichtian) age for the studied
interval in the Aguablanca Creek section (Figs. 2, 4, 7). Most
of the recovered planktonic foraminiferal taxa have wide
chronostratigraphic ranges (Planoheterohelix globulosa,
Muricohedbergella spp.), but there are some species
such as Spiroplecta americana, Pseudoguembelina excolata,
Rugoglobigerina macrocephala, and Globotruncana aegyptiaca
with late Campanian—late Maastrichtian ranges. Benthic
foraminiferal assemblages of the Umir Formation can be
assigned to the Siphogenerinoides bramletti(329.9-337.6 m)
and Ammobaculites colombiana (338.2—-344.2 m) assem-
blage zones, according to the definitions of Cushman and
Hedberg (1941) in the more proximal Catatumbo basin.
Following these authors, as well as the chronostratigraphic
update of Martinez (1989) based on planktonic foraminifera
and new micropaleontological data for the Cesar-Rancheria
and Catatumbo basins (Patarroyo et al, 2017; 2022), the S.
bramletti and A. colombiana assemblage zones comprise
the late Maastrichtian (Abathomphalus mayaroensis Zone

to probably Plummerita hantkeninoides Zone). In general,

foraminiferal assemblages from the Aguablanca Creek sec-
tion present the same sequence of biostratigraphic mark-
ers reported by Martinez (1989) and Patarroyo et al. (2017,
2022) for the coetaneous Colén Formation, located in the
Catatumbo and Cesar-Rancheria basins (Fig. 7). The absence
of diagnostic foraminifers in the upper part of the La Luna
Formation hampered an age assignment for this unit.

The Umir Formation was originally dated as a Campanian—
Maastrichtian by Petters (1955), using benthic foraminiferal
assemblages that were also recognized in Western \/enezuela.
That scheme used the same biozones as Cushman and
Hedberg (1941), with a difference in the definition of the
oldest biozone (Orthokarstenia cretacea instead of Pullenia
cretacea). A key aspect in the biostratigrahic zonation of
Petters (1955) was the calibration with ammonite markers.
For instance, in the southern MMV, the Campanian am-
monite Stantonoceras occurred within the O. cretacea Zone.
Ammonite genera such as Coahuilites and Sphenodiscus
within the S. bramletteiand A. colombiana foraminiferal zones
confirmed a Maastrichtian age for the upper part of the Umir
Formation. However, the precise location and detailed
description of that material remained unclear, hampering
more detailed comparisons (e.g, Ward et al, 1973). Later, a
series of studies by Tchegliakova (1993, 1995, 1996) in the
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La Julia Creek section (northeastern MMV) and the Honda-
Guaduas area (southern MMV) discussed the Campanian
age assignment for the lower segment of the Umir Forma-
tion. At the La Julia Creek section, where the La Luna-Umir
formations contact occurs, Tchegliakova (1995) reported
the occurrences of A. colombiana and the planktonic species
Rugoglobigerina macrocephala, constraining the age of the
Umir Formation to middle-late Maastrichtian, and probably
an early Maastrichtian age for the upper part of the La Luna
Formation. Moreover, in localities from the Honda-Guaduas
area, Tchegliakova (1996) identified the planktonic fora-
miniferal biozones Gansserina gansseri and Abathomphalus
mayaroensis, extending the chronostratigraphic range of the
lower Umir Formation from the middle Maastrichtian to the
uppermost Campanian (Fig. 7). Considering our interpretation
of a Maastrichtian age for the Umir Formation, based ex-
clusively on the record of the foraminiferal assemblages, the
absence of diagnostic elements of the O. cretacea Assem-
blage Zone (e.g, Pullenia cretacea) in the studied material, and
the location of the Aguablanca Creek section (middle part of
the MMV), it is plausible that the lower boundary of the
formation is diachronous along the MMV. However, it must

be also considered that the lowermost segment of the Umir

Formation is covered in the Aguablanca Creek section (324.1—
329.9 m).

Considering these uncertainties, one of our goals was to
explore an integrated approach (calcareous nannofossils,
ostracods) in order to get higher accuracy for the age span
of the studied section. Studies on calcareous nannofossils
from the Late Cretaceous successions of Colombia are
scarce, being Pérez-Panera et al. (2018) the only published
work. That study focused mainly on the La Luna Formation
and the lowermost part of the Umir Formation from an ex-
ploratory well in the northernmost MMV, and reported most
of the species we recovered at the Aguablanca Creek sec-
tion. Calcareous nannofossil assemblages in our locality
were mainly composed of taxa with long chronostrati-
graphic ranges (eg, Aptian—Maastrichtian). However,
species such as Arkhangelskiella cymbiformis, Ceratolithoides
aculeus, Perchnielsenella stradneri, and Prediscosphaera
stoveri, which ranged from Campanian to Maastrichtian,
were present in low abundances along the section. The last
occurrence of Reinhardtites levis at 331 m could be used as
a boundary between the early and late Maastrichtian (top
of UC18 zone), though its rare occurrence, and the presence

of benthic foraminifer S. bramlettiin this interval, could be
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Figure 7. Interpreted paleoenvironmental settings of Maastrichtian successions in northern South America. 1. Paleogeographic map adapted
from Bayona (2018), indicating the location of the Aguablanca Creek section (AC) and additional localities with foraminiferal data numbers 1-
5). 2. Depositional setting and age assignments for latest Cretaceous sedimentary successions of northeastern Colombia. Age and paleoenvi-
ronmental assignments follow: 1-2. Tchegliakova (1993, 1995, 1996); 3. Navarrete et al. (2018) and Pérez-Panera et al.(2018); 4-5. Patarroyo
etal (2017, 2022). The horizontal length of each bar indicates the proposed depositional setting range for each locality.
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interpreted as a product of reworking. Using the calcareous
nannofossil record, an age not older than early Maastrichtian
could be assigned to the lowermost part of the Umir For-
mation (324.1-331 m).

Though calcareous nannofossil assemblages in the La
Luna Formation were more abundant and diversified than
foraminiferal assemblages, and the SHEBI analysis sug-
gests a floristic turnover, taxa of the La Luna Formation
consist of species with long chronostratigraphic ranges
and Campanian-Maastrichtian markers. Therefore, based
on the calcareous nannofossils assemblages we suggest a
Campanian to early Maastrichtian age for the top of the La
Luna Formation (Fig. 7). Our interpretation slightly modifies
the original conclusions of Terraza (2019), who assigned a
Campanian age to the upper part of the La Luna Formation
(=La Renta Formation) in the Aguablanca Creek section. That
age assignment was based on the presence of Santonian
ammonites such as Plesiotexanites, Texanites, and Cocuyites
in underlaying strata of the section (middle part of the La
Luna Formation; Galembo Formation sensu Terraza, 2019),
and the common presence of the benthic foraminifer O.
cretaceain thin sections from the upper part of the La Luna
Formation (=Galembo Formation). Additionally, the litho-
logical contrast between the La Luna and Umir formations
suggests the presence of an unconformity according to that
author. The paleoenvironmental nature of the La Luna-Umir
contact will be discussed in the following section.

Our biostratigraphic interpretation for the uppermost
part of the Aguablanca Creek section (340-344.2 m) is ten-
tative, considering the absence of calcareous nannofossils
above 339 m, and the presence of scarce ostracods and
benthic foraminifers, the latter represented mostly by ag-
glutinated taxa. So far, we can only assign an age not older
than late Maastrichtian, based on the first occurrence of
the benthic foraminiferal species A. colombiana at 343 m,
which defines the base of its homonym assemblage zone
(Cushman & Hedberg, 1941). New micropaleontological
data in the Cesar-Rancheria Basin and the identification of
the Cretaceous-Paleogene (K-Pg) boundary in that area
have provided a better age control for the A. colombiana
assemblage zone (De La Parra et al, 2022; Patarroyo et al,
2022).

Considering the expected abundance decrease of marine

microfossils in the uppermost strata at our section, palyno-
logical analyses could improve the chronostratigraphy of the
middle and upper parts of the Umir Formation. Maastrichtian
strata from the Umir Formation were originally studied by
VVan der Hammen (1954, 1957), who proposed three paly-
nological zones (Maastrichtian A-C). However, since most
of the morphotypes described by Van der Hammen (1954,
1957) have been revised and assigned to other genera, new
biostratigraphic schemes have been proposed since then for
Maastrichtian strata in Colombia (Sarmiento, 1992; Yepes,
2001; Santos, 2012; De La Parra et al, 2022).
Paleoenvironmental settings recorded at the
Aguablanca Creek section

The stratigraphic description of Terraza (2019), as well
as the micropaleontological and geochemical data from our
study at Aguablanca Creek section, highlight the differences
between the La Luna Formation and the Umir Formation.
Contrasting sedimentological and stratigraphical charac-
teristics have been traditionally interpreted as evidence of a
regional unconformity, related to the first pulses of the
Andean orogeny (e.g, Ward et al, 1973; Sarmiento et al,
2015). However, the nature of this boundary and its pres-
ence in other basins have been intensively debated in re-
cent years. Based on sedimentological studies in the Cocuy
region, Bayona et al. (2020) defined it as a xenoconformity,
considering that it reflects a shift in the depositional regime
(from dominant carbonate deposition to the onset of syn-
orogenic terrigenous-dominated deposition), instead of a
major hiatus within the Maastrichtian sedimentary succes-
sions. Petrographic, paleontological (microfossils), geo-
chemical (total organic carbon, TOC), and seismic data also
evidence marked differences between the La Luna Forma-
tion and the Col6n Formation (coeval to the Umir Formation)
in the Catatumbo and Cesar-Rancheria basins (Ayala-Calvo
et al, 2009; Cooney & Lorente, 2009; Bayona et al, 2011;
Patarroyo et al, 2017).

The dominance of carbonate rocks and the presence of
calcareous nannofossils in the Aguablanca Creek section
suggest open marine conditions, probably in a middle shelf
setting, for the upper part of the La Luna Formation (Fig. 7).
This is also supported by our geochemical results, since

sediment Sr/Ba values of the uppermost La Luna Formation
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indicate higher paleosalinity in comparison with the overly-
ing strata. Strontium tends to be absorbed on fine-grained
sediments deposited under high-salinity waters, whereas
barium content is higher in freshwater delivered by conti-
nental runoff (Wei & Algeo, 2019). Additionally, increased
concentrations of redox-sensitive TM, such as V, Ni, Cu and
Zn, suggest that sediments were deposited under the in-
fluence of oxygen-depleted bottom waters (Fig. 6; e.g,
Dummann et al, 2021). Previous studies in the upper part
of the La Luna Formation in the MMV and other basins have
reported an overall high total organic carbon (TOC) content,
with values ranging from 3 to 7% (Patarroyo et al, 2021).
The low abundance of benthic foraminifers in this part of
the section could be, in fact, a consequence of poorly oxy-
genated bottom waters. However, taphonomic controls are
not discarded as a possible cause of low foraminiferal abun-
dances, since some of the analyzed samples were collected
from the greenish glauconitic sandstone below the La Luna-
Umir contact. Special caution must additionally be taken for
interpreting this interval, since reworked intraclasts were
reported by Terraza (2019) and by studies in other localities
recording the same glauconitic level in the MMV (e.g, Ward
et al, 1973; Sarmiento et al, 2015). In fact, glauconite pre-
cipitation supports our paleoenvironmental interpretation
for the La Luna Formation, since glauconite has been re-
ported from shallow marine poorly oxygenated settings in
the Maracaibo area (eg, Erlich et al, 1999; Parra et al, 2003).

In contrast to the La Luna Formation, the microfossil
content and geochemical proxies (Sr/Ba and log(Fe/Ca) ra-
tios) of the uppermost part of our section indicate a pro-
gressive transition from an inner platform to sublittoral
settings within the Umir Formation (Fig. 6).

Foraminiferal distributions depict two intervals that
illustrate this transition: a lower assemblage (329-338.2
m) dominated by calcareous benthic foraminifers (mostly
elongated and planispiral forms) and some planktonic taxa
(mostly biserial forms); and an upper assemblage (340-
344.2 m), characterized by lower recovery, but dominated
by agglutinated benthic taxa, which tend to increase in
abundance at relatively shallow conditions (Figs. 2, 7; e.g,
Cetean et al, 2011). Like in other studies on latest Cretaceous
foraminifera from Colombia, the disappearance of keeled

planktonic taxa (only present in the interval 334.9-336 m),

the predominance of the benthic foraminifera, and the in-
crease in the proportion of textulariids upward in the suc-
cession, suggest a regressive pattern for this unit (Biirgl &
Dummit, 1954; Martinez, 1989; 2003; ergara, 1997; Guerrero
et al, 2000; Tchegliakova & Mojica, 2001; Patarroyo et al.,
2022). This regressive stacking trend was previously docu-
mented with foraminiferal assemblages within the Umir
Formation, but without a broad stratigraphic control (Petters,
1955; Tchegliakova 1993, 1995). In the La Julia Creek sec-
tion, Tchegliakova (1993, 1995) reported assemblages
mostly composed of agglutinated forms (Haplophragmoides,
Bathysiphon, A. colombiana), unidentified ostracods, cal-
careous algae, and high proportions of amorphous organic
matter, suggesting paralic environments with intermittent
influence of freshwater input.

Other micropaleontological evidence of this shallowing-
upward trend include the disappearance of the calcareous
nannofossil above 339 m, as well as the abundance of
ascidian spicules (>300 specimens/sample) at 340 m and
340.5 m at the Aguablanca Creek section (Fig. 4). Considering
that some species are temperature and salinity-sensitive
(Shenkar & Swalla, 2011), future studies on these micro-
fossils of the Umir Formation could provide new insights
into its paleoenvironmental evolution.

Proxy records at the Aguablanca Creek section also
provided clues about the shallowing trend recorded by the
Umir Formation (Fig. 6). For instance, fluctuations in the
log(Fe/Ca) ratio can be used as a tracer of terrigenous input
relative to carbonate sedimentation (Govin et al, 2012). The
log(Fe/Ca) at the Aguablanca Creek section indicates a
steady increase upward in the section, in comparison with
the lower values within the La Luna Formation, implying
increased supply of terrigenous sediments likely associated
with progressively more proximal settings. Relatively lower
sediment Sr/Ba values at the uppermost Aguablanca Creek
section also suggest increased freshwater input (Wei &
Algeo, 2019), which is consistent with more proximal depo-
sitional settings.

At aregional scale, Maastrichtian sea-level fluctuations
within the Umir Formation include at least five maximum
flooding surfaces over a major retro-gradational sequence
(Montano et al, 2016). However, that study was mostly fo-

cused on the middle to upper interval of the unit, which
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yields economically relevant coal-bearing strata. The geo-
logical evolution of Maastrichtian coastal environments in
northern South America was highly dynamic and was not
solely affected by sea level fluctuations, but also deeply in-
fluenced by the onset of tectonic activity in the Central and
Eastern Cordilleras during the Campanian—Maastrichtian
(Fig. 7; Villamil & Pindell, 1998; Sarmiento-Rojas, 2019;
Montes et al, 2019; Bayona et al, 2020).

Finally, our micropaleontological and geochemical re-
sults suggest moderate oxygenation of bottom waters for
the lower part of the Umir Formation. In general, there is a high
proportion of benthic infaunal taxa along the Aguablanca
Creek section, comprising elongated (e.g., Siphogenerinoides,
Orthokarstenia, Stilostomella), ovoidal (buliminids) and elon-
gated biserial (e.g, Coryphostoma, Loxostomum) forms. These
morphotypes are usually interpreted as indicative of poorly
oxygenated bottom water conditions, related to water mass
eutrophication (Van der Akker et al, 2000; Jorissen et al.,
2007). However, there were still moderate abundance
and richness of epifaunal or shallow infaunal taxa (e.g,
Gavelinella, Gyroidinoides, Lenticulina) within this interval at
the Aguablanca Creek section. Overall, benthic foraminiferal
assemblages at the Aguablanca Creek section contrast with
those described for the La Luna Formation and coeval units
in Colombia, which recorded relatively high primary pro-
ductivity, recurrent anoxic episodes, and yielded benthic
foraminiferal assemblages dominated by deep infaunal
forms (e.g, buliminids; Vergara, 1997; Guerrero et al, 2000;
Tchegliakova & Mojica, 2001; Martinez, 2003; Parra et al,
2003; Patarroyo et al, 2017).

Values of TM/AIl ratios within the Umir Formation are
low in comparison to those of the La Luna Formation (Fig. 6),
suggesting improved bottom water oxygenation (e.g,
Dummann et al, 2021). Nevertheless, fine-grained sedi-
ments of the lower part of the Umir Formation show TOC
contents below 1.7%, while the organic carbon-rich levels
from the middle and upper part of this unit have TOC values
ranging from 12 to 40% (Rangel et al, 2000). An exception
among the overall trends of TM/Al proxies at the
Aguablanca Creek section is the V/Al ratio, which depicts a
trend similar to that of the log(Fe/Ca) ratio, and in contrast
to the remaining TM (Fig. 6). One likely explanation for the
\//Al trend would be the input of V-rich terrigenous sedi-
ments.

CONCLUSIONS

The integrated micropaleontological (foraminifers, cal-
careous nannofossils, and ostracods) and geochemical
[log(Fe/Ca), Sr/Ba, and redox-sensitive TM/Al ratios] study
of the Maastrichtian stratigraphic succession at Aguablanca
Creek section revealed a major paleoenvironmental shift
between the La Luna and Umir formations. Based on the
common presence of calcareous nannofossils and higher
concentrations of redox-sensitive trace metals such as Ni,
Cu, and Zn, we interpret the upper part of the La Luna
Formation as a middle shelf setting, with poorly oxygenated
bottom water conditions. In contrast, benthic foraminiferal,
log(Fe/Ca), and Sr/Ba records depict a shallowing-upward
trend for the studied interval of the Umir Formation in a
retro-gradational inner platform setting. This interval is
characterized by a gradual decrease of the planktonic biota
(heterohelicids, keeled foraminifers, calcareous nannofos-
sils), and the transition from moderately diverse calcareous
benthic foraminifers (buliminids, elongated uniserial, tro-
chospiral forms) to poorly diversified assemblages, com-
posed of agglutinated benthic forms (Ammobaculites,
unidentified textulariids). This interpretation is also sup-
ported by bulk sediment Sr/Ba and log(Fe/Ca) ratios, which
indicate increased continental runoff and terrigenous input
in the upper part of the section, likely associated with more
proximal depositional settings. The recorded paleoenviron-
mental turnover suggests the presence of a xenoconformity
at the La Luna-Umir stratigraphic contact. Our biostrati-
graphic results suggest an early Maastrichtian age (base of
the regional foraminiferal Zone Siphogenerinoides bramletti)

for this unconformity.
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Porque —eles sabiam— ndo era a verdadeira noite, a noite da lua e das estrelas, da musica e do amor,
que chegara. Esta s6 chegava na sua hora, quando os sinos tocavam e um negro cantava ao violGo, no
cais, uma cantiga de saudade. A que chegara carregada de nuvens, trazida pelo vento, fora a
tempestade que derrubava aos navios e matava os homens. A tempestade é a falsa noite.

Mar Morto

Jorge Amado
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BENTHIC FORAMINIFERA AND PALEOENVIRONMENTAL TURNOVER ACROSS THE MID-
MAASTRICHTIAN EVENT IN THE TROPICAL ATLANTIC OCEAN (ODP SITE 1258)

ABSTRACT

In recent years, there has been an increasing number of studies describing significant disturbances of
the global carbon cycle during the latest Cretaceous. One example of these disturbances is the Mid-
Maastrichtian Event (MME), which was likely related to changes in deep ocean circulation, particularly

in the Atlantic realm.

To track and characterize the influence of the MME in deep-water environments in the equatorial
South American margin, we conducted micropaleontological (benthic foraminifers) and geochemical
analyses of sediments from Ocean Drilling Program (ODP) Site 1258 (Demerara Rise, offshore
Suriname). Both geochemical tracers and benthic foraminiferal assemblages suggest the occurrence
of paleoenvironmental reorganizations during the entire Maastrichtian, related to changes of
intermediate to deep-water oxygenation and surface productivity. Benthic foraminiferal assemblages,
characterized by typical deep-sea taxa (Aragonia, Nuttallides truempyi, Coryphostoma, Strictocostella,
among others), indicate suboxic bottom water conditions with some oxygenation pulses, which
correlate with changes in elemental ratios of redox-sensitive trace metals (Ni/Al, Cu/Al). Sediment
elemental ratios (log(Fe/Ca), Si/Ti, Fe/K) indicate fluctuations in the silica and carbonate export via
surface productivity, and a probable hydroclimate disturbance since the early Maastrichtian. During
the MME, three phases of environmental evolution occurred: (1) high surface productivity and
reduced bottom water oxygenation during subinterval MME1, (2) moderate surface productivity and
increased bottom water oxygenation in subinterval MME2, and (3) recovery in surface productivity,
suboxic conditions in the deep-sea, and more humid conditions during subinterval MME3. These
paleoenvironmental disturbances were probably caused by increased influence of high-latitude deep-
waters (North Atlantic source instead of the Southern Ocean) on low latitudes, which likely influenced

latitudinal migrations of the Paleo-Intertropical Convergence Zone.
INTRODUCTION

The latest Cretaceous (Campanian-Maastrichtian) was a time of significant changes in global climate.
Sea-surface temperatures (SSTs) steadily drifted from a “hot greenhouse” state with reduced SST
latitudinal gradient, to a “cool greenhouse” state, that characterized the Maastrichtian and early
Paleocene, which likely had moderate latitudinal SSTs gradients (e.g., Friedrich et al., 2012; Linnert et

al., 2014; Barnet et al., 2017; O'Brien et al., 2017; Huber et al., 2018; Hull et al., 2020). This drift of the
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mean ocean-climate state has been explained by a combination of changes, such as in: (1) global
oceanic deep-water circulation, (2) atmospheric pCO; related to mid-ocean ridge and large igneous
provinces activity, (3) eustatic sea-level (regional and global) and, (4) intensity of tectonic processes
(e.g., Barrera et al., 1997; Coffin et al., 2006; Jarvis et al., 2006; McLeod et al., 2011; Martin et al.,
2012; Voigt et al., 2013; Dameron et al., 2017; Linnert et al., 2018; Ladant et al.,, 2020). Those
processes, and specially the controlling mechanisms of deep-water formation in the Atlantic and
Pacific oceans have been described as possible triggers of at least two significant perturbations in the
global carbon cycle during the latest Cretaceous: (1) the Campanian-Maastrichtian Boundary Event

(CME; Friedrich et al., 2009), and (2) the mid-Maastrichtian Event (MME; Voigt et al., 2012).

In particular, the MME (69 Ma) has been studied in more detail due to its possible temporal correlation
with major reorganizations of the marine biota. For instance, the MME was likely coeval with the
decline of inoceramids and rudist reefs (Johnson, 2002; Frank et al., 2005; Huber et al., 2018), as well
as with turnovers among benthic and planktonic foraminiferal assemblages, which were possibly
related with changes of carbon influxes to the atmosphere and the ocean (Frank et al., 2015; Dameron
et al., 2017; Vancoppenolle et al., 2022). Pelagic ecosystems after the MME (68-66.5 Ma) and before
the Cretaceous-Paleogene (K-Pg) extinction event, could have been also affected by widespread
Deccan Traps volcanism (e.g., Abramovich and Keller, 2003; Thibault and Gardin, 2007; Keller and
Abramovich, 2009; Abramovich et al., 2010; Thibault and Husson, 2016; Linnert et al., 2016; Mateo et
al., 2017; Keller et al., 2020; Hull et al., 2020; Guerra et al., 2021; Krahl et al., 2021). So far and based
on carbon isotope records (8'3C), the MME is identified as an interval characterized by a plateau
depicted by stable carbon isotope (§3C) carbonate records, with onset above the base of geomagnetic
polarity chron C31n, consisting of two positive inflections and a drop in between (MME1-MME3; ~69.2
to ~68.0 Ma; Voigt et al., 2012).

The MME has been correlated with deep-water circulation reconfigurations, when deep-water masses
sources shifted from saline and warm low-latitude water masses, to cool and less saline high-latitude
water masses (e.g., Frank et al., 2005; D’"Hondt and Arthur, 2002; Friedrich et al., 2008; Cramer et al.,
2009; Jung et al., 2013; Linnert et al., 2014; Moiroud et al., 2016; Dameron et al., 2017; Batenburg et
al., 2018; Haynes et al., 2020; Ladant et al., 2020). In the Atlantic realm, micropaleontological
(foraminifers, calcareous nannofossils), geochemical (elemental ratios, total organic carbon — TOC,
and carbonate contents) and carbon, oxygen and neodymium isotope records (63C, 8§80, eNd)
suggest that, since the early Maastrichtian, warm-saline water masses were developed in the
equatorial Atlantic (e.g., Demerara Bottom Water, DBW), with an increasing influence of a northern-
sourced water since 69 Ma. Before that time, the North Atlantic was still a semi-restricted basin, with

estuarine circulation and deep-water masses coming from the eastern Tethys Ocean (Widmark and
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Speijer, 1997a-b; Friedrich et al., 2004; Thibault and Gardin, 2006; Friedrich and Erbacher, 2006;
Friedrich and Hemleben, 2007; MacLeod et al., 2011; Koch and Friedrich, 2012; Martin et al., 2012;
Linnert et al.,, 2019; Vancoppenolle et al., 2022; Corentin et al.,, 2023). In addition to the
intermediate/deep-water reorganization in the Atlantic Ocean, there were regional influences of
epicontinental seas (northern South America/Africa, U.S. Western Interior, European Tethys), tectonic
processes (e.g., first pulses of Andean orogeny) and global eustatic sea-level changes that might have
influenced surface productivity and regional carbon fluxes (e.g., Martinez and Hernandez, 1992;
Friedrich et al., 2004; 2009; Linnert et al., 2018; Bayona et al., 2020; Vellekoop et al., 2022; Patarroyo
et al., 2022; Farouk et al., 2023). On a global scale, intermediate and deep-water circulation between
the Pacific Ocean and the Atlantic through the Caribbean gateway was ineffective, and the presence
of submarine barriers in the South Atlantic, such as the Rio Grande Rise and the Walvis Ridge, likely
restricted deep-water formation in the Pacific to the northern hemisphere (e.g., Frank et al., 2005;

Jung et al., 2013; Dameron et al., 2017).

Considering the privileged geographic location of the Maastrichtian sedimentary record on the
Demerara Rise (offshore Surinam, Equatorial Atlantic), we present a paleoenvironmental assessment
of the equatorial Atlantic Ocean during the Maastrichtian in terms of: (1) surface productivity and
bottom water oxygenation, (2) continental influence due weathering and tectonic activity, and (3)
teleconnections with other equatorial (Pacific realm, eastern Tethys) and high latitude ocean basins.
To achieve these goals, we integrated micropaleontological (benthic foraminifers) and geochemical
(bulk sediments elemental ratios, and stable carbon isotope records) studies at Ocean Drilling Program
(ODP) Hole 1258A, providing new insights on the influences of the MME on low latitude areas, and its

link with paleoenvironmental perturbations in the high-latitude North Atlantic Ocean.
STUDY SITE

ODP Hole 1258A (15°06.99' N, 69°22.67' W; 3192 m depth) is located on the northwest-facing slope
of the Demerara Rise (Suriname, South America; Figure 1). The studied interval comprises the earliest
to late Maastrichtian (sections 28-2 to 34-4; 257.50-320.11 meters below seafloor; mbsf), and except
for the coring gap between 279.11 and 284.13 mbsf, the studied section was sampled every ~40 cm
(152 samples in total). Campanian to Maastrichtian sediments at Hole 1258A mostly consist of
nannofossil chalks with foraminifers (subunits 11B-C and unit Ill; Erbacher et al., 2004). The main
sedimentological transition within the studied interval is a drop of carbonate content from ~65 wt%

in Subunit IIC to ~35 wt% in Unit Ill (Erbacher et al., 2004).
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Figure 1. Location of the study sites and additional localities. (A) Paleogeographic map of the Maastrichtian (68 Ma, from Scotesse, 2014) showing the location of ODP Hole
1258A at Demerara Rise (yellow star) and other Campanian-Maastrichtian localities with available foraminiferal and isotopic data. (1) Shatsky Rise (Frank et al., 2005; Voigt
et al.,, 2010; Dameron et al., 2017), (2) Shuqualak, Mississippi (Linert et al., 2014; 2018), (3) Core Diablito-1E (Patarroyo et al., 2022), (4) Blake Nose (Friedrich and Hemleben,
2006), (5) ODP site 690 (Koch and Friedrich, 2012), (6) Tunisia (Li et al., 1999; Bejaoui et al., 2019; Farouk et al., 2023), (7) Maastricht (Vancoppenolle et al., 2022; Vellekoop
et al,, 2022), (8) Gubbio (Voigt et al., 2012). (B) Topographic map of the Demerara Rise based on Erbacher et al. (2004).
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The Campanian-Maastrichtian boundary at Hole 1258A was identified at 315.00 mbsf, and the K-Pg
boundary is located at 252.58 mbsf, at the base of a well-preserved impact ejecta layer (base of
subunit 1IB; Erbacher et al., 2004). According to magnetostratigraphy, the studied interval comprises
magnetochrons C31r to C29r, where the base of mid-Maastrichtian C31n magnetochron (broadly
defined as C31n-C30r-C30n) was defined at 293.52 mbsf (Suganuma and Ogg, 2006). Planktonic
foraminiferal KS30b to KS31 zones were identified for our studied interval, with typical Maastrichtian
species such as Globotruncanita stuarti, Rugoglobigerina rugosa, Abathomphalus mayarorensis (FO at
279.31 mbsf), Pseudoguembelina costillifera, Pseudoguembelina palpebra, Contusotruncana contusa
(Erbacher et al., 2004). Calcareous nannofossil zones CC22 to CC26 were reported by the same
authors, while Thibault and Gardin (2006) proposed additional events (e.g., Kamptnerius magnificus

acme event) and a more precise biostratigraphic scheme for the Maastrichtian (CC24 to CC26b).
METHODS
Benthic foraminifera

All foraminiferal samples (n = 80) were prepared according to standard methods at the Technological
Institute for Paleoceanography and Climate Change (itt Oceaneon — Unisinos University, Brazil).
Approximately 15-20 g of dry sediment aliquots were soaked in distilled water for about 24 hours,
washed over 63 um and 150 um sieves, and dried in an oven at 40°C. To achieve statistically significant
counts (Fatela and Taborda, 2002, Forcina, 2012), around 100-300 benthic foraminifers were
handpicked from each sample. To avoid overestimations in the foraminiferal analyses, we omitted the
uniserial/tubular agglutinated forms (e.g., Nothia, Rhabdammina) in the final counts, and we only

considered the calcareous uniserial taxa (e.g., Nodosaria, Strictocostella) that were >60% complete.

Benthic foraminiferal taxonomy and palaeoenvironmental preferences followed regional literature for
the tropics and the Atlantic realm (Frizzell, 1954; Koutsoukos and Merrick, 1986; Koutsoukos and Hart,
1990; Bolli et al., 1994; Widmark, 1997; Koutsoukos and Klasz, 2000; Koutsoukos, 1992; 2006; Alegret
and Thomas, 2001; Friedrich and Hemleben, 2012; Koch and Friedrich et al., 2012; Dubicka and Peryt,
2016; Dameron et al., 2017; Bejaoui et al., 2019; Jaff and Lawa, 2019; Vancoppenolle et al., 2022). The
definition of benthic foraminiferal morphogroups and their ecological preferences (epifaunal,
infaunal) followed Frenzel (2000) and Cetean et al. (2011). Selected foraminiferal specimens were

imaged using a Zeiss EVO MA15 scanning electron microscope (SEM) at itt Oceaneon.

To assess export productivity during the Maastrichtian, benthic foraminiferal numbers (BFN = number
of benthic foraminifera per gram of dry sediment) were estimated for each sample, and benthic

foraminiferal accumulation rates (BFAR, expressed in cm-2 ky-1) were calculated by multiplying BFN
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by sediments dry bulk density and linear sedimentation rates (LSR; see section 4.1). Bulk sediment dry
densities from Hole 1258A ranged between 1.41 and 1.76 g/cm? within the studied interval (Erbacher
etal., 2004). BFN and BFAR estimations have been used to track changes in surface export productivity
(Jorissen et al., 2007). Diversity (Shannon-H), richness (S) and evenness (E) estimations were calculated
for foraminiferal assemblages using the software Past (version 2.15; Hammer et al., 2001). All studied
specimens were archived in the micropaleontological collection at itt Oceaneon. Total foraminiferal

counts and their diversity estimates are available in Supplementary Table S1.
Inorganic geochemistry

X-ray fluorescence (XRF) analyses were performed on 5 g of dry, ground, and homogenized sediment
samples (n = 152), with elemental concentrations reported as raw counts per second (cps). Samples
were measured at 10 kV (150 pA, no filter) for Al, Mg, and Si intensities; 12 kV (400 pA, Al-50 filter) for
Ca, K, Ti and V intensities; 20 kV (250 pA, Al — 200 filter) for Co, Cr, Fe and Mn intensities; and 50 kV
(100 pA, Ti filter) for Ba and Rb intensities. XRF analyses were performed with a PanAlytical Epsilon 1
XRF spectrometer, at itt Oceaneon. To reduce noise, data were normalized to a median-scaled (NMS)

following Lyle et al. (2012).

We used several elemental ratios for paleoenvironmental inferences (Calvert et al., 2007). The
log(Fe/Ca) ratio was used as a tracer for carbonate accumulation and terrigenous input (Kujau et al.,
2010; Govin et al., 2012), while the Fe/K ratio is interpreted as a proxy for weathering intensity at
sediments source area (e.g., Stuut et al., 2005; Mulitza et al., 2008; Govin et al., 2012). Silica export
and surface productivity was explored using the Si/Ti ratio (e.g., Agnihotri et al., 2008). Finally, bottom
water oxygenation was evaluated with the NMS intensities of the redox-sensitive trace metals Ni and

Cu, normalized by NMS Al intensities (e.g. Dummann et al., 2021).

Bulk carbonate (n = 98) §3C and &0 values were measured with a MAT 253 (Thermo Scientific)
isotope ratio mass spectrometer (IRMS), at itt Oceaneon. Samples were allowed to react with 105%
phosphoric acid (H3P0O4) at 73°C. All isotope values are reported in %o, relative to the Vienna PeeDee
Belemnite scale. Measurements accuracy and calibrations were performed with the standards IAEA -
203 and IAEA -CO-8 from the International Atomic Energy Agency (IAEA), and SHP2L from the
University of Sdo Paulo (USP; Crivellari et al., 2021).

All geochemical data are provided in Supplementary Table S2.
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RESULTS
Stratigraphy of the Campanian-Maastrichtian at ODP Site 1258A

Erbacher et al (2004) suggested that LSRs for the Campanian-Maastrichtian interval of Hole 1258A
were around 1 cm ky™. However, using the position of the K-Pg boundary given by those authors at
252.58 mbsf, and the estimated bases of geomagnetic polarity chrons C31r, C31n and C29r (330.34
mbsf, 293.52 mbsf, 262.77 mbsf respectively; Suganuma and Ogg, 2006; MaclLeod et al., 2017), the
resulting age model for Hole 1258A (Supplementary material Figure S1) indicates that the LSR ranged
between 1.1 and 2.9 cm ky™ (1.2 cm ky™ for the mid-Maastrichtian). Considering these LSRs, the
studied time interval spanned from 66.2 Ma to 70.8 Ma, and the beginning of the mid-Maastrichtian
(69.3 Ma) is likely located at 293.48 mbsf. Our age model overall agrees with the original proposal of
Erbacher et al. (2004), and with the more detailed study of Thibault and Gardin (2006) for the
Maastrichtian. Additionally, our age model also agrees with Thibault and Gardin (2006) that the
Campanian-Maastrichtian boundary is not recorded within the analyzed interval, since the earliest

Maastrichtian calcareous nannofossils biozone CC24 occurs above 322.8 mbsf.
Benthic foraminiferal assemblages

Benthic foraminiferal assemblages are well to moderately preserved, and total abundances fluctuate
along the studied interval of Hole 1258A (130-300 individuals/sample). At the species level, we
identified 157 benthic foraminiferal taxa (81 genera, 110 species; supplementary table 1), with
assemblages usually dominated by hyaline forms, typical of bathyal settings. Similar assemblages have
been found in Campanian-Maastrichtian successions from tropical to mid-latitude settings in Trinidad
(Koutsoukos and Merrick, 1986), northern Brazil (e.g., Koutsoukos and Hart, 1990; Koutsoukos and
Klasz, 2000; Koutsoukos, 1992; 2006), northern Africa (Li et al., 1999; Bejaoui et al., 2019) and the
middle East (Jaffa and Lawa, 2019; Jain et al., 2020). Benthic foraminifera are dominated by calcareous
hyaline taxa (80-90% of the assemblages), which include trochospiral (Cibicidoides, Gavelinella,
Gyroidinoides, Nuttallides, Nuttallinella), rounded planispiral (Pullenia), biconvex trochospiral
(Lenticulina, Osangularia, Saracenaria), uniserial (Laevidentalina, Nodosaria, Pleurostomella,
Strictocostella), biserial (Aragonia, Bolivinoides, Coryphostoma), elongated (Praebulimina,
Fursenkoina), pyramidal (Reussella) and unilocular (Oolina) taxa. Agglutinated genera such as
Clavulinoides,  Glomospira, =~ Marssonella, = Rhabdammina, Rzehakina, Spiroplectammina,
Spiroplectinella, among other taxa, make up 2-15% of the assemblages in most of the studied samples

(Figure 2; Plates 1,2)
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Plate 1. Selected benthic foraminifers from Hole 1258A (Demerara Rise). Scale bars represent 100 um. 1.
Rhabdammina sp. (34R3 64-66; 316,43 mbsf). 2. Glomospira charoides (34R3 142-144; 317,21 mbsf). 3.
Rzehakina epigona (34R3 142-144; 317,21 mbsf). 4. Marssonella oxycona (33R3 20-22; 306,3 mbsf). 5.
Arenobulimina sp. (33R5 25-27; 309,35 mbsf). 6. Gaudryina sp. (33R6 23-25; 310,83 mbsf). 7. Spiroplectinella
dentata (31R2 143-145; 286,83 mbsf). 8-9. Clavulinoides trilatera (32R6 101-103, 33R1 60-62; 302,01 mbsf, 303,7
mbsf). 10. Spiroplectammina spectabilis (33R3 98-100; 307,1 mbsf). 11. Pyrulina sp. (34R3 142-144; 317,21
mbsf). 12. Globulina sp. (28R6 28-30; 262,7 mbsf). 13. Lagena paucicosta (33R3 20-22; 306,3 mbsf). 14.
Reussoolina apiculata (29R6 20-22; 272,12 mbsf). 15. Guttulina communis (28R4 103-105; 260,41 mbsf). 16.
Fissurina laticarinata (31R2 143-145; 286,83 mbsf). 17. Fissurina sp2 (33R4 103-105; 308,65 mbsf). 18.
Allomorphina trochoides (33R7 68-70; 312,78 mbsf). 19. Quadrimorphina allomorphinoides (31R2 63-65; 286,03
mbsf). 20. Marginulina sp. (34R2 143-145; 315,73 mbsf). 21. Laevidentalina communis (34R4 118-119; 318,47
mbsf). 22. Laevidentalina sp. (33R4 15-17; 307,75 mbsf). 23. Strictocostella pseudoscripta (33R4 15-17; 307,75
mbsf). 24. Pyramidulina majuscula (34R3 142-144; 317,21 mbsf).
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Plate 2. Selected benthic foraminifers from Hole 1258A (Demerara Rise). Scale bars represent 100 pum. 1.
Pleurostomella tenuis (34R1 144-146; 314,24 mbsf). 2. Nodosaria aspera (34R1 144-146; 314,24 mbsf). 3.
Marginulina loisana (31R1 65-67; 284,55 mbsf). 4. Vaginulina trilobata (30R4 41-43; 279,11 mbsf). 5. Astacolus
cretaceus (33R5 25-27; 309,35 mbsf). 6. Lenticulina rotulata (34R4 118-119; 318,47 mbsf). 7. Praebulimina
spinata (29R7 50-52; 273.92 mbsf). 8. Coryphostoma incrassata (34R2 143-145; 315.73 mbsf). 9. Coryphostoma
crassa (29R7 50-52; 273,92 mbsf). 10. Aragonia velascoensis (34R2 143-145; 315,73 mbsf). 11. Bolivinopsis draco
(28R3 103-105; 258,93 mbsf). 12. Reussella szajnochae (34R3 142-144; 317,21 mbsf). 13. Neoflabellina sp. (34R4
118-119; 318,47 mbsf). 14. Pullenia jarvisi (32R1 106-108; 294,56 mbsf). 15. Pullenia cretacea (28R4 103-105;
260,41 mbsf). 16. Cibcidoides velascoensis, dorsal view (28R2 110-112; 257,5 mbsf). 17. Cibicidoides howelli,
dorsal view (31R2 63-65; 286,03 mbsf). 18. Osangularia cordieriana, dorsal view (28R2 110-112; 257,5 mbsf).
19. Alabamina dorsoplana, dorsal view (29RCC 3-5; 274,37 mbsf). 20. Anomalimoides cf. acutus, dorsal view
(34R3 64-66; 316,43 mbsf). 21. Gavelinella cf. correcta, dorsal view (28R3 103-105; 258,93 mbsf). 22. Nuttallides
truempyi, dorsal and ventral view (34R1 144-146; 314,24 mbsf). 23-24. Nuttallinella florealis, dorsal and ventral
view (32R3 22-24, 33R6 103-105; 296,72 mbsf, 311,63 mbsf). 25. Gyroidinoides girardanus, dorsal and ventral
view (33R7 68-70; 312,78 mbsf). 26. Gyroidinoides globosus, dorsal view (33R5 25-27; 309,35 mbsf). 27.
Gavelinella beccariformis, ventral view (33R6 103-105; 311,63 mbsf). 28. Gavelinella sp., dorsal view (33R2 18-
20; 304,78 mbsf). 29. Gavelinella cf. nacatochensis, dorsal view (28R3 103-105; 258,93 mbsf).
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BFN and BFAR at Hole 1258A range from 4 to 17 specimens g and from 10-38 specimens cm? ky?,
respectively (Figure 3). For the early Maastrichtian, both the BFN and the BFAR depict general
decreasing trends, while the mid-Maastrichtian interval contains two peak abundance intervals. BFN
values for the late Maastrichtian are lower than in the preceding intervals, while BFARs depict a
significant peak from 269.53 mbsf to 266.04 mbsf, and suggest a steady increase from 261.83 mbsf
upward, although these uppermost values are biased by the high sedimentation rate in this part of

the section (28.9 cm ky™).

The percentage of agglutinated taxa and the main infaunal morphogroups (uniserial, biserial) shift
along the studied interval (Figures 2, 3). For example, agglutinated forms had significant peaks (>10%
of total assemblages) in the lower (304.78-299.05 mbsf) and upper Maastrichtian (272.12-269.53,
2631.1-262.7 mbsf), being Clavulinoides trilatera the most common species in the lowermost interval.
Calcareous uniserial forms depict an upward increasing trend, with values ranging from ~10% to >20%
of the total assemblages above 279.11 mbsf. Strictocostella and Laevidentalina are the most common
uniserial forms, with significant peaks between 279.11-269 mbsf (Figure 2). Abundances of biserial
forms increased between 315.73-310.83 mbsf and 288.33-277.05 mbsf. For instance, Coryphostoma
presented abundances >20% below 297.55 mbsf and at the interval 258.13-257.5 mbsf, while
Aragonia velascoensis was abundant in several intervals along the studied interval. A significant
abundance peak of this species was recorded in the mid-Maastrichtian (288.33-286.03 mbsf; figure 2).
Other infaunal forms such as Praebulimina or the species Reusella szajnochae were common (>5% of

total assemblages) in the lower Maastrichtian.

Richness estimates ranged between 25-55, with a decreasing trend in the lowermost Maastrichtian,
and fluctuations during the middle and the uppermost Maastrichtian (Figure 4). In contrast, diversity
and evenness depict significant shifts in the lower Maastrichtian, and especially before the mid-
Maastrichtian, where there was a significant decreasing trend (H = 3.4 to 2.6; E = 0.72 to 0.37). After
the mid-Maastrichtian, diversity and evenness estimates show increasing trends, with values like

those of the lowermost Maastrichtian and the lower-mid Maastrichtian (Figure 3).
Geochemistry

Bulk sediment 8'3C values range between 0.5 and 1.9%., while 680 values vary between -2.9 and
-1.42%o (Figure 2). 6'3C values depict an increasing-upward trend, with two positive excursions in the
interval 284.13-293.6 mbsf, above the base of the C31n magnetochron. In general, isotopic values

from our study are comparable to those of MacLeod (2005).
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Figure 3. Bulk sediment 8*3C (A) and benthic foraminiferal indices (B-C) and relative abundance of selected groups (D-F) across the Maastrichtian in Hole 1258A. BFN = number
of benthic foraminifera per gram of dry sediment; BFAR = benthic foraminiferal accumulation rate. D) Relative abundance of agglutinated foraminifera (the uniserial/tubular
forms were omitted to avoid overestimations). E-F) Relative abundance of calcareous uniserial and biserial benthic forms. *Chronostratigraphy based on Suganuma and Ogg
(2006). Planktonic foraminifera (PF) and calcareous nannofossil (CN) biozones based on Erbacher et al. (2004) and Thibault and Gardin (2006). CME = Campanian-
Maastrichtian Event, MME = Mid-Maastrichtian Event.

85



Despite concerns about diagenetic biases at Site 1258, a cross plot shows no statistically significant
correlation between bulk sediment 6§80 and 8*3C (r? = 0.05, p = 0.006), suggesting a limited diagenetic
overprint (Jenkyns, 1995; Mitchell et al., 1997).

A decreasing-upward trend is depicted in the log(Fe/Ca) ratio, with values ranging from 2.7 to 1.9, and
higher-amplitude fluctuations after the lowermost and the middle Maastrichtian. The positive spikes
of the log(Fe/Ca) ratio in the interval 303.7-308-15 mbsf coincide with low carbonate content (<60
wt%) described at Hole 1258A (Figure 4). In general, carbonate content depicts an increasing-upward
trend from the lower Maastrichtian (~55 to 70 wt%; Erbacher et al., 2004). Sediments Si/Ti values
range from 2.5 to 5.9, with overall increasing-upward trends from the lowermost Maastrichtian and
from the beginning of the mid-Maastrichtian. The Fe/K ratio depicts similar trends to those observed
in the log(Fe/Ca) curve, with more pronounced positive spikes (>10) in the lower Maastrichtian (303.3-

309.05 mbsf), and below the intervals 258.13-259.61 mbsf and 294.15-297.55 mbsf (Figure 4).

Sediments Cu/Al and Ni/Al values range between 2.0 x102 and 8.0x10?, with a slightly increasing-
upward trend across the studied interval (Figure 4). Spikes with anomalously high Cu/Al ratios were
observed in the interval 313.83-320.11 mbsf and especially, above 293.68 mbsf (>8.0 x 10°?; Figure 4).
Results from samples at 306.00 mbsf and 308.15 mbsf were discarded due to anomalously high

(outliers) Cu/Al values.
INTERPRETATION
Maastrichtian carbon cycle perturbations recorded at Hole 1258A

The latest CME is depicted by a steady increasing upward 8'3C trend from 0.95 to 1.67%o between
312.78-306.8 mbsf (70.41-70.06 Ma). This interpretation is supported by the occurrence of
magnetochron C32n starting at 330.34 mbsf, and the updated calcareous nannofossil biostratigraphy

of Thibault and Gardin (2006) for the same interval.

Based on the chronostratigraphy of Hole 1258A, at least two 86'3C isotope positive excursions (pCIE)
can be assigned to the MME (Figure 2). The basal pCIE (subinterval MME1), which according to Voigt
et al (2012) starts at ~69.2 Ma, can be traced as a positive 63C shift from 1.15 to 1.87%o between
293.48-290.53 mbsf (69.27 to 68.99 Ma), starting slightly above the base of magnetochron C31n
(293.52 mbsf; Suganuma and Ogg, 2006). Subinterval MME2, an abrupt but irregular negative
inflection separating the two MME pCIEs (Voigt et al., 2012; Vellekoop et al., 2022), was identified
between 290.53-288.33 mbsf (68.95 to 68.78 Ma), with values of ~1.2%. and a positive spike at
289.83-289.43 mbsf. The upper pCIE (subinterval MME3), which ended at around 68 Ma (Voigt et al.,
2012), was identified between 288.33-284.13 mbsf (68.78 to 68.39 Ma; 1.29 to 1.75%o).
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Figure 4. Bulk sediment 83C (A) and geochemical proxies across the Maastrichtian in Hole 1258A. B-C) Proxies of paleoproductivity. D) Fe/k ratio as a proxy of paleohumidity.
E) Distribution of the redox-sensitive trace metals Ni and Cu, normalized to Al content. *Magnetostratigraphy based on Suganuma and Ogg (2006). Planktonic foraminifera

(PF) and calcareous nannofossil (CN) biozones based on Erbacher et al. (2004) and Thibault and Gardin (2006). CME = Campanian-Maastrichtian Event, MME = Mid-
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However, the gap between 284.13-279.11 mbsf, prevented the definition of the end of the MME at
the studied interval (Figures 5-6). A tentative correlation of the §3C curve at Hole 1258A, with
locations in Netherlands (ENCI Quarry; Vellekoop et al., 2022) and Italy (Gubbio; Voigt et al., 2012;

Batenburg et al., 2018) is indicated in the supplementary material.
Paleoenvironmental turnover across the Maastrichtian at ODP Site 1258

Benthic foraminiferal assemblages and geochemical proxies point to significant paleoenvironmental
changes across the Maastrichtian at Hole 1258A, likely associated with the physicochemical properties

of the tropical water masses (Figures 5-6).

Fluctuations of BFAR and diversity curves, as well as the restricted distribution and abundances of
some selected morphogroups/taxa (e.g., Aragonia velascoensis, Nuttallides truempyi, uniserials),
suggest increasing availability of the organic matter (OM) across the MME. For instance, BFARs only
depict positive excursions (>20 specimens cm? ky?!) within the lowermost Maastrichtian (320.11-
306.3 mbsf), the MME1 and MME3 subintervals, and above 274.4 mbsf. Shannon-H diversity and

evenness dropped within the MME, suggesting stressful environmental conditions (Figure 5).

Some species and infaunal morphogroups depict abundance changes before and after the MME. For
example, a typical Maastrichtian infaunal taxon, Aragonia velascoensis had significant abundance
peaks (>10% of total assemblages) between 70.8-70.4 Ma and within the subinterval MME3 (Figure
5). This species has been used as a high-paleoproductivity indicator across the K-Pg transition in the
tropical Pacific Ocean (Shatsky Rise; Alegret and Thomas, 2009). Nuttallides truempyi was also
common to abundant (>20% of total assemblages) in the early Maastrichtian interval at Hole 1258A,
though its highest abundances were restricted to subinterval MME1, decreasing steadily across the
rest of the MME. For the upper Maastrichtian, the relative abundance of N. truempyi ranges between
10-25% of total assemblages (Figure 6). Assumed to be a predecessor of the epifaunal species N.
umbonifera, the Late Cretaceous-Eocene N. truempyi has been associated with oligotrohic conditions
and moderate-high bottom water oxygenation (Widmark and Speijer, 1997). Among buliminids,
generally scarce in most of the analyzed assemblages, Reussella szajnochae was the most common
species (4-12% of total assemblages), with common occurrences restricted to the lower Maastrichtian
(320.11-304.5 mbsf). In general, occurrences of this species have been related to high surface
productivity, low bottom water oxygenation, and warm saline water masses (Widmark, 1995).
Distribution of infaunal morphogroups such as uniserials (e.g., Strictoscotella pseudoscripta,
Laevidentalina spp.), flattened biserials (Coryphostoma), and the epifaunal planoconvex Nuttallinella

florealis, might suggest changes in the bottom water oxygenation (Figures 2, 6; Jorissen et al., 2007).
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Figure 5. Distribution of geochemical and foraminiferal data along the Maastrichtian in Demerara Rise. A) Bulk sediment §3C curve. B-C) BFAR and Shannon-H diversity
estimations. D-G) Relative abundances of Aragonia velascoensis, Nuttallides truempyi, Reusella szajnochae, Strictocostella pseudoscripta. H) Distribution of the redox-
sensitive trace metals Ni and Cu, normalized to Al content. CME = Campanian-Maastrichtian Event, MME = Mid-Maastrichtian Event (Includes isotopic excursions MME1 to

MME3).
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However, those changes, reflected in a higher proportion of the uniserial forms (>10% of total
assemblages), were not restricted to the MME. For example, relative abundances of S. pseudoscripta
increased above 279.11 mbsf, while Coryphostoma spp. depicted increasing and decreasing trends
before and after the MME (Figures 2, 6). The differences in the stratigraphic distribution of N. florealis
and associated biserial-uniserial forms might suggest dissimilar food strategies, or changes in the
type/abundance of the OM arriving to the seafloor after the MME. Other morphogroups in the
foraminiferal assemblages of Hole 1258A such as the calcareous discoidal (Lenticulinidae), rounded-
planispiral (Pullenia) and biconvex-trochospiral (Gavelinellidae) forms, did not illustrate major

turnovers or sustained abundance peaks along the Maastrichtian.

We also explored bottom water oxygenation changes using the Ni/Al and Cu/Al elemental ratios. In
general, both ratios do not suggest major changes during the early Maastrichtian. A slight decreasing-
upward trend from 320.11-306.3 mbsf could account for the gradual disappearance of the high
productivity species R. szajnochae. In contrast, high values of these ratios within MME subintervals
MME1 and MME3 suggest oxygen-depleted waters during the mid-Maastrichtian, probably related to
a second episode of increased surface productivity. These high productivity pulses might explain the
positive BFAR excursions, as well as diversity decreases and increased relative abundances of A.
velascoensis within the subinterval MME3 (Figure 6). However, high abundances of N. truempyi during
subinterval MME1 would contradict the decreased bottom water oxygenation suggested by the Cu/Al
ratio. This might reflect an alternative environmental mechanism that favored N. truempyi (e.g.,
bottom currents, interaction with more oxygenated intermediate to bottom waters), or a different
source for Cu concentrations (e.g., atmospheric/submarine volcanism). An additional aspect is that
TOC values do not reflect major changes along the core, and instead were generally low (~0.07;
Erbacher et al., 2004, and selected samples from our study). After the MME, A. velascoensis and N.
truempyi continued to present contrasting distributions, though with less amplitude than those within

the MME, supporting dissimilar ecological preferences of these species (Figure 5).
DISCUSSION

Environmental shifts for the Campanian-Maastrichtian transition (73.0-70.5 Ma) have been described
in southern high latitudes (ODP Site 690, Maud Rise), where benthic foraminiferal assemblages and
benthic foraminiferal numbers (BFN) depicted a gradual turnover from less oxygenated and a high OM
influx to well-oxygenated bottom conditions (Koch and Friedrich, 2012). As expected, foraminiferal
assemblages at Site 690 were dominated by high latitude taxa such as Paralabamina hillebrandti or R.

szajnochae. Other high productive indicators such as Dorothia spp., Trochammina spp. and
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Coryphostoma incrassatum were common during the Campanian-Maastrichtian transition of Site 690.
These taxa are also present in our early Maastrichtian material of Site 1258, but in minor abundances
(<3% of total abundances). However, special caution must be taken with more detailed comparisons

with Site 690, since the 71.2-70.1-71.2 Ma time interval was not recovered (Koch and Friedrich, 2012).

Paleoenvironmental changes have been also proposed for the early Maastrichtian interval in the North
Atlantic Ocean Deep Sea Drilling Project (DSDP) Site 390 (Blake Nose). In general, BFN and diversity
curves, as well as the relative abundances of selected benthic foraminiferal taxa, such as Praebulimina
reussi, Gavelinella beccariiformis, R. szajnochae and N. truempyi, suggest three paleoceanographic
scenarios, where there was a gradual increase in bottom water oxygenation and a decrease in OM
supply (Friedrich and Hemleben, 2007). However, at Hole 1258A R. szajnochae was the most common
element among elongated infaunal morphogroups, with the low relative abundances of other taxa,
such as Praebulimina or Pleurostomella. This difference might suggest higher surface productivity
conditions for the North Atlantic Ocean, as suggested by high abundances of P. reussi at DSDP Site 390
in comparison with those on Demerara Rise, or perhaps changes in the source of the deep-water

masses (see following section).

At Hole 1258A, low productivity conditions occurred in the early Maastrichtian and continued until
the base of the MME, when at least two high productivity episodes, and likely a dynamic source of the
OM, occurred during subintervals MME1 and MME3. However, direct comparisons with the
sedimentary record from the Maud Rise (ODP Site 690) and the Blake Nose Plateau (DSDP Site 390)
are problematic due to stratigraphic issues. For example, a significant hiatus predated much of the
middle Maastrichtian succession at Hole 390A (MacLeod et al., 2000; 2001). Considering the absence
of magnetostratigraphy and the proposed duration of the hiatus (lower Abathomphalus mayaroensis
to upper Gansserina gansseri planktonic foraminiferal biozones; ~68.5 to 70.2 Ma according to
Gradstein et al., 2012), the MME would not be present in this locality. Micropaleontological surveys
above 125.9 mbsf (cores 11-12) in this locality could bring insights about the transition between the
MME and the late Maastrichtian. According to Friedrich and Hemleben (2007), foraminiferal
assemblages from the interval 128.4-125.9 mbsf already suggest oligotrophic and well-oxygenated

bottom-water conditions, mainly based on the dominance of G. beccariiformis and R. szajnochae.

Hole 690C also had a segment with no recovery, but in the early Maastrichtian interval (~71.2-70.1
Ma) recorded the base of magnetochron C31n at 272.25 mbsf (Hamilton, 1990). According to the age
model of Koch and Friedrich (2012), the MME was recorded in their studied material (cores 17X and
18X). Foraminiferal assemblages in this interval were dominated by N. truempyi, Pullenia spp. and

Quadrimorphina spp. which suggest well-oxygenated bottom waters and oligotrophic conditions. As
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referred above, N. truempyi was a common element during the subinterval MME1 on Demerara Rise,
but in our case BFAR and diversity curves, as well as the Ni/Al and Cu/Al ratios would suggest higher
surface productivity or changes in intermediate-deep water ventilation. Considering the low TOC
values along Hole 1258A, we consider that those changes in the circulation could be related to a major
interference of high-latitude deep waters from North Atlantic, as proposed by several authors
(Widmark and Speijer, 1997a-b; Friedrich et al., 2004; Friedrich and Hemleben, 2007; MacLeod et al.,
2011; Koch and Friedrich, 2012; Martin et al., 2012; Linnert et al., 2019; Vancoppenolle et al., 2022).
Pullenia spp. and Quadrimorphina spp. were also present in low abundance (<3% of total assemblages)
at Demerara Rise, but their abundances did not significantly change before, during, or after the MME.
Additional calcareous nannofossil data from the Campanian-Maastrichtian interval at Hole 1258A and
in Southern Ocean localities (ODP Sites 690, 700) suggest changes in surface productivity (indicated
by acme-event of taxa such as Kamptnerius magnificus, Gartnerago segmentatum, among others),
and sea-surface temperatures cooling during the latest Campanian-Maastrichtian (Thibault and

Gardin, 2006; Guerra et al., 2016).

Previous studies for the late Maastrichtian suggest oligotrophic and well-oxygenated settings in the
Atlantic realm. Calcareous nannofossil analyses at Hole 1258A suggest lower productivity and stressing
environmental conditions prior to the K-Pg boundary, based on the disappearance of Biscutum
constans and a significant increase in abundance of Micula decussata (Thibault and Gardin, 2006).
Foraminiferal surveys in the western (present day Central and North Atlantic) and central Tethys (e.g.,
Caravaca, Spain; El Kef, Tunisia), identified a late Maastrichtian deep bathyal assemblage (DBA), in
which Velasco-type foraminifera such as G. beccariiformis, B. trinitatensis, N. truempyi, Aragonia spp.,
among others, are common elements. These assemblages reflect oligotrophic conditions and
fluctuating OM influx which depended on environmental setting (e.g., bathymetry, latitude; Widmark
and Speijer, 1997a-b). Except for B. trinitatensis, all these taxa were recurrent elements in our late
Maastrichtian material. Among the late Maastrichtian foraminiferal assemblages from Demerara Rise,
a particular aspect is the common occurrence of S. pseudoscripta after the subinterval MM3, with
significant peaks of complete specimens (>10% of total assemblages) between 67.9 and 66.6 Ma
(Figure 5). The common presence of this infaunal species might suggest changes in the availability of
OM, while the disappearance before the MME of the low-latitude and opportunistic species R.
szajnochae clearly supports a change of bottom waters circulation in the tropical Atlantic Ocean,
during and after the mid-Maastrichtian. Detailed surveys in the 68.0-68.0 Ma interval on other deep-
water sites along the Atlantic (also complementing previous studies in Blake Nose and Maud Rise)

would provide a clear understanding of the paleobiogeographic distribution of these taxa.

92



Paleohumidity Paleoproductivity
1, FelK SilTi (107) log(Fe/Ca)
AGE (Ma) Shed b e
66.0 = T e S G ow oErE = He O d
66.5 — A) C} D} E) .q\;_? F} ‘i;:/-_pbw- G)
=
--=_‘? o .\}
67.0 o - ‘%_
67.5 h.';‘_-_;:—' e &'
e -
68.0 -} g o = Y(_— /
= / \ |II
68.5 5 = 4 s
G w wes = = e i <
s g ; MME2 S S = : =, 2. )
s MME1 = & < _ TR l{
p ’-"'
70.0 — ==
- .;\
i} \
70.5 = :
U ____-ﬂ
71.0 4 _L & B .
7.5 BFAR (#ind/lcm’/ky)  Agglutinated (%) CaCo, (%) eNd(t)
72.0 —e— This study

—*— Macleod (2006)

Figure 6. Distribution of paleoceanographic proxies along the Maastrichtian in Demerara Rise. A) Bulk sediment §*3C curve. CME = Campanian-Maastrichtian Event, MME =
Mid-Maastrichtian Event (Includes isotopic excursions MME1 to MME3). B-C) BFAR estimations and relative abundances of agglutinated foraminifera. D) Fe/k ratio as a proxy
of paleohumidity. E-F) Log(Fe/Ca) and Si/Ti ratios as proxies of surface paleoproductivity. CaCOs data from Erbacher et al (2004). G) Distribution of Nd isotopes as an indicator

of deep-water circulation in the Atlantic (Data of Martin et al., 2012).
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Besides high-latitude localities in the Atlantic realm, the tropical Maastrichtian succession from
Shatsky Rise provides information about paleoceanographic reorganizations during the MME (Frank
et al., 2005; Jung et al., 2013; Dameron et al., 2017). In general, foraminiferal assemblages (planktonic
and benthonic), §13C and 60 values measured on N. truempyi and O. umbonatus, as well as fish teeth
Nd isotopes, suggest changing bottom water conditions during the Maastrichtian. Most of these
changes have been related to episodes of deep-water cooling and warming due perturbations in
thermohaline circulation, changes in source regions (Southern Ocean versus NW Pacific),
modifications in the OM flux and dissolved oxygen content (i.e. high productive episodes at the MME),
and even dissolution episodes in the latest Maastrichtian (~67.8-66.2 Ma; Henehan et al., 2016;
Dameron et al., 2017). Coupled 6*3C and 5§20 isotope surveys on planktonic foraminiferal assemblages
from Hole 1258A, would provide a clear idea of how interacted the high latitude deep-waters from
the Atlantic and Pacific realms trough the Hispanic Corridor (e.g., D’"Hondt and Arthur, 2002; Martin
et al.,, 2012; Moiroud et al.,, 2016). This also would complement the models of surface and
intermediate water circulation on the Maastrichtian tropics (e.g., Friedrich et al., 2008; Thibault and
Husson, 2016; Ladant et al., 2020). However, Maastrichtian planktonic assemblages from Demerara
Rise are a moderately preserved, mainly composed of globotruncanids, globular trochospiral, and
biserial to multiserial-conical forms (Erbacher et al., 2004), so a detailed taphonomic revision of the

assemblages will be needed first.

Finally, geochemical estimations of paleoproductity such as the Si/Ti and log(Fe/Ca) ratios suggest
changes of surface productivity during the CME, and the early MME (Figure 6). Some of these changes
coincide with the disturbances in bottom water oxygenation and OM influx that we suggested with
BFAR and bulk 83C curves, concentrations of redox sensitive TM, as well as abundances of selected

taxa such as N. truempyi, R. szajnochae, A. velacoensis, S. psedoscripta, among others.
Links between deep-ocean circulation and hydroclimatic changes in the low latitude areas

The Fe/K ratio (a paleohumidity proxy; Stuut et al., 2005; Mulitza et al., 2008) depicts coupled changes
with paleoproductivity proxies (BFAR and selected species, and elemental ratios). Drier, or less humid
conditions considering its tropical context, prevailed during the earliest Maastrichtian (71.0-70.0 Ma)
and the MME. After 68.5 Ma, paleohumidity was lower, apart from a more humid episode between
66.2-66.3 Ma (Figure 6). This humid episode could be related with the onset of the late Maastrichtian
warming event, an issue mainly explored on high-latitude settings (e.g., Barnet et al., 2017; Woelders
et al., 2017). Considering that a paleo-intertropical convergence zone (PITCZ) was probably active
since Aptian times (Santos et al., 2022), decreased Fe/K ratios within the CME and the MME could be

related with a latitudinal migration of the PITCZ away from the source region of terrigenous sediments
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for Site 1258. This also could explain the steady increase of the estimated CIA (Chemical Index of
Alteration) at nearby Hole 1259 since Campanian (2,354 m water depth; Corentin et al., 2023). An
increased intensity of continental chemical weathering, as suggested by those authors, could be
related to more humid conditions in this area, while a minor drop at ~70.0 Ma could be related with
the interpreted less humid conditions during the MME. Unfortunately, sample resolution is still limited
on the Campanian-Maastrichtian interval since studies such as Corentin et al (2023) have been more
focused on a more extended time interval (Turonian to Maastrichtian), tracking the role that early
tectonic pulses from South America could play in the global Late Cretaceous cooling via continental

weathering.

Recent Nd isotopes data at Site 1258 and additional temperate localities (e.g., Cape Verde, Goban
Spur, Bermuda Rise and Blake Nose), also support a major influence of the North Atlantic sourced
deep waters in the tropics during the late Maastrichtian (Martin et al., 2012). In fact, changes in deep-
ocean circulation, as depicted by Nd isotopes in Demerara Rise, may have changed inter-hemispherical
heat exchange, leading to latitudinal migrations of the PITCZ. A similar scenario occurred during the
last deglaciation due to weakening of the Atlantic Meridional Overturning Circulation (AMOC; Mulitza
et al., 2017; Campos et al., 2022), resulting in latitudinal migrations of the Intertropical Convergence
Zone. New high-resolution micropaleontological and geochemical surveys in other tropical Atlantic
(e.g., Nicaraguan Rise) and supra-austral (e.g., Rio Grande Rise) deep-water localities, will provide a
better understanding of Maastrichtian deep-water circulation and its role on the end Cretaceous
tropical climate. In fact, climatic modelling for the Cenomanian-Maastrichtian time interval already
suggested changes in paleohumidity patterns (expressed as precipitation minus evaporation; PME) of
northern South America, exploring the likely role played by deep-water circulation (Ladant et al.,

2020).

An additional element that should be considered for hydroclimate inferences during the latest
Cretaceous is large scale atmospheric volcanism. During the latest Cretaceous global volcanic eruption
rates increased, related to the Deccan Traps (e.g., Schoene et al., 2019; Sprain et al., 2019; Hull et al.,
2020). The final emplacement of the Caribbean Plate and South American arc volcanism, though less
studied in the sedimentary record, can be dated back to the Cenomanian, with a proposed magmatic
hiatus during the middle-late Maastrichtian (e.g., Spikilings et al., 2015; Montes et al., 2020).
Moreover, Deccan volcanic pulses, concentrated between ~65.3-66.2 Ma, could also influence the
intensity of the PITCZ or the concentrations of trace elements on deep-sea sediments (e.g., Cu, Ni,
Mo). Independent of probable volcanic-induced paleohumidity fluctuations, continental ecosystems
in northern South America underwent significant changes after the K-Pg boundary extinction event,

leading to the configuration of modern tropical rainforests (e.g., Carvalho et al., 2021).
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Although taphonomic and diagenetic issues were not explored in detail here, we do not see evidence
for significant deep ocean carbonate dissolution on Demerara Rise. Relative abundances of
agglutinated forms reached >9% of total assemblages between 69-9 and 69.6 Ma, during the
subinterval MME3 and after 67.5 Ma (Figure 6). Agglutinated assemblages were mainly composed of
infaunal taxa Clavulinoides trilatera, Marssonella spp., and Spiroplectinella dentata. Given that we did
not consider fragile forms such Rhabdammina in our estimations (Murray et al., 2011), we suggest
that discrete carbonate dissolution may have occurred during these intervals. This could be supported
by the CaCOs; content curve (Erbacher et al., 2004), where a minor drop was observed between 70.5-
69.7 Ma, before a gradual increase along the mid-late Maastrichtian (50 to 80% wt). Instead, increased
carbon content could be related with increasing paleoproductivity, and agglutinated foraminifera
abundance peaks within subinterval MME3 and the late Maastrichtian could be related to ecological
preferences or changes in the OM availability/characteristics, since assemblages are mainly
dominated by S. dentata. More detailed analyses in the late Maastrichtian assemblages from
Demerara Rise, including a survey of the planktonic foraminifera preservation, would test the
occurrence of deep ocean carbonate dissolution on low latitude areas, as the episodes reported in the

Pacific Ocean (Shatsky Rise; Dameron et al., 2017).
CONCLUSIONS

We investigated the upper segment of the Campanian-Maastrichtian Event (CME) and the Mid-
Maastrichtian Event (MME) in a deep-water environment along the equatorial South American margin
(Demerara Rise; ODP Hole 1258A). Geochemical analyses (log(Fe/Ca), Si/Ti, Ni/Al, Cu/Al ratios) and
benthic foraminiferal assemblages (BFN, BFAR curves, and selected taxa) suggest shifts of
intermediate to deep-water oxygenation and surface productivity (OM flux, silica and carbonate
export) during the entire Maastrichtian. Benthic foraminifers were typical of deep-sea settings
(Aragonia, Nuttallides truempyi, among others), generally suggesting suboxic bottom water

conditions, with some oxygenation pulses during the late Maastrichtian.

On Demerara Rise the MME was characterized by three major stages: (1) a lower subinterval (MME1)
with high surface productivity and depleted bottom water conditions, (2) a middle subinterval (MME?2)
with moderate surface productivity and increased bottom water oxygenation, and (3) an upper
subinterval (MME3) with increased surface productivity and suboxic bottom waters. Moreover, Fe/k
ratios depict a hydroclimate drying at the source of terrigenous sediments during the CME and the
MME (MME1 and MMEZ2). This could be connected with latitudinal migrations of the PITCZ, and
related changes in inter-hemispheric heat balance due to increased velocities of deep-waters coming

generated in the North Atlantic Ocean.
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LOW LATITUDE DEEP-SEA PALEOENVIRONMENTAL EVOLUTION DURING THE MAASTRICHTIAN

ABSTRACT

The Cretaceous-Paleogene (K-Pg) boundary extinction event is one of the most studied paleobiological
turnover events. However, paleoenvironmental conditions that preceded the K-Pg boundary have

been less studied, especially at tropical latitudes.

To assess the Maastrichtian deep-water environments along the equatorial South American margin,
we conducted geochemical and micropaleontological analyses of sediments from Ocean Drilling
Program (ODP) Site 1001 (Nicaraguan Rise, Caribbean region). Diagenetic processes hampered a
proper recovery of the foraminiferal assemblages, though assemblages suggested a typical bathyal
setting. Sediment elemental ratios (Si/Al, Ba/Al, Fe/K) indicated fluctuations of silica export via surface
productivity, and a probable hydroclimate disturbance starting in the early Maastrichtian. Moreover,
concentrations of redox-sensitive trace metals (Ni, Zn, V) along the core suggest increased changes in
bottom water oxygenation (ventilation) during the late Maastrichtian. The K-Pg boundary and the mid-
Maastrichtian Event (MME) were identified based on a new bulk sediment stable carbon isotope (63C)
record. Paleoenvironmental disturbances on Nicaragua Rise during the Maastrichtian were probably
caused by the reorganization of high-latitude sourced deep-waters in the Atlantic Ocean, and

associated latitudinal migrations of the paleo-Intertropical Convergence Zone.
INTRODUCTION

The Cretaceous-Paleogene (K-Pg) extinction event is probably one of the most discussed biological
events in the Phanerozoic. Numerous studies have focused on the paleoenvironmental mechanisms
at work, geographical extent, environmental perturbations and their impact on the biota (e.g., Alvarez
et al., 1980; Schulte et al., 2010; Punekar et al., 2014; MacLeod et al., 2017; Chiarenza et al., 2020;
Hull et al., 2020; Keller et al., 2020; Goderis et al., 2021; Carvalho et al., 2021; Guerra et al., 2021;
Alegret et al., 2022). To properly assess the nature of the Cretaceous climate, previous to the K-Pg
extinction event, paleoceanographic studies have played a vital role, in which geochemical (isotopic
and elemental composition) and micropaleontological (planktonic and benthonic organisms) analyses
have provided a deeper understanding of issues such as surface ocean productivity and temperature,
bottom water conditions, global water masses circulation, among others. For example, high-resolution
paleoceanographic studies of deep-sea settings point out to a steady global temperature decline for
the Campanian-Maastrichtian interval, a gradual re-organization of deep-water masses circulation,

geographically variable fluctuations of surface productivity, deep ocean carbonate dissolution
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episodes, and faunal turnovers (e.g., D’"Hondt and Arthur, 2002; Friedrich et al., 2004, 2008, 2009;
Mateo et al., 2007; Abramovich et al., 2010; Hull and Norris, 2011; Jung et al., 2013; Linnert et al.,
2014, 2016; Thibault and Husson, 2016; Dameron et al., 2017; Huber et al., 2018; Ladant et al., 2020).

Additional topics such as the role of continental chemical weathering and tectonics (e.g., orogenic
pulses, geographic barriers) on the global Late Cretaceous cooling, or the response of tropics (e.g.,
hydroclimate) to these disturbances are still lacking deeper discussions. For instance, Chemical Index
of Alteration (CIA) and Hf-Nd isotope records at Ocean Drilling Program (ODP) Site 1259 (Demerara
Rise, offshore Suriname) have suggested changes in continental weathering intensity since Campanian
times (Corentin et al.,, 2023). These authors, as well as several studies on low latitude neritic
successions, agreed with the idea that significant environmental disturbances occurred during the
Campanian-Maastrichtian time, which were likely linked to global sea-level fluctuations and the first
stages of the Andean orogeny. These disturbances were particularly severe and dynamic in proximal
settings of northern South America, and they have been tracked using a combination of
sedimentological (e.g., facies analyses, ichnology), geochemical (elemental ratios), and
micropaleontological (foraminifers, calcareous nannofossils, palynomorphs) proxies (Martinez, 1989,
2003; Erlich et al., 1999, 2000; Bayona et al., 2011, 2020; Sarmiento-Rojas, 2019; Patarroyo et al.,
2022, 2023; Giraldo-Villegas et al., 2023). Rather than exclusive changes in the physicochemical
properties of water masses, related to shifts in global oceanic circulation, low latitude marine
successions recorded a complex mixture of climatic and tectonic-induced paleoenvironmental
disturbances during the latest Cretaceous. Considering the scarcity of well-exposed and non-
tectonically disturbed outcrops recording deep-sea deposits in northern South America, ODP Sites 999
and 1001 (Nicaraguan Rise) are crucial locations to generate high-resolution paleoceanographic

records in open marine settings.

Here we present high-resolution geochemical (sedimentary elemental ratios, Hg content) records
across the Maastrichtian at ODP Hole 1001B, lower resolution stable carbon isotope (6'*C) and Hg
content records across the K-Pg transition, as well as a low-resolution benthic and planktonic
foraminiferal survey. The location of ODP Site 1001B makes it an ideal location to trace direct
comparisons with, not only the sedimentary record of northern South America, but also with tropical

and mid-latitude locations in the Pacific and Tethyan oceans.
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METHODS
Study material

ODP Hole 1001B (15°45.41' N, 74°54.63' W; 3271 m depth) is located on the edge of the southern
Nicaraguan Rise, next to the Hess Escarpment (Modern central Caribbean; Figure 1). The Caribbean
Plate as well as the Nicaraguan Rise and the Hess Escarpment were formed in the Pacific Ocean during
the Late Jurassic and later moved through the gap created between North and South America during
the opening of the proto-Caribbean Sea (e.g., Pindell and Kennan, 2009; Carvajal-Arenas and Mann,
2018). The recovered sediments at Hole 1001B consists of a middle Miocene to Pleistocene pelagic
succession overlying a Cretaceous to upper Eocene section (Sigurdsson et al., 1997). The K-Pg
boundary interval was identified based on the presence of rare grains of shocked quartz and dark

green spherules at 352.9 mbsf (Sigurdsson et al., 1997).

Sampling for our study comprised different intervals, depending on the type of analysis: x-ray
fluorescence (XRF) elemental ratios, 6'°C, or Hg content. For the XRF analyses, the middle to upper
Maastrichtian (sections 20-1 to 24-4; 362.2-403.9 meters below seafloor; mbsf) was sampled, in 20-
40 cm resolution. For §'3C and Hg content analyses, we also studied scattered samples of across the
K-Pg transition and the lower Danian: interval 341.83-403.53 mbsf (sections 17-1 to 24-4) for carbon
isotopes, and interval 332.15-403.9 mbsf (sections 16-1 to 24-4) for Hg content. Sampling resolution

for Hg analyses was 20-40 cm, and 40-80 cm for carbon isotopes.

The earliest Danian to Maastrichtian sediments at Hole 1001B are mainly characterized by calcareous
chalks with interbedded foraminiferal-rich sand layers and some volcanic ash layers (Danian), and
calcareous limestones (subunits IIB and IlIA; Sigurdsson et al., 1997). The K-Pg boundary interval was
recorded at 352.9 mbsf (Section 18R-5; Sigurdsson et al., 1997). According to magnetostratigraphy,
the studied interval comprises magnetochrons C31r to C29n (Louvel and Galbrun, 200). The base of
magnetochron C31n (identified as C30n-C31n), which defined the mid-Maastrichtian onset, is located
at 392.8 mbsf. Planktonic foraminiferal biozones P1-Pa have been recognized for the early Danian
segment, while the Abathompalus mayaroensis and Gansserina gansseri biozones were identified for
our studied Maastrichtian interval, with the base of the A. mayaroensis biozone at 393.7 mbsf
(Sigurdsson et al., 1997). Sedimentation rates at Hole 1001B range between 0.8 cm/ky and 1.9 cm/ky
according our age model proposal (Supplementary material S2). Calcareous nannofossils have been
roughly assigned to the CP1/CP3 to CP23-CP25 biozones, and radiolarian and ostracod surveys in the

same hole recognized typical Maastrichtian taxa at cores 21 and 20 (Aumond et al., 2009).
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Figure 1. Location of the study sites and additional localities. (A) Location of the ODP Hole 1001B (Nicaraguan Rise). HE: Hess Escarpment, CT: Cayman Through. Topographic
map of the Nicaraguan Rise based on Sigurdsson et al. (1997). (B) Paleogeographic map of the Maastrichtian (68 Ma, from Scotesse, 2014) showing the location of ODP Hole
1001B at Nicaraguan Rise (pink star) and other Campanian-Maastrichtian localities with available foraminiferal and isotopic data. (1) Shatsky Rise (Frank et al., 2005; Voigt et
al., 2010; Dameron et al., 2017), (2) Shuqualak, Mississippi (Linert et al., 2014; 2018), (3) Core Diablito-1E and Aguablanca Creek (CHAPTERS 1 and 2; Patarroyo et al., 2022,
2023), (4) Demerara Rise (CHAPTER 3; Patarroyo et al., Submitted), (5) Blake Nose (Friedrich and Hemleben, 2006), (6) Tunisia (Li et al., 1999; Bejaoui et al., 2019; Farouk et
al., 2023), (7) Maastricht (Vancoppenolle et al., 2022; Vellekoop et al., 2022), (8) Gubbio (Voigt et al., 2012). DC: Deccan Traps.
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Geochemistry

X-ray fluorescence (XRF) analyses were performed on 5 g of ground and homogenized sediment
aliquots (n = 120), with elemental concentrations reported as raw counts per second (cps). Samples
were measured at 10 kV (150 pA, no filter) for Al, Mg, and Si intensities; 12 kV (400 pA, Al-50 filter) for
Ca, K, Ti and V intensities; 20 kV (250 pA, Al — 200 filter) for Co, Cr, Fe and Mn intensities; and 50 kV
(100 pA, Ti filter) for Ba and Rb intensities. XRF measurements were performed with a PanAlytical
Epsilon 1 XRF spectrometer, at the Technological Institute for Paleoceanography and Climate Change
(itt Oceaneon — Unisinos University, Brazil). To prevent bias between contrasting values,

measurements were normalized to a median-scaled (NMS) following Lyle et al. (2012).

Several elemental ratios were used for paleoenvironmental inferences (Calvert et al., 2007). The Fe/K
ratio has been used as a proxy for weathering intensity at the source of terrigenous components (e.g.,
Stuut et al., 2005; Mulitza et al., 2008; Govin et al., 2012). Silica export and surface productivity was
explored using the Si/Ti and Ba/Al ratios (e.g., Agnihotri et al., 2008; Jaccard et al., 2005). Finally,
bottom water oxygenation was evaluated with the NMS intensities of the redox-sensitive trace metals

(TM) Ni, Zn and V, normalized with NMS Al intensities (e.g. Dummann et al., 2021).

Bulk sediment (n = 43) §3C values were measured with an isotope ratio mass spectrometer (IRMS)
model 253 Plus — Thermo Scientific, at itt Oceaneon. Samples were allowed to react with 105%
phosphoric acid (H3PO,) at 73°C. All isotope values are reported as %o deviations relative to the Vienna
PeeDee Belemnite scale. Measurements accuracy and calibrations were performed with the standards
IAEA -203 and IAEA -CO-8 from the International Atomic Energy Agency (IAEA), and SHP2L from the
University of Sdo Paulo (USP; Crivellari et al., 2021).

Finally, mercury concentrations (n = 148) were measured with a direct mercury analyzer DMA-80 evo
Milestone at itt Oceaneon, via thermal decomposition of homogenized powdered samples (300 mg)
on a nickeled boat. The analyzer converts Hg* and Hg?* of each sample into gaseous Hg® and traps it
on a gold amalgamator. The amalgamator is then heated at 850°C and the concentrations are
estimated by atomic absorption (Hg lamp at 254 nm) in parts per billion (ppb). To make a proper
diagnosis of a likely volcanic source for sedimentary Hg contents, we normalized the results with sulfur
(S) contents from our XRF measurements and extrapolated total organic carbon (TOC) values from

Sigurdsson et al (1997) at the same hole (mean TOC = 0.09 wt%).

All geochemical data are provided in Supplementary Table S1.
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Micropaleontological analyses

Due to enhanced lithological hardness, our foraminiferal survey of scattered Maastrichtian samples
resulted in negligible extraction of well-preserved microfossils with several tested solutions (e.g.,
distilled water, H,0;, sodium hexametaphosphate). Therefore, we surveyed the micropaleontological
content of 20 petrographic thin sections within the studied interval (sections 24-4 to 20-1; 403.53-
362.87 mbsf). This material was characterized at the Petrography Laboratory of Universidad Industrial
de Santander (Colombia). Moreover, we handpicked and counted benthic foraminifers from the
Maastrichtian set of samples (n = 10, 403.96-372.75 mbsf) of Aumond et al. (2009). That study only
focused on the radiolarian and ostracod contents and considering their extraction methodology (40%
H,0, solution for 72 hours), our foraminiferal results will be assumed as merely exploratory. Benthic
foraminiferal taxonomy followed regional literature for the tropics and the Atlantic realm (Frizzell,
1954; Koutsoukos and Merrick, 1986; Koutsoukos and Hart, 1990; Bolli et al., 1994; Widmark, 1997;
Koutsoukos and Klasz, 2000; Alegret and Thomas, 2001; Vancoppenolle et al., 2022). Planktonic
foraminiferal taxonomy was based on the Mikrotax portal (mikrotax.org/pforams/mesozoic) and
PremoliSilva and Verga (2011). Selected foraminiferal specimens were imaged using a Zeiss EVO MA15

scanning electron microscope (SEM) at itt Oceaneon.
RESULTS
Geochemistry

A steady increasing-upward trend within the lower to middle Maastrichtian (403.9-374.08 mbsf) was
depicted by the Si/Al ratio, with values ranging from 15 to 25, followed by a drop between 381.1-
373.67 mbsf (middle to upper Maastrichtian), and again an increasing-upward trend in the uppermost
Maastrichtian (Si/Al ratios of 20-25; 373.75-362.2 mbsf; Figure 2). Samples 394.58 mbsf and 394.17
mbsf were not considered, since they are outliers with anomaly high ratios. The Ba/Al ratio also
depicted an increasing-upward trend above 370 mbsf, with values ranging from ~1.6 to 4.1 (Figure 2).
Like in the Si/Al curve, samples 394.17 mbsf and 394.58 mbsf were not considered due to anomaly
high ratios. The Fe/K ratio illustrated an opposite trend from previous geochemical proxies, with a
steady decreasing upward trend along the Maastrichtian (Figure 2). In general, Fe/K ratios ranged from
6.1 to 9.5, with maximum values (>11) at 400.25 mbsf and 369.02 mbsf. Sample 381.1 mbsf was not

considered for presenting an anomaly low ratio (K/Fe <1).
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Figure 2. Distribution of paleoceanographic proxies along the Maastrichtian interval at Hole 1001B (Nicaraguan Rise). A-B) Si/Al and Ba/Al ratios as proxies of surface
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content and planktonic foraminifera (PF) and calcareous nannofossil (CN) biozones based on Sigurdsson et al. (1997). **Magnetostratigraphy based on Louvel and Galbrun

(2000).
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Redox-sensitive trace metals Ni, Zn and V had dissimilar trends at Hole 1001B. For instance, the NI/Al
ratio depicted a general increasing-upward trend, ranging from ~1.0 x1072 in the lower Maastrichtian
to 7.0x102in the upper Maastrichtian, while spikes with anomalously high Zn/Al values (>4.0 x10%)
were observed along the middle-upper Maastrichtian (e.g., samples at 387.44 mbsf, 383.79 mbsf, and
369.02 mbsf). In general, the V/Al ratio was low (<2.0 10%) but its values mimicked most of the trends

of the Zn/Al curve (Figure 2).
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Figure 3. Carbon stable isotopes on bulk sediments, Hg/S and Hg/TOC at Hole 1001B (Nicaraguan Rise). Position
of the K-Pg boundary, location of ash layers, and chronostratigraphy are based on Sigurdsson et al. (1997) and
Louvel and Galbrun (2000). *MME: Mid-Maastrichtian Event. Gray areas indicate average Hg/S and Hg/TOC
values. TOC estimations based on Sigurdsson et al. (1997). Tentative chronology of the Deccan eruption based
on previous studies (Renne et al., 2015; Sprain et al., 2019; Schoene et al., 2015; 2019; 2021). Tentative

chronology of the Campanian-Maastrichtian Caribbean volcanic episodes based on Sigurdsson et al (2000).

Bulk sediment 86'3C values ranged between 0.9 and 2.3%o., with a marked negative excursion at the K-
Pg boundary (values <1.1%o; samples 352.27 mbsf and 351.13 mbsf). Despite the lower sampling
resolution, there is a negative inflection (values <2.04%o) at the interval 384.43-379.27 mbsf (68.54 to

68.1 Ma; Figure 2). Moreover, Hg concentrations normalized to S and TOC values depicted peaks
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before and after the negative §'3C excursion at 384.43-379.27 mbsf. Values of the Hg/S ratio were >10
in the interval 379.27-368.45 mbsf (68.1-67.16 Ma) and in the interval 400.25-392.86 mbsf (69.92-
69.28 Ma), while the Hg/TOC ratio depicted two major spikes (Hg/TOC >80) in the lower Maastrichtian
(400.53-394.58 mbsf; 69.94-69.42 Ma) and above 378.5 mbsf, with its highest peak ~4 m above the K-
Pg boundary (Figure 3), considering the chronostratigraphy of Sigurdsson et al. (1997) and Louvel and
Galbrun (2000).

Foraminiferal assemblages

In general, foraminiferal assemblages had a moderate to poor preservation. Planktonic forms were
dominated by globotruncanids and biserial/multiserial taxa. In the analyzed thin sections, several
specimens of Maastrichtian markers such as Globotruncana aegyptiaca, among others, were
identified (Supplementary material Figure S1). Among benthic foraminifera, assemblages were scarce
(<20 specimens/sample), with typical Maastrichtian calcareous taxa such as Nuttallides truempyi,
Coryphostoma incrassata and Gyroidinoides girardanus, or Clavulinoides trilatera and Marssonella

oxycona among agglutinated forms (Plate 1, Figure 4).
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Figure 4. Stratigraphic distribution of benthic foraminiferal taxa at Hole 1001B (Nicaraguan Rise). Specimens
were handpicked from samples studied by Aumond et al. (2009). For samples in red, benthic foraminiferal
recovery was very low (and <20 total specimens/sample in samples marked with yellow dots), being dominated
by undetermined textulariids and rotaliids. Planktonic foraminifera (PF) and calcareous nannofossil (CN)

biozones based on Sigurdsson et al (1997).
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Considering preservational biases, and the low abundance of benthic foraminifera, we can only
propose a deep-sea setting for this locality, in agreement with the previous study of Aumond et al.

(2009). Those authors suggested bathyal to outer shelf conditions for Hole 1001B, based on the

occurrence of ostracod taxa such as Paleoabyssocythere or Krithe.

Plate 1. Selected benthic foraminifers from Hole 1001B. Scale bars represent 100 um. 1. Ammobaculites sp.
(21R4 71-76, 376,96 mbsf). 2. Marssonella oxycona (24R1 68-73, 399,53 mbsf). 3a-b. Nuttallides truempyi: 3a
ventral view (21R1 70-75, 372,75 mbsf); 3b dorsal view (21R3 71-76, 375,46 mbsf). 4. Clavulinoides trilatera
(24R3 70-75, 402,43 mbsf). 5. Buliminidae (21R4 71-76, 376,96 mbsf). 6. Coryphostoma incrassata (21R1 70-75,
372,75 mbsf). 7. Gavelinella sp. (dorsal view; 21R1 70-75, 372,75 mbsf).

DISCUSSION

The dominance of highly lithified limestones in the studied interval of Hole 1001B hampered a detailed
micropaleontological survey, and most paleoceanographic and chronostratigraphic inferences were
based on geochemical proxies. Despite low sampling resolution, the negative §'3C excursion across
interval 384.43-379.27 mbsf (68.54 to 68.1 Ma) is here tentatively associated with the intermediate
part of the mid-Maastrichtian event (MME, subinterval MMEZ2; Figure 3). Based on the position of the
K-Pg boundary and the updated magnetostratigraphy proposal for Hole 1001B by Louvel and Galbrun
(2000), we considered that MME would fall within 392.45 and 373.67 mbsf (69.24 to 67.61 Ma;
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Supplementary figure S2). Considering linear sedimentation rates, the negative excursion within
384.43-379.27 mbsf would fall between 68.54 to 68.1Ma, in accordance with age estimates for the
813C excursion defining sub-interval MME2 (Figure 3), as defined elsewhere (e.g., Voigt et al., 2012;
Batenburg et al., 2018; Vellekoop et al., 2022). However, special caution must be taken with the
magnetostratigraphy proposal of Louvel and Galbrun (2000), considering the near-Equator location of
Nicaraguan Rise, and its possible impact on magnetic declination data. Therefore, a detailed §3C
survey between 69.36-67.49 Ma (393.9-372.33 mbsf) would be desirable to properly define the MME

and improve our age model.
Surface productivity and bottom water oxygenation

The explored paleoproductivity proxies (Si/Al, Ba/Al) suggest a gradual increase of surface productivity
through the middle Maastrichtian at Site 1001, with a short disturbance episode in the upper
Maastrichtian (381.1-373.67 mbsf, 68.25-67.61 Ma; Figure 2). Considering the carbonate content drop
that was described at Hole 1001B above 375 mbsf (Sigurdsson et al., 1997), this paleoproductivity
disturbance episode could have caused decreased carbonate accumulation rates or, alternatively, the
carbonate content drop could have been related to short-live dissolution events. The latter would be
like the deep ocean carbonate dissolution events described for the latest Cretaceous in the tropical
Pacific Ocean (Shatsky Rise; Dameron et al., 2017). A detailed carbonate content survey would allow
disentangling these hypotheses for Site 1001, since previous analyses focused mostly on the Cenozoic

interval (Sigurdsson et al., 1997).

Increased surface paleoproductivity in the middle Maastrichtian interval at Hole 1001B might also
explain reduced bottom water oxygenation, suggested by increased values of the Ni/Al ratio (Figure
2). However, in the absence of detailed studies of the benthic foraminiferal assemblages, we cannot
relate these changes of bottom water oxygenation solely to increasing surface productivity in the low
latitude oceans. In fact, there were major changes of deep-water circulation in the Atlantic realm
during the Campanian-Maastrichtian. Several studies, based on foraminiferal assemblages and
geochemical proxies, have proposed that deep-water masses shifted from a major influence of saline
and warm masses originating in the South Atlantic Ocean, to a cool and less saline North Atlantic
source (e.g., D'Hondt and Arthur, 2002; Friedrich et al., 2008; Cramer et al. 2009; Linnert et al., 2014;
Moiroud et al., 2016; Batenburg et al., 2018; Ladant et al., 2020). This environmental shift has been
linked to the MME global carbon cycle disruption, which likely triggered the decline of marine
organisms such as the inoceramid and rudist bivalves (Johnson, 2002; Frank et al., 2005; Voigt et al.,

2012; Huber et al., 2018).
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Late Cretaceous volcanism (subaereal and submarine) could have played a role in controlling
paleoceanographic settings of this area, or influenced TM concentrations in bottom sediments,
especially those observed in the Ni/Al during the late Maastrichtian (Figure 2). In general, the late
Maastrichtian was characterized by enhanced volcanic activity globally, commonly linked to the
Deccan Traps, and the resulting climatic shifts (e.g., transient global warming events, alterations on
surface productivity) have been proposed before and after the K-Pg boundary extinction event (e.g.,
Punekar et al., 2014; Petersen et al., 2016; Percival et al., 2018; Schoene et al., 2019; Sprain et al.,
2019; Hull et al., 2020; Keller et al., 2020; Font et al., 2021; Krahl et al., 2021; Gu et al., 2022). However,
the key element for the Atlantic Ocean was the geological evolution of the Caribbean Large Igneous
Province (CLIP), which favored the presence of a widespread and thick (~600,000 km?; ~20 km) oceanic
plateau. The onset of the CLIP has been dated as Turonian for the Colombia Basin, southeastward of
Nicaraguan Rise, and at least as Albian for the Venezuela Basin (e.g. Sigurdsson et al., 2000; Pindell et
al., 2005; Garcia-Reyes and Dyment, 2021). The description of ash-layers and their “°Ar/3°Ar dating at
ODP Site 1001, indicates that ash accumulation rates were high (10-75 cm/m.y.) between 75-77 Ma
and around 72 Ma (late Campanian to early Maastrichtian according to Gradstein et al., 2012). Along
the Maastrichtian, ash accumulation rates were negligible, and 1 m.y. after the K-Pg boundary they
increased again, with a major peak in the early Eocene (>75 cm/m.y.; Sigurdsson et al., 2000).
According to Whattam and Stern (2015), the CLIP formed in three magmatic pulses: 124-112 Ma, 92-
88 Ma and 76-72 Ma. Magnetic anomalies in the Lower Nicaragua Rise, and in the western part of the
Colombia Basin have been related to the youngest pulse (Garcia-Reyes and Dyment, 2021). At Hole

1001B, ash layers were only reported between 65.1 and 62.5 Ma (Sigurdsson et al., 2000; Figure 3).

Sedimentary Hg concentrations have become a common proxy to evaluate the influence of
widespread volcanic activity, considering its minor variations due to non-volcanic processes, such as
changes in bottom water conditions or increased continental weathering (e.g., Percival et al., 2018).
In recent years, Hg concentrations have been studied in Late Cretaceous localities, to test extensive
(e.g., Deccan episodes) and regional volcanic activity (e.g. Font et al, 2016, 2021; Sial et al., 2014, 2016;
Keller et al., 2020; Krahl et al., 2021; Yao et al., 2021). Mercury concentrations are typically normalized
by total organic carbon (TOC) or sulfur content of the sediments, to account for Hg bounding to organic
matter, and elevated Hg/TOC and Hg/S values support an external volcanic source (Percival et al.,
2018). Considering the age model for Hole 1001B (Supplementary figure S2), Hg/TOC and Hg/S positive
spikes between ~70.3-69.4 Ma at Hole 1001B could be related to the ~72.0 Ma CLIP volcanic episode
(Figure 4). Tentatively, the late Maastrichtian Hg/S and Hg/TOC major peaks at Hole 1001B were
associated with Deccan vulcanism. Moreover, Hg/TOC and Hg/S positive spikes before 67.8 Ma, could

be linked to a non-CLIP source, likely the Deccan volcanism, which according to recent estimations had
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two major episodes (Deccan 1 and 2) during the latest Maastrichtian (Schoene et al., 2019; Sprain et
al.,, 2019). Additional regional evidence of a reduced CLIP influence during the Maastrichtian on
northern South America is a magmatic hiatus between 70.0 Ma and 60.0 Ma (e.g., Spikings et al., 2015;
Duque-Trujillo et al., 2019).

Low latitude regions hydroclimate

Low latitude hydroclimate is a key component of the climate system, and Maastrichtian and Paleogene
sedimentary successions of this area can provide insights into its evolution through time. For instance,
studies with this approach have suggested precipitation changes across the Paleocene-Eocene
boundary in the Bogota Basin (Colombia; Moron et al., 2013), or increased continental chemical
weathering since the Campanian, recorded at deep-sea sediments from Demerara Rise (Corentin et
al., 2023). Maastrichtian terrestrial ecosystems in northern South America have been generally
associated with developed rainforests (open canopies with mixed gymnosperm-angiosperm
assemblages; Carvalho et al.,, 2021), where a paleo-intertropical convergence zone (PITCZ) was
probably active since the Aptian (Santos et al., 2022). Here we used the sedimentary Fe/K ratio as a
weathering intensity proxy, and therefore as a hydroclimate indicator, at the source area of
terrigenous components. This is because Fe is mostly delivered to ocean basins as oxy-hydroxide
under wetter climate conditions, and K only survives weathering in the structure of clays such as illite,

generated under drier climate settings (Stuut et al., 2005; Mulitza et al., 2008).

The Fe/K ratio at Hole 1001B indicates more humid episodes during the early Maastrichtian (~70.0
Ma) and after the MME (Figure 3). This low latitude hydroclimate reorganization was likely related to
changes in deep ocean circulation in the Atlantic Ocean (Patarroyo et al., submitted; CHAPTER 3). This
would have affected inter-hemispheric heat transfer and allowed for latitudinal migrations of the
PITCZ. Latitudinal migrations of the modern Inter-Tropical Convergence Zone (ITCZ) were recorded
during the last deglaciation, and related to weakening of the Atlantic Meridional Overturning
Circulation (AMOC; Mulitza et al., 2017; Campos et al., 2022). High-resolution geochemical surveys in
successions from northern South America, especially those related from epicontinental seas (e.g.,
Villamil and Pindell, 1998; Erlich et al., 1999; Martinez, 2003; Sarmiento-Rojas et al., 2019), and less
explored deep-sea localities from the Caribbean realm (e.g., ODP site 999, DSDP 146/149) and the
Equatorial Pacific Ocean (Gorgonilla Island; Bermudez et al., 2011), will provide a better understanding

of how the low latitude climate operated during the Late Cretaceous.
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CONCLUSIONS

We explored the Maastrichtian deep-water environmental changes recorded at Nicaraguan Rise ODP
Hole 1001B across the Maastrichtian, including the MME carbon cycle perturbation. Geochemical
analyses (Si/Al, Ba/Al, Fe/K ratios) suggest shifts of intermediate to deep-water oxygenation and
surface productivity (OM flux, silica and export) during the Maastrichtian. Benthic foraminifers were
typical of deep-sea settings (Nuttallides truempyi, Coryphostoma, among others), and despite
diagenetic issues, foraminiferal assemblages and the concentrations of redox sensitive metals (Ni, Zn,
V) suggest suboxic bottom water conditions, with episodic oxygenation pulses during the late
Maastrichtian. Paleoenvironmental disturbances at Nicaragua Rise during the Maastrichtian were
likely influenced by the reorganization of high-latitude deep-water sources in the Atlantic Ocean, and

associated latitudinal migrations of the PTICZ.
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A light kindled in the sky, a blaze of yellow fire behind dark barriers. Pippin cowered back, afraid for a
moment, wondering into what dreadful country Gandalf was bearing him. He rubbed his eyes, and
then he saw that it was the moon rising above the eastern shadows, now almost at the full. So the
night was not yet old and for hours the dark journey would go on. He stirred and spoke.

‘Where are we, Gandalf?’ he asked.

‘In the realm of Gondor,’ the wizard answered. ‘The land of Andrien is still passing by.’

The return of the king

J.R.R. Tolkien.
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MERCURY CONCENTRATIONS AS A PROXY FOR VOLCANIC ACTIVITY IN THE MAASTRICHTIAN LOW-
LATITUDE OCEANS

ABSTRACT

In recent years, the possible links between widespread volcanic activity and the Latest Cretaceous
climatic shifts have become a common research scope. However, the evidence of volcanic activity on
the tropics is still poorly traced for that time interval. To explore regional and distal (e.g., Deccan Traps)
impacts on tropical environmental conditions, we track Hg enrichments in Maastrichtian low-latitude
localities from: (1) Shallow marine strata of the Coldon Formation (Core Diablito-1E, northern
Colombia) and, (2) deep sea records from the Ocean Drilling Program (ODP) Sites 1258 (Demerara

Rise, Tropical Atlantic Ocean) and 1001 (Nicaraguan Rise, Caribbean Sea).

Mercury concentrations, Hg/TOC and H/S values could not be exclusively linked to a single volcanic
source (Deccan or regional volcanism) at core Diablito-1E, due to the shallowing processes of the
sedimentary succession, and the poorly explored influence of the northern South American volcanism
during the Maastrichtian. To improve age control for core Diablito-1E, we measured stable carbon
isotopes (63C) of bulk carbonates, the first one conducted in Maastrichtian rocks from this area, which
indicate that low latitude strata potentially recorded the mid-Maastrichtian event (MME). Mercury,
Hg/TOC and H/S records at Sites 1258 and 1001 suggest the record of at least, three volcanic episodes
during the Maastrichtian, which could be related with proximal and/or distal volcanic sources, such as
the Caribbean Plate volcanic arc, or the Deccan volcanic pulses. Significant Hg spikes were observed

before the K-Pg transition but not in the early Danian from Site 1001.
INTRODUCTION

Among the proxies used to evaluate the influence of widespread volcanic activity, mercury
concentrations and osmium isotopes have become promising tracers, being less affected by changes
in continental weathering rates or marine redox conditions (Percival et al., 2018; Grasby et al., 2019;
Shen et al., 2020). In recent years, Hg concentrations have been studied in Cretaceous localities
recording extensive volcanism (e.g. Deccan episodes), regional volcanic activity, and even possible
links with Cretaceous oceanic anoxic events (e.g. Font et al, 2016, 2021; Sial et al., 2014, 2016; Percival
et al., 2018; Fendley et al., 2019; Keller et al., 2020; Matsumoto et al., 2020; Krahl et al., 2021, 2023;
Yao et al,, 2021; Gu et al., 2022).

Unequivocal assignment of increased Hg concentrations to widespread Maastrichtian volcanism in the

tropics requires some previous considerations. Volcanism is indeed the main source of Hg to the
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atmosphere, and due to its atmospheric residence time (5-24 months) this metal has a high potential
of worldwide deposition in terrestrial and marine environments (e.g. Percival et al., 2018; Grasby et
al., 2019). Oxidation processes allow Hg precipitation in aqueous compounds (as Hg?*), and long-term
Hg sequestration in marine sediments is possible due to adsorption in organic matter (OM; Selin,
2009). In terrestrial environments and reducing freshwater settings (lakes, wetlands), features such
as type of soil and vegetation, biotic and abiotic processes cause high Hg mobilization in its oxidized
forms (Monomethyl-mercury, dimethyl-mercury; Benoit et al., 2001; Ravichandran, 2004; Emili et al.,
2011). Terrestrial Hg may also be deposited into soils or peats, and it can be transported to aquatic
settings via runoff (e.g. Grasby et al.,, 2017). Therefore, changes of Hg concentrations in marine
records, and mostly in shallow marine settings, could not only be associated with variations in Hg
emissions to the atmosphere (mostly via volcanism), but also with shifts in marine environmental
conditions (e.g. subaqueous volcanism, upwelling processes, bottom water oxygenation, runoff
intensity). Considering that most of Hg geochemical species have a considerable affinity with OM,
sedimentary Hg concentrations are typically normalized against the total organic carbon (TOC) content
of the sediments. Therefore, elevated Hg/TOC values point to an external source such as volcanism
for Hg enrichments, rather than just increased flux of OM, and consequently Hg bounding to the

sediments (review in Percival et al., 2018; Grasby et al., 2019; Shen et al., 2020; Keller et al., 2020).

The use of Hg chemostratigraphy as a proxy for volcanic activity through geological time also requires
detailed chronostratigraphic frameworks, based on isotopic geology, magnetostratigraphy,
biostratigraphic datums, among others. This aspect has been crucial when discussing environmental
and biotic impacts of the Maastrichtian-Danian Deccan volcanic episodes (e.g., Keller and Abramovich,
2009; Schulte et al., 2010; Font et al, 2016, 2021; Sial et al., 2014, 2016; Barnet et al., 2018; Fendley
et al., 2019; Schoene et al., 2019; Sprain et al., 2019; Hull et al., 2020; Keller et al., 2020; Gilabert et
al., 2021; Krahl et al., 2021, 2023; Alegret et al., 2022; Nauter-Alves, 2022).

So far, few studies have compiled published Hg analyses to infer chemostratigraphic correlations
between localities, and to constrain the proposed volcanic episodes in the Maastrichtian (Percival et
al., 2018; Keller et al., 2020; Gu et al., 2022), and available studies mostly deal with high-latitude
localities and open marine settings. Preliminary surveys at selected low-latitude (northern Brazil) and
shallow-marine austral localities (Neuquén basin, Argentina) also recorded Hg enrichments before the
K-Pg boundary for South America (Sial et al., 2014, 2016). Considering that despite low sampling
resolution, Maastrichtian tropics were likely sensitive to global or regional volcanic events, we
evaluate Hg concentrations at two deep-sea sites (ODP Holes 1001B, Nicaragua Rise; 1258A, Demerara
Rise) and a shallow marine locality (Core Diablito-1E, Colombia) in northern South America. High-

resolution Hg chemostratigraphy, 83C records, and additional geochemical proxies (TOC content, S
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and trace metal concentrations) were used to explore possible sources (volcanic or sedimentary) for

Hg enrichments, and their possible links with Maastrichtian climate shifts.
METHODS
Studied localities and sampling strategy

Three localities were considered in this study: A shallow-marine succession in northern Colombia
(Core Diablito-1E), and two deep-sea cores in the Tropical Atlantic (ODP Holes 1001B and 1258A;
Figure 1). Core Diablito-1E was drilled in the Upper Cretaceous succession of the Cesar-Rancheria Basin
(northern Colombia; 9°34’ N, 73°16’ W), and it spans 701 m of the Colén, and Catatumbo/Barco
formations. At this site, the K-Pg boundary iridium anomaly was previously identified between 501.72
and 501.80 m by De La Parra et al. (2022). Our studied interval spans from 574.3 m to 700.9 m, which
comprises the middle to upper part of the Colén Formation (Late Maastrichtian; Patarroyo et al.,
2022). A total of 102 samples (574.7-700.9 m) were analyzed for carbon isotope analysis, and 93

samples were analyzed for Hg (574.7-700.3 m), and total organic content (TOC).

Ocean Drilling Program (ODP) Hole 1258A (15°06.99' N, 69°22.67' W; 3192 m depth) is located on the
northwest-facing slope of Demerara Rise (Suriname, northeastern South America), on a ridge of
Paleogene sediments that outcrop on the seafloor bed (Erbacher et al, 2004). The studied interval
comprises the earliest to late Maastrichtian (257.5-320.11 mbsf; planktonic foraminiferal biozones
KS30a to KS31). The K-Pg boundary was defined at 252.58 mbsf, based on the presence of a well-
preserved 1.5-cm thick impact ejecta layer of green microspherules. According to
magnetostratigraphy, the studied interval comprises magnetochrons C31n to C29r, where the base of
the magnetochron C31n was defined at 293.52 mbsf (Suganuma and Ogg, 2006; MacLeod et al., 2017).
A total of 152 samples were considered for Hg content, and scattered samples (n = 24) were also
analyzed for TOC content, to corroborate low TOC contents (<0.1 wt%) across the Maastrichtian
interval as reported by Erbacher et al. (2004). As an additional reference on the chronology of this

locality, we also considered the bulk sediment §*3C curve of CHAPTER 3.

ODP Hole 1001B (15°45.41' N, 74°54.63' W; 3271 m depth) is located on the northern sector of the
Hess Escarpment, a 1000-km-long tectonic feature that separates the lower Nicaraguan Rise from the
Colombian Basin (Modern central Caribbean). The recovered sedimentary succession consists of a
middle Miocene to Pleistocene section overlying a Cretaceous to upper Eocene section (Sigurdsson et
al., 1997). The K-Pg boundary interval was recovered at 352.9 mbsf based on biostratigraphy and the

presence of rare grains of shocked quartz and dark green spherules. (Sigurdsson et al., 1997).
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Figure 1. Location of selected localities with Hg chemostratigraphy in the Maastrichtian-Danian transition. This study: ODP Hole 1001B (Nicaragua Rise), ODP Hole 1258A
(Demerara Rise), Core Diablito-1E (Colombia). Paleogeographic map from Scotesse (2014). Previous studies: Bidart (France; Font et al., 2016, 2021), Elles and Hor Hahar
(Tunisia and Israel; Keller et al., 2020), Nirvana (United States, Fendley et al., 2019), ODP Site 174AX, Montana and Seymour Island (Bass River, United States and Antarctica;
Percival et al., 2018), SK-In borehole (China; Gu et al., 2022).
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The studied interval comprises magnetochrons C31r to C29n (Louvel and Galbrun, 2000). The base of
magnetochron C31n (broadly identified as C30n-C31n), defining the mid-Maastrichtian, is located at
392.8 mbsf. Besides the Maastrichtian interval, we also sampled in lower resolution the K-Pg transition
for Hg analyses (n = 148; 332.15-403.9 mbsf). Based on previous surveys, TOC content was particularly
low along the early Danian and Maastrichtian at Hole 1001B (TOC ~0.1 wt%,; Sigurdsson et al., 1997).
Considering its low sampling resolution, we did not include the §'C record of CHAPTER 4 in our

chronology discussion.
Geochemistry

Mercury concentrations were measured with a direct mercury analyzer DMA-80 evo Milestone at the
Technological Institute for Paleoceanography and Climate Change (itt OCEANEON, UNISINOS
University), via thermal decomposition of homogenized powdered samples (300 mg) on a nickeled
boat. The analyzer converts Hg* and Hg?* of each sample into gaseous Hg° and traps it on a gold
amalgamator. The amalgamator is then heated at 850°C, and concentrations are estimated by atomic

absorption (Hg lamp at 254 nm) in parts per billion (ppb).

To make a proper diagnosis of a likely volcanic source for Hg concentrations at Core Diablito-1E, we
normalized the results with new TOC content analyses, and sulfur (S) elemental intensities reported
in Patarroyo et al (2022). For most samples from Holes 1001B and 1258A, we interpolated TOC from
lower resolution site report records (Sigurdsson et al., 1997; Erbacher et al., 2004), measured TOC
values of selected samples at Hole 1258A, and considered S elemental intensities reported in
CHAPTERS 3-4. For selected TOC measurements at Core Diablito-1E and at Hole 1258, we analyzed 10
mg sample aliquots, after acidification with hydrochloric acid (HCI) with a FlashSmart Elemental

Analyser (Thermo Scientific) at itt OCEANEON.

At Core Diablito-1E, bulk sediments 8'3C was measured with an isotope ratio mass spectrometer
(IRMS) MAT 253 Plus — Thermo Scientific, at itt Oceaneon. Samples were allowed to react with 105%
phosphoric acid (HsPO4) at 74°C. All isotope values are reported as %o, deviations in relation to the
Vienna PeeDee Belemnite standard value. Measurements were calibrated and monitored
(reproducibility and accuracy) using standards IAEA -203 and IAEA -CO-8 from the International Atomic
Energy Agency (IAEA), and SHP2L from the University of Sdo Paulo (USP; Crivellari et al., 2021).

All geochemical data are provided in Supplementary Table S1.

118



RESULTS
Core Diablito-1E

Based on the location of the K-Pg boundary (De La Parra et al., 2022) and the presence of the regional
benthic foraminiferal zones Siphogenerinoides bramletti and Ammobaculites colombiana (Patarroyo
et al. (2022), the studied interval at Core Diablito-1E encompasses the latest Maastrichtian (66.71 to
67.99 Ma). 6*3C values within the interval 700.9-619 m (67.99 to 67.13 Ma) ranged between -6.5 and
-2.5%o0. Considering our age model, the positive excursion between 67.27 and 67.63 Ma (630.4-673.6
m) could be tentatively associated with the upper part of the mid-Maastrichtian event (MME3; Figure
2).

TOC contents were <0.7 wt% for most of the studied interval, in contrast with a marked positive

excursion (TOC 1.0-1.8 wt%) starting at 66.96 Ma (609.4-578.5 m).

At Core Diablito-1E, Hg concentrations were moderately high throughout the studied interval (~50
ppb), with significant spikes (>100 ppb) in the oldest interval (Figure 3). Mercury concentrations
normalized against normalized median-scaled (NMS; Lyle et al., 2012) S intensities (derived from XRF
analyses) depicted the highest ratios (Hg/S >40) between 66.71 and 67.06 Ma (574.7-612.7 m).
Mercury concentrations against TOC depicted higher values between 67.27 and 67.08 Ma, and
through the oldest interval (Hg/TOC >150; 67.8 to 67.54 Ma, 692.3-664 m) at Core Diablito-1E. In
addition, we compared Hg concentrations with NMS Al, S, K, and Fe intensities, as well as with the
V/Cr ratio, as a rough estimate of the influence of clay minerals (aluminosilicates, phyllosilicates),
runoff intensity (Fe) and bottom water oxygenation (V/Cr, S) on Hg concentrations. In general,
correlations were negligible (r2<0.01-0.2; Supplementary Figure S1) in all cases, suggesting that these

processes were not the main drivers of Hg variability at Core Diablito-1E.
ODP Holes 1001B and 1258A

Based on the age model of Hole 1258A (CHAPTER 3), the studied interval comprises most of the
Maastrichtian, with the two positive excursions that define the mid-Maastrichtian event (MME; Figure
3). In general, Hg concentrations where particularly high (>30 ppb) in the earliest Maastrichtian (70.75
to 70.29 Ma; 318.47-310.83 mbsf), in the younger interval of the MME (MME1; 69.28 to 69.02 Ma,
293.68-290.93 mbsf), and an outlier sample at 66.26 Ma. To distinguish non-volcanic sources of the
Hg, we normalized Hg concentrations by TOC and NMS sulfur measurements in the same interval. We
assumed average TOC values of 0.1 wt% across the studied interval, since previous surveys indicated

TOC values between 0.06-0.17 wt% (Erbacher et al., 2004).
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Figure 2. Geochemical survey and Hg chemostratigraphy of core Diablito-1E. A) 63C curve (MME3: Mid-Maastrichtian excursion 3). B) Total organic carbon (TOC)

measurements. C-E) Hg concentrations, Hg/S and Hg/TOC ratios. Age model based on De La Parra et al (2022) and Patarroyo et al (2022).
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Figure 3. Geochemical survey and Hg chemostratigraphy of Hole 1258A (Demerara Rise). B-D) Hg concentrations, Hg/S and Hg/TOC ratios. TOC measurements from our study

and previous surveys (Erbacher et al., 2004). E) Fe/K ratio as a proxy for geochemical weathering intensity (hydroclimate). Age model based on Erbacher et al. (2004) and

Suganuma and Ogg (2006). Tentative chronology of the Deccan eruption based on previous studies (Sprain et al., 2019; Schoene et al., 2019). Tentative chronology of the

Campanian-Maastrichtian Caribbean volcanic episodes based on Sigurdsson et al. (2000).
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Our TOC measurements for samples with anomalously high Hg concentrations also resulted in
negligible TOC values (TOC 0.00-0.12 wt%; Figure 3). Covariation between Hg and TOC values (previous
results and our estimations) or sulfur concentrations show a weak correlation (r’<0.2; see
supplementary material). Both Hg/TOC and Hg/S trends are similar to those of the Hg curve, with
significant spikes in the earliest Maastrichtian (70.75-70.29 Ma), during the MME (69.28-68.6 Ma), and
at least in two segments of the late Maastrichtian (67.89-67.61 Ma and 66.3-66.25 Ma). Figure 3 also
includes the Fe/K curve from the same set of data (CHAPTER 3). The Fe/K ratio depicts an increasing-
upward trend, with positive spikes (>10) in the lower Maastrichtian (303.3-309.05 mbsf), before the
mid-Maastrichtian and the upper Maastrichtian (258.13-259.61 mbsf; 294.15-297.55 mbsf) intervals.

At least two intervals with elevated Hg concentrations (>10 ppb) are present in Hole 1001B: early
Maastrichtian (69.42 to 69.94 Ma; 394.58-400.53 mbsf), and late Maastrichtian (66.96 to 68.06 Ma;
366.13-378.92 mbsf), with a major peak in the latest Maastrichtian (66.08 to 66.61 Ma; 353.79-362.2
mbsf). Across the Danian interval (65.97 to 62.28 Ma; 352.27-332.15 mbsf), Hg measurements
depicted concentrations <5 ppb (CHAPTER 4). To distinguish volcanic sources of Hg during the
Maastrichtian, we normalized Hg concentrations by the mean TOC content of 0.09 wt% reported by
Sigurdsson et al (2004). Therefore, the Hg/TOC curve depicted the same trends as those of Hg content.
New TOC measurements of samples with anomalous Hg concentrations like those on the latest
Maastrichtian (e.g., 353.79-362.87 mbsf) would be desirable. To make tentative comparisons with Hg

concentrations of Hole 1258A, the K-Pg boundary at both sites was used as a datum (Figure 4).

In general, the Hg curves at both ODP sites were similar, with 40-80 ppb as their highest values, and
suggesting the record of at least three major volcanic episodes during the Maastrichtian. However,
due to uncertainties in the age model for 1001B (based on magnetostratigraphy, see discussion in
CHAPTER 4), we cannot assert whether the Hg spike between 69.42 and 69.94 Ma corresponds to the
one observed between 70.75-70.29 Ma and 69.28-69.02 Ma at Hole 1258A. Though of smaller
magnitude at Hole 1258A, Hg positive excursions between 68.2 and 66.7 Ma can be correlated within

the late Maastrichtian, particularly for its last 600 k.y. (Figure 4).
PRELIMINARY DISCUSSIONS
Tracking volcanic activity recorded in Maastrichtian tropical shallow-marine settings

Considering the record in northern Brazil (Paraiba Basin; Sial et al., 2013), our study at Core Diablito-
1E is the second Maastrichtian high-resolution Hg record in South America. Based on the age model
of this locality, which includes the location of the K-Pg (De La Parra et al., 2022), biostratigraphy

(Patarroyo et al., 2022), and the 8*3C record, our studied interval likely spans from 67.0 to 68.0 Ma
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(Figure 2). In general, Hg concentrations per se are promising as a chemostratigraphic tool, with
significant contrasts along the studied interval (Figure 2). Normalization of these concentrations with
the estimations of TOC and sulfur content, suggests several Hg sources (sin-sedimentary, organic,
volcanic), as expected for a shallow marine setting. Low TOC content at the lower part of Core Diablito-
1E (~0.7 wt%) advocates for a likely volcanic origin for Hg enrichments. These results agreed with
previous studies that reported overall low TOC content for the Colén Formation, with values of ~0.8
wt% for the calcareous Socuy Member (lower Colén Formation), and <0.6 wt% for the fine-grained
successions of the same unit in the Cesar-Rancheria and Catatumbo basins (Patarroyo et al., 2017,
Avendanio et al., 2021). Considering the age model of Core Diablito-1E, we suggest that the Hg/TOC
spikes between 68 and 67.5 Ma could be correlated with Hg/TOC enrichment episodes recorded in
the late Maastrichtian from Nicaragua and Demerara Rise (Figure 4). In contrast, higher TOC contents
in the upper part of Core Diablito-1E (>1.0 wt%; 609.4-578.5 m), and the distribution of the Hg/S ratio,
suggest a non-volcanic source for these Hg concentrations. More proximal settings, and therefore
oxygen-depleted bottom and pore waters, as suggested by micropaleontological and geochemical
proxies by Patarroyo et al (2022), might explain Hg enrichments in the upper segment of Core Diablito-
1E. In terrestrial and shallow marine environments, Hg concentrations vary constantly and are mostly
controlled by biological (e.g., soil moisture, bioturbation) and sedimentological (e.g., aquatic transport

via runoff, sediment winnowing) processes (Grasby et al., 2017; Percival et al., 2018).

The geological and geographical context of northern South America presents additional issues that
should be addressed before continuing to test Hg chemostratigraphy in the Late Cretaceous. One of
them is segregating the likely record of the Deccan (distal) volcanism from the potential influence of
the arc-continent collisional event in northern South America, which occurred between the Late
Cretaceous and Paleogene, and the final emplacement of the Caribbean Plate (e.g. Pindell et al., 2005;
Montes et al., 2019; Zapata-Villada et al., 2021). For the Cretaceous-Paleogene transition, several
authors have proposed magmatic episodes associated to this arc-continent collisional event, and even
the occurrence of a magmatic hiatus between 70 Ma and 60 Ma (Villagémez et al., 2011; Spikings et
al., 2015; Duque-Trujillo et al., 2019). This hiatus encompasses the depositional time span of the
studied interval at core Diablito-1E, where a key aspect is the absence of volcanic ash layers
(bentonites) in the Campanian-Maastrichtian interval. The accumulation of bentonite deposits,
related to the Caribbean Large Igneous Province (CLIP), is a common feature of the Cenomanian-

Santonian successions of Colombia (e.g. Villamil, 1998; Terraza, 2019; Paez-Reyes et al., 2021).
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124



Despite environmental complexities of the Maastrichtian shallow marine environments of northern
South America, and the singular geographic and geological context of this area, one could speculate
that the major Hg enrichments at the lower segment of core Diablito-1E might be related to Deccan
volcanism, providing additional chronostratigraphic constrains for the Coldn Formation. This
hypothesis, however, is still tentative and purely speculative, and future studies (e.g.
magnetostratigraphy) are needed to test it at our core and in coetaneous localities. Additional Hg
spikes may be also explored in the Paleocene record of core Diablito-1E (Catatumbo/Barco
formations) since Hg enrichments have been reported in lower Paleocene marine records and
associated with late pulses of Deccan volcanism (e.g., Sial et al., 2013, 2016; Font et al., 2021; Krahl et
al., 2021, 2023). A similar approach would be also desirable in the Santonian-Campanian successions

of this area to track the influence of CLIP volcanism.

A final consideration is the role that the Maastrichtian tropical rainforest could have played in the
regional Hg biogeochemical cycle. Coniferous trees, a major component of the Cretaceous tropical
forests of northern South America (Carvalho et al., 2021), tend to intake more Hg into both foliage
and woody tissues than deciduous species, eventually promoting soil Hg enrichment (Obrist et al.,
2012; Percival et al., 2018). This mechanism could be tested with further integrated paleobotanical

and geochemical studies of tropical Maastrichtian successions.
Record of Deccan volcanic activity at tropical deep-sea settings

Several studies have explored sedimentary Hg concentrations in the upper Maastrichtian and their
possible links with the Deccan volcanic episodes. Surveyed localities comprise from open marine to
continental settings, proximal and distal to the Deccan Traps large igneous province (e.g., Font et al,
2016, 2021; Sial et al., 2014, 2016; Percival et al., 2018; Fendley et al., 2019; Keller et al., 2020; Krahl
et al.,, 2021; Gu et al., 2022). Supplementary figure 2 (SF2) summarizes Hg concentrations at our
tropical sites, as well as at selected sections where Hg studies have been published across the
Maastrichtian-Danian transition. All the selected localities presented low TOC contents, and Hg/TOC
normalizations support mostly volcanic Hg sources. Following Percival et al (2018) and Gu et al (2022),
we used the position of the K-Pg boundary as a correlation datum, since magnetostratigraphy and
biostratigraphy were not conclusive enough in some intervals. Apart from ODP Site 174 (New Jersey
Coastal Plain), all localities depict a general Hg enrichment in the latest Maastrichtian. Additional
studies that were not included in the SF2 due to low sampling resolution or short time span (e.g.,
66.05-65.9 Ma), also reported higher Hg concentrations before the K-Pg boundary (e.g., northern
Brazil, Montana, Zumaia, Israel, Southern Atlantic, among others; Sial et al., 2014, 2016; Percival et

al., 2018; Keller et al., 2020; Krahl et al., 2021, 2023). Based on the Deccan Traps chronology of Chenet
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et al (2009), Percival et al (2018) tentatively related these Hg spikes to the Igatpuri-Poladpur interval,
which comprises magnetochron C29r. Maastrichtian localities in Tunisia and Israel, which display Hg
enrichments 550 k.y. before the K-Pg boundary, were also related to Deccan Traps volcanic episodes,

based on orbitally tuned age models (Keller et al., 2020).

Correlation of middle to late Maastrichtian (magnetochrons C30 to C31) Hg enrichments is less clear
due to uncertainties in magnetostratigraphy and varying sampling resolutions, since most previous
studies focused on the K-Pg transition. For instance, we did not consider the Hg surveys of Percival et
al (2018) in Zumaia (Spain) because there were not TOC measurements, and we could not derive an
age model for it. This reinforces the need for more high-resolution records, in both marine (deep-sea
and shallow) and continental settings, with robust chronostratigraphic frameworks for the
Maastrichtian. Recent chronostratigraphic re-evaluations in the Global Stratotype Section and Point
(GSSP) of the K-Pg boundary (Jones et al., 2022), or reference Maastrichtian localities such as ENCY
quarry (Netherlands; Vellekoop et al., 2022), made them suitable candidates for high-resolution Hg

chemostratigraphy of the Maastrichtian.

Notwithstanding, our tentative Hg chemostratigraphic correlation for the early Maastrichtian allowed
comparison between Holes 1001B and 1258A with Seymour Island (Antarctic Peninsula). Considering
the likely influence of CLIP volcanic pulses, as well as of regional volcanic activity in Antarctica (Da Silva
et al.,, 2021), additional studies are necessary to disentangling regional (CLIP, Antarctica) from
widespread (Deccan) volcanic activity. For instance, osmium isotopes (*¥’0s/*80s) are being applied
as a proxy for large igneous provinces activity and related processes (Percival et al., 2018; Matsumoto
et al., 2020). In addition, surveys using any of the seven natural stable isotopes of mercury, or the
mass-independent fractionation of this element (Hg-MIF) could provide hints about the influence of
photochemical processes on Hg concentrations (e.g., Bergquist and Blum, 2009; Percival et al., 2018,

Grasby et al., 2019; Gu et al., 2022).

In conclusion, Hg chemostratigraphy in Maastrichtian localities is promising, not only for tracking the
influence of Deccan volcanism before the K-Pg boundary, but also for detecting regional volcanic
episodes in poorly explored locations as the tropics, and testing likely links of these episodes with
climate variability. For example, Figure 3 suggests a likely relation between Maastrichtian volcanic
pulses and the hydroclimate changes in northern South America, suggested by the distribution of the
sedimentary Fe/K ratio (Stuut et al., 2005; Mulitza et al., 2008) at Hole 1258A. Less humid conditions
are tentatively associated with volcanic pulses of the early and middle Maastrichtian (Caribbean?,
Deccan 1), while the latest Maastrichtian volcanic pulse (Deccan 2) probably strengthened the

precipitation on low latitude regions. A revised chronology for the late Maastrichtian warming event
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at Site 1262 (Walvis Ridge), proposed synchronism between the onset of the main phase of Deccan
volcanism, with the late Maastrichtian warming event, about 300 k.y. before the K-Pg boundary

(Barnet et al., 2018).

To test the climatic and chronostratigraphic significance of the Hg concentration records in the latest
Cretaceous low latitude settings, we need to increase the number of high-resolution surveys in this
area, including open and shallow marine localities, as well as detailed geochemical tests (e.g., TOC and
trace metal concentrations, Hg isotopes) of the analyzed material. Suitable candidates could be the
deep-sea sediments of Gorgonilla Island (Colombian Pacific, Bermudez et al., 2019) or ODP sites such

as those on Shatsky Rise (Dameron et al., 2017) and Blake Nose (Martinez-Ruiz et al., 2001).
CONCLUSIONS

To track evidence of widespread volcanism during the latest Cretaceous we surveyed Hg
concentrations in three Maastrichtian low-latitude localities: (1) Core Diablito-1E (Coldn Formation,
northern Colombia), (2) Ocean Drilling Program (ODP) Hole 1258A (Demerara Rise, offshore Suriname)

and, (3) ODP Hole 1001B (Nicaraguan Rise, Caribbean Sea).

Mercury, Hg/TOC and H/S chemostratigraphy at Core Diablito-1E was problematic due to the
shallowing processes underwent by this sedimentary succession, and the poorly explored influence of
northern South American volcanism during the Maastrichtian. Stable carbon isotopes (83C) surveys
at the same core, the first of its type in Maastrichtian strata from this area, suggested that low latitude
sedimentary successions potentially recorded the MME global carbon cycle perturbation.
Furthermore, Hg, Hg/TOC and H/S chemostratigraphy at Holes 1258A and 1001B suggest the record
of at least three volcanic episodes during the Maastrichtian, likely related with proximal and/or distal
volcanic sources, such as from the Caribbean Plate volcanic arc, and Deccan volcanic pulses. Significant

Hg/TOC spikes were observed before the K-Pg transition, but not in the early Danian from Site 1001.
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Alguna vez se hacia un gran silencio sobre las aguas, presentiase el Acontecimiento y aparecia,
enorme, tardo, desusado, un pez de otras épocas, de cara mal ubicada en un extremo de la masa,
encerrado en un eterno miedo a su propia lentitud, con el pellejo cubierto de vegetaciones y pardsitos,
como casco sin carenar, que sacaba el vasto lomo en un hervor de rémoras, con solemnidad de galedn
rescatado, de patriarca abisal, de Leviatdn traido a la luz, largando espuma a mares en una salida a
flote que acaso fuera la seqgunda desde que el astrolabio llegara a estos parajes. Abria el monstruo sus
ojillos de paquidermo, y, al saber que cerca le bogaba un desclavado cayuco sardinero, se hundia
nuevamente, angustiado y medroso, hacia la soledad de sus trasfondos, a esperar algun otro siglo para
regresar a un mundo colmado de peligros.

El siglo de las luces

Alejo Carpentier



CHAPTER 6
FINAL CONSIDERATIONS

Low latitude marine environments underwent several environmental changes during the latest
Cretaceous (Maastrichtian, Figure 1). Those disturbances were recorded in both shallow marine and
deep-sea settings from northern South America (Tropical Atlantic), reflecting a complex combination
of widespread and regional oceanographic, tectonic and paleoenvironmental processes. Bearing in
mind the dynamic geological context of this area, two different paleoenvironmental settings were
investigated: (1) shallow marine successions of epicontinental seas from northern South America and

(2) deep ocean settings from the tropical Atlantic Ocean.

Integrated micropaleontological (foraminifers, calcareous nannofossils, ostracods) and geochemical
(elemental ratios) surveys of the Colén and Umir formations (Maastrichtian, Colombia) were
conducted to track environmental variations recorded in both units (CHAPTERS 1-2). In general,
microfossil assemblages and sediment elemental ratios (Zr/Rb, Fe/Ca, V/Cr, Sr/Ba, among others)
recorded a transition from inner platform settings, with moderately oxygenated bottom waters, to
sublittoral conditions, characterized by increased input of terrigenous material and weathering
intensity. This environmental shift developed on an extensive epicontinental sea setting, which
gradually disappeared due to global sea level fluctuations and the onset of the Andean orogeny, the
latter probably active since the Campanian. Despite possible sedimentological biases due to the retro-
gradational context of this region, this Maastrichtian record was likely sensitive to the paleoclimatic
disturbances (e.g., hydroclimate) that occurred before the K-Pg boundary extinction event. However,
to properly assess the influence of the tectonic processes due to Andean orogeny, future studies need
a robust chronostratigraphic framework. This was the case of the Aguablanca Creek section, where a
previously proposed unconformity (xenoconformity) for the early Maastrichtian was clearly identified

with microfossil and geochemical proxies.

Tropical deep-water masses also recorded changes in their physicochemical properties, but in this
case related to reconfigurations of global circulation during the Maastrichtian (CHAPTERS 3-4). High-
resolution analyses (benthic foraminifers, elemental ratios, carbon isotopes) at ODP Hole 1258A
(Demerara Rise), pointed out changes of intermediate to deep-water oxygenation and surface
productivity, as well as a sudden dissolution episode in the Maastrichtian. Typical deep-sea taxa such
as Aragonia, Nuttallides truempyi, Coryphostoma, Strictostomella, among others, and the distribution
of redox-sensitive trace metals (Ni, Cu), supported the presence of suboxic bottom water conditions,
with some oxygenation pulses during the mid-Maastrichtian event (MME). The MME, a major global

carbon cycle perturbation was identified with a high-resolution 8*3C record at the site. Fluctuations in
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silica and carbonate export via surface productivity, and a probable disturbance of regional
hydroclimate during the MME, were depicted by several sediment elemental ratios (log(Fe/Ca), Si/Ti,
Fe/K). These disturbances of local surface productivity and bottom water oxygenation recorded on
Demerara Rise were likely related to the MME and the onset of the late Maastrichtian warming event,
both linked to a stronger influence of high-latitude deep-waters on the tropics. In contrast, tracking
paleoenvironmental disturbances at ODP Hole 1001B (Nicaraguan Rise) was more challenging likely
due to diagenesis. Even though this issue hampered geochemical studies on microfossils, geochemical
analyses (elemental ratios, §3C) of bulk sediments allowed the identification of the K-Pg boundary.
Subtle changes of surface productivity and bottom water conditions during the late Maastrichtian
were also identified along the core. However, the record of the MME is still not certain at this site due

to low sampling resolution of the §3C record and possible biases of the available magnetostratigraphy.

Considering the presence of widespread volcanic activity during the Maastrichtian, Hg
chemostratigraphy was conducted in both the shallow marine and the deep ocean localities (CHAPTER
5). However, due to the lack of robust chronostratigraphic frameworks, retro-gradational processes
that characterize the Maastrichtian sedimentary successions, and the poorly studied influence of
Caribbean Plate volcanism, Hg concentrations could not be exclusively linked to Deccan volcanic
activity at Core Diablito-1E. In contrast, tracking the influence of volcanic activity on low latitude deep-
sea settings provided more robust correlations. The sedimentary records from Demerara Rise and
Nicaraguan Rise depicted significant Hg enrichment peaks along the Maastrichtian, which, based on
the proposed age models for these sites and comparisons with other Maastrichtian localities, support
the influence not only of Deccan volcanic episodes, but also of less studied volcanic pulses in the
Caribbean. In summary, Hg chemostratigraphy could allow future correlations between shallow and
deep marine sedimentary successions, as suggested in this thesis, and the role of widespread volcanic

processes on low latitude climate reveals itself as a key field for further studies.
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RESEARCH HIGHLIGHTS

e  First study with ostracods for the Coldn Formation, Colombia
e 14 marine ostracods species are identified, with likely endemism in some of them
e Ostracod assemblage indicative of two paleoenvironments: open marine and neritic

environment
ABSTRACT

In this paper, 14 ostracod species from Maastrichtian strata of Colombia (Coldn Formation, core La
Luna-3E) were described in detail. Assemblages were characterized by taxa assigned to the genera
Cytherella, Bairdoppilata, Argilloecia, Krithe, Loxoconcha, Sapucariella, among others, including some
endemic forms. Moreover, the ostracod association can be divided in two assemblages: the first in the
lower segment of the core, characterized by the dominance of species indicative of open marine
conditions with relatively cold waters; and the second assemblage, with a more diversified fauna
characteristic of neritic environments. This environmental shift is in concordance with previous
sedimentological and foraminiferal studies of the Colén Formation and coeval units from northern

South America.
INTRODUCTION

The late Cretaceous was a time of significant environmental changes recorded in the sedimentary
successions of northern South America. In general, units had been deposited in extensive
epicontinental seas since the late Albian (e.g., La Luna Sea), which gradually disappeared due to sea
level fluctuations and the onset of the Andean orogeny, especially since the Campanian-Maastrichtian
(Martinez and Hernandez, 1992; Villamil and Pindell, 1998; Erlich et al., 1999; Sarmiento-Rojas, 2019;

Montes et al., 2019; Bayona et al., 2020). Therefore, for the latest Cretaceous, marine settings
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underwent significant shifts, reflected by different depositional environments (e.g., coastal plains,

inner platforms) and the preserved biota.

Several studies have explored the micropaleontological the response of different groups to these
environmental changes, but mainly with a chronostratigraphic approach (e.g., Tchegliakova, 1996;
Vergara, 1997; Guerrero et al., 2000; Tchegliakova and Mojica, 2001; Yepes, 2001; Garzon et al., 2012;
Patarroyo et al., 2017; Navarrete et al., 2018). However, new studies have proposed a holistic
approach to better understand environmental disturbances at that time, integrating high-resolution
geochemical and sedimentological studies with the micropaleontological record (e.g., Bayona et al.,

2020; Carvalho et al., 2021; De La Parra et al., 2022; Patarroyo et al., 2022; Patarroyo et al., 2023).

This study summarizes the results of an ostracod survey from subsurface sedimentary rocks assigned
to the Coldn Formation (Maastrichtian; northeastern Colombia). This unit has been explored in detail
for several microfossil groups (Cushman and Hedberg, 1930, 1941; Sellier de Civrieux, 1952; Petters,
1955; Martinez, 1989; Malumian, 2010; Yepes, 2001; De La Parra et al., 2022; Patarroyo et al., 2017,
2022), but its ostracod content has been usually relegated to brief mentions. Therefore, detailed
taxonomic descriptions, as well as paleoenvironmental inferences based on this group, are proposed
for the first time for the latest Cretaceous of Colombia. We also integrate our new results with

previously published foraminiferal data for the same sedimentary core.
GEOLOGICAL SETTING

The Cesar-Rancheria Basin (northeastern Colombia; Figure 1) shared a similar geological evolution
with other inter-mountainous basins in northern South America. At least three tectonic phases
occurred during the Mesozoic in the basin: 1) an extensional regime spanning the late Paleozoic to the
early Cretaceous, with the emplacement of volcanoclastic rocks (La Quinta and Rio Negro formations);
2) development of clastic and carbonate successions on a passive margin during most of the
Cretaceous (Cogollo Group, La Luna Formation) and; 3) formation of a foreland basin during the late
Maastrichtian to Paleocene (Coldn, Catatumbo/Barco and Cuervos formations). Cenozoic sedimentary
successions were related to several uplifting event of the Andean orogeny (Ayala-Calvo et al., 2009;

Bayona et al., 2011).

The Coldn Formation is usually divided into two major stratigraphic intervals: The basal Socuy
Member, composed of moderately micritic levels and calcareous mudstones; and an uppermost
segment, which is composed of a monotonous succession of dark grey fine-grained rocks and sandy
intervals (Ayala-Calvo et al., 2009). A latest Campanian to Maastrichtian age has been proposed for

the entire Coldn Formation in both the Cesar-Rancheria and the Venezuelan Andes, mostly based on
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foraminiferal (planktonic and benthic) and palynological data (Cushman and Hedberg, 1930, 1941;
Sellier de Civrieux, 1952; Martinez, 1989; Yepes, 2001; Patarroyo et al., 2017; De La Parra et al., 2022).
So far, ostracod assemblages have been described in unpublished technical reports (Malumian, 2010),

and the core Diablito-1E (Figure 1; Patarroyo et al., 2022).

MATERIAL AND METHODS

Core La Luna-3E, drilled by Drummond Coal Company, is located in the Jagua de Ibirico locality (Cesar
Department, Colombia; 9°33’ N, 73°23" W). The cored interval spanned a thickness of 578.7 m,
recovering the Coldn, La Luna and Capacho formations (Figures 1, 2). At this site, the Coldn Formation
was originally described between 0 and 292.5 m, but based on foraminiferal analyses (Malumian,
2010; Torres et al., 2011), the La Luna-Coldn contact is located at 256.9 m (Figure 2). Both studies
identified the Pullenia cretacea (121-256.9 m) and Siphogenerinoides bramletti (0-121 m) regional
assemblage zones, following the definitions of Cushman and Hedberg (1941). Considering the
correlation of these assemblage zones with the standard planktonic foraminiferal zonation for the
Coldn Formation by Martinez (1989), the studied interval at the core La Luna-3E comprises the early

to Middle Maastrichtian (Gansserina gansseri to Abathomphalus mayaroensis foraminiferal zones).

All the ostracod material (n=22 samples; interval 13.7-211.8 m) was extracted of the analyzed samples
of Malumian (2010) and Torres et al. (2011). Samples of dry sedimentary rocks (20—30 g) were soaked
into a 5% hydrogen peroxide (H.02) solution for about 24 hours, washed over 63 um and 150 pm
sieves, and dried at 40°C (Sohn et al. 1965). Ostracod suprageneric classification of the extracted
material followed Scott (1961). Selected ostracod specimens were imaged using an EVOMA15 Zeiss
scanning electron microscope (SEM) at the Technological Institute for Paleoceanography and Climate

Change (itt Oceaneon — Unisinos University, Brazil).
RESULTS
Faunal aspects and species distributions

The analyzed samples yielded a total of 14 ostracod taxa, distributed in 12 genera and eight families:
Cytherellidae, Bairdiidae, Paracyprididae, Pontocyprididae, Cytherideidae, Loxoconchidae,
Pectocytheridae, and Trachyleberididae (supplementary material S1). Most of the taxa were identified
only at the genus level. Ostracod abundances were low (<6 individuals/sample), and, in some cases,
specimens were not well preserved, making it difficult to identify taxa at the species level. Levels with
poor ostracod preservation occurred at 47.7 m, 58.4 m, 102.4 m, 110.3 m, 202.7 m, 208.8 m and 211.8

m at core La Luna-3E.
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Despite low abundances, ostracod assemblages were diverse. The identified taxa were Cytherella sp.,
Bairdoppilata sp., Paracypris sp. sensu Patarroyo et al., 2022, Argilloecia sp. 1, Argilloecia sp. 2, Krithe
sp. 1, Krithe sp. 2, Loxoconcha sp., Munseyella sp., Sapucariella sp. sensu Patarroyo et al., 2022,
Paragrenocythere sp., Trachyleberis sp., Langiella reymenti (Neufville, 1973), Platycythereis? sp., and
one undetermined genus (Figures 2, 3, 4). The most abundant species was Langiella reymenti with
four specimens and the most diverse family was Trachyleberididae with five species (see

supplementary material S1).

In general, the ostracod assemblages in the core La Luna-3E are characteristic of marine environments.
Despite low abundances, two main ostracod assemblages were identified in the studied core, based

on the species distributions (Figure 2):

Assemblage 1 occurs between 169.2 m. and 63 m. This assemblage displays higher species richness
than assemblage 2, and low abundances. Characteristic ostracod species are Krithe sp. 1, Krithe sp. 2,
Argilloecia sp. 1, Argilloeica sp. 2, Paragrenocythere sp., Paracypris sp. sensu Patarroyo, et al., 2022,

Bairdoppilata sp., Langiella reymenti, and Loxoconcha sp.

Assemblage 2 occurs between the depths of 58.4 m and 13.7 m. This assemblage displays lower
species richness but higher abundance, when compared with assemblage 1. Ostracods that compose
this association are Krithe sp. 2, Paragrenocythere sp., Langiella reymenti, Platycythereis? sp.,

Sapucariella sp. sensu Patarroyo et al., 2022, Cytherella sp., Munseyella sp., and Gen. et. sp. indet.
Systematic paleontology

The studied material is housed in the paleontological collection of the Museu de Histdria Geoldgica do
Rio Grande do Sul, Universidade do Vale do Rio dos Sinos, Brazil, under the prefix ULVG: 12925 to
12943. Abbreviations are: L, length; H, height; W, width.

Class OSTRACODA Latreille, 1806
Order PLATYCOPIDA Sars, 1866
Suborder PLATYCOPINA Sars, 1866
Family CYTHERELLIDAE Sars, 1866
Genus CYTHERELLA Jones, 1849

Cytherella sp.

152



Fig. 3A-B
Material. One specimen from sample 21.3 m.
Dimensions. Carapace from sample 21.3 m; ULVG: 12925; L.: 0.781 mm; H.: 0.478 mm.

Remarks. Although this specimen was laterally crushed, it is similar to Cytherella sp.1 sensu Piovesan
et al. (2009), recovered from the lower Maastrichtian of Para-Maranhdo Basin, northeastern of Brazil.
Cytherella sp. is characterized by having a posteroventral overlap, absent in the aforementioned
species (Piovesan et al., 2009). Cytherella sp. is also similar to Cytherella cf. C. piacabucuensis identified
in the middle-upper part of the Colén Formation (middle to late Maastrichtian) at core Diablito-1E
(Patarroyo et al., 2022). Although both species are poorly preserved, the characteristic overhang

present in the dorsal region of C. piacabucuensis Neufville, 1973, is absent in Cytherella sp.

Order PODOCOPIDA Sars, 1866

Suborder PODOCOPINA Sars, 1866

Superfamily BAIRDIOIDEA Sars, 1888

Family BAIRDIIDAE Sars, 1888

Genus BAIRDOPPILATA Coryell et al., 1935

Bairdoppilata sp.

Fig. 3C-D

Material. One specimen from sample 144.8 m.

Dimensions. ULVG: 12926; L.: 1.102 mm H.: 0. 751 mm; W.: 0.553 mm.

Remarks. It is difficult to compare this species with other taxa since it is broken. However, it resembles
the species Bairdia sp. Majoran, 1999, (pl.1, fig. 4). identified in the Maastrichtian succession at Ocean
Drilling Project (ODP) Site 1052, in the Western North Atlantic, but differing in a less truncated anterior

region, and a more convex ventral margin.

Superfamily CYPRIDOIDEA Baird, 1845

Family PARACYPRIDIDAE Sars, 1923
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Genus PARACYPRIS Sars, 1866

Paracypris sp. sensu Patarroyo et al., 2022

Fig. 3E-F

2022 Paracypris sp. Patarroyo et al., fig.5a-b.

Material. One juvenile specimen from sample 158.5 m.

Dimensions. Carapace from sample 158.5 m; ULVG: 12927; L.: 0.411 mm; H.: 0.202 mm; W.: 0.145

mm.

Remarks. It differs from Paracypris sp. sensu Donze et al., 1982 (pl. 2, fig.7) by having a less developed
overlap, and a shorter posterior margin. Paracypris sp. was identified in the middle-upper part of the
Coldn Formation (middle to late Maastrichtian) at core Diablito-1E. The small differences in size and
the overlap between Paracypris sp. (Patarroyo et al., 2022) and the specimen found herein is due to

the fact that the latter is a juvenile.

Family PONTOCYPRIDIDAE Miiller, 1894

Genus ARGILLOECIA Sars, 1866

Argilloecia sp. 1

Fig. 3G-I

Material. Two specimens from sample 169.2 m.

Dimensions. Valve, right lateral view (fig. 3G); ULVG: 12928; L.: 0.390 mm; H.: 0.145 mm; Carapace,
left lateral view (fig. 3H); ULVG: 12929; L.: 0.412 mm; H.: 0.153 mm; W.: 0.121mm.

Remarks: It is similar to Macrocypris sp. (Donze et al. 1982, pl. 2, fig. 6) identified from Maastrichtian
strata at La Coupe du Kef, Tunisia (Donze et al., 1982). It differs from the latter in the size, being much

smaller in the overlap, having a less arched dorsal region, and a less acuminated posterior region.

Argilloecia sp. 2
Fig. 3J-K

Material. Three specimens from samples 63 m and 66 m.
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Dimensions. Carapace from sample 63 m; ULVG: 12930; L.: 0.466 mm; H.: 0.198 mm W.: 0.153 mm

(lost).

Remarks. It differs from Macrocypris longana Bold, 1960, which was also identified by Piovesan et al.
(2009; pl.1, fig. 13) in Maastrichtian units of the Pard-Maranhdo Basin, by being smaller, having a

concave ventral margin, and a more arched dorsal margin.

Family CYTHERIDEIDAE Sars, 1925

Subfamily KRITHINAE Mandelstam in Bubikyan, 1958

Genus KRITHE Brady et al., 1874

Krithe sp. 1

Fig. 3L-M

Material. Two specimens from samples 63 m and 169.2 m

Dimensions. Carapace from sample 63 m (fig. 3L); ULVG: 12931; L.: 0.752 mm, H.: 0.372 mm, W.: 0.291.

Remarks: It differs from Krithe crepidus Ceolin and Whatley, 2015 (Fig. 5R and figs. 6A-C), identified in
Danian strata of Neuquén Basin, Argentina (Ceolin et al., 2015), by the absence of overlap in the
anterior margin, being more developed in the ventral and posterodorsal regions. Differs from Krithe
sp. 2 of this study in being more rounded, with the overlap developed in the ventral margin, and a
more subtle posterior region. Differs from Krithe guatemalensis van den Bold in Neufville, 1979 (Fig.
6, 4a-c) by the absence of overlap in anterior margin, having a less arched dorsal margin, and having

a more inflated carapace in dorsal view.

Krithe sp. 2
Fig. 3N-O
Material. Two specimens from samples 29.7 m and 169.2 m

Dimensions. Carapace from sample 29.7 m (fig. 30); ULVG: 12932; L.: 0.789 mm; H.: 0.418 mm; W.:
0.294 mm.

Remarks: It differs from Krithe nibelaensis Dingle, 1985 (fig. 31a-f), identified in Campanian strata of

the Nibela Peninsula, South Africa, by having a more acuminated anterior margin in dorsal view, and
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a bigger size. It differs from Krithe sp. P1 (Viviers et al., 2000; fig. 16, 15-16), identified in Cretaceous
rocks of the Potiguar Basin, Northeastern of Brazil, by having a more compressed carapace, overlap in

the ventral margin, and a more acuminated anterior region in dorsal view.

Family LOXOCONCHIDAE Sars, 1925

Genus LOXOCONCHA Sars, 1866

Loxoconcha sp.

Fig. 3P-R

Material. One carapace from sample 63 m.

Dimensions. ULVG: 12933; L.: 0.310 mm; H.: 0.179 mm; W.: 0.162 mm.

Remarks: It differs from Loxoconcha corrugata Alexander in Neufville, 1979 (pl. 7, fig. 9a-b) in
presenting a more elongated outline, a less compressed anterior end in dorsal view, more acuminated
posterior end, and thicker ribs. It differs from Loxoconcha mariafarinhensis Fauth et al. (2005, fig. 7,
7-12), identified in Danian strata of the Paraiba Basin, Brazil, in the pattern and position of ribs, which

are more developed, and also in dorsal view, with the posterior end more acuminated.

Family PECTOCYTHERIDAE Hanai, 1957

Genus MUNSEYELLA Van den Bold, 1957b

Munseyella sp.

Fig. 3S-T

Material. One carapace from sample 13.7 m.

Dimensions. ULVG: 12934; L.: 0.395 mm; H.: 0.230 mm; W.: 0.206 mm.

Remarks: It differs from Munseyella costaevermiculatus Ceolin and Whatley, 2015 (fig.10 C-F),
described for the Maastrichtian interval of the Neuquén Basin, Argentina, in being more compressed,

and in the distribution pattern of the ribs.

Family BRACHYCYTHERIDAE Puri (1954).
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Subfamily BRACHYCYTHERINAE Puri (1954).

Genus SAPUCARIELLA Puckett et al. (2016).

Sapucariella sp. sensu Patarroyo et al., 2022

2022 Sapucariella sp. Patarroyo et al., fig. 5, 8a-b

Fig.4A-D

Material. Two specimens from samples 13.7 m and 24.4 m.

Dimensions. Carapace from sample 24.4 m; ULVG: 12935; L.: 0.893 mm; H.: 0.589 mm; W.: 0.522 mm;
valve from sample 13.7 m; ULVG: 12936; L.: 0.936 mm; H.: 0.577 mm.

Remarks: It differs from Sapucariella sp. 2, identified by Piovesan et al. (2009; pl. ll, fig. 15)
(Brachycythere sp. 2 in their usage) to be shorter and less inflated ventrolaterally, with a shorter caudal
process. It differs from Brachycythere sp. P1 aff. B. oguni Reyment, 1960 in Viviers et al. (2000; fig. 11,
19-20) by having punctuations on the surface, ventral margin less inflated, and being less inflated in
dorsal view. Most likely this is a new species. However, due to the scarcity of material, it is not possible
to describe it herein. This species has been also recorded within the Maastrichtian interval at Core

Diablito-1, Cesar-Rancheria Basin, Colombia (Patarroyo et al., 2022, fig.5, 8a-b).

Family TRACHYLEBERIDIDAE Sylvester-Bradley, 1948

Genus Paragrenocythere Benson, 1974

Paragrenocythere sp.

Fig. 4E-I

Material. Five specimens from samples 38.4 m and 158.5 m.

Dimensions. Carapace, female from sample 38.4 m (figs. 4E-G) ULVG: 12937; L.: 0.954 mm; H.: 0.571
mm; W.: 0.478 mm; carapace, male from sample 158.5 m (figs. 4H, 1); ULVG: 12938; L.: 1.129 mm; H.:
0.551 m; W.: 0.486 mm.

Remarks. Differs from Paragrenocythere gravis Al-Furaih, 1980, described to Aruma Formation,
Maastrichtian of Saudi Arabia (Al-Furaih, 1984; pl. 2, fig. 5) in a less developed ornamentation and the
ocular tubercle, and overlap more pronounced in the posterodorsal, dorsal and anterodorsal regions,

and in having a more acute posterior margin.
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Genus Trachyleberis Brady, 1898

Type species. Cythere scabrocuneata Brady, 1880

Trachyleberis sp.

Fig. 4)-L

Material. One carapace from sample 98 m.

Dimensions. ULVG:12939; Carapace, L.: 0.924 mm; H.: 0.480 mm; W.: 0.443 mm.

Remarks. It differs from Acanthocythereis multispinosa Al-Furaih, 1984, described for the
Maastrichtian of Aruma Formation, Saudi Arabia (Al-Furaih, 1984, pl.1, fig.1-2), by presenting a less
acute posterior margin, the absence of an ocular tubercle and having a less spinose carapace. It is,

most likely, a new species.

Subfamily Thaerocytherinae Hazel, 1967

Genus Langiella Fauth et al., 2005

Type species. “Henryhowella” reymenti Neufville, 1973

Langiella reymenti (Neufville, 1973)

Fig. 4M-O

1973. “Henryhowella” reymenti Neufville, p. 89-91, pl. 5, fig. 1a-c.

1979. “Henryhowella” reymenti Neufville. - Neufville, p.151-152, pl. 5, fig. 2a-c.

2005. Langiella reymenti (Neufville) Fauth et al. - Fauth et al., p. 297, fig. 6 (9,12-16).

2009. Langiella reymenti (Neufville, 1973) Fauth et al. — Piovesan et al., p. 444, PI. 1, fig. 11.
Material. Six carapaces from samples 15.2 m, 21.3 m; 24.4 m, 29.6 m, 38.4 m, and 121 m.

Dimensions. Carapace, right view, (fig. 4M), ULVG: 12940; L.: 0.828 mm; H.: 0.481 mm; W.:0.333;
carapace, left view (fig. 40); ULVG: 12941; L.: 0.839 mm; H.: 0.466 mm; W.: 0.480 mm.

Remarks. This species was originally described for the Danian interval of the Sergipe-Alagoas and
Pernambuco basins (northeastern Brazil; Neufville, 1973; Fauth et al., 2005), and later identified in

Maastrichtian strata of the Para-Maranh&o Basin (northern Brazil; Piovesan et al., 2009).
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Subfamily TRACHYLEBERIDINAE Sylvester-Bradley, 1948

Genus Platycythereis Triebel, 1940

Platycythereis? sp.

Fig. 4P-R

Material. Two specimens from sample 55.3 m.

Dimensions. Carapace from sample 55.3 m; ULVG: 12942; L.: 0.921 mm; H.: 0.444 mm; W.: 0.354 mm.

Remarks. It. Differs from Patycythereis minuita Damote, 1971 (pl.3, figs.17a-c), described for
Cenomanian strata of Dordogne, France, by having more compressed dorsal and anterior regions, and

being more elongated, as well as more compressed anteriorly, in dorsal view.

INDETERMINATE TAXA

Gen et sp. indet.

Fig. 4S

Material. Two carapaces from sample 29.6 m.
Dimensions. ULVG: 12943; L: 0.769 mm H: 0.411 mm.

Remarks. The scarcity of material and poor preservation of the specimens hampers a proper
identification of this taxon. It might have affinity to the genus Langiella, though the diagnostic ventral

and anterior regions are not preserved.
DISCUSSION

Paleoecological preferences of taxa assigned to assemblage 1, mostly the predominance of the genera
Argilloecia and Krithe, allow us to draw paleoenvironmental inferences for the interval between 169.2
m. and 63 m at core La Luna-3E. The genus Argilloecia usually occurs in larger abundances in a marine
context of relatively deep waters (infra-neritic and bathyal; Morkhoven, 1963). The genus Krithe is
exclusively marine found in infra-littoral to deep-water environments, usually associated to carbonate
substrate (Morkhoven, 1963; Andreu, 1992; Andreu et al., 2013). Therefore, this genus has been
extensively studied due to its possible applications for reconstructing oxygen levels, paleobathymetry

and paleotemperature. For instance, studies on the size of vestibules of Krithe species suggested that
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the size of the anterior vestibule has a direct relationship with the dissolve oxygen levels in the water
(Peypouquet, 1975; Puckett, 1997). However, studies by Whatley and Zhao (1993), Zhao and Whately
(1997) and Coles at al. (1994), found no evidence of this relationship. In Late Cenozoic records from
the North Atlantic, Coles et al. (1994) recognized the genus as being mainly restricted to low energy
substrates in shallow waters, but being highly diversified and abundant in bathyal to abyssal depths.
In Holocene records, it was observed that Krithe had a preference for deep water settings, once its
abundances increase alongside depth (Dingle et al., 1990). According to Dingle (1980), the presence
of Argilloecia and Krithe may suggest the influence of deeper and cooler waters, which is our overall

paleoenvironmental interpretation for the interval assigned to assemblage 1 at core La Luna-3E.

The presence of the genus Paracypris, also occurring in assemblage 1, has already been recognized in
the studied area, at the more proximal core Diablito-1E (Patarroyo et al., 2022). At that core, it
occurred associated with benthic foraminiferal assemblages indicative of shallow marine
environments (dominated by benthic agglutinated foraminifera). The genus Bairdoppilata, with only
one occurrence at the core (14.8 m), features a wide environmental distribution, extending from very
shallow to very deep waters (Morkhoven, 1963; Maddocks, 1969), and having greater abundances in
warm and shallow carbonate environments (Kornicker, 1961; Horne, 2005). Loxoconcha, another
found taxa at core La Luna-3E, is a cosmopolitan genus, common in shallow marine environments
(Morkhoven, 1963; Cronin et al., 2005). A similar association with the taxa Argilloecia, Paracypris,
Bairdoppilata and Loxoconcha was described for the Maastrichtian interval of the Para-Maranhao
Basin (Brazil) in a neritic environment (Piovesan et al., 2009). Moreover, in the Barreirinhas Basin
(Brazil; Santos-Filho et al., 2017) ostracod assemblages with the dominance of Argilloecia, Krithe, and

Paracypris were identified for Turonian-Coniacian middle neritic (shelf) environments.

As referred above, ostracod assemblage 2 at core La Luna-3E is composed of genus Krithe sp. 2,
Paragrenocythere sp., Langiella reymenti, Platicythereis? sp., Sapucariella sp. sensu Patarroyo et al.,
(2022), Cytherella sp., Munseyella sp., and Gen. et. sp. indet. Although it is a mixed fauna, with the
presence of several species assigned to different families, there is a predominance of the family
Trachyleberididae, specifically of the species Langiella reymenti and Paragrenocythere sp. This family
is more abundant in open marine environments with normal salinity and many of its species display
strong ornamentation and visible ocular tubercles, characteristics of species that inhabit the photic
zone, and live on surface sediments of shelf environments (Morkhoven 1963, Fauth et al. 2002). At
core La Luna-3E, we also observed an association of the genera Sapucariella, Cytherella and
Munseyella that have been previously recorded at core Diablito-1E (Patarroyo et. al., 2022). Moreover,

the presence of Sapucariella indicates well oxygenated environments (Piovesan et al., 2014).
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To further explore the paleoenvironmental significance of ostracod assemblages at core La Luna-3E,
we also considered the stratigraphic distribution of selected foraminiferal morphogroups from
Malumian (2010) and Torres et al. (2011) for the same core (Figure 5). A general survey of the
agglutinated taxa indeed suggests an environmental shift above 50 m at core La Luna-3E, where
relative abundances of agglutinated taxa decrease from ~60% to <15%. Intervals in the middle part of
the core (113.4-118 m, 125.9-151.2), with higher relative abundances of agglutinated taxa (>40% of
total abundance) could have been related with dissolution episodes, or moderate eustatic changes
since benthic foraminiferal diversity remained high (Malumian, 2010; Torres et al., 2011). A similar
decreasing-upward trend is observed for relative abundances of keeled planktonic taxa (e.g.,
Globotruncana, Contusotruncana), which slightly decrease from 15% to <10% in the upper segment of
the core (13.7 - 49.2 m). Notwithstanding, planktonic assemblages at core La Luna-3E indicate open
marine conditions (middle to inner shelf settings) along the studied interval, where the assemblages
are mainly dominated by heterohelicids (Braunella, Planoheterohelix, Pseudoguembelina) as indicated
in Figure 5. The presence of radiolarians in the studied interval is also an indicative of relatively deep

waters, according to Malumian (2010).

In summary, our new and compiled data indicate open marine paleoenvironmental conditions for the
studied interval, likely grading upward from middle to inner shelf settings. Stable physicochemical
water properties, such as salinity and oxygenation, could be inferred for most of the deposition of
Maastrichtian sediments at core La Luna-3E, based on the described ostracod assemblages and the
previously published foraminiferal data. The paleoenvirromental significance of the higher
abundances of agglutinated foraminiferal taxa for the middle part of the core must be explored with
more detailed foraminiferal analyses and geochemical proxies (e.g., Sr/Ba as a paleosalinity proxy).
Eventually, the Coldn Formation continues this shallowing-upward trend in its upper portion, which is
not recorded at core La Luna-3E. Micropaleontological (foraminifers, calcareous nannofossils, and
palynomorphs), sedimentological and geochemical studies have recorded this environmental shift
from inner shelf settings to more restricted marine, and even continental ecosystems in the
uppermost Colén Formation (Cushman and Hedberg, 1941; Martinez, 1989; Yepes, 2001; Ayala-Calvo
et al., 2009; De La Parra et al., 2022; Patarroyo et al., 2022). This shallowing process has been also
identified in other inter-mountainous basins in northern South America, and related to global eustatic
sea level changes at the end of the Maastrichtian, as well as the early stages of the Andean orogeny

(e.g., Tchegliakova 1995, Sarmiento-Rojas, 2019; Bayona et al., 2020; Patarroyo et al., 2023).
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CONCLUSIONS

A total of 14 ostracod species were identified and described in detail for the first time for the
Maastrichtian marine successions of northern Colombia. The studied interval of core La Luna-3E
records the Colén Formation, and allowed the definition of two ostracode assemblages: (1) an open
marine, with likely colder waters, basal (169.2-63.0 m) assemblage dominated by taxa such as Krithe
sp. 2, Argilloecia sp., Bairdoppilata sp.; (2) an uppermost, ostracod assemblage with a the
predominance of species assigned to the Trachyleberididae family (Langiella reymenti and
Paragrenocythere sp.), which suggest an upward shallowing trend. This environmental shift was also
recorded by previously published foraminiferal data, and illustrates the first stages of a regional
retrogradational process recorded by upper Cretaceous sedimentary successions of northern South

America.
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Figure 3. Ostracod species recovered from core La Luna-3E, Cesar-Rancheria Basin, northeast Colombia. A-B.
Cytherella sp., ULVG 12925; A, adult, carapace, left lateral view; B, dorsal view. C-D. Bairdoppilata sp., ULVG
12926, C, adult, carapace, left lateral view; D, dorsal view. E-F, Paracypris sp. sensu Patarroyo et al., 2022; ULVG
12927, E, carapace, right lateral view, F, dorsal view. G-I, Argilloecia sp. 1, ULVG 12928; G, adult, carapace, right
lateral view, H, ULVG 12929, adult, carapace, left lateral view, |, dorsal view. J-K, Argilloecia sp. 2, ULVG 12930;
J, adult, carapace, left lateral view; K, dorsal view. L-M, Krithe sp.1, ULVG 12931, L, adult, carapace, right lateral
view, M, dorsal view. N-O, Krithe sp. 2, ULVG 12932; N, carapace, adult, dorsal view, O, carapace, adult right
lateral view. P-R, Loxoconcha sp., P, ULVG 12933, P, adult, carapace, right lateral view, Q, left lateral view, R,
dorsal view. S-T, Munseyella sp., S, ULVG 12934 adult, carapace, right lateral view, T, dorsal view. All scale bars

represent 100 um.
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Figure 4. Ostracod species recovered from core La Luna-3E, Cesar-Rancheria Basin, northeast Colombia. A-D.
Sapucariella sp. sensu Patarroyo et al. 2022, ULVG 12935 A, carapace, right lateral view, B, valve, left lateral
view, ULVG 12936; C, valve, internal view; D, carapace, dorsal view. E-I. Paragrenocythere sp., ULVG 12937, E,
adult, carapace, female, left lateral view; F, carapace, ULVG 12938, female, right lateral view; G, female, dorsal
view; H, carapace, male, right view; |, dorsal view. J-L. Trachyleberis sp. ULVG 12939; J, carapace, right lateral
view, K, dorsal view; L, carapace, left lateral view. M-O. Langiella reymenti (Neufville, 1973) ULVG 12940, M,
adult, carapace, right lateral view; N, dorsal view, O, ULVG 12941; left lateral view. P-R, Platycythereis sp., ULVG
12942; P, adult carapace, left lateral view, Q, adult, carapace, right lateral view, R, dorsal view. S, Gen et sp.

indet., ULVG 12943, adult, carapace, left lateral view. All scale bars represent 100 um.
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Figure 5 General distribution of microfossils at Core La Luna-3E. a) Distribution of the ostracod assemblages 1

and 2 (63-169.2 m; 13.7-58.4 m). b) Relative abundances of the calcareous and agglutinated benthic

foraminifers. c) Relative abundances of the keeled planktonic foraminifers. d) Relative abundances of the biserial

(Heterohelicids) foraminifers. Foraminiferal data from Malumian (2010) and Torres et al. (2011).
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SUPPLEMENTARY MATERIAL

Supplementary material S1. Quantitative analyses of the total amount of genera belonging to the

different families of ostracods recovered for the Maastrichtian interval, showing the dominance of the

Trachyleberididae family.

Families

[

u Cytherellidae = Bairdiidae = Paracyprididae » Pontocyprididae

m Cytherideidae = Loxoconchidae m Pectocytheridae = Trachyleberididae

173



SUPPLEMENTARY MATERIAL

CHAPTER 1

Table S1 Total foraminifer counts of Core Diablito-1.

Table S2 Total calcareous nannofossil counts of Core Diablito-1.
Table S3 Total ostracod counts of Core Diablito-1.

Table S4 Geochemical data (XRF analyses) of Core Diablito-1.
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Figure S1 Cross-plot of Sr/Ba ratio and normalized (NMS) Ca intensity at core Diablito-1.

Foraminiferal reference list

Guembelitria cretacea Cushman, 1933

Laeviheterohelix dentata (Stenestad, 1968)
Planoheterohelix globulosa (Ehrenberg, 1840)
Rugoglobigerina macrocephala Bronnimann, 1952
Alabamina creta (Finlay, 1940)

Anomalina nelsoni Berry, 1929

Ammobaculites colombiana Cushman and Hedberg, 1930
Coryphostoma incrassata (Reuss, 1851)

Evolutinella flageri Cushman and Hedberg, 1941
Gavelinella correcta (Carsey, 1926)

Gavelinella henbesti (Plummer, 1936)

Gavelinella pinguis (Jennings, 1936)

Gavelinella spissocostata (Cushman, 1938)
Haplophramoides excavatum Cushman and Waters, 1927

Haplophragmoides glabra Cushman and Waters, 1927



Lenticulina muensteri (Roemer, 1839)

Loxostomum minutissimum (Spandel, 1929)

Nonionella austiniana Cushman, 1933

Praebulimina carseyae (Plummer, 1931)

Praebulimina kickapoensis (Cole, 1938)

Rzehakina epigona (Rzehak, 1895)

Siphogenerinoides bramletti Cushman, 1929

Siphogenerinoides parva Cushman, 1929

Nannofossil reference list

Ahmuellerella regularis (Gorka, 1957) Reinhardt and Gérka, 1967
Ahmuellerella octoradiata (Gérka, 1957) Reinhardt, 1966
Arkhangelskiella cymbiformis Vekshina, 1959

Arkhangelskiella maastrichtiensis Burnett, 1997

Biscutum constans (Gérka, 1957) Black in Black and Barnes, 1959
Calculites obscurus (Deflandre, 1959) Prins and Sissingh in Sissingh, 1977

Cervisiellla operculata (Bramlette and Martini 1964) Streng, Hildebrand-Habel and Williams
2004

Cervisiella saxea (Stradner 1961) Hildebrand-Habel, Willems, and Versteegh 1999
Chiastozygus amphipons (Bramlette and Martini, 1964) Gartner, 1968
Chiastozygus litterarius (Gérka, 1957) Manivit, 1971

Cribrosphaerella ehrenbergii (Arkhangelsky, 1912) Deflandre in Piveteau, 1952
Cyclagelosphaera reinhardetii (Perch-Nielsen, 1968) Romein, 1977

Eiffelithus gorkae (Stover, 1966) Perch-Nielsen, 1968

Eiffelithus turrisseiffelii (Deflandre in Deflandre and Fert, 1954) Reinhardt, 1965
Helicolithus anceps (Gérka, 1957) Noél, 1970

Helicolithus compactus (Bukry, 1969) Varol and Girgis, 1994

Helicolithus trabeculatus (Gérka, 1957) Verbeek, 1977

Kamptnerius magnificus Deflandre, 1959

Loxolithus armilla (Black in Black and Barnes, 1959) Noél, 1965

Microrhabdulus decoratus Deflandre, 1959

Micula adumbrata Burnett, 1997



Micula concava (Stradner in Martini and Stradner, 1960) Verbeek, 1976

Micula cubiformis Forchheimer, 1972

Micula staurophora (Gardet, 1955) Stradner, 1963

Micula swastica Stradner and Steinmetz, 1984

Placozygus fibuliformis (Reinhardt, 1964) Hoffmann, 1970

Prediscosphaera cretacea (Arkhangelsky, 1912) Gartner, 1968

Prediscosphaera spinosa (Bramlette and Martini, 1964) Gartner, 1968
Prediscosphaera stoveri (Perch-Nielsen, 1968) Shafik & Stradner, 1971
Retecapsa crenulata (Bramlette and Martini, 1964) Grin in Griin and Allemann, 1975
Retecapsa surirella (Deflandre and Fert, 1954) Griin in Griin and Allemann, 1975
Rhagodiscus angustus (Stradner, 1963) Reinhardt, 1971

Rhagodiscus reniformis Perch-Nielsen, 1973

Rhagodiscus splendens (Deflandre, 1953) Verbeek, 1977

Staurolithites laffittei Caratini, 1963

Staurolithites mielnicensis (Gérka, 1957) Perch-Nielsen, 1968 sensu Crux 1982
Tetrapodorhabdus decorus (Deflandre in Deflandre and Fert, 1954) Wind and Wise 1983
Watznaueria barnesiae (Black in Black and Barnes, 1959) Perch-Nielsen, 1968
Zeugrhabdotuus erectus (Deflandre in Deflandre and Fert, 1954) Reinhardt, 1965
Ostracod reference list

Cytherella cf. C. piacabucuensis Neufville 1973

Cytherella sp. 1

Cytherella sp. 2

Buntonia sp.

Paracypris sp.

Munseyella sp.

Cythereis sp.

Sapucariella sp.

Paracosta sp.

Veenia sp.

Gen. et sp. Indet. 1

Gen. et sp. Indet. 2



TABLE S1 TOTAL FORAMINIFER COUNTS OF CORE DIABLITO (COUNTS)

Depth (ft) Depth (m) Globigerinelloides spp. Guembelitria cretacea Guembelitria spp. Heterohelicidae indet. Laeviheterohelix dentata Laeviheterohelix spp. Muricohedbergella spp. Muricohedbergella? spp. Planoheterohelix globulosa Rugoglobigerina macrocephala Alabamina creta Anomalina nelsoni Anomalina spp. Ammobaculites colombiana Ammobaculites sp2 Coryphostoma incrassata Dentalina spp. Evolutinella flageri Evolutinella spp. Gavelinella correcta Gavelinella henbesti Gavelinella pinguis Gavelinella spissocostata Gavelinella spp. Haplophramoides excavatum Haplophragmoides glabra Haplophragmoides sp2 Haplophragmoides spp. Lenticulina muensteri Loxostomum minutissimum Nonionella austiniana Osangularia spp. Praebulimina carseyae Praebulimina kickapoensis Rotaliina Indet. Rzehakina epigona Rzehakina spp. Siphogenerinoides bramletti ~Siphogenerinoides cf. bramletti Siphogenerinoides parva Textulariina Indet. Total foraminifera Bivalve remains Bivalve remains? Charophytes Diatoms? Echinoids (fragments) Echinoids (espines) Fish remains Fish tooth Gastropodes Ostracodes (molds) Ostracodes (molds?) Ostracodes (valves) Otholiths Plant remains Chert fragments Glauconite Phosphates Pyrite Siderite
1848.7 563.5 1 2

3 4 4 4 2
1883.1 574 17 2 3 1 10 1 34 16 2 3 6 6 3 3
1893.11 577 1 2 3
1900 579.1 1 5 6 1 2 1
1914.31 583.5 1 2 1 1 1 6 1
1926.17 587.1 3 1 1 4 9 1 2
1940.3 591.4 1 3 4 1
1950.5( 594.5 4 2 1 5 2 14 3 16 4 51 1 14
1952.71 595.2 1 1 7 1 2 1 8 2 3 2 7 1 36 13 1 2 7 1 1 9 1 3 13
1962.87 598.3 1 4 2
1973.6 601.6 18 10 1 2 4 1 3 2 8 1 3 4 2 59 1 5 3
1987.1 605.7 1 4 1 6 9 2 3 3
1997.5H 608.8 1 1 2 8 3 4 4 1 1 1 3 29 1 1 1 7 1 4 3
2002 610.2 1 1 1 3 1 64 6
2013.9 613.8 2 1 10 2 3 18 9 5 9 44 2 6 1
2027 617.8 1 1 30 1 4 1 3 2 1 44 4 3 1 1 1
2041 622.1 1 3 1 1 2 1 10 2 5 5 6
2059.41 627.7 1 5 2 2 2 2 1 15 1 2 2
2072.81 631.8 21 1 1 1 1 1 3 14 1 44 1 1
2084.5( 635.4 9 4 1 12 1 27 1
2093.21 638 1 2 1 1 1 6 2
2109 642.8 2 2 14
2123 647.1 2 1 1 4 1 2 2 1 2 16 13 1
2138 651.7 2 1 2 1 1 7
2155 656.8 3 1 1 1 2 2 2 5 3 24 1 1
2170.6 661.6 49 1 1 1 1 2 2 6 2 1 1 1 1 1 3 4 86 2
2176.5 663.4 2 6 17 15 2 3 1 1 8 1 2 1 6 1 4 73 5 2 2 1 2 25 8
2183.5 665.5 4 1 5 5 5 15 16
2194.3 668.8 58 14 1 4 1 1 1 1 1 84 1 1 2
2208.5 673.2 27 5 1 2 9 44 1 1 4 1
2219.5 676.5 6 6 1 3 16 1 12 1 1
2230.5 679.9 27 12 1 1 1 8 1 52 1 1 3 5
2240 682.8 2 1 1 5 3 6 1 2 1
2250.5 686 49 18 1 8 76 4
2260.5 689 10 1 1 1 2 6 7 1 1 30 2
2270.5 692 7 6 1 3 17 1 1 4
2280.3 695 1 5 1 1
2290.5 698.1 1 1 1 1 2 1 4 2 2 2 1 18 1 6 2 1 71 9
2293.5 699.1 0 3 59 16
2301.4 701.5 1 1 1 18 7 1 29 1 4 1 1 4 10




TABLE S1 TOTAL FORAMINIFER COUNTS OF CORE DIABLITO (DIVERSITY)
Depth (ft) Depth (m) Taxa_S Individuals Dominance_D Simpson_1-D Shannon_H Evenness_e”™H/S Brillouin Menhinick Margalef Equitability_J Fisher_alpha Berger-Parker Chao-1

1848.7 563.5 2.0 3.0 0.5556 0.4444 0.6365 0.9449 0.3662 1155.0 0.9102 0.9183 2622.0 0.6667 2.0
1883.1 574.0 6 34 0.3495 0.6505 1,295 0.6084 1,103 1,029 1,418 0.7226 2,114 0.5 6.5
1893.11 577.0 2 3 0.5556 0.4444 0.6365 0.9449 0.3662 1,155 0.9102 0.9183 2,622 0.6667 2
1900 579.1 2 6 0.7222 0.2778 0.4506 0.7846 0.2986 0.8165 0.5581 0.65 1,051 0.8333 2
1914.3 583.5 5 6 0.2222 0.7778 1,561 0.9524 0.981 2,041 2,232 0.9697 14.12 0.3333 8
1926.1 587.1 4 9 0.3333 0.6667 1,215 0.8425 0.8702 1,333 1,365 0.8764 2,759 0.4444 5
1940.3 591.4 2 4 0.625 0.375 0.5623 0.8774 0.3466 1 0.7213 0.8113 1,592 0.75 2
1950.5 594.5 9 51 0.2026 0.7974 1,843 0.7019 1,612 1.26 2,035 0.8389 3,171 0.3137 9
1952.7 595.2 12 36 0.1451 0.8549 2,158 0.7209 1,783 2 3.07 0.8683 6,303 0.2222 14.5
1962.8 598.3 2 4 0.625 0.375 0.5623 0.8774 0.3466 1 0.7213 0.8113 1,592 0.75 2
1973.6 601.6 13 59 0.1589 0.8411 2,153 0.6626 1,871 1,692 2,943 0.8395 5,157 0.3051 13.75
1987.1 605.7 3 6 0.5 0.5 0.8676 0.7937 0.5669 1,225 1,116 0.7897 2,388 0.6667 4
1997.5 608.8 11 29 0.1463 0.8537 2,136 0.7697 1,725 2,043 2.97 0.8908 6.46 0.2759 16
2002 610.2 3 3 0.3333 0.6667 1,099 1 0.5973 1,732 1.82 1 0 0.3333 6
2013.9 613.8 5 18 0.3642 0.6358 1,274 0.715 1,006 1,179 1,384 0.7916 2,293 0.5556 5
2027 617.8 9 44 0.4824 0.5176 1,233 0.3812 1,023 1,357 2,114 0.561 3,424 0.6818 14
2041 622.1 7 10 0.18 0.82 1,834 0.8945 1,262 2,214 2,606 0.9427 10.36 0.3 12
2059.4 627.7 7 15 0.1911 0.8089 1,802 0.8659 1,356 1,807 2,216 0.926 5,109 0.3333 7.2
2072.8 631.8 9 44 0.3368 0.6632 1,417 0.4581 1,204 1,357 2,114 0.6447 3,424 0.4773 24
2084.5 635.4 5 27 0.3333 0.6667 1,254 0.7006 1,059 0.9623 1,214 0.7789 1,805 0.4444 6
2093.2 638.0 5 6 0.2222 0.7778 1,561 0.9524 0.981 2,041 2,232 0.9697 14.12 0.3333 8
2109 642.8 1 2 1 0 0 1 0 0.7071 0 0.7959 1 1
2123 647.1 9 16 0.1406 0.8594 2,079 0.8889 1,545 2.25 2,885 0.9464 8,505 0.25 10.2
2138 651.7 5 7 0.2245 0.7755 1.55 0.9421 1.02 1.89 2,056 0.963 7,824 0.2857 6
2155 656.8 11 24 0.1146 0.8854 2,279 0.8882 1,789 2,245 3,147 0.9505 7,859 0.2083 11.5
2170.6 661.6 18 86 0.3445 0.6555 1,767 0.3253 1,528 1,941 3,816 0.6114 6,936 0.5698 29.25
2176.5 663.4 17 73 0.1308 0.8692 2,355 0.6197 2.06 1.99 3,729 0.8311 6,965 0.2329 20
2183.5 665.5 2 5 0.68 0.32 0.5004 0.8247 0.3219 0.8944 0.6213 0.7219 1,235 0.8 2
2194.3 668.8 10 84 0.5082 0.4918 1,105 0.3019 0.9739 1,091 2,031 0.4798 2,958 0.6905 17.5
2208.5 673.2 5 44 0.4339 0.5661 1,098 0.5996 0.9654 0.7538 1,057 0.6822 1,452 0.6136 5
2219.5 676.5 4 16 0.3203 0.6797 1,223 0.8492 0.9826 1 1,082 0.882 1,712 0.375 4
2230.5 679.9 8 52 0.3484 0.6516 1,347 0.4805 1,177 1,109 1,772 0.6476 2.64 0.5192 18
2240 682.8 4 5 0.28 0.72 1,332 0.9473 0.8189 1,789 1,864 0.961 9,284 0.4 5.5
2250.5 686.0 4 76 0.483 0.517 0.9181 0.6261 0.8507 0.4588 0.6927 0.6623 0.8991 0.6447 4
2260.5 689.0 9 30 0.2156 0.7844 1,775 0.6556 1,459 1,643 2,352 0.8079 4,359 0.3333 14
2270.5 692.0 4 17 0.3287 0.6713 1,206 0.8348 0.977 0.9701 1,059 0.8697 1,649 0.4118 4
2280.3 695.0 1 1 1 0 0 1 0 1 0 0 1 1
2290.5 698.1 11 18 0.1173 0.8827 2,274 0.8837 1,691 2,593 3.46 0.9484 12.01 0.2222 14
2293.5 699.1 0 0 0 0 0 0 0 0 0 0 0 0 0
2301.4 701.5 6 29 0.4483 0.5517 1,104 0.5025 0.9082 1,114 1,485 0.6159 2,297 0.6207 12




TABLE S1 TOTAL FORAMINIFER COUNTS OF CORE DIABLITO (MORPHOGROUPS P)
Depth (ft) Depth (m)  Total foraminifera Guembelitria spp. Heterohelicidae Total planktonics

1848,7 563.5 3 0 1 1
1883,1 574.0 34 0 0 0
1893,11 577.0 3 0 0 0

1900 579.1 6 0 1 1
1914,3 583.5 6 0 0 0
1926,1 587.1 9 0 0 0
1940,3 591.4 4 0 1 1
1950,5 594.5 51 6 0 7
1952,7 595.2 36 2 0 2
1962,8 598.3 4 0 0 0
1973,6 601.6 59 28 1 35
1987,1 605.7 6 5 0 5
1997,5 608.8 29 1 0 1

2002 610.2 3 0 0 0
2013,9 613.8 18 0 2 3

2027 617.8 44 2 0 2

2041 622.1 10 0 0 0
2059,4 627.7 15 5 0 6
2072,8 631.8 44 22 1 24
2084,5 635.4 27 13 0 13
2093,2 638.0 6 3 0 3

2109 642.8 2 0 0 0

2123 647.1 16 3 0 3

2138 651.7 7 3 0 3

2155 656.8 24 4 2 7
2170,6 661.6 86 50 2 55
2176,5 663.4 73 8 17 40
2183,5 665.5 5 0 0 0
2194,3 668.8 84 72 3 80
2208,5 673.2 44 32 1 35
2219,5 676.5 16 12 0 13
2230,5 679.9 52 39 2 42

2240 682.8 5 2 0 3
2250,5 686.0 76 67 0 67
2260,5 689.0 30 11 1 15
2270,5 692.0 17 13 1 14
2280,3 695.0 1 0 0 0
2290,5 698.1 18 0 1 1
2293,5 699.1 0 0 0 0
2301,4 701.5 29 0 0 0



TABLE S1 TOTAL FORAMINIFER COUNTS OF CORE DIABLITO (MORPHOGROUPS B)
Depth (ft) Depth (m) Total foraminifera Total planktonics Total benthonics Total agglutinated Total calcareous Total infauna Total epifauna Elongated benthics Ammobaculites spp.

1848,7 563.5 3 1 2 2 0 2 0 0 2
1883,1 574.0 34 0 34 34 0 34 0 0 19
1893,11 577.0 3 0 3 3 0 3 0 0 1

1900 579.1 6 1 5 5 0 5 0 0 0
1914,3 583.5 6 0 6 5 1 6 0 1 1
1926,1 587.1 9 0 9 8 1 8 1 1 0
1940,3 591.4 4 1 3 3 0 3 0 0 0
1950,5 594.5 51 7 44 5 39 11 33 6 5
1952,7 595.2 36 2 34 13 21 10 24 3 2
1962,8 598.3 4 0 4 4 0 4 0 0 0
1973,6 601.6 59 35 24 7 17 15 4 0
1987,1 605.7 6 5 1 1 0 1 0 0 0
1997,5 608.8 29 1 28 10 18 10 18 1 1
2002 610.2 3 0 3 0 3 0 3 0 0
2013,9 613.8 18 3 15 15 0 15 0 0 10
2027 617.8 44 2 42 33 9 33 9 0 30
2041 622.1 10 0 10 6 4 8 2 1 3
2059,4 627.7 15 6 9 6 3 7 2 0 2
2072,8 631.8 44 24 20 5 15 19 1 14 1
2084,5 635.4 27 13 14 1 13 13 1 12 0
2093,2 638.0 6 3 3 0 3 2 1 2 0
2109 642.8 2 0 2 2 0 2 0 0 0
2123 647.1 16 3 13 6 7 8 5 1 0
2138 651.7 7 3 4 0 4 1 3 1 0
2155 656.8 24 7 17 4 13 9 8 5 0
2170,6 661.6 86 55 31 2 29 26 5 18 0
2176,5 663.4 73 40 33 8 25 11 22 2 0
2183,5 665.5 5 0 5 1 4 0 5 0 0
2194,3 668.8 84 80 4 1 3 2 2 2 0
2208,5 673.2 44 35 9 0 9 9 0 9 0
2219,5 676.5 16 13 3 0 3 3 0 3 0
2230,5 679.9 52 42 10 0 10 8 2 8 0
2240 682.8 5 3 2 0 2 0 2 0 0
2250,5 686.0 76 67 9 0 9 9 0 9 0
2260,5 689.0 30 15 15 1 14 8 7 7 0
2270,5 692.0 17 14 3 0 3 3 0 3 0
2280,3 695.0 1 0 1 1 0 1 0 0 0
2290,5 698.1 18 1 17 9 8 13 4 4 0
2293,5 699.1 0 0 0 0 0 0 0 0 0
2301,4 701.5 29 0 29 0 29 1 28 1 0



TABLE S2 TOTAL CALCAREOUS NANNOFOSSIL COUNTS OF CORE DIABLITO Age Tur-Maa Tur-Maa Cam-Maa Cam-Maa Jur-Maa Tur-Maa Maa-Eoc Maa-Mio San-Maa Bar-Maa Alb-Maa Alb-Pal Tur-Maa Alb-Maa Cen-Maa Alb-Maa Apt-Maa Cen-Maa Hau-Maa Cen-Maa Con-San San-Maa Con-Maa Con-Maa Con-Maa Cen-Maa Alb-Maa Apt-Maa Cam-Maa Ber-Maa Ber-Maa Apt-Maa Tur-Maa Ber-Maa San-Maa Cen-Maa Jur-Maa Jur-Maa
Depth (ft) Depth (m) N2 Field of View (FOV) Preservation Speciesrichness TOTAL Ahmuellerella regularis Ahmuellerella octoradiata Arkhangelskiella cymbiformis Arkhangelskiella maastrichtiensis Arkhangelskiella sp. Biscutum constans Calculites obscurus Cervisiellla operculata Cervisiella saxea Chiastozygus amphipons Chiastozygus litterarius Cribrosphaerella ehrenbergii Cyclagelosphaera reinhardtii Eiffelithus gorkae Eiffelithus turrisseiffelii Helicolithus anceps Helicolithus compactus Helicolithus trabeculatus Kamptnerius magnificus Loxolithus armilla Microrhabdulus decoratus Micula adumbrata Micula concava Micula cubiformis Micula prinsii? Micula staurophora Micula swastica Placozygus fibuliformi: Prediscosphaera cretacea Prediscosphaera spinosc Prediscosphaera stoveri Retecapsa crenulata Retecapsa surirello Rhagodiscus angustus Rhagodiscus reniformis Rhagodiscus splendens Staurolithites laffittei Staurolithites mielnicensis Tetrapodorhabdus decorus Watznaueria barnesiaz Zeugrhabdotus erectus

1895.3 577.7 700 - 0 0

1921 585.5 700 - 0 0
1921.2 585.6 700 - 0 0
1938.5 590.8 700 - 0 0
1954.7 595.8 700 - 0 0
1968.2 599.9 700 - 0 0
1981.3 603.9 700 P 1 2 2

1991 606.8 700 P 1 1 1

2006 611.4 700 P 3 5 1 1 3

2033 616.9 700 P 3 5 1 3 1
2057.4 627.1 700 M 15 40 1 1 1 2 2 1 7 1 6 1 1 1 1 11
2068.3 630.4 700 M 13 24 1 1 1 1 1 8 1 1 1 1 1 1 5
2080.1 634 700 P 13 69 5 1 1 1 31 2 2 1 18 2 1 2
2091.3 637.4 700 P 12 37 1 3 1 1 1 17 2 2 4 1 1

2102 640.7 700 P 6 18 2 1 9 2 3 1
2120.5 646.3 700 M 14 58 5 2 1 1 28 1 1 10 1 3 1 1 1
2133.2 650.2 700 M 16 203 1 3 3 1 1 3 1 63 4 10 76 23 2 1 2 9

2152 655.9 700 M 14 63 1 1 1 1 13 2 20 14 1 1 1 1 3 3
2167.5 660.6 700 M 15 165 1 1 47 1 12 85 1 1 3 2 1 1 1 1 5 2
2193.4 668.5 700 P 2 5 4 1
2204.2 671.8 700 P 5 14 1 1 9 1 2
2216.4 675.6 700 P 13 28 1 1 1 1 1 2 1 1 12 3 1 2 1
2227.2 678.8 700 P 4 9 1 1 6 1
2242.3 683.4 700 P 3 4 1
2253.3 686.8 700 M 12 26 1 1 1 3 1 1 8 1 1 2 1 5
2265.2 690.4 700 M 18 78 3 1 1 1 17 2 10 28 1 1 1 2 1 1 1 4
2278.5 694.4 700 - 0 0
2288.2 697.4 700 - 0 0




TABLE S3 TOTAL OSTRACOD COUNTS OF CORE DIABLITO
Depth (ft) Depth (m) Buntonia sp. Cythereis sp. Cytherella cf. C. piacabucuensis Cytherella sp. 1 Cytherella sp. 2 Munseyella? sp. Paracosta sp. Paracypris sp. Sapucariella sp. Veenia sp.

1883.1 574 2 5 3 0 0 0 0 1 0 0
1952.7R 595.2 0 0 1 0 0 1 0 0 1 0
1973.6 601.6 0 0 1 0 0 0 0 1 0 0
1987.1 605.7 0 0 0 0 0 0 0 7 0 1
1997.50 608.8 0 0 0 0 0 0 1 0 0 0
2013.9 613.8 0 3 0 0 10 0 0 0 0 20
2059.41 627.7 0 0 0 0 0 0 0 0 0 0
2176.5 663.4 0 0 0 0 0 0 0 0 0 0
2219.5 676.5 0 0 0 2 0 0 0 0 0 0

2240 682.8 0 0 0 1 0 0 0 0 0 0
2301.4 701.5 0 0 0 1 0 0 0 0 0 0



TABLE S4 GEOCHEMICAL DATA (XRF ANALYSES) OF CORE DIABLITO-1 (XRF DATA)

Label
DI11885.5
D11891. 5[
D11895. 3
DI1898
D11902. 8
DI1908.3
D11912. 207
DI1919.4
DI11921®
DI11925. 2]
D11929. 17
DI1932.3
DI11935. 6
DI11938. 3]
D1 194 3P
DI11946.2
D11948. 4
DI1957.8
DI1960. 20
DI11965. e
DI11968.2
DI11971.4m
DI11977. 20w
DI11981.3

DI 1989
DI1991®
DI1993 P
DI 1995[FHH
DI2010.2
DI2016
DI12022. 2]
DI12033@
DI12037 .9
D12046. 5
DI12050. 3
DI2055.8
DI12057 .4
DI12062. O[]
DI2065.8
DI12068. )
DI12070. 17
DI12075. ()
DI2078.4
DI2082. 1)
DI12088.5
DI2091. [
D121 020
DI2105.5
D121 3[FrHH
DI2115@
DI12117. 8
D12120. 5
DI2127@
D12129. 3
DI12133. 2]
DI12135. 207
DI2152@
DI2162.4
DI2165. 6
DI12167. 50
DI2174. 7
DI2178.6
D121 81w
D12185. 27
DI12190.8
DI12193. A
D12196. 5
DI2201#
DI12206. 47
DI2210
DI12211. 9
DI12220. 7]
DI12225
DI2227. 21
D12233. 70
DI2235
DI12237.3
DI12242 . 3
DI12245. 5
D12247 . 27
DI12253. 3
DI12255.2
DI12258. Al
D12263. 7
DI2265.2
D12268. 5
DI2271. AR
DI12275. 470
DI2278.5
D12283. 27
DI2284.2
DI12286. S
DI2297.5

1885.5
1891.5
1895.3
1898
1902.8
1908.3
1912.2
1919.4
1921
1925.2
1929.1
1932.3
1935.6
1938.3
1943
1946.2
1948.4
1957.8
1960.2
1965.6
1968.2
1971.4
1977.2
1981.3
1989
1991
1993
1995
2010.2
2016
2022.2
2033
2037.9
2046.5
2050.3
2055.8
2057.4
2062.9
2065.8
2068.3
2070.1
2075.3
2078.4
2082.1
2088.5
2091.3
2102
2105.5
2113
2115
2117.8
2120.5
2127
2129.3
2133.2
2135.2
2152
2162.4
2165.6
2167.5
2174.7
2178.6
2181
2185.2
2190.8
2193.4
2196.5
2201
2206.4
2210
2211.9
2220.7
2225
2227.2
2233.7
2235
2237.3
2242.3
2245.5
2247.2
2253.3
2255.2
2258.4
2263.7
2265.2
2268.5
2271.4
2275.4
2278.5
2283.2
2284.2
2286.5
2297.5

Depth (ft) Depth (m)

574.7
576.5
577.7
578.5
580.0
581.6
582.8
585.0
585.5
586.8
588.0
589.0
590.0
590.8
592.2
593.2
593.9
596.7
597.5
599.1
599.9
600.9
602.7
603.9
606.2
606.9
607.5
608.1
612.7
614.5
616.4
619.7
621.2
623.8
624.9
626.6
627.1
628.8
629.7
630.4
631.0
632.6
633.5
634.6
636.6
637.4
640.7
641.8
644.0
644.7
645.5
646.3
648.3
649.0
650.2
650.8
655.9
659.1
660.1
660.7
662.8
664.0
664.8
666.0
667.8
668.5
669.5
670.9
672.5
673.6
674.2
676.9
678.2
678.9
680.8
681.2
681.9
683.5
684.4
684.9
686.8
687.4
688.4
690.0
690.4
691.4
692.3
693.5
694.5
695.9
696.2
696.9
700.3

b . . . |

Mg
3,792
0.1633
-0.063
0.8303
2,021
1,598
1,375
-0.185
0.9113
-0.062
3,107
0.9011
0.6843
-1,333
0.3493
0.946
0.3953
-2,664
1,075
1,368
2,248
2,034
2,069
-1,794
-1,376
-0.371
-1,350
1,006
-1,670
-0.386
0.7153
1,926
1,611
5,821
4,796
0.585[
3,583
1,644
-1,705
-1,364
2,233
4,967
1,025
-0.914
0.7743
-0.549
-0.042
0.0693
-0.177
0.7543
-2,659
1,347
-0.064
-0.286
0.395[
0.6543
-1,770
2,579
1,438
2,418
-3,231
2,410
-0.086
0.0643
-0.766
2,214
-1,110
1,124
2,027
-0.327
0.8123
3,302
-3,083
1,249
1,575
-0.783
2,706
1,659
-2,589
-1,758
-0.251
0.4983
0.0673
-0.585
2,431
0.4643
3,551
0.790@
-1,302
2,335
0.915@
0.0373
3,002

Al
488,400
447,529
624,101
559,021
565,112
395,891
574,671
217,459
467,016
475,489
512,148
514,184
585,081
374,875
303,155
523,392
460,882
363,064
310,645
358,685
555,969
453,823
376,801
401,394
436,003
517,038
408,435
545,309
419,947
467,071
443,703
434,500
385,051
363,762
360,072
323,313
451,411
517,898
270,489
356,352
457,952
419,660
564,883
383,601
502,200
393,878
365,525
364,440
547,917
123,655
402,356
505,129
499,385
441,444
549,400
567,748
368,158
363,006
554,485
523,244
424,353
103,670
505,469
416,541
403,194
496,219
442,236
512,451
432,493
295,487
386,836
372,204
419,206
375,431
509,575
391,701
398,754
472,116
371,276
378,785
536,524
232,181
509,444
340,924
491,877
344,152
439,175
507,865
373,622
523,026
554,702
557,186
191,694

Si
6,799,652
5,618,966
6,736,979
6,579,187
6,351,934
6,550,258
6,304,188
4,063,271
6,094,880
6,366,144
6,416,586
6,978,525
6,907,756
5,829,480
6,307,056
6,657,838
7,038,848
5,470,054
5,420,926
7,038,972
6,351,745
6,442,867
5,633,484
5,655,286
6,725,188
6,540,108
5,719,448
6,581,958
5,753,985
6,662,553
6,451,658
6,632,869
6,949,981
6,416,917
6,697,964
6,224,625
6,871,311
6,487,654
5,691,627
5,478,753
6,192,479
5,666,258
6,962,646
5,625,196
6,970,014
6,146,256
5,314,469
5,546,060
6,422,609
2,869,726
5,594,073
6,089,473
6,521,632
6,479,621
6,816,008
6,608,583
6,005,607
5,532,771
6,609,021
6,326,666
4,942,655
2,305,341
6,106,099
6,270,295
5,378,551
6,566,247
6,553,770
6,725,041
5,999,218
4,853,069
5,752,362
6,149,894
5,924,952
5,850,775
6,520,157
5,783,625
5,937,286
6,501,291
5,328,136
5,485,221
6,625,185
4,142,027
6,764,026
5,238,537
6,756,701
5,391,060
6,445,742
6,466,570
5,698,839
6,253,502
6,666,957
6,603,213
3,326,606

S
189,245
123,942
604,437
680,543
438,991
282,578
103,017
282,636
716,450
863,977
214,611
312,295
161,346
204,586
245,612
253,036
224,519
259,918
227,517
729,891
688,891
169,009
137,428
125,389
115,035

29,273
377,801
336,503
79,127
908,958
356,113
876,345
303,721
557,295
882,963
482,191
338,186
431,930
943,266
180,202
177,982
190,265
229,650
652,110
368,943
448,653
143,073
189,460
138,618
70,337
148,304
99,480
691,427
385,340
375,799
321,345
193,224
308,601
397,296
429,793
973,521
568,683
926,945
233,877
594,743
552,047
340,566
351,021
267,294
318,492

1,062,275

254,595
372,962
466,853
496,078
383,428
475,755
695,151
587,934
349,613
292,421
211,130
336,093
239,522
205,788
503,912

1,209,871

86,574
115,654
104,870
112,664
634,630
210,908

K
1,840,492
1,863,932
2,045,107
1,825,657
1,788,430
1,626,046
1,979,836
1,222,602
1,882,979
1,768,537
1,899,292
1,826,215
2,042,282
1,673,308
1,209,706
1,871,811
1,654,623
1,846,736
1,583,583

953,828
2,115,305
1,888,266
1,829,756
1,880,471
1,679,038
2,059,742
1,908,946
2,123,590
1,986,524
1,768,191
1,832,474
1,723,157
1,566,925
1,190,079
1,343,129
1,417,610
1,970,097
2,030,517
1,329,755
1,704,959
1,900,932
1,724,182
2,116,028
1,654,194
1,904,309
1,756,500
1,834,350
1,881,147
2,212,216
1,115,313
1,958,121
2,133,182
1,943,975
1,710,022
1,997,990
2,061,221
1,732,808
1,628,733
1,985,246
1,978,082
1,737,960

970,206
2,074,693
1,838,274
1,806,764
2,113,384
2,002,773
2,097,240
1,938,214
1,531,135
2,218,738
1,712,812
1,768,202
1,775,768
2,054,963
1,892,860
1,818,432
2,016,501
1,851,182
1,816,610
2,132,072
1,494,181
2,199,196
1,750,110
2,171,408
1,763,341
2,693,324
2,323,852
1,988,060
2,209,273
2,321,289
2,347,524
1,353,488

Ca
1,243,174
634,693
919,824
929,152
1,040,482
461,852
1,887,510
1,772,165
1,036,355
1,264,989
1,193,052
533,064
524,912
699,059
989,046
1,314,922
1,073,750
658,109
569,063
778,932
561,529
1,117,366
696,693
913,936
638,869
649,622
785,927
900,979
367,790
1,145,282
1,525,095
1,549,494
1,694,169
1206769
2,955,679
2,365,121
1,539,046
1,341,205
1,007,839
1,215,515
1,170,136
2,315,811
1,448,306
1,917,374
2,615,735
2,249,596
839,951
1,029,825
911,995
757,632
1,902,160
1,592,056
2,010,388
2,823,275
1,996,401
1,508,236
1,437,891
1,399,833
1,740,977
2,200,130
6,803,201
999,728
3,297,941
930,365
1,188,634
1,230,831
1,202,437
1,314,999
1,357,597
1,960,840
1124355
1,226,628
1,217,776
1,308,223
1,443,159
932,751
1,792,752
1,975,099
1,466,734
1,418,420
1,328,186
970,397
1,847,026
1,543,911
1,461,667
2,010,757
4,858,664
705,360
432,920
738,083
869,056
1,212,485
295,960

Ti
2,349,815
2,067,069
2,394,232
2,470,200
2,753,996
2,280,058
2,274,634
1,565,316
2,196,263
2,257,009
2,467,045
2,445,432
2,604,564
2,152,792
1,951,884
2,415,730
2,408,648
1,992,182
2,097,983
1,572,907
2,294,711
2,161,604
1,991,902
1,984,408
2,202,756
2,381,289
2,015,708
2,291,144
1,987,566
2,204,430
2,145,620
2,266,376
2,104,948
1,733,150
1,995,285
1,938,110
2,210,389
2,284,640
1,711,527
1,934,379
2,143,888
1,923,158
2,258,417
1,905,098
2,189,678
2,034,718
1,786,126
1,908,592
2,132,834
1,097,556
1,868,437
2,011,334
2,269,187
2,124,096
2,262,092
2,276,333
2,039,355
1,936,301
2,202,157
2,038,151
1,487,801

918,724
1,897,137
2,183,183
1,993,521
2,269,320
2,256,448
2,341,347
2,104,082
1,678,649
1,245,192
2,058,980
2,027,074
2,040,119
2,200,954
1,989,850
1,984,215
2,142,899
1,851,782
1,881,505
2,195,579
1,543,651
2,190,850
1,759,522
2,109,101
1,734,205
1,499,205
2,205,622
2,015,067
2,266,788
2,278,827
2,147,494
1,256,844

Cr
52,348
49,569
51,451
54,365
48,721
44,319
47,405
35,089
51,043
45,422
50,381
46,966
52,022
43,191
32,217
46,521
46,734
42,336
39,441
33,113
51,083
51,839
45,461
51,163
40,708
51,424
50,787
52,878
49,252
50,664
51,327
45,540
44,920
36,883
40,417
43,346
52,292
50,054
32,555
41,348
42,077
53,817
55,234
40,708
44,255
41,924
43,876
45,073
52,436
27,882
51,373
52,025
47,777
40,481
51,005
50,608
38,848
40,258
51,089
52,311
50,498
30,304
53,449
50,208
44,595
52,953
55,388
57,003
54,140
46,710
110,664
47,953
45,196
52,187
49,310
51,969
45,053
53,423
48,482
47,034
51,727
42,979
55,074
43,925
58,124
50,219
147,135
51,690
43,693
52,903
50,445
56,233
32,279

Mn
178,566
219,083
140,543
177,164

1,727,605
374,974
869,606
224,052
389,355
400,562

1,235,199
176,442
161,081
194,637
190,600
228,248
196,539
741,399
355,072
160,755
141,856
716,875
506,090
968,647
286,411
367,980
142,042
180,834
125,658
237,308
294,940
275,985
331,356
429,873
230,818
189,837
379,552
334,947
355,118
476,323
553,516

1,775,721
315,659
188,208
291,284
221,881
224,535
260,080
128,817
163,257
747,809
642,702
239,182
251,300
281,054
195,624
307,380
293,206
261,704
341,407
223,266

63,284
207,429
322,902
252,028
349,126
393,515
445,571
485,278
361,694
256,540
327,822
272,956
328,123
457,815
279,616
244,471
321,460
195,443
289,475
256,721
176,099
279,966
307,928
362,366
245,438
200,565
472,008
118,142
261,705
295,224
119,879

61,890

Fe
39238.91
40737.35
42059.84
39108.41
66548.64
38240.25
46563.85
27448.14
42681.67
44272.94
66167.37
39801.01
40228.99
36028.11
32504.58

41093.5
37859.17
43778.93
37307.88
38623.22

42410.2
57831.69
42549.48
55935.79
39391.85
47246.14
38756.35
45667.07
38785.13
44125.52
45004.63
40870.89
41271.81
37735.18
40218.52
39410.13
46340.45
44295.44
46170.17
42517.82
45237.75

105439
47120.64
32577.78

40446.2
35199.58
36441.14
37389.81
39343.29
24653.18
66829.57
62479.19
43124.97
40152.92
43522.09
41410.52

35388.4
34756.44

43691.2

49860
39618.75
20331.85
43939.46
45007.72
40029.71
46214.77
45566.12
47702.89
48616.73
44145.77
56969.39
40981.69
38844.89
42649.86
49979.36
39543.75
38940.95
45810.85
36505.18
39982.98
41974.73
29444.96
43550.53
39917.38
50979.32
40990.62
75341.88
48190.85
38834.86
47571.64

56550
48914.56
28245.93

Ni
23,824
23,659
24,375
21,382
19,235
21,642
21,384
18,028
24,321
22,319
19,225
22,524
21,387
18,361
18,468
21,682
21,035
15,987
19,602
20,653
21,357
23,717
18,749
18,242
18,713
25,818
22,418
25,971
20,699
22,268
21,063
21,213
18,667
17,165
19,354
18,039
21,465
20,735
15,255
18,554
18,614
18,196
20,615
18,433
19,571
16,955
16,445
17,852
21,632
10,987
19,274
19,543
21,402
18,486
18,366
19,822
18,244
17,814
21,220
20,984
21,099
11,575
22,362
21,647
22,409
23,483
22,771
25,852
21,878
16,386
18,074
21,594
20,729
23,246
22,153
20,362
22,665
22,607
20,049
21,768
24,118
17,101
25,944
19,733
22,611
20,066
23,868
20,276
19,111
22,302
21,529
21,055
11,914

Cu
26,050
26,262
23,341
22,223
21,253
19,013
25,305
17,152
24,793
23,637
27,212
25,123
27,928
24,692
17,519
23,438
21,024
19,169
20,089
14,989
21,186
20,747
17,899
17,186
21,234
27,626
23,201
25,899
22,828
17,575
17,615
14,129
13,288
11,042
13,565
14,806
19,610
17,434
12,696
12,887
17,226
18,081
17,050
11,968
14,885
13,675
16,239
18,082
18,554

9,273
15,442
16,842
18,073
14,546
17,468
19,471
15,108
14,877
19,417
17,733
14,460

7,071
15,489
23,389
21,861
29,372
27,755
25,827
24,103
15,902
11,088
18,531
15,767
17,707
20,739
21,290
15,683
20,071
18,929
17,747
19,159
14,661
21,880
16,961
19,915
16,093
11,589
18,825
16,068
20,450
17,958
18,503

9,444

Zn
140,768
133,559
105,228
151,835
103,212
139,295
130,327
95,081
143,828
134,987
121,241
119,743
119,942
122,901
119,369
122,526
115,075
105,699
112,884
162,130
120,802
157,230
128,737
99,062
202,239
176,198
119,593
141,003
117,193
136,495
141,800
133,907
123,711
81,545
109,006
130,920
119,820
131,913
162,668
113,882
127,184
109,800
135,644
99,863
136,861
126,095
119,357
142,836
144,082
92,698
140,169
142,738
124,171
134,970
129,904
111,009
128,702
119,511
138,785
143,259
120,853
67,222
145,519
134,857
125,047
129,516
149,706
162,164
141,679
91,303
157,330
124,536
121,349
155,988
137,918
114,890
121,202
156,620
115,841
124,982
133,527
91,863
148,879
120,702
144,022
117,708
217,841
112,234
117,376
161,000
149,380
152,559
85,163

Rb
489,064
533,533
556,701
474,931
410,717
400,934
540,634
288,975
498,813
444,399
449,799
483,803
564,266
427,909
297,933
492,608
436,179
428,061
391,461
196,139
566,050
459,029
446,097
423,166
447,799
538,965
508,345
581,964
513,114
438,593
459,182
441,365
398,746
210,912
294,776
306,129
485,796
534,336
281,236
411,739
494,401
337,477
543,657
414,210
479,811
439,934
455,727
478,399
629,248
269,359
440,929
527,026
504,077
447,401
517,255
557,948
432,795
403,820
534,427
517,727
417,950
243,848
545,143
449,143
451,855
564,301
490,940
539,005
524,824
351,095
382,503
406,200
419,787
439,530
513,113
465,918
445,536
522,003
460,277
445,764
587,271
366,230
575,283
416,533
538,365
428,256
551,364
592,448
491,627
582,653
550,690
601,580
318,900

Sr
772,881
739,791
865,356
814,177
748,364
653,565
947,049
597,934
771,671
726,297
721,189
735,526
812,593
692,218
580,727
887,786
806,171
718,376
649,980
512,735

1,052,560
861,870
730,027
706,659
652,708
806,157
723,414
881,344
695,754
717,010
785,667
785,736
729,644
761,649
672,972
590,533
820,786
822,197
508,900
710,471
872,276
653,824
913,520
802,517
938,075
879,914
715,915
708,292
911,524
440,327
735,099
842,905

1,021,399
941,657

1,000,339

1,033,896
844,341
774,645
918,156
921,181

1,042,131
327,991
914,925
679,083
695,351
770,943
740,802
845,719
769,580
597,995

1,000,144
673,034
653,378
704,614
799,205
668,818
722,271
821,390
718,900
652,266
893,724
573,300
907,114
656,156
837,996
682,315
754,517
950,954
690,594
883,579
883,983

1,004,138
476,921

Zr
1,118,127
740,069
849,679
2,336,881
1,175,109
1,293,193
771,464
825,892
940,303
1,343,590
790,051
1,322,379
939,689
881,979
1,472,107
1,216,078
1,863,166
578,050
863,104
2,364,502
903,331
970,705
718,553
654,876
840,627
796,682
626,067
723,546
635,486
1,264,724
1,224,056
1,467,253
1,754,454
1,727,191
1,953,568
1,652,986
1,010,985
1,019,917
1,185,518
888,432
945,629
681,903
907,706
1,050,405
1,477,653
1,159,121
593,069
773,256
756,716
341,711
513,319
609,791
1,158,190
1,546,987
1,096,155
954,604
1,123,605
868,969
891,842
718,839
501,637
292,300
696,904
913,677
720,686
809,368
899,499
879,058
774,750
568,685
640,695
960,870
942,174
995,485
806,849
698,231
829,686
897,886
624,091
637,721
828,959
517,172
786,823
581,929
719,076
585,286
456,037
731,555
680,939
827,578
769,718
735,194
373,763

Ba
42,229
33,448
37,636
36,117
42,214
28,351
136,779
18,501
38,828
34,087
39,456
44,023
46,927
31,541
23,907
37,722
32,261
26,210
24,108
60,774
37,897
32,183
34,285
31,518
33,088
39,079
30,105
38,148
31,341
30,897
40,377
31,923
31,993
27,257
31,803
25,500
32,260
33,861
23,318
23,629
33,807
25,994
32,664
25,704
33,586
26,042
23,730
28,785
35,653
16,908
24,499
35,154
33,249
30,850
36,650
34,780
29,735
25,486
34,886
27,368
28,345
13,062
45,384
29,478
23,811
26,553
35,731
39,770
30,329
23,165
21,469
28,900
28,518
26,893
45,470
34,419
23,835
33,251
26,527
25,389
36,222
19,643
34,794
24,827
31,169
27,410
25,217
37,500
25,273
26,001
29,222
37,979
16,900

Co
366,200
366,812
384,745
360,813
505,795
349,200
402,335
256,712
382,247
389,106
496,667
374,894
370,852
332,453
301,668
370,178
355,005
368,129
335,195
364,300
388,042
486,150
369,276
438,258
363,911
411,214
341,391
404,389
352,653
394,803
387,460
375,206
370,924
314,607
360,897
340,994
402,450
393,841
384,586
373,530
390,156
646,393
407,980
298,570
367,705
315,397
316,543
334,926
356,603
220,864
494,045
486,809
381,558
359,757
384,856
378,821
325,886
311,981
395,414
428,670
342,890
191,752
384,234
392,087
355,290
402,161
391,764
422,141
428,138
366,477
458,653
360,551
343,236
376,692
436,884
352,453
351,079
409,041
323,748
357,475
381,812
271,837
384,533
341,336
437,949
351,577
567,349
413,856
341,783
410,393
471,955
432,659
249,946

Vv
189,687
190,291
195,986
193,412
192,541
174,897
181,410
125,673
182,268
173,109
192,169
188,945
204,472
169,620
135,322
177,817
160,942
161,291
161,638
110,593
197,708
171,330
171,377
166,200
171,108
190,222
178,270
197,055
168,367
178,525
177,105
161,965
145,514
104,165
134,481
137,499
170,599
170,976
120,543
142,928
166,032
152,781
183,940
133,558
152,623
150,868
153,974
162,474
182,738
92,008
142,505
163,419
176,223
139,952
170,223
170,726
150,802
144,341
174,907
166,483
122,518
81,171
159,948
177,890
175,041
197,522
191,351
206,012
174,995
148,571
111,445
156,424
170,477
167,105
182,223
177,012
162,399
180,076
158,621
162,285
192,862
136,038
181,703
152,093
183,232
152,145
144,816
180,959
163,709
195,998
193,619
184,191
106,819

Ga
30,141
31,947
31,558
29,325
23,945
26,399
28,927
17,226
26,290
25,409
26,686
29,424
31,643
27,684
18,947
28,970
27,068
23,038
21,513
14,200
29,851
24,093
23,813
23,404
26,282
33,624
29,035
28,649
26,827
24,541
24,861
23,533
21,798
10,192
19,320
17,558
25,231
26,760
16,470
22,461
28,278
17,554
30,281
21,369
24,516
21,770
24,999
24,451
31,381
15,318
21,962
26,298
27,176
21,364
29,364
30,224
23,974
24,149
27,331
27,446
22,063
12,303
25,409
24,783
23,798
28,623
28,163
28,421
28,316
17,200
10,154
21,789
22,771
24,846
27,906
26,150
25,385
26,787
23,374
22,892
27,709
20,019
28,698
22,216
27,536
23,493
14,762
30,660
25,371
30,257
28,237
30,103
18,905




TABLE S4 GEOCHEMICAL DATA (XRF ANALYSES) OF CORE DIABLITO-1 (XRF DATA NORMALIZED)
Depthd@meters) MgINMS AINMS SItNMS SINMS KENMS CalNMS TiIENMS CriNMS MnENMS FeNMS NiENMS CulNMS ZnINMS RbENMS SrINMS ZIINMS BaNMS CoINMS VEINMS GalINMS

574.7004 0.02 2.98 41.50 1.16 11.23 7.59 14.34 0.32 1.09 0.24 0.15 0.16 0.86 2.99 4.72 6.82 0.26 2.24 1.16 0.18
576.5292 0.00 3.22 40.47 0.89 13.42 4.57 14.89 0.36 1.58 0.29 0.17 0.19 0.96 3.84 5.33 5.33 0.24 2.64 1.37 0.23
577.68744 0.00 3.75 40.50 3.63 12.30 5.53 14.39 0.31 0.84 0.25 0.15 0.14 0.63 3.35 5.20 511 0.23 2.31 1.18 0.19
578.5104 0.00 3.15 37.05 3.83 10.28 5.23 13.91 0.31 1.00 0.22 0.12 0.13 0.86 2.67 4.59 13.16 0.20 2.03 1.09 0.17
579.97344 0.01 3.13 35.24 2.44 9.92 5.77 15.28 0.27 9.58 0.37 0.11 0.12 0.57 2.28 4.15 6.52 0.23 2.81 1.07 0.13
581.64984 0.01 2.61 43.20 1.86 10.72 3.05 15.04 0.29 2.47 0.25 0.14 0.13 0.92 2.64 4.31 8.53 0.19 2.30 1.15 0.17
582.83856 0.01 3.33 36.49 0.60 11.46 10.93 13.17 0.27 5.03 0.27 0.12 0.15 0.75 3.13 5.48 4.47 0.79 2.33 1.05 0.17
585.03312 0.00 1.86 34.81 2.42 10.48 15.18 13.41 0.30 1.92 0.24 0.15 0.15 0.81 2.48 5.12 7.08 0.16 2.20 1.08 0.15
585.5208 0.00 2.94 38.31 4.50 11.83 6.51 13.80 0.32 2.45 0.27 0.15 0.16 0.90 3.14 4.85 5.91 0.24 2.40 1.15 0.17
586.80096 0.00 2.83 37.89 5.14 10.52 7.53 13.43 0.27 2.38 0.26 0.13 0.14 0.80 2.64 4.32 8.00 0.20 2.32 1.03 0.15
587.98968 0.02 3.02 37.88 1.27 11.21 7.04 14.56 0.30 7.29 0.39 0.11 0.16 0.72 2.66 4.26 4.66 0.23 2.93 1.13 0.16
588.96504 0.00 3.17 43.03 1.93 11.26 3.29 15.08 0.29 1.09 0.25 0.14 0.15 0.74 2.98 4.53 8.15 0.27 2.31 1.16 0.18
589.97088 0.00 3.61 42.59 0.99 12.59 3.24 16.06 0.32 0.99 0.25 0.13 0.17 0.74 3.48 5.01 5.79 0.29 2.29 1.26 0.20
590.79384 -0.01 2.69 41.83 1.47 12.01 5.02 15.45 0.31 1.40 0.26 0.13 0.18 0.88 3.07 4.97 6.33 0.23 2.39 1.22 0.20
592.2264 0.00 2.13 44.27 1.72 8.49 6.94 13.70 0.23 1.34 0.23 0.13 0.12 0.84 2.09 4.08 10.33 0.17 2.12 0.95 0.13
593.20176 0.00 3.13 39.79 1.51 11.19 7.86 14.44 0.28 1.36 0.25 0.13 0.14 0.73 2.94 5.31 7.27 0.23 2.21 1.06 0.17
593.87232 0.00 2.71 41.45 1.32 9.74 6.32 14.18 0.28 1.16 0.22 0.12 0.12 0.68 2.57 4.75 10.97 0.19 2.09 0.95 0.16
596.73744 -0.02 2.62 39.47 1.88 13.33 4.75 14.37 0.31 5.35 0.32 0.12 0.14 0.76 3.09 5.18 4.17 0.19 2.66 1.16 0.17
597.46896 0.01 2.35 40.94 1.72 11.96 4.30 15.84 0.30 2.68 0.28 0.15 0.15 0.85 2.96 4.91 6.52 0.18 2.53 1.22 0.16
599.11488 0.01 2.32 45.45 4.71 6.16 5.03 10.16 0.21 1.04 0.25 0.13 0.10 1.05 1.27 3.31 15.27 0.39 2.35 0.71 0.09
599.90736 0.01 3.44 39.34 4.27 13.10 3.48 14.21 0.32 0.88 0.26 0.13 0.13 0.75 3.51 6.52 5.60 0.23 2.40 1.22 0.18
600.88272 0.01 2.79 39.60 1.04 11.61 6.87 13.29 0.32 4.41 0.36 0.15 0.13 0.97 2.82 5.30 5.97 0.20 2.99 1.05 0.15
602.65056 0.01 2.71 40.47 0.99 13.14 5.00 14.31 0.33 3.64 0.31 0.13 0.13 0.92 3.20 5.24 5.16 0.25 2.65 1.23 0.17
603.90024 -0.01 2.75 38.70 0.86 12.87 6.25 13.58 0.35 6.63 0.38 0.12 0.12 0.68 2.90 4.84 4.48 0.22 3.00 1.14 0.16
606.2472 -0.01 2.92 45.02 0.77 11.24 4.28 14.74 0.27 1.92 0.26 0.13 0.14 1.35 3.00 4.37 5.63 0.22 2.44 1.15 0.18
606.8568 0.00 3.30 41.69 0.19 13.13 4.14 15.18 0.33 2.35 0.30 0.16 0.18 1.12 3.44 5.14 5.08 0.25 2.62 1.21 0.21
607.4664 -0.01 291 40.71 2.69 13.59 5.59 14.35 0.36 1.01 0.28 0.16 0.17 0.85 3.62 5.15 4.46 0.21 2.43 1.27 0.21

608.076 0.01 3.39 40.86 2.09 13.18 5.59 14.22 0.33 1.12 0.28 0.16 0.16 0.88 3.61 5.47 4.49 0.24 2.51 1.22 0.18
612.70896 -0.01 3.14 42.97 0.59 14.83 2.75 14.84 0.37 0.94 0.29 0.15 0.17 0.88 3.83 5.20 4.75 0.23 2.63 1.26 0.20
614.4768 0.00 2.79 39.86 5.44 10.58 6.85 13.19 0.30 1.42 0.26 0.13 0.11 0.82 2.62 4.29 7.57 0.18 2.36 1.07 0.15
616.36656 0.00 2.70 39.28 2.17 11.16 9.29 13.06 0.31 1.80 0.27 0.13 0.11 0.86 2.80 4.78 7.45 0.25 2.36 1.08 0.15
619.6584 0.01 2.51 38.33 5.06 9.96 8.95 13.10 0.26 1.59 0.24 0.12 0.08 0.77 2.55 4.54 8.48 0.18 2.17 0.94 0.14
621.15192 0.01 2.26 40.80 1.78 9.20 9.95 12.36 0.26 1.95 0.24 0.11 0.08 0.73 2.34 4.28 10.30 0.19 2.18 0.85 0.13
623.7732 0.04 2.39 42.09 3.66 7.81 7.92 11.37 0.24 2.82 0.25 0.11 0.07 0.53 1.38 5.00 11.33 0.18 2.06 0.68 0.07
624.93144 0.03 1.98 36.88 4.86 7.40 16.27 10.99 0.22 1.27 0.22 0.11 0.07 0.60 1.62 3.71 10.76 0.18 1.99 0.74 0.11
626.60784 0.00 1.99 38.29 2.97 8.72 14.55 11.92 0.27 1.17 0.24 0.11 0.09 0.81 1.88 3.63 10.17 0.16 2.10 0.85 0.11
627.09552 0.02 2.66 40.49 1.99 11.61 9.07 13.02 0.31 2.24 0.27 0.13 0.12 0.71 2.86 4.84 5.96 0.19 2.37 1.01 0.15
628.77192 0.01 3.10 38.86 2.59 12.16 8.03 13.68 0.30 2.01 0.27 0.12 0.10 0.79 3.20 4.92 6.11 0.20 2.36 1.02 0.16
629.65584 -0.01 1.92 40.37 6.69 9.43 7.15 12.14 0.23 2.52 0.33 0.11 0.09 1.15 1.99 3.61 8.41 0.17 2.73 0.86 0.12
630.41784 -0.01 2.52 38.73 1.27 12.05 8.59 13.67 0.29 3.37 0.30 0.13 0.09 0.80 291 5.02 6.28 0.17 2.64 1.01 0.16
630.96648 0.01 2.90 39.24 1.13 12.05 7.42 13.59 0.27 3.51 0.29 0.12 0.11 0.81 3.13 5.53 5.99 0.21 2.47 1.05 0.18
632.55144 0.03 2.49 33.65 1.13 10.24 13.75 11.42 0.32 10.54 0.63 0.11 0.11 0.65 2.00 3.88 4.05 0.15 3.84 0.91 0.10
633.49632 0.01 3.29 40.50 1.34 12.31 8.42 13.14 0.32 1.84 0.27 0.12 0.10 0.79 3.16 531 5.28 0.19 2.37 1.07 0.18
634.62408 0.00 2.51 36.82 4.27 10.83 12.55 12.47 0.27 1.23 0.21 0.12 0.08 0.65 2.71 5.25 6.88 0.17 1.95 0.87 0.14
636.5748 0.00 2.70 37.53 1.99 10.25 14.08 11.79 0.24 1.57 0.22 0.11 0.08 0.74 2.58 5.05 7.96 0.18 1.98 0.82 0.13
637.42824 0.00 2.39 37.30 2.72 10.66 13.65 12.35 0.25 1.35 0.21 0.10 0.08 0.77 2.67 5.34 7.03 0.16 1.91 0.92 0.13
640.6896 0.00 2.81 40.80 1.10 14.08 6.45 13.71 0.34 1.72 0.28 0.13 0.12 0.92 3.50 5.50 4.55 0.18 2.43 1.18 0.19
641.7564 0.00 2.61 39.75 1.36 13.48 7.38 13.68 0.32 1.86 0.27 0.13 0.13 1.02 3.43 5.08 5.54 0.21 2.40 1.16 0.18
644.0424 0.00 3.50 40.97 0.88 14.11 5.82 13.61 0.33 0.82 0.25 0.14 0.12 0.92 4.01 5.82 4.83 0.23 2.27 1.17 0.20

644.652 0.00 1.59 36.98 0.91 14.37 9.76 14.14 0.36 2.10 0.32 0.14 0.12 1.19 3.47 5.67 4.40 0.22 2.85 1.19 0.20
645.50544 -0.02 2.63 36.60 0.97 12.81 12.45 12.22 0.34 4.89 0.44 0.13 0.10 0.92 2.88 4.81 3.36 0.16 3.23 0.93 0.14
646.3284 0.01 3.15 37.92 0.62 13.28 9.91 12.52 0.32 4.00 0.39 0.12 0.10 0.89 3.28 5.25 3.80 0.22 3.03 1.02 0.16
648.3096 0.00 2.82 36.78 3.90 10.96 11.34 12.80 0.27 1.35 0.24 0.12 0.10 0.70 2.84 5.76 6.53 0.19 2.15 0.99 0.15
649.01064 0.00 2.46 36.09 2.15 9.53 15.73 11.83 0.23 1.40 0.22 0.10 0.08 0.75 2.49 5.25 8.62 0.17 2.00 0.78 0.12
650.19936 0.00 3.09 38.35 211 11.24 11.23 12.73 0.29 1.58 0.24 0.10 0.10 0.73 291 5.63 6.17 0.21 2.17 0.96 0.17
650.80896 0.00 3.35 39.01 1.90 12.17 8.90 13.44 0.30 1.15 0.24 0.12 0.11 0.66 3.29 6.10 5.63 0.21 2.24 1.01 0.18
655.9296 -0.01 241 39.38 1.27 11.36 9.43 13.37 0.25 2.02 0.23 0.12 0.10 0.84 2.84 5.54 7.37 0.19 2.14 0.99 0.16
659.09952 0.02 2.55 38.84 2.17 11.43 9.83 13.59 0.28 2.06 0.24 0.13 0.10 0.84 2.83 5.44 6.10 0.18 2.19 1.01 0.17
660.07488 0.01 3.26 38.87 2.34 11.68 10.24 12.95 0.30 1.54 0.26 0.12 0.11 0.82 3.14 5.40 5.25 0.21 2.33 1.03 0.16

660.654 0.01 3.09 37.37 2.54 11.68 12.99 12.04 0.31 2.02 0.29 0.12 0.10 0.85 3.06 5.44 4.25 0.16 2.53 0.98 0.16
662.84856 -0.02 2.20 25.59 5.04 9.00 35.22 7.70 0.26 1.16 0.21 0.11 0.07 0.63 2.16 5.40 2.60 0.15 1.78 0.63 0.11
664.03728 0.03 1.43 31.88 7.86 13.42 13.83 12.71 0.42 0.88 0.28 0.16 0.10 0.93 3.37 4.54 4.04 0.18 2.65 1.12 0.17
664.7688 0.00 2.80 33.79 5.13 11.48 18.25 10.50 0.30 1.15 0.24 0.12 0.09 0.81 3.02 5.06 3.86 0.25 2.13 0.89 0.14
666.04896 0.00 2.75 41.42 1.55 12.14 6.15 14.42 0.33 2.13 0.30 0.14 0.15 0.89 2.97 4.49 6.04 0.19 2.59 1.18 0.16
667.75584 0.00 2.82 37.57 4.15 12.62 8.30 13.92 0.31 1.76 0.28 0.16 0.15 0.87 3.16 4.86 5.03 0.17 2.48 1.22 0.17
668.54832 0.01 2.98 39.41 3.31 12.69 7.39 13.62 0.32 2.10 0.28 0.14 0.18 0.78 3.39 4.63 4.86 0.16 241 1.19 0.17
669.4932 -0.01 2.72 40.28 2.09 12.31 7.39 13.87 0.34 2.42 0.28 0.14 0.17 0.92 3.02 4.55 5.53 0.22 241 1.18 0.17
670.8648 0.01 3.00 39.40 2.06 12.29 7.70 13.72 0.33 2.61 0.28 0.15 0.15 0.95 3.16 4.96 5.15 0.23 2.47 1.21 0.17
672.51072 0.01 2.77 38.44 1.71 12.42 8.70 13.48 0.35 3.11 0.31 0.14 0.15 0.91 3.36 4.93 4.96 0.19 2.74 1.12 0.18

673.608 0.00 2.22 36.52 2.40 11.52 14.76 12.63 0.35 2.72 0.33 0.12 0.12 0.69 2.64 4.50 4.28 0.17 2.76 1.12 0.13
674.18712 0.00 2.57 38.28 7.07 14.77 7.48 8.29 0.74 1.71 0.38 0.12 0.07 1.05 2.55 6.66 4.26 0.14 3.05 0.74 0.07
676.86936 0.02 2.49 41.09 1.70 11.44 8.20 13.76 0.32 2.19 0.27 0.14 0.12 0.83 2.71 4.50 6.42 0.19 241 1.05 0.15

678.18 -0.02 2.83 39.97 2.52 11.93 8.22 13.68 0.30 1.84 0.26 0.14 0.11 0.82 2.83 4.41 6.36 0.19 2.32 1.15 0.15
678.85056 0.01 2.47 38.56 3.08 11.70 8.62 13.45 0.34 2.16 0.28 0.15 0.12 1.03 2.90 4.64 6.56 0.18 2.48 1.10 0.16
680.83176 0.01 3.04 38.87 2.96 12.25 8.60 13.12 0.29 2.73 0.30 0.13 0.12 0.82 3.06 4.76 4.81 0.27 2.60 1.09 0.17

681.228 0.00 2.73 40.37 2.68 13.21 6.51 13.89 0.36 1.95 0.28 0.14 0.15 0.80 3.25 4.67 4.87 0.24 2.46 1.24 0.18
681.92904 0.02 2.58 38.41 3.08 11.76 11.60 12.84 0.29 1.58 0.25 0.15 0.10 0.78 2.88 4.67 5.37 0.15 2.27 1.05 0.16
683.45304 0.01 2.73 37.55 4.01 11.65 11.41 12.38 0.31 1.86 0.26 0.13 0.12 0.90 3.01 4.74 5.19 0.19 2.36 1.04 0.15
684.4284 -0.02 2.61 37.46 4.13 13.01 10.31 13.02 0.34 1.37 0.26 0.14 0.13 0.81 3.24 5.05 4.39 0.19 2.28 1.12 0.16
684.94656 -0.01 2.67 38.70 2.47 12.82 10.01 13.28 0.33 2.04 0.28 0.15 0.13 0.88 3.15 4.60 4.50 0.18 2.52 1.15 0.16
686.80584 0.00 3.23 39.95 1.76 12.85 8.01 13.24 0.31 1.55 0.25 0.15 0.12 0.81 3.54 5.39 5.00 0.22 2.30 1.16 0.17
687.38496 0.00 2.14 38.11 1.94 13.75 8.93 14.20 0.40 1.62 0.27 0.16 0.13 0.85 3.37 5.27 4.76 0.18 2.50 1.25 0.18
688.36032 0.00 2.94 39.05 1.94 12.70 10.66 12.65 0.32 1.62 0.25 0.15 0.13 0.86 3.32 5.24 4.54 0.20 2.22 1.05 0.17
689.97576 0.00 2.50 38.47 1.76 12.85 11.34 12.92 0.32 2.26 0.29 0.14 0.12 0.89 3.06 4.82 4.27 0.18 2.51 1.12 0.16
690.43296 0.01 2.96 40.62 1.24 13.06 8.79 12.68 0.35 2.18 0.31 0.14 0.12 0.87 3.24 5.04 4.32 0.19 2.63 1.10 0.17
691.4388 0.00 2.38 37.21 3.48 12.17 13.88 11.97 0.35 1.69 0.28 0.14 0.11 0.81 2.96 4.71 4.04 0.19 2.43 1.05 0.16
692.32272 0.02 2.16 31.69 5.95 13.24 23.89 7.37 0.72 0.99 0.37 0.12 0.06 1.07 2.71 3.71 2.24 0.12 2.79 0.71 0.07
693.54192 0.00 3.18 40.52 0.54 14.56 4.42 13.82 0.32 2.96 0.30 0.13 0.12 0.70 3.71 5.96 4.58 0.24 2.59 1.13 0.19
694.4868 -0.01 2.79 42.54 0.86 14.84 3.23 15.04 0.33 0.88 0.29 0.14 0.12 0.88 3.67 5.16 5.08 0.19 2.55 1.22 0.19
695.91936 0.01 3.35 40.03 0.67 14.14 4.73 14.51 0.34 1.68 0.30 0.14 0.13 1.03 3.73 5.66 5.30 0.17 2.63 1.25 0.19
696.22416 0.00 3.40 40.85 0.69 14.22 5.32 13.96 0.31 1.81 0.35 0.13 0.11 0.92 3.37 5.42 4.72 0.18 2.89 1.19 0.17
696.9252 0.00 3.29 38.97 3.75 13.85 7.16 12.67 0.33 0.71 0.29 0.12 0.11 0.90 3.55 5.93 4.34 0.22 2.55 1.09 0.18

700.278 0.04 2.27 39.46 2.50 16.06 3.51 14.91 0.38 0.73 0.34 0.14 0.11 1.01 3.78 5.66 4.43 0.20 2.97 1.27 0.22




TABLE S4 GEOCHEMICAL DATA (XRF ANALYSES) OF CORE DIABLITO-1 (GRAIN SIZE-WEATHERING INTENSITY)

Consecutive Depth (m)
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574.7
576.5
577.7
578.5
580.0
581.6
582.8
585.0
585.5
586.8
588.0
589.0
590.0
590.8
592.2
593.2
593.9
596.7
597.5
599.1
599.9
600.9
602.7
603.9
606.2
606.9
607.5
608.1
612.7
614.5
616.4
619.7
621.2
623.8
624.9
626.6
627.1
628.8
629.7
630.4
631.0
632.6
633.5
634.6
636.6
637.4
640.7
641.8
644.0
644.7
645.5
646.3
648.3
649.0
650.2
650.8
655.9
659.1
660.1

Zr
1,118,127
740,069
849,679
2,336,881
1,175,109
1,293,193
771,464
825,892
940,303
1,343,590
790,051
1,322,379
939,689
881,979
1,472,107
1,216,078
1,863,166
578,050
863,104
2,364,502
903,331
970,705
718,553
654,876
840,627
796,682
626,067
723,546
635,486
1,264,724
1,224,056
1,467,253
1,754,454
1,727,191
1,953,568
1,652,986
1,010,985
1,019,917
1,185,518
888,432
945,629
681,903
907,706
1,050,405
1,477,653
1,159,121
593,069
773,256
756,716
341,711
513,319
609,791
1,158,190
1,546,987
1,096,155
954,604
1,123,605
868,969
891,842

Rb
489,064
533,533
556,701
474,931
410,717
400,934
540,634
288,975
498,813
444,399
449,799
483,803
564,266
427,909
297,933
492,608
436,179
428,061
391,461
196,139
566,050
459,029
446,097
423,166
447,799
538,965
508,345
581,964
513,114
438,593
459,182
441,365
398,746
210,912
294,776
306,129
485,796
534,336
281,236
411,739
494,401
337,477
543,657
414,210
479,811
439,934
455,727
478,399
629,248
269,359
440,929
527,026
504,077
447,401
517,255
557,948
432,795
403,820
534,427

Log(Zr/Rb)
0.36
0.14
0.18
0.69
0.46
0.51
0.15
0.46
0.28
0.48
0.24
0.44
0.22
0.31
0.69
0.39
0.63
0.13
0.34
1.08
0.20
0.33
0.21
0.19
0.27
0.17
0.09
0.09
0.09
0.46
0.43
0.52
0.64
0.91
0.82
0.73
0.32
0.28
0.62
0.33
0.28
0.31
0.22
0.40
0.49
0.42
0.11
0.21
0.08
0.10
0.07
0.06
0.36
0.54
0.33
0.23
041
0.33
0.22

K Fe
1,840,492 39238.91
1,863,932 40737.35
2,045,107 42059.84
1,825,657 39108.41
1,788,430 66548.64
1,626,046 38240.25
1,979,836 46563.85
1,222,602 27448.14
1,882,979 42681.67
1,768,537 44272.94
1,899,292 66167.37
1,826,215 39801.01
2,042,282 40228.99
1,673,308 36028.11
1,209,706 32504.58
1,871,811 41093.5
1,654,623 37859.17
1,846,736 43778.93
1,583,583 37307.88

953,828 38623.22
2,115,305 42410.2
1,888,266 57831.69
1,829,756 42549.48
1,880,471 55935.79
1,679,038 39391.85
2,059,742 47246.14
1,908,946 38756.35
2,123,590 45667.07
1,986,524 38785.13
1,768,191 44125.52
1,832,474 45004.63
1,723,157 40870.89
1,566,925 41271.81
1,190,079 37735.18
1,343,129 40218.52
1,417,610 39410.13
1,970,097 46340.45
2,030,517 44295.44
1,329,755 46170.17
1,704,959 42517.82
1,900,932 45237.75
1,724,182 105439
2,116,028 47120.64
1,654,194 32577.78
1,904,309 40446.2
1,756,500 35199.58
1,834,350 36441.14
1,881,147 37389.81
2,212,216 39343.29
1,115,313 24653.18
1,958,121 66829.57
2,133,182 62479.19
1,943,975 43124.97
1,710,022 40152.92
1,997,990 43522.09
2,061,221 41410.52
1,732,808 35388.4
1,628,733 34756.44
1,985,246 43691.2

Log(K/Fe)
1.67
1.66
1.69
1.67
1.43
1.63
1.63
1.65
1.64
1.60
1.46
1.66
1.71
1.67
1.57
1.66
1.64
1.63
1.63
1.39
1.70
1.51
1.63
1.53
1.63
1.64
1.69
1.67
1.71
1.60
1.61
1.62
1.58
1.50
1.52
1.56
1.63
1.66
1.46
1.60
1.62
1.21
1.65
1.71
1.67
1.70
1.70
1.70
1.75
1.66
1.47
1.53
1.65
1.63
1.66
1.70
1.69
1.67
1.66



TABLE S4 GEOCHEMICAL DATA (XRF ANALYSES) OF CORE DIABLITO-1 (TERRIGENOUS INPUT-PALEOSALINITY)

Consecutive Depth (m)

1
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574.7
576.5
577.7
578.5
580.0
581.6
582.8
585.0
585.5
586.8
588.0
589.0
590.0
590.8
592.2
593.2
593.9
596.7
597.5
599.1
599.9
600.9
602.7
603.9
606.2
606.9
607.5
608.1
612.7
614.5
616.4
619.7
621.2
623.8
624.9
626.6
627.1
628.8
629.7
630.4
631.0
632.6
633.5
634.6
636.6
637.4
640.7
641.8
644.0
644.7
645.5
646.3
648.3
649.0
650.2
650.8
655.9
659.1
660.1

Fe Ca
39238.91 1,243,174
40737.35 634,693
42059.84 919,824
39108.41 929,152
66548.64 1,040,482
38240.25 461,852
46563.85 1,887,510
27448.14 1,772,165
42681.67 1,036,355
44272.94 1,264,989
66167.37 1,193,052
39801.01 533,064
40228.99 524,912
36028.11 699,059
32504.58 989,046
41093.5 1,314,922
37859.17 1,073,750
43778.93 658,109
37307.88 569,063
38623.22 778,932
42410.2 561,529
57831.69 1,117,366
42549.48 696,693
55935.79 913,936
39391.85 638,869
47246.14 649,622
38756.35 785,927
45667.07 900,979
38785.13 367,790
44125.52 1,145,282
45004.63 1,525,095
40870.89 1,549,494
41271.81 1,694,169
37735.18 1206769
40218.52 2,955,679
39410.13 2,365,121
46340.45 1,539,046
44295.44 1,341,205
46170.17 1,007,839
42517.82 1,215,515
45237.75 1,170,136
105439 2,315,811
47120.64 1,448,306
32577.78 1,917,374
40446.2 2,615,735
35199.58 2,249,596
36441.14 839,951
37389.81 1,029,825
39343.29 911,995
24653.18 757,632
66829.57 1,902,160
62479.19 1,592,056
43124.97 2,010,388
40152.92 2,823,275
43522.09 1,996,401
41410.52 1,508,236
35388.4 1,437,891
34756.44 1,399,833
43691.2 1,740,977

Log(Fe/Ca)
-1.501
-1.193
-1.340
-1.376
-1.194
-1.082
-1.608
-1.810
-1.385
-1.456
-1.256
-1.127
-1.116
-1.288
-1.483
-1.505
-1.453
-1.177
-1.183
-1.305
-1.122
-1.286
-1.214
-1.213
-1.210
-1.138
-1.307
-1.295
-0.977
-1.414
-1.530
-1.579
-1.613
-1.505
-1.866
-1.778
-1.521
-1.481
-1.339
-1.456
-1.413
-1.342
-1.488
-1.770
-1.811
-1.806
-1.363
-1.440
-1.365
-1.488
-1.454
-1.406
-1.669
-1.847
-1.662
-1.561
-1.609
-1.605
-1.600

Sr
772,881
739,791
865,356
814,177
748,364
653,565
947,049
597,934
771,671
726,297
721,189
735,526
812,593
692,218
580,727
887,786
806,171
718,376
649,980
512,735

1,052,560
861,870
730,027
706,659
652,708
806,157
723,414
881,344
695,754
717,010
785,667
785,736
729,644
761,649
672,972
590,533
820,786
822,197
508,900
710,471
872,276
653,824
913,520
802,517
938,075
879,914
715,915
708,292
911,524
440,327
735,099
842,905

1,021,399
941,657

1,000,339

1,033,896
844,341
774,645
918,156

Ba
42,229
33,448
37,636
36,117
42,214
28,351
136,779
18,501
38,828
34,087
39,456
44,023
46,927
31,541
23,907
37,722
32,261
26,210
24,108
60,774
37,897
32,183
34,285
31,518
33,088
39,079
30,105
38,148
31,341
30,897
40,377
31,923
31,993
27,257
31,803
25,500
32,260
33,861
23,318
23,629
33,807
25,994
32,664
25,704
33,586
26,042
23,730
28,785
35,653
16,908
24,499
35,154
33,249
30,850
36,650
34,780
29,735
25,486
34,886

Sr/Ba
18.30
22.12
22.99
22.54
17.73
23.05
6.92
32.32
19.87
21.31
18.28
16.71
17.32
21.95
24.29
23.53
24.99
27.41
26.96
8.44
27.77
26.78
21.29
22.42
19.73
20.63
24.03
23.10
22.20
23.21
19.46
24.61
22.81
27.94
21.16
23.16
25.44
24.28
21.82
30.07
25.80
25.15
27.97
31.22
27.93
33.79
30.17
24.61
25.57
26.04
30.01
23.98
30.72
30.52
27.29
29.73
28.40
30.39
26.32

Ca NMS
7.59
4.57
5.53
5.23
5.77
3.05
10.93
15.18
6.51
7.53
7.04
3.29
3.24
5.02
6.94
7.86
6.32
4.75
4.30
5.03
3.48
6.87
5.00
6.25
4.28
4.14
5.59
5.59
2.75
6.85
9.29
8.95
9.95
7.92
16.27
14.55
9.07
8.03
7.15
8.59
7.42
13.75
8.42
12.55
14.08
13.65
6.45
7.38
5.82
9.76
12.45
9.91
11.34
15.73
11.23
8.90
9.43
9.83
10.24

Sr/Ba
18.30
22.12
22.99
22.54
17.73
23.05
6.92
32.32
19.87
21.31
18.28
16.71
17.32
21.95
24.29
23.53
24.99
27.41
26.96
8.44
27.77
26.78
21.29
22.42
19.73
20.63
24.03
23.10
22.20
23.21
19.46
24.61
22.81
27.94
21.16
23.16
25.44
24.28
21.82
30.07
25.80
25.15
27.97
31.22
27.93
33.79
30.17
24.61
25.57
26.04
30.01
23.98
30.72
30.52
27.29
29.73
28.40
30.39
26.32
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574.7
576.5
577.7
578.5
580.0
581.6
582.8
585.0
585.5
586.8
588.0
589.0
590.0
590.8
592.2
593.2
593.9
596.7
597.5
599.1
599.9
600.9
602.7
603.9
606.2
606.9
607.5
608.1
612.7
614.5
616.4
619.7
621.2
623.8
624.9
626.6
627.1
628.8
629.7
630.4
631.0
632.6
633.5
634.6
636.6
637.4
640.7
641.8
644.0
644.7
645.5
646.3
648.3
649.0
650.2
650.8
655.9
659.1
660.1
660.7
662.8
664.0
664.8
666.0
667.8
668.5
669.5
670.9
672.5
673.6
674.2
676.9
678.2
678.9
680.8
681.2
681.9
683.5
684.4
684.9
686.8
687.4
688.4
690.0
690.4
691.4
692.3
693.5
694.5
695.9
696.2
696.9
700.3

Vv
189,687
190,291
195,986
193,412
192,541
174,897
181,410
125,673
182,268
173,109
192,169
188,945
204,472
169,620
135,322
177,817
160,942
161,291
161,638
110,593
197,708
171,330
171,377
166,200
171,108
190,222
178,270
197,055
168,367
178,525
177,105
161,965
145,514
104,165
134,481
137,499
170,599
170,976
120,543
142,928
166,032
152,781
183,940
133,558
152,623
150,868
153,974
162,474
182,738
92,008
142,505
163,419
176,223
139,952
170,223
170,726
150,802
144,341
174,907
166,483
122,518
81,171
159,948
177,890
175,041
197,522
191,351
206,012
174,995
148,571
111,445
156,424
170,477
167,105
182,223
177,012
162,399
180,076
158,621
162,285
192,862
136,038
181,703
152,093
183,232
152,145
144,816
180,959
163,709
195,998
193,619
184,191
106,819

Cr
52,348
49,569
51,451
54,365
48,721
44,319
47,405
35,089
51,043
45,422
50,381
46,966
52,022
43,191
32,217
46,521
46,734
42,336
39,441
33,113
51,083
51,839
45,461
51,163
40,708
51,424
50,787
52,878
49,252
50,664
51,327
45,540
44,920
36,883
40,417
43,346
52,292
50,054
32,555
41,348
42,077
53,817
55,234
40,708
44,255
41,924
43,876
45,073
52,436
27,882
51,373
52,025
47,777
40,481
51,005
50,608
38,848
40,258
51,089
52,311
50,498
30,304
53,449
50,208
44,595
52,953
55,388
57,003
54,140
46,710
110,664
47,953
45,196
52,187
49,310
51,969
45,053
53,423
48,482
47,034
51,727
42,979
55,074
43,925
58,124
50,219
147,135
51,690
43,693
52,903
50,445
56,233
32,279

V/Cr
3.62
3.84
3.81
3.56
3.95
3.95
3.83
3.58
3.57
3.81
3.81
4.02
3.93
3.93
4.20
3.82
3.44
3.81
4.10
3.34
3.87
3.31
3.77
3.25
4.20
3.70
3.51
3.73
3.42
3.52
3.45
3.56
3.24
2.82
3.33
3.17
3.26
3.42
3.70
3.46
3.95
2.84
3.33
3.28
3.45
3.60
3.51
3.60
3.48
3.30
2.77
3.14
3.69
3.46
3.34
3.37
3.88
3.59
3.42
3.18
2.43
2.68
2.99
3.54
3.93
3.73
3.45
3.61
3.23
3.18
1.01
3.26
3.77
3.20
3.70
3.41
3.60
3.37
3.27
3.45
3.73
3.17
3.30
3.46
3.15
3.03
0.98
3.50
3.75
3.70
3.84
3.28
3.31

Cu
26,050
26,262
23,341
22,223
21,253
19,013
25,305
17,152
24,793
23,637
27,212
25,123
27,928
24,692
17,519
23,438
21,024
19,169
20,089
14,989
21,186
20,747
17,899
17,186
21,234
27,626
23,201
25,899
22,828
17,575
17,615
14,129
13,288
11,042
13,565
14,806
19,610
17,434
12,696
12,887
17,226
18,081
17,050
11,968
14,885
13,675
16,239
18,082
18,554

9,273
15,442
16,842
18,073
14,546
17,468
19,471
15,108
14,877
19,417
17,733
14,460

7,071
15,489
23,389
21,861
29,372
27,755
25,827
24,103
15,902
11,088
18,531
15,767
17,707
20,739
21,290
15,683
20,071
18,929
17,747
19,159
14,661
21,880
16,961
19,915
16,093
11,589
18,825
16,068
20,450
17,958
18,503

9,444

Al
488,400
447,529
624,101
559,021
565,112
395,891
574,671
217,459
467,016
475,489
512,148
514,184
585,081
374,875
303,155
523,392
460,882
363,064
310,645
358,685
555,969
453,823
376,801
401,394
436,003
517,038
408,435
545,309
419,947
467,071
443,703
434,500
385,051
363,762
360,072
323,313
451,411
517,898
270,489
356,352
457,952
419,660
564,883
383,691
502,200
393,878
365,525
364,440
547,917
123,655
402,356
505,129
499,385
441,444
549,400
567,748
368,158
363,006
554,485
523,244
424,353
103,670
505,469
416,541
403,194
496,219
442,236
512,451
432,493
295,487
386,836
372,204
419,206
375,431
509,575
391,701
398,754
472,116
371,276
378,785
536,524
232,181
509,444
340,924
491,877
344,152
439,175
507,865
373,622
523,026
554,702
557,186
191,694

Cu/Al
0.053337
0.058682
0.037399
0.039753
0.037608
0.048026
0.044034
0.078875
0.053088
0.049711
0.053133

0.04886
0.047734
0.065867
0.057789
0.044781
0.045617
0.052798
0.064669
0.041789
0.038106
0.045716
0.047503
0.042816
0.048701
0.053431
0.056805
0.047494
0.054359
0.037628

0.0397
0.032518

0.03451
0.030355
0.037673
0.045795
0.043442
0.033663
0.046937
0.036164
0.037615
0.043085
0.030183
0.031192

0.02964
0.034719
0.044427
0.049616
0.033863
0.074991
0.038379
0.033342
0.036191
0.032951
0.031795
0.034295
0.041037
0.040983
0.035018

0.03389
0.034075
0.068207
0.030643
0.056151

0.05422
0.059192
0.062761
0.050399

0.05573
0.053816
0.028663
0.049787
0.037612
0.047164
0.040699
0.054353

0.03933
0.042513
0.050984
0.046852
0.035709
0.063145
0.042949

0.04975
0.040488
0.046761
0.026388
0.037067
0.043006
0.039099
0.032374
0.033208
0.049266

TABLE S4 GEOCHEMICAL DATA (XRF ANALYSES) OF CORE DIABLITO-1 (BOTTOM WATER OXYGENATION)

Cu/Al (*10-2)
5.33
5.87
3.74
3.97
3.76
4.8
4.4
7.89
5.31
4.97
5.31
4.89
4.77
6.59
5.78
4.48
4.56
5.28
6.47
4.18
3.81
4.57
4.75
4.28
4.87
5.34
5.68
4.75
5.43
3.76
3.97
3.25
3.45
3.04
3.77
4.58
4.34
3.37
4.69
3.61
3.76
4.31
3.02
3.12
2.96
3.47
4.44
4.96
3.39
7.5
3.84
3.33
3.62
3.3
3.18
3.43
4.1
4.09
3.5
3.39
3.41
6.82
3.06
5.62
5.42
5.92
6.28
5.04
5.57
5.38
2.29
4.98
3.76
4.72
4.07
5.44
3.93
4.25
5.1
4.68
3.57
6.31
4.29
4.98
4.05
4.68
2.64
3.71
4.3
3.91
3.24
3.32
4.93

Ni
23,824
23,659
24,375
21,382
19,235
21,642
21,384
18,028
24,321
22,319
19,225
22,524
21,387
18,361
18,468
21,682
21,035
15,987
19,602
20,653
21,357
23,717
18,749
18,242
18,713
25,818
22,418
25,971
20,699
22,268
21,063
21,213
18,667
17,165
19,354
18,039
21,465
20,735
15,255
18,554
18,614
18,196
20,615
18,433
19,571
16,955
16,445
17,852
21,632
10,987
19,274
19,543
21,402
18,486
18,366
19,822
18,244
17,814
21,220
20,984
21,099
11,575
22,362
21,647
22,409
23,483
22,771
25,852
21,878
16,386
18,074
21,594
20,729
23,246
22,153
20,362
22,665
22,607
20,049
21,768
24,118
17,101
25,944
19,733
22,611
20,066
23,868
20,276
19,111
22,302
21,529
21,055
11,914

Al
488,400
447,529
624,101
559,021
565,112
395,891
574,671
217,459
467,016
475,489
512,148
514,184
585,081
374,875
303,155
523,392
460,882
363,064
310,645
358,685
555,969
453,823
376,801
401,394
436,003
517,038
408,435
545,309
419,947
467,071
443,703
434,500
385,051
363,762
360,072
323,313
451,411
517,898
270,489
356,352
457,952
419,660
564,883
383,691
502,200
393,878
365,525
364,440
547,917
123,655
402,356
505,129
499,385
441,444
549,400
567,748
368,158
363,006
554,485
523,244
424,353
103,670
505,469
416,541
403,194
496,219
442,236
512,451
432,493
295,487
386,836
372,204
419,206
375,431
509,575
391,701
398,754
472,116
371,276
378,785
536,524
232,181
509,444
340,924
491,877
344,152
439,175
507,865
373,622
523,026
554,702
557,186
191,694

Ni/Al
0.04878
0.052866
0.039056
0.038249
0.034038
0.054667
0.037211
0.082903
0.052077
0.046939
0.037538
0.043805
0.036554
0.048979
0.060919
0.041426
0.045641
0.044034
0.063101
0.05758
0.038414
0.05226
0.049758
0.045447
0.042919
0.049934
0.054888
0.047626
0.04929
0.047676
0.047471
0.048822
0.048479
0.047187
0.05375
0.055794
0.047551
0.040037
0.056398
0.052066
0.040646
0.043359
0.036494
0.048041
0.038971
0.043046
0.04499
0.048985
0.03948
0.088852
0.047903
0.038689
0.042857
0.041876
0.033429
0.034913
0.049555
0.049074
0.03827
0.040104
0.04972
0.111652
0.04424
0.051968
0.055579
0.047324
0.051491
0.050448
0.050586
0.055454
0.046723
0.058017
0.049448
0.061918
0.043473
0.051984
0.05684
0.047884
0.054
0.057468
0.044952
0.073654
0.050926
0.057881
0.045969
0.058306
0.054347
0.039924
0.051151
0.04264
0.038812
0.037788
0.062151

Ni/Al (*10-2)
4.88
5.29
3.9
3.82
3.4
5.47
3.72
8.29
5.21
4.69
3.75
4.38
3.66
4.9
6.1
4.14
4.56
4.4
6.31
5.76
3.84
5.23
4.98
4.54
4.29
4.99
5.49
4.76
4.93
4.77
4.75
4.88
4.85
4.72
5.38
5.58
4.76

4
5.64
5.21
4.06
4.34
3.65

4.8
3.9
4.3
4.5
4.9
3.95
8.88
4.79
3.87
4.28
4.19
3.34
3.49
4.96
4.91
3.83
4.01
4.97
11.6
4.44
5.2
5.58
4.73
5.15
5.04
5.06
5.54
4.67
5.8
4.94
6.19
4.35
5.2
5.68
4.79
5.4
5.75
4.5
7.36
5.09
5.79
4.6
5.83
5.44
3.99
5.12
4.26
3.89
3.78
6.22

Zn
140,768
133,559
105,228
151,835
103,212
139,295
130,327
95,081
143,828
134,987
121,241
119,743
119,942
122,901
119,369
122,526
115,075
105,699
112,884
162,130
120,802
157,230
128,737
99,062
202,239
176,198
119,593
141,003
117,193
136,495
141,800
133,907
123,711
81,545
109,006
130,920
119,820
131,913
162,668
113,882
127,184
109,800
135,644
99,863
136,861
126,095
119,357
142,836
144,082
92,698
140,169
142,738
124,171
134,970
129,904
111,009
128,702
119,511
138,785
143,259
120,853
67,222
145,519
134,857
125,047
129,516
149,706
162,164
141,679
91,303
157,330
124,536
121,349
155,988
137,918
114,890
121,202
156,620
115,841
124,982
133,527
91,863
148,879
120,702
144,022
117,708
217,841
112,234
117,376
161,000
149,380
152,559
85,163

Al
488,400
447,529
624,101
559,021
565,112
395,891
574,671
217,459
467,016
475,489
512,148
514,184
585,081
374,875
303,155
523,392
460,882
363,064
310,645
358,685
555,969
453,823
376,801
401,394
436,003
517,038
408,435
545,309
419,947
467,071
443,703
434,500
385,051
363,762
360,072
323,313
451,411
517,898
270,489
356,352
457,952
419,660
564,883
383,601
502,200
393,878
365,525
364,440
547,917
123,655
402,356
505,129
499,385
441,444
549,400
567,748
368,158
363,006
554,485
523,244
424,353
103,670
505,469
416,541
403,194
496,219
442,236
512,451
432,493
295,487
386,836
372,204
419,206
375,431
509,575
391,701
398,754
472,116
371,276
378,785
536,524
232,181
509,444
340,924
491,877
344,152
439,175
507,865
373,622
523,026
554,702
557,186
191,694

Zn/Al
0.288223
0.298437
0.168607
0.271609

0.18264
0.351852
0.226785
0.437236
0.307972
0.283891

0.23673

0.23288
0.205001
0.327845
0.393756

0.2341
0.249684

0.29113
0.363386
0.452012
0.217282
0.346457
0.341658
0.246795
0.463848
0.340783
0.292808
0.258574
0.279066
0.292236
0.319583
0.308186
0.321285
0.224171
0.302734
0.404933
0.265434
0.254708
0.601385
0.319577
0.277723

0.26164
0.240128
0.260269
0.272523
0.320137
0.326536
0.391933
0.262963

0.74965
0.348371
0.282577
0.248648
0.305747
0.236447
0.195525
0.349584
0.329226
0.250295

0.27379
0.284794
0.648423
0.287889
0.323754
0.310141
0.261006
0.338521
0.316448
0.327587
0.308992

0.40671
0.334591
0.289473

0.41549
0.270653

0.29331
0.303952
0.331741
0.312008
0.329955
0.248874
0.395653
0.292238
0.354044
0.292801
0.342023
0.496023
0.220992
0.314157
0.307824
0.269298
0.273803
0.444265

Zn/Al (*10-1)
2.88
2.98
1.69
2.72
1.83
3.52
2.27
4.37
3.08
2.84
2.37
2.33
2.05
3.28
3.94
2.34
2.5
2.91
3.63
4.52
2.17
3.46
3.42
2.47
4.64
3.41
2.93
2.58
2.79
2.92
3.2
3.08
3.21
2.24
3.03
4.05
2.65
2.55
6.01
3.2
2.78
2.62
2.4
2.6
2.72
3.2
3.26
3.92
2.63
7.5
3.48
2.82
2.49
3.06
2.36
1.96
3.5
3.29
2.5
2.74
2.85
6.48
2.88
3.24
3.1
2.62
3.38
3.16
3.28
3.09
4.07
3.34
2.89
4.15
2.71
2.93
3.04
3.32
3.12
3.3
2.49
3.96
2.92
3.54
2.93
3.42
4.96
2.21
3.14
3.08
2.69
2.74
4.44

Vv
189,687
190,291
195,986
193,412
192,541
174,897
181,410
125,673
182,268
173,109
192,169
188,945
204,472
169,620
135,322
177,817
160,942
161,291
161,638
110,593
197,708
171,330
171,377
166,200
171,108
190,222
178,270
197,055
168,367
178,525
177,105
161,965
145,514
104,165
134,481
137,499
170,599
170,976
120,543
142,928
166,032
152,781
183,940
133,558
152,623
150,868
153,974
162,474
182,738
92,008
142,505
163,419
176,223
139,952
170,223
170,726
150,802
144,341
174,907
166,483
122,518
81,171
159,948
177,890
175,041
197,522
191,351
206,012
174,995
148,571
111,445
156,424
170,477
167,105
182,223
177,012
162,399
180,076
158,621
162,285
192,862
136,038
181,703
152,093
183,232
152,145
144,816
180,959
163,709
195,998
193,619
184,191
106,819

Al
488,400
447,529
624,101
559,021
565,112
395,891
574,671
217,459
467,016
475,489
512,148
514,184
585,081
374,875
303,155
523,392
460,882
363,064
310,645
358,685
555,969
453,823
376,801
401,394
436,003
517,038
408,435
545,309
419,947
467,071
443,703
434,500
385,051
363,762
360,072
323,313
451,411
517,898
270,489
356,352
457,952
419,660
564,883
383,691
502,200
393,878
365,525
364,440
547,917
123,655
402,356
505,129
499,385
441,444
549,400
567,748
368,158
363,006
554,485
523,244
424,353
103,670
505,469
416,541
403,194
496,219
442,236
512,451
432,493
295,487
386,836
372,204
419,206
375,431
509,575
391,701
398,754
472,116
371,276
378,785
536,524
232,181
509,444
340,924
491,877
344,152
439,175
507,865
373,622
523,026
554,702
557,186
191,694

V/Al
0.388385
0.425204
0.314029
0.345983
0.340713
0.441781
0.315676
0.577916
0.390282
0.364065
0.375222
0.367466
0.349476
0.452471
0.446379

0.33974
0.349204
0.444249

0.52033
0.308329

0.35561
0.377526
0.454821
0.414057
0.392447
0.367907
0.436471
0.361364
0.400924
0.382222
0.399152
0.372762
0.377908
0.286355
0.373484
0.425281
0.377924
0.330135
0.445648
0.401087
0.362553
0.364059
0.325625
0.348087
0.303909
0.383032
0.421241
0.445818
0.333514

0.74407
0.354176
0.323519

0.35288
0.317032
0.309834
0.300707
0.409612
0.397627

0.31544
0.318175
0.288717
0.782975
0.316435
0.427065
0.434136
0.398054

0.43269
0.402013
0.404619

0.5028
0.288094
0.420264
0.406666
0.445102
0.357598
0.451906
0.407266
0.381423
0.427232
0.428436
0.359466
0.585914
0.356669

0.44612
0.372516
0.442087
0.329746
0.356313
0.438167
0.374739

0.34905
0.330574
0.557237

V/AI (*10-1)
3.88
4.25
3.14
3.46
3.41
4.42
3.16
5.78
3.9
3.64
3.75
3.67
3.49
4.52
4.46
3.4
3.49
4.44
5.2
3.08
3.56
3.78
4.55
4.14
3.92
3.68
4.36
3.61
4.01
3.82
3.99
3.73
3.78
2.86
3.73
4.25
3.78
3.3
4.46
4.01
3.62
3.64
3.26
3.48
3.04
3.83
4.21
4.46
3.33
7.44
3.54
3.24
3.53
3.17
3.1
3.01
4.1
3.98
3.15
3.18
2.89
7.83
3.16
4.27
4.34
3.98
4.33
4.02
4.05
5.03
2.89
4.2
4.07
4.45
3.58
4.52
4.07
3.81
4.27
4.28
3.6
5.86
3.57
4.46
3.72
4.42
3.3
3.56
4.38
3.75
3.49
3.3
5.57




CHAPTER 2
Table S1 Total foraminifer counts at Aguablanca Creek section.
Table S2 Total calcareous nannofossil counts at Aguablanca Creek section.

Table S3 Sediments geochemical data (XRF analysis) at Aguablanca Creek section.



TABLE S1. TOTAL FORAMINIFER COUNTS AT AGUABLANCA CREEK SECTION (COUNTS)

PLANCKTONIC BENTHIC OTHERS
Consecutive Height(m) Sample ArchaeglobigerinaBpp. Archaeoglobigerina ?Bp. Globotruncana aegyptiaca GlobotruncanaBpp. Muricohedbergella@f.tholmdelensis MuricohedbergellaBpp. PlanoheterohelixBpp. Pseudoguembelina costulata Pseudoguembelina excolata PseudoguembelinaBpp. Rugoglobigerina macrocephala RugoglobigerinaBpp. Spiroplecta americana Globigerininaindet. Ammobaculites colombiana Gaudyina quadrans Gaudryina spp. Haplophragmoides excavatum Haplophragmoides glaber Haplophragmoides walteri Haplophragmoides Bpp. Nothia robusta NothiaBpp. Spiroplectammina spectabilis Textulariinadindet. Dentalina wimani DentalinaBpp. Gavelinella correcta Gavelinella henbesti Gavelinella spissocostata GavelinellaBpp. Gyroidinoides depressa LagenaBpp. Lenticulina muensteri Lenticulina cf. williamson/ LenticulinaBp2 LenticulinaBpp. Marginulinopsis texasensis Nodosaria paupercula Orthokarstenia cretacea  Praebulimina kickapoensis Praebulimina spg. PseudoglandulinaBpp. Pyramidina prolixa Pyramidina triangularis  Siphogenerinoides bramlettei Siphogenerinoides Bpp. Stilostomella spinea Rotaliina@ndet. Echinoid@emains Fish@eeth Gastropocls Invertebrate@emains Ostracodes Phosphaticieloics Glauconit
1 344.2 AG-01
2 343.8 AG-02 2
3 343 AG-03 4 3 1 2 1 1
4 341.9 AG-05
5 341.5 AG-06
6 340.5 AG-07 3
7 340 AG-08 1 4
8 338.2 AG-10 8 6 2 7 32
9 337.6 AG-11 1 11 4 2 2 4 8 1 3 1 1 2 1 4 2
10 336.9 AG-12 5 1 1 7 5 1 2 1 3 1 4 6 5
11 336 AG-13 1 1 12 1 1 5 2 1 1 4 1 10 11 1 13 2 1 4 6 1
12 335.5 AG-14 1 14 1 1 2 1 17 2 18 3 1 3 23 3 7 2 2 6 9
13 334.9 AG-15 1 1 1 3 14 7 4 1 10 5 2 2 1 65 1 3 1
14 333.9 AG-16 19 1 13 10 2 3 2 1 7 1
ree 23 15 331.3 AG-17 3 1 1 5 1 2 1 2 5 12 10 2 11 6 1 1 10 49
16 331 AG-18 1 1 2 2 4 4 2 1 3 18 2
17 330.7 AG-19 1 1 2 11 6 1 7 11 18 1 1
18 330.3 AG-20 1 1 4 1 2 5 1 2 2 2
19 329.9 AG-21 1 1 1 2 1 2 2 1 6 1
20 324.1 AG-22 8 1 4
21 323.8 AG-23 3 2 1 1 3
22 323.4 AG-24 7
23 323 AG-25 2 3 100
24 322.5 AG-26 100 100
25 322 AG-27 1 100 100
26 321.6 AG-28 2
L< 27 321.2 AG-29 2
FRE- 28 320.8 AG-30

Sterile




TABLE S1. TOTAL FORAMINIFER COUNTS AT AGUABLANCA CREEK SECTION (DIVERSITY)
Sample  Height (m) Taxa_S Individuals Shannon_H Evenness_e™H/S

AG-02 343.8 1 2 0 1
AG-03 343 1 4 0 1
AG-07 340.5 1 3 0 1
AG-08 340 2 5 0.5004 0.8247
AG-10 338.2 5 55 1.22 0.6775
AG-11 337.6 14 45 2,315 0.7236
AG-12 336.9 12 37 2,241 0.7834
AG-13 336 19 78 2,495 0.6379
AG-14 335.5 20 117 2,464 0.5878
AG-15 334.9 16 121 1,755 0.3616
AG-16 333.9 9 58 1,785 0.6618
AG-17 331.3 19 124 2,181 0.4662
AG-18 331 12 41 1,958 0.5907
AG-19 330.7 10 59 1,865 0.6456
AG-20 330.3 10 21 2,133 0.8442
AG-21 329.9 9 17 1,956 0.7858
AG-22 324.1 3 13 0.8587 0.7867
AG-23 323.8 5 10 1,505 0.9006
AG-24 323.4 1 7 0 1
AG-25 323 1 2 0 1
AG-28 321.6 1 2 0 1
AG-29 321.2 1 2 0 1



TABLE S2. TOTAL CALCAREOUS NANNOFOSSIL COUNTS AT AGUABLANCA CREEK SECTION (COUNTS)

Consecutive Height (m) N2 Field of View (FOV) Preservation Species richness TOTAL Ascidians@picles Ahmuellerella octoradiata = Arkhangelskiella confusa Arkhangelskiella cymbiformis Biscutum constans Cervisiella operculata Cervisiella saxea Ceratolithoides aculeus Chiastozygus litterarius Chiastozygus synquadriperforatus

Corolithion madagaskarensis Cretarhabdus conicus Cribrosphaerella ehrenbergii

Cylindralithus biarcus Cylindralithus serratus Eiffelithus eximius Eiffellithus gorkae Eiffellithus turriseiffelii Gartnerago segmentatum Helicolithus trabeculatus Kamptnerius magnificus

Lapideacassis sp.

Loxolithus armilla  Manivitella pemmatoidea Microrhabdulus decoratus Microrhabdulus undosus Micula concava Micula cubiformis Micula staurophora Micula swastica Perchnielsenella stradneri

Placozygus fibuliformis Prediscosphaera cretacecr Prediscosphaera grandis Prediscosphaera spinosa Prediscosphaera stoveri Quadrum gartnerii  Reinhardtites levis Retecapsa angustiforata Retecapsa crenulata Retecapsa surirello Rhagodiscus angustus Rhagodiscus asper Rhagodiscus reniformis Rhagodiscus splendens

Staurolithites laffittei Tetrapodorhabdus decorus Watznaueria barnesiae Watznaueria biporta Watznaueria fossacincta Watznaueraia ovat

Zeugrhabdotus bicrescenticus Zeugrhabdotus embergeri Zeugrhabdotus erectus

Zeugrhabdotus sigmoides

1 344.2 700 - - -
2 343.8 700 - - -
3 343 700 - - -
4 341.5 700 - - -
5 340.5 278 P 1 304 304
6 340 284 P 1 306 306
7 339 700 P 4 11 3 1 2 5
8 338.2 700 P 1 1 1
9 337.6 700 M 8 35 2 1 1 2 2 4 22
10 336.9 700 M 11 33 1 2 5 1 17 1
11 336 700 M 11 30 1 1 8 1 13
12 335.5 700 M 19 53 1 1 1 3 2 12 3 1 3 1 16 1 1
13 334.9 700 M 8 18 2 1 1 1 2 1 9 1
14 333.9 700 M 12 44 1 1 1 7 9 1 17 1
ree 23 15 331.3 132 M 38 316
16 331 167 M 43 306 2 7 1 13 3 1 4 5 58 4 3 15 1 165 1 1 2 1
17 330.7 700 M 16 136 1 4 9 1 1 1 1 6 1 1 5 7 28 1 10 4 10 174 1 1 1 1 1
18 330.3 700 P 1 2 1 11 4 1 15 4 1 5 1 85 1
19 329.9 700 M 18 296 2
20 324.1 700 - - - 1 1 12 3 1 38 2 1 41 9 4 16 156 1
21 323.8 81 M 29 305
22 323.4 112 M 27 320
23 323 271 M 21 302 7 5 9 1 4 5 1 2 6 149 4 4 3 1 87 1 1 1 1
24 322.5 700 M 16 66 11 10 12 2 2 4 1 4 148 10 1 5 94 2 1 1
25 322 700 - - - 19 12 4 2 2 6 1 6 144 1 10 3 1 83 1 2
26 321.6 700 P 4 28 5 1 4 1 6 1 1 18 1 3 2 16 1
Ao 27 321.2 480 M 14 300
2 11 13
< ™ 1 1 33 3 2 231 4 2




TABLE S2. TOTAL CALCAREOUS NANNOFOSSIL COUNTS AT AGUABLANCA CREEK SECTION (DIVERSITY)

Sample Depth Taxa_S Individuals Shannon_H Evenness_e"H/S SHEBI In(E)
AG-9A 339 4 11 1.241 0.8645 -0.145603974
AG-10 338.2 1 1 0 1 0
AG-11 337.6 8 35 1.335 0.4751 -0.744229971
AG-12 3369 11 33 1.709 0.5022 -0.688756832
AG-13 336 11 30 1.735 0.5155 -0.662617976
AG-14 3355 19 53 2.332 0.5419 -0.612673796
AG-15 334.9 8 18 1.638 0.6429 -0.441766088
AG-16 3339 12 44 1.856 0.533 -0.629233855
AG-17 331.3 38 316 1.933 0.1819 -1.704298193
AG-18 331 43 306 2.033 0.1776 -1.728221448
AG-19 330.7 16 136 1.482 0.2752 -1.290257173
AG-20 330.3 1 2 0 1 0
AG-21 3299 18 296 1.664 0.2933 -1.226559303
AG-23 3238 29 305 1.721 0.1927 -1.646620704
AG-24 3234 27 320 1.726 0.2081 -1.569736546
AG-25 323 21 302 1.652 0.2484 -1.392714929
AG-26 3225 16 66 2.219 0.5746 -0.554081132
AG-28 3216 4 28 1.1 0.7513 -0.28595024

AG-29 3212 14 300 0.9754 0.1894 -1.663894098



TABLE S3. GEOCHEMICAL DATA (XRF ANALYSIS) AT AGUABLANCA CREEK (XRF DATA NMS)

e 2D

Consecutive
1

O 00 N O U1 b WN

N NNNNNNNNNRRRP R RRPRR PR R
O 00 N0 U DBWNRPROWOWOWNOOSU™WNIPR O

Sample
AG-01
AG-02
AG-03
AG-05
AG-06
AG-07
AG-08
AG-09
AG-10
AG-11
AG-12
AG-13
AG-14
AG-15
AG-16
AG-17
AG-18
AG-19
AG-20
AG-21
AG-22
AG-23
AG-24
AG-25
AG-26
AG-27
AG-28
AG-29
AG-30

Height (m)
344,2
343,8

343
341,9
341,5
340,5

340

339
338,2
337,6
336,9

336
335,5
334,9
333,9
331,3

331
330,7
330,3
329,9
324,1
323,8
3234

323
322,5

322
321,6
321,2
320,8

Mg NMS
8.7E-02
-0,002502898
7.0E-02
5.3E-03
1.8E-01
0,003713254
1.3E-01
-7.2E-02
5.5E-02
0,007798774
-2.4E-02
0,005903126
0,005467067
0,00467763
-2.0E-02
0,001993964
-3.6E-03
0,004099676
-0,008184808
2.1E-02
0,002232744
-0,001970082
0,002380113
-0,003748828
0,010287145
0,004179544
-0,002687972
3.2E-02
6,91E-08

Al NMS
0,847218242
0,759311509
0,867819281
0,656360015
0,630783066
0,791391755
0,814845675
0,737709633

1.1E+09
0,973038412
0,749218633
0,945042211
0,836541484
0,866442561

1.1E+08
0,986241163
0,673491091
0,998365067

1.2E+09

1.4E+09
0,701411632
0,97220944
0,84836295
0,739312716
0,325105711
0,288012114
0,858265087
0,620957077
0,467558713

Si NMS
1.7E+09
1.5E+08
1.3E+09
2.1E+09
1.9E+09
8.8E+09
8.5E+09
1.5E+09
1.1E+09
1.0E+09
8.8E+08
1.0E+09
8.9E+09
9.8E+09
1.1E+09
8.8E+09
6.6E+09
9.3E+09
1.4E+08
1.3E+09
6.3E+09
8.9E+09
9.2E+09
8.2E+09
3.4E+09
3.5E+08
7.8E+08
6.3E+09
7.1E+09

S NMS
1.6E+09
1.2E+09
1.2E+09
0,487149852
0,48095925
0,151367451
0,063366736
1.1E+09
0,272079742
0,48648771
0,124942696
0,220422535
0,117220849
0,513141104
0,323751583
0,726883001
0,346675266
0,198222992
0,145531412
0,059910171
0,379632465
1.6E+09
1.5E+09
2.1E+09
4.3E+08
2.6E+09
2.8E+09
1.9E+09
1.4E+09

KNMS
2.3E+09
3.3E+09
3.6E+09
2.0E+09
2.1E+09
3.4E+09
3.4E+09
2.8E+09
4.8E+09
4.2E+08
3.8E+09
4.4E+09
3.8E+09
4.1E+09
4.8E+09
4.2E+08
3.1E+09
4.4E+09
6.7E+09
6.2E+09
2.9E+09
3.7E+09
3.6E+09
3.2E+09
1.8E+09
1.6E+09
2.6E+08
2.1E+09
1.5E+09

CaNMS
8.2E+09
2.7E+09
3.2E+09
6.3E+09
1.4E+09
1.1E+08
1.0E+09
2.2E+09
1.6E+09
2.3E+09
2.1E+09
2.0E+09
2.1E+09
2.9E+09
2.0E+09
1.5E+09
1.1E+09
5.4E+09
3.8E+09
4.0E+09
1.5E+09
4.7E+09
5.0E+09
4.7E+09
4.7E+09
6.0E+09
5.1E+09
6.5E+09
7.1E+09

Ti NMS
3.6E+09
4.2E+09
3.7E+09
4.6E+09
4.1E+08
3.4E+09
3.3E+09
4.3E+09
4.0E+09
3.6E+08
3.4E+09
3.7E+09
3.3E+09
3.6E+09
4.1E+09
2.7E+09
2.1E+09
3.2E+09
5.2E+08
4.9E+09
2.2E+09
2.2E+09
2.1E+09
1.8E+09
0,481395209
0,424014789
1.7E+09
1.1E+09
0,724998948

Cr NMS Mn NMS
0,056430647 0,422674336
0,064540034 0,220758066
0,070316769 0,231535642
0,050951579 0,368597886
0,056296712 0,616332953
0,082599752 0,628953388
0,079239156 0,649481167
0,066110798 0,264059274
0,105094387 0,177419445
0,08757335 0,205115747
0,088060039 0,304311788
0,094139819 0,201430073
0,082490497 0,262642818
0,091378356 0,206428718
0,10398159 0,171492948
0,09350434 0,153116006
0,082232944 0,217249285
0,091951758 0,17523395
0,12798931 0,17747225
0,111192474 0,119341847
0,071598901 0,31988823
0,075643587 0,149535189
0,084210106 0,098773708
0,114022411 0,064501952
0,144027339 0,089655915
0,141879131 0,066872702
0,242204478 0,068383864
0,156011842 0,048320671
0,101825505 0,059281942

Fe NMS
5.5E+09
6.4E+09
6.7E+08
5.2E+08
4.9E+09
7.7E+09
7.8E+07
6.5E+09
7.2E+09
7.3E+09
7.6E+09
7.3E+09
7.6E+09
7.3E+09
7.1E+09
6.3E+09
7.3E+09
7.1E+09
6.2E+09
6.2E+09
6.9E+09
3.0E+08
2.6E+09
3.0E+09
3.9E+09
2.8E+09
2.7E+09
1.7E+09
1.2E+09

Ni NMS Cu NMS Zn NMS
0,03682025 0,019581394 0,252211126
0,040987739 0,024196705 0,238320777
0,040704318 0,023227998 0,223825286
0,036517169 0,024108373 0,260804121
0,026865919 0,01650712 0,235324342
0,03724972 0,030989189 0,230555698
0,032619731 0,028309603 0,190604843
0,041965603 0,027038845 0,299020007
0,039981542 0,029608996 0,256885192
0,03863128 0,025700924 0,229441592
0,033237991 0,024412592 0,183730589
0,04334129 0,028295212 0,251630143
0,034328994 0,025751404 0,196491883
0,035989664 0,026460768 0,190895001
0,046642308 0,031248682 0,225329468
0,04222179 0,028648706 0,175952386
0,034726826 0,020429886 0,115126387
0,041221578 0,031646851 0,17826389
0,046886899 0,050590149 0,25883326
0,049028676 0,05136134 0,245104929
0,032602167 0,023766546 0,120987723
0,049331363 0,033138117 0,261065635
0,044507919 0,035648279 0,272939429
0,046881079 0,040155298 0,230376242
0,013701969 0,010559014 0,057502188
0,024748357 0,015532895 0,113285009
0,087387796 0,064878021 0,478557913
0,059428588 0,040866503 0,265499391
0,034466211 0,024848075 0,17987766

Rb NMS
0,467793867
0,784037479
0,876831766
0,454002753

0,41938809
0,910620154
0,910554807
0,651064669

1.2E+09
1.0E+08
0,912862441
1.1E+09
0,942763696
1.0E+09
1.2E+09
0,908627302
0,568894055
1.0E+09
1.7E+09
1.7E+09
0,539165092
0,640777804
0,613976211
0,542670004
0,255747339
0,232874051
0,470857494
0,345366313
0,223413618

SrNMS
1.1E+09
1.1E+09
1.2E+09
1.0E+09
1.2E+09
1.0E+09
1.1E+09
0,971316477
1.4E+09
1.1E+09
1.0E+09
1.2E+09
1.1E+09
1.2E+09
1.4E+09
1.8E+09
1.1E+09
1.5E+09
2.1E+09
2.5E+09
1.1E+09
3.7E+09
4.0E+08
4.1E+09
2.3E+08
3.2E+09
3.7E+09
4.2E+09
4.3E+09

Zr NMS
9.0E+09
5.6E+09
4.0E+09
9.7E+09
7.5E+09
1.2E+08
1.1E+09
6.0E+08
1.3E+09
1.2E+09
1.1E+09
1.2E+09
1.0E+09
1.2E+09
1.3E+09
0,935691827
0,58795222
1.0E+09
1.8E+09
1.9E+09
0,616194754
1.1E+09
1.2E+09
1.1E+09
0,378548146
0,299332575
0,811356303
0,661554922
0,535341429

Ba NMS
0,048660111
0,059766548
0,06792465€
0,025901832
0,034696729

0,05394984
0,061059424
0,040318044
0,061455175
0,06105506
0,033625886
0,059631285
0,04448478
0,059344595
0,05835649
0,055732072
0,040953962
0,051414929
0,105410788
0,091339193
0,030894603
0,064935208
0,058333547
0,060435293
0,023669698
0,129674278
0,038605723
0,031540442
0,03335767

Co NMS
0,520235505
0,599719918
0,619533365
0,527182507
0,494260277
0,648457125
0,63960003S
0,633555783
0,664090803
0,640183171
0,660752079
0,666033344
0,665263472
0,638393773
0,65093216€

0,5682781
0,579553414
0,62487285S
0,609813399
0,600129194
0,581185272

0,28367742
0,246265542
0,269838629
0,322066382
0,230364619
0,24453532S
0,164502885
0,101455011

V NMS
0,243862763
0,271609932
0,28756191¢€
0,27292718¢
0,252784777

0,2980168
0,29735733¢€
0,272931087

0,398245234

0,34072008
0,31957004¢€
0,347405542
0,331511518
0,330923423
0,388168433

0,308805324

0,210321697
0,313719231
0,497350118
0,49082933¢
0,227496352
0,203192442
0,20923034¢8
0,188943697
0,064639062
0,075689822
0,18598982¢€
0,12082636€
0,09371580¢8

Ga NMS
0,03268622¢
0,04221797¢
0,041841852
0,03130006€
0,028077425
0,048867004

0,04519987
0,04112975¢8
0,060144468
0,050599847
0,04465298
0,05192024¢
0,043135931
0,048138214
0,062626017
0,041411644
0,02470954¢
0,04111577¢
0,07731379¢
0,081329243
0,026775322
0,028161541
0,02267537€
0,019281097
0,007184421
0,006232162
0,014077577
0,011562457
0,011472075




TABLE S3. GEOCHEMICAL DATA (XRF ANALYSIS) AT AGUABLANCA CREEK (TERRIGENOUS INPUT)

Consecutive
1

O 00 N O L1 B WN

NN NNMNMNNNNNNRRERRRRERERRPRP P R
© 00N OO Ul B WNPEPO WOLNOOUWLDMWNIEREPLO

Sample
AG-01
AG-02
AG-03
AG-05
AG-06
AG-07
AG-08
AG-09
AG-10
AG-11
AG-12
AG-13
AG-14
AG-15
AG-16
AG-17
AG-18
AG-19
AG-20
AG-21
AG-22
AG-23
AG-24
AG-25
AG-26
AG-27
AG-28
AG-29
AG-30

Height (m)
344.2
343.8

343
341.9
341.5
340.5

340

339
338.2
337.6
336.9

336
335.5
334.9
333.9
331.3

331
330.7
330.3
329.9
324.1
323.8
323.4

323
322.5

322
321.6
321.2
320.8

Fe NMS
54.6523254
63.5740242
66.8454443
52.0431907
49.0891326
77.1728649

77.710497
64.9543913
71.6501437
73.4681236
76.4217311
73.1621335
76.1911006

73.340099
71.0602964
62.7813932
72.9013684
71.3870646
61.5109924
61.9851103
68.9901999
29.5549103
25.9664016

30.168215
39.4773623
27.5641347
27.1678269
17.1591389
11.8584261

CaNMS
8.15121443
2.68540397
3.19755032
6.32884328

13.998083
1.06594841
1.0118135
2.22439198
1.58863465
2.27879533
2.08267152
2.04416102
2.13982483
2.92015902
1.99821747
14.6711347
10.6889721
5.41417422
3.82364611
4.03777165
14.8666998
46.5272317
49.8456438
46.9925368
46.5324319
59.5109066
50.7026186
64.7604459
71.2085771

log(Fe/Ca)
0.82638633
1.37427008
1.32025443
0.91503957
0.5449168
1.85972844
1.88537922
1.4653972
1.65419304
1.50839363
1.56459609
1.55377126
1.55152602
1.39993499
1.55098426
0.63136725
0.83379974
1.1200873
1.20647504
1.18614562
0.66657283
-0.19707757
-0.28321544
-0.19247928
-0.07140762
-0.3342522
-0.27097549
-0.57681434
-0.77850526




TABLE S3. GEOCHEMICAL DATA (XRF ANALYSIS) AT AGUABLANCA CREEK (PALEOSALINITY)

Consecutive
1

O 00 N O L1 B WN

NN NNMNMNNNNNNRRERRRRERERRPRP P R
© 00N OO Ul B WNPEPO WOLNOOUWLDMWNIEREPLO

Sample
AG-01
AG-02
AG-03
AG-05
AG-06
AG-07
AG-08
AG-09
AG-10
AG-11
AG-12
AG-13
AG-14
AG-15
AG-16
AG-17
AG-18
AG-19
AG-20
AG-21
AG-22
AG-23
AG-24
AG-25
AG-26
AG-27
AG-28
AG-29
AG-30

Height (m)
344.2
343.8

343
341.9
341.5
340.5

340

339
338.2
337.6
336.9

336
335.5
334.9
333.9
331.3

331
330.7
330.3
329.9
324.1
323.8
323.4

323
322.5

322
321.6
321.2
320.8

SrNMS
1.08725932
1.10483674
1.20485842
1.01137813
1.15436632
1.04837674
1.07847251
0.97131648

1.3543974

1.1166474
1.00180843
1.23271777
1.07581954
1.15658243
1.37189041
1.75247119
1.13099186
1.51183548
2.10281028
2.53198121
1.05259935

3.6971612
3.99171689
4.07805767
2.34055825
3.17517307
3.69003911
4.21899989
4.33857454

Ba NMS
0.04866011
0.05976655
0.06792466
0.02590183
0.03469673
0.05394984
0.06105942
0.04031804
0.06145518
0.06105506
0.03362589
0.05963129
0.04448478

0.0593446
0.05835649
0.05573207
0.04095396
0.05141493
0.10541079
0.09133919

0.0308946
0.06493521
0.05833355
0.06043529

0.0236697
0.12967428
0.03860572
0.03154044
0.03335767

Sr/Ba
22.3439549
18.4858717

17.73816
39.0465872
33.2701775
19.4324346
17.6626709
24.0913592
22.0387853
18.2891869
29.7927741
20.6723327
24.1839918
19.4892632

23.508789
31.4445728

27.616177
29.4046013
19.9487198
27.7206436
34.0706553
56.9361572
68.4291819
67.4780819
98.8841617
24.4857586
95.5826967
133.764768
130.062277




Consecutive
1

O 00 N O Ul B W N

NN NNMNNNNNNRERRERRELRP R R R
© 0N O Ul B WNPEPEOWOKBNOOUWUAWNIERO

Sample
AG-01
AG-02
AG-03
AG-05
AG-06
AG-07
AG-08
AG-09
AG-10
AG-11
AG-12
AG-13
AG-14
AG-15
AG-16
AG-17
AG-18
AG-19
AG-20
AG-21
AG-22
AG-23
AG-24
AG-25
AG-26
AG-27
AG-28
AG-29
AG-30

Height (m)
344.2
343.8

343
341.9
341.5
340.5

340

339
338.2
337.6
336.9

336
3355
334.9
333.9
331.3

331
330.7
330.3
329.9
324.1
323.8
323.4

323
3225

322
321.6
321.2
320.8

Ni NMS

0.03682025

0.040987739
0.040704318
0.036517169
0.026865919
0.03724972

0.032619731
0.041965603
0.039981542
0.03863128

0.033237991
0.04334129

0.034328994
0.035989664
0.046642308
0.04222179

0.034726826
0.041221578
0.046886899
0.049028676
0.032602167
0.049331363
0.044507919
0.046881079
0.013701969
0.024748357
0.087387796
0.059428588
0.034466211

Cu NMS
0.019581394
0.024196705
0.023227998
0.024108373
0.01650712
0.030989189
0.028309603
0.027038845
0.029608996
0.025700924
0.024412592
0.028295212
0.025751404
0.026460768
0.031248682
0.028648706
0.020429886
0.031646851
0.050590149
0.05136134
0.023766546
0.033138117
0.035648279
0.040155298
0.010559014
0.015532895
0.064878021
0.040866503
0.024848075

TABLE S3. GEOCHEMICAL DATA (XRF ANALYSIS) AT AGUABLANCA CREEK (REDOX-SENSITIVE TM)

V NMS
0.243862763
0.271609932
0.287561916
0.272927189
0.252784777

0.2980168
0.297357336
0.272931087
0.398245234

0.34072008

0.319570046
0.347405542
0.331511518
0.330923423
0.388168433
0.308805324
0.210321697
0.313719231
0.497350118
0.490829339
0.227496352
0.203192442
0.209230348
0.188943697
0.064639062
0.075689822
0.185989826
0.120826366
0.093715808

Zn NMS
0.252211126
0.238320777
0.223825286
0.260804121
0.235324342
0.230555698
0.190604843
0.299020007
0.256885192
0.229441592
0.183730589
0.251630143
0.196491883
0.190895001
0.225329468
0.175952386
0.115126387

0.17826389
0.25883326
0.245104929
0.120987723
0.261065635
0.272939429
0.230376242
0.057502188
0.113285009
0.478557913
0.265499391
0.17987766

Al NMS
0.847218242
0.759311509
0.867819281
0.656360015
0.630783066
0.791391755
0.814845675
0.737709633
1.072810047
0.973038412
0.749218633
0.945042211
0.836541484
0.866442561

1.06227166
0.986241163
0.673491091
0.998365067
1.249601775
1.357978118
0.701411632
0.97220944
0.84836295
0.739312716
0.325105711
0.288012114
0.858265087
0.620957077
0.467558713

Ni/Al (*10-7)
4.35
5.4
4.69
5.56
4.26
4.71
4
5.69
3.73
3.97
4.44
4.59
4.1
4.15
4.39
4.28
5.16
4.13
3.75
3.61
4.65
5.07
5.25
6.34
4.21
8.59
10.2
9.57
7.37

Cu/Al (*10-7)
231
3.19
2.68
3.67
2.62
3.92
3.47
3.67
2.76
2.64
3.26
2.99
3.08
3.05
2.94

2.9
3.03
3.17
4.05
3.78
3.39
3.41

4.2
5.43
3.25
5.39
7.56
6.58
5.31

V/Al (*10-6)
2.88
3.58
3.31
4.16
4.01
3.77
3.65
3.7
3.71
3.5
4.27
3.68
3.96
3.82
3.65
3.13
3.12
3.14
3.98
3.61
3.24
2.09
2.47
2.56
1.99
2.63
2.17
1.95

2

Zn/Al (*10-6)
2.98
3.14
2.58
3.97
3.73
2.91
2.34
4.05
2.39
2.36
2.45
2.66
2.35
2.2
2.12
1.78
1.71
1.79
2.07

1.8
1.72
2.69
3.22
3.12
1.77
3.93
5.58
4.28
3.85



CHAPTER 3
Table S1 Foraminiferal data (total counts and relative abundances) of Hole 1258A.
Table S2 §3C and 60 values, and elemental composition data (XRF analyses) of Hole 1258A.

Figure S1 Age model of Hole 1258A. Chronostratigraphic datums based on Suganuma and Ogg
(2006). Planktonic foraminifera and calcareous nannofossil biozones based on Erbacher et al.
(2004) and Thibault and Gardin (2006).
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Figure S2 83C correlation of Hole 1258A and Maastrichtian localities from Netherlands (ENCI

Quarry; Vellekoop et al., 2022) and Italy (Gubbio; Voigt et al., 2012; Batenburg et al., 2018).

ODP 1258A