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III. Abstract  

Global mean sea levels have been rising since the last century; this trend is expected to 

continue as the planet faces a warmer future. However, the rate and magnitude of this rise 

remain subject to debate, making decisions about land use and coastal management difficult. 

Sea level changes are not linear. In fact, they are driven by an intricate relationship between 

eustatic (i.e., global), isostatic, and local factors. Therefore, there is a clear need for precise 

and accurate data covering various spatiotemporal scales. Quaternary sea-level records offer 

valuable data to improve our understanding of these complex sea-level dynamics and enhance 

the predictions of future sea-level scenarios. In particular, interglacial records provide sea-

level variability data under warm climate conditions. Marine Isotope Stages (MIS) 11 (424 to 

395 ka) and 5 (~125 to 80 ka) represent the most recent interglacial periods when the Earth's 

climate was warmer than the pre-industrial, and sea level was higher than today, leaving 

geological and biological traces of rising sea levels around the world.  

Given its extension, the southwestern Atlantic region is susceptible to various eustatic 

and glacial-isostatic sea-level patterns, turning its coastlines into a hot spot for investigations 

into past sea-level dynamics. This dissertation aims to provide an overview of state-of-the-art 

sea-level research in this broad region. Through four chapters, we will provide context on the 

accuracy of published data from the Pleistocene to the Holocene interglacials, discuss the 

uncertainties surrounding them, and propose new methodological approaches to improve the 

interpretations. 

 

The first chapter provides a literature review of the Last Interglacial (MIS 5) sea level 

research in a coastal profile from Brazil to Honduras, including the Caribbean islands of Aruba, 

Bonaire, and Curaçao. This review evaluates and standardizes the data using the World Atlas 

of Last Interglacial Shorelines template. In this endeavor, we fill the geographical gap between 

the existing sea-level compilations of Mexico and the northwestern Caribbean Sea and the 

Atlantic coasts from Argentina to Uruguay, resulting in a standardized transect that could be 

useful for assessing the glacial isostatic signals from near-intermediate- and far-field locations. 

Nevertheless, our review highlights that future research should improve the chronological 

control at several sites, and the coast of Brazil would benefit from a new measurement of 

paleo-sea levels, using more accurate measurement techniques to reduce uncertainties in the 

calculated sea level values. 

 

Considering the uncertainties of the Last Interglacial sea-level reconstructions, in our 

second chapter, we explore whether Holocene sea-level indicators would allow better 

estimations of sea level and whether these data could be useful to better frame the data of 

its past climatic analog.  To this end, we conducted a new review that compiles information 

from more than 150 years of research on the coastlines of Brazil, Uruguay, and Argentina. This 

new database produced 1024 standardized data points and helps to investigate the influence 

of tectonic setting and glacial isostatic adjustment on the sea level trends. We also provide 

new inferences of the magnitude and timing of the mid-Holocene highstand. However, we 

note that there is no significant improvement in the quality of the data, and many aspects of 
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Holocene reconstructions still need to be fixed, for example, the rigorous definition of modern 

analogs to quantify the relationship between geological indicators and the present sea level. 

 

Under this context, in the last two chapters of the thesis, we propose new 

methodological approaches to improve our understanding of past sea level dynamics. To this 

end, we selected a region within the southwestern Atlantic to evaluate the possible most 

accurate ages and elevations obtained in sea level reconstructions during interglacial periods. 

We detected that the appropriate region would be the coastlines of Patagonia, Argentina since 

the literature highlights the presence of several geological sea-level indicators (i.e., beach 

ridges) from the Pliocene to the Holocene. Our research uses precise topographic techniques 

to measure the elevation of the geological deposits. Additionally, we utilize chronological 

methods such as amino acid racemization to evaluate the consistency in the chronological 

attribution of the deposits made by previous authors. We also propose a new methodology 

to estimate the indicative meaning of beach ridges using wave models with satellite data. 

Finally, through a bioerosion trace analysis, we identify similar environmental conditions 

between the Pleistocene interglacials and the Holocene. Our high-resolution data provide an 

important reference point for future studies aimed at unraveling the paleo-sea level trends in 

this locality.  

 

By integrating information from the four investigations that are the core of this 

dissertation, we succeeded in completing previous global sea level compilations, unifying a 

pole-to-pole transect that provides valuable insights for assessing the future of global 

coastlines in a warmer world.  
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IV. Zusammenfassung 

Seit dem letzten Jahrhundert ist der mittlere globale Meeresspiegel angestiegen; dieser Trend 

wird sich voraussichtlich fortsetzen, da die Erde einer wärmeren Zukunft entgegensieht. Die 

Geschwindigkeit und das Ausmaß dieses Anstiegs sind jedoch nach wie vor umstritten, was 

Entscheidungen über Landnutzung und Küstenmanagement erschwert. Die Veränderungen 

des Meeresspiegels verlaufen nicht linear. Vielmehr werden sie von einer komplexen 

Beziehung zwischen eustatischen (d. h. globalen), isostatischen und lokalen Faktoren 

bestimmt. Daher besteht ein eindeutiger Bedarf an präzisen und punktgenauen Daten, die 

verschiedene räumliche und zeitliche Skalen abdecken. Quartäre 

Meeresspiegelaufzeichnungen bieten wertvolle Daten, um unser Verständnis dieser 

komplexen Meeresspiegeldynamik sowie die Vorhersage künftiger Meeresspiegelszenarien zu 

verbessern. Insbesondere interglaziale Aufzeichnungen liefern Daten zur Variabilität des 

Meeresspiegels unter warmen Klimabedingungen. Die marinen Isotopenstadien (MIS) 11 (424 

bis 395 ka) und 5 (~125 bis 80 ka) repräsentieren die jüngsten interglazialen Perioden, in denen 

das Erdklima wärmer war als in der vorindustriellen Zeit und der Meeresspiegel höher lag als 

heute, was weltweit geologische und biologische Spuren des Meeresspiegelanstiegs 

hinterließ.  

Aufgrund seiner Ausdehnung ist der Südwestatlantik anfällig für verschiedene 

eustatische und glazial-isostatische Meeresspiegelmuster, was seine Küsten zu einem Hotspot 

für die Erforschung der vergangenen Meeresspiegeldynamik macht. Ziel dieser Dissertation ist 

es, einen Überblick über den aktuellen Stand der Meeresspiegelforschung in dieser 

ausgedehnten Region zu geben. In vier Kapiteln werden wir die Genauigkeit der 

veröffentlichten Daten vom Pleistozän bis zu den Zwischeneiszeiten des Holozäns erläutern, 

die damit verbundenen Unsicherheiten diskutieren und neue methodische Ansätze zur 

Verbesserung der Interpretationen vorschlagen. 

 

Das erste Kapitel bietet einen Literaturüberblick über die Forschung zum 

Meeresspiegel des letzten Interglazials (MIS 5) in einem Küstenprofil von Brasilien bis 

Honduras, einschließlich der karibischen Inseln Aruba, Bonaire und Curaçao. In diesem Bericht 

werden die Daten anhand der Vorlage des World Atlas of Last Interglacial Shorelines bewertet 

und standardisiert. Mit diesem Vorhaben schließen wir die geografische Lücke zwischen den 

bestehenden Meeresspiegelsammlungen für Mexiko und die nordwestliche Karibik sowie die 

Atlantikküsten von Argentinien bis Uruguay, wodurch ein standardisierter Transektentsteht, 

der für die Bewertung der glazialen isostatischen Signale aus dem Nah- und Fernbereich 

nützlich sein könnte. Unsere Überprüfung zeigt jedoch, dass künftige Forschung die 

chronologische Kontrolle an mehreren Standorten verbessern sollte, und die brasilianische 

Küste würde von einer neuen Messung des Paläo-Meeresspiegels profitieren, bei der 

genauere Messverfahren eingesetzt werden, um die Unsicherheiten bei den berechneten 

Meeresspiegelwerten zu verringern. 

 

In Anbetracht der Unsicherheiten bei der Rekonstruktion des Meeresspiegels des 

letzten Interglazials untersuchen wir in unserem zweiten Kapitel, ob holozäne 

Meeresspiegelindikatoren eine bessere Schätzung des Meeresspiegels ermöglichen würden 
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und ob diese Daten nützlich sein könnten, um die Daten des vergangenen Klimas besser zu 

erfassen.  Zu diesem Zweck haben wir eine neue Untersuchung durchgeführt, die 

Informationen aus mehr als 150 Jahren Forschung an den Küsten Brasiliens, Uruguays und 

Argentiniens zusammenfasst. Diese neue Datenbank enthält 1024 standardisierte 

Datenpunkte und hilft bei der Untersuchung des Einflusses der tektonischen Gegebenheiten 

und der glazialen isostatischen Anpassung auf die Entwicklung des Meeresspiegels. Außerdem 

liefern wir neue Erkenntnisse über das Ausmaß und den Zeitpunkt des mittelholozänen 

Hochstands. Wir stellen jedoch fest, dass sich die Qualität der Daten nicht wesentlich 

verbessert hat und dass viele Aspekte der holozänen Rekonstruktionen noch festgelegt 

werden müssen, z. B. die strenge Definition moderner Analoga zur Quantifizierung der 

Beziehung zwischen geologischen Indikatoren und dem heutigen Meeresspiegel. 

 

In diesem Zusammenhang schlagen wir in den letzten beiden Kapiteln der Arbeit neue 

methodische Ansätze vor, um unser Verständnis der vergangenen Meeresspiegeldynamik zu 

verbessern. Zu diesem Zweck haben wir eine Region im südwestlichen Atlantik ausgewählt, 

um die möglichen genauesten Alters- und Höhenangaben zu ermitteln, die bei der 

Rekonstruktion des Meeresspiegels während der Zwischeneiszeiten gewonnen wurden. Wir 

haben festgestellt, dass die Küstenlinie von Patagonien, Argentinien, die geeignete Region ist, 

da in der Literatur mehrere geologische Meeresspiegelindikatoren (z. B. Strandkämme) vom 

Pliozän bis zum Holozän zu finden sind. Bei unseren Untersuchungen setzen wir präzise 

topografische Techniken ein, um die Höhe der geologischen Ablagerungen zu messen. 

Außerdem verwenden wir chronologische Methoden wie die Aminosäure-Razemisierung, um 

die Konsistenz der chronologischen Zuordnung der Ablagerungen durch frühere Autoren zu 

bewerten. Wir schlagen auch eine neue Methode vor, um die indikative Bedeutung von 

Strandkämmen mit Hilfe von Wellenmodellen und Satellitendaten abzuschätzen. Schließlich 

identifizieren wir durch eine Analyse von Bioerosionsspuren ähnliche Umweltbedingungen 

zwischen den pleistozänen Interglazialen und dem Holozän. Unsere hochauflösenden Daten 

stellen einen wichtigen Bezugspunkt für künftige Studien dar, die darauf abzielen, die Paläo-

Meeresspiegel-Trends an diesem Ort zu entschlüsseln.  

 

Durch die Integration von Informationen aus den vier Untersuchungen, die den Kern 

dieser Dissertation bilden, ist es uns gelungen, frühere Zusammenstellungen des globalen 

Meeresspiegels zu vervollständigen und einen Pol-zu-Pol-Transekt zu vereinheitlichen, der 

wertvolle Erkenntnisse für die Bewertung der Zukunft der globalen Küsten in einer wärmeren 

Welt liefert.  
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V. Resumen 

El nivel del mar global ha incrementado desde el siglo pasado; se prevé que esta tendencia 

continúe a medida que el planeta se enfrente a un futuro más cálido. Sin embargo, la tasa de 

cambio y su magnitud siguen siendo objeto de debate, lo que dificulta la toma de decisiones 

sobre el uso del suelo y la gestión de las zonas costeras. Los cambios del nivel del mar no son 

lineales. De hecho, varían a través de una intrincada relación entre factores eustáticos 

(globales), isostáticos y locales. Por lo tanto, para modelar estos cambios se requieren datos 

precisos y exactos que abarquen varias escalas espaciotemporales. Los registros geológicos 

del Cuaternario ofrecen datos valiosos para mejorar nuestra comprensión de esta compleja 

dinámica y así mejorar las predicciones de escenarios futuros. En particular, los registros 

interglaciares proporcionan datos sobre la variabilidad del nivel del mar en condiciones 

climáticas cálidas. Los estadios isotópicos marinos (MIS, por sus siglas en inglés) 11 (424 a 395 

mil años) y 5 (~125 a 80 mil años) representan los periodos interglaciares más recientes, 

cuando el clima de la Tierra era más cálido que durante el periodo preindustrial y el nivel del 

mar era más alto que el actual, dejando huellas geológicas y biológicas de este incremento en 

todo el mundo.  

Dada su extensión, la región del Atlántico suroccidental es susceptible a diversos 

patrones del nivel del mar eustáticos y glaciar-isostáticos, lo que convierte a sus costas en un 

foco de interés para las investigaciones sobre la dinámica del nivel del mar en el pasado. El 

objetivo de esta tesis doctoral es ofrecer una visión general del estado actual de la 

investigación sobre el nivel del mar en esta región. A lo largo de cuatro capítulos, ofreceremos 

un contexto sobre la precisión de los datos publicados desde los periodos interglaciares del 

Pleistoceno hasta el Holoceno, discutiremos las incertidumbres que los rodean y 

propondremos nuevos enfoques metodológicos para mejorar las interpretaciones. 

 

El primer capítulo ofrece una revisión bibliográfica de las investigaciones sobre el nivel 

del mar del Último Interglaciar (MIS 5) en un perfil costero desde Brasil hasta Honduras, 

incluyendo las islas caribeñas de Aruba, Bonaire y Curaçao. Esta revisión evalúa y estandariza 

los datos utilizando la plantilla del Atlas Mundial de las Líneas Costeras del Último Interglaciar 

(WALIS, por sus siglas en inglés). En este esfuerzo, llenamos el vacío geográfico existente entre 

las compilaciones del nivel del mar de México y el noroeste del Mar Caribe y las costas 

atlánticas desde Argentina hasta Uruguay, resultando en un transecto de datos que podría ser 

útil para evaluar las señales isostáticas glaciares de localidades de campo cercano-intermedio 

y lejano. No obstante, nuestra revisión resalta la necesidad de futuras investigaciones para 

mejorar el control cronológico en varios lugares, y que la costa de Brasil se beneficiaría de un 

nuevo análisis de los depósitos paleo-marinos, utilizando técnicas de medición más precisas 

para reducir las incertidumbres en los valores calculados del nivel del mar. 

 

Considerando las incertidumbres de las reconstrucciones del nivel del mar del Último 

Interglaciar, en nuestro segundo capítulo, exploramos si los indicadores del nivel del mar del 

Holoceno permitirían mejores estimaciones y si estos datos podrían ser útiles para 

contextualizar mejor los datos de su análogo climático pasado.  Para ello, realizamos una 

nueva revisión que recopila información de más de 150 años de investigación en las costas de 
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Brasil, Uruguay y Argentina. Esta nueva base de datos produjo 1024 datos estandarizados y 

ayudó a investigar la influencia de la configuración tectónica y el ajuste isostático glacial en las 

tendencias del nivel del mar. También aportamos nuevas inferencias sobre la magnitud y 

temporalidad del período de máxima elevación del nivel del mar del Holoceno. Sin embargo, 

observamos que dentro de estos datos no existe una mejora significativa en su calidad, y que 

aún deben optimizarse muchos aspectos en las reconstrucciones del Holoceno, por ejemplo, 

la definición rigurosa de análogos modernos para cuantificar la relación entre los indicadores 

geológicos y el nivel del mar actual. 

 

En este contexto, en los dos últimos capítulos de la tesis proponemos nuevos enfoques 

metodológicos para mejorar nuestra comprensión de la dinámica del nivel del mar en el 

pasado. Para ello, seleccionamos una región dentro del Atlántico suroccidental con la finalidad 

de evaluar las posibles edades y elevaciones más precisas que pueden obtenerse en las 

reconstrucciones del nivel del mar durante los periodos interglaciares. Detectamos que la 

región adecuada para este estudio serían las costas de la Patagonia, Argentina, ya que la 

bibliografía destaca la presencia de varios indicadores geológicos del nivel del mar (cordones 

litorales) desde el Plioceno hasta el Holoceno. Nuestra investigación utiliza técnicas 

topográficas precisas para medir la elevación de estos depósitos geológicos. Además, 

utilizamos métodos cronológicos como la racemización de aminoácidos para evaluar la 

coherencia en la atribución cronológica de los cordones litorales realizada por previos autores. 

También proponemos una nueva metodología para estimar su significado indicativo utilizando 

modelos de oleaje con datos satelitales. Por último, mediante un análisis de trazas de 

bioerosión, identificamos condiciones ambientales similares entre los interglaciares del 

Pleistoceno y el Holoceno. Nuestros datos de alta resolución constituyen un importante punto 

de referencia para futuros estudios destinados a desentrañar las tendencias de los niveles 

marinos pasados en esta localidad.  

 

Al integrar la información de las cuatro investigaciones que constituyen el corazón de 

esta disertación, conseguimos completar las bases de datos sobre el nivel del mar global 

previamente publicadas, unificando un transecto polo a polo que proporciona valiosas 

perspectivas para evaluar el futuro de las costas en un mundo más cálido. 
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VI. Outline of manuscripts  

This doctoral thesis is a cumulative dissertation that consists of four manuscripts in various 

stages of publication (Chapters 3, 4, 5, 6). These manuscripts are framed by an accompanying 

text (Chapters 1, 2, 7, 8). Hereafter, a brief summary with a list of authors, publication status, 

and overview of the main research highlights of each paper is presented, in addition to the 

details of the authors´ and my own contributions.  

 

CHAPTER 3- A review of last interglacial sea-level proxies in the western Atlantic and 

southwestern Caribbean, from Brazil to Honduras 

Karla Rubio-Sandoval, Alessio Rovere, Ciro Cerrone, Paolo Stocchi, Thomas Lorscheid, Thomas 

Felis, Ann-Kathrin Petersen, and Deirdre D. Ryan 

Published in Earth System Science Data (2021), 13(10), 4819-4845. 

 

Research highlights: 

• Description of the most common sea-level indicators in the area and their indicative 

meanings (relationship between the indicator and the sea level). 

• Standardization of 50 sea-level index points and 5 limiting data, providing information 

on the paleo-relative sea-level values reached during the last interglacial. 

• Discussion of the possible process that could affect the eustatic signal of the relative 

sea levels. 

• Outline the data quality and the research gaps in the area, highlighting the most 

promising sites to unravel past sea-level changes.  

 

Author contributions:  

KRS compiled the database and wrote the manuscript with help from AR and DDR. AR, TL, TF, 

CC, AKP, and PS contributed original field data from Bonaire and Curaçao. All authors gave 

input on the manuscript, revised the final text, and agreed with its contents. 

 

Detailed own contributions:  

For this paper, I extensively searched online catalogs for any prior research related to the last 

interglacial sea levels in the western Atlantic and southwestern Caribbean. I compiled 36 

papers, reviewed them, and gathered all available data and metadata. I integrated all collected 

data into the standardized “World Atlas of Last Interglacial Shorelines” database.  Finally, I 

drafted the manuscript and compiled replies to the reviewers during the review process.  
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CHAPTER 4- Holocene relative sea-level changes from the Atlantic coasts of South America 

Karla Rubio-Sandoval, Timothy Shaw, Matteo Vacchi, Nicole Khan, Benjamin Horton, Rodolfo 

Angulo, Marta Pappalardo, Augusto Ferreira-Júnior, Sebastian Richiano, Cristina Souza, Paulo 

Giannini, Deirdre D. Ryan, Evan J. Gowan, and Alessio Rovere 

In preparation for submission to The Holocene 

 

Research highlights: 

• Description of the most common Holocene sea-level indicators in the area and their 

indicative meanings. 

• Standardization of 726 sea-level index points and 298 limiting data providing valuable 

information to unravel the magnitude and timing of widely described mid-Holocene 

highstand and the subsequent relative sea-level trends.  

• Discussion of the influence of glacial isostatic adjustment (GIA) and local tectonics on 

the relative sea level signals. 

• Address the existing gap in standardized sea-level data for the Atlantic coasts, 

contributing to a pole-to-pole data transect that could improve current glacial isostatic 

adjustment models and provide valuable insights for optimizing global sea-level 

estimates. 

 

Author contributions:  

KRS compiled the database and wrote the manuscript with help from AR. TAS, NK, NH, JRA, 

ALFJ, JRR, GCL, and MCS provide preliminary data and references. MV support during the 

radiocarbon calibrations, NK to develop and interpret the spatiotemporal empirical 

hierarchical models, and EJG to develop GIA models and interpretations. AJR provides valuable 

comments to improve the correction of Brazil's data.  All authors gave input on the 

manuscript, revised the final text, and agreed with its contents. 

 

Detailed own contributions:  

I conducted a thorough search of literature related to the Holocene sea level changes in the 

southwestern Atlantic. I reviewed 128 studies published between 1964 and 2023. 

Subsequently, I integrated the data and metadata of each reference into the standardized 

"Holocene Sea Level" database. I critically evaluated the quality of the data, contacted 

researchers to disentangle uncertainties, and developed the data analysis. I drafted the 

manuscript and created most of the figures.  
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CHAPTER 5- Quaternary and Pliocene sea-level changes at Camarones, central Patagonia, 

Argentina 

Karla Rubio-Sandoval, Deirdre D. Ryan, Sebastian Richiano, Luciana M. Giachetti, Andrew 

Hollyday, Jordon Bright, Evan J. Gowan, Marta Pappalardo, Jacqueline Austermann, Darrell S. 

Kaufman, and Alessio Rovere 

Submitted to Quaternary Science Reviews (2024) 

 

Research highlights: 

• Analysis of the sea-level imprints from four interglacial periods (from the Holocene to 

the Early Pliocene) in a locality of the southwestern Atlantic with a high-precision GNSS 

survey.  

• Determination of the indicative range of the interglacial beach ridges by using a novel 

and accurate approach based on satellite-derived wave measurements and wave 

runup models.  

• Present the paleo-relative sea level estimations for each interglacial and compare the 

results with published GIA and mantle dynamic topography (DT) predictions. 

• Provided new amino acid racemization (AAR) and Radiocarbon data by analyzing 

Ameghinomya antiqua shells of the beach ridges. These results complement Electron 

Spin Resonance and U-series ages obtained by previous studies and allow a 

chronological attribution of the deposits. 

 

Author contributions:  

KR, DDR, SR, LMG, and AR planned the field campaign, conducted field measurements, and 

collected samples. AR analyzed the GNSS datasets and ran the wave runup models. DDR, JB, 

and DSK processed and analyzed AAR data. AH, JA and EJG developed the DT and GIA models. 

KR wrote the initial manuscript; all authors reviewed and edited it. 

 

Detailed own contributions:  

This manuscript was created by incorporating data gathered during a month-long field 

expedition in Argentina with data already collected within A. Rovere’s research group. In the 

planning phase, I participated in online discussions with the working team to identify potential 

outcrops to be analyzed. I read literature and analyzed previous AAR data results from a 

previous field campaign to become familiar with the type of samples I would need to collect. 

Prior to the fieldwork, I received training to conduct GNSS surveys and keep in touch with 

Argentinean colleagues to ensure the acquisition of sample permits. Upon arrival in Argentina, 

I tested the GNSS equipment and led the preparation of materials to be used in the field. 

Throughout the fieldwork, I conducted all GNSS surveys for each outcrop with support from 

LMG when an extra set of hands was required. Additionally, I sampled shells for the AAR 
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dating. After returning from the field, I processed all GNSS data and shell samples (species 

identification and creation of a photographic catalog); I prepared the shell samples to be 

shipped to the Amino Acid Geochronology Laboratory at Northern Arizona University. Finally, 

I wrote the initial manuscript.  

 

CHAPTER 6- Paleoenvironmental implications of Late Quaternary bioerosion traces in 

central Patagonia (southern Atlantic, Argentina)  

Luciana M. Giachetti, Sebastian Richiano, Karla Rubio-Sandoval, Clara B. Giachetti, Deirdre D. 

Ryan, Darrell S. Kaufman, Jordon Bright, Alessio Rovere, Diana Elizabeth Fernández 

Submitted to the Journal of Quaternary Sciences (2024) 

 

Research highlights: 

• Use bioerosion traces to unravel paleoenvironmental and paleoclimatic changes in the 

southern Atlantic.  

• Addresses discrepancies in age assessments of Quaternary marine deposits in the 

study area by employing AAR analyses on mollusk shells, providing chronological 

insights into the geological history of the region. 

• Discussion of the distinct bioerosion patterns across different geological periods, 

suggesting environmental changes during the Quaternary and reinforcing the 

hypothesis of a link between bioerosion, productivity, and circulation in the southern 

Atlantic Ocean. 

 

Author contributions: 

LMG, SR, KR, CBG, and DEF planned the field campaign, conducted field sample collection, and 

identified shells selected for the AAR analysis. DDR, JB, and DSK processed and analyzed the 

shell samples, and KR processed and analyzed the AAR results. LMG wrote the initial 

manuscript, and KR led the AAR writing section. All authors reviewed and edited the 

manuscript. 

 

Detailed own contributions:  

In this collaborative paper, I was involved in the field expedition where I collected mollusk 

shells for the AAR dating. After returning from the field, I developed the species identification, 

created a photographic catalog, and prepared the shell samples to be shipped to the Amino 

Acid Geochronology Laboratory. After receiving the results, I processed and analyzed them 

with the assistance of the expert DDR. Finally, I wrote the sections on AAR methodology, 

results, and discussion, and I also prepared the figures and tables of those sections.  
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1. Introduction  

1.1. From paleo-sea levels to future sea level rise: Unraveling trends of a warmer world 

Future sea level rise poses a potential hazard for populations residing in coastal regions, 

economies, and ecosystems (Horton et al., 2018). According to the last report of the 

Intergovernmental Panel on Climate Change (IPCC; 2022), global mean sea level has been 

increasing at an accelerated rate since the 20th century (from 1.4 mm/yr–1 to 3.6 mm/yr–1 

between 1901 and 2015). As sea-level projections rely on establishing a strong correlation 

between sea level and climate forcing, this relationship underscores the need for robust and 

accurate data spanning different time scales. However, the majority of available instrumental 

records mainly cover the last 100 years (Holgate et al., 2012; Rovere et al., 2016a; Cipollini et 

al., 2017). This limited instrumental timeframe captures only one distinctive climate pattern, 

characterized by rising temperatures and sea levels, a scenario that is climatically mild 

according to the geological standards. Therefore, geological records offer valuable 

supplementary data on past sea-level responses to Earth´s climate variations (Rovere et al., 

2016b; Horton et al., 2018; Khan et al., 2019; Rovere et al., 2020). 

 Geological proxies from several coastal areas around the globe provide evidence of 

higher sea levels during the Earth´s warm climate intervals, also known as interglacials  (Siddall 

et al., 2007; Raymo et al., 2011; Rovere et al., 2023). Interglacials, including the current 

Holocene epoch, are the end-members of the glacial cycles and are characterized by elevated 

temperatures and low land ice extension. Focusing on a sea-level perspective, eleven 

interglacials in the last 800,000 years provide robust insights into the global past sea-level 

variability (Berger et al., 2016). Of these, Marine Isotope Stages (MIS) 11 (424 to 395 ka) and 

5 (the Last Interglacial; ~125 to 80 ka) are often cited as process analogs of future sea level 

responses under warmer conditions (Hearty et al., 1999; Roberts et al., 2012; Rovere et al., 

2016b; Dumitru et al., 2023). The high CO2 concentrations that characterize the MIS 11 led to 

a warmer atmosphere, driving global mean sea level higher by an estimated ranging from 6 to 

13 m above the present (Raymo and Mitrovica, 2012; Chen et al., 2014; Berger et al., 2016), 

whereas during the Last Interglacial (ca. 2 °C higher than today) sea level were higher by 

around 5 to 10 m (Wilcox et al., 2020; Fox-Kemper et al., 2023). Although other estimations 

suggest lower values (< 5 m), but still higher than present levels (Clark et al., 2020; Dyer et al., 

2021; Dumitru et al., 2023). 

Nevertheless, sea-level changes are not globally uniform, as relative sea level (RSL) can 

be influenced by different factors, including eustatic contributors like changes in land ice 

volume and thermal expansion, as well as isostatic factors related to glacial and hydrological 

processes (Khan et al., 2015). Other influencing factors can be tectonics, dynamic topography, 

and local conditions, such as changes in tidal patterns (Horton et al., 2013). These post-

depositional displacements need to be considered to achieve reliable spatiotemporal paleo-

sea level estimations (Rovere et al., 2016a).   

 As emphasized by Khan et al. (2019), estimating RSL rates, mechanisms, and spatial 

variations require a comprehensive and standardized compilation of geological sea-level 

reconstructions. These standardized datasets must follow a rigorous protocol to discriminate 
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data and assess the reliability of the RSL reconstructions accounting for all sources of 

uncertainties (Hijma et al., 2015). Following the approach described by van de Plassche (1986) 

and Shennan (2015), any geological proxy (landforms, deposits, or biological structures) must 

have four attributes to serve as sea level indicator: I) a precise geographic location, II) their 

elevation above/below the present sea level need to be measured, III) their indicative meaning 

(the relationship between the indicator and the sea level at the time of formation) must be 

quantified,  and IV) its age must be known. Based on this protocol, nowadays, two main 

databases compile global information on interglacial RSLs: The World Atlas of Last Interglacial 

Shorelines (WALIS) (Rovere et al., 2023) and HOLSEA (Khan et al., 2019). These databases aim 

to unify and standardize data reported for the Last Interglacial and Holocene RSLs, 

respectively. The advantage of such databases lies in the possibility of allowing comparisons 

across different regions, collecting information on the timing and mechanisms of ice sheet 

melting scenarios, and ultimately contributing to the improvement of future sea-level rise 

projections. In this dissertation, we follow the WALIS and HOLSEA templates to fill information 

gaps concerning sea level dynamics in the southwestern Atlantic (see chapters 3 and 4).  

 

1.2. The southwestern Atlantic: An emerging hub for sea level research 

 The southwestern Atlantic is a large area comprising the coastlines of the countries from 

Argentina to Venezuela. The exceptional climatic conditions in this vast coastal region, where 

chemical weathering is reduced, allow the preservation of diverse geological proxies from 

beach landforms to fixed biological indicators (Danielo, 1976; Angulo and de Souza, 2014; 

Pappalardo et al., 2015). It is, therefore, not a surprise to find descriptions of these indicators 

back to the 19th century with the descriptions of the marine terraces in Argentina by Charles 

Darwin during his exploration aboard the Beagle vessel in 1851, and later the first attempts at 

a sea-level reconstruction in Brazil by Hartt (1870). Even though it wasn't until van Andel and 

Laborel´s research in 1964 that the first radiocarbon dates on the paleo-sea level indicators 

were presented, allowing a more reliable sea-level estimation. After this geochronological 

breakthrough, sea level research in the southwestern Atlantic has evolved with several studies 

investigating more areas and progressively better age control (Tomazelli et al., 2006; Wong et 

al., 2009; Schellmann and Radtke, 2010; Björck et al., 2021). To the present date, geological 

proxies dating from the Pliocene to the Holocene have been described by different authors, 

but no single standardized database exists (Angulo et al., 2006; Schellmann and Radtke, 2010; 

Pappalardo et al., 2015; Rovere et al., 2020).  

From a geodynamic perspective, this coastal sector lies on the South American Plate 

and is, for the most part, a passive margin, so the technical activity is restricted to Venezuela, 

Pernambuco and Paraíba states in northern Brazil, and Tierra del Fuego, Argentina (Bezerra 

and Vita-Finzi, 2000; Barreto et al., 2002; Van Daele et al., 2011; Isla and Angulo, 2016). This 

characteristic simplifies the paleo-sea level reconstructions because these areas experience 

fewer local changes in land elevation over time, reducing the post-depositional displacements, 

but despite this, little is known about the state-of-the-art of sea level research in this broad 

region. The only study that unifies RSL information from Suriname to Argentina is the work of 
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Milne et al. (2005); this research underscores the low quality of the Holocene RSL data and its 

numerous uncertainties. In this way, the southwestern Atlantic coastline emerges as a 

promising domain for future research to enhance our understanding of its paleo-sea level 

dynamics. 

 

1.3. Identifying research gaps 

Based on the information in the previous sections, we can conclude that databases play a 

crucial role in identifying RSL patterns across different spatiotemporal scales.  Consequently, 

they hold the potential for refining projections of sea-level dynamics in a warmer future. 

Additionally, while the southwest Atlantic is a promising site for sea level research, there are 

still several aspects in the study of these shorelines that need to be addressed: 

 

1. Numerous researchers have documented paleo shorelines dated to different interglacials, 

especially from the Pleistocene and Holocene (Tomazelli et al., 2006; Angulo et al., 2016; 

Wong et al., 2009; Schellmann and Radtke, 2010; Pappalardo et al., 2015). However, this 

information is typically not presented in a systematic or standardized format that follows 

the rigorous methodological protocols outlined in the handbook of sea-level research 

(Shennan, 2015). Therefore, there is the need to evaluate and report the published paleo-

sea level data in a structured way; this will allow us to define the state-of-the-art and, 

moreover, the further improvement of the global sea level estimations during these warm 

climatic intervals.    

 

2. Determining the elevation of a paleo-sea level indicator is a critical aspect to be measured 

in the field. Methodological inaccuracies or the incorrect selection of a reference system 

to establish the altitudes in relation to the sea level, also known as datums (Woodroffe 

and Barlow, 2015), can significantly impact the calculated paleo-sea level. Generally, it is 

advisable to survey paleo-sea level indicators using high-precision GPS or leveling 

techniques (Adebisi et al., 2021). Until very recently, measurements of the indicator 

elevations in the southwestern Atlantic were conducted with metered rods or less precise 

leveling tools, or worse; the elevation techniques were not even described in the published 

papers. This lack of precision meant the necessary accuracy to estimate the paleo RSL 

could not be achieved. While recent studies employ high-precision survey methods (e.g., 

Tomazelli et al., 2006; Suguio et al., 2011; Castro et al., 2014; Bini et al., 2018; Angulo et 

al., 2022; Richiano et al., 2022), these are still largely an exception within this area. 

 

3. The recorded elevation of a sea level indicator doesn't directly correspond to the paleo-

sea level. This discrepancy arises because most indicators don't form precisely at mean sea 

level; instead, they have a quantifiable relationship correlated with that level. As 

previously described, this quantifiable relationship is known as the indicative meaning (van 

De Plassche, 1986; Shennan, 2015). Therefore, determining the indicative meaning for 

each sea level indicator is crucial to associate its elevation with the paleo RSL. However, in 
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the southwestern Atlantic, the standardized quantifications of the indicative meaning 

were only recently considered (Schellmann and Radtke, 2010; Martinez and Rojas, 2013; 

Pappalardo et al., 2015; Rovere et al., 2020), and they need to be applied to both newly 

collected and reanalyzed data. Without an incorporation of the indicative meaning, the 

elevation of the paleo-sea level cannot be accurately calculated.  

 

4. The age attribution of many different sea-level indicators poses considerable challenges. 

However, unraveling the timing and modes of the paleo-sea level without accurate age 

determination becomes impossible. In the southwestern Atlantic, a longstanding debate 

revolves around the age of Quaternary shorelines in Argentina (Codignotto et al., 1988; 

Rutter et al., 1990; Schellmann and Radtke, 2010). The deposits in this region lack 

commonly used materials for age constraints, such as sediments for luminescence analysis 

or coral fossils for the U/Th technique. The most frequent paleo-sea level indicators in 

Argentina are beach ridges rich in marine fossil shells. While some researchers test some 

methodological modifications to date these fossil remains with electron spin resonance or 

U/Th series (Schellmann et al., 2008; Pappalardo et al., 2015), some uncertainties remain 

as mollusk shells are open systems (Schellmann and Radtke, 2010). Moreover, there is also 

a lack of data to correct the marine reservoir effect in this area, which precludes the 

recalibration of the Holocene ages (Reimer and Reimer, 2001). On the other hand, in the 

coastal sector from French Guyana to Venezuela, the geomorphological analysis of the 

coastal deposits suggests evidence of Last Interglacial transgressive sequences, but the 

precise age attribution remains unresolved (Audemard, 1996; Wong et al. 2009). 

 

5. Finally, even with precise knowledge of the elevation and age of the paleo-sea level 

indicators, calculating global mean sea levels (GMSL) requires the estimation and modeling 

of the post-depositional displacements. Influences such as glacial isostatic adjustment 

(GIA) (Milne and Mitrovica, 2008; Peltier et al., 2015) or Dynamic Topography (DT) 

(Austermann et al., 2017) can contribute to several meters of variation in the paleo-sea 

level estimations. However, these effects are occasionally examined and considered in the 

Pleistocene and Holocene sea-level quantifications of the southwestern Atlantic (Rostami 

et al., 2000; Milne et al., 2005; Austermann et al., 2017; Hollyday et al., 2023). 
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1.4. Motivation, research questions, and hypothesis 

Undertaking the effort to summarize the long history of scientific endeavors around the 

paleo-sea level research in the southwestern Atlantic, coupled with new research efforts to 

minimize the uncertainties surrounding the previous sea-level reconstructions, could yield a 

valuable dataset that holds the potential to create a comprehensive pole-to-pole transect of 

the western Atlantic, once the previously standardized data from the northern hemisphere is 

integrated (the Caribbean by  Khan et al. 2017, and Simms 2021; USA by Englehart and Horton, 

2012, and Baril et al., 2023; Canada by Vacci et al., 2018; Greenland by Gowan, 2013; Southern 

Maine by Kahn et al. 2015). This broad transect would offer the opportunity to refine existing 

glacial isostatic adjustment models, contribute to unraveling the intricate evolution of ice 

sheets in a future warmer world, and provide valuable insights to improve global sea level rise 

estimations. 

 

Here, I outline three research questions aimed at addressing the knowledge gaps 

identified in section 1.3. These questions are the backbone of the four manuscripts comprising 

this dissertation:  

1. How accurate are Pleistocene and Holocene sea-level data available in the literature for 

the coasts of the southwestern Atlantic?  

 

2. What are the Holocene patterns and rates of RSL changes? Does this data help better 

constrain the departures from eustasy caused by glacial isostatic adjustment in MIS 5e? 

 

3. What are the highest possible age and elevation accuracies that can be obtained for MIS 

11 and MIS 5e sea-level reconstructions in a coastal site of the southwestern Atlantic? 

 

Based on these research questions and the previous context, the following hypothesis is 

postulated: We can develop a robust dataset by systematically evaluating and standardizing 

Pleistocene and Holocene sea-level data along the southwestern Atlantic coast. This dataset, 

coupled with new research data with precise elevation measurements and age accuracy, has 

the potential to improve our understanding of the past sea-level variations in this area and to 

test the former GIA and DT models. 
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2. Methodology 

This chapter summarizes the different methodologies used throughout the dissertation. The 

reader will be referred to the following chapters in each section for an extended explanation. 

 

2.1. Sea level database criteria  

Chapters 3 and 4  

Consistent screening criteria for data and metadata were defined and followed during the 

assessment and standardization of all documented paleo-sea-level indicators to be included 

in the WALIS and HOLSEA databases. These criteria involved identifying the indicator type, 

evaluating the surveying methodology employed in the original publication, and standardizing 

chronological metadata, including recalibration of radiocarbon ages. Subsequently, indicative 

meanings were recalculated using the established framework outlined in Shennan et al. 

(2015). 

 

2.2. GNSS survey 

Chapter 5  

Global Navigation Satellite Systems (GNSS) were employed to acquire precise horizontal and 

vertical positions for survey points within the paleo-shorelines (beach ridges) in Camarones, 

Argentina. This involved utilizing a pair of Emlid REACH RS+ single-band GNSS receivers in a 

Base-Rover configuration, complemented by handheld Bad Elf GNSS Receivers as a backup 

(Figure 2.1.A). Due to the remote location of Camarones, real-time kinetic (RTK) corrections 

were precluded; therefore, the GNSS data needed to be post-processed. Initially, Base Station 

data underwent online processing using the Canadian Spatial Reference System Precise Point 

Positioning (CSRS-PPP) tool provided by Natural Resources Canada (NRCan). Following this, 

Rover data was corrected using the Post Processed Kinematic (PPK) workflow in the software 

EMLID Studio. To evaluate consistency, a benchmark point called “GPS N°35" located in the 

proximity of the town of Camarones, was measured (Figure 2.1. B). Ultimately, each surveyed 

point was converted from ellipsoid to mean sea level. 
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Figure 2.1. GNSS receivers. A) Base-Rover GNSS: The base station was located on top of a pole with a full view of 
the sky and was left static, collecting data for a variable amount of time, including between 5 and 14 hours over 
five separate deployments (Photo by Sebastian Richiano). B) Survey the "GPS N°35" benchmark point (note the 
town of Camarones in the background; Photo by Karla Rubio Sandoval).  

 

2.3. Models  

Different models were used to elucidate the intricate paleo-sea level patterns. Here is a brief 
description of them:  

 

2.3.1. Glacial Isostatic Adjustment Models  

Chapters 3, 4, and 5  

Three approaches were followed to model the GIA signals in the southwestern Atlantic over 
different time frames: one model for the Pleistocene patterns and two for the Holocene.  

We modeled the GIA-influenced RSL variations for the Pleistocene record through the 
solution of the gravitationally self-consistent sea-level equation, as Spada and Stocchi (2007) 
outlined. We employed a solid Earth model that is spherically symmetric and characterized by 
self-gravitation and rotation. We divided it into shells with a linear Maxwell viscoelastic 
rheology. The mantle, divided into three layers, undergoes vertical stratification of viscosity in 
accordance with the VM2 mantle viscosity profile proposed by Peltier (2004). We force our 
model with the ANICE–SELEN ice sheet chronology, which consists of four ice sheets (North 
America, Eurasia, Greenland, and Antarctica) and covers the last 410 ka of climate fluctuations 

A) B) 
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(i.e., four glacial-to-interglacial cycles; de Boer et al., 2014). Specifically, we imposed a global 

mean sea-level scenario for the Last Interglacial period where the Greenland and Antarctic ice 

sheets released 2.5 and 1.0 meters of equivalent eustatic sea level, respectively, at 127 ka. 

The Holocene sea level data was compared with the ICE6G and PaleoMIST models, 

computed at 500-year time steps using the SELEN program (Spada and Stocchi, 2007). The 

model ICE6G includes rotational effects and a sea level equivalent ice volume of 0.9 m for the 

Patagonian Ice Sheet during the Last Glacial Maximum (LGM) (Peltier et al., 2015). The 

modification of PaleoMIST has a sea level equivalent ice volume of 0.8 m at the LGM, which 

decreases to present-day values at 12. 5 ka (Gowan et al., 2021).  

 

2.3.2. Spatio-Temporal Empirical Hierarchical Model (STEHM)   

Chapter 4 

To derive local RSL curves for each identified area within the HOLSEA database, we utilized 

the STEHM introduced by Ashe et al. (2019). STEHM operates across three hierarchical levels: 

a data level, where the model accounts for the variability between the different sea-level 

index points (SLIPs; the discrete position of past RSL in space and time) with both vertical and 

temporal noise; 2) a process level, distinguishing RSL changes common across the particular 

regions; and 3) a hyperparameter level, establishing prior expectations regarding the 

dominant spatial and temporal scales of RSL variability (Khan et al., 2022).  

 

2.3.3. Wave runup models and wave data 

Chapters 4 and 5  

To assess the indicative meaning of beach ridges, we computed wave runup models integrated 

into the py-wave-runup tool developed by Leaman et al. (2020). The models need input 

parameters such as beach slope (β), significant wave height (Hs), and period (Tp). The beach 

slope was determined at different transects along the Argentinean coastline utilizing the 

CoastSat.Slope toolbox introduced by Vos et al. (2019, 2020). Through this toolbox, we 

conducted an analysis of Landsat and Sentinel satellite data spanning from 2000 to 2023, in 

conjunction with tides extracted from the FES2014 global tidal model by Lyard et al. (2021) 

and Carrere et al. (2016). For the computation of Hs and Tp, we utilized the RADWave tool 

developed by Smith et al. (2020), enabling the extraction of satellite altimetry data. 
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2.3.4. Dynamic Topography 

Chapter 5 

We follow the methodology outlined in Hollyday et al. (2023) to model the effects of DT. 

Therefore, we created a set of mantle convection simulations that mirror the dynamic 

patterns of the Patagonian slab window and short-wavelength DT behaviors. We utilized 

various shoreline elevations and residual topography data from nearby oceanic basins to 

compare data and models, thereby refining solutions for otherwise highly uncertain changes 

in DT.  

 

2.4. Geochronology  

2.4.1. Radiocarbon  

Chapters 4, 5, and 6  

Radiocarbon dating employs the decay of a carbon isotope, specifically the radioactive isotope 
14C, to assess the age of objects containing carbon-based material. With a half-life of 

5.7 ± 30 ka, the detection of 14C serves as a valuable method for estimating the age of 

specimens formed within the last 55 ka (Hajdas et al. 2021). As the production of atmospheric 

radiocarbon has varied through geological time, we recalibrated all radiocarbon ages (new 

and published) into sidereal years with a 2σ range using CALIB software (version 8.2). Marine 

and estuarine samples were calibrated using the Marine20 curve, while terrestrial samples 

were calibrated using the Intcal20 and SHcal20 curves (Stuiver and Polach, 1977; Heaton et 

al., 2020; Reimer et al., 2020; Hogg et al., 2020). Marine reservoir corrections were applied 

based on the most relevant available data for each study area according to the Marine 

Reservoir Correction Database (Reimer and Reimer, 2001). To address potential sample 

contamination of bulk peat samples, a ±100 yr error was applied, following the analysis by Hu 

(2010). 

 

2.4.2. Amino Acid Racemization (AAR)  

Chapters 5 and 6 

Amino acids play a crucial role in living organisms, serving as essential protein components 

and as enzymes that facilitate biochemical reactions (Kvenvolden, 1975). Twenty amino acids 

commonly occur in the proteins of organisms, but only two forms of these amino acids are 

possible:  L- and D-, which are mirror images of each other (Figure 2.2). An L-amino acid rotates 

plane-polarized light to the left (levorotary), while a D-amino acid rotates it to the right 

(dextrorotary) (Kvenvolden, 1975). The proteins found in living animals and plants are 

predominantly composed of L-amino acids due to enzymes that selectively use the L-form. 

After the cessation of metabolic processes responsible for maintaining L- and D- 
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disequilibrium, L-amino acids undergo reversible transformation into D- until an equilibrium 

mixture of both is achieved; this phenomenon is known as racemization. Therefore, 

racemization has been directly linked to the time that has elapsed since the organism's death 

(Kaufman and Manley, 1998). 

 

Figure 2.2. Generalized L- and D–amino acid enantiomers (Sasabe et al. 2018). 

 

In this dissertation, we use amino acid racemization to evaluate and establish the 

chronology of coastal deposits from Patagonia, Argentina. Articulated and disarticulated 

valves of A. antiqua (formerly Prothotaca antiqua) were gathered from beach ridge deposits. 

We selected between four and eight shells from each Pleistocene site, considering their robust 

features, such as the completeness of the valve and minimal signs of wearing, abrasion, or 

dissolution. Subsampling, sample preparation, and analysis took place at the Amino Acid 

Geochronology Laboratory at Northern Arizona University. Shells were subsampled at the 

hinge-umbo region, and the sample preparation and hydrolysis procedures followed the 

methodology established by Kaufman and Manley (1998). All AAR results underwent data 

screening to identify and discard D/L values that could compromise the chronology 

assignment. Aspartic and glutamic acids' D/L values were utilized to evaluate amino acid 

abundance and variance and establish the relative age.  

 

2.4.3. Other geochronological approaches 

 Chapters 3 and 4  

U/Th, optically stimulated luminescence (OSL), thermoluminescence (TL), and electron spin 

resonance (ESR) have been used to determine the chronology of several deposits in the 

southwestern Atlantic and are mentioned in the literature. Therefore, a brief description of 

them seems pertinent. 

U/Th dating relies on the identification of 234U and 230Th through mass spectrometry. 

The decay process involves 234U transforming into 230Th. In U/Th dating, it is crucial to know 

or calculate the initial ratio of 230Th/234U at the time of sample formation, as the determination 

of the sample's age is based on the difference between the initial ratio and the ratio present 

in the sample being dated. The methodology assumes the sample remains a closed system, 

meaning it does not exchange 230Th or 234U with the surrounding environment (Hellstrom and 

Pickering, 2015). 
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 OSL refers to a procedure where a previously irradiated material (exposed to ionizing 

radiation) emits a light signal in proportion to the absorbed dose when subjected to suitable 

optical stimulation. This method determines the time elapsed since sediment grains were 

deposited and protected from subsequent exposure to light or heat, a condition that 

frequently resets the luminescence signal (Pradhan et al., 2008).  

 TL dating relies on the capacity of natural minerals to absorb and retain energy from 

ionizing radiation. When these minerals are heated to a specific high temperature, some 

stored energy is emitted as light. In the TL dating process, a sample is heated to induce the 

release of this light, and its measurement helps determine the last time the sample was 

heated (Pradhan et al., 2008). 

 ESR dating measures the quantity of unpaired electrons in crystalline structures 

previously exposed to natural radiation. The age of a material can be determined by assessing 

the radiation dosage it has received since its formation (Radtke et al., 1988). 
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3. A review of last interglacial sea-level proxies in the western Atlantic 

and southwestern Caribbean, from Brazil to Honduras  

 

K. Rubio-Sandoval, A. Rovere, C. Cerrone, P. Stocchi, T. Lorscheid, T. Felis, A.K. Petersen, and D.D. 

Ryan 

Originally published in Earth System Science Data (2021), 13(10), 4819-4845. 

 

3.1. Abstract  

We use a standardized template for Pleistocene sea-level data to review last interglacial 

(Marine Isotope Stage 5 – MIS 5) sea-level indicators along the coasts of the western Atlantic 

and southwestern Caribbean, on a transect spanning from Brazil to Honduras and including 

the islands of Aruba, Bonaire, and Curaçao. We identified six main types of sea-level indicators 

(beach deposits, coral reef terraces, lagoonal deposits, marine terraces, Ophiomorpha 

burrows, and tidal notches) and produced 55 standardized data points, each constrained by 

one or more geochronological methods. Sea-level indicators are well preserved along the 

Brazilian coasts, providing an almost continuous north-to-south transect. However, this 

continuity disappears north of the Rio Grande do Norte Brazilian state. According to the sea-

level index points (discrete past position of relative sea level in space and time) the paleo-sea 

level values range from ∼ 5.6 to 20 m above sea level (a.s.l.) in the continental sector and from 

∼ 2 to 10 m a.s.l. in the Caribbean islands. In this paper, we address the uncertainties 

surrounding these values. From our review, we identify that the coasts of northern Brazil, 

French Guiana, Suriname, Guyana, and Venezuela would benefit from a renewed study of 

Pleistocene sea-level indicators, as it was not possible to identify sea-level index points for the 

last interglacial coastal outcrops of these countries. Future research must also be directed at 

improving the chronological control at several locations, and several sites would benefit from 

the re-measurement of sea-level index points using more accurate elevation measurement 

techniques. The database compiled in this study is available in spreadsheet format at the 

following link: https://doi.org/10.5281/zenodo.5516444 (Version 1.02; Rubio-Sandoval et al., 

2021). 
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3.2. Introduction 

In this paper, we present the results of a literature survey on the last interglacial shorelines 

(here broadly defined as having formed during Marine Isotope Stage (MIS) 5, 132–80 ka) along 

the Atlantic coasts of the following countries and territories: Brazil, French Guiana, Suriname, 

Guyana, Venezuela, Bonaire, Curaçao, Aruba, Colombia, Panama, Costa Rica, Nicaragua, and 

Honduras. The area covered by this review spans a large latitudinal gradient, including a 

passive margin (the central southern coasts of Brazil) and areas located within the Caribbean 

Plate (Figure 3.1). The large geographic span of this review was selected to fill the geographic 

gap between the existing sea-level compilation of Simms (2021, Mexico and the northwestern 

Caribbean Sea) and Gowan et al. (2021, Atlantic coasts of Argentina and Uruguay). 

While we found reports on Pleistocene shorelines in most of the countries and 

territories listed above, we could only extract sea-level index points (or marine-/terrestrial-

limiting points) for Brazil, Bonaire, Curaçao, and the islands of Providencia and San Andrés in 

Colombia (Figure 3.1). This was broadly caused by a lack of enough published metadata to 

allow a proper standardization of sea-level data for the remaining coastal areas. 

We used published peer-reviewed scientific papers to compile a database of MIS 5 

relative sea-level indicators using the standardized framework of WALIS, the World Atlas of 

Last Interglacial Shorelines (Rovere et al., 2020). Overall, we report data contained in 36 

papers, from which we extracted 50 relative sea-level (RSL) index points, 4 marine-limiting 

data points, and 1 terrestrial-limiting data point. Age constraints are associated with each 

geological sea-level proxy using luminescence (n=21), U series (n=48), and electron spin 

resonance (ESR, n=24) dating techniques. Several outcrops were assigned minimum ages 

based on limiting radiocarbon ages or other non-radiometric age constraints (e.g., 

chronostratigraphic correlations). The database is available with open access at this link: 

https://doi.org/10.5281/zenodo.5516444 (Version 1.02; Rubio-Sandoval et al., 2021). 

In the following sections, we first discuss the elevation measurement methods, sea-

level datums, and the main dating techniques used by the original authors. We then describe 

the sea-level indicators identified in this work by region. We then discuss data quality, 

processes causing departures from eustasy, and the presence in our area of interest of sea-

level index points associated with older Pleistocene interglacials or the Holocene. Finally, we 

discuss potential future research directions that may be required to improve the quantity and 

quality of the data contained in our review. 
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Figure 3.1. General overview of the areas surveyed in this study. Dots show the location of sea-level data points 

inserted in WALIS. White lines indicate the location of active faults and tectonic plate boundaries from the Global 

Active Faults Database (Styron and Pagani, 2020). Basemap compiled by terrestris (https://www.terrestris.de, 

last access: 18 October 2021), with data from GEBCO (https://doi.org/10.5285/836f016a-33be-6ddc-e053-

6c86abc0788e), SRTM 30 m by NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC, 

https://lpdaac.usgs.gov/, last access: 18 October 2021), and Natural Earth (http://www.naturalearthdata.com, 

last access: 18 October 2021). 

 

3.3. Types of sea-level indicators 

Within the region of interest (Figure 3.1), we identified six main types of sea-level indicators 

(Table 3.1.). In addition to these, cheniers of a possible last interglacial (LIG) age were reported 

in French Guiana and Suriname, and beach ridges were described in Venezuela. However, 

these latter instances were not included in the database due to an overall lack of sufficient 

information to produce standardized index points at these locations. To correlate each point 

with a paleo-relative sea level, we applied the concept of indicative meaning that was 

introduced for Holocene sea-level studies (Shennan, 1982, 1986, 1989; Shennan et al., 1983) 

and recently also adopted for Pleistocene sea-level index points (Rovere et al., 2016). The 

indicative meaning “describes the central tendency (reference water level) and 2-sigma 

vertical range (indicative range) of the indicator's distribution relative to tidal levels” (Khan et 

al., 2019). In the database, we calculated the reference water level (RWL) and indicative range 

(IR) for each sea-level index point either using modern analogs (when reported by the original 
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study) or applying ex situ quantifications derived from global wave and tide atlases, through 

the IMCalc tool (Lorscheid and Rovere, 2019). 

In Brazil, marine terraces are the most widespread indicator type, although fossil 

beaches are also common. At several locations in Brazil, sandy sediments are characterized by 

the presence of the Ophiomorpha burrows ichnofacies (Barbosa et al., 1986; Bittencourt et 

al., 1979; Tomazelli and Dillenburg, 2007). The main observed ichnospecies is Ophiomorpha 

nodosa, which through comparison with burrows left by modern counterparts (Callianassa 

major; Frey et al., 1978) is considered an excellent sea-level indicator. Tomazelli and 

Dillenburg (2007) indicate that Ophiomorpha burrows allow the definition of the average low 

tide level during the deposition. However, we decided to adopt a more conservative indicative 

meaning (mean sea level (MSL) to −4 m) as Frey et al. (1978) report that, depending on the 

geographic region and environmental conditions, the burrows can also be found in shallow 

subtidal environments. 

Several authors described coral reef terraces for the islands of Bonaire, Curaçao, and 

Aruba, located offshore Venezuela (Alexander, 1961; Schubert and Szabo, 1978; Schellmann 

et al., 2004). Several sea-level indicators, derived from coral reef terraces, are well preserved 

on the islands of Bonaire and Curaçao (Muhs et al., 2012; Felis et al., 2015; Obert et al., 2016; 

Lorscheid et al., 2017). Coral reef terraces are also reported on the Colombian islands of 

Providencia and San Andrés (Geister, 1972, 1986), located in the Caribbean Sea, offshore 

Nicaragua. At both islands, the whole reef complex is subdivided into different units according 

to their topography and ecology (Geister, 1992). 
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Table 3.1. Sea-level indicators in the study area, with reference water level (RWL) and indicative range 

(IR) quantifications. db denotes breaking depth; ld denotes lagoonal depth; MHHW denotes mean 

higher high water; MLLW denotes mean lower low water; MSL denotes mean sea level; Ob denotes 

ordinary berm; SWSH denotes storm wave swash height. 
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3.4. Positioning and sea-level datums 

In general, the majority of studies we reviewed do not report how elevations were measured 

(Figure 3.2a). Whenever this was the case, we assumed an elevation measurement error equal 

to 20 % of the elevation reported (Rovere et al., 2016). This was also applied when elevations 

were derived from cross-section drawings in the original publications. Other elevation 

measurement methods include differential GPS, metered tape or rod, topographic mapping, 

and total station (Figure 3.2a). Among these, the most accurate technique is differential GPS, 

used by Tomazelli and Dillenburg (2007) and Martins et al. (2018) in Brazil to report the 

elevations for the maximum height of Ophiomorpha burrows. Differential GPSs were also used 

by Muhs et al. (2012) and Lorscheid et al. (2017) in Curaçao and Bonaire, respectively. In this 

study, we also report new differential GPS elevation measurements taken by Alessio Rovere, 

Thomas Felis, and Thomas Lorscheid in 2016 on Bonaire at the same sites reported in Felis et 

al. (2015) and Obert et al. (2016). In northern Brazil, Suguio et al. (2011) used a total station 

to measure the elevation of different outcrops and referred the measurements to mean sea 

level using the tide-table predictions from two local stations. This technique also offers a good 

degree of absolute elevation accuracy (±0.1 m/±0.2 m), depending on the reference point and 

its distance from the base station. The rest of the elevation measurement methods reported 

have different degrees of precision depending on the reference object scale. 

In Brazil, elevations were referred to different datums, such as mean low water springs 

(Tomazelli and Dillenburg, 2007), the local geoid (Martins et al., 2018), and local sea-level 

datums such as the Brazilian Córrego Alegre national datum (Suguio et al., 2011). Similarly, in 

Curaçao, a variety of datums are used: high tide level (Schellmann et al., 2004), CARIB97, and 

the locally resolved geoid for the Caribbean Sea (Muhs et al., 2012). The new GPS 

measurements from Bonaire reported for the first time in this paper are referred to the 

EGM2008 geoid (Figure 3.2b, Table 3.2). 

To obtain the geographic coordinates of the sites, in several cases it was necessary to 

use Google Earth or to geocode location names to gather latitude and longitude values. 

Relatively few studies provided site coordinates (Figure 3.2c). Hence, we remark that, for 

some sites, the coordinates are to be interpreted as merely indicative of the general location 

of the site. 
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Figure 3.2. Frequency of elevation measurement techniques (a), datums (b), and horizontal positioning 

techniques (c) used in the database. 
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Table 3.2. Elevation datums. 

 

 

3.5. Dating techniques 

The last interglacial deposits in the western Atlantic and southwestern Caribbean have been 

dated using a wide variety of techniques: U series, optically stimulated luminescence (OSL), 

thermoluminescence (TL), electron spin resonance (ESR), chronostratigraphy, and 

radiocarbon dates providing minimum ages. The abundance and preservation of corals on the 

islands Curaçao and Bonaire allow the application of U series to provide reliable age 

assignments (Muhs et al., 2012; Felis et al., 2015; Obert et al., 2016; Lorscheid et al., 2017). 

ESR has also been used by Schellmann et al. (2004) to date the coral reef terraces of Curaçao 

mainly to confirm the age of LIG deposits previously dated with U series by Schubert and Szabo 

(1978) and to present for the first time radiometric ages for older deposits. 

Fossil corals have been preserved only at one site along the Brazilian coast. OSL and TL 

techniques have been used in different outcrops in northern and southern Brazil to assess the 

chronology of Pleistocene marine terraces (Poupeau et al., 1988; Barreto et al., 2002; Suguio 

et al., 2003, 2011; Buchmann and Tomazelli, 2003; Giannini et al., 2007). 
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Other age assignments rely on relative dating based on the cross-correlation of 

outcrops due to the stratigraphic similarities or radiocarbon dates (e.g., Bittencourt et al., 

1979; Suguio et al., 1982; Angulo et al., 2002). When an outcrop had only minimum 

radiocarbon ages (radiocarbon ages above the detection limit), the deposit is considered older 

than Holocene. There are three chronostratigraphic constraints in Brazil (Barrier III in the Rio 

Grande do Sul state, the Cananéia Formation in the São Paulo state, and Sector I deposits in 

the Bahia state; see regional descriptions in Sect. 3.6 for details) and one in Bonaire (lower 

terrace). In Brazil, the chronostratigraphic constraints are common due to the preservation of 

Pleistocene deposits and their almost uninterrupted extension along the coastal plain. The 

Barrier III, Cananéia Formation, and Sector I deposits have been dated using OSL, TL, or U-

series techniques and were attributed broader MIS 5 or more detailed MIS 5e ages (Tomazelli 

and Dillenburg, 2007; Suguio et al., 2003; Martin et al., 1982). 

 

3.6. Relative sea-level data 

In the following sections, we describe the sea-level indicators in our database divided by 

country and, where applicable, by lower administrative boundaries (e.g., states, regions, 

provinces). An overview of the sites, the correlated paleo RSL, and the chronological 

attribution associated with them are reported in Table 3.3. We refer to the sea-level indicators 

included in the database with their WALIS RSL ID number, shortened here to RSL ID. This 

number is included in the first column of the “RSL proxies” spreadsheet within the database 

and is a unique ID attributed automatically to each data point entered into WALIS. 
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Table 3.3. Proxies compiled in this study. Elevation and paleo RSL errors are reported as 1σ; age 

uncertainties (where an absolute age is indicated) are 2σ. Type of data points: SLI denotes sea-level 

indicator; TLI denotes terrestrial limiting; MLI denotes marine limiting. Dating techniques are 

abbreviated as follows: LUM is luminescence; STRAT is chronostratigraphic constraints; Other is other 

age attribution; U–Th is U series; ESR is electron spin resonance. * denotes ages recalculated by 

Chutcharavan and Dutton (2021). For the U-series ages on Bonaire, Brocas et al. (2016) report the 

following average ages: 1 BON-5-A is 121±1.1 ka. 2 BON-26-A is 124.9±1.9 ka. 3 BON-24-AII.2 is 

125.5±2.4 ka. 4 BON-12-A is 123.9±1.3 ka. 

WALIS Latitude, Site Nation Type of Elevation Paleo RSL Dating technique Age (ka) 

RSL ID longitude (∘)   (region) data point (m) (m) (published sample ID)   

154 −29.928, Osório Brazil SLI 5.37 ± 0.6 5.62 ± 0.65 LUM (RMG-04B) > 85.1 

  −50.222 
Outcrop 
04 

(R.G. do 
Sul)       STRAT MIS 5 

155 −29.923, Osório Brazil SLI 7.72 ± 0.5 7.97 ± 0.55 LUM (RMG-04B) > 85.1 

  −50.259 
Outcrop 
05 

(R.G. do 
Sul)       STRAT MIS 5 

153 −29.903, Osório Brazil SLI 7.27 ± 1 7.52 ± 1.03 LUM (RMG-04B) > 85.1 

  −50.233 
Outcrop 
03 

(R.G. do 
Sul)       STRAT MIS 5 

152 −29.88, Osório Brazil SLI 5.73 ± 0.7 5.98 ± 0.74 LUM (RMG-04B) > 85.1 

  −50.233 
Outcrop 
02 

(R.G. do 
Sul)       STRAT MIS 5 

143 −29.862, Osório Brazil SLI 5.13 ± 0.7 5.38 ± 0.74 LUM (RMG-04B) > 85.1 

  −50.247 
Outcrop 
01 

(R.G. do 
Sul)       STRAT MIS 5 

1288 −29.193802, Vila Brazil SLI 9 ± 5 9.18 ± 5.1 STRAT MIS 5 

  −49.754044 Conceição 
(Santa 
Catarina)           

1286 −28.813156, Coqueiros Brazil SLI 12 ± 2 13 ± 2.23 STRAT MIS 5 

  −49.311895   
(Santa 
Catarina)           

1300 −28.285437, Guaiúba Brazil TLI 6.5 ± 1 – LUM (G(E)6) 129.1 ± 15 

  −48.698703   
(Santa 
Catarina)       LUM (G(E)7) 103.5 ± 11.7 

178 −27.8188, Pinheira Brazil SLI 4.5 ± 0.2 6.5 ± 2 STRAT MIS 5 

  −48.6341   
(Santa 
Catarina)           

1296 −27.096637, Itapema Brazil SLI 7.35 ± 1 7.32 ± 1.81 STRAT MIS 5 

  −48.617834   
(Santa 
Catarina)           

1297 −27.074291, Itapema Brazil SLI 7.55 ± 1 7.52 ± 1.81 STRAT MIS 5 

  −48.597176 
Plaza 
Hotel 

(Santa 
Catarina)           

1298 −26.922263, Itajaí Brazil SLI 8.68 ± 1 8.64 ± 1.8 STRAT MIS 5 

 −48.643516 south of 
(Santa 
Catarina)      

    cemetery             
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Table 3.3.  Continued  

WALIS Latitude, Site Nation Type of Elevation Paleo RSL Dating technique Age (ka) 
RSL ID longitude (∘)   (region) data point (m) (m) (published sample ID)   

1287 −26.32769, Tapera Brazil SLI 11.5 ± 4.6 11.62 ± 4.75 STRAT MIS 5 

  −48.594331   
(Santa 
Catarina)           

179 −26.2133, 
São 
Francisco Brazil SLI 13.5 ± 3.53 13.58 ± 3.69 STRAT MIS 5 

  −48.52361 
do Sul 
Island 

(Santa 
Catarina)           

181 −25.537397, 
Areal das 
Ilhas III Brazil SLI 5.5 ± 1 7.5 ± 2.23 Other (CENA-1070) > MIS 1 

  −48.578236 P 01.06.05 (Paraná)       Other (CENA-121) > MIS 1 

186 −25.245, Canal do Brazil MLI 4.8 ± 1 – Other (CENA-121) > MIS 1 

  −48.0783 Varadouro (Paraná)           

202 −25.00388, Cananéia Brazil SLI 7.5 ± 2.06 7.25 ± 2.33 STRAT MIS 5 

  −47.919722 Island (São Paulo)           

203 −24.92055, Comprida Brazil SLI 5 ± 1 4.75 ± 1.48 STRAT MIS 5 

  −47.8275 Island (São Paulo)           

1299 −24.679948, Icapara Brazil SLI 9.28 ± 1 9.06 ± 1.56 STRAT MIS 5 

  −47.464543   (São Paulo)           

204 −18.711944, São Brazil SLI 8.5 ± 1 8.11 ± 1.7 STRAT MIS 5e 

  −39.804166 Mateus (Esp. Santo)           

168 −14.98, Fazenda Brazil SLI 1.27 ± 1 7.77 ± 3.64 U–Th (CP-2) 116 ± 6.9 

 −39.003333 Jariri (Bahia)    U–Th (CP-1) 122 ± 6.1 

       U–Th (CP-8) 124 ± 8.7 

       U–Th (CP-6) 132 ± 9 

              U–Th (CP-7) 142 ± 9.7 

171 −12.25, Subaúma Brazil SLI 7.3 ± 1 7.27 ± 2.36 STRAT MIS 5e 

  −37.779   (Bahia)           

170 −12.115, Palame Brazil (Bahia) SLI 7.3 ± 1 7.27 ± 2.36 STRAT MIS 5e 

  −37.685               

169 −11.851, Conde Brazil SLI 7.3 ± 1 7.27 ± 2.36 STRAT MIS 5e 

  −37.577   (Bahia)           

218 −8.14555, 

Lagoa 
Olhos 
d'Agua Brazil SLI 10.39 ± 2.23 10.38 ± 3.15 STRAT MIS 5e 

  −34.9708 
Boa 
Viagem (Pernambuco)           

222 −7.396035, 
Pitimbu 
Beach Brazil SLI 5.6 ± 1.5 5.53 ± 2.41 LUM (PB17A) 101 ± 9 

 −34.805984 PB17 (Paraíba)    LUM (PB17A) 100 ± 11 

       LUM (PB17B) 71 ± 7.7 
              LUM (PB17B) 46 ± 4 
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Table 3.3.  Continued  

WALIS Latitude, Site Nation Type of Elevation Paleo RSL Dating technique Age (ka) 
RSL ID longitude (∘)   (region) data point (m) (m) (published sample ID)   

221 −7.140833, 
Cabo 
Branco Brazil SLI 9.8 ± 1.5 11.8 ± 2.5 LUM (PB10A) 108 ± 8 

 −34.80861 PB10 (Paraíba)    LUM (PB10A) 110 ± 20 

       LUM (PB10B) 138 ± 5 

              LUM (PB10B) 120 ± 2 

220 −6.490277, 
Cordosas 
Beach Brazil SLI 9 ± 1.5 8.99 ± 2.64 LUM (PB07B) 88.9 ± 6 

 −34.969722 PB7 (Paraíba)    LUM (PB07B) 70.3 ± 5 

       LUM (PB07C) 110 ± 6.2 

              LUM (PB07C) 86 ± 5 

163 −5.213, Touros Brazil SLI 20 ± 2 19.99 ± 3.03 LUM (32-98) 117 ± 10 

 −35.433 outcrop 
(R.G. do 
Norte)    LUM (32-98) 117 ± 10 

              LUM (39-98) 110 ± 10 

144 −5.056, 
São 
Bento Brazil SLI 20 ± 2 19.88 ± 2.99 LUM (32-98) 117 ± 10 

  −36.043 outcrop 
(R.G. do 
Norte)       LUM (32-98) 117 ± 10 

532 12.052154, Oostpunt Curaçao MLI 3.25 ± 0.99 – ESR (K4010) 112 ± 9 

  −68.747586           ESR (K4011) 111 ± 10 

537 12.155712, 
Boca 
Grandi Curaçao SLI 5.5 ± 1.2 6.45 ± 1.46 ESR (K4040) 120 ± 13 

 −68.82698      ESR (K4042) 117 ± 9 

              ESR (K4043) 116 ± 12 

3553 12.235586, Punta Curaçao SLI 10 ± 0.95 10.98 ± 1.28 U–Th (Cur-Dat-16) 124.8 ± 0.7* 

 −69.104427 Halvedag     U–Th (Cur-Dat-17) 129.7 ± 0.6* 

       

U–Th (Cur-Dat-17-A 
dup) 131.4 ± 1* 

              U–Th (Cur-Dat-17-A) 133.8 ± 0.6* 

536 12.157296, Boca Curaçao SLI 5.5 ± 1.2 6.45 ± 1.46 ESR (K4036) 112 ± 9 

  −68.829802 Labadera         ESR (K4037) 120 ± 13 

535 12.262312, Boca Curaçao SLI 6.5 ± 1.39 7.55 ± 1.67 ESR (K4029) 117 ± 12 

 −69.042612 
San 
Pedro     ESR (K4031) 118 ± 80 

       ESR (K4032) 103 ± 11 

              ESR (K4030) 124 ± 13 

3563 12.277474, 
Boca 
Ascension Curaçao MLI 10 ± 2 – ESR (K4003) 124 ± 8 

  −69.051679               
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Table 3.3.  Continued  

WALIS Latitude, Site Nation Type of Elevation Paleo RSL Dating technique Age (ka) 

RSL ID longitude (∘)   (region) data point (m) (m) (published sample ID)   

3554 12.339078, Knipbai Curaçao MLI 3 ± 1.37 – U–Th (Cur-Dat-5) 124 ± 0.5* 

  −69.153554           U–Th (Cur-Dat-5-P) 127 ± 0.6* 

533 12.373829, Boca Curaçao SLI 10 ± 2 11.05 ± 2.2 U–Th (Cur-Dat-1-A) 128 ± 1.1* 

 −69.125355 Cortalein     U–Th (Cur-Dat-1) 128.1 ± 0.9* 

       ESR (K4019) 123 ± 9 

       ESR (K4020) 125 ± 11 

              ESR (K4021) 118 ± 8 

3559 12.378402, Boca Curaçao SLI 7.5 ± 1.58 8.55 ± 1.83 U–Th (Cur-Dat-4) 126.4 ± 0.6* 

 −69.132382 Mansaliña     U–Th (Cur-Dat-4 dup) 126.7 ± 0.8* 

              ESR (K4049) 118 ± 9 

534 12.385825, Dos Bocas Curaçao SLI 10 ± 2 11.05 ± 2.2 ESR (K4024) 120 ± 11 

 −69.141518      ESR (K4025) 116 ± 19 

              ESR (K4026) 113 ± 10 

531 12.387517, Un Boca Curaçao SLI 10 ± 2 11.05 ± 2.2 U–Th (Cur-33-d) 118.8 ± 0.8* 

 −69.144038      U–Th (Cur-32) 128 ± 7 

       U–Th (Cur-33) 127 ± 7 

       U–Th (Cur-32-d) 133.1 ± 0.8* 

       ESR (K4006) 116 ± 11 

       ESR (K4007) 124 ± 11 

       ESR (K4009a) 140 ± 9 

       ESR (K4009b) 108 ± 8 

              ESR (K4009b1) 101 ± 7 

694 12.156163, South of Bonaire SLI 5.19 ± 0.28 6.22 ± 0.95 U–Th (BON-5-A, Bulk)1 120 ± 1.8 

 −68.207258 Boca     

U–Th (BON-5-A, 
Theca)1 118.9 ± 2 

  Washikemba     U–Th (BON-5-A, Bulk)1 122.5 ± 1.7 

       

U–Th (BON-5-A, 
Theca)1 121.3 ± 1.8 

       

U–Th (BON-5-A, 
Theca)1 120.1 ± 2.4 

       

U–Th (BON-5-A, 
Theca)1 119.4 ± 2.7 

              U–Th (BON-5-D) 117.7 ± 0.8 

1369 12.20234, Notch 1 Bonaire SLI 6.66 ± 0.18 6.66 ± 0.31 STRAT MIS 5e 

  −68.310734               

1370 12.204183, Notch 2 Bonaire SLI 6.61 ± 0.11 6.61 ± 0.28 STRAT MIS 5e 

  −68.312796               

1371 12.206776, Notch 3 Bonaire SLI 6.96 ± 0.15 6.96 ± 0.3 STRAT MIS 5e 

  −68.316292               
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Table 3.3.  Continued  

WALIS Latitude, Site Nation Type of Elevation Paleo RSL Dating technique Age (ka) 
RSL ID longitude (∘)   (region) data point (m) (m) (published sample ID)   

1372 12.2104, Notch 4 Bonaire SLI 6.83 ± 0.15 6.83 ± 0.3 STRAT MIS 5e 
  −68.321163               

1373 12.211271, Notch 5 Bonaire SLI 7.21 ± 0.17 7.21 ± 0.31 STRAT MIS 5e 
  −68.323699               

1374 12.215117, Notch 6 Bonaire SLI 7.26 ± 0.12 7.26 ± 0.28 STRAT MIS 5e 
  −68.335901               

693 12.237155, Boca Bonaire SLI 8.84 ± 0.27 9.87 ± 0.95 
U–Th (BON-26-A, 
Theca)2 126.1 ± 2.3 

 −68.285762 Olivia     

U–Th (BON-24-AII.2 
Bulk)3 126.7 ± 0.97 

       

U–Th (BON-24-AII.2 
Theca)3 122.6 ± 1.9 

       

U–Th (BON-26-A, 
Theca)2 124.2 ± 1.5 

       

U–Th (BON-24-AII.2 
Theca)3 125.9 ± 1.8 

              
U–Th (BON-24-AII.2 
Bulk)3 128.2 ± 2 

692 12.247984, South of Bonaire SLI 5.72 ± 0.3 6.75 ± 0.96 
U–Th (BON-17-AI, 
Theca) 121.72 ± 0.91 

 −68.296485 Boca     

U–Th (BON-17-AI, 
Theca) 122.4 ± 1.7 

  Onima     

U–Th (BON-17-AI, 
Theca) 124.2 ± 1.8 

       

U–Th (BON-17-AI, 
Theca) 124.9 ± 2.2 

       

U–Th (BON-12-A, 
Bulk)4 124.68 ± 0.98 

       

U–Th (BON-12-A, 
Theca)4 122 ± 1.6 

       

U–Th (BON-13-AI.1, 
Theca) 125.8 ± 1.6 

       

U–Th (BON-12-A, 
Bulk)4 124.8 ± 1.6 

              
U–Th (BON-12-A, 
Theca)4 123.6 ± 1.6 

3472 12.270639, Washington Bonaire SLI 9.58 ± 0.14 10.61 ± 0.92 
U–Th (BON-33-BI.2, 
Theca) 129.7 ± 1.7 

 −68.342514 Slagbaai       
  National       
    Park             
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Table 3.3.  Continued  

WALIS Latitude, Site Nation Type of Elevation Paleo RSL Dating technique Age (ka) 

RSL ID 
longitude 
(∘)   (region) data point (m) (m) (published sample ID)   

3681 12.524347, San Andrés, Colombia SLI 1.5 ± 0.5 4.5 ± 2.06 Other (Ge 72, 3769A) > MIS 1 

 −81.729865 Southwest 
(San Andrés 
and      

    Cove Providencia)           

3682 12.556155, San Andrés, Colombia SLI 6 ± 0.5 12 ± 4.03 Other (Ge 72, 4109) > MIS 1 

 −81.731978 May Cliff 
(San Andrés 
and      

      Providencia)           

950 13.321004, Providencia, Colombia SLI 3 ± 1.5 13 ± 10.11 U–Th 118.8 ± 35.64 

 −81.387253 South Point (San Andrés    Other (Ge 92) > MIS 1 

      
and 
Providencia)           

3683 13.324392, Providencia, Colombia SLI 1.8 ± 0.5 21.8 ± 20 U–Th 118.8 ± 35.64 

 −81.376752 South Point 
(San Andrés 
and    Other (Ge 72, 4110 a) > MIS 1 

      Providencia)       Other (Ge 72, 4110 b) > MIS 1 

 

3.6.1. Brazil 

Studies describing the marine deposits in Brazil date back to the late 1800s (Hartt and Agassiz, 

1870). In the early 1970s, the study of Quaternary coastal deposits began with Suguio and 

Petri (1973) describing the Iguape–Cananéia lagoonal region at the border between the 

regions of São Paulo and Paraná (Figure 3.3). Later, the stratigraphic units of the state of Bahia 

were analyzed by Bittencourt et al. (1979) and further by Martin et al. (1982) and Bernat et al. 

(1983). These authors gathered new information on past sea-level changes and their meaning 

in the context of tectonic deformations. In the 1980s and 1990s, the exploration of Pleistocene 

deposits was extended to the states neighboring Bahia. In the south, Pleistocene outcrops 

were reported in Espírito Santo (Suguio et al., 1982), Rio de Janeiro (Martin et al., 1986, 1998), 

São Paulo (Suguio and Martin, 1995), and on the southern border of Brazil at Rio Grande do 

Sul (Villwock, 1984; Poupeau et al., 1988). To the north, studies focussed on the states of 

Sergipe (Bittencourt et al., 1983), Alagoas (Bittencourt et al., 1983; Barbosa et al., 1986), and 

Pernambuco (Martin et al., 1986; Dominguez et al., 1990). Most published papers presented 

data related to the Quaternary transgressive history of Brazil, describing the so-called 

“Penultimate Transgression” (called the “Cananéia Transgression” in the São Paulo state), 

attributed to MIS 5e (∼120 ka). The main highstand of this transgression was reported at an 

elevation of ca. 8 m above sea level (a.s.l.). In general, the study of the Last Interglacial in Brazil 

is hindered by the small number of reliable chronological constraints. Therefore, the most 

recent studies were directed to use radiometric dating techniques (such as OSL or TL) to 

establish radiometric ages for Pleistocene deposits (Barreto et al., 2002; Buchmann and 

Tomazelli, 2003; Suguio et al., 2003; Tomazelli and Dillenburg, 2007; Rossetti et al., 2011; 

Suguio et al., 2011; Bezerra et al., 2015). 
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The collective effort from these researchers over the years has made possible the 

knowledge of the Brazilian coastal plain geomorphological history and the description of the 

Pleistocene sea-level changes, preserved mostly in the form of beach and coastal deposits. 

According to the literature, the last interglacial sequences are present almost continuously on 

a north–south gradient from Rio Grande do Sul to Rio Grande do Norte, leaving only eroded 

remains in the most northern states (Figure 3.3). Listed below are the published descriptions 

of the LIG deposits in this country, divided by administrative units (states). 

 

 
Figure 3.3. Last interglacial sea-level data in the Brazilian states of Rio Grande do Sul, Santa Catarina, Paraná, and 

São Paulo. Upper panel: map of sites. Basemap: Esri, Garmin, GEBCO, NOAA NGDC (now NCEI), and other 

contributors. Lower panel: distance–elevation plot. 
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3.6.1.1. Rio Grande do Sul 

Villwock (1984) and Tomazelli et al. (2006) described a system of Pleistocene lagoon barriers 

sub-parallel to the modern coast throughout the Rio Grande do Sul coastal area. Among these 

barriers (named I, II, and III), Barrier III is the best preserved and has an almost continuous 

extension between the cities of Tramandaí (to the north) and Chuí (to the south). This barrier 

was associated with the LIG transgression because it occurs at the back of the Holocene 

lagoon-barrier system (Tomazelli et al., 2006). Tomazelli and Dillenburg (2007) re-assessed the 

age and elevations of Barrier III deposits at Osório, describing five outcrops of foreshore sands 

with abundant Ophiomorpha ichnofossils (RSL IDs 143 and 152 to 155) (Figure 3.3). The 

deposits are 4–5 m thick, and their reported elevations refer to the maximum elevation of 

Ophiomorpha burrows, ranging from 5.13 ± 0.7 to 7.72 ± 0.5 m above mean low water springs 

(elevations measured with differential GPS). The authors recognize that there are limited 

chronological data for these outcrops but highlight that a minimum age for the foreshore 

deposits is available for one of the sites, where coastal dunes covering the foreshore sands 

were dated with TL to 85 ka (Poupeau et al., 1988). Buchmann and Tomazelli (2003) used TL 

to date a similar foreshore deposit at Bujuru (Conceição Lighthouse) to 109 ± 7.5 ka. One 

photo in Dillenburg et al. (2009) (their Figure 3.16) shows that this outcrop is possibly located 

a few meters above the modern sea level. In our literature survey, we were not able to find 

further details on the luminescence age reported by this study or on elevation measurements 

of this outcrop; therefore we do not include it in our database.        

 

3.6.1.2. Santa Catarina 

In the state of Santa Catarina, deposits correlated with Barrier III deposits of Rio Grande do 

Sul (lagoon and barrier facies) were reported in a series of 1 : 100 000 geomorphological maps 

(Horn Filho et al., 2014, and references therein). The deposits are mapped as widespread 

across the coastal plain. A geological field trip guide by Horn Filho et al. (2017) describes 

Upper Pleistocene lagoonal/beach deposits at three sites: Vila Conceição (RSL 

ID 1288), Coqueiros (RSL ID 1286), and Tapera (RSL ID 1287). These three outcrops are located 

at elevations of 9–12 m a.s.l., but their elevations are bounded by large uncertainties as it is 

unclear how they were measured (Figure 3.3). 

More accurate elevation measurements are available in recent work by Martins et 
al. (2018). These authors investigated Ophiomorpha burrows within Barrier III deposits at 
Pinheira (RSL ID 178). They used differential GPS to measure the top of Ophiomorpha at 
4.5 m a.s.l. (Figure 3.3). 

Another site where beach/shallow marine (occasionally with Ophiomorpha burrows) 
deposits occur is São Francisco do Sul Island, located on the northern coast of the Santa 
Catarina state (Horn Filho and Simó, 2008). These deposits were reported at 10–17 m a.s.l. 
(RSL ID 179) but were assigned, in our database, as low quality due to uncertainties in their 
location and elevation. A detailed map (1 : 10 000) of the coastal deposits on São Francisco do 
Sul Island shows the distribution of Pleistocene lagoonal and beach deposits in this area (Horn 
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Filho and Vieira, 2017). Accurate elevation measurements of these units will help to shed light 
on the correlation of these deposits with other sea-level indicators in the Santa Catarina state. 

Summarizing the sandy marine terraces on the Santa Catarina state coast, Martin et 
al. (1988) report three additional sites attributed broadly to MIS 5: two at Itapema and one 
at Itajaí (RSL IDs 1296 to 1298). These are located at 6–8 m a.s.l. (Figure 3.3). 

Approximately 8 km south of Imbituba, Giannini et al. (2007) used OSL to date deposits 
associated with “alluvial-eolian deflation” and “eolian accumulation” facies. These deposits 
yielded ages of 129.1 ± 15 ka and 103.5 ± 11.7 ka, respectively. The deflation facies is located 
at a lower elevation (6.5 m a.s.l.) than the accumulation facies and was inserted into WALIS 
(RSL ID 1300) as a terrestrial-limiting point. 

 

3.6.1.3. Paraná 

In the state of Paraná, Branco et al. (2010) report a Pleistocene barrier at elevations between 

5 and 10 m a.s.l. Among 19 stratigraphic sections, they report the presence of Ophiomorpha 

burrows at Section P 01.06.05 (RSL ID 181) at 5.5 m a.s.l. (Figure 3.3). 

 Angulo et al. (2002) describe a marine terrace deposited on an estuarine paleo-

channel in Canal do Varadouro (RSL ID 186) (Figure 3.3). The sediments are approximately 1 m 

thick and have an undulated lamination, suggesting that they formed within an intertidal 

environment. The reported elevation is 4 m above the current high tide level (4.8 m a.s.l.). For 

both sites in the state of Paraná, only minimum ages are available. 

 

3.6.1.4. São Paulo       

In the southern part of the São Paulo state, the Pleistocene Cananéia Formation (a 

sandy coastal unit first described by Suguio and Petri, 1973) is reported in the Iguape–

Cananéia lagoon region on Cananéia and Comprida islands (Figure 3.3). The formation 

is capped by a member characterized by sands with Ophiomorpha burrows (Martin and 

Suguio, 1976). This formation was initially considered MIS 5 based on minimum 

radiocarbon ages (Martin and Suguio, 1976), an age later confirmed by OSL and TL ages 

of 94 ka (average age from Watanabe et al., 1997), and 81.55 ± 4.5 ka (average age 

from Suguio et al., 2003). We identified two (poorly constrained) sea-level index points 

on Cananéia and Comprida islands (RSL IDs 202, 203). Both data points are derived 

from Martin and Suguio (1976). From the description in the paper, we interpreted 

them as marine terraces. On Cananéia Island, the Cananéia Formation is located 

between 5–6 and 9–10 m a.s.l. On Comprida Island, the altitudes vary from 2.5 to 

3 m a.s.l. in the south and from 5 to 6 m a.s.l. in the north. As this difference is related 

to differential erosion to which the area was subject during the Holocene transgressive 

phase, we used the highest occurrence of the terrace as the reported elevation. 
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A cross-section in Martin et al. (1988) reports another sea-level indicator 

associated with the Cananéia Formation close to Icapara (RSL ID 1299) at 8.5 m above 

high tide (Figure 3.3). 

 

3.6.1.5. Rio de Janeiro     

Martin et al. (1998) describe Pleistocene beach barriers and sandy terraces in the Rio de 

Janeiro state. These are located at 6–8 m a.s.l. (Isla and Angulo, 2016) and have been assigned 

to the Last Interglacial based on infinite radiocarbon ages. As no details on sea-level indicators 

are available for these terraces, we did not insert them into WALIS. 

 

3.6.1.6. Espírito Santo    

Suguio et al. (1982) studied the area near the Doce River mouth in the state of Espírito Santo. 

The authors describe the Pleistocene marine terraces which created an almost-continuous 

strip of 4 km along the north section of the coastal plain. In the São Mateus area, these marine 

terraces reach a height of 9 to 10 m a.s.l. datum (RSL ID 204) (Figure 3.4), while to the south 

(close to the river entrance) the elevation ranges from 6 to 10 m and the terrace loses its 

continuity as a result of the erosive effect of the Holocene transgression. The authors did not 

present specific ages for these deposits but assume a stratigraphic correlation with those of 

the neighboring state Bahia (see below), which indicates deposition during the LIG. 
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Figure 3.4. Last interglacial sea-level data in the Brazilian states of Espírito Santo, Bahia, Pernambuco, Paraíba, 

and Rio Grande do Norte. Upper panel: map of sites. Basemap: Esri, Garmin, GEBCO, NOAA NGDC (now NCEI), 

and other contributors. Lower panel: distance–elevation plot. 

 

3.6.1.7. Bahia    

In the state of Bahia, Martin et al. (1982) identified a fossil coral reef at “Fazenda Jariri” at an 
elevation corresponding to the modern high tide mark (1.27 ± 1 m a.s.l.; RSL ID 168) (Figure 
3.4). They sampled 15 Siderastrea spp. corals, most likely, the species Siderastrea stellata, 
which is endemic to the coasts of Brazil and is reported as a primary bioconstructor in the 
shallow-water reefs in this area (Laborel, 1970). S. stellata is common in intertidal pools 
(de Oliveira Soares et al., 2017) with an average living range constrained between −3 and 
−10 m depth (Segal and Castro, 2000). We used these values as upper and lower limits, 
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respectively, of the indicative range to calculate paleo RSL for this site at 7.8 ± 3.6 m. These 
corals yielded (alpha-counting) U-series ages between 116 ± 6.9 and 142 ± 9.7 ka. 

Another three sites in the Bahia state are reported by Bittencourt et al. (1979): Conde, 
Palame, and Subaúma (RSL IDs 169, 170, 171) (Figure 3.4). At these sites, the authors report 
that “the remnants of the penultimate transgression are indicated by a sand terrace, the top 
of which is situated 6 m above high tide level”. These deposits are associated with the so-
called “Bahia Sector I” stratigraphy, which is attributed to MIS 5e thanks to the ages of Martin 
et al. (1982). 

 

3.6.1.8. Sergipe and Alagoas   

To complement the work carried out by Bittencourt et al. (1979), Bittencourt et al. (1983) 

analyzed the Pleistocene marine terraces deposited in the Sergipe state and south of the state 

of Alagoas. According to the authors, these sandy marine terraces present the same 

sedimentological and geomorphological characteristics as those observed in Bahia 

(Sect. 5.1.7). Therefore, the deposits can be inferred as spatially continuous from Bahia to 

Sergipe and Alagoas states (Barbosa et al., 1986). While the interglacial terraces are presented 

in maps within these publications, no precise location information is given; therefore these 

data were not inserted into WALIS. 

 

3.6.1.9. Pernambuco 

The Pleistocene marine terraces in the state of Pernambuco were described by Dominguez et 
al. (1990). Their elevations range from 7 to 11 m above the present high tide level; some 
outcrops show traces of ancient beach ridges in the region between Lagoa Olhos d'Agua and 
Boa Viagem (RSL ID 218) (Figure 3.4). These terraces have similar sedimentological 
characteristics as those described in the states of Alagoas, Sergipe, and Bahia, suggesting a 
depositional continuity; however, in Pernambuco they are mostly present in small patches, 
arranged discontinuously along the coast. There are no absolute ages for the region, but these 
deposits are correlated with those in the state of Bahia (Dominguez et al., 1990). 

There are indications of additional MIS 5 marine-associated deposits within the 
Pernambuco state. Suguio et al. (2005) and later Suguio et al. (2011) reported MIS 5 TL and 
OSL ages for sands that could be either marine or eolian in origin. Pending further clarifications 
on these deposits, we did not insert them into WALIS. On the island of Fernando de Noronha, 
eolianites within Unit I of the Pleistocene Caracas Formation (Almeida, 1955) returned 
minimum radiocarbon ages of 50 000 years BP (Angulo et al., 2013). The poor constraint on 
age and location has precluded entry of these deposits into WALIS. 
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3.6.1.10. Paraíba 

Suguio et al. (2005, 2011) described Late Pleistocene marine terraces in the Paraíba state 

and dated them using TL and OSL techniques. Information to derive index points is given for 

only three of the nine dated outcrops. Two samples collected above 4.1 ± 1.5 m a.s.l. at 

Pitimbu Beach (Figure 3.4) (RSL ID 220) yield TL ages of 101 ± 9 ka (PB17A) and 71 ± 7.7 ka 

(PB17B) and OSL ages of 100 ± 11 ka (PB17A) and 46 ± 4 ka (PB17B). These samples were 

collected from a massive sandstone unit, overlying a planar cross-stratification in sandstone. 

As no further details are given in the original papers, we interpret these sediments as part of 

a marine terrace and assign this data point a large indicative range. A unit composed of loose 

sands was dated at Cordosas Beach (RSL ID 222) and yielded TL ages of 88.96 ka (PB07B) and 

110 ± 6.2 ka (PB07C) and OSL ages of 70.3 ± 5 ka (PB07B) and 86 ± 5 ka (PB07C). The best 

described among the outcrops of Suguio et al. (2011) is the one at Cabo Branco cliff (RSL 

ID 221) (Figure 3.4). Here, at 9.8 m a.s.l., a sandstone facies is characterized by planar cross-

stratification and Ophiomorpha burrows. This deposit yielded a TL age of 138 ± 5 ka and an 

OSL age of 120  ± 2 ka (sample PB10B). A sandstone unit immediately above the location 

where these samples were taken (sample PB10A) was dated 108 ± 8 ka (TL) and 110 ± 20 ka 

(OSL). 

 

3.6.1.11. Rio Grande do Norte 

Barreto et al. (2002) described two distinct marine terraces in the state of Rio Grande do 

Norte. The sediments of these terraces were grouped into two stratigraphic units, dated to 

220–206 and 117–110 ka with luminescence techniques. The younger 117–110 ka marine 

terrace deposit is preserved for about 120 km along the E–W coast and was associated with 

the highstand of MIS 5e. Two outcrops of this terrace, between São Bento and Touros, were 

described (RSL IDs 144, 163). The elevations of the shallow-water facies reported by Barreto 

et al. (2002) range from 1–10 m a.s.l. and 2 km north of the town of Zumbi rise to a maximum 

of 20 m (Figure 3.4). Therefore, the authors suggested a regional tectonic uplift by 10–12 m 

(considering the mean reported MIS 5e highstand of Brazil: 8 ± 2 m a.s.l.; Barreto et al., 2002). 

 

3.6.1.12. Amapá 

In the northernmost states of Brazil, information on Pleistocene marine deposits was generally 

lacking until the recent work of Bezerra et al. (2015) in the state of Amapá. These authors 

define the Pleistocene “Itaubal Formation” and subdivide it into two progradational units 

(upper and lower), separated by an unconformity. Using OSL ages, the Itaubal lower unit was 

constrained to MIS 5 (120 to 71 ka). Detailed facies analysis along several outcrops 

allowed Bezerra et al. (2015) to assert that the Itaubal lower unit is representative of “subtidal 

and tide-influenced meandering stream and floodplain deposits”. While this study presents 

accurate chronological data and detailed facies analysis of the lower unit, it is not possible to 

insert any index point into the database due to the lack of any absolute elevation 

measurements constrained to the modern sea level (only outcrop thickness is 
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reported). However, we remark that this area looks promising for future research, especially 

because of the limited number of LIG deposits preserved in northern Brazil. 

 

3.6.2. French Guiana, Suriname, and Guyana 

French Guiana, Suriname, and Guyana share a very similar geological setting. Along the coasts 
of these three countries, different authors report the presence of littoral deposits that were 
emplaced by previous sea-level highstands (Brinkman and Pons, 1968; Iriondo, 2013). These 
deposits were studied by Choubert (1956) and Boyé and Cruys (1961), who described a unit 
made of sands and clays parallel to the shoreline that was initially attributed to the Riss-Würm 
(MIS 5) transgressive event. In French Guiana and Suriname, similar sedimentological facies 
are named the “Coswine Series” and “Coropina Series”, respectively. Brinkman and 
Pons (1968) propose that the Coswine and Coropina series are divided into two members, the 
Para Member (attributed to the Middle Pleistocene) and the Lelydorp Member (attributed to 
the Eemian interglacial, MIS 5e). These authors suggest that the Lelydorp Member outcrops 
between the towns of Cayenne and Organabo in French Guiana and the district of Coronie in 
Suriname. 

The attribution of the Lelydrop member to MIS 5e was due to a radiocarbon date above 
the detection limit considered a minimum age by Brinkman and Pons (1968) (48 000 years BP, 
sample ID GRN 4718). Wong (1992) continued with the study of this region publishing “the 
Quaternary stratigraphy of Suriname”, in which he addressed the problem related to the 
chronological assignment of these eroded and weathered records. Wong et al. (2009) used 
paleomagnetic data to estimate ages along the Suriname coastal plain. The results suggest 
that the Lelydorp Member is of Early Pleistocene age, hence much older than hitherto 
assumed. Due to the lack of precise chronologic constraints, and with the work of Wong et 
al. (2009) essentially pre-dating the units previously assumed to be of last interglacial age, no 
data have been inserted in WALIS for French Guiana, Guyana, and Suriname. 

 

3.6.3. Venezuela 

The Pleistocene marine deposits of Venezuela are well known and have been extensively 
described by Bermudez and Farias (1975). As early as the late 1700s, Humboldt remarked 
upon formations now recognized as Pleistocene age within the state of Sucre (Bermudez and 
Farias, 1975). A couple of centuries later, Bermudez (1969) presented a detailed account of 
the Quaternary and recent stratigraphy of Venezuela. In this study, the author mentions 
Pleistocene marine units on Cabo Blanco (state of Miranda); on the south coast of the island 
of Tortuga; and on the islands Cubagua, Coche, and Margarita. In Cabo 
Blanco, Bermudez (1969) describes Pleistocene “raised beaches”, located at 62 m a.s.l. 
Danielo (1976) worked on the northern coasts of Venezuela and reported the presence of 
several Pleistocene beach deposits on the Araya and Paraguaná peninsulas, as well as in 
Puerto Cumareboy and Margarita regions. Among the different sea-level proxies on the 
northern coasts of Venezuela identified by the author, it appears that two would correlate 
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with MIS 5, notably the so-called “Tyrrhénien I” (25–30 m) and the “Oujien” (6–8 m). 
Unfortunately, there is no dating associated with these deposits, therefore they could not be 
included in our database. 

The Paraguaná Peninsula is one of the most studied sites in Venezuela that concerns 
Quaternary outcrops. Here, Rey (1996), described a 1.7 m thick conglomeratic sequence 
containing fragments of mollusks and foraminifera. The author interprets the depositional 
environment as that of a high-energy beach and reports that this unit cannot be older than 
the Pleistocene due to the presence of the marine foraminifera Globorotalia truncatulinoides. 
Audemard (1996a, b) reported several Pleistocene coastal outcrops along the Paraguaná 
Peninsula. On the southern coast of the peninsula, at Punta Cardón, Audemard (1996a, b) 
reports the presence of a fossil coral reef, with a height of 1.5 m, and species of the genera 
Porites preserved in living position within a “reddish sand matrix”. The author attributes this 
reef tentatively to MIS 5. To the west of the Paraguaná Peninsula, Audemard (1996a) reports 
a terrace with heights from 4 to 5 m a.s.l. This terrace presents sediments with different grain 
sizes and fragments of shells and corals. One radiocarbon analysis was performed on a coral 
fragment; its age was above the detection limit, and the author assigns an MIS 5 age. To the 
north of the Paraguaná Peninsula, the same author describes two eroded “isolated beach 
deposits” at Punta Macolla; despite not presenting an elevation for these, he correlates them 
with MIS 5. 

After the work of Audemard (1996b), no further references could be found in this 
review. Up to now, none of the studies listed above presents radiometric dates, and the 
estimated ages were based on either geomorphological (Danielo, 1976; Audemard, 1996a, 
b; Rey, 1996) or biological (Bermudez, 1969; Bermudez and Farias, 1975) characteristics of the 
deposits described. Only the work of Audemard (1996a) refers to a single coral radiocarbon 
sample with an age beyond the dating limit. None of the studies listed was included in WALIS. 

 

3.6.4. Aruba, Curaçao, and Bonaire (ABC) islands 

Aruba, Curaçao, and Bonaire islands lie in front of Venezuela, forming the so-called “ABC 

islands” group. These three islands are included in this review due to their proximity to the 

Venezuelan coast and the quantity of last interglacial sea-level indicators that have been 

reported along their shores. The Pleistocene sea-level record at these islands is mostly 

preserved in the form of staircases of coral reef terraces (Alexander, 1961; Herweijer and 

Focke, 1978). These are usually wider along the windward sides of the islands than their 

leeward sides. The terraces display shore-parallel changes in elevation, which would suggest 

they have been affected by tectonic processes. This seems likely as they are located between 

the south Caribbean and South American plates (Hippolyte and Mann, 2011). The reef terraces 

are often interrupted by bocas, i.e., incisions in the continuity of the Pleistocene reefs that 

expose the stratigraphy of the terrace, which can be also observed along sea cliffs. These 

outcrops facilitated the study of paleo-ecological properties of Pleistocene reefs (Pandolfi and 

Jackson, 2001; Meyer et al., 2003) and their dating (Schellmann et al., 2004; Obert et al., 2016; 

Felis et al., 2015; Schubert and Szabo, 1978; Hamelin et al., 1991) and helped unravel their 
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significance in the context of paleo-relative sea-level changes (Lorscheid et al., 2017; Muhs et 

al., 2012; Kim and Lee, 1999). The evidence of MIS 5e reef terrace development on each island 

is briefly described in the following. 

 

3.6.4.1.  Aruba 

In Aruba, the so-called “third terrace” (third terrace level counting from the modern sea level) 

was attributed to a “Sangamonian” (i.e., MIS 5e) age by Alexander (1961). The terrace is 

reported as well developed and is parallel to the shore along the northwestern coasts of the 

island. The terrace elevation is “25 feet” (7.6 m) a.s.l. While Pleistocene marine terraces 

appear prominent in the landscape of Aruba, we could not find any description or absolute 

ages to confirm the MIS 5e age designation; therefore, we did not insert any data point for 

Aruba into the database. 

 

3.6.4.2. Curaçao 

Several last interglacial MIS 5e index points were reported from the island of Curaçao (Figure 

3.5). The first U-series ages on corals from Curaçao were reported by Schubert and 

Szabo (1978) and later revisited by Muhs et al. (2012). We included in WALIS the sites 

reported by Schellmann et al. (2004), analyzed with ESR, and those reported by Muhs et 

al. (2012), measured with a differential GPS and analyzed with U series. In reporting U-series 

and ESR data for Curaçao, we included only those ages within MIS 5e. We did not insert into 

the database the U-series ages obtained by Hamelin et al. (1991), as they were rejected by the 

original authors due to (i) large difference in ages (multiple kiloyears) between different 

subsamples of the same coral or (ii) being outside the acceptable range for initial uranium 

isotopic composition. 
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Figure 3.5. Last interglacial sea-level data in Curaçao. Upper panel: map of reported sites. The dashed line shows 

the location of the last interglacial terrace. The “single coral” data points represent coral elevations as reported 

in Chutcharavan and Dutton (2021). Background map compiled with data from GEBCO 

(https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e) and SRTM 30 m by NASA EOSDIS Land 

Processes Distributed Active Archive Center (LP DAAC, https://lpdaac.usgs.gov/). Lower panel: distance–

elevation plot. 

 

In general, within the bocas dissecting the lower terrace of Curaçao, there are two distinct 

units where well-preserved corals (often in growth position) appear: the Cortalein (lower) and 

Hato (upper) units (Figure 3.6). Both ESR and U-series ages confirm that the Cortalein unit was 

forming during MIS 7 (ca. 200 ka), while the Hato unit is MIS 5e in age (Muhs et al., 2012; 

Schellmann et al., 2004). We report in the database only the dated samples collected from the 

Hato unit. In the following paragraphs, we report sample IDs as indicated in Table 2 

of Schellmann et al. (2004) and Table 1 of Muhs et al. (2012) (for U series). 
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Figure 3.6. Last Photomosaic with the interpretation of the paleo reef units of MIS 7 and MIS 5e age at Boca 

Cortalein, Curaçao (originally by Ann-Kathrin Petersen, edited by Alessio Rovere). IsM: in situ Montastraea sp.; 

LS: layered sediments (beachrock); IsA: in situ Acropora sp.; Cr: coral rubble; CCA: solitary corals and calcareous 

algae. 

 

The elevations reported by Muhs et al. (2012) are referenced to the CARIB97 geoid (Smith and 
Small, 1999). We assigned an elevation uncertainty of 0.95 m, calculated from the root mean 
square of the sum of squares of the maximum error reported by Muhs et al. (2012) (0.8 m) 
and the CARIB97 datum uncertainty (0.51 m). Elevations for the sites mentioned 
in Schellmann et al. (2004) were taken directly from their Table 2, were referred to a general 
“mean sea level” datum, and were assigned an arbitrary uncertainty of 20 % of the measured 
elevation. A similar approach was used in reporting sites investigated by Schubert and Szabo 
(1978). 

On the leeward (southeastern) side of the island, a reef sequence at Punta Halvedag 
(RSL ID 3553) was reported up to 10 m above the present sea level. For this sequence, we 
included in WALIS four ages reported by Muhs et al. (2012) on two corals (Cur-Dat-16 and Cur-
Dat-17). Muhs et al. (2012) were concerned about the U values for seawater and considered 
the ages to be overestimated by ∼ 2.5–3.5 ka. Therefore, in WALIS we constrain the Punta 
Halvedag site as “younger than” these two corals, with the caveat that their age is most likely 
MIS 5e. North of Punta Halvedag, the same reef sequence is visible at Knipbai (RSL ID 3554). 
As little information on the stratigraphic context is given for this site, we inserted it into WALIS 
as a marine-limiting data point. From the Hato unit at this location, one Acropora palmata was 
dated (Cur-Dat-5; Muhs et al., 2012). Muhs et al. (2012) report that this coral “shows evidence 
of U gain, which would tend to bias the sample to a younger apparent age”. Therefore, in 
WALIS we constrain the Knipbai site as “older than” this coral. 

On the windward (northwestern) side of the island, most of the locations reported in 
WALIS have been surveyed inside bocas, where corals have been dated with both ESR and 
U series. At Un Boca, three coral samples (99-6, 99-7, 99-9) yielded ESR ages between 101 ± 7 
and 140 ± 9 ka (Schellmann et al., 2004). The top elevation of in situ corals at Un Boca is 10 m 
with significant uncertainties that stem from the unreported elevation measurement method. 
At Un Boca (RSL ID 531), Muhs et al. (2012) re-dated two corals, that had already been dated 
to MIS 5e by Schubert and Szabo (1978). The new analyses yielded ages of 118.1 ± 0.8 ka (Cur-
33-d, Acropora palmata) and 132.3 ± 0.8 ka (Cur-33-d, Diploria sp.). The authors note that the 
sample Cur-32-d is probably biased old by 2.5–3.5 ka. One Acropora palmata coral (original 
ID 00-7) was analyzed by Schellmann et al. (2004) at a site located a few hundred meters south 
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of Un Boca, called Dos Bocas (RSL ID 534). Three subsamples of this coral yielded ESR ages 
between 113 ± 10 and 120 ± 11 ka. The reef terrace at Dos Bocas was assigned the same 
elevation as Un Boca, based on the data reported by Schellmann et al. (2004). Slightly more 
than 1 km south of Dos Bocas, another site (Boca Mansaliña, RSL ID 3559) yielded 
one Acropora palmata coral (sample 00-13) analyzed using ESR to provide an age of 118 ± 9 ka 
(Schellmann et al., 2004) and one Siderastrea siderea coral (sample Cur-Dat-4), of which two 
subsamples gave U-series ages of 125.7 ± 0.7 and 126.0 ± 0.8 ka. The highest in situ coral at 
this location is reported at 7–8 m a.s.l., and it appears to have been sampled close to the top 
of the terrace (Figure 8 panel 3 of Schellmann et al., 2004, and Figure 8a of Muhs et al., 2012). 
Acropora palmata corals were also dated with ESR (00-5) and U series (Cur-Dat-1) at Boca 
Cortalein (RSL ID 533), yielding ages between 118–125 ka (with error bars between 8–11 ka) 
and a U-series average age of 127.3 ka (on two subsamples of the same coral). Also, at Boca 
Cortalein, we approximate the height of the reef terrace with the highest in situ coral, which 
is reported at 10 m a.s.l. (Schellmann et al., 2004). Approximately 15 to 18 km south of Boca 
Cortalein, three additional sites were reported by Schellmann et al. (2004) and Muhs et 
al. (2012). At Boca Ascension (RSL ID 3563), a Montastraea sp. coral yielded an ESR age of 
124 ± 8 ka (99-3; Schellmann et al., 2004), but not enough stratigraphic information was given 
to establish a sea-level index point; therefore we insert this site into WALIS as marine limiting. 
At Boca San Pedro (RSL ID 535), four Acropora palmata corals (00-9) were collected at 6–
7 m a.s.l. and were dated with ESR to 103–124 ka (Schellmann et al., 2004). In this case, a 
cross-section (Figure 5-2 of Schellmann et al., 2004) shows that the highest of these corals was 
sampled close to the top of a reef terrace; therefore we consider this point a valid sea-level 
indicator. 

Towards the southern part of the island, south of Curaçao International Airport, two 
nearby sites were dated with ESR by Schellmann et al. (2004): Boca Labadera (RSL ID 536) and 
Boca Grandi (RSL ID 537). These sites have ages ranging between 120 ± 13 and 112 ± 9 ka. At 
these two sites, all dated samples (n=5, WALIS ESR IDs 124 to 128) are close to the top of the 
terrace, were measured at 5–6 m a.s.l., and have been treated in WALIS as valid sea-level 
indicators. At the southern tip of Curaçao, one site was reported by Schellmann et al. (2004) 
as “Sheraton Hotel” and is here reported as Oostpunt (RSL ID 532). Here, two Acropora 
palmata corals (001-1) were sampled at 2.5–4 m. As no information is given on the 
stratigraphy of the reef terrace at this site, we insert this point into WALIS as a marine-limiting 
point. 

 

3.6.4.3. Bonaire 

The general coastal setting of Bonaire, similarly to that of Curaçao and Aruba, is characterized 

by broad (hundreds of meters wide) paleo reef terraces on the windward (northern and 

eastern) side of the island and narrow (tens of meters or less) paleo reef terraces on the 

leeward (southwestern) side (Figure 3.7). 
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Figure 3.7. Last interglacial sea-level data in Bonaire. Upper panel: map of sites. The dashed line shows the 

location of the last interglacial terrace. Basemap compiled with data from GEBCO 

(https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e) and SRTM 30 m by NASA EOSDIS Land 

Processes Distributed Active Archive Center (LP DAAC, https://lpdaac.usgs.gov/). Lower panel: distance–

elevation plot. 

 

On the leeward side, Lorscheid et al. (2017) measured six tidal notches carved into 

limestones older than MIS 5e (Figure 3.8a). The elevations of the notches were measured with 

a combination of differential GPS and laser rangefinders and are reported at between 6.61 

and 7.26 m a.s.l. (RSL IDs 1369 to 1374). Samples of a fossil coral from the terrace immediately 

below the notches yielded initial  activity ratios higher than expected from the modern 

seawater value and were therefore considered unreliable by Lorscheid et al. (2017). 

Nevertheless, the notches are considered coeval with the terrace immediately below (Figure 

3.8b), which is correlated with the better-dated terrace level on the windward side of the 

island, described below. 
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Figure 3.8. (a) Tidal notch on the leeward side of Bonaire; (b) last interglacial reef 1–2 m below the location of 

the photo shown in (a); (c) exposed reef section on the windward side of Bonaire; (d) large massive coral eroded 

on top of the MIS 5e terrace on the windward side of Bonaire; (e) panorama view of the MIS 5e terrace on the 

windward side of Bonaire. Photos by Thomas Lorscheid (a), Alessio Rovere (b, c, e), and Thomas Felis (d). 

 

Felis et al. (2015) and Obert et al. (2016) report several U-series ages from different 
skeletal parts (theca walls or bulk material) of nine corals located on top of the lower reef 
terrace characterizing the windward (northern and eastern) side of Bonaire (Figure 3.8c, d, e). 
As there are multiple subsamples for some individual corals, Brocas et al. (2016) calculate the 
weighted mean and weighted standard error of five of these nine corals giving a range from 
120.5 ± 1.1 to 125.85 ± 2.46 ka. Of the 42 ages reported by Obert et al. (2016) and 1 age 
reported by Felis et al. (2015), we inserted into WALIS only those accepted within the original 
publication (based on progressively less strict criteria), restricting the number of available ages 
to 25 (8 corals). The elevation of these samples was initially measured using an altimeter 
“calibrated” to the sea level at the time of measurement. The sampling sites were then 
revisited by Thomas Lorscheid, Alessio Rovere, and Thomas Felis in 2016, and each sampled 
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coral on top of the reef terrace was re-measured with differential GPS and referred to the 
EGM2008 geoid. We report these new measurements in this paper for the first time. To 
provide additional constraint to each sample, an elevation was also recorded at the nearest 
accessible instance of the coral reef inner margin, which we consider here to approximate the 
paleo-sea level with an indicative range included between the mean lower low water and the 
breaking depth, which we derived from IMCalc (Lorscheid and Rovere, 2019). 

South of Boca Washikemba, Obert et al. (2016) and Felis et al. (2015) dated two corals: 
BON-5-A (120.5 ± 1.1 ka average age according to Brocas et al., 2016) and BON-5-D 
(117.7 ± 0.8 ka). The inner margin of the reef terrace 3 km north was measured at 
5.19 ± 0.28 m, where in situ massive corals can be recognized (RSL ID 694). While this is the 
only site dated on the eastern coast of Bonaire, the wide coral reef terrace is almost 
continuous until a second site is reached on the northeastern coastline (identified within 
WALIS as Boca Olivia, RSL ID 693), where Obert et al. (2016) dated two other corals BON-26-A 
and BON-24-AII.2, giving average ages of 124.9 ± 19 and 125.5 ± 2.4 ka, respectively (Brocas et 
al., 2016). The inner margin of the coral reef terrace was measured 500 m inland of these two 
corals, at an elevation of 8.84 ± 0.27 m. At 3 km north of this point, south of Boca Onima (RSL 
ID 692), three corals (BON-17-AI, BON-12-A, and BON-13-AI.1) yielded an average age of 
124.3 ± 1.5 ka (Obert et al., 2016; Brocas et al., 2016). The inner margin correlated to these 
corals was measured very close to the sample locations, at an elevation of 5.72  ± 0.3 m. At 
4 km north of Boca Onima close to the Washington Slagbaai National Park border (RSL 
ID 3472), Obert et al. (2016) dated one coral (BON-33-BI.2) to 129.7 ± 1.7 ka. The inner margin 
of the terrace closest to this coral was measured at 9.58 ± 0.14 m. The measured elevations 
show a trend of becoming higher towards the north. That the coral ages reveal a broad trend 
from younger at lower elevations in the south to older at higher elevations in the north, with 
intermediate ages at intermediate elevations in between, has been noted by Obert et 
al. (2016) and attributed to the slight tilting of the island with relative uplift in the north and 
submergence in the south (Hippolyte and Mann, 2011). Consequently, this trend is unlikely to 
reflect past sea-level variations (Obert et al., 2016). 

 

3.6.5. Colombia to Honduras 

The coastal deposits of Colombia associated with the LIG have been mainly studied and 
described on offshore islands (Porta and Solé de Porta, 1960; Bürgl, 1961; Geister, 1972, 1986, 
1992). Porta et al. (2008) mentioned the existence of marine terraces and coral platforms of 
different elevations along the mainland Colombian coast, mainly between Cartagena and 
Barranquilla; however, no further details are given on their ages or elevations or specific 
locations. 

Porta and Solé de Porta (1960) describe the Quaternary coastal deposits on Tierra 
Bomba Island. While the main focus of their paper is to describe the marine faunas of the 
islands, the authors mention Pleistocene marine terraces with heights of more than 20 m; 
however, none of these deposits are directly correlated with the Last Interglacial. One year 
later, Bürgl (1961) mentions three geological and geomorphological units on the island of San 
Andrés: (i) a marine platform of recent age, (ii) a terrestrial platform of Pleistocene age, and 
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(iii) inland limestones of Miocene age. Geister (1972) hypothesizes that the deposits on the 
“terrestrial” platform were formed during a marine transgression and correlates them with 
coral terraces observed on Providencia (Figure 3.9) according to its geomorphology. 
Geister (1986) suggests the Providencia terraces are of Sangamon Interglacial age (MIS 5) 
based on a minimum radiocarbon age. The same author (Geister, 1992) later described this 
and the rest of the coral deposits of Providencia. He highlights that this fossil reef terrace is 
the only emerged relict of the Pleistocene complex which now underlies the Holocene 
deposits. 

 

Figure 3.9. Location of Providencia and San Andrés islands within the Caribbean Sea. The insets show last 

interglacial sea-level data on the two islands. Basemap: Esri, Garmin, GEBCO, NOAA NGDC (now NCEI), SRTM 

30 m by NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC, https://lpdaac.usgs.gov/). 

 

Literature describing MIS 5 relative sea-level indicators in Panama, Costa Rica, 

Nicaragua, and Honduras is scarce. Only one study in Costa Rica mentions the presence of a 

paleo-coral reef for which an Eemian age (MIS 5e) is postulated, in Puerto Viejo (Bergoeing, 

2006). We surmise that it is possible that MIS 5 outcrops have not yet been described or do 

not exist in Panama, Nicaragua, and Honduras. For Panama and Costa Rica, several studies 

focus on the Pacific zone (Bee, 1999; Davidson, 2010; Bauch et al., 2011), which is out of the 

area of interest for this paper. No studies have been found in Nicaragua and Honduras, but 

we do not discard the possible existence of descriptions of MIS 5 outcrops in journals that we 

could not access online. 
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3.6.5.1. San Andrés 

From the work of Geister (1972), it is possible to derive two sea-level indicators (generally 

defined as reef terraces) on the island of San Andrés. One is located on the south of the island 

at a point called Southwest Cove (RSL ID 3681) and the second to the north, at May Cliff (RSL 

ID 3682) (Figure 3.9). The elevation of the Southwest Cove site was 1.5 m a.s.l., and the coral 

sampled belonged to the species Acropora palmata, which has an average living range 

between −1 and −5 m depth (Lighty et al., 1982). We use these values as the upper and lower 

limit, respectively, of the indicative range to calculate the paleo RSL for this site at 4.5 ± 2.06 m 

(RSL ID 3681). This sample was radiocarbon dated, giving an age of 26 020 ± 675 years BP, 

which according to the authors should be considered a minimum age. The May Cliff sample 

comes from a Dendrogyra cylindrus coral (from −2 to −10 m living range in San Andrés, as 

reported by Cavada-Blanco et al., 2016) found at 6 m a.s.l. with a minimum radiocarbon age 

of 33 000 ± 770 years BP. Considering the average living range of D. cylindrus (Cavada-Blanco 

et al., 2016) on this island, the paleo RSL calculated is 12 ± 4.03 m (RSL ID 3682). 

 

3.6.5.2. Providencia 

To the south of the island of Providencia, Geister (1972) reports the elevation and two 

radiocarbon dates (33 310 ± 2300 years BP and 29 270 ± 930 years BP) of a specimen of the 

coral Siderastrea radians. The reported elevation of the sample is 1.8 m a.s.l., and both 

radiocarbon dates were considered minimum ages. Twenty years later, the same author 

describes a coral reef terrace at about +3 m at a site called South Point (RSL ID 950) (Figure 

3.9). One U-series age confirms the association of these deposits with MIS 5e, albeit with a 

large error (118 ± 11.0 ka; U-Series ID 2026) (Geister, 1992). 

 

3.7. Data availability 

The western Atlantic and southwestern Caribbean database is available at 

https://doi.org/10.5281/zenodo.5516444 (Version 1.02; Rubio-Sandoval et al., 2021). The 

description of the database fields can be found at https://zenodo.org/record/3961544 

(Rovere et al., 2020). 

 

3.8. Further remarks and conclusions 

3.8.1. Data quality 

Each RSL data point in our compilation has been assigned two quality scores, one for age and 

one for RSL information. The quality ranking goes from 0 (rejected) to 5 (excellent) and follows 

the guidelines given in Rovere et al. (2020). Thanks to the standardized WALIS interface, 

similar scores are also available for RSL data points located to the south and to the north of 

our region, which were compiled into WALIS by Gowan et al. (2021) and Simms (2021). In 

Figure 3.10, we compare the quality scores assigned in our review to those assigned by these 
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studies. This comparison shows that the quality of both age and RSL information for our study 

area is, in general, higher than those in the nearby sites. However, the high scores on both 

properties are driven by the sites in the ABC islands, and no site in Brazil goes above the 

“average” age scores. Concerning the RSL information, in Brazil only the sites described by 

Tomazelli and Dillenburg (2007) and Martins et al. (2018) have been scored as “good” to 

“excellent”. This means that, potentially, these sites have final uncertainties in the paleo RSL 

below 2 m, but their attribution to MIS 5e should be supported by more reliable dating. 

 

 

Figure 3.10. Quality of RSL and age information as estimated by (from left to right) Gowan et al. (2021) for Chile–

Argentina–Uruguay, Brazil–Honduras (this study), and Mexico and the NW Caribbean Sea (Simms, 2021). All 

studies used the same rationale to give a score to age and RSL information (see Rovere et al., 2020). 

 

3.8.2. Departures from the eustatic signal 

While in the WALIS interface there is the option to compile data and metadata on tectonic 
rates that affect each reported RSL data point, we chose to leave these fields blank. The reason 
behind this choice is that late Quaternary tectonic rates along the coasts covered by our 
review are often back-calculated from the elevation of the last interglacial shoreline and 
assumptions about the MIS 5e eustatic sea level, and therefore inserting such rates into the 
database would be affected by circularity. However, we remark that the area is characterized 
by different tectonic settings. The southern portion of Brazil (Figure 3.3) is located roughly in 
the center of the South American Plate and hence sits on a passive margin. Towards the north 
(Figure 3.4), several authors noted an increase in seismicity and highlighted the presence of 
faults offsetting Neogene deposits (Bezerra et al., 2006). 

As remarked in the regional descriptions above, in this area last interglacial deposits 
appear higher than 20 m and are hence considered uplifted (Barreto et al., 2002). The ABC 
islands are located on the Caribbean Plate, hence the elevation of MIS 5e sites on these islands 
is affected by tectonic displacement. Based on several levels of Quaternary reef terraces, 
Muhs et al. (2012) calculated that sites on the island of Curaçao are characterized by uplift 
rates on the order of 0.026–0.054 m/ka. Similarly, the island of Bonaire has also been affected 
by tectonic uplift, which appears to have caused a tilting of the island. Lorscheid et al. (2017) 
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report that this tilting is 192 mm/km to the southeast, with the direction of the tilting 
comparing well with the one reported by Hippolyte and Mann (2011). 

Besides tectonics, other regional processes might influence the elevation of RSL 
indicators in the area of interest. Earth dynamic topography has been shown to cause 
significant departures from eustasy in last interglacial sea-level records also along passive 
margins. Along the coasts of Brazil, Earth dynamic topography might contribute to several 
meters of uplift (Austermann et al., 2017, their Figure 3A, C). However, these predictions are 
still bounded by significant uncertainties (Austermann et al., 2017, their Figure 3B) and cannot 
be employed to “correct” the RSL records shown here. 

Another significant factor that may have caused the displacement of last interglacial 
RSL data points is sediment isostasy (Pico, 2020), which is defined as the isostatic response to 
sediments deposited by large rivers on the shelf. In particular, this process may affect areas 
close to the Amazon river (Pico, 2020, their Figure 3) causing net land subsidence on the order 
of tens of meters. This could explain why we did not find studies describing last interglacial 
RSL data points in this area, hinting that they might be located well below the modern sea 
level. 

A further process that has surely affected the current elevations of last interglacial RSL 
sea-level proxies along the coasts of Brazil to Honduras is glacio- and hydro-isostatic 
adjustment (GIA), which is caused by the isostatic response of the Earth to mass fluctuations 
of continental ice sheets. GIA consists of both solid Earth and mean sea surface (i.e., geoid) 
vertical variations that show up as relative sea-level (RSL) variations. The deviation of the local 
GIA-modulated RSL changes from the global mean, i.e., “eustatic”, sea-level change, depends 
primarily on the distance from the ice sheets. During glacial periods such as MIS 6, the crust 
subsides underneath a growing ice sheet in response to the ice load. The upper mantle 
material is therefore pushed outwards to accommodate the bending lithosphere. At the same 
time, the increased mutual gravitational pull between the ice mass and the ocean water 
causes the latter to rise in the proximity of the ice margins. As a result, ice-proximal locations 
experience RSL rise, which is significantly larger than the eustatic fall. Further away from the 
ice margins, the crust undergoes uplift in response to the upper mantle flow that is directed 
radially outwards and upwards. This is the so-called uplifting peripheral forebulge area, where 
the local glacial RSL drop is significantly larger (and faster in time) with respect to the global 
eustatic drop. Moving away from the forebulge, the local RSL drop tends to approximate the 
global eustatic signal, with deviations that depend on the water-loading redistributions in 
response to solid Earth and gravitational as well as rotational perturbations. 

During deglacial and interglacial periods such as MIS 5, the GIA process operates in the 
same way, but the overall trend switches. Accordingly, RSL drop is expected over the 
previously ice-covered region, while the collapse of the uplifted peripheral forebulge results 
in RSL rise larger than the eustatic one. Interestingly, during the termination of the deglacial 
phases, the far-field areas that are either along the continental margins or in the equatorial 
band comprised between the tropics do experience a noticeable RSL fluctuation that consists 
of an early highstand (above the eustatic value), which is then followed by a drop. Two 
processes are at work here: (i) the so-called continental levering, which consists of an upward 
tilt of the continental margins in response to the subsidence of the ocean basins which are 
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loaded with meltwater, and (ii) the ocean syphoning, where water migrates towards the 
collapsing peripheral forebulges in response to ocean mass conservation. 

 

3.8.3. Last interglacial sea-level fluctuations 

The current research status of the Last Interglacial in the western Atlantic and southwestern 
Caribbean does not allow for the discernment of sea-level oscillations within MIS 5e, since 
most studies in the region lack the refined chronology necessary to identify such detailed sea-
level patterns. However, we remark that this area might help to solve several questions 
related to the presence and magnitude of sea-level oscillations during MIS 5e if high-quality 
data were to become available. 

To illustrate this point, we model the GIA-modulated RSL changes by solving the 
gravitationally self-consistent sea-level equation (SLE; Spada and Stocchi, 2007). We use a 
solid Earth model that is spherically symmetric, self-gravitating, and rotating and is divided 
into shells that are characterized by a linear Maxwell viscoelastic rheology. We divide the 
mantle into three layers and impose a vertical stratification of viscosity following the VM2 
mantle viscosity profile of Peltier (2004). We force our model with the ANICE–SELEN ice sheet 
chronology, which consists of four ice sheets (North America, Eurasia, Greenland, and 
Antarctica) and covers the last 410 kyr of climate fluctuations (i.e., four glacial-to-interglacial 
cycles; de Boer et al., 2014). For the MIS 5e interglacial, we impose a global mean-sea-level 
scenario where Greenland and Antarctic ice sheets release 2.5 and 1.0 m ESL equivalent, 
respectively, at 127 ka. The Greenland Ice Sheet remains stationary until 117 ka, while the 
Antarctic Ice Sheet releases another 4.5 m after 120 ka. This scenario is in line with the “two-
stepped” last interglacial sea level proposed by Hearty et al. (2007) and O'Leary et al. (2013), 
which is still debated as little evidence supports the notion of a rapid collapse of the Antarctic 
Ice Sheet (AIS; Barlow et al., 2018; Polyak et al., 2018). 

The GIA model shows a strong latitudinal dependence of the RSL change along the 
transect composed by our compilation and those of Gowan et al. (2021) to the south and that 
of Simms (2021) to the north (Figure 3.11b). Such a regionally varying RSL pattern depends on 
the interplay between the collapsing forebulge in the north and the continental levering and 
ocean syphoning in the south. 
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Figure 3.11. (a) Relative sea level as predicted by the ANICE–SELEN model at 124 ka along a transect including 
selected sites in our review and those of Gowan et al. (2021) and Simms (2021); (b) time vs. RSL at each 
location shown in (a). 

 

In particular, at the northernmost site of Xcaret, the predicted RSL elevation at 127 ka 
is still ∼ 6 m lower than the eustatic value (i.e., +3.5 m a.s.l.). This stems from the local 
contribution of the collapsing forebulge that was uplifted in response to the North American 
ice sheet glaciation at MIS 6. The viscous response of the upper mantle results in a delay of 
the local RSL change, which reaches, through a monotonic rise, the actual eustatic value only 
at 120 ka, i.e., immediately before the final jump that is caused by the AIS melting. A similar 
trend, albeit smaller in amplitude, is predicted at Boca Cortalein, thus implying that the 
forebulge-related processes cease to exist between Venezuela and northern Brazil, where a 
true eustatic “sea-level jump” is expected. The predicted RSL curve at São Bento–Touros is 
close to the eustatic, although the combination of levering and syphoning is visible in the form 
of a ∼ 1.0 m highstand at 127 ka, which is then followed by an RSL drop towards the eustatic 
value at 120 ka. The GIA-driven highstand at 127 ka increases towards the south and reaches 
its maximum at Camarones, i.e., at a significant distance from the North American ice sheet 
and Antarctica. Interestingly, the predicted highstand at 127 ka is of the same magnitude as 
the final peak between 119 and 117 ka. Under such a scenario, there should be evidence, 
along all the coasts of Argentina and central Brazil, of a high-to-low sea-level swing, caused by 
the interplay between GIA and eustatic changes. At Puerto Williams, instead, the proximity to 
the AIS results in a much lower highstand at 127 ka, most likely as a function of the reduced 
gravitational pull after MIS 6 and MIS 5e melting. 

The effects of solid Earth and gravitational perturbations are also visible in the 
predicted elevations of the final jump that is caused by the AIS fast melting. The southernmost 
sites, being closer to the AIS, are affected by the geoid drop that is caused by the reduced 
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gravitational pull. As a result, the predicted highstand is slightly lower than the eustatic one. 
On the other hand, the northernmost sites experience a higher-than-eustatic peak, again as 
expected by the self-gravitation process. 

3.8.4. Other interglacials and Holocene sea-level indicators 

Among the studies reviewed, there are some reported ages/inferences related to other 
Quaternary sea-level highstands. In Brazil, Barreto et al. (2002) and Suguio et al. (2011) 
describe shorelines with elevations ranging from −2 to 10 m a.s.l. that were associated with 
MIS 7 (substage 7c). In Curaçao, Schellmann et al. (2004) and Muhs et al. (2012) associate the 
lower terrace with MIS 7, estimating a paleo-sea level between −3.3 and +2.3 m, and the 
middle terrace with MIS 11, estimating a paleo-sea level ranging between approximately +8.3 
and +10 m. 

For the Holocene, the work of Khan et al. (2017) presents standardized sea-level index 
points in Honduras, Panama, Venezuela, Curaçao, Guyana, and Suriname. A review of 
Holocene studies in Brazil was conducted by Angulo et al. (2006) and a database is available, 
although it is not yet standardized to state-of-the-art templates for Holocene sea-level studies 
(i.e., Khan et al., 2019). 

 

3.8.5. Future research directions 

There are several lines of inquiry that merit attention which concern LIG sea-level studies in 
the area covered by this database. 

Except for the islands of Bonaire and Curaçao, the age control on sea-level index points 
associated with MIS 5 is generally poor. Most locations have limited chronological control, 
relying upon minimum radiocarbon ages or chronostratigraphic correlations between sites. In 
Brazil, more accurate chronological techniques have been employed to date Pleistocene 
sediments (i.e., OSL and TL), but there is a general lack of reporting standards of geochemical 
values and metadata, which makes it difficult to assess the reliability of each sample. 

With a few exceptions (Tomazelli and Dillenburg, 2007; Martins et al., 2018), the 
elevation of Brazilian sea-level proxies should be better measured with state-of-the-art 
techniques, such as differential global navigation satellite systems (GNSSs), to reduce the 
currently large uncertainties. Therefore, a research priority for the vast area between Rio 
Grande do Sul and Rio Grande do Norte (Figs. 3 and 4) is to perform new fieldwork aimed at 
re-measuring and re-dating the sites reported in our database, providing enough data and 
metadata on both elevation and age. 

In Venezuela, the Paraguaná Peninsula appears as a potential target for investigations 
on LIG shorelines. Here, there is a general need for better site descriptions, location 
information, and measurement. Coupled with U-series and/or OSL ages at selected sites, this 
will enable the possibility of adding to our database several sea-level index points. Concerning 
French Guiana, Suriname, and Guyana, there is evidence that LIG transgressive sequences are 
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preserved, but the central need is to identify key sites and provide reliable geological 
descriptions, ages, and elevation measurements. Similarly, in the long stretch of coast from 
Colombia to Honduras, a research priority for future studies is to identify whether last 
interglacial sites are present. The fossil coral reef in Puerto Viejo (Costa Rica) reported in 
Bergoeing (2006) may represent the starting point for investigations on LIG sea-level changes 
in the region, which might also encompass a better description and dating of the reefs of the 
San Andrés and Providencia islands. 

In Bonaire and Curaçao, the sea-level index points are generally well described, 
precisely measured, and dated. This stands in strong contrast with the neighboring area of 
Aruba, where reef terraces are only generally reported in the literature and for which age 
control and stratigraphic descriptions are not available. Completing the LIG history of the ABC 
islands by including details on the fossil reefs of Aruba appears to be a priority in this area. 

Together with the data compiled in Simms (2021) and Gowan et al. (2021), the data in 
this paper provide a unique transect across the forebulge of the former Antarctic Ice Sheet. 
The location of this transect may be used to test different ice melting histories, including 
testing the possibility of a rapid Antarctic Ice Sheet collapse during the Last Interglacial. This 
will be possible only by largely improving, with new field data, the data quality both of RSL 
index points and of their associated age. 
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4.1. Abstract  

The critical review of 1024 sea-level data points from Brazil, Uruguay, Argentina, and the 

Chilean part of Tierra del Fuego resulted in the first standardized Holocene sea-level database 

of a wide portion of the southwestern Atlantic Ocean We use a spatiotemporal empirical 

hierarchical model to estimate the relative sea level position and its rates of change over 1000 

years’ time slices. Our data show that several regions experienced a mid-Holocene highstand 

with relative sea level rising 2 to ~4 m above present, followed by a subsequent fall to its 

modern position. This trend seems to be predominantly driven by glacio-isostatic processes. 

The predicted rates of relative sea-level change show higher values during the transition 

between the early to the mid-Holocene, with a maximum of 1.19 mm/yr in the region of 

Pernambuco and Algoas (Brazil) and a minimum of 0.22 mm/yr in the region of South São 

Paulo, Paraná, and Santa Catarina (Brazil). Following the end of Northern Hemisphere 

deglaciation, mid-to-late Holocene rates slowed through the present in the northern sector of 

the southwestern Atlantic. In contrast, the south (from Río de la Plata to Tierra del Fuego) 

shows a relative sea level rate increase in the last ~3000 years, suggesting an effect of different 

factors such as tectonics or Antarctic ice sheet dynamics, which may need further research. 

Our database fills the existing gap of standardized sea-level data for the Atlantic coasts, 

unifying a pole-to-pole transect initiated by other authors. 

 

4.2. Introduction 

The study of postglacial relative sea level (RSL) changes is fundamental to understanding the 

behavior of sea level to ice melting and the subsequent isostatic crustal response and other 

vertical movements caused by local factors, such as tectonics or sediment compaction (Khan 

et al., 2015). Most studies of postglacial RSL evolution patterns are local in nature, as they 

report the age and elevation of sea level index points (SLIPs) at specific locations. However, 

there is a long-lasting effort in the sea-level community to standardize such data into sea-level 

databases with wider coverage (Düsterhus et al., 2016; Khan et al., 2019; Rovere et al., 2023). 

A coordinated effort to build a global sea-level database since the Last Glacial 

Maximum (LGM) was initiated by the HOLSEA project (Khan et al., 2019), which brought 

forward rigorous standards when reporting sea-level data (Shennan et al., 1993; van de 

Plassche, 1986). The advantage of such databases resides in the possibility to investigate 



Holocene relative sea-level changes from the Atlantic coasts of South America 

Page | 52  
 
 

spatial and temporal patterns of RSL changes, ultimately gathering information on the timing 

and modes of ice sheet melting since the LGM and to help inform future sea-level rise 

scenarios (Horton et al., 2018). 

A notable gap in the standardized HOLSEA database is present along the Atlantic coasts 

of South America, where previous studies compile published and unpublished data at eight 

sites from Jamaica to the Beagle Channel (Milne et al., 2005; Khan et al., 2019). Here, we 

expand upon the work of Milne et al. (2005) and Angulo et al. (2006) revising literature on 

Holocene data along the coasts of Brazil, Uruguay, Argentina, and the Chilean part of Tierra 

del Fuego. We produced a new suite of sea-level data following the HOLSEA standardized 

protocol, which has been included into the interface of the World Atlas of Last Interglacial 

Shorelines (Rovere et al., 2023). We applied a temporal and spatial model to the new 

standardized sea-level data to quantify changes in the RSL through time and compared these 

results with glacial isostatic adjustment (GIA) model predictions. This work, coupled with the 

reviews on the Last Interglacial (125,000 years) sea-level data from Argentina (Gowan et al., 

2021a) and Brazil to Honduras (Rubio-Sandoval et al., 2021), completes an overview of sea-

level changes since the late Pleistocene in this broad region. 

 

4.3. Regional setting 

The sea level database spans the Southwestern Atlantic and includes Holocene sea-level data 

points located along the coasts of Brazil, Uruguay, and Argentina (with some indicators also 

located on the Chilean part of Tierra del Fuego) (Figure 4.1). Most of the region is located on 

the South America Plate and is, for the most part, a passive margin. However, towards the 

northern part of Brazil (e.g., Pernambuco and Paraíba), several authors noted an increase in 

seismicity and highlighted the presence of faults offsetting Neogene deposits (Barreto et al., 

2002; Bezerra and Vita-Finzi, 2000). In the far south, Tierra del Fuego is affected by the 

interaction between the Antarctic, Scotia, and South American plates (Isla and Angulo, 2016). 

Therefore, we remark that tectonics may play a role in the displacement of SLIPs in these two 

areas (Figure 4.1: regions 3 and 12). 
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Figure 4.1. Geographic extent of the sea-level database, and subdivision in the regions described in the text. 1) 

Amazon river delta; 2) Atol das Rocas; 3) Pernambuco and Alagoas; 4) Sergipe and North Bahia; 5) Central and 

South Bahia; 6) Espírito Santo and North Rio de Janeiro; 7) South Rio de Janeiro and Central São Paulo; 8) South 

São Paulo, Paraná, and Santa Catarina; 9) Río de la Plata delta; 10) Bahia Blanca and Peninsula Valdés; 11) Bahia 

Vera to Puerto San Julián; 12) Tierra del Fuego. Credits: Base map from Ryan et al. (2009). Active faults from 

Styron (2019) and plate boundaries derived from Bird (2003), as modified by Hugo Ahlenius and Nordpil on 

GitHub (https://github.com/fraxen/tectonicplates). Historical earthquakes from US Geological Survey (2017). 

 

The study of Holocene RSL changes in the southwestern Atlantic dates back to the 19th 

century, with several paleo-sea level indicators and initial trends of sea level change described 

along the Brazilian coastline (Angulo and de Souza, 2014). For example, between Rio de 

Janeiro and Cabo Frio, Hartt (1870) identified sea urchin beds above the high tide level (HTL) 

and interpreted them as indicators of higher sea levels. At the end of the 19th and beginning 

of the 20th centuries, works by Branner drew initial paleo sea-level inferences for the Fernando 

de Noronha archipelago, and in the northeast Brazilian coast (Branner, 1889, 1890,1902, and 

1904). Backeuser (1918) employed rock-boring mollusks to estimate sea-level changes along 

the coastline between Rio de Janeiro and Santa Catarina. However, it was not until the work 

of van Andel and Laborel (1964) that the earliest radiocarbon dates on SLIPs were presented, 

allowing more reliable spatiotemporal paleo-sea-level reconstructions. In the 1980s, Porter et 

al. (1984) quantified Holocene sea-level changes in Tierra del Fuego, Argentina, and Chile; and 

a decade later, the Holocene sea level variations in Uruguay began to be analyzed with the 
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work of Bracco (1991) and Bracco and Ures (1998). Since then, sea level research in the 

southwestern Atlantic has evolved with several studies investigating more areas and 

progressively better age control on SLIPs. More recent works started to investigate Holocene 

sea-level variations in combination with post-depositional displacement caused by GIA (e.g., 

Rostami et al., 2000; Milne et al., 2005).  

Four seminal research papers summarizing Holocene RSL changes in the region present 

data with some degree of standardization and formed the starting point of our review. Angulo 

et al. (2006) compiled sea-level data along the Brazilian coastlines. They report and discuss 

the implications of more than 35 years of research by different groups and focus on sea-level 

variations in the mid to late Holocene. While highlighting discrepancies in the reported data, 

they describe a common trend of a mid-Holocene highstand with a subsequent fall to its 

present level (Figure 4.2A). In Uruguay, Bracco et al. (2011) describe the origin and 

geomorphological history of the Castillos Lagoon deposits, whose elevations decrease from 

~4 m to ~2 m above sea level (a.s.l.) from the mid to late Holocene. However, they also 

describe SLIPs at elevations lower than 1 m a.s.l. around 4500 years cal BP (Figure 4.2B). 

Martínez and Rojas (2013) draw a sea-level curve based on data from beach ridge deposits, 

showing that the Uruguayan sea level was above the present level at approximately 6000 

years cal BP and has been declining since then (Figure 4.2B). Finally, Schellmann and Radtke 

(2010) present a wide review of SLIPs surveyed along the middle and south Patagonian 

Atlantic coast. According to the authors, beach ridges and valley-mouth terraces data show 

varying elevations throughout the Holocene (Figure 4.2C). They estimate the Holocene sea-

level transgression peaked at 6900 cal years BP, with RSL about 2-3 m a.s.l., and lasted until at 

least 6200 cal years BP, after which sea level declined to its present position. They also suggest 

that the mid and south Patagonian coast has likely been undergoing a slow glacio-isostatic 

uplift on the order of 0.3 - 0.4 mm/yr since the mid-Holocene. Some of this uplift resulted 

from the deglaciation of the Patagonian ice sheet, which covered the Andes Mountains in 

Chile and Argentina. Though the volume of the Patagonian ice sheet was relatively small (< 1.5 

m sea level equivalent at the LGM, Davies et al 2020; Gowan et al 2021b), it may impact the 

RSL history in southern South America (Björck et al., 2021).  
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Figure 4.2. Sea level curves of data published by Angulo et al. (2006), Bracco et al. (2011), Martínez and Rojas 

(2013), and Schellmann and Radtke (2010). A) Curves derived from vermetid data of Brazil, B) Curves derived 

from lagoonal deposits from Castillos Lagoon, Uruguay (blue), and beach ridges data (orange) from different 

coastal sectors of Uruguay. C) Curves derived from beach ridges and valley-mouth terraces of the Patagonian 

coastline of Argentina. All curves were modified from the original papers' sources. 

 

4.4. Methods  

The sea-level database presented in this work was compiled following the standardized 

protocol developed by the HOLSEA project (Khan et al., 2019), following the approach 

described by van de Plassche (1986) and Shennan (2015). To be considered as valid SLIP, any 

geological, sedimentary, or biological facies must have four main attributes:  

1. A precise geographic location.  

2. High-precision elevation benchmarked to a tidal datum. However, when we found a 

sea-level indicator formed exactly at paleo mean sea level and its modern analog, 

benchmarking the elevation to a datum may not be necessary, although we do assume 

that the environmental conditions have not changed and that the relationship of the 

indicator growth to the inundation frequency is, therefore, the same.  

3. A clear relationship between the indicator and the sea level. This relationship is known 

as the indicative meaning, comprising the Indicative Range (IR), and the Reference 

Water Level (RWL). The IR represents the vertical elevation range occupied by a sea-

level indicator relative to contemporary tidal datums. The RWL is the midpoint of the 

IR. 

4. The age of formation, traditionally obtained with radiometric dating techniques.  
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To populate the database, we used the WALIS web interface (Rovere et al., 2023), which 

was recently released in beta testing to include Holocene data. The database includes data 

and metadata extracted primarily from published scientific papers, conference proceedings, 

and (in a few cases) PhD theses. In the cases where the same sea-level indicator was reported 

in different publications, we tracked the original publication source but made a preference for 

the better-described and constrained SLIPs. The “notes” field of the database reports choices 

made when standardizing data to the required format, details on the interpretation of values 

reported in the original studies, or choices we made when different authors were reported on 

the same sample with different interpretations. 

 

4.4.1. Indicative meaning and age component of sea-level indicators 

The database includes several indicators defining the discrete position of past RSLs, such as beach 

deposits, beach ridges, coral reefs, fixed biological indicators, marine terraces, and sedimentary 

indicators (see Figure 4.3, 4.4, and Table 4.1 for details). The database also includes limiting data 

points, which provide an upper (terrestrial limiting) or lower (marine limiting) bound against the past 

RSL position. In our work, we have reviewed in detail all published RSL evidence and allocated each 

SLIP with an indicative meaning. If the information provided in the original literature was insufficient 

to quantify the indicative meaning through direct comparison with a modern analog, we calculated it 

using the IMCalc software (Lorscheid and Rovere, 2019). For the beach ridges, we calculate the 

indicative meaning using modern wave data and a set of wave runup models to estimate their upper 

(ordinary berm) and lower limits (higher storm berm). Through this process, we calculated the 2% 

exceedance wave runup level using the different models implemented into the py-wave-runup tool 

coded by Leaman et al. (2020). 
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Figure 4.3. Schematic illustration of the paleo-sea level indicators with their upper and lower limits of the 

Indicative Range shown by the thin dark blue lines and blue arrows (see Table 4.1 for more details and 

definitions). A) to H) schemes of paleo-sea level indicators. RSL: relative sea level; RWL: reference water level; 

IR: indicative range; SLIP: sea-level index point; db: breaking depth; ob: ordinary berm; SWHS: storm wave swash 

height. 
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Figure 4.4. Schematic illustration of the paleo-sea level indicators with their upper and lower limits of the 

Indicative Range shown by the thin dark blue lines and blue arrows (see Table 4.1 for more details and 

definitions). A) to D) schemes of paleo-sea level indicators. E) and F) Schematic derivation of a SLIP using a 

published indicative meaning; E) Equation applied to paleo-sea level indicators not formed directly at paleo mean 

sea level (e.g. beach deposit), and schematic representation of a terrestrial limiting data point (downward-

pointing red arrow) and marine limiting data point (upwards-pointing blue arrow); F) Equation applied to paleo-

sea level indicators formed directly at the paleo mean sea level with modern analog (e.g. vermetid). ΔE 

represents the elevation difference between the modern and fossil counterpart, as illustrated in panel D. RSL: 

relative sea level; RWL: reference water level; IR: indicative range; SLIP: sea-level index point; db: breaking depth; 

ob: ordinary berm; SWHS: storm wave swash height. 

 

The models used to calculate the indicative meaning of beach ridges require as input 

the beach slope, significant wave height, and period. We gathered the beach slope at our four 

areas where beach ridges were reported in literature (i.e. Río de la Plata delta, Bahia Blanca 

to Peninsula Valdés, Bahia Vera to Puerto San Julián, and Tierra del Fuego) using the 
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CoastSat.Slope toolbox (Vos et al., 2019, 2020). This toolbox analyzed Landsat and Sentinel 

satellite data between 2000 and 2023, alongside tides extracted from the FES2014 global tidal 

model (Lyard et al., 2021; Carrere et al., 2016). To calculate wave height and period we used 

the RADWave tool (Smith et al., 2020), which allows querying satellite altimetry data. We 

extracted a time series of wave data between 66°W to 70°W and 38°S to 52°S, in a period 

included between Jan 1st, 2000, and Jan 1st, 2023. For the same time frame, we queried the 

FES2014 model and extracted water levels at a 15-minute interval. By coupling tidal and wave 

data via their UTC timestamps, we gathered a database with 231462 wave conditions. We 

selected a beach slope sampled from a normal distribution created with the mean and 

standard deviation of the beach slope for each condition. We used the "ensemble" function 

of py-wave-runup to run for each wave height and period eight different runup models 

(Supplementary Figure 4.1). We added (or subtracted) the corresponding water level at each 

calculated runup. 

 

Table 4.1. Types of paleo-sea level indicators in the database, including their indicative range and number of 

occurrences. MLLW=Mean Lower Low Water; MHHW=Mean Higher High Water; MSL=Mean Sea Level; 

LAT=Lowest Astronomical Tide; HAT=highest astronomical tide; MHWS=Mean High Water Springs; 

GWL=Groundwater Level. * denotes indicative ranges provided by the revised publications. 

Primary 
indicator type 

Secondary indicator 
type 

Indicative range Number of 
occurrences 

Beach deposit 

Beach deposit or 
beachrock 

Breaking depth to ordinary berm 68 

MLLW-MHHW* 1 

Beach ridge 

Back calculated from values reported by the 
original authors* 

51 

Ordinary berm to storm wave swash height 287 

Beach swash deposit MHHW-MSL 1 

Coral reefs Coral reef terrace MSL-MLLW 16 

Fixed biological 
indicators 

Coralline algal reef 
cap 

MSL - MLLW 1 

Tagelus plebeius LAT to MSL 2 

Vermetids MLLW to MSL 171 

Marine terrace Marine Terrace Breaking depth to storm wave swash height 33 
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Table 4.1. Continued 

Primary 
indicator type 

Secondary indicator 
type 

Indicative range Number of 
occurrences 

Sedimentary 

Basal Peat (non-
mangrove) 

MHHW to MSL 2 

Estuarine Terrace 
(preserved tidal flat 
surface) 

MSL to HAT 28 

Estuary deposit HAT to MSL 2 

Lagoonal deposit MHHW to MSL 2 

Mangrove 

Measured on modern analog* 5 

MSL to MHWS 19 

Upper Tidal Flat LAT to HAT 3 

The data point is a marine or 
terrestrial limiting indicator 

N/A 332 

 

In our database, the age of the samples was determined using radiocarbon dating (14C). As the 

production of atmospheric radiocarbon has varied through geological time we recalibrated all 

radiocarbon ages reported in the literature into sidereal years with a 2σ range. Age calibrations were 

done using the CALIB software (version 8.2). We use the Marine20 curve to calibrate marine and 

estuarine samples, and the Intcal20 and SHcal20 curves for terrestrial samples (Stuiver and Polach, 

1977; Heaton et al., 2020; Reimer et al., 2020, Hogg et al., 2020). Marine reservoir corrections have 

been applied according to the closest available data for each study area (Macario et al., 2023). When 

a study site was located in an area with unknown Delta-R values, we used the Marine Reservoir 

Correction Database (Reimer and Reimer, 2001). Following the analysis by Hu (2010) of 14C ages from 

bulk peat samples, a ±100 14C yr error was applied to account for sample contamination (Törnqvist et 

al., 2015). Codignotto et al. (1992), Björck et al. (2021), and Fasano et al. (1983) reported calibrated 

ages; therefore, we did not re-calibrate them. 

All SLIPs in our database are presented as calibrated years before present (yr BP), where year 

0 is AD 1950 (Stuiver and Polach, 1977). A concern with old radiocarbon ages is the correction for 

isotopic fractionation (Törnqvist et al., 2015). This correction became a standard procedure at most 

laboratories by the late 1970s (Stuiver and Polach, 1977), but some laboratories have only applied this 

correction since the mid-1980s (Hijma et al., 2015). When needed, we reported the values described 

by the authors or the marine carbonate standard ± 3 ‰ (Törnqvist et al., 2015). Further details and 

choices made while compiling the radiocarbon ages (e.g., lab code or whether a δ13C fractionation 

correction was added) are available in the database (see supplementary file). 
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4.4.2. Elevation of sea-level datapoints 

In our database, we gathered the elevation of each SLIP and vertical datum information from 

the original works, wherever available. Overall, we identified the elevation and vertical datum 

combinations shown in Table 4.2. We account for potential sources of error in the 

measurement of a sample elevation following the criteria described in the database protocol 

by Hijma et al. (2015) (Table 4.3). If either the measurement method or vertical datum was 

not reported, we set the elevation error to 20% of the measured elevation, with a lower error 

limit of 0.2 m (for elevations between -1 m and +1 m) and an upper error limit of 2 meters (for 

elevations higher than 10 m or deeper than -10 m). If neither the elevation measurement 

method nor the vertical datum was reported by the original publication, we set the elevation 

error to 40% of the measured elevation, with a lower error limit of 0.2 m (for elevations 

between -0.5 m and + 0.5 m) and an upper error limit of 2 meters (for elevations higher than 

5 m or deeper than -5 m). 

 

Table 4.2. Combinations of elevation measurement methods and vertical datums reported in the database. 

Elevation measurement method Vertical datum 
Number of 
occurrences 

Not reported 

Not reported 360 

Mean Sea Level / General definition 222 

Mean sea level from tidal data 51 

Nazaré Pier 4 

Vermetid biological datum 153 

Total station or Auto/hand level 

High Tide Level 82 

Mean Sea Level / General definition 6 

Differential GPS 

Local geoid 24 

Mean sea level from tidal data 17 

EGM 2008 7 

Handheld GPS Mean Sea Level / General definition 8 

Topographic map and digital elevation 
models 

Mean Sea Level / General definition 7 
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Table 4.2. Continued 

Elevation measurement method Vertical datum 
Number of 
occurrences 

Barometric altimeter 

Local geoid 12 

Mean sea level from tidal data 8 

High Tide Level 3 

Not reported 3 

Mean Sea Level / General definition 2 

Multibeam bathymetry data + core 
depth 

Mean Sea Level / General definition 48 

Dumpy level Vermetid biological datum 7 

 

Some studies, in particular those along the coasts of Patagonia, report elevations 

relative to the high tide level or “high tide mark”. In these instances, the reported elevation 

was corrected to mean sea level by subtracting the difference between the local Mean Higher 

High Water (MHHW) and Mean Lower Low Water (MLLW) calculated using the IMCalc 

software (Lorscheid and Rovere, 2019). Several studies along the Brazilian coasts often report 

only a general “paleo sea level” value, not the sample elevation (e.g., Angulo et al., 2006; 

Toniolo et al., 2020). For our database, we considered these reported values as sample 

elevations and assigned a 40% uncertainty, as no other information was available on either 

the originally adopted indicative range or the originally measured elevation. A note was 

inserted in the record pointing to this choice for each of these SLIPs. A 40% uncertainty was 

also assigned for the Argentinian data reported by Codignotto et al. (1992), as little 

information on the samples is provided in the paper and previous studies.  
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Table 4.3. Sources of vertical uncertainties accounted for in the database. Each vertical uncertainty was applied 

as appropriate to different samples. SLIP: Sea-Level Index Point; RTK GPS: Real-Time Kinematic Global Positioning 

System; DEM: Digital Elevation Models. *Source of uncertainty specifications. 

Core samples or sections 

Source of uncertainty Description 

Sample thickness uncertainty  Half of the sample thickness 

Sampling uncertainty 

Depth range of the dated sample  

± 0.01 m if not specified 

Core shortening/ stretching 
uncertainty 

± 0.15 m for rotatory/vibracoring 

± 0.05 m for hand coring 

± 0.05 m for hand coring 

± 0.01 m for Russian sampler 

Assigned largest uncertainty (± 0.15 m) if type of corer was unclear 

Non-vertical drilling uncertainty 2% (e.g., 0.02 m/m depth) 

Outcrops or other type of paleo-sea level indicators 

Tidal uncertainty  

Half of the tidal range 

Applies only to samples collected offshore with reference to the water's surface* 

Water depth uncertainty  

Uncertainty associated with the measurements of water depth, as reported 

± 0.05 m if not specified  

Levelling uncertainty  

± 0.01 m for high-precision levelling equipment (e.g., total station, dumpy level) 

± 0.03 m if levelling method is unknown, but the authors mentioned elevations 
measured/surveyed 

± 20% or 40% of reported elevations if further uncertainties regarding the SLIP levelling 

GPS or RTK uncertainty 

Uncertainty associated with RTK GPS measurements, as reported 

± 0.1 m if not specified  

Benchmark uncertainty  

± 0.1 m for reliable and stable benchmarks 

± Presicion of benchmarks if further uncertainties 

Does not apply to samples that were not levelled to a benchmark* 

Vegetation zone uncertainty  

± 20% of the reported elevation range of vegetation 

Applies only to samples whose elevations were estimated from vegetation zones* 

Map uncertainty  

± 0,50 m for high-precision levelling (additional elevation methods are included)  

± 1 m if only a topographic map were used to determine sample elevation 

DEM uncertainty  ± 0,50 m (as recommended by Hijma et al., 2015 for areas with significant relief)  
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Data points were rejected when there was insufficient information within the original 

sources to gather essential data, such as the elevation of a sample. As an example, when the 

depth of a sample within the core was reported but not the core top elevation, we had to 

reject the data point. Marine samples with 14C age adjusted for Delta R < 603 were rejected 

because they were not valid for the calibration curve (Stuiver and Polach, 1977). Another 

reason for rejection, only if strictly necessary, was if a SLIP was at odds regarding the RSL 

estimate with coeval data points in the same area. However, rejected data points and 

associated radiocarbon ages were not eliminated from the database and are available for 

future re-assessment in case further information arises. 

We highlight that the uncertainty and rejection of a data point does not reflect in any 

way the quality of the published papers where the data points are reported. The uncertainty 

assigned and the rejection of the data were exclusively designed to discern the suitability of 

each record to be used as a standardized SLIP or limiting point. 

 

4.4.3. Statistical model of Holocene RSL 

To calculate local sea-level curves for each area identified within the database (see sections 

4.5.1 and 4.5.2 for details), we applied the Spatio-Temporal Empirical Hierarchical Model 

(STEHM) by Ashe et al. (2019) to the SLIPs data. The STEHM has three levels: 1) a data level, 

which models the way different SLIPs record RSL with vertical and temporal noise; 2) a process 

level, which distinguishes between RSL changes that are common across the full database and 

those that are confined to the specific regions; and 3) a hyperparameter level, which 

characterizes prior expectations regarding dominant spatial and temporal scales of RSL 

variability (Khan et al., 2022). At the data level, we observe noisy RSL yi and noisy age ti: 

yi = f (xi, ti) + ϵy
i + w (xi, ti) + y0 (xi)                                           (1) 

ti = t̂i + ϵt
i                                                                                     (2) 

where xi and ti are the geographic location and true age, respectively, of observations 

indexed by i; f (xi, ti) is the true RSL value at xi and ti; ϵi
y is the vertical error of each RSL data 

point (assumed to be independent and normally distributed); w (xi, ti) is a supplemental white 

noise term that accounts for variations in the data that cannot be explained by the terms in 

the process-level model; y0 (xi) is a site-specific datum offset to ensure that RSL data can be 

directly compared. ̂ti is the mean estimated age of each RSL data point, and ϵi
t is its error. The 

age uncertainties are incorporated using the noisy-input Gaussian Process (GP) method of 

McHutchon and Rasmussen (2011), which uses a first-order Taylor-series approximation to 

translate errors in the independent variable into equivalent errors in the dependent variable: 

f (xi, ti) ≈ f (xi, ̂ti) + ϵt
i 
𝜕𝑓(𝑥𝑖,̂𝑡𝑖)

𝜕𝑡
                                                    (3) 
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At the process level, we model the sea-level field, f (xi, ti), as the sum of two component 

fields, f (x, t) = r (t) + l (x, t), where x represents geographic location and t represents time. The 

two components are:  a common regional term, r (t), representing the time-varying signal 

shared by all sites included in the analysis, and a local term, l (x, t), representing site-specific 

processes. The priors for each term in the model are mean-zero Gaussian processes 

(Rasmussen and Williams, 2006) with 3/2 Matérn covariance functions (see Ashe et al., 2019 

for more details). Hyperparameters defining prior expectations of the amplitudes and spatio-

temporal scales of variability were estimated through maximum-likelihood optimization 

(Supplementary Table 4.1).  

 

4.4.4. Glacial isostatic adjustment models 

In this paper, we compare the measured paleo-sea level indicators to calculated sea level from 

GIA models. We use the model SELEN to calculate the sea level (Spada and Stocchi, 2007; de 

Boer et al., 2014, 2017). SELEN assumes the Earth's rheology is spherically symmetric with an 

elastic lithosphere and a Maxwell viscoelastic mantle and calculates sea level using a constant 

time step. This version of SELEN also considers migrating shorelines and Earth's rotational 

effects. In this study, we compute the sea level at 500-year time steps. 

The first model we use to compare with our data compilation is ICE-6G_C (VM5a) 

(referred to as ICE6G in the rest of this paper) (Argus et al., 2014; Peltier et al., 2015). The 

version of the model we use includes a global ice sheet history going back to 122,000 years. 

The time step for this model is not constant and is larger than 500 years prior to 21,000 years 

cal BP, so we linearly interpolate the ice sheet thickness between the time steps. The ice 

volume of the ICE6G model was tuned to a paleo sea level record from Barbados and refined 

to fit present-day vertical land motion in areas covered by Late Pleistocene ice sheets. The 

VM5a Earth model that was used in conjunction with ICE6G_C has a 60 km thick lithosphere, 

a 40 km thick layer below the lithosphere with a viscosity of 1×1022 Pa s, a 5×1020 Pa s upper 

mantle, a 1.6×1021 Pa s lower mantle between 660 and 1160 km depth, and the rest of the 

lower mantle with a viscosity of 3.2×1021 Pa s. Peltier et al. (2015) used the Holocene sea-level 

indicators from southeastern South America, as compiled in Rostami et al. (2000), to evaluate 

the ICE6G model. They attributed the Holocene highstand position to rotational effects. By 

including rotational effects, the calculated sea level from ICE6G was better able to match the 

highstand in many locations along the eastern South American coast. The Patagonian Ice Sheet 

in ICE6G has a sea level equivalent ice volume of 0.9 m at the LGM, which decreases to its 

present-day value at 15,500 years cal BP. 

The second model is the PaleoMIST 1.0 reconstruction (Gowan et al., 2021b). This 

model was designed as a preliminary ice sheet and topography reconstruction for the past 

80,000 years, at 2500-year time steps. The Earth model used with PaleoMIST has a 120 km 

thick lithosphere, 4×1020 Pa s upper mantle, and 4×1022 Pa s lower mantle. The ice thickness 

has been linearly interpolated to 500-year time steps for the calculations in this study.  The 

model was tuned with sea level observations from the Laurentide and Eurasian ice sheets, and 

was not rigorously evaluated against far-field sea level records such as those in eastern South 
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America. Some initial calculations for southeastern South America presented by Gowan et al. 

(2021a) demonstrated that the sea level highstand may not have happened simultaneously 

along the coast. Subsequent analysis of PaleoMIST 1.0 demonstrated that the ice volume 

during the mid to late Holocene is too great to account for far-field sea level observations 

(Gowan, 2023). Almost all of this excess ice volume is located in Antarctica, so in this paper, 

we have modified PaleoMIST 1.0 to use the present-day Antarctica ice sheet configuration 

from 5000 years BP to mitigate this issue. The Patagonian Ice Sheet in PaleoMIST has a sea 

level equivalent ice volume of 0.8 m at the LGM, which decreases to present-day values at 

12,500 years cal BP. 

 

4.5. Results 

The spatial extent covered by the database spans between 0° and 60˚ latitude South and 

between 40˚ and 70˚ longitude West (Figure 4.1). We reviewed data from 128 studies 

published between 1964 and 2023 (Figure 4.5C) to gather 1024 valid data points (726 SLIPs, 

97 terrestrial and 201 marine limiting points), each associated with its temporal and vertical 

uncertainty. We rejected 286 data points because the necessary information required by the 

standard sea-level database protocols was not achieved. We divided our database into 12 

regions (Figure 4.1) based on data availability, tectonic setting, and the distance from the 

Antarctic ice sheet.  These areas are described in detail in the following sections. The database 

spans the last 12,500 years, with nearly 80% of the data younger than 6000 years cal BP (Figure 

4.5A, D). In general, the majority of radiocarbon age errors are lower than 500 years (Figure 

4.5E), and RSL elevation uncertainties (including elevation error and indicative meaning 

uncertainty) are between 0.5 m and 2 m (Figure 4.5F).  
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Figure 4.5. Details of the database including: A) Radiocarbon ages of the 1024 records. B) Quality of the data 

included in the database. C) Publication year of studies included in the database. D) Age vs. RSL elevation plot 

for the 1024 data points. Black crosses are SLIPs, upwards-pointing blue arrows are marine limiting points, and 

downward-pointing red arrows are terrestrial limiting points. E) and F), respectively, age and RSL errors for SLIPs 

included in the database. 

 

4.5.1. Brazil 

4.5.1.1.  Region 1: Amazon river delta 

The region encompassing the Amazon river delta area is located in northern Brazil, between 

Amapá and Pará states. Within this region, we gathered 27 SLIPs and 15 limiting data. The 

prevalent types of SLIPs are mangroves (Cohen et al., 2005; Behling et al., 2001), estuarine 

deposits (Behling et al., 2004; Cohen et al., 2012), upper tidal flats (Cohen et al., 2012; 

Guimarães et al., 2012), and basal peat (non-mangrove) (Ribeiro et al., 2023).  

The record in the Amazon river delta dates back to the early Holocene, with some 

limiting data placing the RSL below 0 m (Figure 4.6A). The oldest SLIP in this region places RSL 

at -6 ± 1.9 m below sea level (b.s.l.) at ~7500 years cal BP (ID: 748). After, RSL rose to 1.6 ± 1.4 

m above sea level (a.s.l.) at ~5000 years cal BP during the mid-Holocene. Since then, RSL 

oscillates between -0.6 ± 1.2 m b.s.l. (3900 years cal BP) and 0.7 ± 1.1 m a.s.l (400 years cal BP) 
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(Figure 4.6A). One SLIP (ID: 734) documents a high RSL value of ca. 2.9 ± 1.4 m a.s.l. at ~600 

years cal BP and should be revised as several SLIPs indicate that, at that time, RSL was close to 

its modern value. Application of the STEHM shows an increase in the RSL during the mid-

Holocene (from ~8000 to ~5000 years cal BP) at an average rate of 0.30 mm/yr; after this 

increase, the rate of RSL change slowly decayed through the late Holocene at a mean rate of 

0.16 mm/yr (Figure 4.6B, C). The GIA prediction from the model ICE6G fits the data, while 

PaleoMIST seems to underestimate the RSL at the beginning of the mid-Holocene (Figure 

4.6B). 

 

 4.5.1.2.  Region 2: Atol das Rocas 

The Atol das Rocas is an atoll island located 250 km offshore the northeastern Brazilian coast. 

The RSL history in this area is based on 25 SLIPs and 6 limiting data. The predominant paleo-

sea level indicators in this area are coral reef terraces (Gherardi and Bosence, 2005), beach 

deposits, and one lagoonal deposit (Angulo et al., 2022a; Kikuchi and Leao, 1997).  

In Atol das Rocas there is an absence of early Holocene data. During the mid-Holocene, 

two limiting points indicate that the RSL was around -10 m b.s.l. at ca. 5000 years cal BP (Figure 

4.6D). From 3000 years cal BP to the present, SLIPs are scattered but indicate that the local 

sea level in this region was consistently above present level (on average, +1.6 m). The great 

variability in the data is reflected in the STEHM, which shows a trend of a constant RSL with 

values from 5 m a.s.l to -5 m b.s.l since the mid-Holocene (Figure 4.6E). However, the rate of 

RSL change experienced a decay since ca. 2800 years cal BP with a mean value of 0.19 mm/yr 

(Figure 4.6F). GIA model predictions show that the sea level in this area was already close to 

its modern position around 5000 years cal BP, and GIA predictions are significantly lower than 

the observed RSL in the region (Figure 4.6E).  

 

4.5.1.3.  Region 3: Pernambuco and Alagoas 

In this region, we reviewed 31 SLIPs, and 33 limiting data. Vermetid rims are the dominant 

paleo-sea level indicators in this area (Martin et al., 1996; Dominguez et al., 1990; Angulo et 

al., 2006), although beach deposits were also described (Dominguez et al., 1990) along with 

two data points from mangroves (Barbosa et al., 1986), and one from a coralline algal reef cap 

(Delibrias and Laborel, 1971; Laborel, 1969). 

The records in Pernambuco and Alagoas date back to the mid-Holocene. The oldest 

SLIP (ID: 143) places the RSL at 0.3 ± 1.9 m a.s.l. at ~7800 years cal BP. After, sea level rose to 

ca. 5 m ± 1.8 m at 3800 years cal BP. And has oscillated since, between -0.4 ± 0.4 m b.s.l. (3200 

years cal BP) and 2.3 ± 0.8 m a.s.l (200 years cal BP) (Figure 4.6G). According to the STEHM, 

after the mid-Holocene highstand (between ~8000 and 7000 years cal BP) the RSL falls to its 

present position at a mean rate of 1.19 mm/yr (Figure 4.6I). Neither GIA model accurately 

reproduces the SLIP record. ICE6G GIA model predictions for sea level are greater than the RSL 
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history described by the STEHM. PaleoMIST predictions are lower than the data during the 

beginning of the mid-Holocene but higher since ~5000 years cal BP (Figure 4.6H).   

 

4.5.1.4.  Region 4: Sergipe and North Bahia 

In the Sergipe and North Bahia region, we recognize 35 SLIPs, and 16 limiting data. In this 

region, there are three types of paleo-sea level indicators: vermetid rims (Bittencourt et al., 

1978; Martin et al., 1979,1980; Delibrias and Laborel, 1971; Angulo et al., 2006), beach 

deposits (Bittencourt et al., 1978; Martin et al., 1979/1980), and mangroves (Martin et al., 

1979/1980; Martin et al., 1982). 

Here, SLIPs data begin in the mid-Holocene. The oldest SLIP (ID: 152) places the RSL at 

−2.4 ± 0.8 m b.s.l. at 8000 years cal BP (Figure 4.6J). From there, the RSL increases to ~1.7 ± 

1.9 m a.s.l.  ca. 5700 years cal BP. One point (ID: 211) documents the highest RSL value at 5400 

years cal BP, positioning the sea level at 5 ± 1.9 m a.s.l. After this sea level peak, RSL in this 

region plots between ~3 to ~2 m a.s.l. between 4000 to 2000 years cal BP, then it falls close to 

its modern position (Figure 4.6J). According to the STEHM, after the mid-Holocene highstand 

(~8000 years cal BP), the RSL falls to its present position; however, a secondary sea level rise 

occurred during the late Holocene from 4000 to 3000 years cal BP (Figure 4.6K). The highest 

rate of RSL change (1.13 mm/yr) is observed during the mid-Holocene (Figure 4.6L). The GIA 

model predictions are lower than the STEHM estimation (Figure 4.6K). 
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Figure 4.6. RSL reconstructions and rates from northern Brazil areas using the spatio-temporal model. For all 

plots, the model mean and 1σ/2σ uncertainty are represented by a solid line and shaded envelopes, respectively. 

Index points (grey boxes) are plotted as calibrated age against changes in sea level relative to the present. 

Limiting points are plotted as a downward-pointing red arrow for terrestrial or an upwards-pointing blue arrow 

for marine. Dimensions of boxes and arrow symbols for each point are based on elevation and age (2σ) errors. 

SLIP: sea-level index point; STEHM: spatio-temporal empirical hierarchical model; ICE6G (curved line) and 

PaleoMIST (straight line) represent the GIA models.  
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4.5.1.5.  Region 5: Central and South Bahia 

The dataset includes Bahia state's central and southern sectors and is based on 37 SLIPs and 

20 limiting data. This region shows a broad diversity of indicators, including beach deposits 

(Angulo et al., 2022b), vermetid rims (Bittencourt et al., 1978; Martin et al., 1979/1980; Martin 

et al., 1996; Angulo et al., 2022b; 2006), and mangroves (Fontes et al., 2017).  

 

The record of this region dates back to the mid-Holocene. RSL changes in this area 

show slight oscillations over time, with values ranging from 4 m a.s.l.  to -0.9 m b.s.l. Two data 

points (IDs: 249; 1214) show the highest RSL values (4.3 ± 1.6 m a.s.l. and 4.5 ± 1. 7 m a.s.l, 

respectively) at around 5000 years cal BP (Figure 4.7A). The STEHM shows a rising sea level 

between 8000 to ~5000 years cal BP with a rate of RSL change of 1.10 mm/yr.  After this 

increase, the RSL falls at an average rate of 0.46 mm/yr (Figure 4.7B, C). The GIA model 

predictions of ICE6G show a good agreement with the RSL history reconstructed by the 

STEHM, while PaleoMIST underestimates the trend at the beginning of the mid-Holocene.  

 

4.5.1.6.  Region 6: Espírito Santo and North Rio de Janeiro 

Twelve SLIPs and 48 limiting data were reviewed in this region. The RSL history of this region 

is based primarily on limiting data (Delibrias and Laborel, 1971; Martin and Suguio, 1989; 

Martin et al., 1996; Martin et al., 1997). However, there are reports of a few SLIPs represented 

by vermetid rims (Martin and Suguio, 1989; Martin et al., 1996; Martin et al., 1996; Angulo et 

al., 2006; Angulo et al., 2016), and one SLIP associated with a beach deposit (Martin et al., 

1996; Martin et al., 1997).  

In this region, the data dates back to the mid-Holocene. The marine limiting data 

suggest that RSL remained above present since ca 7000 years cal. The oldest SLIP (ID: 347) 

places the sea level at 1.7 ± 0.6 m a.s.l. at ~6000 years cal BP. A high RSL value slightly above 

3 m a.s.l. remains constant during the mid-Holocene, with its highest value (3.6 ± 1.3 m a.s.l.) 

at 5000 years cal BP. During the late Holocene, RSL oscillates between 3.5 ± 1.3 m a.s.l. to 0.9 

± 1.6 m a.s.l., with the highest value (3.5 ± 1.3 m a.s.l.) at 3000 years cal BP and the lowest 

values towards the present (Figure 4.7D). As in the previous area, the STEHM shows a mid-

Holocene highstand between ~8000 to ~5000 years cal BP; here, the rate of RSL change has 

an average value of 1.16 mm/yr. After this rise, there is an RSL fall trend with a mean rate of 

0.26 mm/yr (Figure 4.7E, F). ICE6G GIA predictions fit the data, while PaleoMIST predictions 

are lower until ca. 5000 years cal BP (Figure 4.7E).  

 

4.5.1.7.  Region 7: South Rio de Janeiro and Central São Paulo 

The RSL history of this region is based on 56 SLIPs and 47 limiting data. Despite the large 

number of SLIPs in this area, only two types of indicators were described in this region: 
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vermetid rims (Delibrias and Laborel, 1971; Martin and Suguio, 1978; Suguio and Martin, 1978; 

Flexor and Martin, 1979;  Martin et al., 1979; Martin et al., 1979/1980; Suguio et al., 1980; 

Martin et al., 1996; Angulo et al., 2006; Castro et al., 2014; Angulo et al., 2016; Castro et al., 

2021), and beach deposits (Martin et al., 1979; Martin and Suguio, 1989; Angulo et al., 2006; 

Castro et al., 2014; Angulo et al., 2016; Castro et al., 2021). 

The record in this area mainly corresponds to the mid-Holocene, and only two marine 

limiting data indicate a sea level of ca. -15 m b.s.l. during the early Holocene. Our data suggest 

that from ~7000 to 5000 years cal BP, the sea level was close to the mean sea level with an 

average value of ~1.1 m a.s.l. just one SLIP (ID: 464) shows a higher RSL value (2.3 ± 1.5 m 

a.s.l.) during ca.5800 years cal BP.  The mid-Holocene highstand (3.8 ± 1.4 m a.s.l.) reached ca. 

4900 years cal BP. Still, one SLIP (ID: 463) indicates a higher RSL (4.7 ± 2.2 m a.s.l.) at 3300 

years cal BP. After this time, RSL falls gradually towards its modern position (Figure 4.7G). The 

STEHM shows a sea level rise around 8000 to 5000 years cal BP (RSL rate of 0.63 mm/yr) 

followed by a subsequent stable RSL through the present with changing rates of 0.09 mm/yr 

(Figure 4.7H, I). ICE6G GIA predictions fit the data, while PaleoMIST predictions are lower at 

the beginning of the mid-Holocene (Figure 4.7H).  

 

4.5.1.8.  South São Paulo, Paraná, and Santa Catarina 

In South São Paulo, Paraná, and Santa Catarina states, the RSL history is described by 61 SLIPs 

and 32 limiting points. All the reported paleo-sea level indicators in this area are vermetid rims 

(Angulo, 1989;1992; Angulo et al., 1999; Souza et al., 2001; Angulo et al., 2002; Toniolo et al., 

2020; Angulo et al., 2022c).  

The record in South São Paulo, Paraná, and Santa Catarina date back to the mid-

Holocene. The oldest SLIP (ID: 544) places the sea level at 2.3 ± 0.8 m a.s l. at 5600 years cal 

BP. The highest sea level value is observed around 5000 years cal BP, rising the sea level ca. 

3.8 ± 1. 4 m a.s.l. Since then, the RSL gradually falls towards the present, ranging from ~3.3 ± 

1.0 m a.s.l. to ~0.4 ± 0.3 m a.s.l. (Figure 4.7J). As in the previous area, the STEHM shows a sea 

level rise of around 8000 to 5000 years cal BP; after this highstand, the RSL slowly falls towards 

its modern position at an average rate of 0.37 mm/yr (Figure 4.7K, L). The GIA model 

predictions of ICE6G fit the data; PaleoMIST predictions are lower than the RSL trend 

described by the STEHM during the beginning of the mid-Holocene (Figure 4.7K). 
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Figure 4.7. RSL reconstructions and rates from southern Brazil areas using the spatio-temporal model. For all 

plots, the model mean and 1σ/2σ uncertainty are represented by a solid line and shaded envelopes, respectively. 

Index points (grey boxes) are plotted as calibrated age against changes in sea level relative to the present. 

Limiting points are plotted as a downward-pointing red arrow for terrestrial or an upwards-pointing blue arrow 

for marine. Dimensions of boxes and arrow symbols for each point are based on elevation and age (2σ) errors. 

SLIP: sea-level index point; STEHM: spatio-temporal empirical hierarchical model; ICE6G (curved line) and 

PaleoMIST (straight line) represent the GIA models. 
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4.5.2. Uruguay – Argentina 

4.5.2.1. Region 9: Río de la Plata delta 

The RSL history of this region is described by 169 SLIPs and 26 limiting data. The main paleo-

sea level indicators described in the region were beach ridges (Cortelezzi, 1977; Albero and 

Angiolini, 1983; Guida and González, 1984; Codignotto et al., 1992; Cortelezzi et al., 1992; 

Aguirre, 1993; Colado et al., 1995; Cavallotto, 1995; Cavallotto, 2002; Bracco and Ures, 1998; 

Bracco, 2000; Bracco et al., 2011; Martínez and Rojas, 2013; Prieto et al., 2017; Cavallotto et 

al., 2004; Cavallotto et al., 2005;  Martínez et al., 2006), and estuary deposits (Albero and 

Angiolini, 1983; Fasano et al., 1983; González and Ravizza, 1987; Figini, 1992; Martínez et al., 

2006; Amato and Busso, 2009; Prieto et al., 2017;  Fucks and De Francesco, 2003). One upper 

tidal flat deposit, one beach swash deposit (Bracco and Ures, 1998; Prieto et al., 2017), and 

two biological indicators (deposits containing remnants of the mollusk Tagelus plebeius) were 

also described (Bracco et al., 2011).  

The record in Rio de la Plata delta mainly corresponds to the mid-Holocene; only one 

terrestrial limiting data suggests that RSL was -18 m b.s.l. during the early Holocene. The oldest 

SLIP (ID: 296) places the sea level around 3.1 ± 0.6 m a.s.l. at 6800 years cal BP. Two SLIPs (IDs: 

47; 269) show the highest RSL value ~4.7 m a.s.l. at 5300 years cal BP and 4900 years cal BP, 

respectively. Since then, the data shows an almost continuous RSL fall (Figure 4.8A).  As shown 

by the STEHM, after the mid-Holocene highstand (from ~8500 to ~5000 years cal BP), the RSL 

falls at an average rate of 0.45 mm/yr (Figure 4.8B, C). The STEHM also shows a rate of RSL 

change increasing during the late Holocene (since 2900 years cal BP) with an average value of 

0.42 mm/yr (Figure 4.8C). ICE6G GIA predictions fit the data, while PaleoMIST aligns with the 

data from 5000 to the present day.  

 

4.5.2.2. Region 10: Bahia Blanca to Peninsula Valdés 

The RSL history of Bahía Blanca and Peninsula Valdés states is based on 85 SLIPs and 10 limiting 

data points. Only two types of paleo-sea level indicators are reported along these coasts: 

beach ridges (Codignotto et al., 1992) and marine terraces (Rostami et al., 2000).  

In this region, as in the previous one, data from the early Holocene is represented by 

limiting points. The oldest SLIP (ID: 1147) places the sea level at 2.4 ± 2.3 m a.s l. around 7000 

years cal BP. Since then, RSL values oscillate indistinctly, ranging from 8.4 ± 2.3 m a.s.l. to -

1.57 ± 1.2 m a.s.l. However, a general trend of an RSL fall after the mid-Holocene highstand 

(6600 years cal BP) is observed. One SLIP (ID: 1164) shows the highest RSL value (12.4 ± 2.3 m 

a.s.l.) around 5300 years cal BP (Figure 4.8D). However, this value seems at odds with the sea 

level trend during that time. Therefore, this SLIP needs further examination. The STEHM shows 

a rising sea level from ~8500 to 6500 years cal BP at a rate of 0.49 mm/yr; after this, an almost 

constant RSL fall is observed towards the present at an average value of 0.48 mm/yr (Figure 

4.8E, F). Comparing GIA models’ predictions with the data, ICE6G appears more consistent 

with the data at the beginning of the mid-Holocene. However, both GIA models underestimate 

the RSL trend since ca. 5000 years cal BP (Figure 4.8E).  
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4.5.2.3. Region 11: Bahia Vera to Puerto San Julián 

The area from Bahia Vera to Puerto San Julián includes an extensive coastline from the center 

of Chubut Province to the south of Santa Cruz Province in Argentina. The dataset here includes 

130 SLIPs and 17 limiting data. The most common indicator in the region are beach ridges 

(Codignotto et al., 1992; Schellmann, 2007; Schellmann and Radtke, 2010; Ribolini et al., 2011; 

Zanchetta et al., 2012; Zanchetta et al., 2014), although marine terraces (Rostami et al., 2000; 

Schellmann and Radtke, 2000; 2003;  2010; Schellmann, 2007), and estuarine deposits (Bini et 

al., 2018) are also described. 

The records in Bahia Vera and Puerto San Julián date back to the mid-Holocene, and in 

general, the data in this region appears to have a large variability. The oldest SLIP (ID: 1087) 

places the RSL at ca.  9.4 ± 2.3 m a.s.l. at 7500 years cal BP. Since then, the dataset shows 

scattered SLIPs with values ranging from ca. 9 m a.s.l. to -1.0 m a.s.l. However, an RSL falling 

trend is observed (Figure 4.8G). Three SLIPs show the highest sea level value in the area (9.5 

± 2.7 m a.s.l.) at 6800, 6700, and 6600 years cal BP (IDs: 934, 933, 932; respectively). According 

to the STEHM, there is a fall in the RSL after the mid-Holocene highstand at an average rate of 

0.33 mm/yr (Figure 4.8H,F). In this region, ICE6G GIA model predictions fit the data, while 

PaleoMIST predictions are lower from 8000 to 5000 years cal BP.   

 

4.5.2.4. Region 12: Tierra del Fuego 

In the southernmost part of our area of interest, in Tierra del Fuego, the RSL history is based 

on 37 SLIPs, 49 limiting data. The indicators described are beach ridges (Rabassa et al., 2000;  

Codignotto et al., 1992; Gordillo et al., 1993; Bujalesky, 2007; Isla and Bujalesky, 2008), marine 

terraces (Gordillo et al., 1993;  Bujalesky, 2007; Isla and Bujalesky, 2008), beach deposits 

(Porter et al., 1984), basal peat (non-mangrove) (Porter et al., 1984; Gordillo et al., 1993; 

Bujalesky, 2007; Isla and Bujalesky, 2008), and lagoon deposits (Björck et al., 2021).  

In Tierra del Fuego, the data mainly corresponds to the mid-Holocene. However, some 

limiting data shows an early Holocene age (Figure 4.8J). The oldest SLIP (ID:983) places the RSL 

at 1.9 ± 2.1 m b.s.l. ca. 6200 years cal BP. After that, a slight increase in sea level is observed 

with scattered values ranging from 1.6 m a.s.l to ~4.5 m a.s.l. up to 5700 years cal BP. The 

highest values of sea level, 6.0 ± 2.7 m a.s.l. and 4.6 ± 1.7 m a.s.l., are observed at 5600 and 

4300 years cal BP, respectively. Despite the scattered values, a general trend of a falling sea 

level towards the present is observed (Figure 4.8J). As shown by the STEHM, there is a fall in 

the RSL since ~8500 years cal BP at an average rate of 0.26 mm/yr (Figure 4.8K). The STEHM 

also suggests an increase in the rate of RSL change since 3000 years cal BP with an average 

value of 0.58 mm/yr (Figure 4.8I).  In this area, only the ICE6G model shows a good agreement 

with the RSL history reconstructed by the STEHM after 5000 years cal BP.  
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Figure 4.8. RSL reconstructions and rates from Uruguay and Argentina areas using the spatio-temporal model. 

For all plots, the model mean and 1σ/2σ uncertainty are represented by a solid line and shaded envelopes, 

respectively. Index points (grey boxes) are plotted as calibrated age against changes in sea level relative to the 

present. Limiting points are plotted as a downward-pointing red arrow for terrestrial or an upwards-pointing 

blue arrow for marine. Dimensions of boxes and arrow symbols for each point are based on elevation and age 

(2σ) errors. SLIP: sea-level index point; STEHM: spatio-temporal empirical hierarchical model; ICE6G (curved line) 

and PaleoMIST (straight line) represent the GIA models. 

 

 

 

 

 



Holocene relative sea-level changes from the Atlantic coasts of South America 

Page | 77  
 
 

4.6. Discussion 

4.6.1. The database, its applicability, and new inferences 

In this work, we created a new standardized database of Holocene RSL in the southwestern 

Atlantic, building upon the effort of previous studies. The database includes 1024 data points, 

of which 726 are SLIPs, 97 are terrestrial limiting points, and 201 are marine limiting points. 

We rejected 286 data points due to a lack of required information specified by the standard 

protocols of the HOLSEA database (Khan et al., 2019). 

Sea-level information is gathered from a diverse range of sea-level indicators, from 

beach deposits and sedimentary sequences to fixed biological indicators (see Table 4.1, 

Figures 4.3 and 4.4). Our results indicate that there is a generally good agreement in the RSL 

reconstructions derived from different indicators in most of the regions. However, in specific 

cases (areas 1 and 3), we observed that the RSL estimations derived from sedimentary 

sequences are close to 1 m lower than the RSL reconstructions derived from other indicators; 

this could be due to post-depositional lowering of samples resulting from compaction 

processes (Kahn et al., 2022). Despite this slight inconsistency, in general the RSL histories we 

reconstructed are consistent with previous compilations, for example, those of Angulo et al. 

(2006) and Milne et al. (2005). This is a further confirmation that the standardization of sea-

level data allows gathering coherent results (Figure 4.9A, B), even with different methods used 

to quantify the indicative meaning of SLIPs. 

 

 

Figure 4.9. Comparison between our data (blue) and the standardized data of A) Angulo et al. (2006) and 

B) Milne et al. (2005) (grey).  

 

In our database, vermetid rims and beach ridges represent the majority of data. We 

note that some sources of vertical errors and uncertainties associated with these indicators 

could modify the RSL interpretations reported in our work.  

According to Laborel (1986), wave energy  may affect the vertical distributions of 

vermetids by ca. 1 m. Angulo et al. (1999) highlight that there are three other sources of 

uncertainties in the evaluation of the paleo-sea level with vermetid fossils: I) remains may not 

correspond to the upper limit of the formation, II) changes in the hydrodynamic characteristics 
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of the coast through time, and III) the reference used to assess the vertical displacement of 

the vermetid reef.  Rovere et al. (2015) underline that most vermetid species have a large 

living range. In fact, Spotorno et al. (2012) recorded Petaloconchus varians in waters between 

0 and 20 m deep along the Brazilian coast. To this end, in our database, we define an indicative 

range (MSL to MLLW) and a datum (vermetid biological datum) for these indicators that 

considers their vertical distribution and uncertainty.  

On the other hand, paleo tidal range changes may affect the indicative meaning of 

those SLIPs whose upper or lower bounds are defined by tidal ranges (e.g., Hill et al., 2011; 

Hall et al., 2013; Horton et al., 2013; Khan et al., 2017; Sulzbach et al., 2023), this includes 

beach ridges. In this work, we adopted the interpretation by Lorscheid and Rovere (2019) and 

Rovere et al. (2016), who postulate that beach ridges form above sea level, between the 

ordinary berm and the storm wave swash height, following the definition of gravel beach 

ridges given by Tamura (2012). As per the definition, MHHW is used in calculating both the 

ordinary berm and the storm wave swash height of beach ridges (Lorscheid and Rovere, 2019). 

Therefore, paleo tidal range changes might assume particular relevance in areas with a wide 

continental shelf, such as the Amazon River and Rio de la Plata deltas, and in the Bahia Blanca 

area. To reduce the vertical source of error, in this work, we use satellite-derived wave 

measurements and wave runup models to calculate the indicative meaning of beach ridges 

following the methodology outlined in Rubio-Sandoval et al. (2024). This method appears to 

be more reliable (as it relies on local wave and beach topography data) than IMCalc software 

(Lorscheid and Rovere, 2019), which uses global wave atlases and global beach slope values. 

Besides elevation and indicative range, age control also plays an important role in RSL 

reconstructions. The method selected to date a sea-level indicator and the availability of 

dateable material determine its age range and uncertainty (Bernal et al., 2010). In our 

database, radiocarbon dating is the primary method to date paleo-sea level indicators. Studies 

by Schellmann and Radtke (2000; 2007) and Schellmann et al. (2008) report that Electron Spin 

Resonance (ESR) and U-series dating were also used along the Patagonian coasts. However, 

these ages were not included in this new dataset, as Schellmann and Radtke (2010) remark 

that despite the methodological improvements, significant uncertainties persist when dating 

the Holocene mollusk shell deposits along the Patagonian Atlantic coast.  

Our database mainly spans the mid-Holocene (beginning ca. 8200 years cal BP) to 

today, with few limiting data points dated to the early Holocene (Figure 4.6, 4.7, 4.8). Our 

decision to define the older sea level data points as limiting data is based on three main 

reasons: I) discrepancies in the RSL interpretations in the context of contemporaneous data 

points in the same area, II) a lack of detailed information to evaluate the elevation uncertainty, 

and III) the absence of the core’s stratigraphic descriptions, raising concerns about their 

validity and relevance in this study's framework. Although the temporal scope of the new 

Holocene database limits the interpretations of the meltwater input in the area after the Last 

Glacial Maximum (LGM; Khan et al., 2019), it enables new inferences of the rates and timing 

of widely described mid-Holocene highstand (Angulo et al., 2006; Schellmann and 

Radtke,2010; Bracco et al., 2011;  Martínez and Rojas, 2013), the subsequent RSL trends, and 

GIA implications, as will be discussed in the following section.  
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4.6.2. Holocene RSL variability along the southwestern Atlantic 

We reconstructed Holocene RSL histories representing the local and regional sea-level 

variations over time along the southwestern Atlantic coastlines of Brazil, Uruguay, and 

Argentina (Figures 4.6, 4.7, and 4.8). Broadly, the observed and predicted RSL changes 

document a rapidly rising rate of sea level with a mean value of 0.80 mm/yr between ~8000 

and ~5000 years cal BP, corresponding to the mid-Holocene transgression (Angulo and Lessa, 

1997; Angulo et al., 2006; Schellmann and Radtke, 2010). This highstand reached about 2 to 

~4 m above the present level, followed by a subsequent fall to its current position. It is worth 

noting that due to the broad spatial variability, this mid- to late-Holocene trend is variably 

affected by the ice and ocean mass redistribution and, in some cases, by local crustal tectonics 

across more than 50 degrees of latitude (Rostami et al., 2000; Milne et al., 2005).  

In northeast Brazil, the estuarine deposits and mangroves from the Amazon River delta 

show a mid-Holocene highstand at ca. 2 m a.s.l. After this peak, the RSL slowly falls through 

the late Holocene at a mean rate of 0.16 mm/yr (Figure 4.6A). This trend seems to be different 

from the rest of the northeast sector (excluding Atol das rocas), where the areas from 

Pernambuco to north Bahía suggest a highstand (ca. 5 m a.s.l) between 8000 to 7000 years cal 

BP followed by a steep RSL fall towards the present (1.16 mm/yr). As already noted by Angulo 

et al. (2006) in the NE region of Brazil, SLIPs derived from mangrove swamp deposits indicate 

a lower sea level than expected, suggesting that neotectonics as well as wind-wave patterns 

may affect the RSL trend in this area. Moreover, we cannot neglect the effects of sedimentary 

compaction, which has been shown to affect this type of sea-level data by several meters 

(Hilma et al., 2015). Therefore, caution should be taken with the interpretation of the sea-

level patterns observed in the estuarine area of the Amazon river delta, and further research 

may be directed to estimate the contribution of compaction to the reconstructed RSL.  

The particular RSL trend in Atol das Rocas (Figure 4.6E) may have been determined by 

palaeoceanographic changes that add unquantified vertical uncertainties in the SLIPs 

(Shennan et al., 2018; Khan et al., 2019). As hydrodynamic conditions like waves, weather, and 

tidal regime affect the growth of coralline-algal reefs, these growth signals could overlap the 

RSL trends (Angulo et al., 2022a), resulting in a sea-level curve that does not agree with the 

expected regional patterns.  

In the area including the Brazilian states of Sergipe and North Bahia, a secondary 

highstand is observed from 4000 to 3000 years cal BP (Figure 4.6K). The existence of late 

Holocene oscillations in Brazil is broadly discussed and debated (Angulo and Lessa, 1997; 

Martin et al., 1998; Martin et al., 2003; Angulo et al., 2006); however, based on the current 

data and uncertainties, we cannot suggest any further interpretations of their origin, 

reliability, and amplitude. Hence, more precise indicators are needed to test the hypothesis 

of this second highstand.  

The southeast coastal sector of Brazil from central Bahia to Santa Catarina suggests a 

mid-Holocene rising sea level between ~8000 to ~ 5000 years cal BP at an average rate of 0.96 

mm/yr. The RSL reaches its maximum value of ~3 m a.s.l. around 5000 years cal BP. After this 

highstand, the RSL follows a steady and slow fall (0.26 mm/yr) until its present position. The 
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difference between mid- to late-Holocene RSL rates creates a visible reduction in the 

amplitude of the sea-level fall (Figure 4.7B, E, H, K).  This diminished trend was already noted 

by Martin et al. (1985), Suguio et al. (1985), and Angulo et al. (2006), who state that the 

lowering in the elevation and amplitude of the mid-Holocene highstand could be linked to a 

slight east-west geoidal shift between the states of Rio de Janeiro and Paraná. 

Moving southwards, as shown by the STEHM in the areas from Río de la Plata delta to 

Tierra del Fuego, the mid-Holocene highstand occurred early in time (from ~8500 to ~6500 

years cal BP) and, as expected, is followed by an RSL fall towards the late Holocene. However, 

the elevation of the highstand and the amplitude of the subsequent sea-level fall differ 

between these coastlines (Figure 4.8B, E, H, K). Milne et al. (2005) suggested that the 

combined effect of the West Antarctic ice sheet melting on the geoid during the early 

Holocene and the further dominant role of the crustal subsidence in some areas of this coastal 

sector produced the time difference of the predicted highstand. They also highlight that in this 

complex area, different processes can lead to vertical motion of both the land and ocean 

surfaces, producing a significant non-eustatic component of RSL change, which could be the 

reason for the variability in the observed RSL patterns. In fact, Rostami et al. (2000) estimate 

a constant tectonic rate of uplift of 0.09 m/1000 yr since the mid-Pleistocene in Patagonia, 

Argentina.  

In Río de la Plata delta, Uruguay, our data suggest that after the mid-Holocene 

highstand, the RSL falls at an average rate of 0.45 mm/yr; However, this rate was not constant 

as indicated by the STEHM, which shows an increase in the rate of RSL during the late Holocene 

(since 2900 years cal BP). Cavallotto et al. (2004) also recognized a variable rate of sea-level 

fall. Later, Bracco et al. (2011; 2014) suggested that a rapid sea level fall would have taken 

place by 4300 years cal BP, whereas Martínez and Rojas (2013; 2014) debated it. Recently, 

Richiano et al. (2022) analyzed the evolution of all the beach ridges in the area and concluded 

that the Holocene ridge develops between 5200 and 3900 years cal BP, suggesting that during 

this period, there was a high tide level that allowed the development of these landforms. 

However, as already highlighted by Bracco et al. (2011), there is still no accurate data available 

to support either a gradual or abrupt late Holocene sea-level fall after ~3000 years cal BP.  

The sea-level curve in the Bahia Blanca to Peninsula Valdés area shows a sea level 

transgressing between ~8500 to 6500 cal years BP at a rate of 0.49 mm/yr to reach a peak ~3 

to 4 m a.s.l. Following this highstand, sea level has fallen to present levels at a consistent rate 

of approximately 0.48 mm/yr (Figure 4.8E, F). This trend agrees with the previous observations 

of Ribolini et al. (2011) and also with the model of Milne and Mitrovica (2008) for the 

Argentinean coastal sector, outlining an RSL estimate of about 5 m after the LGM. However, 

at present, there is insufficient information to understand the reasons for the particular 

amplitude of the sea-level curve in this area, and we cannot rule out the effect of the 

scattering data in this RSL signal. Therefore, the SLIPs in this area may need further 

examination. 

Another interesting sea-level curve is observed in the area of Bahia Vera to Puerto San 

Julián, where the STHEM suggests a steep fall in the RSL after the mid-Holocene highstand at 

an average rate of 0.33 mm/yr (Figure 4.8H, I). Schellmann and Radtke (2010) describe this 
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RSL trend in the middle and south Patagonian and point out that the sea level differences 

could be partially associated with the variations on the 14C reservoir effect resulting in age 

uncertainties. Despite that we performed a local Delta-R correction when necessary to reduce 

these uncertainties, we must highlight the lack of Delta-R correction data in the Argentinean 

Patagonia; therefore, caution is needed in overinterpreting these data since this source of 

uncertainty can potentially lead to disparate SLIPs (Törnqvist et al., 2015).  

Finally, in Tierra del Fuego, our model shows the highest elevations of the sea level 

peak of all the southwestern Atlantic region, close to 8 m a.s.l at ~8500 years cal BP. After this 

highstand, sea level fell at an average rate of 0.26 mm/yr (Figure 4.8K). The STEHM also 

suggests an increase in the rate of fall since 3000 years cal BP to an average of 0.58 mm/yr. 

However, based on the geographical and geological characteristics of this area, the shape of 

the sea-level curve may be influenced by many different factors, for instance, GIA (Björck et 

al., 2021), localized tectonics (Isla and Angulo, 2016; Rostami et al. 20000), or a chronological 

source error. As already stated, Schellmann and Radtke (2010) acknowledge that the 

discrepancies in the RSL changes in the Patagonian Atlantic coast may be due to hiatuses in 

the geomorphological and chronostratigraphic datasets. Whereas Björck et al. (2021) argue 

that since the Patagonian ice sheet covered Tierra del Fuego, GIA must be the main factor 

responsible for the elevated shorelines, as well as for the spatial and temporal variability of 

the RSL. Here, we must highlight that previously, Rostami et al. (2000) discussed the effect of 

the estimated Patagonian ice sheet thickness (~400 m), suggesting that it may not have a 

significant effect on the RSL predictions since this ice sheet may not lead to a significant sea-

level rise driven by the proglacial forebulge collapse. Therefore, we emphasize that before 

generating a unique solution for the RSL history in this area, it is necessary to solve the 

limitations in the spatial and temporal coverage of the RSL data, together with an 

improvement in the knowledge of its glacial history. 

Notwithstanding the caveats on the quality of reconstructed RSL histories for each area 

highlighted above, we note that the effect of GIA across the large latitudinal gradient covered 

by the database is evident, either from the data or the STHEM model (Figures 4.6, 4.7, 4.8). In 

general, the Holocene highstand occurs later and decreases in magnitude, moving towards 

the North, in accordance with the trend described by GIA models. As already demonstrated in 

Peltier et al. (2015), the highstand position in many locations can be obtained from the ICE6G, 

which was a result of including rotational effects in the sea level calculation. The modified 

PaleoMIST model used in this study generally does not fit the data constraints older than 5000 

years cal BP, indicating that the global ice volume at the 7500-year cal BP time step is probably 

too large by at least 4 to 5 m sea level equivalent. The general success of the model after 5000 

years cal BP supports the modification that Antarctic ice volume reached near present levels 

by that time. 

It is not the aim of this paper to extrapolate the revised Holocene sea-level curves from 

a broader regional scale. But, some brief comparisons seem appropriate. Despite the 

uncertainties that surround the data, the RSL reconstructions here agree surprisingly well with 

the expected trend of the near- and far-field locations (with just some special exceptions 

discussed above).  Our data in Tierra del Fuego is characterized as a near field location due to 
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its proximity to Antarctica; these areas reveal an intricated RSL fall after a maximum marine 

trasngression due to the net effect of eustatic sea-level rise and glacio-isostatic uplift (Milne 

and Mitrovica, 2007). On the other hand, areas from Río de la Plata delta (Uruguay) to the 

Amazon river delta (Brazil) develop an RSL trend characteristic of a far-field location; this trend 

normally implies a mid-Holocene highstand (between 8000 to 4000 years cal BP) at a 

magnitude ranging from ca.1 to 6 m (Kahn et al., 2015). Therefore, the improvement of the 

data quality in this promising area, together with the integration of previously standardized 

data from the intermediate field (the Caribbean, Khan et al. 2017) and further north near-field 

locations (Atlantic USA, Englehart and Horton, 2012; Southern Maine; Kahn et al. 2015; Gulf 

of Maine, Baril et al., 2023; Canada, Vacchi et al., 2018; Greenland, Gowan et al., 2023) would 

allow a comprehensive pole-to-pole sea level dataset that could not only refine existing GIA 

models but also provide valuable insights for the optimization of global sea level estimates 

since the LGM.   

 

4.6.3. Future research directions 

As already noted by Milne et al. (2005) and later by Angulo et al. (2006), along the South 

Atlantic coasts, there is a general lack of accurately measured data. While more recent studies 

(Castro et al., 2014; Bini et al., 2018; Angulo et al., 2022a; Angulo et al., 2022b; Richiano et al., 

2022) employ high-accuracy elevation measurements referred to rigorously defined vertical 

datums (e.g., using differential GPS and datums calculated via tide gauge data), these are still 

largely an exception within this area.  

Also, there is a need for a rigorous definition of modern analogs to quantify the 

indicative meaning of SLIPs. Along the Brazilian coastlines, it appears that new studies applying 

the methodology proposed by Mauz et al. (2015) to the numerous beachrock deposits will 

help to improve the quality of a significant amount of SLIPs. Moreover, a re-analysis of 

vermetid rims, coupling the analysis of modern analogs with precise elevation measurements 

of their fossil counterparts, might help improve sea-level information at several sites, 

providing accurate SLIPs within a few decimeters.  

While the methodology proposed by Rubio-Sandoval et al. (2024) to calculate the 

beach ridges' indicative meaning is self-consistent and reliable, there are some other issues to 

consider to improve it. For example, the increase or decrease correction of water levels 

associated with the storm surge under different climate conditions.  

As already highlighted by Gowan et al. (2021a), further research must be directed at 

improving the chronological control in Argentina, as there is a long-lasting debate centered on 

the age of its Quaternary shorelines (Codignotto et al., 1988; Rutter et al., 1990; Schellmann 

and Radtke, 2010). Here, it is important to emphasize the need for data to correct the 14C 

reservoir effect in Patagonia, Argentina, which could have a great impact on the sea-level 

curve refinement. 
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As the data improves, future reviews could develop an objective characterization of 

the data quality based on the sample susceptibility to age and/or elevation errors, such as the 

one proposed by Than et al. (2023) for the Mid-Pacific. 

 

4.7. Conclusions 

We compiled a standardized database of published Holocene RSL data from Brazil, Uruguay, 

Argentina, and the Chilean part of Tierra del Fuego in the southwestern Atlantic. We reviewed 

data from 128 studies to gather 726 sea-level index points (SLIPs) and 298 limiting points, each 

associated with its temporal and vertical uncertainty. We rejected around 22 % of the data 

because the necessary information required by the standard sea-level database protocols was 

not achieved. We divided our database into 12 regions based on data availability, tectonic 

setting, and the distance from the Antarctic ice sheet.   

After a critical examination, our database mainly spans since the mid-Holocene (ca. 

8000 years cal BP) with few limiting data points correlated with the early Holocene. The 

temporal scope of this new Holocene database limits the interpretations of the meltwater 

input in the area after the Last Glacial Maximum, but it enables new inferences of the rates 

and timing of widely described mid-Holocene highstand, the subsequent late Holocene RSL 

fall, and GIA implications. 

Generally, the observed and predicted RSL changes document a rapidly rising rate of 

sea level with a mean value of 0.80 mm/yr between ~8000 and ~5000 years cal BP, 

corresponding to the mid-Holocene transgression. During this transgression, RSL rose to about 

2 to ~4 m above the present level, followed by a subsequent fall to its current position. In this 

complex area, different processes lead to vertical motion of both the land and ocean surfaces, 

modifying the mid to late Holocene RSL trend across the latitudinal gradient. 

Excluding the atypical areas possibly affected by neotectonics or coastal dynamics, the 

northeast coastal sector of Brazil has a highstand (ca. 5 m a.s.l) between 8000 to 7000 years 

cal BP followed by a steep fall towards the present (1.16 mm/yr). The southeast coastal sector 

of Brazil suggests a mid-Holocene transgression between ~8000 to ~ 5000 years cal BP. Sea 

level reaches its maximum peak at ~3 m a.s.l. around 5000 years cal BP. After this highstand, 

the sea level falls at a steady and slow rate (0.26 mm/yr) until its present position. From Río 

de la Plata delta to Tierra del Fuego, the mid-Holocene highstand occurred early in time (from 

~8500 to ~6500 years cal BP) and, as expected, is followed by an RSL fall towards the late 

Holocene. However, the elevation of the highstand and the amplitude of the subsequent sea-

level fall differ between all the coastlines, implying a significant non-eustatic component of 

the RSL (i.e. GIA, localized tectonics, and hiatuses in the geomorphological and 

chronostratigraphic datasets). We emphasize that before generating a unique RSL solution 

through the Holocene, it is necessary to solve the data limitations.  

Despite the data quality issues raised above, we note that the effect of GIA across the 

large latitudinal gradient covered by the database is evident, either from the data or the 

reconstructed RSL. In general, the Holocene highstand occurs later and decreases in 
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magnitude, moving towards the North, in accordance with the trend outlined by the ICE6G 

GIA model. The modified PaleoMIST model used in this study generally does not fit the data 

constraints older than 5000 years cal BP, supporting the statement that Antarctic ice volume 

reached near present levels by that time. 

Finally, we can surmise that the southwestern Atlantic coastline emerges as a 

promising area for RSL studies. Despite the uncertainties surrounding the available data, this 

region offers a valuable spot for unraveling past sea-level dynamics. Therefore, a need for 

additional fieldwork that follows the methodological sea-level standard protocols is evident.  

 

4.8. Data availability 

The database is available at https://doi.org/10.5281/zenodo.10819555 (Version 1.0; Rubio-

Sandoval et al., 2024). Any modification to the database can be requested through the 

platform WALIS (https://warmcoasts.eu/walis/Data_mod_request_open/).  
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4.10. Supplementary material 

 

Supplementary Figure 4.1. Maps of satellite altimetry tracks extracted from offshore wave conditions (IMOS, 

2023). A) Bahia Blanca, B) Comodoro Rivadavia, C) Buenos Aires, D) Ushuaia; I) and II) respectively, histograms of 

wave height and period per area.  
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Supplementary Table 4.1. Hyperparameters for the spatio-temporal empirical hierarchical model.  

Hyperparameters Lower Bound Upper Bound Tuned value 

Matern global amplitude (mm) 1 25000 628,060442 

Temporal parameter (years) 1 25000 535,822951 

Linear amplitude 0,01 10000 1,45755676 

Linear geographic length scale (angular deg) 1 12 7,00495584 

Matern regional amplitude (mm) 0,01 25000 962,189422 

Regional temporal parameter (years) 1 25000 1663,64684 

Regional geographic length scale (angular deg) 0,05 12 0,238258 

Matern local amplitude (mm) 0,01 25000 685,155044 

Local temporal parameters (year) 1 25000 7369,11739 

Local geographic length scale (angular deg) 0,001 5 0,002485 

White noise (mm) 0,1 1.00E+06 0,1 
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5.1. Abstract 

Geological indicators of past relative sea level changes are fundamental to reconstruct the 
extent of former ice sheet during past interglacials, which are considered analogs for future 
climate conditions. Four interglacials, dating from Holocene to Pliocene, have left sea-level 
imprints in the proximity of the coastal town of Camarones in Central Patagonia, Argentina. 
Sea-level index points were preserved as beach ridges deposited by storm waves above 
modern sea level. We used highly accurate survey techniques to measure the elevation of 
these deposits. Satellite-derived wave measurements and wave runup models were then 
employed to calculate their indicative meaning (i.e., their elevation with respect to sea level 
at the time of deposition). The paleo-relative sea levels (i.e., uncorrected for post-depositional 
vertical land motions) associated with the four interglacials (with 1σ uncertainties) are 6±1.5 
m (Holocene); 8.7±2.1 m (MIS 5e); 14.5±1.5 m (MIS 9 or 11); and 36.2±2.7 m (Early Pliocene). 
Ages have been obtained using both published (U-series, Electron Spin Resonance, and 
Radiocarbon) and new (Amino Acid Racemization and Radiocarbon) dating constraints. We 
compare our results with published glacial isostatic adjustment and mantle dynamic 
topography predictions, and we highlight that refining these models before calculating the 
global mean sea level for the interglacials mentioned above is necessary. Our high-resolution 
data provide a significant benchmark for paleo-relative sea level studies in the Southwestern 
Atlantic. 
 
 

5.2. Introduction 

Several past interglacials were characterized by global average temperatures warmer than 
pre-industrial, which resulted in smaller ice sheets and higher ocean volumes (Dutton et al., 
2015). Geological records from several sites around the globe provide hard evidence that local 
sea levels during such periods were higher than today (Siddall et al., 2007; Raymo et al., 2011; 
Rovere et al., 2023b). Reconstructing global mean sea levels (GMSL) that characterize earlier 
interglacials helps to constrain models of polar ice melting in the near future (Gilford et al., 
2020; DeConto et al., 2021) and ultimately lead to a better understanding of the physics that 
drive high-end melting scenarios (van de Wal et al., 2022). The Quaternary sea-level 
highstands have been studied at several locations on the world’s coasts and continental 
shelves via both direct and indirect proxies. In general, the availability of direct proxies 
decreases with the age of the highstand (Khan et al., 2019a), which makes GMSL during early 
Quaternary and Pliocene interglacials more difficult to quantify. Further, direct proxies only 
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measure relative sea level (RSL), still uncorrected for uplift or subsidence that may be caused 
by different processes such as Glacial Isostatic Adjustment (GIA), mantle Dynamic Topography 
(DT) and tectonics (Rovere et al., 2016). 

Interglacial peak sea level differs during the last 5 Myr in both magnitude and duration. 
During the Pliocene (~5.3 to 2.5 Ma), global temperatures were up to 4 °C higher than pre-
industrial (Fedorov et al., 2013), and GMSL oscillated by tens of meters (Grant et al., 2019), 
with proxies suggesting that sea-level highstands were around 17 m higher than present in 
the mid-Pliocene (~3Ma) and around 25 m higher in the Early Pliocene Climatic Optimum 
(~5Ma, Dumitru et al., 2019). Pliocene ice models suggest that, during the warmest 
interglacials of this geological epoch, Greenland was ice-free, and the West Antarctic ice sheet 
was likely subject to periodic collapses (Naish et al., 2009; Solgaard et al., 2011). Regarding 
Quaternary highstands, several sites carry information on sea level during MIS 11c (424–395 
ka, Hearty et al., 1999; Murray-Wallace, 2002; Olson and Hearty, 2009; Bowen, 2010; Roberts 
et al., 2012) an unusually long interglacial with high carbon dioxide levels (Tzedakis et al., 
2022). Direct proxies, corrected for GIA and vertical land motions, suggest that MIS 11c GMSL 
was 8 to 11.5 m (Chen et al., 2014) or 6 to 13 m (Raymo and Mitrovica, 2012) above present. 
GMSL during MIS 9 (~331-310 ka) was reported close to the present-day sea level (Murray-
Wallace, 2002; Siddall et al., 2007). 

Evidence of Late Quaternary interglacials is more ubiquitous, with thousands of sites 
dated to MIS 5 (in particular MIS 5e, ~125 ka, Rovere et al., 2023b). In the AR6 IPCC REPORT, 
Fox-Kemper et al. (2021) remark that "it is virtually certain that [MIS 5e] GMSL was higher 
than today, likely by 5–10 m (medium confidence)". Recent works suggest that MIS 5e GMSL 
was instead generally lower than 5m, but still higher than present (Polyak et al., 2018; Clark 
et al., 2020; Dyer et al., 2021; Dumitru et al., 2023). Sea level during other stages of MIS 5, 
namely MIS 5c (~100 ka) and MIS 5a (~80 ka), is generally reported to have peaked from few 
tens of meters below up to close to present-day sea level (Muhs et al., 2012; Simms et al., 
2016; Creveling et al., 2017; Thompson and Creveling, 2021; Tawil-Morsink et al., 2022; Marra 
et al., 2023).  

During the current interglacial (~6 ka to present), recent work based on a global 
database of sea-level index points (Khan et al., 2019b) shows that it is likely that GMSL was 
higher (up to 1.5 m) than today during the mid-Holocene with a significant contribution of 
excess melt coming from the Antarctic ice sheet (Creel et al., 2023). 

To reduce uncertainties on estimates of GMSL during past interglacials, it is essential 
to provide field constraints that have reliable chronological attribution, are precisely 
measured and have a quantifiable relationship to past sea level (i.e, indicative meaning, 
Shennan, 2015). Moreover, locations at passive margins that have preserved multiple 
highstands give an opportunity to better quantify post-depositional vertical land motions, as 
they are less subject to these effects (e.g., subduction or uplift during successive earthquake 
cycles, Yousefi et al., 2020). 

Much of the Southern part of the Atlantic Ocean is a passive margin, and coastal 
deposits associated with past interglacials shape the morphology of the coastal landscape and 
record the history of relative sea-level change after deglaciation (see review works by Gowan 
et al., 2021a and Rubio-Sandoval et al., 2021). In this study, we present new data detailing 
Quaternary sea-level changes at Camarones, Central Patagonia, Argentina. We provide new 
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survey data and a new way of estimating the indicative meaning of beach ridges. We couple 
the results with dating on mollusk shells via Amino Acid Racemization. Building upon 
previously published stratigraphic data and radiometric ages, as well as GIA and DT models, 
we discuss possible GMSL inferences during past warm periods. 

 

5.3. Study area  

The Patagonia coastline of Argentina has been a target area for sea-level research for at least 

four decades (Bayarsky and Codignotto, 1982; Codignotto, 1983; Rutter et al., 1989) due to 

the exceptional preservation of geological records associated with former sea levels and for 

its location that makes it sensitive to isostatic rebound following the waxing and waning of the 

West Antarctic ice sheet (Rostami et al., 2000; Milne et al., 2005; Gowan et al., 2021a). 

Numerous works describe in detail the geomorphology and stratigraphic subdivision of the 

elevated littoral deposits along the coastlines of Patagonia (see an extensive review by Pedoja 

et al., 2011). One of the most complete descriptions of these deposits derives from the work 

of Feruglio (1949), who described six marine terrace systems based on their elevation and 

mollusk fauna. The elevation of these marine deposits ranges from 8 to 186 m above mean 

sea level. Along the shore, the presence of beach ridges at varying heights is also conspicuous, 

enough so that it was noted by Charles Darwin during his voyage on the Beagle vessel (Darwin, 

1851). 

Patagonian beach ridge deposits are typically composed of a sandy gravel matrix, rich 

in pebbles and mollusk shells (Schellmann and Radtke, 2000) and are - from a 

geomorphological standpoint - raised storm berms created by the deposition of sediments by 

wave runup. Different dating techniques have been employed to determine the age of these 

deposits: radiocarbon, U-series, Electron Spin Resonance and Strontium Isotope Stratigraphy 

(Schellmann and Radtke, 2000; Pappalardo et al., 2015; Rovere et al., 2020). 

The small town of Camarones (Chubut Province, Argentina) lies at the northern end of 

the San Jorge Gulf, ~1300 km south of Buenos Aires (Figure 5.1). It is located on a passive 

margin and is embedded within the South America Plate, over 1000 km north of the boundary 

with the Scotia Plate. In proximity of Camarones, several authors reported relic beach ridges, 

emplaced by sea level during the Quaternary (Codignotto et al., 1992; Schellmann and Radtke, 

2000, 2003, 2007, 2010; Ribolini et al., 2011; Zanchetta et al., 2012; Pappalardo et al., 2015; 

Bini et al., 2018) and the Pliocene (Feruglio, 1949; Del Río et al., 2013; Rovere et al., 2020). 

While located on a passive margin, these paleo shorelines were subject to substantial vertical 

land motions due to both glacial isostatic adjustment (Mitrovica et al., 2001; Peltier, 2002) in 

response to polar ice melting and, on longer time scales (hundred of thousands to millions of 

years), mantle dynamic topography (Braun, 2010; Austermann et al., 2017), which led to 

significant uplift over the past ~5 million years (Hollyday et al., 2023). 
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Figure 5.1. Study area. Location of Camarones within the Southern part of South America. Credits: Base map 

from Ryan et al. (2009). Active faults from Styron (2019) and plate boundaries derived from Bird (2003), as 

modified by Hugo Ahlenius and Nordpil on GitHub (https://github.com/fraxen/tectonicplates). Historical 

earthquakes from US Geological Survey (2017). 

 

5.4. Methods  

5.4.1. Elevation measurement 

The elevations of sea-level index points described in this study were measured using 

differential Global Navigation Satellite systems (GNSS). The elevation of the Pliocene sea-level 

index points was surveyed in 2014 with a Trimble ProXRT receiver with Tornado antenna, 

receiving OmniSTAR HP real-time corrections, as described in Rovere et al. (2020). During that 

campaign, preliminary surveys on both modern and middle/late Pleistocene shorelines in the 

area were carried out. Those data are reported in this work following the same GNSS 

processing methods described in Rovere et al. (2020). 

Two further field campaigns, focussed on MIS 5 beach ridges and modern data, were 

carried out in November 2019 and April 2022. In these campaigns, GNSS surveys were 

performed using a single-band EMLID RS+ GNSS composed of a base and a rover unit. In both 

campaigns, the base station was located on top of a pole with full view of the sky 

(Supplementary Figure 5.1A, B) and was left static collecting data for a variable amount of 

time including between 5 and 14 hours over five separate deployments (Supplementary Table 

5.1). The data collected from the base station were processed using the Precise Point 
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Positioning service of the Natural Resources of Canada (NRCAN-PPP), and then averaged using 

the "GPS Utilities" scripts (Rovere, 2021). The results of the GNSS base processing are reported 

in Supplementary Table 5.1 and illustrated in Supplementary Figure 5.1C, D. 

Once the base position and the associated positional errors were calculated, the rover 

data was processed using the Post Processed Kinematic (PPK) workflow in the software EMLID 

Studio. The collection of GNSS rover data was done in static mode for up to 10 minutes, 

depending on satellite visibility conditions. The workflow was validated by measuring twice 

(once in 2019 and once in 2022) a benchmark point called "GPS N°35" located in the proximity 

of the town of Camarones (Supplementary Figure 5.2A, B). The precise coordinates of this 

point are reported by the Argentinian "Instituto Geografico Nacional" (National Geographical 

Institute), which measured it in 1995. There is a very good agreement between our vertical 

measurements and the benchmark ellipsoid elevation (Supplementary Figure 5.2C). The 

Northing and Easting coordinates of our GNSS survey appear internally consistent but shifted 

by about half meter (Supplementary Figure 5.2D). 

Data were originally recorded in WGS84 coordinates, with height above the ITRF2008 

ellipsoid (these are the same datums to which the "GPS N°35" benchmark is referred). 

Orthometric heights (above mean sea level) were then calculated subtracting the 

GEOIDEAR16 geoid height from the measured ellipsoid height. It was estimated that the 

GEOIDEAR16 has an overall vertical accuracy of 0.1 m (Pinon et al., 2018). Pappalardo et al. 

(2019) has shown that, in some areas of Patagonia, referring GNSS data to the GEOIDEAR16 

geoid might be affected by large discrepancies if compared with the sea level observed by tide 

gauge data. Therefore, we use two GNSS observations: one of instantaneous sea level and one 

of the high tide mark, to benchmark the GEOIDEAR16 geoid at this location. The results show 

that there is little to no discrepancy between observed elevations and tidal predicted values 

(Supplementary Figure 5.3). In any case, we remark that all the GNSS data collected in this 

work are also originally referred to the ITRF2008 ellipsoid, and ellipsoid elevations are given 

in the supplementary material in case new datums become available in the future (see 

Supplementary Information for details). 

The elevation error (σ E) of each GNSS point surveyed in the field was calculated using 

the following formula: 

 

𝜎𝐸 = √𝐺𝑁𝑆𝑆𝑒
2 +  𝐵𝑎𝑠𝑒𝑒

2 +  𝐺𝑒𝑜𝑖𝑑𝑒
2 +  𝐵𝑒𝑛𝑐ℎ𝑒

2                (1)        

 

Where GNSSe is the error given as output by the GNSS system, Basee (only for data 

collected in 2019 and 2022) is the elevation error of the base station (0.187 m), Geoide is the 

error associated with the GEOIDEAR16 (0.1 m), and Benche is the average of the absolute 

differences between the GNSS points and the benchmark "GPS N°35" (0.06 m). 
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In some instances, the same point or the same stratigraphic context within close points 

was measured during different campaigns. In these cases, elevations were averaged using the 

same processing scripts adopted for the base station described above (Rovere, 2021). 

5.4.2. Calculating the indicative meaning 

For each point measured in the field representative of a past sea-level position, it is necessary 
to quantify its relationship to the former sea level calculating the indicative meaning (Van de 
Plassche, 2013; Shennan, 2015). The indicative meaning is composed of the reference water 
level (RWL) and the indicative range (IR), which are calculated as follows: 
 

𝑅𝑊𝐿 =  
𝑈𝑙+ 𝐿𝑙

2
                                                                            (2) 

 
𝐼𝑅 =  𝑈𝑙 −  𝐿𝑙                                                                             (3) 
 

Where Ul and Ll are, respectively, the upper and lower limits of occurrence of the same 
facies observed in the fossil record along the modern coast. Once RWL and IR are calculated, 
they are used to calculate paleo RSL and its associated uncertainty as follows: 

 
𝑅𝑆𝐿 = 𝐸 − 𝑅𝑊𝐿                                                                       (4) 
 

𝜎𝑅𝑆𝐿 =  √𝜎𝐸
2 +  ( 

𝐼𝑅

2
 )2                                                              (5) 

 
Where E is the measured elevation, and σRSL and σE are the uncertainties of relative sea 

level and measured elevation, respectively. For the Pliocene sea-level index points we 
maintained the indicative meaning quantified by Rovere et al. (2020). For Pleistocene 
deposits, we measured as a sea-level index point the top layer where articulated (not in living 
position, transported by low-energy processes) Ameghinomya antiqua shells are present 
within the beach ridge. On the modern beach, we observed that articulated mollusk shells 
(not living) formed distinct zones that are always included between the ordinary berm 
(created by fairweather waves) and a higher storm berm (created by sea storms in the area). 
To quantify the indicative meaning corresponding to these two morphological elements, we 
calculated the 2% exceedance wave runup level using different models implemented into the 
py-wave-runup tool coded by Leaman et al. (2020). 

 
The models require as input the beach slope (β), significant wave height (Hs) and 

period (Tp). We gathered the beach slope at six transects along the Camarones beach using 
the CoastSat.Slope toolbox (Vos et al., 2019, 2020). With this toolbox, we analysed Landsat 
and Sentinel satellite data between 2000 and 2023, alongside with tides extracted from the 
FES2014 global tidal model (Lyard et al., 2021; Carrere et al., 2016). We calculated that β is 
0.18 ± 0.02 (1σ). To calculate Hs and Tp we used the RADWave tool (Smith et al., 2020), which 
allows querying satellite altimetry data. We extracted a time series of wave data between 
65°W to 61°W and 47°S to 43.5°S, in a period included between Jan 1, 2000 and Jan 1, 2023 
(Figure 5.2). For the same time frame, we queried the FES2014 model and extracted water 
levels at a 15-minute interval. Coupling tidal and wave data via their UTC timestamps we 
gathered a database with 43102 wave conditions. For each condition, we selected a beach 
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slope sampled from a normal distribution created with the mean and standard deviation of β. 
We used the "ensemble" function of pywave-runup to run, for each wave height and period, 
eight runup models. At each calculated runup, we added (or subtracted) the corresponding 
water level derived from the FES2014 tidal model. The Jupyter notebooks used for this 
workflow are shared as part of the Supplementary Information. 

 
Figure 5.2. A) Map of satellite altimetry tracks from which wave conditions offshore of Camarones were extracted 
(IMOS, 2023). B) and C) respectively, histograms of wave height and period. 
 
 

5.4.3. Geochronological methods 

Earlier authors applied the methods of Electron spin Resonance (ESR) and U-series to A. 

antiqua shell to obtain ages for the beach deposits in the Camarones region and were 

successful in differentiating beach ridges of different ages within the broader Patagonian 

region (e.g., Schellmann and Radtke, 2000; Pappalardo et al., 2015). However, both methods 

are recognized as having drawbacks and issues when applied to marine mollusk shell, with a 

primary concern being whether the shell behaves as an open or closed system (e.g., see 

discussions in Schwarcz, 1994; Hillaire-Marcel et al., 1996; Schellmann and Radtke, 2000; 

Schellmann et al., 2008), although recent method advancements in ESR appear to address this 

concern (Duval et al., 2020). Another common geochronological method used for the analysis 

of beach ridges is luminescence dating (see review by Lamothe, 2016); however, the 

composition of the beach ridges in Camarones and, in general, along the Patagonian coasts of 
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Argentina (predominantly pebbles and cobbles with little to no sand) limits the application of 

that method with only one study showing reliable age estimates (Ribolini et al., 2011), albeit 

limited to the Early Holocene. 

 

In our work we apply Amino Acid Racemization (AAR) and radiocarbon 

geochronological methods. AAR does not provide numerical ages (unless calibrated) but 

instead relative ages as indicated by the clustering of D/L values of amino acids and is useful 

in correlating deposits (see reviews of the method by Wehmiller, 1982; Wehmiller and Miller, 

2000; Wehmiller, 2013b). AAR, like ESR and U-series, has been used successfully within 

Argentina to distinguish shells of MIS 5 age from earlier interglacials (see Gowan et al., 2021a, 

for review). Due to the uncertainties of each method, none are able to distinguish between 

MIS 5 substages (i.e., 5e, 5c, or 5a) with high certainty. 

 

5.4.3.1. Amino acid geochronology 

Articulated and disarticulated valves of A. antiqua (formerly Prothotaca antiqua) were 
collected from beach ridge exposures at all sites except PE5E where only fragments of shell, 
tentatively identified as A. antiqua, were found on the surface. Between four and eight shells 
were selected from each Pleistocene site with consideration for their robust appearance, i.e., 
completeness of valve, a minimal indication of wearing, abrasion, or dissolution (the dated 
shells are shown in Supplementary Figure 5.4, 5.5). 

Subsampling, sample preparation, and analysis were completed at the Amino Acid 
Geochronology Laboratory at Northern Ari- zona University. Shells were subsampled at the 
hinge-umbo region. Sample preparation and hydrolysis followed the meth- ods established by 
Kaufman and Manley (1998). Samples were analyzed using an Agilent 1100 series RP-HPLC 
(reverse-phase – high-performance liquid chromatography) instrument. Inter- laboratory 
comparisons (ILCs), homogenous powders of Pleis- tocene mollusk samples, were used as 
comparative standards (Wehmiller, 2013a). 

The results of AAR analyses were subject to data screening to identify and reject D/L 
values that would compromise the integrity of the sample group. We used aspartic and 
glutamic acids D/L values to assess amino acid abundance and variance, and relative age. The 
preference for these amino acids is due to their high chromatographic resolution and 
individual char- acteristics (Goodfriend, 1991). Aspartic acid is present in very high 
concentrations in younger fossils, whereas glutamic acid has a stable kinetic behavior and is a 
reliable amino acid for discriminating age based on the extent of racemization. Serine was 
also used in data screening. Serine decomposes rapidly, and excessive amounts of serine in 
Pleistocene samples indicate contamination by modern amino acids (Kosnik and Kaufman, 
2008). 

Using these criteria, all results were accepted except for those from PE5E. The D/L 
values from this site were extremely in- consistent. Two samples were immediately rejected 
for serine abundance. The remaining D/L values exhibited high variation within their sample 
group and in comparison with the other field sites. Due to the inconsistency of the results, the 
unknown environmental history, and as we were initially uncertain of the genus of the shell 
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fragments from which the samples were selected, we decided to reject all results from PE5E. 

An additional valve of A. antiqua was collected from the modern beach berm of 
Camarones beach with paired analysis by radio- carbon (see below) to provide a comparison 
for the Pleistocene D/L values. 
 

5.4.3.2. Radiocarbon 

Two shells of the limpet Nacella sp., collected from a Holocene beach ridge, were selected for 
radiocarbon dating at the Beta Analytic laboratory using an in-house NEC accelerator mass 
spectrometer (AMS). Radiocarbon ages are reported as calibrated years (cal yr BP, 2σ) using 
CALIB software (version 8.2) and the MARINE20 curve (Heaton et al., 2020). A marine reservoir 
correction (∆ R= -174 ± 132) has been applied according to the closest available data for the 
study area using the Marine Reservoir Correction Database (Reimer and Reimer, 2001). 

One disarticulated valve of A. antiqua was collected from the modern beach berm of 
Camarones beach and dated using radiocarbon paired with AAR (see above). This analysis was 
done to provide a numerical age constraint for the Holocene D/L values. 

 

5.5. Results 

In the area of Camarones, we identified, sampled, and surveyed seven sites (plus the two 
already reported in Rovere et al., 2020), that are described below and shown in Figure 5.3. 

 

 

Figure 5.3. Pliocene, Pleistocene and Holocene sites. A) Map of the study area, showing the location of the town of 
Camarones and the sites reported in this study. Topography from TanDEM-X Digital Elevation Model and 
bathymetry from GEBCO Bathymetric Compilation Group 2023 (2023), B-F) Topographic transects and associated 
field sites described in the text. 
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5.5.1. Indicative meaning of beach ridges 

Including the results of all runup models (Figure 5.4 and Supplementary Figure 5.6), we obtain 
that the 23-year average runup on the Camarones coast is 1.58 m, while the 95% extreme 
runup is 4.24 m. We use these two values as representative of the ordinary berm and the 
storm berm, respectively, which define respectively the lower and upper limits of the 
indicative range of beach ridges in the area. Using Equation 2 and Equation 3, we calculate 
that the RWL associated with the top of articulated shells in Camarones is 2.91 m and the 
associated IR is 2.66 m. 

 

 
Figure 5.4. Calculation of the indicative range for beach ridges at Camarones. Plot showing the probability 
distribution of 2% exceedance wave runup level plus water level from the FES2014 model calculated at 
Camarones for different runup models (Holman, 1986; Ruggiero et al., 2001; Stockdon et al., 2006; Nielsen, 2009; 
Senechal et al., 2011; Vousdoukas et al., 2012; Passarella et al., 2018; Beuzen et al., 2019) 

 

We note that the RWL calculated with our approach is comparable to that obtained via 
the IMCalc tool (RWL=2.3 m, IR=0.6 m, Lorscheid and Rovere, 2019), which employs the 
Stockdon et al. (2006) model, with less accurate wave and tidal data, and a general beach 
slope. However, this model underestimates the IR and the final uncertainty on paleo RSL 
would be lower, but less accurate if we had applied the IMCalc method. 
 

5.5.2. Holocene 

The Holocene sea-level record surrounding Camarones is represented by 76 sea-level index 
points located between Cabo Raso (60 km North of Camarones) and Bahia Bustamante (80 km 
South of Camarones, Figure 5.5A), that were reported by several authors (Codignotto et al., 
1992; Schellmann and Radtke, 2003, 2007, 2010; Ribolini et al., 2011; Zanchetta et al., 2012; 
Bini et al., 2018). These datapoints are here reviewed (see Supplementary Information for 
details) following the HOLSEA standards (Khan et al., 2019b). In general, the Holocene data in 
this area extend back to 8 ka BP, with a highstand reaching up to 6-8 m above present sea level 
between 4 and 6 ka (Figure 5.5B). In 2019, we collected two shells of the limpet Nacella sp. from 
a Holocene beach ridge close to Punta Gaviota (site PG Hol). The shells were collected from the 
upper part of the ridge (elevation: 8.7 ± 0.22 m, 1σ), and represent the highest occurrence of 
shells (in terms of elevation above sea level), located few decimeters from the top surface of 
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the ridge. Using the same indicative meaning adopted for Pleistocene ridges in the area, we 
calculate that the paleo RSL when this ridge was formed was 6 ± 1.5 m (1σ). Radiocarbon 
ages (see Supplementary Information for details) indicate an age of this beach ridge ranging 
from 2663 to 3369 cal yr BP (2σ range). 

 

 
Figure 5.5. Holocene sea-level index points. A) map of Holocene sea-level index points in the broader area around 
Camarones (white dots). B) Relative sea level vs Age plot of the RSL index points shown in A). Red arrows show 
terrestrial limiting points, which indicate that sea level was below the horizontal red bar. The black cross indicates 
data gathered in this work, while the gray boxes indicate data from literature. Elevation error bars are 1σ, while 
age error bars are 2σ. 
 
 
 

5.5.3. Pleistocene highstands 

Within the study area, five Pleistocene beach ridges were resurveyed and sampled during our 
fieldwork. These deposits have been previously described and dated by several authors 
(Schellmann, 1998; Schellmann and Radtke, 2000; Pappalardo et al., 2015). In our work, we 
have retained the site names used in the studies cited above, unless specified in the text below. 
From north to south, the sites related to the Pleistocene highstands in the area are: WP68, 
WP70, Pa47, RP1 Quarry, and RP1/A24 (Figure 5.3A). 

 

 

 
 



Quaternary and Pliocene sea-level changes at Camarones, central Patagonia, Argentina 

Page | 98  
 
 

5.5.3.1. WP68 

The first beach ridge we surveyed is located about 40 km North of Camarones (Figure 5.3A). 
We maintained the site name of Pappalardo et al. (2015), who describe this site as composed 
by a ridge "displaying poor morphological evidence but good lateral continuity towards NE". 
Such morphology is evident from digital elevation models (Figure 5.3B). Pappalardo et al. 
(2015) dated an articulated specimen of Ameghinomya antiqua (formerly Protothaca antiqua) 
with U-series and obtained an age of 131 ± 1.1 ka (2σ range). In our survey, we collected four 
shells of the same species (none articulated) from the surface of the ridge for AAR analysis 
(Supplementary Figure 5.5), which reaches a maximum elevation of 12.2 ± 0.23 m (1σ). This 
altitude is roughly the midpoint between ridge-top elevations recorded at sites Pa47 (11.3 ± 0.2 
m) and RP1 Quarry (14 ± 0.2 m), described below. 

 

5.5.3.2. WP70 

About 1.2 km West of WP68 (Figure 5.3A), we surveyed a marine deposit overlying a shore 
platform carved on the bedrock, previously described by Pappalardo et al. (2015). These authors 
dated an articulated A. antiqua shell collected from the marine deposit, which they described as 
sandy with sorted gravels and abundant marine shells. U-series analysis gave an age of 127 ± 
1.2 ka (2σ, sample WP70B). In 2022, we surveyed the contact between the bedrock platform 
and the overlying deposit to an elevation of 13 ± 0.22 m (1σ). We did not find any shell to 
sample within this deposit. However, ~173 m SW of the bedrock platform, we found a small 
quarry with a good lateral continuity where we sampled a layer containing A. antiqua shells (4 
samples, no articulated shells, Supplementary Figure 5.4) at an elevation of 10.3 ± 0.22 m (1σ). 
We do not use this site in our paleo RSL calculations, as it is located within a former 
embayment, which could have been affected by stream erosion and redeposition after the 
emplacement of the marine deposits. However, we note that both the bedrock platform and 
the ridge are found at elevations consistent with those of RP1 Quarry and the Pa47 ridge, 
described below. 

 

5.5.3.3. Pa47 

About 1.4 km South of WP70, (and ~11 km North of Camarones town, Figure 5.3A) we identified 
a beach ridge that abuts directly onto higher terrains (Figure 5.3D). Quarrying activities in this 
area have exposed a small outcrop of about 1.15 m in height. This outcrop is divided into two 
sedimentary units composed mainly of pebbles with a fining upward sequence. The upper part 
of the second unit shows soil development, and in its lower part includes shells of A. antiqua, 
with few articulated specimens. Within this unit, we also identify specimens of the mollusk 
Tegula atra, which is used as a Pleistocene biostratigraphical tool in the marine Quaternary of 
Argentina (Aguirre et al., 2013). The site name is derived from Schellmann and Radtke (2000), 
who collected shells from two layers at this site, one from the upper unit (Pa47c) and one from 
a lower unit (Pa47a). Several ESR and U-Series dates yielded average ages 102 ± 10 ka and 129 
± 16 ka for the upper and lower unit, respectively. During the 2022 campaign, we collected 
four disarticulated valves of A. antiqua from the upper unit (Supplementary Figure 5.4). The top 
of the beach ridge is 11.3 ± 0.2 m (1σ), and the articulated shells are located 28 cm below this 
point. This corresponds to a paleo RSL of 8.4 ± 1.5 m (1σ). 
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5.5.3.4. RP1 Quarry 

About 14 km South of Pa47 (and ~2 km south of the town of Camarones, Figure 5.3A), we re-
surveyed a beach ridge along the Ruta Provincial 1. This site has the morphology of a single, 
isolated ridge (Figure 5.3C). The landward side of the beach ridge has been quarried (likely by 
roadworks), exposing the complete ridge stratigraphy in a clean vertical section on average 
~4.5 m high (Figure 5.6A, B). Within this section, Pappalardo et al. (2015) identify two units of 
sorted coarse sands and gravels with abundant marine fauna separated by a centimeters thick 
layer of silty clay with gravel throughout. This section was revisited in the 2019 field campaign. 
The presence of two units (U1 and U2 in Figure 5.6D) was confirmed. The boundary between 
them is represented by discontinuous, lense-shaped, fine materials, with traces of oxidation 
pervading the lower unit. The lower unit (U1) is sandy, with scattered gravels and fragmented 
shells. Coarseness and the abundance of shells increase upwards, where the deposit becomes 
clast-supported. At this transition, articulated shells of A. antiqua, not in living position, cluster. 
A small barnacle colony (12 individuals, Figure 5.6E) was found in an upright position anchored 
to an A. antiqua shell at an elevation of 10.3 ± 0.22 m (1σ). The overlying unit (U2) is similar to 
the lower one but with whole and articulated valves of A. antiqua clustering at the bottom 
(Figure 5 . 6C). On the whole, the sequence can be interpreted as two beach ridge deposition 
phases separated by an ephemeral water body in an interridge swale deposit, as previously 
described by Pappalardo et al. (2015). These authors sampled a specimen of A. antiqua from 
the uppermost layer and employed U-series to date it to 92 ± 0.6 ka (2σ, sample WP92A (3)). 
Within the layer dated by Pappalardo et al. (2015), we surveyed the highest occurrence of 
articulated shells at different positions along the exposed section (~30 m across) without 
recording significant height changes. Overall, averaging the elevation of 5 points, we calculate 
that the elevation of this layer is 11.6 ± 0.3 m (1σ), corresponding to a paleo RSL of 8.9 ± 1.5 m 
(1σ). At this site, we collected 7 specimens of A. antiqua for AAR analysis, two of them 
articulated (Supplementary Figure 5.4). 

 
Figure 5.6. RP1 Quarry site. A) 3D view of the RP1 Quarry outcrop, reconstructed via overlapping field photos 
processed with Structure-From-Motion Multi View Stereo techniques. Downward pointing triangles with values 
show GNSS data collected at this site, while circled text refers to other panels in the figure. U1 and U2 refer to the 
two units identified in this outcrop, described in the main text. B) View of the main face of the RP1 Quarry outcrop. 
C) Uppermost articulated shells (arrow) within the beach ridge (U2), see location and elevation in panel A. D) 
Oxydised silty clay layer (arrow) with gravels already identified by Pappalardo et al. (2015), see location in panel A. 
E) Colony of barnacles (Balanus sp.) in living position, see location and elevation in panel A. 
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5.5.3.5. RP1/A24 

South of the town of Camarones, about 1.5 km onshore Punta Gaviota (Figure 5.3A) and close 
to the intersection between Ruta Provincial 1 and Ruta Provincial A24, we surveyed both in 2014 
and in 2019 a site that we hereby call "RP1/A24" (Figure 5.7A-C). A road cut on the backshore 
slope of a beach ridge exposes part of the stratigraphy of this feature, formed by rounded 
pebbles embedded in a sandy matrix. Within the deposit, a layer containing a cluster of 
articulated A. antiqua mollusk shells is present. (Figure 5.3E). The coastal deposit was sampled 
and dated at the same site with both U-series and ESR by Schellmann (1998), as further 
described in Schellmann and Radtke (2000) (Sample Pa 35). These authors initially attributed 
this deposit to MIS 9, as it yielded ESR ages scattered between 342 ± 29 ka and 383±28 ka. A U-
series age on the same shells yielded an age of 228 ± 15 ka, but Schellmann and Radtke 
(2000) state that it "seem[s] to be too young by a factor of up to 2", hence opening up the 
possibility that this shell dates to MIS 11. It is worth noting that Schellmann and Radtke (2000), 
discussing this site, surmise that ESR ages older than 300 ka are at the upper limit of the ESR 
dating technique, therefore they might be less reliable. One sample, labeled WP97(1), from the 
same deposit, was dated with U-series by Pappalardo et al. (2015), yielding an age of 414 ± 16 
ka (2σ). We collected eight articulated A. antiqua shells at this site for AAR analysis 
(Supplementary Figure 5.5). We surveyed the elevation of the top of this deposit four times, 
three in 2014 and one in 2019, obtaining an average elevation of 17.2 ± 0.2 m (1σ), 
corresponding to a paleo RSL of 14.5 ± 1.5 m (1σ). 

 

 
Figure 5.7. RP1/A24 site. A) overview of the beach ridge, with co-author E. J. Gowan measuring the highest 
occurrence of articulated Ameghinomya antiqua mollusk shells. B) and C) details of the beach ridge where 
articulated Ameghinomya antiqua mol- lusk shells occur. 
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5.5.4. Pliocene highstand 

Rovere et al. (2020) report two outcrops, that were named "Road- cut" and "Caprock" south of 
the town of Camarones (Figure 5.3A). Both are transgressive sequences on top of an uplifted 
shore platform. In both outcrops, there is a unit described as a conglomerate with bivalve shells 
that were reported as mostly intact and sometimes with articulated valves (Rovere et al., 
2020). Strontium isotope stratigraphy dating on oyster shells assessed that this unit is Early 
Pliocene in age (4.69-5.23 Ma, 2σ). The elevation of this unit was measured at 36.2 ± 0.9 m (1σ) 
above mean sea level, and paleo RSL was reconstructed at 36.2 ± 2.7 m (1σ) above present sea 
level, as the unit was interpreted as indicative of a foreshore (intertidal) environment. About 4 
km North of the Roadcut outcrop, we surveyed a beach ridge prominent within the landscape 
(PE5E, Figure 5.3A and F) that sits at elevations similar to those of the "Roadcut" and 
"Caprock". As the beach ridge did not have an exposed outcrop, we measured its top giving an 
elevation of 31.7 ± 0.2 m (1σ). From the ridge surface, we collected broken, rounded fragments 
tentatively identified as remains of A. antiqua shells, which appear highly reworked 
(Supplementary Figure 5.5). 

 

 

5.5.5. AAR results 

In this work, we compare the results of previous dating (reported in the site descriptions 
above) with AAR on the same shell species with the aim of evaluating the consistency of the 
chronological attribution done by previous authors in this area. All our analytical results are 
reported in the Supplementary Information annexed to this paper. All dated shells are shown 
on Supplementary Figure 5.4 and 5.5. One A. antiqua shell collected from the modern beach 
ridge south of Camarones and seaward of the field site RP1 yielded a radiocarbon age of 698 ± 
137 cal a BP (2σ). 

Shells sampled from Pleistocene deposits have much higher D/L glutamic - aspartic acids 
ratios than the one sampled within the Holocene beach ridge (Figure 5.8). The aspartic and 
glutamic acids D/L values from the Pleistocene beach ridges form two distinct clusters 
indicating at least two different depositional periods (Figure 5.8, Supplementary Figure 5.7). 
Due to the close proximity of the sites and a regional mean annual temperature of 13 ◦C, the 
effective diagenetic temperature is expected to be consistent across all sites and we can 
discount temperature differences as a driver for the different groupings. Most sites are 
grouped within the younger cluster, whereas the older cluster is formed predominantly by 
shells collected from RP1/A24. These groupings are broadly consistent with the ESR and U-
series ages reported by earlier authors (Schellmann and Radtke, 2000; Pappalardo et al., 
2015). 
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AAR ratios from the four shells sampled at Pa47 are split be- tween the two groups 
described above. The geomorphological evidence, elevation of articulated shells, and former 
ESR and U-series dating at site Pa47 align with those reported at RP1 Quarry, WP68, and 
WP70. Therefore, we suspect that Pa47 includes older reworked shells, possibly washed down 
from higher terrains (Figure 5.3D). Schellmann and Radtke (2000) and Pappalardo et al. (2015) 
identified an unconformity at this site, with the latter authors attributing the deposit above the 
unconformity to storm activity and reworking of earlier deposits. It is reasonable then to 
interpret the higher D/L values as reflecting the redeposition of shells from an earlier 
interglacial of similar, if not the same age, as RP1/A24. 

The two AAR age clusters identified in the study area correspond well with the results of 
U-series and ESR ages, reported by previous authors (Figure 5.8), clustering within MIS 5 
(possibly MIS 5e and MIS 9 or MIS 11, Supplementary Figure 5.7). 

 

 

Figure 5.8. AAR, U-series, and ESR ages available in the Camarones area. Results of amino acid racemization 
(aspartic acid and glutamic acid D/L values) on specimens of Ameghinomya antiqua (formerly Protothaca 
antiqua) collected from beach ridges in the Camarones area. Colors identify different sites described in the text, 
and the colored text reports the results of radiometric dating on shells from the same beach ridges (age uncertainty 
assumed as 2σ, data from Schellmann and Radtke, 2000; Pappalardo et al., 2015). The different symbols identify if 
the specimen was an integer valve (circle) or a shell fragment (cross, rejected). The dotted ellipses identify the two 
age groups discussed in the main text. 
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5.6. Discussion  

In this work, we use both previously published and original data to investigate past sea-level 
highstands in the Camarones area. As highlighted by previous authors, within a short 
geographic distance around the town of Camarones, the imprint left by sea level during several 
past highstands has been left on the coastal landscape (Supplementary Figure 5.8). As such, 
this area has preserved an exceptional record of sea-level changes through time. 

 

 

5.6.1. Relative sea level, GIA and post-depositional uplift 

Data on the Holocene beach ridges show an RSL peak between ~4 and 7 ka, when sea level 
reached up to 4-8 m above present- day (Figure 5.5). These observations are in broad 
agreement with Glacial Isostatic Adjustment (GIA) models (Supplementary Figure 5.9), which 
predict a GIA-induced RSL peak of comparable magnitude and timing (Figure 5.9A). The 
Holocene provides important insight into how strandplains of beach ridges at this location 
(and arguably over the Patagonian coast) develop over an interglacial and are preserved during 
successive interglacial periods. 

The highest ridges within a given interglacial are those deposited during the RSL 
highstand, which at this location is dictated by GIA processes including ocean siphoning, 
continental levering, and rotational feedbacks (Mitrovica and Milne, 2002; Peltier, 2002; 
Peltier et al., 2015). The influence of syphoning, and the rotational term means that the sea 
level highstand in Camarones and elsewhere in Patagonia is sensitive to the history of Northern 
Hemisphere ice sheets. So far, there is no strong evidence of the Patagonian ice sheet control 
on Holocene sea level in this area. Rostami et al. (2000) suggest that due to the small ice sheet 
thickness (ca. 400 m), there is no significant effect on the RSL along the coast of Argentina. 
However, Björck et al. (2021) state that the Patagonia ice cap may contribute to the GIA signal 
in the southern part of Patagonia. 

As the GIA-driven sea-level regression evolves, it may leave behind a set of regressive 
ridges, that may be eroded away if RSL reaches a similar elevation during a successive 
highstand. It follows from this reasoning that the ridges we surveyed represent the peak 
relative sea level associated with each period. In fact, Rostami et al. (2000) highlight the 
absence of paleo shorelines deposited during MIS 7 in the Patagonian coastline of Argentina, 
suggesting a reoccupation of these deposits during the subsequent MIS 5 transgressive event, 
when the sea level rose to a higher elevation. 

Our survey results at RP1 Quarry (RSL = 8.9 ± 1.5 m, 1σ) and Pa47 (RSL = 8.4 ± 1.5 m, 1σ) 
represent, on average, a paleo RSL of 8.7 ± 2.1 m (1σ). AAR clusters these sites as of similar age 
to WP68 and WP70 (Figure 5.8), which, albeit less indicative in terms of paleo RSL, are 
consistent in elevation. The radiometric ages of these sites are predominantly skewed towards 
the early part of MIS 5e, in agreement with both the evolution model proposed above and 
models predicting a GIA driven sea-level highstand of similar magnitude to the Holocene one 
at ~128 ka (Figure 5.9B, C). GIA models predict that a shoreline deposited 128 ka ago would 
have formed 5.8 ± 3.9 m (1σ) higher due to GIA alone, yielding a GIA-corrected relative sea level 
of 2.9 ± 4.4 m (1σ) above present. 
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From the work on early Pliocene shorelines in the region (Hollyday et al., 2023), it 
appears that Dynamic Topography (DT) has played a major role in uplifting shorelines through 
time at this location. The mean DT change since 1 Ma from the four best-fitting DT models of 
Hollyday et al. (2023) predicts an uplift of 40.1 ± 4.5 m/Myr (1σ, equivalent to 0.0401 ± 0.0045 
mm/yr). This value may seem at odds with the elevation of the early Pliocene shoreline at 36.2 
± 2.7 m, which has been used to calibrate the geodynamic model since it would imply that this 
shoreline was uplifted by approx. 200 m. 

There are two reasons for this discrepancy. First, while the models of Hollyday et al. 
(2023) predict approximately linear DT change over 1 Myrs in this region, deformation is not 
linear over longer timespans. Second, Hollyday et al. (2023) explore uplift rates around the 
data location according to the spatial resolution of the seismic tomography model that 
determines the pattern of convection. Therefore, their estimate does not exactly align with the 
location of the shoreline. 

Applying the above-mentioned rate to an age of 128 kyr yields 5.1 ± 0.6 m of uplift. 
Austermann et al. (2017) use similar but uncalibrated geodynamic models and predict a similar 
but much more uncertain uplift of 3.6 ± 5.9 m. Assuming the rate of Hollyday et al. (2023) 
yields an uplift corrected sea level estimate of -2.2 ± 4.4 m for MIS 5e for Camarones. To infer 
GMSL, this value further needs to account for the fingerprint signal of excess melt during MIS 
5e (Hay et al., 2014). Melting from the West Antarctic ice sheet would cause sea level to rise 
less in Patagonia compared to other sites, which may explain this relatively low value. 
However, additional GIA modeling is required to investigate whether this value is reconcilable 
with sea level observations from other locations or whether the uplift rate requires revision. 

The age attribution of this site is not straightforward. U-series places the ridge firmly 
within MIS 11 but the uncertainty of the ESR ages is suggestive of either an MIS 9 or 11 age. 
However, the ages suggest this site to be at the upper limit of the dating technique 
(Schellmann and Radtke, 2000). The AAR results are more indicative of MIS 9 (see below 
discussion). 

There are no models available to correct a MIS 9 (~330 ka) shoreline for GIA at this 
location. However, if the same uplift rate as discussed above is applied here assuming an MIS 
9 age it would result in an uplift-corrected sea level of 1.3 ± 2.1 m (1σ). If the GIA signal is small, 
this sea level inference would be in line with studies surmising that sea level during MIS 9 was 
close to present-day (Murray-Wallace, 2002). 

For MIS 11, GIA models published by Raymo and Mitrovica (2012), predict that RSL was 
0.6 ± 0.2 m (1σ) below GMSL at ~410 ka (Figure 5.9D). Additional melt during this time period 
might have changed the timing of peak sea level, which affects the GIA correction. We remark 
that the smaller uncertainty of this prediction compared to that reported for MIS 5e is due to 
the fact that the MIS 11 predictions employ fewer mantle viscosity profiles and ice sheet 
configurations than those employed for MIS 5e (Dyer et al., 2021). Using the rates from DT 
models to correct this shoreline for vertical land motion leads to a GIA and uplift corrected sea 
level of -1.3 ± 2.4 m (1σ). While this still requires a correction for the fingerprint signal of 
excess melt it does appear low compared to existing estimates of GMSL during MIS 11 (Chen 
et al., 2014; Raymo and Mitrovica, 2012), which might indicate an overestimation of uplift 
driven by DT, an incorrect GIA correction, or an incorrect attribution to MIS 11, as discussed. 
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The highest (36.2 ± 0.9 m, 1σ) and oldest (4.69-5.23 Ma, 2σ) shoreline in the area was 
reported by Rovere et al. (2020). Here, we tentatively attribute the large ridge we surveyed to 
the North of Camarones (where sample PE5E has been collected) to the same Pliocene 
highstand. Analyzing this line of evidence in conjunction with other two sites of similar age along 
the Patagonian coast (Del Río et al., 2013). Hollyday et al. (2023) surmised that, once corrected 
for GIA and DT, these sites would indicate a GMSL of 17.5 ± 6.4 m (1σ). 

 

 

Figure 5.9. Published GIA models in the area of Camarones. A) Holocene (gray lines, GIA from Dyer et al., 2021, 
dashed line from Gowan et al., 2021b, solid black line from Peltier et al., 2015), B) MIS 5 (from Dyer et al., 2021), 
C) MIS 5e (from Dyer et al., 2021), D) MIS 11c (from Raymo and Mitrovica, 2012). The blue line in A-D represents 
GMSL. In B-C-D, the sea-level caps at 0m as per model input, to show only the background GIA response. E, F, 
and G, spatial pattern of mean GIA changes throughout MIS 5e across the broader South American region. The 
white dot shows the location of Camarones. 
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5.6.2. Geochronology 

Some of the radiometric ages for the beach ridges we assign to MIS 5e suggest the presence 
of shells dating to MIS 5a and 5c within these ridges. If we accept the upper boundary 
possibility for preferred peak GMSL values during MIS 5a and 5c of +1 m and +2 m, 
respectively, as suggested by Creveling et al. (2017), it is possible that these substages peaked 
close to the MIS 5e shoreline and that shells were transported during the most extreme storms 
to the height of the earlier shoreline. Our results (Supplementary Figure 5.6I) show that this 
might be possible, as the 95% upper CI of wave runup in the area is 4.2 m. North of Camarones, 
in the Río de la Plata estuary, Rojas and Martínez (2016) reported higher-than-present littoral 
deposits of MIS 5a age. These deposits support the possibility that elevated MIS 5a aged 
deposits also exist in Camarones. However, the uncertainties within the geochronological 
methods must also be considered. 

All three geochronological methods (ESR, U-series, and AAR) used to determine the age 
of the beach ridges at Camarones suffer from uncertainties associated with the nature of the 
shell structure and whether it behaves as an open or closed system. A closed system increases 
the likelihood that whatever variable the method measures, whether it is a trapped charge, 
uranium-thorium, or amino acids, is endogenous to the shell and has not been altered by 
external environmental factors after death and during diagenesis. For this reason, all these 
methods employ sample collection and preparation steps to minimize the inclusion of 
exogenous materials/isotopes in the sample, to minimize any physical or chemical alteration 
or diagenesis that may influence the result, and to account for any intra-shell variability. 
However, the integrity of the organic matrix of any shell and its rate of decay varies between 
mollusc species (Labonne and Hillaire-Marcel, 2000; Jedoui et al., 2003). The only way to 
accurately assess these variables in any species is through experimental studies designed for 
that purpose. This work has yet to be done for A. antiqua. 

A. antiqua shells are relatively large, thick, and robust (Supplementary Figure 5.4, 5.5) 
and for these reasons, the inner portion of the shell structure is more likely to maintain its 
integrity through time, which has made it a preferred choice for geochronological methods in 
this and earlier studies. However, because of the uncertainties regarding the shell structure, 
it is important to apply multiple geochronological methods to A. antiqua in the absence of 
other complementary methods (i.e., luminescence dating of sediments). The coherence of 
results within the same unit, between, and within methods, reduces overall uncertainty that 
may result from the use of a single method. 

There are some inconsistencies between the AAR D/L values and the radiometric ages. 
Sites WP68 and WP70, which have the highest U-series ages (within MIS 5, ~131 ka and ~127 
ka, respectively), returned consistently lower (relatively) D/L values than site RP1, which 
provided the youngest U-series age (~92 ka, Figure 5.8). Although the mean D/L values of the 
seven shells collected from RP1 are consistent within two standard deviations the other MIS 
5 ridges (WP68, WP70), glutamic D/L values from RP1 tend to plot higher in comparison with 
other sites and indicate a potentially older age. The U-series age was derived from a shell 
collected above the salitral lens identified by Pappalardo et al. (2015). The AAR result (ID 
22680) of the shell we collected from the same unit is consistent within one standard deviation 
to the D/L values from WP68 and WP70. The remainder of the shells collected at RP1 for AAR 
analysis are from the lower unit and are stratigraphically consistent with earlier deposition. If 



Quaternary and Pliocene sea-level changes at Camarones, central Patagonia, Argentina 

Page | 107  
 
 

we are to consider RP1 to have been developed completely within MIS 5, the AAR results would 
imply that the lower unit exposed at RP1 formed early within MIS 5e and that the unit above 
the salitral lens and the other MIS 5e exposures around Camarones are from a later point within 
that interglacial. However, this would also indicate that U-series ages from these sites are 
overestimates (although still within MIS 5) and that the accompanying ESR ages, while also 
high, are more realistic with their larger uncertainties. 

There is similar disagreement in the geochronology in the ridge surveyed at the 
RP1/A24 site, where RSL is estimated at 14.5 ± 1.5 m (1 σ). The U-series age of 414 ± 16 ka is 
consistent with an MIS 11 age (Figure 5.8), whereas the ESR ages can be interpreted as 
indicative of either MIS 9 or MIS 11 and are at the limit of the dating technique (Schellmann 
and Radtke, 2000). The consistency of amino acid kinetic pathways indicates a preference for 
an MIS 9 age, i.e., the D/L values from the RP1/A24 fossils are lower than what would be 
expected for an MIS 11 fossil given the regional temperature (CMAT 13 ◦C) and D/L values of the 
apparent MIS 5-aged fossils. 

 

5.7. Conclusions  

In this work, we presented new data on a set of beach ridges of different ages in the area of 
Camarones along the coasts of Patagonia, Argentina. Although beach ridges are one of the most 
common landforms across the entire Patagonia coast, their use as reliable sea-level indicators 
poses a challenge due to their genesis, that is more related to wave intensity than directly to 
sea level. In this work, we outline a new self-consistent, repeatable, and reliable methodology 
to calculate their indicative meaning, i.e., to quantify the modern elevation of a fossil beach 
ridge with respect to paleo sea level. We build upon modern wave data and a suite of wave 
runup models to estimate their upper and lower limits. We surmise that this approach, using 
23 years of wave data, is more robust than measuring the modern analogue (i.e., the ordinary 
and storm berms along the modern coast) at a single time, as in the case of beach ridges these 
might be ephemeral and dependent on recent storm activity rather than on long-term wave 
regimes. We highlight that there might be other issues to take into account, which we do not 
consider here. For example, the indicative meaning obtained with this method should be 
corrected for the increased or decreased water levels related to storm surge under different 
climate conditions (Scussolini et al., 2023). 

In any case, the method to estimate the indicative meaning adopted here appears 
more reliable (as it is based on local wave and beach topography data) than the one proposed 
by Lorscheid and Rovere (2019), who use global wave atlases and global beach slope values. 
For this reason, we surmise that an update of the recent work of Gowan et al. (2021a), that 
was carried out revising the indicative ranges of Pleistocene beach ridges along the Patagonian 
coast done using the methodology proposed by Lorscheid and Rovere (2019) may be granted. 
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Additionally, we provided new AAR data by analyzing A. antiqua shells, our results 
complement ESR and U-series ages obtained by previous works. This chronostratigraphic 
approach helped identify four interglacial beach ridge systems from the present-day coastline 
up to 2 km inland. The first (lowermost and seaward) ridge formed under a paleo RSL of 6 ± 1.5 
m and is correlated with the late Holocene. The second (paleo RSL 8.7 ± 2.1 m) is correlated 
to MIS 5e. The third Pleistocene ridge system could be associated with either MIS 9 or MIS 11 
(paleo RSL 14.5 ± 1.5 m), and the fourth (which was already reported by Rovere et al., 2020) 
is associated with the Early Pliocene (paleo RSL 36.2 ± 2.7 m). 

There are still some discrepancies between ages of shells within the same beach ridge. 
For example, some radiometric ages also seem to suggest that we cannot rule out that the MIS 
5e ridge in this area was reoccupied during MIS 5a and 5c, or at least that extreme storms 
during these highstands transported shells into the MIS 5e beach ridge. Due to the limitation 
of the dating techniques, it also is difficult to disentangle MIS 11 from MIS 9. However, AAR 
results suggest that it is likely that there is an imprint of MIS 9 sea level at Camarones. This 
would represent one of the few direct observations of sea level during this highstand globally. 

Our research highlights that there is a need of refined GIA predictions to back-calculate 
GMSL from the observed proxy data in this area. For MIS 5e, a refinement of the broad span 
of GIA predictions, accounting for the spatially varying sea level signature of excess melt, and 
further corrections for vertical land motions are needed before obtaining a reliable global mean 
sea level estimate. 

Finally, we hypothesize that further melt during the LIG may have affected when peak 
sea level is attained at this location and therefore the GIA correction for this site. One strategy 
to reduce uncertainties in this regard may be to select the mantle viscosity profiles providing a 
better match with Holocene sea-level index points, and then investigating the corresponding 
predictions for MIS 5e and MIS 11. However, observations during different interglacials may 
be sensitive to different parts of the mantle depending on the melt history and melt source. 
Also, DT rates may need refinement. Those derived from published models (which were 
calibrated over the coasts of Patagonia by Hollyday et al., 2023) may overestimate the amount 
of uplift. 

 

5.8. Data availability 

All the raw data described in this paper (license CC-BY4.0)  is available on Zenodo as Rovere et 
al. (2023a). 
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Supplementary Figure 5.1. Base station as deployed in A) 2019 and B) 2022. C) Average Northing and Easting of 
the base position. D) Average height above ellipsoid. The Blue shades in C) and D) represent the probability 
distribution of the location of each point. 

 

Supplementary Figure 5.2. A) detail and B) location of the "GPS N°35" benchmark point (note the town of 
Camarones on the background of B). C) and D) Comparison between GNSS points and coordinates of the 
benchmark point "GPS N°35". C) Height above ellipsoid. Dashed black line shows the benchmark elevation; D) 
Northing and Easting. The black cross represents the benchmark position with 10 cm error bars. 

 

 

 

 
Supplementary Figure 5.3. Sea level and high tide mark measured on February 3rd, 2014, referred to the 
GEOIDEAR 16 and compared with the tidal model output. The high tide mark measured on February 3rd 
corresponds to the previous high tide, which happened during the night of February 2nd. These data show that the 
GEOIDEAR 16, in the area of Camarones, relates well to sea level. 
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Supplementary Figure 5.4. Shells selected for AAR analysis from the Camarones Estuary (modern shell), RP1 
Quarry, Pa47, and WP70. The labels below each shell describe the unique ID given by the Invertebrate 
Paleontology and Invertebrate Ichnology Collection (CNP-PIIc; acronyms in Spanish) of the Patagonian Institute 
of Geology and Palaeontology (upper label) and NAU laboratory number (lower label). The label "A" on some 
shells indicates that they were part of an articulated pair of valves. 
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Supplementary Figure 5.5. Shells selected for AAR analysis from sites WP68, RP1/A24, and PE5E. The labels 
below each shell describe the unique ID given by the Invertebrate Paleontology and Invertebrate Ichnology 
Collection (CNP-PIIc; acronyms in Spanish) of the Patagonian Institute of Geology and Palaeontology (upper label) 
and NAU laboratory number (lower label). The label "A" on some shells indicates that they were part of an 
articulated pair of valves. 
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Supplementary Figure 5.6. Calculation of the indicative range of beach ridges at Camarones. Each plot shows the 
probability distribution of 2% exceedance wave runup level plus water level from the FES2014 model calculated 
at Camarones for different runup models, respectively: A) Stockdon et al. (2006); B) Holman (1986); C) Nielsen 
(2009); D) Ruggiero et al. (2001); E) Vousdoukas et al. (2012); F) Senechal et al. (2011); G) Beuzen et al. (2019); H) 
Passarella et al. (2018); I) Overall, including the results shown in A-H). 
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Supplementary Figure 5.7. A) and B) Kernel density estimate plots of literature ESR and U-series (Schellmann and 
Radtke, 2000; Pappalardo et al., 2015) ages at the different Camarones sites, shown in Figure 5.8.C) and D) Late 
Pleistocene sea level from ocean sediment cores by Spratt and Lisiecki (2016). The gray band represents the upper 
and lower 95% confidence intervals. 

 

 

 

Supplementary Figure 5.8. Paleo RSL as indicated by the sites described in this study along the coast of 
Camarones. 
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Supplementary Figure 5.9. Modelled peak GIA at Camarones for the Holocene (Argus et al., 2014; Peltier et al., 
2015; Gowan et al., 2021b), MIS 5e (Dyer et al., 2021) and MIS 11 (Raymo and Mitrovica, 2012). The symbols 
within the Holocene box plot represent the peak as predicted by Gowan et al. (2021b) (circle) and Argus et al. 
(2014); Peltier et al. (2015) (square). These are the same models shown in Figure 5.9. 

 

 

 

Supplementary Table 5.1. Results of the PPP-NRCAN processing of the GNSS base station at Camarones 
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6.1. Abstract 

Bioerosion is a valuable tool for inferring paleoenvironmental and paleoclimatic changes over 
time and across different regions. However, studies of bioerosion traces are very scarce in the 
Southern Hemisphere. The Quaternary marine deposits of Patagonia (Argentina) are unique 
and they are rich in sand, gravel and shells, the main substrates for bioerosion traces. Most of 
the Quaternary bioerosion studies in Argentina have been done in San Jorge Gulf and very 
scarce research was made to the north of the Gulf. Regarding the age of these deposits, 
discrepancies exist among different authors. Therefore, in this work, bioerosion traces on 
mollusc shells from Quaternary marine deposits at the Bahía Vera-Cabo Raso sites were 
studied and amino acid racemization analyses were conducted to determine the age of the 
beach ridges in the study area. The dating results confirm the presence of beach ridge deposits 
from MIS 9 or MIS 11, MIS 5 and MIS 1. For the first time, 14 ichnotaxa were recorded in the 
study area. Additionally, distinct variations in the bioerosion pattern across different ages 
were observed, suggesting environmental changes during the Quaternary. This study 
reinforces the hypothesis of the association between bioerosion, productivity, and circulation 
in the Southern Atlantic Ocean.  

 

6.2. Introduction  

The Atlantic marine coast of Patagonia is characterised by beach ridge deposits, that are 
parallel to the modern coast. These were created by transgressive and regressive cycles of sea 
level that affected this area during the Quaternary. The extent and preservation of these 
Patagonian deposits is unique and has drawn the attention of many researchers (Feruglio, 
1950; Rutter et al., 1989; Schellmann and Radtke, 2000, 2010; Rostami et al., 2000; Aguirre et 
al., 2006; Bini et al., 2013, 2018; Pedoja et al., 2011; Ponce et al., 2011; Ribolini et al., 2011; 
Richiano et al. 2015,2017; Pappalardo et al., 2019; Gowan et al., 2021). These deposits are 
characterised by the presence of a rich fauna assemblage of molluscs with a wide diversity of 
bioerosion traces (e.g., Aguirre et al., 2006; Farinati et al., 2006; Richiano et al., 2012, 2015, 
2017, 2021; Charó et al., 2022). The study of bioerosion traces provides palaeoecological 
information, that can be used as a proxy for environmental conditions when the organism 
produced the trace (e.g., Bromley and Asgaard, 1993). Therefore, bioerosion is a valuable tool 
to infer paleoenvironment and paleoclimate changes geographically and through time. Also, 
according to Edinger (2002), the intensity of bioerosion in similar hosts and facies from 
different ages can be used to infer changes in marine productivity through time. Most of the 
studies of bioerosion traces in high latitudes are focused on the North Hemisphere, while in 
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the South Hemisphere, such studies are very scarce (Wisshak, 2006; Meyer et al., 2021). 
Therefore, in this study bioerosion on mollusc shells from Pleistocene, Holocene and Modern 
deposits will be used to provide a comprehensive evaluation of a palaeoenvironmental and 
paleoclimatic proxy in the understudied Southern Hemisphere. 

In Argentina (Figure 6.1A, South America), the analysis of bioerosion traces from 
marine Quaternary deposits have increased in recent years (e.g., Richiano et al., 2012, 2015; 
Charó et al., 2018, 2022). Additionally, some authors have studied the bioerosion pattern 
through time in other regions and concluded that it responds to changes to the biotic 
parameters (Richiano et al., 2017). Most ichnological studies are concentrated in the San Jorge 
Gulf (Figure 6.1A, Richiano et al., 2015, 2017, 2021), which is one of the most productive and 
diverse regions in the Argentine Sea at present (Dans et al., 2021), and little is known about 
the deposits located north of the Gulf. 

The Bahía Vera-Cabo Raso area is located to the north of Bahía Camarones (San Jorge 
Gulf, Central Patagonia, Argentina, Figure 6.1B-E). Cabo Raso is a natural harbour that was 
populated until the 20th Century, making it easily accessible today. However, this location 
remains understudied (Busker et al., 2023). Juan Valentin, a German geologist, was the first 
researcher to provide a geological description of the locality in the 19th Century. 
Unfortunately, his entire study, including the collected material, was lost (Aceñolaza, 2001). A 
century later, Feruglio (1950) conducted a detailed study of the Argentinean Coast, with a 
focus on areas from San Antonio Oeste (Río Negro province) to the mouth of the Deseado 
River (Santa Cruz province), and included the Bahía Vera-Cabo Rabo area in his description of 
the Quaternary marine terraces along the Patagonian coast. The number of studies in Bahía 
Vera-Cabo Raso area has increased in the last 20 years, revealing that this remarkable area 
retains well-preserved deposits spanning in age from the Jurassic through the Quaternary 
(Lema et al., 2001; Aguirre et al., 2006; Schellmann and Radtke, 2010; Ribolini et al., 2011; 
Pedoja et al., 2011; Richiano et al., 2015; Busker et al., 2023). These studies are mostly related 
to geological and palaeontological descriptions, while works related to ichnological content 
continue to be extremely scarce. For instance, in Bahía Vera (Figure 6.1C-D), there are no 
records of bioerosion or bioturbation trace fossils in the Quaternary marine deposits, and for 
Cabo Raso (Figure 6.1C and 1E), only two studies have been made, one on continental 
Miocene deposits (Busker et al., 2023) and the other on Quaternary marine deposits (Richiano 
et al., 2015). In this latter work, the authors described the presence of bioerosion traces in 
Crepidula Lamarck, identifying one ichnotaxon. However, it is well-known that these 
Quaternary marine deposits preserve a more diverse fauna association of molluscs (Feruglio, 
1950; Aguirre et al., 2006; Ribolini et al., 2011) and the associated bioerosion traces had not 
been studied until now. 

From a geological standpoint, these areas have been well-studied and also have been 
subjected to radiocarbon (14C) dating (Schellmann and Radtke, 2010; Ribolini et al., 2011). 
Regarding Bahía Vera (Figure 6.1D), Schellmann and Radtke (2010), based on AMS 
(Accelerator Mass Spectrometry) 14C dating, concluded that there are three Holocene beach 
ridges, spanning in age between 3600 and 1200 14C a BP (years before present). In Cabo Raso 
(Figure 6.1E), Ribolini et al. (2011) determined that the first two beach ridges (the two closest 
to the modern beach) have an age between 4500 ± 20 and 6500 ± 20 a BP, obtained using 
radiocarbon dating on mollusc shells. However, Tegula atra (Lesson) is found in the second 
(highest) beach ridge and, according to Aguirre et al. (2013), T. atra is a Pleistocene 
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biostratigraphical marker for Patagonia. Therefore, in this work, amino acid racemization 
(AAR) dating is used to clarify the differences between the authors for the age of the beach 
ridges in the Cabo Raso locality (Ribolini et al., 2011; Pedoja et al., 2011) and Bahía Vera. This 
method provides relative ages indicated by the clustering of D/L values of amino acids. Also, 
it was used by previous authors to determine shells of MIS 5 age from earlier interglacial in 
other Quaternary marine deposits from Argentina (Gowan et al., 2021). It is important to know 
the correct age of the deposits to evaluate the bioerosion pattern across time. 

 

 
Figure 6.1. Location of the study area in Chubut province, Patagonia, Argentina. A. Argentinean map. Red square 
indicates the geographic position of the study area in Chubut province. Scale bar: 400 km. B. Satellite image of 
the study area from Bahía Vera to Bahía Camarones (violet square). The red square indicates the geographic 
position of Bahía Vera-Cabo Raso area. Scale: 20 km. C. Satellite image of Bahía Vera-Cabo Raso area. The red 
squares indicate the geographical position of the two sites. Scale: 8 km. D. Satellite image of Bahía Vera site. 
Scale: 2 km E. Satellite image of Cabo Raso locality (violet square) Scale: 1 km. The circles indicate the geographic 
position where the samples were collected. Orange circle: Pleistocene (MIS 5e); yellow circle: Holocene (Hol); 
green circle: Modern (M); red circle: Cabo Raso North Quarry (Mis 9 or 11). 
 

Hence, the aims of this paper are: (1) to characterize the ichnotaxonomic composition 
recorded in all the diversity of molluscan shells in Bahía Vera and Cabo Raso locality during 
the Late Quaternary; (2) to compare the bioerosion pattern between those areas; (3) to 
analyse the potential environmental factors that control the bioerosion pattern during the 
Late Quaternary in Central Patagonia; and (4) to use the well-proven AAR geochronological 
method to estimate the age of deposits in the Bahía Vera-Cabo Raso area. 



Paleoenvironmental implications of Late Quaternary bioerosion traces in central Patagonia 
(southern Atlantic, Argentina) 

Page | 119  
 
 

6.3. Geological setting  

The Bahía Vera-Cabo Raso area (Figure 6.1; reference coordinates: 44°15'4.88" S/ 
44°20'30.81" S and 65°13'32.22" W/ 65°18'20.10" W) extends approximately 9 km from north 
to south and is located on the east coast of the Chubut province (Argentina, Figure 6.1A), 
approximately 60 km north of Bahía Camarones (Figure 6.1B). Since the description by Feruglio 
(1950), the geological characterisation of these two places, Bahía Vera and Cabo Raso, has 
been referred to as one area under the designation “Bahía Vera-Bahía Camarones area” or 
“Bahía Vera-Cabo Dos Bahías area” (Feruglio, 1950; Aguirre et al., 2006; Pedoja et al., 2011). 
The generalization of the geological description has posed challenges in segregating 
information specific to Bahía Vera and Cabo Raso because there are limited works that provide 
a geological description for each place individually (Schellman and Radtke, 2010; Ribolini et 
al., 2011). 

The marine Quaternary deposits along the Argentinean Coast were divided into five 
systems based on altitude, associated mollusc fauna and geological age (Feruglio, 1950). Three 
of these systems belong to the Quaternary: Marine Terrace IV, V (Late Pleistocene), and VI 
(Holocene). These marine terraces are associated with Marine Isotope Stages (MIS) 11, 9, 7, 
5, and 1, reflecting transgressive-regressive cycles from the Pleistocene to the Holocene 
(Zachos et al., 2001). In his comprehensive work on the geology of Patagonia, Feruglio (1950) 
divided the study area between Bahía Vera and Cabo Raso into five regions. The first region 
belongs to Bahía Vera, where the author mentioned the presence of eight vegetation-free 
ripples parallel to the current coast. The second region, from Bahía Vera to Cabo Raso, was 
described as having a recent beach ridge covered by vegetation, composed of sand and gravel. 
Behind this beach ridge, in Punta Lobería (Figure 6.1C-D), there is a marine terrace 15-20 
meters above sea level (a.s.l.), composed of sand, gravel and, in some parts, cemented with 
calcium carbonate. The third region, in Punta Pescadero (Figure 6.1C and 1E), was noted by 
the author for the presence of mollusc shells, with a diversity similar to the one found in the 
marine terrace of Bahía Vera. The fourth region, in Caleta Raso (Figure 6.1E), is where Feruglio 
(1950) described the presence of three beach ridges, from the seaward to the landward: a 
recent ridge, composed of sand and gravel, 8-11 meters a.s.l., and partially covered by 
vegetation; an intermediate ridge, separated from the first one by a muddy depression and 
very similar to the deposits described in Bahía Vera; and a third ridge, 22-24 meters a.s.l., 
covered by dense vegetation and also separated from the intermediate ridge by a depression. 
The last region, “El Faro de Cabo Raso” (Cabo Raso Lighthouse), is located outside our study 
area. 

In Bahía Vera, these deposits were analysed and described by Schellmann and Radtke 
(2010). According to them, the area of Bahía Vera has gravel beach ridges that reach a width 
of 1-4 km and extend over 20 km along the coast. The authors identified four distinctive 
Pleistocene beach ridge systems with altitudes ranging from 10 to 40 meters a.s.l. and three 
Holocene beach ridges. From these Holocene ridges, Schellmann and Radtke (2010) 
conducted AMS 14C dating on articulated mollusc samples. They described that the oldest 
beach ridges date back to 3600 14C BP and the youngest is from 1200 14C BP.  

Regarding the Quaternary marine deposits at Cabo Raso, geomorphological, 
sedimentological and palaeontological studies have been conducted in this location (Aguirre 
et al., 2006; Pedoja et al., 2011; Ribolini et al., 2011). Pedoja et al. (2011) noted the presence 
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of four Marine Terraces on Cabo Raso (“TH”, “T1”, “T1´” and “T2”). Based on the altitude of 
these marine terraces, they concluded that “TH” is from MIS1, “T1” is from MIS5e, and “T2” 
is from MIS7. However, Ribolini et al. (2011) mentioned that Cabo Raso has six Quaternary 
beach ridges (Ribolini et al., 2011, Figure 6.1). Using Aulacomya atra (Molina) and 
Brachidontes purpuratus (Lamarck) shells from an abandoned quarry in the south of Cabo 
Raso locality, Ribolini et al. (2011) determined the age of the beach ridges with 14C dating and 
concluded that the first and second beach ridges are from the Holocene (6055 ± 20 yr BP, 4500 
± 20 yr BP, respectively). Additionally, this work provided the first complete sedimentological 
description of the Quaternary deposits from Cabo Raso. According to them, the deposits of 
these Holocene beach ridges consist of three lithostratigraphic units: “Unit 1” is composed of 
alternating poorly to moderately sorted sandy and rounded polygenic gravelly layers. It 
presents horizontal stratification and contains a rich fauna of marine molluscs. Overlying, 
separated by an erosional contact, is “Unit 2”, which is composed of poorly sorted, matrix-
supported, angular, gravelly deposits without fossils. The topmost unit, “Unit 3”, is composed 
of sorted rounded gravel.  

 

6.4. Paleontological setting  

It is well known that the beach ridges from this area present diverse and abundant mollusc 
shells (Feruglio, 1950; Aguirre et al., 2006, 2019; Ribolini et al., 2011; Richiano et al., 2015). 
These accumulations of gastropod and bivalve shells are parautochthonous (sensu Kidwell, 
1986), meaning that the shells were transported a very short distance from their original 
habitats by the effects of storms (Aguirre et al., 2006; Ribolini et al., 2011). As of now, 22 
genera of molluscs have been recorded for the Pleistocene deposits, while 23 genera of 
molluscs have been recorded for the Holocene. In the modern deposits, 20 genera of molluscs 
are observed (Aguirre et al., 2006; Ribolini et al., 2011; Aguirre et al., 2019). All the genera of 
molluscs recorded are benthic euhaline, and most of them live in the intertidal or upper 
infralittoral zones (Aguirre et al., 2006). These mollusc faunas of all ages are indicative of high-
energy conditions and predominantly hard substrates (Aguirre et al., 2006). 

Only two previous ichnological studies indicated the presence of trace fossils in the 
study area (Richiano et al., 2015; Busker et al., 2023) and only one of them analysed bioerosion 
traces (Richiano et al., 2015). For this area, only the presence of Finichnus isp. Taylor et al. (a 
bioerosion trace produced by cheilostome bryozoans) on Crepidula Lamark shells was 
mentioned (Richiano et al., 2015). Since then, there have been no other ichnological studies 
from the Quaternary marine deposits.  

 

6.5. Material and methods 

6.5.1. Ichnological analysis 

In this study, a total of six bulk samples amounting to a volume of 4000 cm3, containing 
biogenic and sedimentary material from the beach ridges of Cabo Raso and Bahía Vera, were 
collected: three from the Pleistocene beach ridges (one from Bahía Vera and three from Cabo 
Raso, Figure 6.2A and 2D) and three from the Holocene beach ridges (two from Bahía Vera 
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and one from Cabo Raso, Figure 6.2B and 6.2E). Following Pedoja et al. (2011), the bulk 
samples of Cabo Raso belong to the first Pleistocene beach ridge and to the Holocene beach 
ridge. They were taken from fossiliferous levels in abandoned quarries (Figure 6.3A-D). At 
Bahía Vera, following Schellmann and Radtke (2010), the bulk samples belong to the first 
Pleistocene beach ridge and the second Holocene beach ridge. At both Bahía Vera and Cabo 
Raso, the modern sample material (Figure 6.2C and 2F) was collected within a 1x1 m surface 
(Figure 6.3E-J). This was repeated three times following a transect from the supratidal to the 
lower intertidal zone (Figure 6.3E-J). This method allows us to ensure a representative 
collection of the modern shoreface. Once the material was separated from the 
sedimentological content through sieves, the shells were washed with water and then, using 
an ultrasonic cleaner, they were washed with hydrogen peroxide (30% volume). Only 
macrofauna was taken into account for this study. Later, they were differentiated into taxa. 
For this study, shells with a spire for gastropods and valves or fragments with preserved 
dentition for bivalves were recognised as individual shells. Only bioerosion traces produced 
by macroorganisms were considered and they were identified at the ichnogeneric level 
following recent classification (e.g., Wisshak et al., 2019). Although it is suggested that modern 
traces should not be formally named after ichnotaxa (Bertling et al., 2006, 2022), in this work, 
the names were assigned based on the morphological similarity with known ichnotaxa 
following Dashtgard (2011) and references therein. All these samples are housed in the 
collection of Paleoinvertebrados e Icnología at the Centro Nacional Patagónico (CCT CONICET-
CENPAT), in the Instituto Patagónico de Geología y Paleontología (IPGP, Puerto Madryn, 
Chubut Province, Argentina).  

 

 
Figure 6.2. Panoramic images of the beach ridges deposits in the study area. A. Pleistocene beach ridge deposits 
from Bahía Vera. B. Holocene beach ridges deposits from Bahía Vera. The black arrow indicates the position of 
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the beach ridges C. Modern coast of Bahía Vera. D. Pleistocene beach ridge deposit in the abandoned quarry 
from Cabo Raso. E. Holocene beach ridge deposit from Cabo Raso. The black arrow indicates the beach ridge. F. 
Modern coast of Cabo Raso. 

 
Figure 6.3. Images of Quaternary beach ridges deposits from which the mollusc shells were collected. A. 
Pleistocene beach ridge deposit from Cabo Raso. The white circles indicate the position of Tegula atra shells. 
Scale: 10 cm. B. Holocene beach ridge deposits from Cabo Raso. Lens cover: 33 mm. C. Pleistocene beach ridge 
deposit from Bahía Vera. Scale bar: 10 cm. D. Holocene beach ridge deposit from Bahía Vera. Scale: 10 cm. E-J. 
General view of the study section of the modern beach with a detail of the 1x1 m surfaces where the material 
was collected: E. Lower intertidal zone from Cabo Raso; F. Upper intertidal zone from Cabo Raso; G. Supratidal 
zone from Cabo Raso; H. Lower intertidal zone from Bahía Vera; I. Upper intertidal zone from Bahía Vera; J. 
Supratidal zone from Bahía Vera. 
 
 
6.5.1. Amino acid geochronology 

Disarticulated valves of Ameghinomya antiqua (formerly Prothotaca antiqua) were collected 
from the beach ridge deposits in the Bahía Vera-Cabo Raso area (see Supplementary material 
Figure 6.1). At the Cabo Raso site (North Quarry), only fragments of shells, tentatively 
identified as A. antiqua, were found. Five shells were chosen from each Pleistocene deposit 
to date, considering their robust appearance, completeness of valve, abrasion, or dissolution. 

The Amino Acid Geochronology Laboratory at Northern Arizona University conducted 
subsampling of individual valves, sample preparation, and analysis. Shells were subsampled at 
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the umbo-hinge area and were prepared following the procedures outlined by Kaufman and 
Manley (1998).  The subsamples were analysed using an Agilent 1100 series RP-HPLC (reverse-
phase-high-performance liquid chromatography) instrument. Homogenous Pleistocene 
mollusc powder served as a standard for Interlaboratory comparisons (ILCs; Wehmiller, 2013). 

Amino acid racemization (AAR) results underwent data screening to identify and 
eliminate D/L values that could compromise sample group integrity. Aspartic and glutamic 
acids D/L values were employed to evaluate amino acid abundance, variance, and relative age. 
These amino acids were chosen for their high chromatographic resolution and individual 
characteristics (Goodfriend, 1991). Aspartic acid is abundant in younger fossils, while glutamic 
acid exhibits stable kinetic behaviour, making it a reliable amino acid for age discrimination in 
Pleistocene fossils based on racemization extent. Serine was also utilized in data screening, 
due to its faster decomposition relatively ‘high’ amounts of serine in Pleistocene samples 
indicates contamination by modern amino acids (Kosnik and Kaufman, 2008). Using these 
criteria, all results from Bahía Vera-Cabo Raso area were accepted. 

 To evaluate the consistency of the chronological attribution, the results were 
compared with previous AAR data reported on the same shell species in the locality of Bahía 
Camarones by Rubio-Sandoval et al. (2024), and with previous ESR and U-series dating results 
from Schellmann and Radtke (2000) and Parappalardo et al. (2015) in the same site.  

 

6.5.1. Quantitative and qualitative analysis 

In this work, to compare the ichnotaxonomic composition throughout the Quaternary in the 
area Cabo Raso-Bahía Vera, qualitative and quantitative analyses were conducted. In the 
qualitative analysis, the material was observed under a binocular stereoscopic microscope 
(Nikon model C-PS), and the absence/presence of bioerosion traces was recorded and 
separated according to mollusc taxa and the age of the samples. Following Richiano et al. 
(2015, 2021), bulk samples from each beach ridge were compared based on the intensity of 
bioerosion (the number of shells with at least one bioerosion trace divided by the total shells 
recovered for a particular age). All the material studied was photographed using a digital 
camera (Nikon D3100) and a digital camera attached to a binocular stereoscopic microscope 
(Nikon Coolpix S10 VR and Nikon SMZ1000, respectively) at the IPGP-CONICET. A scanning 
electron microscope (SEM; Zeiss EVO10) from CCT CONICET-CENPAT was also used to measure 
and photograph relevant details.  

Concerning the quantitative analysis, a principal coordinates analysis (PCO) using a 
Bray Curtis matrix and a cluster analysis of the abundance of ichnotaxa vs sites samples using 
Ward's method and Euclidean coefficient were performed. The differences among samples 
were analysed through a non-parametric test, a one-way ANOSIM, for age and sites (Bahía 
Vera and Cabo Raso) using a Bray-Curtis distance matrix. To analyse the differences in 
ichnodiversity and richness among ages and localities, a linear model was performed with a 
normal distribution for Shannon diversity and a generalized linear model with a Poisson 
distribution for richness (library stats). In both cases, homogeneity of variance was tested 
through a Levene test. Moreover, in the model with Shannon diversity, normality was tested 
by a Shapiro-Wilks test; and in the model with richness, dispersion was checked by the analysis 
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of model residuals. Unfortunately, the Pleistocene deposits in Bahía Vera present a very scarce 
biogenic content (10 shells in total) and it was not possible to compare with the Pleistocene 
deposits of Cabo Raso. Therefore, in all the analysis, only the Holocene and Modern ages were 
taken into account. All the statistical analyses were performed with the software R (R Core 
Team, 2022), except for the cluster, performed with the paleontological statistics software 
package program PAST (Hammer et al., 2001). 

 

6.6. Results  

6.6.1. AAR geochronological dating results 

To estimate the age of the deposits from the Bahía Vera-Cabo Raso area, we use the AAR 
technique. To assess the chronological attribution, the results were compared to previous AAR 
dating on the same shell species (Rubio-Sandoval et al., 2024) and with the available ERS and 
U-series age (Schellmann and Radtke, 2000; Pappalardo et al., 2015) from Bahía Camarones 
(60 km south of Bahía Vera-Cabo Raso coastline). Due to the proximity of the sites and the 
similar mean annual temperature (13 °C in Bahía Camarones and 13 °C in Baahía Vera-Cabo 
Raso coastal area). The effective diagenetic temperature is expected to be consistent across 
all sites, and we can dismiss temperature differences as a driver for the distinct grouping. All 
our analytical findings and dated shells are presented in the Supplementary material and data. 

For comparative purposes, Rubio-Sandoval et al. (2024) paired AAR analysis of a 
disarticulated valve of A. antiqua from the modern beach berm of Bahía Camarones locality 
with radiocarbon, yielding an age of 698±137 cal a BP (2σ). These results allow for the 
comparison of Pleistocene D/L values with a more recent fossil. 

As shown in Supplementary Figure 6.2, shells sampled from older deposits exhibit 
much higher D/L ratios of glutamic-aspartic acids than the shells sampled within the Holocene 
beach ridge. The D/L values of aspartic and glutamic acids form two distinct clusters, indicating 
at least two different depositional periods. The sites of Bahía Vera (BV, Supplementary Figure 
6.2) and Cabo Raso Quarry (CR Quarry, Supplementary Figure 6.2) are clustered within the 
AAR younger group described in Rubio-Sandobal et al. (2024) comprising the Bahía Camarones 
sites: WP68, WP70 and RP1. Whereas the older cluster is predominantly formed by shells 
collected from Cabo Raso North Quarry (CR North Quarry, Supplementary Figure 6.2) and the 
site RP1/A24. As already noted by Rubio-Sandoval et al. (2024), these groups broadly align 
with the beach ridge systems dated with ESR and U-series methods reported by earlier authors 
in the Bahía Camarones area (Schellmann and Radtke, 2000; Pappalardo et al., 2015).  

Only two AAR ratios from sites studied in this work (one from Bahía Vera and one from 
Cabo Raso North Quarry) are split between the groups. However, the geomorphological 
evidence and former ESR and U-series dating suggest that those single shells were reworked 
(Supplementary Figure 6.2).  

 According to the U-series and ESR ages and the interpretations of Rubio-Sandoval et 
al., (2024), the site of Bahía Vera and Cabo Raso Quarry are clustering within an MIS 5 (possible 
MIS 5e) group, while Cabo Raso North Quarry belongs to either MIS 9 or MIS 11 
(Supplementary Figure 6.2).   
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6.6.2. Ichnological results 

For the study area, a total of 778 mollusc shells were analysed, comprising 347 Gastropoda 
and 431 Bivalvia specimens. From these shells, 15 ichnotaxa were identified (Figure 6.4): 
Iramena isp. Boekschoten, Maeandropolydora isp. Voigt, Oichnus isp. Bromley, Podichnus isp. 
Bromley and Surlyk, Finichnus isp., Pennatichnus isp. Mayoral, Pinaceocladichnus isp. Mayoral, 
Caedichnus isp. Stafford et al., Entobia isp. Bronn, Caulostrepsis isp. Clarke, Stellichnus isp. 
Mayoral, Rogerella isp. de Saint-Seine, Radulichnus isp. Voigt, Renichnus isp. Mayoral and 
Centrichnus isp. Bromley and Martinell. However, it is crucial to note that there are differences 
in bioerosion activity and malacological composition between Cabo Raso and Bahía Vera 
(Figures 6.5 and 6.6).  

Regarding the Cabo Raso North Quarry, only fragments of shells were observed in the 
bulk samples. These fragments were too small and the proper characters to include in this 
analysis were not adequate. Therefore, they could not be taken into account in this analysis. 

 

6.6.3. Ichnological description  

6.6.3.1. Bahia Vera 

For the first time, a total of 14 ichnogenera were described in this locality, where 57.48% of 
the 254 mollusc shells recorded are bioeroded. Compared to Cabo Raso, the intensity of 
bioerosion is lower (Figure 6.5). The most abundant ichnotaxa considering all the samples 
from this zone are in order of abundance Iramena isp., Renichnus isp., Maeandropolydora isp. 
and Finichnus isp. (Figure 6.6A-C). However, there are differences between the samples over 
time. For example, Renichnus isp. was not documented in the Pleistocene trace fossil 
association (Figure 6.6A), and the number of ichnotaxa increased in the Holocene samples 
(Figures 6.6A and 6B, from 4 to 10). Also, the mollusc shells from the Holocene present the 
highest intensity of bioerosion (74.28%) while those from the Pleistocene show the lowest 
(40.00%). Regarding the ethological categories, it is very similar to Cabo Raso. Bioerosion 
traces associated with Domichnia class dominated throughout time, and those of Pascichnia 
were only observed in the modern samples. However, at this locality, Fixichnia class is higher 
in all ages reaching a maximum at Pleistocene, when it is equal to Domichnia. 
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Figure 6.4. Examples of the ichnotaxa recorded in the Bahía Vera-Cabo Raso area. A. Finichnus isp. in Crepidula 
sp., Holocene from Bahía Vera. Scale bar: 5 mm. A1. Detail of the black square in A. Scale bar: 1 mm; B. 
Pinaceocladichnus isp. in Buccinanops sp., Modern from Bahía Vera. Scale bar: 5 mm B1. Detail of the black 
square in B under SEM. Scale bar: 200 µm; C. Radulichnus isp. in Aequipecten tehuelchus, Modern from Bahía 
Vera. Scale bar: 5 mm. C1. Detail of the black square in C. Scale bar: 2 mm; D. Iramena isp. in Tegula atra, 
Pleistocene from Cabo Raso. Scale bar: 2 mm. D1. Detail of the black square in D under SEM. Scale bar: 400 µm; 
E. Oichnus isp. in Crepidula sp., Pleistocene from Cabo Raso. Scale bar: 5 mm; F. Caedichnus isp. in Trophon sp., 
Holocene from Bahía Vera. Scale bar: 5 mm; G. Renichnus isp. in Fissurella radiosa, Pleistocene from Cabo Raso. 
Scale bar: 5 mm; H. Caulostrepsis isp. in Crepidula sp., Pleistocene from Cabo Raso. Scale bar: 2 mm; I. Rogerella 
isp. in Aulacomya atra, Modern from Cabo Raso. Scale bar: 5 mm. I1. Detail of the black square from I. Scale bar: 
10 mm; J. Pennatichnus isp. in Trophon sp., Modern from Bahía Vera. Scale bar: 4 mm. J1. Detail from black 
square from J under SEM. Scale bar: 200 µm. In this sample, it is possible to observe circular borings and circular 
to drop-shaped boring joined to a fine straight tunnel. The last is Pennatichnus, which is dominant in shell; K. 
Maeandropolydora isp., Modern from Cabo Raso. Scale bar: 5 mm; L. Podichnus isp. in Crepidula sp., Pleistocene 
from Cabo Raso. Scale bar: 5 mm. L1. Detail of the black square from L under SEM. Scale bar: 30 µm. 
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Figure 6.5. Number of shells versus bioerosion intensity. Pleistocene, Holocene and Modern samples from Bahía 
Vera, A-C respectively. Pleistocene, Holocene and Modern samples from Cabo Raso, D-F respectively. 
Abbreviations: W/B: with bioerosion; Wi/B: without bioerosion; T: total of shells. 
 

6.6.3.2. Cabo Raso  

In this locality, a total of 14 ichnogenera were recorded in 524 mollusc shells, with 61.96% 
displaying bioerosion structures. Considering all the mollusc shells from Cabo Raso, the most 
abundant ichnotaxa were: Iramena isp., Podichnus isp., Finichnus isp., Maeandropolydora isp. 
and Oichnus isp. (Figure 6.6D-F). However, Finichnus isp. was not recorded in the Holocene 
bulk samples (Figure 6.6E). This is not the only difference across ages. The highest 
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ichnodiversity was observed in the modern samples (13 ichnotaxa) while the lowest was 
recorded in the Holocene samples (only 4 ichnotaxa). Considering the intensity of bioerosion, 
the Pleistocene deposits present higher values (65.71%), while the Holocene present a lower 
percentage (51.35%). Based on ethological categories, traces belonging to Domichnia 
predominate in all ages. The abundance of traces interpreted as part of the Fixichnia class 
changes over time, being lower in Holocene samples and increasing in modern samples. Finally, 
traces related to Pascichnia class are only present in the modern samples. 

 

 
Figure 6.6. Number of shells versus ichnotaxa in each age and site. A-C. Pleistocene, Holocene and Modern 
samples from Bahía Vera, respectively. D-F. Pleistocene, Holocene and Modern samples from Cabo Raso, 
respectively. Ichnogenera abbreviations: Ca: Caulostrepsis; I: Iramena; Fi: Finichnus; Pi: Pinaceocladichnus; Pe: 
Pennatichnus; Rad: Radulichnus; Ro: Rogerella; Re: Renichnus; O: Oichnus; E: Entobia; M: Maeandropolydora; St: 
Stellichnus; Ce: Centrichnus; Cae: Caedichnus; Po: Podichnus. 
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6.6.4. Malacological results 

6.6.4.1. Bahia Vera  

A total of 15 genera were identified in all the bulk samples of this zone, with 10 genera 
belonging to Gastropoda and 5 genera to Bivalvia. The most abundant specimens in the Bahía 
Vera site included Nacella deaurata (Gmelin)¸ Nacella magellanica (Gmelin), Crepidula sp. 
Lamark and Trophon sp. Montfort for Gastropoda and Brachidontes sp., Aulacomya atra 
(Molina), and Ameghinomya antiqua (P. P. King) for Bivalvia. Between the samples, the 
Modern samples exhibited the highest number of mollusc shells and registered the largest 
number of taxa among all the bulk samples. A total of 11 genera were registered, consisting 
of 6 genera from Bivalvia and 5 genera from Gastropoda. An important distinction is that, in 
the Holocene, all the shells identified in this bulk sample belong to Gastropoda. In contrast, in 
the Pleistocene, only 2 genera of Bivalvia (Brachidontes sp. and Ameghinomya antiqua) were 
recorded.  

 

6.6.4.2. Cabo Raso  

A total of 17 mollusc genera were identified in the bulk samples from this locality: 11 from 
Gastropoda and 6 from Bivalvia. Among Gastropoda, Nacella magellanica and Crepipatella 
dilatata (Lamark) were the most abundant species across all bulk samples, while Brachidontes 
sp. and Aulacomya atra dominated in Bivalvia. The highest taxonomic diversity was observed 
in the Modern samples, with 16 species in total (4 from Bivalvia and 12 from Gastropoda). 
Parvanachis paessleri (Strebel), Solariella kempi Powell, and Kellia suborbicularis (Montagu) 
were exclusively identified in this sample, each represented by a single specimen. The 
Holocene bulk sample exhibited the lowest diversity, with 6 species in total (4 from 
Gastropoda and 2 from Bivalvia).   

 Other differences were observed among the bulk samples. For example, Tegula atra, 
a modern gastropod from the southeastern Pacific, was only identified in the Pleistocene 
deposits. The absence of T. atra in the Holocene and modern communities in the Atlantic 
Ocean was studied by Aguirre et al. (2013); they suggested T. atra as a Pleistocene 
biostratigraphical marker for Patagonia. Also, Scurria ceciliana magellanica (Strebel), which 
currently inhabits the intertidal zone (Núñez Cortés and Narosky, 1997), and Scurria plana 
(Philippi) were exclusively identified in the Pleistocene. 

 
6.6.5. Sedimentological description 

Beach ridges are narrow, elongated sand, gravel, or shell deposits formed by wave action near 
high-tide levels on high-tidal beach berm surfaces. They are periodically deposited through 
shoreline progradation, each representing a certain time interval (Otvos, 2020; Tamura, 2012). 
As mentioned earlier, according to various authors (Pedoja et al., 2011; Ribolini et al., 2011; 
Richiano et al., 2017; Schellman and Radtke, 2010), the study area presents parallel beach 
ridge deposits dating from the Late Quaternary to the present. In both sites, the Pleistocene 
deposits are very similar (Figures 6.3A and 6.3C). However, there are some differences. The 
Pleistocene deposits from Cabo Raso (Figure 6.3A) are approximately 90 cm thick and begin 
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with a sandy matrix-supported medium-grained conglomerate with mollusc shells, followed 
by a level of fine-grained sandstones to medium-grained conglomerates with occasional 
mollusc shells. In comparison, the Pleistocene deposits from Bahía Vera (Figure 6.3C) are not 
as well outcropped as Cabo Raso. This deposit is 30 cm thick and only the unit of sandy matrix-
supported conglomerate with scarce mollusc shells is observed. 

In the case of Holocene beach ridge deposits in the study area, there are differences 
between the sites (Figures 6.3B and 6.3D). For Cabo Raso (Figure 6.3B), the exposed Holocene 
deposits of the beach ridge are characterized by fine to medium-grained sandy-conglomerates 
with mollusc shells. In contrast, the Bahía Vera beach ridges deposits consist of coarse-grained 
pebbly deposits without sands and scarce shells (Figure 6.3D). 

 
6.6.6. Quantitative analysis description 

To analyse the samples from the Quaternary beach ridges from the study area, several 
quantitative analyses were performed. The ANOSIM test shows that the community did not 
present differences between ages (R = 0.016; p = 0.398), or localities (R = 0.037; p = 0.157). 
For the ichnodiversity, no differences were observed between ages or locality (LM, Normal 
distribution, p = 0.590 and p = 0.472). Similar results were found for the ichnorichness 
between ages and locality (GLM, Poisson distribution, p = 0.330 and p = 0.373, respectively).   

The PCO analysis (Figure 6.7), shows that the high richness of ichnogenera is not 
associated with a particular Class of Mollusca, i.e., any ichnogenera is associated with Bivalvia 
or Gastropoda samples. Also, according to the PCO, Holocene samples are associated with a 
lower number of ichnogenera than Modern samples, and could be associated with Entobia 
isp.   

 
Figure 6.7. PCO for ichnogenera (abundance) comparing Holocene and Modern age. Some points might be 
overlapped. Ichnogenera abbreviations: Ca: Caulostrepsis; I: Iramena; Fi: Finichnus; Pi: Pinaceocladichnus; Pe: 
Pennatichnus; Ra: Radulichnus; Ro: Rogerella; Re: Renichnus; O: Oichnus; E: Entobia; M: Maeandropolydora; St: 
Stellichnus; Cen: Centrichnus; Cae: Caedichnus; Po: Podichnus. The green colour indicates modern samples while 
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the red colour indicates Holocene samples. The circles indicate bivalve samples while the square indicates 
gastropod samples. 

Finally, the cluster analysis (Figure 6.8) shows information similar to the PCO, but 
discriminates the samples according to the place of origin (Cabo Raso vs Bahía Vera). The 
results show a division of two groups: A and B (Figure 6.8). Group A is represented only by 
modern samples of Bivalvia and Gastropoda from both places and Group B is divided into two 
sub-groups, B.1 and B.2. Group B.1 is represented only by samples from Bahía Vera from both 
ages and classes of molluscs while group B.2 is represented mostly by samples from Cabo 
Raso, mainly Gastropoda and from the two ages. Also, most of the Holocene samples are 
present in this last sub-group. As samples of both sites are observed in the three groups, it is 
possible to suggest that the division of these groups is related to the variability of the 
ichnotaxa. Therefore, a two-way cluster analysis with the same matrix was made to confirm 
this. The results show that Group A presents a higher variability of ichnotaxa while Group B.1 
presents less variability. Group A is represented by modern samples from both places 
dominated by, in order of abundance, Iramena isp., Finichnus isp., Podichnus isp., Oichnus isp., 
Renichnus isp. and Maeandropolydora isp.; Group B.1 is represented by samples from both 
places and both ages are dominated by Iramena isp., Podichnus isp., Oichnus isp. and Finichnus 
isp.; and Group B.2 is represented by samples from Bahía Vera dominated, in order of 
abundance, by Iramena isp., Maeandropolydora isp. and Renichnus isp.  

 

 
Figure 6.8. Cluster Analysis (Ward's method, Euclidean coefficient) based on an abundance matrix of ichnotaxa 
recorded in gastropod and bivalve shells at Holocene and Modern age from the area of study (Bahía Vera-Cabo 
Raso). The result shows three groups: A. Group composed by modern samples from both sites and both classes 
of mollusc. B1. Group composed by modern and Holocene samples from both sites and both classes of mollusc. 
B2. Group composed by Bahía Vera samples mostly from modern age and both classes of mollusc. Ichnogenera 
abbreviations: Ca: Caulostrepsis; I: Iramena; Fi: Finichnus; Pi: Pinaceocladichnus; Pe: Pennatichnus; Rad: 
Radulichnus; Ro: Rogerella; Re: Renichnus; O: Oichnus; E: Entobia; M: Maeandropolydora; St: Stellichnus; Ce: 
Centrichnus; Cae: Caedichnus; Po: Podichnus. 

 
 



Paleoenvironmental implications of Late Quaternary bioerosion traces in central Patagonia 
(southern Atlantic, Argentina) 

Page | 132  
 
 

6.7. Discussion 

For the first time, 14 ichnogenera were recorded in the study area, increasing the total number 
of ichnogenera to 15 for the Quaternary deposits in the Bahía Vera-Cabo Raso area. The 
bioerosion traces recorded were produced by various organisms, including annelids 
(Caulostrepsis isp. and Maeandropolydora isp.), brachiopods (Podichnus isp.), bryozoans 
(Finichnus isp., Iramena isp., Pennatichnus isp., Pinaceocladichnus isp. and Stellichnus isp.), 
Cirripedia (Centrichnus and Rogerella isp.), gastropods (Radulichnus isp., Renichnus isp., 
Caedichnus isp. and Oichnus isp.), and sponges (Entobia isp.). The bioerosion pattern observed 
in the Quaternary deposits from the Bahía Vera-Cabo Raso area shows that there is not a great 
variation between sites (Figures 6.5 and 6.6). This similarity is further supported by the 
quantitative analysis, as both the PCO analysis (Figure 6.7) and the cluster analysis (Figure 6.8) 
demonstrate that the sites are not too markedly different However, some dissimilarities are 
necessary to address. 

 

6.7.1. Geochronological discussion 

Concerning the beach ridges deposit from Bahía Vera, as was mentioned earlier, Schellmann 
and Radtke (2010) described the presence of four distinctive Pleistocene deposits with an 
elevation between 10 and 40 meters (Schellmann and Radtke, 2010). The authors attempt to 
date for the first time the beach ridge deposits near the coast using the radiocarbon (14C) 
technique, giving a Holocene age. Here, the results of the AAR analysis show that the next 
beach ridge represents a possible MIS 5e age (in Supplementary Figure 6.2) coinciding with 
previous authors (Schellmann and Radtke, 2010). 

At the Cabo Raso site, the AAR analysis indicates that the Cabo Raso North Quarry (red 
circle in Figure 6.1E) is of MIS 9 or MIS 11 age (in Supplementary Figure 6.2). This result agrees 
with previous authors who indicate that this deposit is a Pleistocene beach ridge, considering 
the altitude (Pedoja et al., 2011; Ribolini et al., 2011). Therefore, this work confirms the age 
of the Cabo Raso North quarry, even if the uncertainties and limitations of the dating 
techniques make it difficult to disentangle an MIS 11 from a MIS 9 age. Regarding the Cabo 
Raso Quarry (yellow circle in Figure 6.1E), this deposit was previously dated by Ribolini et al. 
(2011), which concluded that the deposit presents a Holocene age. Later, Pedoja et al. (2011) 
concluded that this deposit is from the Pleistocene through a geomorphological methodology. 
The results obtained with the AAR analysis show that the deposits from the Cabo Raso Quarry 
present an MIS 5 age, probably an MIS 5e. This is consistent with the presence of Tegula atra, 
a Pleistocene biostratigraphical marker for Patagonia (Aguirre et al., 2013), in the bottom and 
top of the Cabo Raso Quarry deposit (Figure 6.3A). 

Finally, the presence of one reworked shell in the Pleistocene deposits of Bahía Vera and the 
deposits of Cabo Raso North Quarry might be related to a reworking of the deposits associated 
with natural or anthropomorphic events. As it is well known, the beach ridges are formed by 
wave action during transgressive events (Otvos, 2000, 2020) and some authors have 
suggested that a reoccupation of older deposits during the subsequent high stands allows the 
reworking of the deposited shells (Rostami et al.,2000; Rubio-Sandoval et al., 2024). 
Therefore, finding some reworked shells in our deposits is not unexpected. On the other hand, 
the deposits are related to quarrying activities, which might affect part of the beach ridge 
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deposits and could explain the presence of reworked shells. However, taking into account the 
low number of reworked shells in the samples (only one), both events have a low effect on 
the deposits. Also, as outlined before, the previous geomorphological and chronological 
evidence of the region (from the Bahia Vera-Cabo Raso area to Bahía Camarones) supports 
the attribution of the ages in this work (Rostami et al., 2000; Schellmann and Radtke,2000, 
2010; Pappalardo et al., 2015). 

 

6.7.2. Sedimentological and malacological discussion 

The marine Late Quaternary deposits of the study area represent relict beach ridges parallel to 
the modern coast. At both localities, Bahía Vera and Cabo Raso, the massive, sandy matrix-
supported Pleistocene deposits are interpreted as upper foreshore berms constructed by storm 
action on the coast (Otvos, 2020). During the Holocene, a similar interpretation can be made 
for the deposits, but some differences are between the sites. The Bahía Vera deposits consist of 
clast-supported coarse-grained conglomerates, while Cabo Raso exhibits matrix-supported 
fine- to medium-grained sandy-conglomerates (Figures 6.3B and 6.3D). This difference in 
sediment texture could respond to several factors: sediment supply, longshore or wave drift. Of 
these, sediment supply is probably the less influential, because both sites show small ephemeral 
streams. On the other hand, the environmental energy conditions related to the coastal shape 
seem the more influential factor, considering sediment selection, between the two sites. The 
coastal sectors of Bahía Vera are very different and Caleta Raso (Cabo Raso; Figures 6.1B-E); 
the former is a small embayment between two peaks, creating a sheltered zone from high-
energy waves. In contrast, Bahía Vera is an open coast exposed to Atlantic Ocean waves 
(Schellman and Radtke, 2010) and, therefore, is more affected by wave action. In the mid-
Holocene, occurred a period of maximum warming called the Hypsithermal event (Iriondo, 
1998). According to Iriondo (1999), during this event, the Intertropical Convergence zone 
(ITCZ) shifted 10/11° towards the coast, the South American continental anticyclone 
disappeared resulting in the Pampean climate moving 500 km southwest into Patagonia and the 
weakness and surface decrease of the oceanic anticyclones weakened allowing an increase in 
the energy of marine storms. Similarly, Isla and Espinosa (1995) observed differences in 
granulometry in Holocene transgression deposits in Buenos Aires province.  

The malacofauna associations from these deposits in Bahía Vera and Cabo Raso are 
very similar and only differ in the Holocene samples. In general, at both sites, Brachidontes sp. 
and Aulacomya sp. are the most abundant taxa from Bivalvia and Nacella magellanica together 
with the Calyptraeidae Family for Gastropoda (Crepidula sp. and Crepipatella sp.). This 
association is characterised mostly by molluscs from Magellanean and Argentinean 
Malacological Provinces, which at present live in cold water and in soft and hard subtract 
(Aguirre et al., 2006). However, in the Holocene deposits from Bahía Vera only gastropod 
shells were recorded (Nacella sp., Crepipattela dilatata, Crepidula sp. and Trophon sp.). 
Considering that a more energetic beach is interpreted for the Holocene beach ridge deposits 
from Bahía Vera, this might account for the absence of bivalve shells at this locality during 
MIS 1. This is consistent with previous authors, which suggested that the Bahía Vera coast was 
a macro-tidal, high-energy and wave-dominant coast environment during the Holocene 
(Schellmann and Radtke, 2010). 
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6.7.3. Quaternary bioerosion patterns 

The modern bioerosion pattern in both places is dominated by Iramena isp., Finichnus isp., 
Podichnus isp., Oichnus isp., Renichnus isp. and Maeandropolydora isp. (Figures 6.5C, 6.5F, 
6.6C, 6.6F, 6.7 and 6.8). The first three ichnogenera are produced by suspension-feeding 
organisms, with organic particle capture mechanisms (Mayoral, 1987; Taylor et al., 1999; 
Bromley and Surlyk, 1973; Richardson, 1981; Hamann and Blanke, 2022). According to Edinger 
(2002), filter–feeding macroborers tend to grow faster and exhibit greater bioerosion in 
productive waters. Therefore, it indirectly suggests a higher concentration of organic particles 
in the water column in the present day. These results agree with oceanographic and biological 
studies in Patagonia. They align with the biodiversity pattern of modern bryozoans along the 
Argentine shelf, which is associated with the sea surface temperature (SST) and productivity 
(Lopez-Gappa, 2000). Previous studies have suggested that the presence of encrustation and 
boring in the fossil record are useful as an indicator of productivity, as seen with Renichnus 
isp. recorded in our modern samples (Edinger, 2002; Lescinsky et al., 2002). The Patagonian 
shelf extends from 38°S to 55°S (Matano et al., 2010) and is influenced by the cold Malvinas 
current, which flows along the Patagonian shelf break and carries cold, fresh and nutrient-rich 
subantarctic waters (Piola et al., 2010 and references therein). It is well known that the high 
levels of chlorophyll concentration observed in the Patagonia shelf are associated with the 
abundant nutrients supplied by the Malvinas current (Figure 6.9; Acha et al., 2004; Romero et 
al., 2006; Matano et al., 2010; Piola et al., 2010). Also, there is a well-defined Patagonian 
current generated by the interaction between the Magellan Straits discharge and the Malvinas 
current to the South of 49°S (Palma et al., 2008; Matano et al., 2010), leading to a localized 
decrease in the SST correlated with an increase in nutrients (Lopez-Gappa, 2001; Paparazzo et 
al., 2010).  
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Figure 6.9. Schematic maps of South Atlantic Ocean showing the circulation current and the concentration of 
surface chlorophyll-a (mg m-3). The red square indicates the study area (Bahía Vera-Cabo Raso, Chubut province). 
Abbreviation: BMC: The Brazil-Malvinas Confluences. The image is modified from Franco et al. (2020). 

 

Regarding the bioerosion pattern in the Holocene in the study area Bahía Vera shows 
a higher intensity of bioerosion (Figures 6.5 and 6.6). The relationship between bioerosion 
traces and environmental energy has not been extensively studied, but some authors suggest 
that the higher bioerosion intensity is enhanced by higher water energy in lagoon 
environments (Abdelhady et al., 2024). As mentioned earlier, Bahía Vera is an open coast 
affected by wave action. The concentration of gases in the water mass is higher when waves 
are present and therefore, wave action is considered as a positive factor in oxygenating water 
bodies (Moutzouris and Daniil, 1995 and references therein). Additionally, wave action leads 
to a higher suspended sediment concentration (Clark et al., 1982). Therefore, it is plausible 
that in Bahía Vera, wave action is contributing to a more oxygenated coast with a higher 
concentration of suspended particles compared to Caleta Raso (Cabo Raso). In figure 6.6B 
shows that the bioerosion pattern in Bahía Vera presents diversity in the organism producers 
with the same mechanism of feeding (suspension feeders, Mayoral, 1987; Bromley and 
D´Alessandro, 1983, 1984; Bromley and Martinell, 1991; Taylor et al., 1999; Taylor et al., 2013; 
Hamann and Blanke, 2022), bigger than the one observed in the deposits of Cabo Raso (Figure 
6.6E). This is alignment with the previously mentioned hypothesis. The active wave action 
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during the Holocene in Bahía Vera contributes to increased oxygenation and the 
concentration of particles in the water column. 

Moreover, in Figure 6.6, a variation in the abundance of Pennatichnus isp. and 
Pinnaceocladichnus isp., trace fossils produced by ctenostome bryozoans (Mayoral, 1988), can 
be observed across the ages in both places. In recent years, some studies have suggested that 
the absence of these bioerosion traces, at least in San Jorge Gulf, can serve as a paleoclimatic 
indicator, potentially indicating warmer waters (Richiano et al., 2017). In the entire study area, 
these trace fossils are present in the Pleistocene and Modern samples, but they are scarce or 
absent in the Holocene (Figures 6.6B and 6.6E). Following Richiano et al. (2017), it is possible 
to suggest that during the Holocene the SST was higher than at present. This agrees with 
observations from previous studies, which suggest a slightly lower sea-surface temperature 
and an intensification of the cool Malvinas current after the mid-Holocene climatic optimum 
(Aguirre et al., 2006, 2013; Schellman and Radtke, 2010; Richiano et al., 2021).  

The Pleistocene samples from Cabo Raso are dominated by, in order of abundance, 
Iramena isp., Maeandropolydora isp., Podichnus isp. and Oichnus isp (Figures 6.6D). As 
described before, the organism producers of these ichnotaxa are bryozoans, annelids, 
brachiopods and gastropods, respectively (Bromley and Surlyk, 1973; Bromley, 1981; Bromley 
and D´Alessandro, 1983; Mayoral, 1988; Richardson, 1981; Robinson and Lee, 2018; Wilson, 
2007). According to previous studies, bryozoan biodiversity is higher in colder waters with 
elevated chlorophyll-a concentration (Lopez-Gappa, 2001). Also, the high abundance of 
Iramena isp., Podichnus isp. and Maeandropolydora isp., with the presence of Cauloptrepsis 
isp., Finichnus isp., Pennatichnus isp, and Pinaceocladichnus isp. in lower abundances (Figure 
6.6D), indicate the presence of filter–feeding organisms (Bromley and Surlyk, 1973; Mayoral, 
1988; Robinson and Lee, 2018; Wilson, 2007). Consequently, there is a possibility of a higher 
concentration of organic particles in the water column. As mentioned before, the Pleistocene 
deposits in Bahía Vera present a very scarce biogenic content and it is not possible to compare 
with the Pleistocene deposits of Cabo Raso (Figure 6.5). 

The bioerosion pattern observed in the Pleistocene samples for Cabo Raso is very 
similar to the bioerosion pattern in Modern samples, suggesting comparable environmental 
conditions for both ages (Figures 6.6D and 6.6F). A comparable outcome was noted in the 
Quaternary bioerosion pattern from Bahía Camarones (Richiano et al., 2017). The authors 
concluded that during the Late Pleistocene, there was an active oceanic front similar to the 
present in the North of San Jorge Gulf reinforcing the idea that bioerosion, productivity and 
circulation are associated. Therefore, this similarity can suggest that at least Cabo Raso (i.e., 
Caleta Raso) was affected by an active oceanic front during the Pleistocene such as the 
present.  
 

6.7.4. Quaternary marine bioerosion pattern along the Patagonian coast 

This is not the first instance where the bioerosion-productivity association has been 
suggested. Previous studies conducted in different countries and localities have reported 
similar results (Hallock, 1988; Edinger, 2002; Lescinsky et al., 2002; Richiano et al., 2017, 2021). 
Climate change has profound effects on the ocean environment, leading to alterations in the 
temperature, acidification, stratification, circulation and oxygenation, among other factors 
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(Franco et al., 2020 and references therein). In recent years, it has been demonstrated that 
the mollusc shells (and the associated traces) preserved in the marine Quaternary deposits of 
Patagonia represent a proxy of paleoenvironmental conditions (Richiano et al., 2015, 2017, 
2021). In the case of Patagonia, the bioerosion pattern obtained from the mollusc shells of the 
Quaternary marine deposits differ between North Patagonia and Central Patagonia. Recent 
ichnological studies from San Matías Gulf (Río Negro, North Patagonia, Argentina) show that 
during the Pleistocene the SST was higher than at present (Charó et al., 2017; Giachetti et al., 
2022, 2023). However, in Cabo Raso and Bahía Camarones, the Pleistocene and modern 
bioerosion patterns show that the environment was very similar at present (lower SST with 
higher nutrient concentration). This difference in the SST between the localities is associated 
with the changes in the circulation during the Late Quaternary. The southwestern Atlantic 
shelf is principally influenced by the Brazil- Malvinas currents (Matano et al., 2010) and it is 
well known that the position of the confluence of these currents changes during the Late 
Quaternary (e.g., Richiano et al., 2017). This circulation change influences directly on the 
concentration of nutrients in the water of Patagonia and, therefore, the bioerosion pattern.  

Following the ichnological works from San Matías Gulf, during the Pleistocene, North 
Patagonia presents a warmer water environment than at present because was more 
influenced by the Brazil warm current (Charó et al., 2021; Giachetti et al., 2022, 2023). 
However, in this study and following Richiano et al. (2017), the Malvinas current had a higher 
influence during the Pleistocene in Central and South Patagonia. During the Holocene, the 
Brazil current was more extensive to the south as a consequence of the Hypsithermal event. 
This provoked that the influence of the Malvinas current in Central and South Patagonia was 
lower which is possible to observe in the bioerosion pattern from this age in Bahía Camarones 
(Richiano et al., 2017). After the mid-Holocene, the Brazil-Malvinas Confluences moved to the 
north and the influence of the Malvinas currents became stronger in the northern areas and 
continues at present (Acha et al., 2004; Romero et al., 2006; Matano et al., 2010; Piola et al., 
2010). This is possible to observe in the bioerosion pattern at present from the North, Central 
and South Patagonia (Southern Atlantic Ocean) which shows an increase in the ichnodiversity 
(Richiano et al., 2017; Charó et al., 2021) 

Therefore, this study reinforces the notion that bioerosion traces may offer greater 
insights than initially anticipated and highlights the importance of sustaining these analyses 
along coastal areas. 

 

6.8. Conclusion  

For the first time in marine deposits from the Late Quaternary in the Bahía Vera-Cabo Raso 
area, 14 ichnotaxa were recorded: Iramena isp., Maeandropolydora isp., Caulostrepsis isp., 
Caedichnus isp., Podichnus isp., Pinaceocladichnus isp., Pennatichnus isp., Stellichnus isp., 
Radulichnus isp., Rogerella isp., Centrichnus isp. and Entobia isp. The presence of this 
ichnotaxa shows that, in addition to the malacofauna previously described by different 
authors, the marine fauna in the study area during the Late Quaternary included annelids, 
cheilostome and ctenostome bryozoans, sponges, Cirripedia and brachiopods. 

The ARR analysis permits clarifying the age of the Quaternary marine deposits from 
the entire study area and allows an adequate bioerosion pattern analysis. Hence, in this work, 
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it was possible to confirm the age of three Pleistocene beach ridge deposits: two from MIS 5 
age (Bahía Vera and Cabo Raso Quarry) and one from MIS 9 or MIS 11 (Cabo Raso North 
Quarry). However, this last deposit only presented small fragments of shell and it was not 
possible to describe the bioerosion pattern for this age. 

 The quantitative results presented in this work suggested that the Bahía Vera and Cabo 
Raso sites can be considered as a single area. However, qualitative analysis shows some 
differences that might be associated with environmental changes across the Late Quaternary 
and require further discussion. The beach ridge deposits from the Pleistocene and the modern 
age from Cabo Raso present a similar bioerosion pattern that indicates similar environmental 
conditions. This result is consistent with previous analyses in nearby areas (South Patagonia, 
Bahía Camarones). In this case, the Pleistocene and Modern bioerosion patterns from the area 
suggest that the active oceanic front, the Patagonia shelf break front, has been present since 
the Pleistocene.  

 In the Holocene samples in the entire study area, differences in malacofauna and 
sedimentology are observed between the sites (Bahía Vera and Cabo Raso). These variations 
suggest differences in environmental energy, with Bahía Vera exhibiting higher environmental 
energy than Cabo Raso during the Holocene, associated with the Hypsithermal event. In 
addition, the bioerosion pattern in Bahía Vera samples is dominated by ichnotaxa produced 
by suspension feeder organisms suggesting that wave action at this site might increase the 
oxygenation and the concentration of particles in the water column. 

 Finally, this study not only reinforces the hypothesis of the association between 
bioerosion, productivity and circulation in the Southern Atlantic Ocean but also brings new 
records from bioerosion traces for the South Hemisphere. However, similar studies are 
necessary in the future to understand the palaeoenvironmental and palaeoclimatic changes 
across the Quaternary on the Patagonian coast (and in the Southern Atlantic Ocean). 

 

6.9. Data availability 

All the AAR data described in this paper (license CC-BY4.0) is available at: 
https://zenodo.org/records/10828017 
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6.11. Supplementary material 

 

 

Supplementary Figure 6.1. Shells selected for AAR analysis from Bahia Vera-Cabo Raso. The labels below each 
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shell describe the unique ID given by the Invertebrate Paleontology and Invertebrate Ichnology Collection (CNP-
PIIc; acronyms in Spanish) of the Patagonian Institute of Geology and Palaeontology. 

 

 

 

Figure 6.2. Results of Amino Acid Racemization (aspartic acid and glutamic acid D/L values) on specimens of 
Ameghinomya antiqua collected from beach ridges in the study area. The unfilled figures correspond to the AAR 
ratios from the sites described in this study. The filled circles represent the data reported by Rubio-Sandoval et 
al. (2024) from Bahía Camarones (sites WP68, WP70, RP1 Quarry, RP1/A24). The dotted ellipses identify the two 
age groups discussed in the main text, and the sounding text reports the results of radiometric dating (ESR and 
U-Series) on shells from the same beach ridges (age uncertainty assumed as 2σ for ESR ages from Schellmann 
and Radtke, 2000 and 1 σ as reported by Pappalardo et al., 2015).
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7. Extended discussion and final remarks   

The investigation of paleo-sea levels has a long history, and this has led to the measurement 
and dating of numerous sites globally. Despite this extensive legacy, there is still limited 
structured and rigorous analysis of past RSLs, particularly in the southwestern Atlantic (Milne 
et al., 2005; Angulo et al., 2006; Tomazelli et al., 2006; Schellmann and Radtke, 2010; 
Pappalardo et al., 2015; Gowan et al., 2021). Through the different chapters of this thesis, we 
highlight the need for methodologies to improve the study and the report of paleo-sea levels, 
standardizing the information related to the elevation of the RSL indicators, their indicative 
meaning, the age attributions, and the analysis of data on post-depositional vertical land 
movements, following the rigorous protocols outlined in van de Plassche (1986), Hijma et al.  
(2015), and Shennan (2015). In the introduction, I drafted three research questions that were 
the core of chapters 3 to 6. In this chapter, I summarize and discuss our findings. 

 

7.1 How accurate are Pleistocene and Holocene sea-level data available in the literature 

for the coasts of the southwestern Atlantic?  

In Chapters 3 and 4, we extensively and critically reviewed sea-level published data in a coastal 

sector from Argentina to Venezuela, including some Caribbean islands. In these studies, 

reconstructions of past RSL are developed using sea-level indicators, which form in relation to 

the past position of sea level (Angulo and de Souza, 2014; Rovere et al., 2013, 2015). However, 

it is outstanding that within the more than 160 papers published in the literature, there is still 

no standard for reporting the paleo-sea level data and neither for analyzing the RSL indicators. 

The only study that makes an effort to standardize sea-level data following rigorous protocols 

in this broad region is the work of Gowan et al. (2021), who standardized data for Last 

Interglacial sea-level index points published for the Argentinian coastline. Angulo et al. (2006) 

provide an extensive and valuable review of the Holocene sea-level data of Brazil; however, 

the previous studies and his review mainly report a paleo-sea level value without a description 

of the elevation of the sea level indicators, leaving numerous uncertainties associated with 

these estimates. If any elevation is reported, the description of the method used to calculate 

it is usually not stated. As described in the previous chapters, the method used to obtain the 

elevation of an RSL indicator has associated uncertainties that can range from a few 

centimeters to several meters, so it is crucial to know them (Shennan, 2015; Casella et al., 

2022). 

 It was not until recent years that research employed high-accuracy elevation 

measurements, and these elevations were even referred to vertical datums.  For example, the 

work of Tomazelli et al. (2006) and Pappalardo et al. (2015) for Pleistocene sea-level 

reconstructions in Brazil and Argentina, respectively, and the works of  Castro et al.  (2014), 

Bini et al. (2018), Angulo et al. (2022a),  Angulo et al. (2022b), and Richiano et al. (2022) for 

the Holocene sea-level reconstructions from Brazil to Argentina. Applying these 

methodologies to further research will help improve the quality of a significant amount of sea 

level data, which would allow the refinement of the GIA models and, in turn, improve the 

estimations of future sea level rise (Milne and Mitrovica, 2008; Horton et al., 2018).  
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 Once the elevation and its associated error are determined, it is important to provide 

each measured RSL indicator with an estimation of its indicative meaning. The indicative 

meaning includes the indicative range (IR), which outlines the potential vertical occurrence of 

the indicator, and the reference water level (RWL), which indicates the distance between the 

midpoint of the IR and the mean sea level (Lorscheid and Rovere, 2019). However, despite its 

relevance, the description of the indicative meaning in the paleo-sea level studies of the 

southwestern Atlantic is limited, and in some cases, its definition for specific indicators is still 

under debate; for example, the indicative meaning of beach ridges (Pappalardo et al., 2015). 

Beach ridges form above sea level, between the ordinary berm and the storm wave swash 

height (Rovere et al., 2016); therefore, paleo tidal range changes may affect the indicative 

meaning of these indicators. In Chapters 4 and 5, we propose to use satellite-derived wave 

measurements and wave runup models to calculate the indicative meaning of beach ridges. 

This method appears to reduce the vertical uncertainties as it relies on local wave and beach 

topography data (Rubio-Sandoval et al., 2024). Furthermore, in our research comprising 

Chapters 3 and 4, we propose definitions of the indicative meaning of two fixed biological 

indicators such as Ophiomorpha burrows and vermetids. These indicators are the foundation 

of the paleo-sea level reconstructions of the Pleistocene and Holocene in Brazil (Barbosa et 

al., 1986; Tomazelli and Dillenburg, 2007; Angulo et al., 2022c). Considering these definitions 

in future studies would provide more accurate and standardized paleo RSL estimates. 

 Finally, the quality of the chronology attribution of the deposits also needs further 

work. We can summarize that the few sites that have good chronological control within the 

Last interglacial sea-level reconstructions are the Caribbean islands Bonaire and Curaçao, 

Brazil, and Argentina (Tomazelli et al., 2006; Felis et al., 2015; Lorscheid et al., 2017; 

Pappalardo et al., 2015), as there are still many uncertainties surrounding the chronological 

assignations in the coastal sector from the French Guiana to Venezuela. So far, in these sites, 

the paleo-sea level reconstructions rely on an age estimation through geomorphological 

analysis of the deposit sequences or minimum radiocarbon ages (Brinkman and Pons, 1968; 

Audemard, 1996; Iriondo, 2013). On the other hand, while the use of radiocarbon can improve 

the chronological quality of Holocene sea-level estimates, places like Argentina represent a 

challenge because there is not much data to allow the correction of the marine reservoir 

effect, resulting in unmeasurable age uncertainties (Reimer and Reimer, 2001; Schellmann 

and Radtke, 2010). 

 Based on previous evidence, the data quality in the southwestern Atlantic region is 

generally low except for areas that have been recently re-surveyed, among these Camarones, 

Río de la Plata, and the eastern coastal sector of Brazil (Tomazelli et al., 2006; Pappalardo et 

al., 2015; Rovere et al., 2020; Angulo et al.,2022a,b; Richiano et al., 2022). Therefore, this area 

holds the potential to advance the accuracy of future paleo-sea level reconstructions. 
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7.2 What are the Holocene patterns and rates of RSL changes? Does this data help better 

constrain the departures from eustasy caused by glacial isostatic adjustment in MIS 5e? 

As outlined in Chapter 4, after our standardization of the data, we can conclude that the 

observed and predicted RSL changes document a rapidly rising rate of sea level with a mean 

value of 0.80 mm/yr between ~8000 and ~5000 years cal BP, this rise corresponds to the mid-

Holocene transgression. RSL rose to about 2 to ~4 m above the present level during this 

highstand, followed by a subsequent fall to its current position (Angulo et al., 2006; 

Schellmann and Radtke, 2010; Bracco et al.,2011; Martínez and Rojas, 2013).  

Generally, the reconstructed RSL trends are as follows: the northeast coastal sector of 

Brazil describes a highstand (ca. 5 m a.s.l) between 8000 to 7000 years cal BP followed by an 

RSL steep fall towards the present (1.16 mm/yr) (Martin et al., 2003; Angulo et al, 2006; 

Angulo et al. 2022a). The southeast coastal sector of Brazil suggests a mid-Holocene rising sea 

level between ~8000 to ~ 5000 years cal BP at an average rate of 0.96 mm/yr. The RSL reaches 

its maximum value of ~3 m a.s.l. around 5000 years cal BP. After this highstand, the RSL follows 

a steady and slow decay (0.26 mm/yr) until its present position (Martin et al., 1985; Suguio et 

al. 1985; Angulo et al., 2006). From Río de la Plata delta to Tierra del Fuego, the mid-Holocene 

highstand occurred early in time (from ~8500 to ~6500 years cal BP) and, as expected, is 

followed by an RSL decay towards the late Holocene. However, the elevation of the highstand 

and the amplitude of the subsequent sea-level fall differ between all the coastlines, implying 

a significant non-eustatic component of the RSL (Rostami et al.,2000; Milne et al., 2005; 

Schellmann and Radtke, 2010; Bracco et al., 2014; Björck et al., 2021). 

Despite the prior projections, we emphasize that before generating a unique solution 

of Holocene RSLs per each coastal sector, it is necessary to address the hiatuses in the 

geomorphological and chronostratigraphic datasets. Therefore, in its current state, the 

Holocene sea level data cannot be used to constrain the RSL estimations during the Last 

Interglacial.  

 

7.3 What are the highest possible age and elevation accuracies that can be obtained for 

MIS 11 and MIS 5e sea-level reconstructions in a coastal site of the southwestern Atlantic? 

In Chapters 5 and 6 of this dissertation, we explore the use of new methodologies to address 

some of the uncertainties identified in the previous chapters. As several authors highlight, 

Argentina's coastlines are a suitable location for the study of interglacial sea levels since they 

contain well-preserved geological records of past sea levels from the Pliocene to the Holocene 

(Schellmann and Radtke, 2010; Pappalardo et al., 2015; Rovere et al., 2020; Gowan et al., 

2021). Specifically, the town of Camarones within Patagonian Argentina stands out for its well-

preserved beach ridges from the current coastline up to 2 km inland (Pappalardo et al., 2015; 

Rovere et al., 2020). At this site, we tested the use of GNSS equipment to survey the elevations 

of the deposits, and we also evaluated the use of AAR to improve their chronological 

attribution. In Chapter 6, we also tested this dating methodology in the coastal region of Bahia 
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Vera- Cabo Raso, about 60km north of Camarones, yielding consistent results that support the 

use of this chronological method to determine the relative age of the deposits.  

 Our results identified four deposits associated with the Holocene, MIS 5e, MIS 9 or 11, 

and early Pliocene interglacial periods. Elevations and further paleo RSL calculations had 

uncertainties of 1σ and sea level errors of around 2 m. Therefore, we can conclude that the 

use of accurate topographic methods to determine the elevation of geological sea-level 

records leads to more precise estimations of paleo-sea levels. The paleo RSLs (i.e., uncorrected 

for post-depositional vertical land motions) associated with the four interglacials are 6±1.5 m 

(Holocene), 8.7±2.1 m (MIS 5e), 14.5±1.5 m (MIS 9 or 11); and 36.2±2.7 m (Early Pliocene); in 

general, these values show smaller estimates than those reported by previous authors where, 

for example, suggests paleo-sea levels of 8 to 10 m for the Holocene or 10 to 20 m for MIS 5 

(Codignotto,1983; Rostami et al., 2000; Pappalardo et al., 2015). As pointed out in the chapter, 

once the GIA and DT models are corrected, the global mean sea levels (sea level values 

corrected for post-depositional effects) can be calculated precisely. 

 Regarding the chronological attribution, it can be concluded that the use of AAR allows 

the assessment of the deposit´s ages in conjunction with other methodologies (e.g., U/Series 

and ESR). However, further refinement in all these methods is required to clarify certain 

uncertainties, for example, to clarify whether an MIS 9 or MIS 11 age is appropriate for the 

third beach ridge system in the region. To this end, a calibration of the amino acid kinetics in 

modern shells of Ameghinomya antiqua could clarify the chronological queries and allow the 

calculation of precise ages rather than a relative estimation (Miller et al., 2013). 
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8. Outcome and research horizons  

The compilation of our research fills the existing gap of standardized sea-level data for the 

Atlantic coasts, uniting a post-last glacial maximum (LGM) pole-to-pole transect (Figure 8.1.A); 

this transect finds a counterpart also on sea-level index points (the past position of sea level 

in space and time) dating to the Last Interglacial (MIS 5, Figure 8.1.B). Both transects have the 

potential to assess future projections of sea levels in a warmer world once the remaining 

uncertainties are solved. 

Our broad dataset faces the same data quality issues highlighted by previous authors: 

a lack of high-precision elevation benchmarked to a tidal datum, a clear description of the 

indicative meaning of sea-level index points, and, in some areas, a lack of local Delta-R 

correction to improve radiocarbon dating calibration.  Here, we surmise that the only way to 

solve these issues is with more fieldwork collecting data considering the standard protocols 

of sea level research.   

Despite data quality and uncertainties, sea-level indicators preserved along the 

southwestern Atlantic describe a trend of a Last Interglacial sea level from 6 to 20 m above 

sea level (a.s.l.) and a mid-Holocene sea-level highstand of 2 to 4 m a.s.l.  with a subsequent 

fall to its present position. This highstand occurs later in the Holocene and decreases in 

magnitude, moving towards the North, following the GIA patterns across the large latitudinal 

gradient covered in this thesis.  

By using more accurate methodologies to evaluate the elevation of the geological 

indicators, their ages, and the precise definition of their indicative meanings, we can improve 

the prediction of paleo-sea levels during the interglacial periods from the Holocene to the 

Pliocene. Moreover, with future corrections of the isostatic models, calculations of global 

mean sea levels will be possible. 

Finally, the analysis of bioerosion patterns provides insights into Late Quaternary 

environmental changes, which can further improve our understanding of past sea-level 

changes. In our specific case, the bioerosion trace analysis identifies similar environmental 

conditions between the Pleistocene interglacials and the Holocene, suggesting the possibility 

of refining our estimates of older paleo-sea levels with the Holocene estimates. 

To conclude, our research identifies the southwestern Atlantic as a pivotal region for 

understanding Earth's climatic and environmental patterns. This knowledge is crucial for 

unraveling the intricate history of past sea levels, and therefore refining any future sea level 

rise predictions. 
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Figure 8.1. A) Post-deglacial (12 ka to present) and B) Marine Isotopic Stage 5 (120 to 80 ka) sea-level index points 

along the Atlantic coasts. 
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10. Appendix 

During this PhD project, I had the privilege to repeatedly present my work at several 
conferences and participate in workshops with international colleagues. 

 

10.1. GSA Connects, 2020, Online  

A review of Last Interglacial Sea-Level Indicators in the Southern Western Atlantic: State-

of-the-art and future perspectives 

Karla Rubio-Sandoval, Deirdre Ryan, Matteo Vacchi, Sebastian Richiano, Alessio Rovere 

Interglacials are generally characterized by warmer temperatures and smaller-than-present 

ice sheets. In particular, the Last Interglacial (LIG, ~128-116 ka) is often regarded as a process-

analog for a future climate. During this period, global average temperatures were 2°C higher 

than pre-industrial time, and the global mean sea level was higher. Estimates of LIG sea-levels 

in the Southern Western Atlantic coasts (from Brazil northwards to Colombia) range 

approximately from 2 to 12 m above the present level; however, there are large uncertainties 

associated with these values. We use the World Atlas of Last Interglacial Shorelines (WALIS) 

database to standardize and evaluate the quality of the sea-level record and its uncertainties. 

Using WALIS, we reviewed published data for the countries of Brazil, French Guiana, Surinam, 

Guyana, Venezuela, Colombia, as well as the islands Bonaire, Curaçao and Aruba, 

documenting and standardizing both geological and chronological information. While not all 

the reviewed papers fulfilled the database standards (e.g. missing or unclear information), the 

review allowed us to estimate the current state-of-the-art. Sea-level indicators are well 

preserved in the Southern Western Atlantic providing an almost continuous record between 

the states. Despite this and the relative sea-level indicators variety, there are main gaps 

related to the accuracy of elevation measurements and the reliability of chronology; 

uncertainties that hinder our ability to precisely estimate effects causing departures from 

eustasy. Improve our knowledge of sea-level changes during the LIG is a key to assessing the 

future of the coastlines under warmer climatic conditions. 

 

10.2. Bremen PhD Days, 2020, Online  

State-of-the-art and future perspectives of Last Interglacial sea-level in the Western Atlantic: a 

profile from Brazil to Honduras 

Karla Rubio-Sandoval, Deirdre Ryan, Matteo Vacchi, Sebastian Richiano, Alessio Rovere 

Interglacials are generally characterized by warmer temperatures and smaller-than-present 

ice sheets. In particular, the Last Interglacial (LIG, ~128-116 ka) is often regarded as a process-

analog for a future climate. During this period, global average temperatures were 2°C higher 

than pre-industrial time, and the global mean sea level was higher. Estimates of LIG sea-levels 

in the Southern Western Atlantic coasts (from Brazil northwards to Honduras) range 

approximately from 2 to 12 m above the present level; however, there are large uncertainties 
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associated with these values. We use the World Atlas of Last Interglacial Shorelines (WALIS) 

database to standardize and evaluate the quality of the sea-level record and its uncertainties. 

Using WALIS, we reviewed published data for the countries of Brazil, French Guiana, Surinam, 

Guyana, Venezuela, Colombia, Panama, Costa Rica, Nicaragua, Honduras, as well as the islands 

Bonaire, Curaçao and Aruba, documenting and standardizing both geological and 

chronological information. While not all the reviewed papers fulfilled the database standards 

(e.g. missing or unclear information), the review allowed us to estimate the current state-of-

the-art. Sea-level indicators are well preserved in the Southern Western Atlantic providing an 

almost continuous record between the states. Despite this and the relative sea-level indicators 

variety, there are main gaps related to the accuracy of elevation measurements and the 

reliability of chronology; uncertainties that hinder our ability to precisely estimate effects 

causing departures from eustasy. Improve our knowledge of sea-level changes during the LIG 

is a key to assess the future of the coastlines under warmer climatic conditions. 

 

10.3. PALSEA meeting, 2021, Online  

A standardized database of Last interglacial (MIS 5e) sea-level indicators in the Wester Atlantic 

and Southwestern Caribbean, from Brazil to Honduras 

Karla Rubio-Sandoval, Alessio Rovere, Ciro Cerrone, Paolo Stocchi, Thomas Lorscheid, Thomas Felis, Ann-

Kathrin Petersen, Deirdre D. Ryan 

Interglacials are generally characterized by warmer temperatures and smaller-than-present 

ice sheets. In particular, the Last Interglacial (LIG, ~128-116 ka) is often regarded as a process-

analog for a future climate. During this period, global average temperatures were 2°C higher 

than pre-industrial time, and the global mean sea level was higher. Estimates of LIG sea-levels 

in the Western Atlantic and Southwestern Caribbean coasts (from Brazil northwards to 

Honduras) range approximately from 2 to 12 m above the present level; however, there are 

large uncertainties associated with these values. We use the World Atlas of Last Interglacial 

Shorelines (WALIS) database to standardize and evaluate the quality of the sea-level record 

and its uncertainties. Using WALIS, we reviewed published data for the countries of Brazil, 

French Guiana, Surinam, Guyana, Venezuela, Colombia, Panama, Costa Rica, Nicaragua, 

Honduras as well as the islands Bonaire, Curaçao and Aruba. Our review produced 55 

standardized datapoints, each assigned to one or more age constraints. Sea-level indicators 

are well preserved along the Brazilian coasts, providing an almost continuous north-to-south 

transect, despite this and the variety of relative sea-level indicators (i.e. beach deposits, coral 

reef terraces, marine terraces, Ophiomorpha burrows, and tidal notches) our data compilation 

highlights several concerns related to age control and the accuracy of elevation 

measurements. We identify that the coasts of Northern Brazil, French Guyana, Suriname, 

Guyana, and Venezuela would benefit from a renewed study of Pleistocene sea-level 

indicators, as it was not possible to identify sea-level datapoints for the last interglacial coastal 

outcrops along the coasts of these countries. Future research must also be directed at 

improving the chronological control at several locations, and several sites would benefit from 

re-measurement of sea-level indicators using more accurate elevation measurement 
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techniques. Improve our knowledge of sea-level changes during the LIG is a key to assess the 

future of the coastlines under warmer climatic conditions. 

 

10.4. Reunión Argetnina de Sedimentología, 2021, Online 

Nivenles del mar durante el Último Interglacial (MIS 5e) en el Atlántico Occidental: Un 

Perfil de Brasil a Honduras  

Karla Rubio-Sandoval, Alessio Rovere, Ciro Cerrone, Paolo Stocchi, Thomas Lorscheid, Thomas Felis, Ann-

Kathrin Petersen, Deirdre D. Ryan 

Durante el Cuaternario se alternaron periodos glaciares e interglaciares debido a cambios en 
la órbita terrestre. Los interglaciares se caracterizan generalmente por presentar 
temperaturas más cálidas y una disminución de la extensión de la capa de hielo. En particular, 
el Último Interglaciar (MIS 5e, ~128-116 ka) se considera a menudo como un análogo para las 
proyecciones climáticas futuras. Durante este periodo, las temperaturas medias mundiales 
fueron 2°C más altas que en la época preindustrial, y el nivel medio del mar fue más alto. Las 
estimaciones del nivel del mar del MIS 5e en las costas del Atlántico occidental (desde Brasil 
hasta Honduras) oscilan aproximadamente entre 2 y 12 m por encima del nivel actual; sin 
embargo, existen grandes incertidumbres asociadas a estos valores. Utilizamos la base de 
datos del Atlas Mundial de las Líneas de Costa del Último Interglaciar (WALIS, por sus siglas en 
inglés) para estandarizar y evaluar la calidad del registro del nivel del mar y sus incertidumbres. 
Utilizando WALIS, revisamos los datos publicados para los países de Brasil, Guayana Francesa, 
Surinam, Guyana, Venezuela, Colombia, Panamá, Costa Rica, Nicaragua, Honduras, así como 
las islas Bonaire, Curaçao y Aruba. Nuestra revisión produjo 55 datos del nivel del mar 
estandarizados, cada uno asignado a uno o más datos de edad. Los indicadores del nivel del 
mar están bien conservados a lo largo de las costas brasileñas, proporcionando un transecto 
casi continuo de norte a sur. A pesar de esto, y de la variedad de indicadores relativos del nivel 
del mar (p.ej. depósitos de playa, terrazas de arrecifes de coral, terrazas marinas y 
madrigueras de Ophiomorpha), nuestra compilación de datos pone de manifiesto varias 
incertidumbres relacionadas con el control de la edad y la precisión de las mediciones de 
elevación. Identificamos que las costas del norte de Brasil, la Guayana Francesa, Surinam, 
Guayana y Venezuela se beneficiarían de un estudio renovado de los indicadores del nivel del 
mar del MIS 5, ya que no fue posible identificar puntos de referencia del nivel del mar para los 
afloramientos costeros de este periodo. Las investigaciones futuras también deben dirigirse a 
mejorar el control cronológico en varios lugares, y a evaluar el efecto de la tectónica en la 
zona, ya que, con excepción de las islas del Caribe, existe una controversia sobre el efecto que 
puede tener en el resto de la región. Por último, varios lugares se beneficiarían de una nueva 
medición de los indicadores del nivel del mar utilizando técnicas más precisas. Mejorar 
nuestro conocimiento de los cambios en el nivel del mar durante el Último Interglaciar es clave 
para evaluar el futuro de las costas en condiciones climáticas más cálidas. 
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10.5. PALSEA meeting, 2022, Singapure  

Holocene sea-level change in the southwestern Atlantic: A standardized database 

Karla Rubio-Sandoval, Timothy A. Shaw, Ben Horton, Nicole S. Khan, Augusto Luiz Ferreira-Júnior, Rodolfo 

J. Angulo, Maíra Oneda Dal Pai, Guilherme C. Lessa, Maria Cristina de Souza, Matteo Vacchi, Deirdre D. 

Ryan, Sebastian Richiano, Evan J. Gowan, Abdullah S. Kahn, Alessio Rovere 

Relative sea-level (RSL) studies along the southwestern Atlantic coasts confirm the presence 

of several Holocene sea-level index points in the facies of beach ridges, marine terraces, 

beach, lagoon and estuarine deposits, fixed biological indicators. Here, we present a 

standardized database of Holocene sea-level index points for this region, compiled using the 

HOLSEA template. We reviewed published data for the countries of Argentina, Uruguay, and 

Brazil. Our preliminary review produced 800 standardized datapoints and more than 1000 re-

calibrated radiocarbon dates, providing an almost continuous south-to-north transect of sea-

level data along the southwestern Atlantic. Our data compilation highlights that several sites 

show a mid-Holocene maximum transgression, with RSL rising 2-4m above its present level, 

with a subsequent fall to its modern position. This trend seems to be predominantly driven by 

glacio-isostatic processes. However, we also highlight that elevation measurements, sea-level 

interpretations, as well as the chronological control at several locations may be improved by 

future research.  

 

10.6. EGU General Assembly, 2023, Online  

Argentinean raised beaches: evidence of a millenary sea-level history 

Karla Rubio-Sandoval, Deirdre D. Ryan, Sebastian Richiano, Luciana M. Giachetti, Andrew Hollyday, Jordon 

Bright, Evan J. Gowan, Marta Pappalardo, Jacqueline Austermann, Darrell S. Kaufman, Alessio Rovere  

In about 20 km of the coast near the town of Camarones (Central Patagonia, Argentina), sea 

level has left its imprint over four interglacials from the Holocene to the Pliocene. These were 

generally preserved as beach ridges deposited by storm waves above modern sea level. Based 

on a morphological and chronostratigraphic approach, we recognized four beach ridge 

systems from the present-day coastline up to 2 km inland and associated them with four 

interglacial periods (Holocene, MIS 5 e, MIS 9 or MIS 11, and Early Pliocene). Using high-

precision GNSS, we measured the elevation of these raised beaches; we calculated their 

indicative meaning with satellite-derived wave measurements and wave runup models to 

finally calculate their paleo-relative sea levels. The uncorrected for post-depositional vertical 

land motions paleo-relative sea levels values associated with the four interglacials (with 1σ 

uncertainties) are 6±1.5 m (Holocene), 8.7±2.1 m (MIS 5), 14.5±1.5 m (MIS 9 or 11), and 

36.2±2.7 m (Pliocene). We compare these results with Glacial Isostatic Adjustment and 

Dynamic Topography predictions in the study area; however, our results highlight that there 

is a need to refine these models to allow the calculation of the global mean sea level of each 

interglacial period.  This research outlines the millenary relative sea level history of the 

Camarones coastline and can help constrain projections of sea level rise in a warmer world.  
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10.7. Bremen PhD Days, 2023, Bremen  

A millennial history of sea level changes in the southwestern Atlantic  

Karla Rubio-Sandoval, Timothy A. Shaw, Ben Horton, Nicole S. Khan, Augusto Luiz Ferreira-Júnior, Rodolfo 

J. Angulo, Guilherme C. Lessa, Maria Cristina de Souza, Matteo Vacchi, Deirdre D. Ryan, Sebastian 

Richiano, Evan J. Gowan, Ciro Cerrone, Paolo Stocchi, Thomas Lorscheid, Thomas Felis, Ann-Kathrin 

Petersen, Alessio Rovere 

Warmer temperatures and smaller-than-present ice sheets generally characterize 

interglacials. Determining the rates and geographic variability of relative sea-level (RSL) 

change during these periods provides insights into the future of the coastlines under warmer 

climatic conditions.  Since the early 1940s, RSL studies along the southwestern Atlantic Coasts 

confirm the presence of several Last Interglacial (LIG, ~128-116 ka) and Holocene (HOL, 11 ka 

– to present) sea-level indicators. We use WALIS and HOLSEA templates to standardize and 

evaluate the quality and uncertainties of these published sea-level records. Our preliminary 

review produced more than 1000 standardized data points (55 LIG and 1177 HOL); more than 

300 inconclusive data were rejected after being examined by quality control.  Our data 

indicate that during the LIG, the paleo sea-level values range from ~5.6 to 20 m above sea 

level (a.s.l.) in the continental sector and from ~2 to 10 m a.s.l. in the Caribbean islands. 

Regarding the Holocene data, several sites show a mid-Holocene maximum transgression, 

with RSL rising 2-4 m above its present level, with a subsequent fall to its current position. This 

trend seems to be predominantly driven by glacial-isostatic adjustment processes.  From our 

review, we identify that the coasts of Brazil, French Guiana, Suriname, Guyana, and Venezuela 

would benefit from a renewed study of Quaternary sea-level indicators. We also highlight that 

elevation measurements, sea-level interpretations, as well as chronological control at several 

locations may be improved by future research. 

 

10.8. MARUM Excellent Cluster Annual Retreat, 2023, Bremen 

The Southwest Atlantic and its coastal memory: Reconstructing ancient sea levels along the 

Argentinean coasts 

Karla Rubio-Sandoval, Timothy A. Shaw, Ben Horton, Nicole S. Khan, Matteo Vacchi, Deirdre D. Ryan, 

Sebastian Richiano, Luciana Giachetti, Evan J. Gowan, Abdullah S. Kahn, Alessio Rovere 

Relative sea-level (RSL) studies along the southwestern Atlantic coasts confirm the presence 

of several Holocene sea-level index points in the facies of beach ridges, marine terraces, 

beach, lagoon and estuarine deposits, fixed biological indicators. Here, we present a 

standardized database of Holocene sea-level index points for this region, compiled using the 

HOLSEA template. We reviewed published data for the countries of Argentina, Uruguay, and 

Brazil. Our preliminary review produced 800 standardized datapoints and more than 1000 re-

calibrated radiocarbon dates, providing an almost continuous south-to-north transect of sea-

level data along the southwestern Atlantic. Our data compilation highlights that several sites 

show a mid-Holocene maximum transgression, with RSL rising 2-4m above its present level, 

with a subsequent fall to its modern position. This trend seems to be predominantly driven by 
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glacio-isostatic processes. However, we also highlight that elevation measurements, sea-level 

interpretations, as well as the chronological control at several locations may be improved by 

future research.  

 

10.9. Sea Level Rise Conference, 2023, Venice  

Holocene sea-level trends in the southwestern Atlantic: A story behind the data 

Karla Rubio-Sandoval, Timothy A. Shaw, Ben Horton, Nicole S. Khan, Augusto Luiz Ferreira-Júnior, Rodolfo 

J. Angulo, Maíra Oneda Dal Pai, Guilherme C. Lessa, Maria Cristina de Souza, Matteo Vacchi, Deirdre D. 

Ryan, Sebastian Richiano, Evan J. Gowan, Abdullah S. Kahn, Alessio Rovere 

Determinate the rates and geographic variability of Relative sea-level (RSL) change during the 

Holocene provides insights about the future of the coastlines under warmer climatic 

conditions.  Since the early 1940s, RSL studies along the southwestern Atlantic Coasts confirm 

the presence of several Holocene sea-level indicators. We use the HOLSEA template to 

standardize and evaluate the quality and uncertainties of these published sea-level records 

from the countries of Argentina, Uruguay, and Brazil. Our preliminary review produced 553 

standardized datapoints (261 index points and 292 limiting data), and around 117 inconclusive 

data were considered as rejected after being examined by quality control.  Our data indicates 

that several sites show a mid-Holocene maximum transgression, with RSL rising 2-4m above 

its present level, with a subsequent fall to its modern position. This trend seems to be 

predominantly driven by glacio-isostatic adjustment processes. We also highlight that 

elevation measurements, sea-level interpretations, as well as the chronological control at 

several locations may be improved by future research.  
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11. Epilogue 

As we conclude our study on sea level changes, it becomes evident that our understanding of 

this phenomenon is still evolving. While our detailed analysis of paleoclimate data and 

historical reconstructions has elucidated the complexities of past sea level changes, our work 

as researchers remains unfinished. As we navigate the challenges of the 21st century, urgent 

issues related to climate change and sea level rise demand our attention. 

Research and monitoring are imperative to deepen our understanding of the causes 

and consequences of these changes, and to develop effective strategies for adaptation and 

mitigation. Moreover, it is crucial to emphasize the significance of international collaborations 

and collective actions to face global warming, protect our coastlines, and support vulnerable 

communities. 

Only through a global and multidisciplinary approach we can effectively address these 

challenges and implement the necessary actions to create a sustainable and resilient future 

for generations to come. 

 

Epilogue Spanish version  

A medida que concluimos nuestro estudio sobre los cambios del nivel del mar, es evidente 

que nuestra comprensión de este fenómeno sigue evolucionando. Aunque nuestro análisis 

detallado de los datos paleoclimáticos y de las reconstrucciones históricas ha dilucidado las 

complejidades de los cambios del nivel del mar en el pasado, nuestra labor como 

investigadores sigue incompleta. Mientras nos enfrentamos a los retos del siglo XXI, las 

cuestiones urgentes relacionadas con el cambio climático y el incremento del nivel del mar 

exigen nuestra atención. 

La investigación y el monitoreo continuos son imperativos para profundizar nuestra 

comprensión de las causas y consecuencias de estos cambios, así como para desarrollar 

estrategias efectivas de adaptación y mitigación. Además, es crucial subrayar la importancia 

de las colaboraciones internacionales y las acciones colectivas para combatir el calentamiento 

global, proteger nuestras costas y apoyar a las comunidades vulnerables. 

Sólo mediante un enfoque global y multidisciplinario podremos afrontar eficazmente 

estos retos y aplicar las medidas necesarias para crear un futuro sostenible y resiliente para 

las generaciones venideras. 

 




