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Zusammenfassung  

Paläoklimatische Archive wie Speläotheme liefern wichtige Erkenntnisse über vergangene 

Klimaschwankungen. Speläotheme sind als kontinentales Archiv besonders wertvoll, da sie 

weltweit vorkommen, mittels der ²³⁰Th-U-Datierungsmethode präzise datiert werden können und 

durch die Ausfällung von Kalziumkarbonat aus sickerndem Tropfwasser in Höhlen entstehen, 

wobei sie Signale aus Boden, Grundgestein und Niederschlag integrieren. Im Allgemeinen sind die 

Isotopenverhältnisse von Sauerstoff (δ¹⁸O) und Kohlenstoff (δ¹³C) die am häufigsten verwendeten 

Proxies in Studien auf Basis von Speläothemen und dienen als Indikatoren für vergangene 

hydroklimatische und ökologische Veränderungen. In jüngerer Zeit haben Studien mit Multi-

Proxy-Ansatz zugenommen, da sie ein umfassenderes Verständnis der komplexen Prozesse 

ermöglichen, die die Speläothemenbildung und die Interpretation von Klimasignalen beeinflussen.  

In Südamerika haben Speläothemenstudien unser Verständnis des südamerikanischen 

Sommermonsuns (SASM) erheblich verbessert, dem dominierenden Klimasystem des Kontinents, 

das Niederschläge über dem tropischen Südamerika verursacht. Der SASM hat ein NW-SE-

Konvektionsband, das sich über den Kontinent erstreckt, die Südatlantische Konvergenzzone 

(SACZ). Diese Arbeit wendet einen Multi-Proxy-Ansatz an, um die hydrologische, ökologische 

und temperaturbezogene Entwicklung der letzten 16.000 Jahre im zentralöstlichen Brasilien 

anhand eines Stalagmiten aus der São Mateus-Höhle im Bundesstaat Goiás zu rekonstruieren. Die 

Höhle liegt in einer Übergangsklimazone zwischen feuchten tropischen und semiariden Regionen, 

wodurch sie sehr empfindlich auf Veränderungen im SASM und in der SACZ reagiert.  

Die Ergebnisse zeigten, dass Zentralostbrasilien in hohem Maße sowohl von tropischen als 

auch von hochlatitudinalen Einflüssen geprägt ist, wie beispielsweise Veränderungen der 

Sonneneinstrahlung, der Dynamik zwischen Ozean und Atmosphäre sowie interhemisphärischen 

Temperaturgradienten in verschiedenen Zeiträumen. Während der Deglazialperiode kam es zu 

raschen Temperatur- und hydrologischen Veränderungen, die mit abrupten Klimaveränderungen 

in der nördlichen Hemisphäre einhergingen. Während des Holozäns lassen die früheren Perioden 

auf sich verändernde Klima- und Umweltbedingungen schließen, die wahrscheinlich auf die 

geringe Sonneneinstrahlung zurückzuführen sind. Das mittlere und späte Holozän weisen stabilere 

Bedingungen auf, die auf die zunehmende Sonneneinstrahlung reagieren, die in diesen Perioden 

der dominierende Einflussfaktor ist. Schließlich zeigen die Multi-Proxy-Ergebnisse ausgeprägte 

hydrologische, ökologische und Temperaturveränderungen während der Deglaziation und des 

Holozäns. Die Aufzeichnungen von São Mateus liefern neue Erkenntnisse darüber, wie sich SACZ 

und SASM in den letzten 16.000 Jahren entwickelt haben.  
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Abstract  
Paleoclimate archives, such as speleothems, provide critical understanding of past climate 

variability. Speleothems are particularly valuable as a continental archive since they occur world-

wide, can be precisely dated via the ²³⁰Th-U dating method and form by the precipitation of calcium 

carbonate from percolating drip water within caves, integrating signals from soil, bedrock, and 

rainfall. In general, oxygen (δ¹⁸O) and carbon (δ¹³C) isotope ratios have been the most used proxies 

in speleothem-based studies, serving as indicators of past hydroclimate and environmental changes. 

More recently, multi-proxy approach studies have been growing, since they provide more 

comprehensive understanding of the complex processes that influence speleothem formation and 

climate signal interpretation. 

In South America, speleothem studies have greatly advanced our understanding of the 

South American Summer Monsoon (SASM), the continent's dominant climate system that leads 

precipitation over tropical South America. The SASM has a NW-SE convection band that extends 

over the continent, the South Atlantic Convergence Zone (SACZ). This thesis applies a multi-proxy 

approach to reconstruct the hydrological, environmental and temperature evolution of the last 

16,000 years from central-eastern Brazil based on a stalagmite collected in São Mateus Cave, Goiás 

State. The cave lies in a transitional climate zone between humid tropical and semi-arid regions, 

making it highly sensitive to changes in the SASM and SACZ.  

The results revealed that central-east Brazil is largely influenced by both tropical and high-

latitude forcings, such as changes in solar radiation, ocean–atmosphere dynamics, and 

interhemispheric temperature gradients in several time-scales. During the deglacial period, rapid 

temperature and hydrological changes occurred concomitant with abrupt climate shifts in the 

Northen Hemisphere. During the Holocene, the earlier period evidences shifting climate and 

environmental conditions, likely due to the low insolation. The middle and late Holocene present 

more stable conditions responding to the increasing insolation, which is the dominant forcing at 

these periods. Finally, the multi-proxy results show pronounced hydrological, environmental and 

temperature changes during the during the deglaciation and the Holocene. The São Mateus record 

provides new evidence of how SACZ and SASM developed over the last 16,000 years. 
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Chapter 1 – Introduction 

 Climate change is a central issue in today’s society, and understanding the mechanisms of 

climate systems is essential for predicting future scenarios. However, instrumental records are very 

limited in time and are hence not able to capture long-term climate oscillations and how they impact 

the environment and human societies. Therefore, paleoclimate archives play a crucial role in 

extending our knowledge beyond recent centuries. Investigating how these mechanisms operated 

in the recent geological past is crucial, since the same drivers may continue to shape the future 

climate. In this context, cave deposits known as speleothems have been well-established as reliable, 

long continental archives, mostly because of their potential to record several proxies of past 

environmental and climate changes and the occurrence of karst systems worldwide (Fairchild and 

Baker, 2011).  

 Speleothems are secondary carbonate deposits formed in caves by the precipitation of 

calcium carbonate from dripping water, which is a result of the interaction between the meteoric 

water with the soil and rock above the cave as it percolates and reaches the cave atmosphere 

(Fairchild and Baker, 2011). The stalagmites, in particular, have a great potential as paleoclimate 

archives, mostly because they form by the successive precipitation of calcite layers that drop from 

the cave ceiling, resulting in a simple stratigraphy of concave layers from older (bottom) to younger 

(top). Their layered structure along with the exceptionally precise 230Th-U dating method reaching 

up to ca. 600,000 years in the past (Scholz and Hoffmann, 2008) allow the acquisition of a well-

resolved chronology to build high-resolution paleoclimatic and paleoenvironmental records, what 

brings an advantage relative to other archives such as tree rings, lake sediments and ice-cores 

(Fairchild and Treble, 2009)).  

Most studies using stalagmites work with a combination of oxygen (δ18O) and carbon (δ13C) 

isotope ratios, as they are the most common proxies used for paleoclimatic reconstructions. Yet, 

multi-proxy studies have been recently more explored, since the combination of different, 

independent proxies provide a more robust understanding of past hydroclimate and environmental 

features. For instance, other proxies that are used in these studies are trace elements mass fractions 

(e.g.,(Fairchild and Treble, 2009; Tremaine and Froelich, 2013) strontium isotope ratios (87Sr/86Sr 

- e.g. Weber et al., 2018) fluid inclusions (e.g. (Van Breukelen et al., 2008), and even organic 

biomarkers (e.g. (Baker et al., 2019). 
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Even though several studies have been done about the South American climate using the 

traditional δ18O and δ13C proxies over the past two decades (e.g. (Wang et al., 2007; Cruz et al., 

2009; Stríkis et al., 2011; Novello et al., 2016, 2018), relative fewer studies have used a multi-

proxy approach (Cruz et al., 2007; Bernal et al., 2016; Wortham et al., 2017; Novello et al., 2019; 

Ward et al., 2019; Utida et al., 2020). In particular, there is a lack of multi-proxy studies that 

integrate geochemical, isotopic, and environmental indicators to differentiate between local versus 

regional climate signals in transitional zones such as central-eastern Brazil. This evidences the need 

for expanding multi-proxy research in South America to improve our understanding of the complex 

interactions between climate drivers and their influence on regional climate variability.  

The main climate system in the South America is the South American Summer Monsoon 

(SASM), which plays a major role in controlling rainfall across large portions of the continent and 

several large demographic centers rely on its moisture supply (Marengo et al., 2012; Vuille et al., 

2012; Carvalho and Silva Dias, 2020).The monsoon is established over the Amazon Basin, where 

a strong monsoonal convective activity takes place within a core region over the south-western 

portion of the basin (Marengo et al., 2012; Vuille et al., 2012; Carvalho and Dias, 2020). Along 

with the SASM, the South Atlantic Convergence Zone (SACZ) is a key monsoonal feature 

characterized by a precipitation elongated band extending from the monsoon region south-eastward 

across the continent to the subtropical Atlantic Ocean, providing significant amount of moisture 

for central and southeast Brazil(Liebmann and Marengo, 2001; Carvalho et al.,2004; Vuille et al., 

2012). Because the SASM and SACZ are sensitive to both tropical and extratropical forcings, 

speleothem records offer a good opportunity to reconstruct its past variability and to assess how it 

has responded to orbital, solar, and ocean–atmosphere interactions (Cruz et al., 2009; Stríkis et al., 

2011; Ramirez et al., 2023). Therefore, developing multi-proxy records is essential for refining the 

interpretation of speleothem records in terms of hydroclimate variability and for improving our 

understanding of how the SASM and SACZ systems have interacted over time. 

This thesis applies a multi-proxy approach for the paleoclimatic and paleoenvironmental 

reconstruction of the last 16k years of a stalagmite collected in São Mateus cave located in central-

east Brazil, northeast of Goiás state (Fig. 1). The studied cave system is located in a state park 

named Parque Estadual da Terra Ronca (PETER), within the limestone rocks of Bambuí Group 

(Dardenne, 1978). This region lies at the boundary between two climate systems, humid tropical 

and semi-arid, where variations in the position and intensity of the SACZ can lead to pronounced 
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hydroclimatic contrasts. This region is located at the boundary between two climate systems, humid 

tropical and semi-arid, with changes in SACZ displacement controlling the long-term 

hydroclimate. The humid tropical region located at the west/south of São Mateus is directly under 

the SACZ influence, while the semi-arid region is under influence of northeastern Brazil climatic 

settings (Fig. 1). This contrast between these regions reflects a climatic dipole that extends into the 

past in multiple time-scales (Cruz et al., 2009; Cheng et al., 2013; Della Libera et al., 2022). In 

this context, this study combines multiple proxies in order to reconstruct a comprehensive picture 

of past hydroclimate variability over this sensitive region, with important implications for future 

hydroclimatic scenarios under ongoing climate change. 

 

Figure 2 – Map of South America with austral summer precipitation during peak monsoon season (DJF) from Global Precipitation 
Measurement Mission (GPM, 2001-2020) (Huffman et al., 2019). Main summer climate features over the continent indicated as 
SASM (South American Summer monsoon) and SACZ (South Atlantic Convergence Zone), with its mean location represented by 
the dashed line. The purple star represents São Mateus cave. The climatological DFJ location of ITCZ is represented by the dashed 
line. 
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Chapter 2 – Theoretical Framework 

 

2.1 Speleothem formation 

Speleothems are secondary calcium carbonate (CaCO3) mineral deposits that form within 

caves of carbonate host rocks, such as limestones (CaCO₃) and dolomites (CaMg(CO₃)₂), and occur 

in various forms, such as stalagmites, stalactites and flowstones. Stalagmites, which build up from 

the cave floor towards the ceiling, are the most commonly studied speleothem and have been 

extensively used as a paleoclimate archive, mainly because of its potential to record environmental 

and climate proxies in a rather straightforward stratigraphy combined with the precise 230Th-U 

dating method. Their formations are associated with a sequence of chemical processes that occur 

in the carbonate host rock, which act as aquifers, and transport the rainfall water into the cave 

system enabling the speleothem growth in this protected environment and allowing its growth for 

hundreds to thousands of years (Fairchild & Baker, 2012). Therefore, the geochemical composition 

of the speleothems will be controlled by multiple factors, including regional climatic conditions, 

processes within the overlying soil and vegetation, the hydrogeochemistry of the host rock, the 

dynamics of primary crystal growth during deposition, and subsequent secondary alterations after 

formation (Fairchild et al., 2006). 

Initially, the water from the ocean is evaporated and advected into the continent, where it 

might lead to cloud formations and eventually condensate into rainfall. The rainwater then 

percolates through the soil, where the partial pressure of CO2 (𝑃஼ைమ
) is higher relative to the water 

(unsaturated in CO2) due to organic matter decomposition. This interaction leads to the dissolution 

of CO2 and yields in the formation of carbonic acid (H2CO3). The carbonic acid is a weak acid, 

which will then gradually dissociate into other carbon chemical compounds at higher pH to 

bicarbonate (HCO3
-) and carbonate (CO3

2-), also known as dissolved inorganic carbon (DIC), 

according to the following chemical reactions (Fairchild and Baker, 2011):  

HଶO + COଶ ↔  HଶCOଷ  Eq. 1 

HଶCOଷ ↔ HCOଷ
ି  + Hା  Eq. 2 

HCOଷ
ି  ↔ COଷ

ଶି  +  Hା  Eq. 3 
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The solution pH value will determine the proportions of DIC species, but at near-neutral pH 

values, the HCO3
- is the dominant DIC (Fairchild & Baker, 2012). This solution then gradually 

becomes more acidic due to its interaction with CO2 as it percolates through the soil, until it reaches 

the fissured and weathered limestone above the epikarst, and eventually the limestone bedrock. 

The resulting acid solution dissolves the carbonate rock according to the following reaction: 

CaCOଷ + HଷOା ↔  Caଶା + HCOଷ
ି + HଶO     Eq. 4 

The final equilibrium reaction of the entire dissolution of the carbonate can be described as: 

Caଶା + 2HCOଷ
ି → HଶO + COଶ + CaCOଷ  Eq. 5 

Therefore, as the solution percolates through the limestone bedrock, it becomes saturated in 

Ca2+ as Eq.5 is constantly happening. When the seepage water reaches the cave atmosphere, it 

encounters an environment with usually at a much lower (𝑃஼ைమ
) than the solution depending on the 

ventilation of the cave. This will induce the degassing process of CO2 (Eq.5) from the solution to 

the cave atmosphere (Dreybrodt, 2008), potentially already forming a stalactite, since this reaction 

favors the precipitation of CaCO3 by shifting the equilibrium toward the products, as shown in 

Eq.5. When the water then drips from the cave ceiling onto the top a stalagmite, it forms a thin 

layer of water and the excess CO2 degasses from the solution, precipitating the carbonate forming 

the stalagmite (Fairchild et al., 2006; Hansen, Dreybrodt and Scholz, 2013).  

The degassing of CO2 from the solution can occur during other stages of the water path, 

already precipitating carbonate prior to the solution’s arrival in the cave, a process known as prior 

calcite precipitation (PCP). It can happen still within the bedrock before it reached the cave 

environment or a longer residence time of the water drop on the cave ceiling/stalactite will lead to 

precipitation (Dreybrodt, 2008a). Favorable conditions for PCP along the seepage water flowpath 

are usually associated with relative drier conditions due to reduced karstic recharge, the prolonged 

interaction time between the solution and the carbonate host rock and the higher chance of 

degassing into unfilled cavities along within the aquifer (Fairchild et al., 2006). During this process, 

the Ca2+ is preferentially removed from the solution and precipitated along the flowpath, reducing 

its supersaturation in the remaining solution, while other trace elements remain relatively enriched 

compared to calcium, such as magnesium and strontium. Consequently, drip water affected by PCP 

often shows progressively higher trace-element ratios, e.g. Mg/Ca and Sr/Ca ratios, which become 

recorded in the speleothem (Fairchild et al., 2006).  
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Figure 3.1 – Diagram illustrating dissolution and precipitation regimes in the karst system. Represents the interaction of the meteoric 
water with soil, capturing the CO2 from decomposing organic matter and root respiration and forming the carbonic acid (Eq.1). As 
a consequence, the calcium carbonate (CaCO3) of the host rock is dissolved (Eq. 4) and Ca2+(aq)are transported via drip water inside 
the cave system. Lastly, the precipitation of CaCO3 inside the cave caused by degassing of CO2 in the cave atmosphere. Modified 
from Patterson et al. (2024).   

 

2.2 Speleothem 230Th-U dating method 

 The U-series method for dating both marine (corals) and terrestrial (speleothems) 

carbonates is a well-known technique that allows for high-precision dating up to 600.000 years, 

providing robust chronologies crucial for paleoclimate reconstructions (Scholz & Hoffmann, 

2008). This technique is based on the radioactive disequilibrium within the radionuclides decay 

chains 238U, 235U and 232Th (Fig. 2.2), particularly the 238U-234U-230Th decay chain. In natural 

materials (e.g. carbonate host-rocks), they are found in a secular equilibrium between parent and 

daughter nuclides in the 238U and 235U decay chains, established over the course of several millions 
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of years, which have much longer half-lives compared to the intermediate daughter ones (Richards 

& Dorale, 2003). However, this equilibrium can be disturbed by geological or geochemical 

processes, such as during the dissolution and subsequent re-precipitation of secondary deposits 

(speleothems). This is key for the U-series dating to work, since the timing of the U-series re-

equilibration in the secondary deposits can be quantified from decay constants of the radioactive 

isotopes (Richards & Dorale, 2003).  

 This principle works because U and Th present different geochemical behaviors in when in 

contact with water. Uranium mainly exists as uranyl ion [UO2]2+ in the continental crust and is 

highly soluble in water, strongly associated with organic matter acids (fulvic and humic), and easily 

incorporated into the calcite or aragonite lattice. In contrast, the thorium is highly insoluble and 

particle-reactive (e.g. detrital particles), making them much less mobile in comparison with the U. 

Therefore, at every speleothem layer that is formed, it contains in principle uranium but no thorium. 

This natural geochemical fractionation causes a disequilibrium between parent (238U) and daughter 

(230Th) isotopes that gradually reduces over time as 230Th accumulates from uranium decay (Fig. 

3). When equilibrium in reached, it is possible to measure the activity ratios of 230Th and 238U that 

allows the calculation of the speleothem deposition time (Bourdon et al., 2003; Scholz & 

Hoffmann, 2008).  In summary, the U-series dating method is based on three main assumptions for 

it to work: 1) the precipitate behaved as a closed system, i.e., no post-depositional addition or loss 

of the parent or daughter isotope (diagenesis); 2) absence of 230Th nuclides at the time of formation, 

i.e., (230Th/238U) = 0; 3) absence of detrital 230Th, 234U and 238U.   

In general, the first assumption is frequently true for most speleothems given the very stable 

environment of a cave. Still, several studies have already pointed out samples that indicate open-

system behaviors and have been affected by diagenesis (Scholz et al., 2014; Bajo et al., 2016). This 

occurs when the speleothem is in contact with corrosive drip water, which actively dissolves the 

speleothem, reshaping fabrics and redistributing U within the carbonate lattice, either adding or 

removing it (Scholz et al., 2014). Since the uranyl ion [UO2]2+ is highly soluble in corrosive water, 

new U from the carbonate host-rock may be added into the speleothem lattice as it precipitates in 

the stalagmite’s pores. On the other hand, when the corrosive water percolates through the 

stalagmite, it dissolves the calcite and carries along the U incorporated in the lattice, mobilizing it 

within the speleothem or leaching it out of the speleothem. In contrast with the U, the Th is 
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practically insoluble, so it tends to be fixed in place. Therefore, post-depositional U loss increases 

(230Th/238U) activity ratios, leading to older ages than expected, while U gain produces artificially 

younger ages (Scholz et al., 2014). The second assumption is usually verified by measuring the 

concentration of 232Th. This isotope serves as a strong indicator of detrital 230Th contamination, 

since the 232Th can only be transported via particles and it has no radiogenic production in the U-

Th decay chains. Therefore, if 232Th is high, it indicates that a significant amount of initial 230Th 

was also brought along and has to be corrected for. Yet, there is no universal (230Th/232Th) activity 

ratio for detrital material, but some methods are used for correction, for instance based on the 

assumption of a characteristic initial (230Th/232Th) activity ratio of the detrital component, to obtain 

reliable ages (Hans Wedepohl, 1995; Richards and Dorale, 2003; Scholz et al., 2014). Finally, the 

third assumption is an overall condition for the U-series disequilibrium method that the decay chain 

has remained undisturbed since the time of deposition.  

 

Figure 2.2 - The basic principles of U-Th dating. a) Schematic of the portion of the 238U decay chain that is relevant for U-Th dating. 
The half-lives and type of particle emitted during radioactive decay (an α or β particle) of each isotope are shown. Ultimately, the 
decay chain ends with the stable 206Pb. b) Isotope evolution diagrams showing the change in 230Th/238U activity and measured δ234U 
(δ234Um) — the two ratios used for the calculation of U-Th dates—after initial fractionation. The three thick red-shaded lines 
represent different pathways towards secular equilibrium based on the value of δ234Uinitial. Modified after (Chen et al., 2020).  

 Considering these criteria are met, the time since the incorporation of U in the speleothem 

is directly related to the amount of daughter products. Therefore, the 230Th-U age can be calculated 

by the activity ratios of (234U/238U) and (230Th/238U) according to the following equations: 
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ቀ
ଶଷସೆ

ଶଷ଼ೆ
ቁ (𝑡) =  ቆቀ

ଶଷସೆ

ଶଷ଼ೆ
ቁ (𝑡) − 1ቇ 𝑒ି஛మయర௧ + 1,  Eq. 5 

ቀ
ଶଷ଴೅೓

ଶଷ଼ೆ
ቁ (𝑡) = ൫1 − 𝑒ି஛మయబ௧൯ + ቆቀ

ଶଷସೆ

ଶଷ଼ೆ
ቁ (𝑡) − 1ቇ

஛మయబ

஛మయబି ஛మయర
 ൫1 − 𝑒ି(஛మయబି஛మయబ)௧൯,   Eq. 6 

where ቀ
ଶଷସೆ

ଶଷ଼ೆ
ቁ

௜௡௜௧௜௔௟
 is the initial (234U/238U) activity ratio, and 𝜆234 and 𝜆230 are the decay 

constants for 234U and 230Th.  

 The state-of-the-art analytical method for determining 230Th-U ages is the multi-collector 

inductively coupled mass spectrometry (MC-ICP-MS). This method allows for a much higher 

analytical precision and smaller sample size compared to previous thermal ionization mass 

spectrometry (TIMS) method that was developed in the 1990s. The MC-ICP-MS analysis requires 

the chemical separation of the U and Th from each sub-sample collected from the speleothem, 

which are usually in the order of 0.15g. The purified solutions are nebulized and injected with an 

Ar carrier gas into the plasma, where the mixture is ionized. After ionization, the ion beam passes 

through a series of electric and magnetic fields and the ions are separated by their mass-to-charge 

ratios and parallel multiple collectors (i.e., multicollector) are used to measure the ions. As a result, 

the MC-ICP-MS technique allows for an ionization and transfer efficiency of ~1-2% (Scholz and 

Hoffmann, 2008; Cheng, Lawrence Edwards, et al., 2013).  

 After obtaining a series of individual ages through the methods described above throughout 

the investigated speleothem sample, it is necessary to build and age-depth model to combine it with 

the high-resolution proxies and be able to discuss the time-related interpretations of the proxy time-

series. Even though the 230Th-U ages require a relatively small sample size to be measured and 

recent studies have been using a series of them throughout a speleothem, we still need to account 

for the age of the speleothem growth between the measured 230Th-U ages. Some simple approaches 

to determine the age-depth relationships are linear regression or spline functions, for instance 

(Richards and Dorale, 2003). However, due to potential changes in the geochronological order of 

the 230Th-U ages, i.e., age inversions, where dated layers do not follow the expected order of older 

ages with increasing distance from the top, it requires that a more accurate determination of which 

ages is responsible for this inversion need to be rejected. To account for that, several algorithms 

and models have been developed and are available in the literature to calculate the age-models 

(e.g., (Drysdale et al., 2004; Ramsey, 2008; Scholz and Hoffmann, 2011; Breitenbach et al., 2012). 
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Amongst them, the StalAge algorithm (Scholz and Hoffmann, 2011), the one used for the 

calculation of all age-depth models in this thesis, uses Monte Carlo simulations to fit straight lines 

through at least three data points. This method avoids the simple point-to-point interpolation by 

rejecting major outliers, adjusting uncertainties for minor ones, and ultimately preventing age 

inversions while producing more robust models (Scholz and Hoffmann, 2011). 

 

2.3 Oxygen and Carbon Stable Isotopes 

The two most common proxy records employed for paleoclimatic studies based on 

stalagmites are the oxygen (δ18O) and the carbon isotopes (δ13C). Both proxies reveal different 

aspects of the climatic and environmental conditions above the cave at the time of the speleothem 

formation. The δ18O presents a relatively direct link to precipitation, since the oxygen incorporated 

into the carbonate comes from the rainwater infiltrating the cave, whereas δ13C will be a result of 

the soil and vegetation above the cave, processes in the aquifer, as well as the input of biogenic 

CO₂ from organic matter decomposition. The sampling for these proxies is usually done in a 

MicroMill device, which allows a high-resolution sampling of the stalagmite, usually in the µm 

scale, and can yield a sub-annual resolution record depending on the stalagmite. 

Even though the interpretation of δ18O might seem straightforward, the speleothem δ18O is 

the final product of a complex combination of interactions of the water during the hydrological 

cycle. The phase changes of water in the different stages of the hydrologic cycle are accompanied 

by oxygen isotope fractionation, a process where one isotope is favored over the other in the flux 

between reservoirs, thus favoring the isotope according to their mass, as the following equation 

(Clark and Fritz, 2013): 

α = Ra
Rbൗ    Eq. 6 

 

E. g.                 αଵ଼O(୵ୟ୲ୣ୰ି୴ୟ୮୭୰) =
 (ଵ଼O  ଵ଺O⁄ )୵ୟ୲ୣ୰

(ଵ଼O  ଵ଺O⁄ )୴ୟ୮୭୰
൘  

where α is the fractionation factor and R is the isotopic ratio of less/more abundant of the element.  
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However, to evaluate the relative variations between the isotope ratios, the notation δ is 

used as pointed out in Eq. 7, showing the relation between the isotope ratio of the sample and the 

isotope ratio of an international reference standard, establishing the isotopic ratio of the sample 

relative to that of the standard according to the equation (Lachniet, 2009):  

δଵ଼Oୱୟ୫୮୪ୣ  =
൬

 భఴో

 భలో
൰ୗୟ୫୮୪ ൬

 భఴో

 భలో
൰ୗ୲ୟ୬ୢୟ୰ୢ

൬
 భఴో

 భలో
൰ୗ୲ୟ୰୬ୢୟ୰ୢ

 × 1000   Eq. 7 

The δ values are expressed as the difference in parts per thousand or permil (‰) from the 

reference value to facilitate the use of outcomes from this equation, which are rather small. For 

calcium carbonate, the standard value used as reference is the Vienna Peed Dee Belemnite (VPDB 

– (Craig, 1957), and in the case of water, the Vienna Standard Mean Ocean Water (VSMOW – 

Craig, 1961) is the internationally adopted standard. Both standards are established as 0‰ in a way 

that the variations in the 18O/16O ratio obtained in carbonate or water samples are always relative 

to differences from the standard. Hence, the δ18O values from a sample are “enriched” with 18O 

when the values are positive (higher 18O/16O sample ratio relative to the standard), or “depleted” 

of 18O (lower 18O/16O sample ratio relative to the standard) (Lachniet, 2009).  

Therefore, the climatic signal obtained from speleothem δ18O will have a component that is 

related to the final outcome of these processes affecting the water along its pathway from the 

moisture source to rainfall above the cave. The water is initially evaporated from the ocean surface, 

i.e., the moisture source, which sets the initial δ18O value depending on different factors such as 

salinity, evaporation and precipitation balance, sea ice melt, freshwater input, and large-scale 

oceanic and atmospheric circulation patterns (Fig. 2). The vapor is then advected over the 

continent, where it eventually condenses and falls as rainwater. The fractionation processes that 

occur in phase changes of water during this pathway will contribute to the δ¹⁸O signature of the 

rainfall. In condensation processes, for example, the lighter water isotopologues (H2
16O) 

preferentially remain in the vapor phase, while heavier ones (H2
18O) are incorporated into de the 

liquid phase (rain). As a result, rainwater is typically enriched in ¹⁸O (higher δ18O) compared to the 

remaining cloud vapor (Lachniet, 2009; Clark & Fritz, 1997). The progressive condensation of the 

air mass along its pathway decreases the δ18O value of the vapor and, consequently, of the rainfall, 

in a process known as Rayleigh distillation, which is also highly temperature dependent (Lachniet, 

2009). This means that when the air mass migrates longitudinally from the ocean into the continent 
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it will go through the continental effect, i.e., the further the moisture source, the stronger the 

Rayleigh effect and more depleted the δ¹⁸O values get. Yet, when the air mass moves latitudinally, 

the temperature effect increases the Rayleigh distillation towards the poles, as the cooling of the 

air mass increases the δ¹⁸O fractionation (Lachniet, 2009). 

 

Figure 2.3 -Diagram illustrating the primary processes related to δ18O variations relevant to speleothem paleo climatology. The 
dominant controls are based on variations in temperature and relative humidity, which influence the δ18O values through the various 
processes and phase changes in the ocean, atmosphere, hydrosphere, soil and epikarst zones, and finally in speleothem CaCO3. In 
the figure, ’f’ indicates it is a function of listed variables (illustration from Baker (2014) adapted from Lachniet (2009a)). 

In summary, the final meteoric water δ¹⁸O value that falls above the cave depends on several 

factors, such as distance from the moisture source, source effect, altitude, local temperature, and 

local and upstream amount of rainfall (Lachniet, 2009). Additionally, the water path from the soil 

to the cave and the cave environment also affect the final δ¹⁸O signature that is imprinted in the 

precipitated speleothem. As the rainwater infiltrates the soil, into the epikarst and aquifer above 

the cave, additional processes can change its isotopic composition, such as evaporation both in the 

soil and in air-filled cavities in the aquifer, which enriches the water δ¹⁸O value, mixing with older 

stored water, and varying flow paths through fissures and fractures (Long and Putnam, 2004; 

Lachniet, 2009). Therefore, the δ¹⁸O value of drip water reaching the cave reflects the cumulative 

effects of soil, epikarst, and aquifer processes on top of the initial rainfall δ¹⁸O signal, what can 

attenuate the variability of the drip water δ¹⁸O in comparison with the rainfall δ¹⁸O (Perrin, Jeannin 

and Zwahlen, 2003; Mattey et al., 2008). 
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By reaching the cave, further enrichment of the drip water δ¹⁸O value might occur due to 

evaporation in caves that are well-ventilated, have low relative humidity or due to long residence 

times on a stalactite or stalagmite tip (Lachniet, 2009). Finally, the conditions under which the 

carbonate precipitates, i.e., in equilibrium or kinetic fractionation, also leaves an imprint on the 

δ¹⁸O of the speleothem. Under equilibrium conditions, a full isotopic exchange between the water, 

dissolved and precipitated carbonate is established, and the δ¹⁸O of the precipitate reflects the drip 

water at the cave ambient temperature. In contrast, kinetic fractionation happens when rapid or 

incomplete reaction occur, such as in fast CO₂ degassing, evaporation, or low humidity that disrupt 

the equilibrium between phases, leading to isotopic values that are biased toward higher δ¹⁸O 

(Hendy, 1971; Dreybrodt, 2008a; Dreybrodt and Scholz, 2010; Hansen et al., 2019). As a result, 

the stalagmite δ¹⁸O values record the outcome of the complex interaction between processes 

occurring in the atmosphere and the soil, karst, and cave environments. While this complexity can 

make climate interpretations challenging (e.g., (Scholz et al., 2012; Weber, Scholz, et al., 2018), 

(McDermott, 2004a; Fairchild et al., 2006; Moseley et al., 2014; Cheng et al., 2016; Wassenburg 

et al., 2016)when carefully considered these records provide valuable understandings into past 

hydroclimate variability, moisture sources, and atmospheric circulation patterns (McDermott, 

2004b; Fairchild et al., 2006; Moseley et al., 2014; Cheng et al., 2016; Wassenburg et al., 2016). 

 Regarding the δ13C, the final values in a stalagmite are affected by additional processes that 

lead to the fractionation of the carbon stable isotopes, such as amount and type of vegetation above 

the cave according to their photosynthetic pathways (C3, C4 or CAM plants), soil 𝑃஼ைమ
, PCP, 

residence time of the water in the soil and carbon dissolution in an open/closed system 

(Mühlinghaus, Scholz and Mangini, 2009). Initially, the source of carbon that will mostly influence 

the speleothem isotopic value is the CO2 from both plant root respiration and decomposition of 

organic matter by biological activity in the soil that is primarily incorporated into rainfall 

infiltration water, known as dissolved inorganic carbon (DIC) (Dreybrodt, 2008b; Novello et al., 

2021). Since different groups of plants (C3, C4 or CAM plants) use different processes to produce 

glucose after the hydration and dissociation of the captured atmospheric CO2, this results in 

different δ¹³C values in the soil CO2. Hence, the type of dominant plants above the cave can imprint 

different isotopic signals to the speleothems δ13C due to their distinct kinetic fractionation process 

during photosynthesis. Plants typically from savanna and grasslands, such as grass and shrubs (C4 

photosynthetic pathway), present a δ13C range between -15 to -10‰; woody type of plants, typical 
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of dense forests (C3 photosynthetic pathway), show a δ13C ranging from -30 to -24‰; CAM 

(crassulacean acid metabolism) plants, such as succulents and arid environments adapted plants, 

usually present δ13C values that are similar to the C4-type, but can on occasion use the C3-type 

processes, thus overlaping the carbon isotopic signature of both C4 and C3 plants (Hendy, 1971; 

Dreybrodt, 2008b; Silva et al., 2008; Pessenda et al., 2010; Fohlmeister et al., 2020; Novello et al., 

2021). 

The interaction of the water with the soil CO2 forms an acid solution that dissolves the cave 

host-rock, as in Eq. 1-4, with most soil DIC present as bicarbonate ion (HCO3
-) (Mühlinghaus, 

Scholz and Mangini, 2009). The percolating solution typically dissolves the calcium carbonate 

under conditions that, in natural environments, are usually in an intermediate state between an open 

and closed system. In an open system, the solution is in equilibrium with the CO2 reservoir from 

the soil, thus being the major contributor for the speleothem δ13C. On the other hand, in a closed 

system, the solution is isolated from the soil CO2 reservoir and the carbon initially dissolved in the 

solution is consumed during the carbonate dissolution, leaving the isotopic imprint of the host-rock 

(McDermott, 2004b; Dreybrodt, 2008b; Fairchild and Baker, 2011). Additionally, PCP in the karst 

aquifer can strongly modify the δ¹³C signal. The degree in which PCP occurs can vary due to the 

difference in 𝑃஼ைమ
 between the solution and the air it is in contact with (aquifer fractures or cave), 

and to the residence time of the water exposed to the air. The time of residence of the solution in 

the aquifer can be influenced by hydrological availability. For instance, wetter conditions decrease 

the time of residence due to a higher recharge in the aquifer, lowering the time in which the solution 

is in contact with the air in the aquifer and even filling completely the pockets of air, which 

decreases the degassing and consequently decrease PCP rates. In contrast, drier conditions lead to 

high PCP rates (longer residence time and longer contact with the cave atmosphere) since the 

lighter CO2 isotopologue (12C) is removed, what is reflected in the stable isotope record from the 

stalagmite as an increase in δ13C values. 

In spite of the complexity of a climatic or environmental interpretation given the several 

processes involved in the modulation of speleothems δ13C values, they remain highly informative, 

especially for detecting changes in vegetation density, composition, and activity above the cave 

(Cruz et al., 2006; Novello et al., 2019, 2021; Utida et al., 2020). Furthermore, a multiproxy 

approach can also add valuable contribution to the interpretation of the δ13C in speleothems. For 

instance, Utida et al. (2020) combined hydrological and vegetation proxies to demonstrate that 
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variations in speleothem δ¹³C were closely linked to shifts in vegetation cover, highlighting the 

importance of integrated datasets. 

2.4 Strontium isotope in speleothems 

 The use of strontium isotopes (⁸⁷Sr/⁸⁶Sr) in speleothems as a proxy for paleoclimate 

reconstruction has been gaining notoriety in South America in the last few years (e.g. Wortham et 

al., 2017; Ward et al., 2029; Utida et al., 2020). One of the early studies about the use of Sr isotopes 

in speleothems, (Banner et al., 1996), already pointed out the potential of this proxy to improve the 

understanding between the climate variability and ground-water chemistry. In contrast with the 

oxygen and carbon isotopes, one of the greatest advantages of using 87Sr/86Sr is that it does not 

fractionate significantly during evaporation, degassing, temperature fluctuations and carbonate 

precipitation. Hence, the resulting 87Sr/86Sr ratio incorporated within speleothems primarily reflects 

the isotopic composition of the drip water from which they precipitate. Since the percolating water 

usually has a long interaction time with the host-rock, it is the major source of Sr in the speleothem. 

However, as initially presented by Banner et al. (1996) and further by other studies (e.g. (Goede et 

al., 1998; Frumkin and Stein, 2004), different external inputs with considerable distinct 87Sr/86Sr 

ratios affect the drip water Sr signature. Long-range mineral aerosol dust (e.g., Saharan or Asian 

dust), sea spray salts, and volcanic ashes (Banner et al., 1996), for instance, all present distinct Sr 

isotope signatures that interact with the infiltrating water when they are deposited on the soils above 

the cave. Consequently, the drip water 87Sr/86Sr ratios reflect the relative inputs from different 

sources that are isotopically distinct and interact with the drip water prior to its precipitation on the 

speleothem.  

  Additionally, Sr isotopes have been used as a proxy for rainfall and residence time in the 

aquifer (Weber et al., 2018a; Wortham et al., 2017: Ward et al., 2019). Because the rainwater 

initially interacts with the soil before reaching the limestone, it initially acquires the soil ⁸⁷Sr/⁸⁶Sr 

signature. Hence, in areas where the soil and the limestone host-rock present very distinct ⁸⁷Sr/⁸⁶Sr 

signatures, the final speleothem Sr signature falls in a range between these two end-members. The 

soil often carries a significantly higher Sr isotopic signature compared to the limestone bedrock. 

Given the ⁸⁷Sr is the radiogenic daughter of ⁸⁷Rb, rocks and minerals with high Rb/Sr ratios (e.g., 

silicate rocks) will produce elevated ⁸⁷Sr/⁸⁶Sr ratios over geological time, and weathering of these 

minerals result in high radiogenic signature into the soil given the high amounts of ⁸⁷Sr. In contrast, 
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the limestones usually present a much lower Sr isotopic signature. In the end, the ⁸⁷Sr/⁸⁶Sr ratio in 

speleothems often reflects the balance between soil-derived Sr (more radiogenic, high ⁸⁷Sr/⁸⁶Sr) 

and bedrock-derived Sr (less radiogenic, lower ⁸⁷Sr/⁸⁶Sr). 

 When rainwater infiltrates through the soil and epikarst, it dissolves Sr from soil minerals 

and organic-rich horizons before reaching the cave, leaving elevated ⁸⁷Sr/⁸⁶Sr ratios into the 

infiltrating water. However, as water infiltrates in the vadose zone above the cave, the ⁸⁷Sr/⁸⁶Sr 

signature of that water can evolve towards the bedrock signature via water-rock interaction 

depending on its residence time. This means that a longer residence time of the percolating water 

into the bedrock brings the water Sr isotope signal closer to the bedrock, while shorter interactions 

times preserve the original signal obtained from the soil. Given this scenario, several studies use 

Sr isotopes as a proxy for local hydrology, since drier conditions favor a longer residence time of 

the water in the limestone aquifer above the cave, which brings the drip water and, consequently, 

the speleothem ⁸⁷Sr/⁸⁶Sr closer to the bedrock values (lower). In contrast, in wetter periods, the 

water flows more rapidly between the soil and the cave environment, reducing the interaction time 

between the solution and the bedrock and having a stronger imprint of the soil ⁸⁷Sr/⁸⁶Sr ratios 

(higher) (Banner et al., 1996; Wortham et al., 2017).  

 Nonetheless, as previously mentioned, other studies also identified the influence of the 

other external sources of Sr in the speleothem, which also play an important role in understanding 

paleoclimate conditions. For instance, Goede et al. (1998), Frumkin and Stein (2004), and (Cruz et 

al., 2021) all present evidence that their ⁸⁷Sr/⁸⁶Sr records show changes in input of aeolian dust 

deposits. Cruz et al. (2021) show how rapidly increasing dust fluxes in Northen Spain throughout 

the Late Holocene coincides with the desertification of large areas in northwestern Africa (Saharan 

desert) during this period, which is linked with to reduced Atlantic meridional overturning 

circulation (AMOC) strength and reduced summer monsoon. In contrast, lower ⁸⁷Sr/⁸⁶Sr ratios 

reflect decreased dust contribution due to wetter conditions in the Sahara, enhanced vegetation 

cover, and strengthened monsoon circulation, which shuts down dust mobilization (Cruz et al., 

2021). Another example is the contribution of sea-spray to the cave area. (Fisher et al., 2010) used 

speleothem ⁸⁷Sr/⁸⁶Sr variations to determine when sea level was higher (shoreline closer), as sea-

spray input would have been greater and tends to shift Sr isotopic values towards more “marine” 

signatures (higher ⁸⁷Sr/⁸⁶Sr) and to lower influence of bedrock signatures, and the opposite scenario 
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for lower sea levels (farther shoreline). This worked as an independent proxy, in combination with 

other tools, to reconstruct past shorelines in South Africa.  

Overall, the using speleothem Sr isotope records can be a very strong tool for paleoclimate 

and paleoenvironmental reconstructions, but the main challenge in interpreting it is about 

understanding the potential Sr sources in a given area and estimate their respective contribution. 

On one hand, carbonate host-rock signatures can often be estimated based on their depositional 

ages (Burke et al., 1982) and modern sea spray values are well constrained (McArthur et al., 2012). 

On the other, external inputs such as dust are highly heterogeneous and their impact also depends 

on climatic factors such as rainfall and temperature, which influence the extent of weathering and 

mixing with bedrock-derived Sr (Capo, Stewart and Chadwick, 1998; Stewart, Capo and 

Chadwick, 1998). Consequently, reconstructing the isotopic composition and relative contribution 

of each potential source is essential for using Sr isotopes in speleothem-based paleoclimate studies. 

2.4.1 Strontium isotope analysis 

The most common method for obtaining ⁸⁷Sr/⁸⁶Sr ratios in speleothems is the solution-mode 

by the collection of bulk powder samples from the stalagmite throughout its growth axis and the 

further chemical separation of the Sr by a chromatographic column. The final solution is then 

analyzed by a MC-ICP-MS, as described in session 2.2, or by a TIMS system. Initially, Sr isotope 

analysis was restricted to TIMS, which requires long measurements times, but yield high precision 

analysis (Platzner, 1985). Yet, further developments in the MC-ICP-MS systems allowed for 

reduced analytical times with similar precision (Wieser and Schwieters, 2005). Therefore, 

depending on the facilitates available, both systems are still currently used for the Sr isotope 

analysis in speleothems (e.g., Utida et al., 2020; Wortham et al., 2017; Ward et al., 2019).  

Nonetheless, developments in the methodology allowed for the combination of the MC-

ICP-MS system with a laser ablation system, bringing several advantages. For one, it eliminates 

the chemical separation step prior to analysis, reducing preparation time. Secondly, the spatial 

resolution increased significantly due to the laser precision instead of the bulk sample collection 

from the stalagmite. Also, the analytical time considerably reduced for less than five minutes per 

sample, with barely no changes in measurement precision. In contrast, given the low amounts of 

Sr content in most speleothems, the ablation of the speleothem by the LA-MC-ICP-MS analysis 

might not capture enough sample to an accurate analysis, limiting this analysis to some 
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speleothems. Yet, several advances in mass spectrometry, laser ablation, and the development of 

suitable reference materials have lowered detection limits, enabling Sr isotope analysis in a wider 

range of samples (Wieser and Schwieters, 2005; Jochum et al., 2014; Weber, Lugli, et al., 2018). 

Still, to ensure reliable and robust ⁸⁷Sr/⁸⁶Sr ratios, the accuracy of the analysis can be secured 

through bracketing with appropriate reference materials during measurements(Irrgeher and 

Prohaska, 2016; Weber et al., 2017; Weber, Lugli, et al., 2018), as well as by monitoring the 

naturally constant 84Sr/86Sr ratio (Müller and Anczkiewicz, 2016). A more detailed description of 

the methods can be found in Weber et al. (2020) and Weber et al. (2017).  

In spite of the advances in the LA-MC-ICP-MS analysis, only two studies use the 

combination of laser ablation and conventional solution mass spectrometry data (e.g., Weber et al., 

2017; Wortham et al., 2017), even though the validation of the LA-MC-ICP-MS analysis has been 

verified by different studies and similar results were obtained with the solution-based analysis (e.g., 

(Vroon et al., 2008; McArthur et al., 2012). This thesis uses both methods, as observed in Chapter 

3.  

2.5 TEX86 – Organic Temperature Proxy 

 One of the central debates nowadays regarding climate change is the observed increasing 

temperatures since the 1950 and the further increase predicted by climate models (Forster et al., 

2025). Nonetheless, temperature is the least addressed variable in paleoclimate and 

paleoenvironmental reconstructions on continental records, such as in speleothems. Some 

techniques are used to recover temperature records from stalagmites, such as isotopic or noble gas 

analysis of fluid inclusions (Van Breukelen et al., 2008; Scheidegger et al., 2010; Meckler et al., 

2015), and clumped isotope thermometry of the calcite (Affek et al., 2008; Kluge et al., 2014). 

Both techniques, however, are subjected to the isotopic disequilibrium that occurs in speleothems 

(see section 2.3), which sometimes lead to temperature uncertainties and erroneously higher or 

lower temperatures(Kluge et al., 2013; Meckler et al., 2015; Hansen et al., 2019; Meckler, Vonhof 

and Martínez-García, 2021). Therefore, the development of an organic temperature proxy offers a 

paleotemperature record independent from the isotopes. Studies focused on marine sediments (e.g. 

(Schouten et al., 2002; Chiessi et al., 2015a) have already largely explored the use of organic 

biomarkers, such as the glycerol dialkyl glycerol tetraether lipids (GDGTs), to reconstruct sea 

surface temperature (e.g. Schouten et al., 2002; Bahr et al., 2023). The GDGTs are membrane 
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lipids derived from either archaea or bacterial groups that occur in two major categories: isoprenoid 

GDGTs (iGDGTs) derived from archaea, especially Crenarchaeota/Thaumarchaeota, which 

synthesize crenarchaeol and other GDGTs containing cyclopentane or cyclohexane rings, and 

branched GDGTs (brGDGTs) produced by certain soil bacteria that whose MBT (methylation 

index of branched tetraethers) and CBT (cyclisation ratio of branched tetraethers) indices vary 

systematically with terrestrial temperature and soil pH, respectively (Fig. 5 - Schouten et al., 2002; 

Weijers et al., 2007; Yang et al., 2011, p. 20; Blyth and Schouten, 2013). The basic mechanism to 

why these membrane lipids work as a paleotemperature proxy is due to a physiological adaptation, 

where the microbes alter the number of cyclopentane rings in iGDGTs or the degree of methylation 

in brGDGTs in response to ambient temperatureௗ(Schouten et al., 2002; Blyth & Schouten, 2013). 

Higher growth temperatures increase cyclopentane ring counts, raising membrane thermal stability, 

while warmer soils lower the methylation index of brGDGTs (Schouten et al., 2002; Blyth & 

Schouten, 2013).  

In speleothems, the archaeal iGDGTs prevail, whereas the brGDGTs are more common in 

the overlaying soil. Therefore, the use of an index that translates the GDGT distributions into 

temperature estimates is the TEX86 index, based on the relative abundance of iGDGTs with 

different ring numbers preserved in the speleothem, as in the following equation (Schouten et al., 

2002):  

TEX଼଺ = 
(ୋୈୋ୘ ଶ ା ୋୈୋ୘ ଷ ା େ୰ୣ୬ ୧ୱ୭୫ୣ୰)

(ୋୈୋ୘ ଵ ା ୋୈୋ୘ ଶ ା ୋୈୋ୘ ଷ ି େ୰ୣ୬ ୧ୱ୭୫ୣ୰)
   Eq. 8 

Still, the brGDGTs are also analyzed in speleothems, as they provide complementary 

information to the archaeal-derived iGDGT signal and can help resolving source, contamination 

and calibration issues (Blyth & Schouten, 2013). Therefore, both MBT and CBT are calculated 

according to the equations (Weijers et al., 2007):  

MBT =  
[୍ା୍ୠା୍ୡ]

[୍ା୍ୠା ]ା[୍୍ା୍୍ୠା୍୍ୡ]ା[୍୍୍ା୍୍୍ୠା୍୍୍ ]
   Eq. 9 

CBT =  
[୍ୠ]ା[୍୍ୠ]

[୍]ା[୍୍]
  Eq. 10 
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Figure 2.4 - Structures for the isoprenoid GDGTs (iGDGTs) and branched GDGTs (brGDGTs). Adapted from Baker et al. (2019).  

For instance, to investigate whether the sample has soil contamination, the BIT (Branched 

and Isoprenoid Tetraether) index can be calculated to determine the dominance of iGDGT vs. 

brGDGT in the sample, thereby accessing whether the GDGT signal in a stalagmite is inherited 

from soil (higher BIT) input or produced in-situ (lower BIT) (Blyth & Schouten, 2013; Baker et al, 

2019). In general, the BIT in speleothems is low, indicating a strong in situ cave/aquatic-derived 

rather than a soil-derived signal, supporting the idea that these organisms do not simply come from 

the soil into the cave, but are indeed distinct cave communities (Blyth & Schouten, 2013). The BIT 

index can be calculated according to the following equation (Hopmans et al., 2004): 

BIT =  
(୍୍୍ା୍୍ା୍)

(େ୰ୣ୬ୟ୰ୡ୦ୟୣ୭୪ା୍୍୍ା୍୍ା୍)
   Eq. 11 

Finally, the most recent cave air temperature estimates based on the TEX86 are calculated 

based on the proposed equation from Baker et al. (2019):  
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Cave air T =  −7.34 + (34.64 × TEX଼଺)  Eq. 12 

A calibration study developed by Blyth & Schouten (2013) demonstrates that the 

speleothem TEX86 proxy correlates strongly with surface mean annual temperature 

(r²ௗ=ௗ0.78,ௗ±ௗ2.3ௗ°C) and with cave mean temperature (r²ௗ=ௗ0.70,ௗ±ௗ1.9ௗ°C). Even though several 

studies have demonstrated that the TEX86 index can be used to reconstruct past cave temperatures, 

not many recent studies have applied this paleotemperature proxy in speleothem climate 

reconstructions (e.g. Huguet et al., 2018; Wassenburg et al., 2021; Levy et al., 2023). Overall, 

TEX₈₆ provides quantitative temperature estimates in both marine and cave archives with typical 

uncertainties ofௗ±1–2ௗ°C, but accurate interpretation requires site-specific calibration, assessment 

of source organisms, and consideration of environmental biases.  
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3.1 Abstract 

 

The east-west precipitation dipole that occurs in South America has been vastly investigated in 

previous studies using paleoclimate records from east and west of the continent, but the climate 

dynamics of central-eastern Brazil remains less understood. While δ18O values have been widely 

used to study past rainfall variability over South America, their ability to resolve local hydrological 

changes in central Brazil during the Holocene has been proven to be difficult. Recent studies in the 

region have used δ13C values and ⁸⁷Sr/⁸⁶Sr ratios from speleothems to assess local paleo-hydrology 

and environmental conditions. Here, we revisit this topic for the last 11000 years based on a novel 

multi-proxy record (δ18O, δ13C, and 87Sr/86Sr) from a stalagmite collected in central Brazil at the 

northern side of the present day South Atlantic Convergence Zone (SACZ). The overall climate 

shifted from drier to wetter conditions throughout the Holocene, reflecting the increasing southern 

insolation and the monsoon-driven wetting trend based on the local and regional δ¹³C and pollen 

records. Changes in atmospheric circulation patterns during the Holocene might have been 

responsible for the increase in δ18O values through time. A north-eastern climate influence during 

the weaker monsoon phase from early-to-mid Holocene contrasts the late Holocene and present-

day influence of SACZ over the area. Hence, a negative correlation between δ¹⁸O and δ¹³C indicates 

a decoupling of monsoon activity from local climate conditions. The Sr isotope signals in our site 

may be influenced by mixed lithology or increased dust input from nearby sandstone during drier 

periods, revealing the complexity of this proxy. The São Mateus record highlights the complex, 

non-stationary interplay between monsoon strength, SACZ dynamics, and atmospheric processes 

in shaping central Brazil's hydroclimate. 
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3.2 Introduction 

 

The Brazilian savanna, or Cerrado, lies in Central Brazil and is the second-largest biome of 

South America. It is bordered by the Amazonian biome (rainforest) to the north and the Caatinga 

biome (Brazilian dry forest) to the east. The Cerrado is situated within the austral summer/spring 

(October-March) precipitation regime of the South Atlantic Convergence Zone (SACZ). The 

SACZ is a seasonal convective band that forms in a northwest-to-southeast orientation over the 

continent (i.e., central Brazil – Fig. 3.1), and is one of the main features of the South American 

Summer Monsoon (SASM). It is maintained by merging two transient moisture fluxes: one 

following the pattern of the monsoon onshore flow from the north and another originating from 

frontal systems from the South Atlantic Ocean as they move into the continent westward (Garreaud 

et al., 2009; Marengo et al., 2012; Zilli et al., 2019). The overall position and intensity of the 

convective band changes depending on different climatic factors, such as atmospheric circulation, 

sea surface temperatures in the South Atlantic Ocean, low-level jets, and South Atlantic Subtropical 

high wind speeds(Garreaud et al., 2009; Marengo et al., 2012; Zilli et al., 2019; Wong et al., 2023).  

Previous paleoclimate studies based on stalagmite oxygen isotope (δ18O) records within the 

SASM/SACZ regime (Fig. 3.1a) investigated changes in the activity of both systems and their 

association with distinct rainfall patterns (Cheng et al., 2013; Wang et al., 2017; Campos et al., 

2019; Wong et al., 2023). They define a rainfall dipole pattern between Northeastern Brazil, which 

primarily receives moisture from the Intertropical Convergence Zone (ITCZ) at its southernmost 

position, and the monsoon domain. This dipole pattern was documented at orbital (Cruz et al., 

2009; Cheng et al., 2013b; Deininger et al., 2019) to centennial time scales (Novello et al., 2018; 

Campos et al., 2019; Della Libera et al., 2022). The dipole is established when enhanced 

convergence in the West (Amazon) of the continent takes place (Fig.3.1b), causing regional air 

subsidence in the Northeast, which characterizes a subsystem of the atmospheric Walker 

circulation known as the Bolivian High-Northeast Low system (Rodwell and Hoskins, 2001; 

Lenters and Cook, 1997; Sulca et al., 2016; Campos et al., 2019). However, the climate dynamics 

in the center of the dipole, i.e., in central-east Brazil, have not been well defined and understood 

yet due to the lack of archives recording the climate transition between the dipole extremes over 

longer time-scales, such as during the Holocene. 
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Over the Holocene, the dipole pattern is characterized by opposite trends of the δ18O records 

across tropical South America towards the late Holocene (LH). In western Amazonia, the tropical 

Andes, and southern Brazil, increasing moisture reflected by decreasing δ18O values follows the 

increase in austral summer insolation (Bird et al., 2011; Bernal et al., 2016). The records from 

Northeastern Brazil and eastern Amazonia, on the other hand, document increasing aridity reflected 

by increasing δ18O values as summer insolation rises (Cruz et al., 2009; Wang et al., 2017; Utida 

et al., 2020). Despite the clear dipole pattern, in central-east Brazil, at the core of the dipole, climate 

is relatively stable from mid-to-late Holocene as reflected in regional δ18O records (Stríkis et al., 

2011; Azevedo et al., 2021; Wong et al., 2021). It is associated with a stationary position of the 

central axis of the SACZ (Fig. 3.1) over this region for the last 6000 years (Wong et al., 2021), 

implying a stationary influence of the SACZ in these central regions despite its apparent expansion-

retraction behavior of the precipitation belt in the areas located further away from its NE-SW axis 

(Strikis et al. 2011; Novello et al. 2018; Campos et al. 2019; Azevedo et al. 2021). 

A monitoring program performed for two years in São Bernardo cave (~10km from São Mateus 

cave) by Moquet et al. (2016) shows a significant negative correlation between local rainfall 

amount and δ18Oprecip at both monthly and weekly scales showing that on short time scales, δ18O 

does predict rainfall amounts. However, paleo-records from central Brazil suggest that the long-

term variability of δ18O records do not record rainfall amounts so easily (Wortham et al., 2017; 

Novello et al., 2019; Ward et al., 2019; Azevedo et al., 2021). This likely relates to the existence 

of multiple large-scale atmospheric processes related to the monsoon, including mixing between 

different moisture sources and Rayleigh distillation processes. Such processes likely vary 

significantly on longer time scales, affecting δ18O values of rainfall, and thus confound any rainfall 

amount effects recorded in modern rainfall δ18O values(Ampuero et al., 2020). 

Therefore, recent multi-proxy studies investigate paleo-hydroclimate and paleoenvironmental 

changes in central Brazil using speleothem δ13C and 87Sr/86Sr records to elucidate local 

hydrological conditions(Wortham et al., 2017; Campos et al., 2019; Ward et al., 2019; Azevedo et 

al., 2021). Overall, these studies suggest that local precipitation in the central parts of Brazil was 

indeed decoupled from continental monsoon patterns over long-time scales, either due to changes 

in moisture sources or Rayleigh distillation processes. For instance, Ward et al. (2019) indicate that 

changes in monsoon intensity at its core may not directly reflect local precipitation amounts 

downstream (i.e., in central Brazil) based on their 87Sr/86Sr and δ13C records used as proxies for 
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local hydrology. Additionally, Wortham et al. (2017) suggest that moisture contributions from the 

South Atlantic Ocean at sites closer to the coast than the core monsoon region dilute the monsoon 

signal derived from upstream dynamics. This is reflected by rising 87Sr/86Sr values, suggesting an 

increase in moisture, during overall stable monsoon δ18O records in central Brazil (Wortham et al., 

2017). This decoupling has also been brought up in a recent review study by Gorenstein et al. 

(2022), which compiled 173 studies from South America based on different paleo-archives 

(speleothems, sediment cores and soil samples), from which a wide selection of proxies was 

analyzed (e.g., δ18O, δ13C, pollen, mineralogy, grain size, trace-elements). They point out that the 

paleoclimate records from central-eastern Brazil show the least consistent picture amongst each 

other and indicate a high variability of the SACZ central axis position during Middle Holocene 

(MH). This again suggests a decoupling of local moisture conditions in central-eastern Brazil from 

the overall intensity of the SASM. 

Here we present a new speleothem multi-proxy record from central-eastern Brazil based on 

δ18O and δ13C values as well as 87Sr/86Sr ratios from São Mateus cave (Fig. 31a), covering the 

entire Holocene. This is the longest continuous Holocene record from the region so far. We 

reconstruct the spatiotemporal evolution of the dipole climate transition happening at our study site 

and discuss the changes in the local environment. 

 

Figure 3.1 - a) Map of tropical South America. Wind and precipitation data represent the December, January, and 
February (DJF) South American Summer Monsoon features for the forty-year climatology covering the period between 
1981 – 2020 CE. The years correspond to the December month of the DJF season, i.e., D(0), J(+1), F(+1). Low-level 
(850 hPa) horizontal wind data (u, v) were derived from the ERA5 reanalysis. Total seasonal precipitation data were 
derived from the CHIRPS-2.0 dataset, a gridded rainfall time series based on rain gauges (Hersbach et al., 2023; Funk 

a) b) 
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et al., 2014). The triangle with the red borders represents the location of São Mateus cave. The other triangles represent 
the following cave sites: Rio Grande do Norte (Cruz et al., 2009); Paixão cave (Stríkis et al., 2015); Angelica cave 
(Wong et al., 2021); Lapa Sem Fim cave (Azevedo et al., 2021); Lapa Grande cave (Strikis et al., 2011); Botuverá 
cave (Wang et al., 2007). The yellow circles are pollen and lake sediment records mentioned in the text: Águas 
Emendadas (Barberi et al, 2000); Lagoa Feia (Cassino et al. 2020); Cromínia (Salgado-Lambouriau et al. 1997); São 
José (Cassino et al. 2018); Lagoa da Confusão (Behling 2002); Icatu (de Oliveira et al., 1999); Pandeiros wetland 
(Sabino et al., 2021). b) Same as a), but with a representation of the precipitation dipole between central and northeast 
South America. The climatological DJF location of the ITCZ is represented by the blue dashed line and the 
corresponding location of the SACZ by the black dashed line. 

 

3.2 Site and sample description 

São Mateus cave (13.67° S; 46.37° W, 623 m a.s.l. – Fig. 3.1a) is located at the State Park of 

Terra Ronca (PETER), Goiás state, Central Brazil. The cave is developed in Neoproterozoic 

karstified dolostone interbedded with limestones of the Sete Lagoas Formation, Bambuí Group 

(Dardenne, 1987; Auler and Farrant, 1996). In this area, large underground cave systems were 

formed by drainages flowing westwards from the topographically higher sandstones of the Urucuia 

Group (Campos and Dardenne, 1997), which forms the Serra Geral Plateau ca. 15 km to the east 

of the cave site (Supp. Fig. 3.1). The caves were formed by the weathering of the carbonate unit 

along the trajectory of these rivers (Dardenne, 1987; Auler & Farrant, 1996; Guyot, 1997), such as 

the São Mateus River. The São Mateus cave system intersects three sedimentary packages: one 

characterized by doloarenites and recrystallized dolomitic limestone, a second one by intercalations 

of laminated argillaceous limestones and siliciclastic rocks ranging from claystone to siltstones, 

and a third package dominated by laminated quartzose siliciclastic rocks, with interbeds of massive 

to laminated siltstones and very fine to fine sandstones, along with subordinate marly limestones 

(Supp. Fig. 3.2) (Governo do Estado de Goiás, 2016). 

The present-day climate in PETER is characterized as tropical semi-humid, presenting a 

seasonal pattern of precipitation with wet summer and dry winter seasons. Based on the records of 

the meteorological station São Vicente (~14 km from São Mateus cave), the mean annual 

precipitation between 1974 and 2023 is 1,428 mm yr-1. Most of the rainfall (80 %) occurs between 

October and April during the summer monsoon season and the SACZ active period, feeding the 

karst aquifer above São Mateus Cave. 

The local vegetation is generally characterized as Cerrado (Brazilian savanna), which contains 

many sub-categories. Karstic areas within the Cerrado biome can present a type of vegetation 

assembly known as “Mata Seca Decidua” (dry deciduous forest) or “Mata Calcaria” (calcareous 
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forest). Such vegetation can develop on a thin soil cover (~30 cm), changes dramatically between 

dry and wet seasons, and is highly affected by water availability. The arboreal coverage is 60-90 % 

during the wet season, and 15-35 % in the dry season. The surface also exhibits calcareous rock 

pavements with epikarst features, such as dissolution pools, which may accumulate organic matter 

and soil. 

The current study is based on stalagmite SMT16 collected in São Mateus cave at the 700 Hall 

(Salão Setecentos), which is located ca. 150 m away from the cave entrance (Supp. Fig. 3.2), and 

ca. 30 m above the modern level of the São Mateus River. The 404 mm-long speleothem section 

used in this study is a cylindrical aragonite stalagmite formed by acicular crystals without signs of 

recrystallization (Fig. 3.2b). 

 

3.3 Methods 

3.3.1 Chronology and stable isotopes 

 A total of 18 230Th/U-ages were determined along the growth axis of SMT. For each sample, 

~100 mg of carbonate powder was hand-drilled and collected for the separation of the U and Th 

fractions (Edwards, 1988). These fractions were then further analyzed using multi-collector 

inductively coupled plasma-mass spectrometry (MC-ICP-MS) at the Geochronology Laboratory at 

the University of Minnesota (USA) and at the Institute of Global Environmental Change, Xi'an 

Jiaotong University (China), following the methods described in Cheng et al. (2013a). The final 

chronology was established by calculating an age-depth model using StalAge (Scholz and 

Hoffmann, 2011). 

 For δ18O and δ13C analysis, a total of 1320 samples of powdered carbonate were collected 

along the stalagmite growth axis with a constant spacing of 0.3 mm between samples using a 

Sherline Mill device with a 0.1 mm drill bit. The analyses were performed at the Laboratory of 

Stable Isotopes at the Institute of Geoscience of the University of São Paulo (LES-USP) and at the 

Laboratory of Geodynamic, Geochronological and Environmental Studies of the University of 

Brasilia (LEGGA – UnB). At LES, a Thermo-Finnigan Delta Plus Advantage mass spectrometer 

coupled to a Gas Bench online sample preparation system was used, and at LEGGA, a Thermo 

MAT 253 attached to a Kiel IV Carbonate. Both oxygen and carbon isotope ratios are expressed in 
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δ-notation, on the Vienna Pee Dee Belemnite (VPDB) scale with the per mil deviation from VPDB 

calculated using the following equation: δ18O = [((18O/16O)sample / (18O/16O)VPDB) − 1] × 103 

(example equation for the oxygen isotope values). Analytical uncertainties (1SD) based on the 

reproducibility of routinely measured in-house standards is 0.1 ‰ for both analyses. 

3.3.2 Strontium isotope analysis 

The 87Sr/86Sr isotope ratios were determined for the speleothem as well as carbonate host 

rock and soil samples, the latter two being potential end members for the Sr isotope ratios in the 

stalagmite. 87Sr/86Sr ratios of SMT16 were analyzed by both solution and laser ablation (LA) mass 

spectrometry (Supp. Table 3.1) at LEGGA-UnB and Johannes-Gutenberg University (JGU) Mainz, 

respectively. Globally recognized reference materials were used for calibration of the analysis. 

NIST SRM987 was used to normalize solution-based MC-ICP-MS data (Supp. Table 2). Laser 

ablation MC-ICP-MS data were calibrated against NanoSr as the main reference material, with 

JCt-1 and JCp-1 acting as quality controls (Supp. Table 1). The 87Sr/86Sr ratios obtained from all 

three reference materials fell within the range of published solution-based values (Weber et al., 

2018, 2020). The results from the two techniques (solution MC-ICP-MS and LA-MC-ICP-MS) are 

directly comparable due to the uniformity of the calibration procedures. Given the compatibility 

between these methods, the results of the LA-MC-ICP-MS method will be taken as the main record 

due to the higher resolution. Further details can be found in Supplementary Text 3.1. 

3.3.3 Back-trajectory and clustering analysis 

Back-trajectories initiating at the location of São Mateus cave (13.67° S; 46.37° W, 623 m 

a.s.l.) were computed between 2012-2019 using the Hybrid Single‐Parcel Lagrangian Integrated 

Trajectory model 5 (Hysplit V5.3.0; Stein et al., 2015; Rolph et al., 2017). Back trajectories were 

calculated daily at a local time of 13 h. Since the most important moisture transport occurs in the 

lower troposphere, the starting height for the trajectories was set at 1500 m a.s.l. (~850 hPa) and 7 

days were considered to track back air parcels. According to Ampuero et al. (2020), the 7-day back 

trajectories can trace the pathway of an air mass back to the point where it was last saturated. This 

timeline allows us to consider the relevant isotopic fractionation processes that occur during 

atmospheric moisture transport (Hurley et al., 2012; Ampuero et al., 2020). ERA 5 data were used 

to run the model (Hersbach et al., 2020) with a spatial resolution of 0.75° × 0.75° and a time step 

of 6 hours starting at 0:00 UTC. The back-trajectories were chosen if they started on precipitating 

days and if their numerical error was within tolerance (Ampuero et al. 2020). Days with 
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precipitation were defined as days with local precipitation higher than 1 mm computed with data 

from the Global Precipitation Measurement (GPM; Huffman et al., 2023) at a spatial resolution of 

0.25° × 0.25°, with 25 tiles. A total of 681 back-trajectories were selected. 

3.4  Results 

3.4.1 230Th/U-dating 

All 230Th/U-ages determined for stalagmite SMT (Supp. Table 3.3) have an average 2σ-

uncertainty of 0.23 %, yielding a very well-constrained chronology (Supp. Fig. 3.3). Generally 

high 230Th/232Th isotope ratios throughout the sample document that detrital contamination does 

not have a significant influence on the final ages, except for two samples, SMT16-2 and SMT16-

378. Additional details are presented in Supplementary Table 3. Based on the age model, SMT16 

spans the entire Holocene between 11078 and 24 years BP (Supp. Fig. 3.3). In general, SMT16 

shows a relatively stable growth rate with an average value of 32 µm/yr until the mid-Holocene, 

followed by an increase to 43 µm/yr during the late-Holocene (LH, i.e., after 4000 years BP, Supp. 

Fig.3.3). 

3.4.2 δ18O and δ13C values 

The stable isotope records (δ18O and δ13C – Fig. 3.2a) have an average temporal resolution 

of 8 years. The δ18O record shows a steady trend to higher values towards the present with values 

from -5.4 to -2.1 ‰. The lowest values are observed in the oldest part of the record until 

~8200 years BP with a mean value of -4 ‰ (Fig. 3.2a). After a negative excursion centered at 

8225 years BP, the values increase marking the transition from the early Holocene (EH) to the 

middle Holocene (MH). The MH values range around the record mean of -3.3 ‰ until 4305 years 

BP. At the transition to the LH, the values further increase until the present, with a mean value of 

-2.9‰. 

In contrast to the oxygen isotopes, the δ13C record is marked by a trend to more negative 

values towards the present with a range between -7.9 to -2.2‰. The highest δ13C values of the 

record are observed from 11078 to 7882 years BP. Subsequently, the δ13C record shows a gradual 

decrease until ~2800 BP followed by a stationary trend until the present. There is an overall 

negative correlation between the δ13C and δ18O time series (r = -0.5, p<0.01) for the entire period 

(Supp. Fig. 3.4). However, a spearman’s running correlation with a window size of 150 data points 
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representing a temporal resolution of ~1233 years shows that these two proxies show a positive 

correlation (yet varying) from ~6800 BP until the present, evidencing a coupling for most of the 

Holocene (Supp. Fig 3.5). Yet, the negative correlation from ~9500-7250 BP indicates a decoupling 

at the beginning of the period. The cave host rock has a mean value of -2.9‰. 

3.4.3 87Sr/86Sr values 

The 87Sr/86Sr record of SMT (Fig. 3.2a) is composed of 87 data points ranging from 0.71061 

to 0.71186. The highest values are observed within the oldest portion of the stalagmite between 

11000- and 7900-years BP, peaking at 8200 years BP. Subsequently, until ca. 5000 years BP, the 

ratios show a plateau with lower values. This is followed by a distinct decrease to generally lower 

values until the present, with a prominent positive excursion centered at 2213 years BP. 

The cave host rock has a mean value of 0.70905, which is much less radiogenic (i.e., lower 
87Sr/86Sr values) than both soil samples. The upper soil sample (87Sr/86Sr= 0.77545±0.00001) is 

more radiogenic than the bottom one (87Sr/86Sr = 0.71703±0.00001). Thus, the Sr isotope ratio of 

the stalagmite lies between the soil and host rock values (Fig. 3.2). 

To determine the correlation between 87Sr/86Sr and the higher-resolution δ18O and δ13C 

records, they were down-sampled to the same number of data points as the lower-resolution 

strontium isotope record (87 points). The values obtained from the δ18O and δ13C records were 

matched on the depth-scale with the corresponding data points of the ⁸⁷Sr/⁸⁶Sr record. We observe 

a positive correlation of 0.71 (p<0.001) with the δ13C record and a negative correlation of -0.45 

(p<0.001) with the 18O values (Supp. Fig. 3.4). 

3.4.4 Back trajectories and clustering analysis 

The back-trajectory analysis for the period between 2012-2019 at São Mateus cave mainly 

shows atmospheric transport pathways from the east (73 %) and the north-east (23 %). Both 

trajectories are associated with the months of higher rainfall contribution at São Mateus between 

October and March and contribute approximately equally throughout the year, but the eastern 

cluster has a much higher contribution to the total amount of trajectories during JFM (Supp. 

Fig. 3.6). Between May and September, there are little to no trajectories, especially from the eastern 

cluster. 
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Figure 3.2 – a) SMT16 δ18O (purple), δ13C (blue), and 87Sr/86Sr records. Dark green squares represent laser ablation 
analyses; light green circles represent solution analyses. The yellow, brown, and gray squares show the 87Sr/86Sr isotope 
ratios of the upper and bottom soil samples and the host rock, respectively. The light gray line is the mean value of 
each proxy record. b) Stalagmite SMT16. 

3.5 General understanding of proxy signal controls 

3.5.1 Carbon isotopes 

Changes in speleothem δ13C values are influenced by several factors, such as vegetation type 

(C3 vs. C4) and density above the cave, soil biogenic activity (CO2 production) versus host-rock 

δ13C contribution, if the dissolution of the carbonate host-rock is an open, closed or intermediate 

system, and prior carbonate precipitation (PCP), all related to local climate conditions (McDermott, 

2004; Fohlmeister et al., 2011; Novello et al., 2021). In general, drier conditions result in higher 
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δ13C values due to sparser, savanna-type C4 vegetation (-9‰ to -17‰) and reduced soil CO2 

(Gouveia et al., 2002; Pessenda et al., 2010), longer water residence times (increased PCP, 

Fairchild and Baker, 2011; Fohlmeister et al., 2020), and increased host-rock contribution 

((Novello et al., 2021and references therein). Conversely, wetter conditions result in lower δ13C 

values via denser, forest-type C3 vegetation (‑32‰ to -20‰), increased soil CO2, reduced PCP, 

and lower host-rock input. In an open system, the percolating water is constantly interacting with 

the soil air, an infinite reservoir CO2, which leads the δ13C to reflect the isotopic composition of 

the soil CO2. In a close system, the percolating water is separated from the soil CO2 and the initial 

amount of CO2 in the solution is progressively consumed by the dissolution of the carbonate host-

rock, which is reflected in the final δ13C isotopic composition. In natural environments, it is 

uncommon that systems operate fully open or close, but rather that the interaction between the 

percolating water and the host-rock happens in an intermediate state between the two extremes 

(McDermott, 2004; Fohlmeister et al., 2011; Novello et al., 2021).   

A study by Novello et al. (2021) using a compilation of 25 stalagmites from tropical South 

America that cover the last 2000 years shows that the sites within this broad region share similar 

characteristics in their δ13C records: an average δ13C value below -6‰ and most of them show a 

positive correlation between their δ13C and δ18O values (R2 ranging from 0.20 to 0.56). This 

correlation indicates that local hydrology was closely associated with the monsoon at most of the 

sites (documented by the δ18O values). The dominant 13C value of ‑6‰ was attributed to the 

prevailing C3 vegetation above most karst systems. This is in agreement with the 13C values below 

-6‰ during the mid to late Holocene in SMT16 (6000 BP until the present) and the observed R2 

between the SMT16 δ13C and δ18O values ranging from 0.2 to 0.5 for the same (Supp. Fig. 3.5). 

3.5.2 Strontium isotopes 

Strontium isotope ratios (87Sr/86Sr) reflect changes in the relative contribution of different 

Sr sources with distinct 87Sr/86Sr values fed by the percolating water into the speleothem (Banner 

et al., 1996; Weber et al., 2018). Therefore, they are commonly used as a proxy for local hydrology 

due to the relative contribution of the two main Sr sources of the drip water: Sr leached from the 

carbonate host rock and from the soils overlying the host rock (Banner et al., 1996; Weber et al., 

2018). The soil usually shows more radiogenic (higher) 87Sr/86Sr ratios compared to the less 

radiogenic (lower) values of the carbonate host rock, resulting in an intermediate value between 
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the two end-members in the speleothem. It is often suggested that during wetter conditions, the 

infiltrating water drains faster through the carbonate host rock, resulting in less leaching, and thus 

a more radiogenic signal in the speleothem, closer to the 87Sr/86Sr ratio acquired from the overlying 

soil. Conversely, drier conditions lead to a longer residence time of the percolating water in the 

carbonate host rock, leading to more leaching and thus less radiogenic values in the speleothems 

(Banner et al., 1996). So far, various studies in Brazil have interpreted the variation in speleothem 
87Sr/86Sr values in that framework (Novello et al., 2019; Utida et al., 2020; Azevedo et al., 2021). 

However, other mechanisms have been suggested for variation in speleothem 87Sr/86Sr values, such 

as shifts in the percolating water flow routes (different porosity and permeability, Banner et al. 

1996; Wortham et al. 2017) and inputs of eolian dust to the overlying soils (Banner et al., 1996; 

Goede et al., 1998; Frumkin and Stein, 2004; Torfstein et al., 2018). The latter studies, despite 

being from different geological contexts including desert and non-desert regions, associate drier 

conditions to higher dust mobilization and deposition yielding more radiogenic 87Sr/86Sr values. In 

such a scenario, greater aridity, reduced vegetation cover, and changes in wind lead to increased 

aeolian dust transport, while during wetter conditions, increased vegetation cover and moisture 

limits dust mobilization, yielding lower 87Sr/86Sr values, closer to the host rock (Banner et al., 

1996; Frumkin and Stein, 2004; Torfstein et al., 2018). 

3.5.3 Oxygen isotopes 

Speleothem δ18O records in tropical South America are associated with the isotopic signature 

of the rainfall, which is strongly related to the monsoon system. Within the SACZ region, the 

amount of local precipitation (i.e., the amount effect) is an important process affecting rainfall δ18O 

values. More (less) local precipitation leads to lower (higher) δ18O values, thus resulting in an anti-

correlation with local rainfall amount (Vuille et al., 2012; Moquet et al., 2016; Della Libera et al., 

2022). This is a common process in areas within the SASM, such as in central Brazil. This is 

demonstrated by the monitoring program performed in the nearby cave of Sao Bernardo (Moquet 

et al., 2016). The authors show that speleothem δ18O values are anti-correlated with the average 

DJFM precipitation amount (r = -0.66) as well as the average annual precipitation amount (r = 

‑0.45) for the past century. This monitoring also showed that the mean dripping water value (−4.2 

± 0.1 ‰ VSMOW, n = 37) during the monitoring period (1.5 years) did not change significantly, 

thus evidencing that there is in fact a minimum 1.5-year residence time of the water in the aquifer.  

Therefore, the drip water δ18O represents the weighted annual mean of the rainfall δ18O and, since 
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most of the recharge occurs during the wet season, the drip water primarily reflects the rainfall 

δ18O signature of the wet summer months.  

Additionally, the current understanding of rainfall δ18O values in the SASM regime is that 

these are dominated by Rayleigh distillation and influenced by convective processes associated 

with monsoon activity (Ampuero et al., 2020; Orrison et al., 2022). Heavier oxygen isotopes (18O) 

are preferentially removed from the air mass along its trajectory through precipitation, resulting in 

a progressive depletion of the remaining air mass (i.e., in more negative δ18O values, Ampuero et 

al., 2020; Orrison et al., 2022). Therefore, rainfall δ18O values in the SASM domain are also 

affected by the degree of rainout upstream that along the air mass trajectory from the tropical 

Atlantic into the continent (Fig. 3.1). As the air mass moves further inland, it becomes 

progressively more depleted in 18O ( Vuille et al., 2012; Ampuero et al., 2020). This leads to an 

isotope effect in rainfall that is unrelated to the amount of rainfall on the study site (Ampuero et 

al., 2020; Della Libera et al., 2022; Orrison et al., 2022). Therefore, a direct assessment of local 

hydrology exclusively using oxygen isotopes may be difficult due to multiple other processes 

potentially influencing the δ18O values. 

3.5.4  Potential effects of changes in seasonality 

Strong seasonality is a major characteristic of the hydroclimate in the Cerrado and thus has a 

major impact on its vegetation. Thus, it is important to discuss the possible implications for our 

proxy records. Both the total amount of wet season rainfall and the distribution of precipitation 

(season length, number of rainy days, intensity and length of dry spells) will have an impact on 

vegetation, soil moisture and infiltration (Bustamante et al., 2012; Klink et al., 2020; Hofmann et 

al., 2023). However, rainfall distribution has a stronger impact on tree–grass changes in the 

Cerrado, given that a pronounced dry season determines fuel accumulation and fire frequency, and 

that the resulting fire regime strongly shapes the tree–grass balance (Bustamante et al., 2012; Klink 

et al., 2020; Hofmann et al., 2023). Therefore, even if the total amount of the wet season rainfall 

remains similar, the crucial factor might be the relative duration between wet and dry season. For 

instance, more clustered rainfall events in the wet season imply longer dry spells, which would 

result in a higher fire risk and favor grasses over trees (Bustamante et al., 2012; Klink et al., 2020; 

Hofmann et al., 2023). 
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As ~80% of precipitation occurs during the wet season (monsoon), our SMT16 δ¹⁸O record is 

strongly biased towards the wet season and thus represents changes in both wet season precipitation 

amounts and large-scale SASM/SACZ variability (see section 3.5c). Yet, the δ¹⁸O signal is 

smoothed in the aquifer and reflects the weighted mean of the rainfall signal of several years 

(Moquet et al., 2016). In contrast, δ¹³C values and Sr isotopes will respond more directly to the 

local hydrology because both proxies are influenced by environmental factors, such as vegetation 

dynamics, soil moisture, and prior calcite precipitation, which are all more affected by the length 

of the dry season. 

In summary, even if the observed trends between the different proxies are not similar, this 

divergence may provide important information on the seasonal distribution of rainfall. For instance, 

intervals showing more positive δ¹³C values and evidence of C₄ vegetation expansion could be 

interpreted as phases of prolonged dry seasons, even when the δ¹⁸O values indicate a relatively 

stable or strong wet season precipitation. Thus, the proxies dominated by local hydrology (δ¹³C and 

Sr isotopes) are more responsive to the length of the dry season, which directly affects vegetation 

cover and fire regimes in the Cerrado.  

3.6  Environmental changes in central-eastern Brazil during the Holocene 

 

The general trend of the SMT16 δ13C record, i.e., higher values at the beginning of the Holocene 

from 11000 to 7500 BP followed by a distinct decrease and stabilization at lower values towards 

the present, is also observed in nearby stalagmite records from Lapa Sem Fim (LSF, Azevedo et 

al., 2021) and Lapa Grande (LG, Stríkis et al., 2011) (Fig. 3.3c). The strong agreement between 

the SMT16 δ13C record and these records indicates a widespread regional change in the 

environmental conditions and vegetation throughout the Holocene. This trend in 13C values may 

reflect a progressively wetter climate (i.e., more precipitation in the wet season and/or longer wet 

seasons) and an increase in vegetation density in the LH (lower δ13C values) compared to a drier 

EH (higher δ13C values). 

The stratigraphically well-constrained pollen record of Lagoa Feia core (~250 km SW of 

São Mateus cave, Fig. 3.1 and 3.4d, Cassino et al., 2020; Escobar-Torrez et al., 2024) also points 

to generally drier climate during the EH until ~7200 BP in the region, indicating that this period 

was marked by a series of dry episodes interspersed with wetter ones (Cassino et al., 2020). The 
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authors also performed a PCA analysis to access regional patterns of vegetation variability in 

Central Cerrados based on the pollen records of Lagoa Feia (Cassino et al., 2020), São José 

(Cassino et al. 2018) and Salitre (Ledru et al., 1996) (Fig. 3.4c) that also evidences this drier period 

with wet events during the EH (Cassino et al., 2020). Similar variations are visible in the SMT16 

δ13C record during the EH suggesting rapid environmental shifts (Fig. 3.4b). Other pollen studies 

from central Brazil confirm that conditions during the EH were generally dry, such as Águas 

Emendadas (Barberi et al., 2000), Cromínia (Salgado-Labouriau et al., 1997), São José (Cassino 

et al., 2018), and Lagoa da Confusão (Behling, 2002) (Fig. 3.1), but most of these records have a 

low temporal constrain. Therefore, we take Lagoa Feia pollen data, along with the general 

understanding of the other pollen records, to support the hydroclimatic interpretation of the 

SMT16, LG, and LSF speleothem records, suggesting a reduction in the length and intensity of the 

rainfall seasons and generally more severe dry seasons during the EH during a period of weakened 

SASM (Bernal et al., 2016: Cassino et al., 2020).  

The major transition observed in the SMT16 δ13C record to more negative values occur in 

the MH after its largest excursion at ~8000 BP. The shifts in the LG (~7900 BP) and LSF (~7200 

BP) δ13C records show a broadly similar timing (Fig. 3.3), which might indicate a regional increase 

in vegetation density and C3 plants. The Lagoa Feia pollen data corroborate this transition to 

increased humidity with the onset of aquatic plants, higher and more stable lake levels, and a higher 

occurrence of forest-type taxa (Cassino et al., 2020). This change in vegetation during the MH was 

likely triggered by the initial increase in humidity in the SASM regions due to increasing austral 

summer insolation (10°S), therefore providing more uniform rainfall seasons and shorter dry ones 

(Cruz et al., 2009; Bernal et al., 2016; Smith and Mayle, 2018). 

The further increase in summer insolation might have favored similar-to-wetter conditions 

during the LH. The lower δ13C values (~ -5‰ or lower) in SMT16, LSF, LG, and Angelica cave 

(ANG, Wong et al., 2021, Figs. 3.1 and 3.3) suggest an overall more stable precipitation regime 

and environment with denser vegetation, higher abundance of C3-plants (Novello et al., 2021), and 

less variable climate conditions compared to the MH and EH (Fig. 3.3). The pollen record of Lagoa 

Feia (Fig. 3.4d) shows a broad expansion of the woody Cerrado vegetation and a sharp rise in water 

level-associated taxa (Escobar-Torrez et al., 2024). In addition, the Pandeiros wetland (Sabino et 

al., 2021) also suggests a generally wetter LH, even though short-term dry events are present 

throughout the period. This overall coherence amongst different records highlights the transition 
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to relatively wetter climate throughout the year (i.e., shorter dry seasons) and a landscape with 

more dense vegetation after the MH in central-eastern Brazil. 

Based on this interpretation of the speleothem δ13C record, we can now assess the Sr isotope 

data in some more detail. The striking positive correlation (r=0.7, p<0.01 – Fig. 3.2, Supp. Fig.4) 

between the SMT16 δ13C and Sr isotope records suggests that wetter conditions generally resulted 

in lower speleothem 87Sr/86Sr ratios. This is clearly at odds with the classical interpretation of 
87Sr/86Sr ratios in speleothems (Banner et al., 1996, compare section 5) applied in previous studies 

from South America using both proxies (Novello et al., 2019; Utida et al., 2020) or the ones using 
87Sr/86Sr-δ18O comparisons (Wortham et al, 2017; Ward et al., 2019 – see Supp. Tex. 2). In that 

classical interpretation, drier conditions lead to more carbonate host-rock Sr contribution to cave 

drip water, and therefore to lower speleothem 87Sr/86Sr ratios. This explanation does not work for 

the SMT16 record, which shows a positive correlation between δ13C and 87Sr/86Sr, hence higher 
87Sr/86Sr ratios at increased aridity.  

In our study, the long-term in-phase relationship between 87Sr/86Sr and δ13C values suggests 

that the above mechanisms are unable to explain the SMT16 signals, at least on this time-scale. 

Since the δ13C record agrees well with records at other localities (LG, LSF) and has a relatively 

straightforward hydroclimatic interpretation, it appears that the 87Sr/86Sr signal at SMT16 

differently responds to hydroclimate change than at other sites. One explanation for higher 87Sr/86Sr 

during drier periods is that variations in 87Sr/86Sr could be controlled by the flow-route and level 

of interaction of the infiltrating water with silt and clay layers, which are more radiogenic compared 

to the carbonate host rock (Banner et al., 1996; Wortham et al., 2017). However, this would require 

a process that leads to changes in vadose flow routes, in turn depending on rainfall variations, and 

enhances the interaction with silt and clay layers. A diffuse flow through low porosity/permeability 

silicate layers during drier conditions would increase the Sr radiogenic signal, whereas a fracture 

flow through carbonate layers during wetter conditions would decrease this signal (Musgrove and 

Banner, 2004; Wortham et al., 2017). São Mateus cave is indeed situated in a geological setting 

where the limestone bedrock clearly intersects siliciclastic rocks (section 3.2, Supp. Fig. 3.2). This 

could explain the increased 87Sr/86Sr ratios in SMT16 during the EH and the subsequent gradual 

decrease in 87Sr/86Sr over the Holocene due to diminished interaction with these layers in the 

epikarst because of increasing local precipitation and different flow-routes. However, with the 

current data, this process is difficult to prove. 
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Figure 3.3 -Comparison of SMT16 δ13C record (black) with records from central-eastern and Northeastern Brazil. a) 
Rio Grande do Norte cave (Cruz e al., 2009) and Paixão cave (Stríkis et al., 2015) in northeastern Brazil region; b) 
Angelica cave (Wong e al., 2021) and São Mateus cave (this study) in central-eastern Brazil; c) Lapa Grande cave 
(Stríkis e al., 2011) and Lapa Sem Fim cave (Azevedo et al., 2021) in central-eastern Brazil; d) SMT16 87Sr/86Sr record 
with the DJF insolation for 10oS (Berger and Loutre, 1991). 

 

Another mechanism to increase Sr isotope values of speleothems in dry conditions is the 

deposition of windblown dust, as already explored in other studies (Banner et al. 1996; Goede et 

al. 1998; Frumkin and Stein, 2004). Eolian dust deposition on the soils above the cave can readily 
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change speleothem 87Sr/86Sr ratios, as it provides weatherable material with potentially distinct 
87Sr/86Sr ratios (Banner et al., 1996; Frumkin and Stein, 2004; Torfstein et al., 2018; Cruz et al., 

2021). The Urucuia Group sandstone unit, to the east of São Mateus cave, is a potential dust source 

with highly radiogenic Sr isotope ratios (0.7299 ± 0.0001; Roland, 2018). Even today, in a semi 

humid climate around São Mateus cave, dust storms are reported by locals, especially in the dry 

season. Therefore, in an overall drier regional setting at São Mateus cave during the EH with longer, 

more severe dry spells, much more frequent episodes of dust transportation may have occurred at 

our site. The generally drier environment and longer extent of the dry seasons might have enabled 

more intense weathering and greater dust mobilization from Urucuia´s friable rocks towards the 

west (Supp. Fig. 3.1). The more radiogenic 87Sr/86Sr from Urucuia sediments would then be an 

important allochthonous Sr source to the cave site and overprint the Sr signal of the water residence 

time in the epikarst when the highest δ13C values in SMT16 indicate dry conditions (Fig. 3.3). 

During the MH and LH, with the increase of precipitation throughout the year, shorter dry seasons 

and more vegetation cover, the deposition of dust would be strongly reduced and contribute much 

less, if at all, to the 87Sr/86Sr speleothem signal (Frumkin and Stein, 2004). Therefore, given the 

proximity to Urucuia group rock exposures, this mechanism might have been an important factor 

in the observed major changes in Sr isotope ratios between the EH and the LH.  

Finally, the similar pattern of the SMT16 δ13C values and 87Sr/86Sr ratios with the vegetation 

variability curve from Cassino et al (2020) (Fig. 3.4) shows how these three proxies could have co-

varied at that time: the dry/wet episodes cause concomitant lower/higher local moisture, 

sparser/denser vegetation and higher/lower contribution of the more radiogenic Sr source, either 

by the different flow routes or the increased dust deposition. Cassino et al. (2020) suggest that a 

sequence of centennial-scale moisture oscillations occurred during this period leading to a repeated 

increase and decrease in arboreal Cerrado and dry forest cover along with changes in lake levels. 

Stríkis et al. (2011) also points out that central-eastern Brazil was affected by the rapid meltdown 

of ice caps in the Northern Hemisphere that led to abrupt wet events in tropical South America 

until about 7000 BP. Since soil moisture is the main factor driving arboreal cover in Cerrado 

regions (de Assis et al., 2011; Terra et al., 2018), this is consistent with the oscillations observed 

in SMT16 δ13C and the 87Sr/86Sr ratios. 
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Figure 3.4 - (top) Map of central-eastern and northeastern Brazil records with the study sites discussed in the text: Paixão cave 
(Stríkis et al., 2015); Lapa Sem Fim cave (Azevedo et al., 2021); Lapa Grande cave (Strikis et al., 2011); Lagoa Feia (Cassino et 
al. 2020); São José (Cassino et al. 2018); Salitre (Ledru et al. 1996). (bottom) Comparison between: a) SMT16 87Sr/86Sr record 
(blue squares); b) smoothed SMT16 δ13C record (gray); c) scores for vegetation cover variability curve performed by Cassino et al 
(2020) representing vegetation trends in central Cerrado (green) with the correspondent climate interpretation; d) interpretation of 
Lagoa Feia pollen record from Cassino et al. (2020) and Escobar-Terra et al. (2024). 
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3.7  Long-term evolution of central-eastern Brazil speleothem δ18O values during 
the Holocene 

 

Considering the long-term drier-to-wetter trend in local hydroclimate conditions during the 

Holocene in central-east Brazil, the remaining question is what drives the long-term increase in 

SMT16 δ18O values. The δ18O values of speleothems from the São Mateus cave region have been 

interpreted as a proxy for rainfall amount related to SACZ activity in central Brazil, where lower 

δ18O values are associated to a stronger SACZ and consequently wetter conditions, and vice versa 

for higher δ18O values (Moquet et al., 2016; Novello et al., 2018, also see section 3.5). Therefore, 

the long-term increase in the SMT16 δ18O values throughout the Holocene would indicate a 

progressively lower contribution of the SACZ and consequently drier conditions. The processes 

controlling the δ13C and δ18O values in tropical regions affect both proxies in the same direction, 

typically resulting in a positive correlation (see section 3.5; Novello et al., 2021). Yet, the long-

term increase in the SMT16 δ18O values throughout the Holocene is opposite to the scenario 

described above based on the δ13C values. 

The spearman running correlation between the SMT16 δ13C and δ18O records on shorter 

time-scale intervals reveals a non-stationary correlation through time with a negative correlation 

during the EH (average of -0.2) and a positive one after ~6500 years BP, mostly ranging between 

0.2 and 0.4 (Supp. Fig. 3.5). This demonstrates that while a negative correlation characterizes the 

long record (r = -0.5), a positive correlation between oxygen and carbon isotopes is present on the 

millennial time-scale during the mid-MH to LH, agreeing with the correlations observed for 

tropical South America speleothem δ13C and δ18O records (Novello et al. 2021). This analysis also 

shows that the correlation between δ13C and δ18O is non-stationary throughout the Holocene. 

However, since the focus of this paper is on the long-term trends over the Holocene, millennial-

scale variations are not discussed in detail here.  

During this period, several studies from central Brazil observed a detachment between 

SACZ activity and local rainfall conditions (Wortham et al. 2017; Ward et al. 2019; Novello et al. 

2019; Gorenstein et al. 2022). This suggests that the long-term trends in the δ18O records from the 

region reflect the supra-regional effect of the SACZ – i.e., its changing intensity and spatial 

variability (Novello et al., 2018; Wong et al., 2021; Gorenstein et al., 2022) – and/or a source effect 

(Wortham et al., 2017; Bao et al., 2023)rather than solely amount effect, even if this is the case 
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now for interannual and decadal averages documented for present day conditions (Moquet et al. 

2016). 

Existing δ18O records from central-east Brazil do not appear to be strongly influenced by 

the increase in insolation (Fig. 3.5a) (Wong et al. 2021). The Angelica cave (ANG, Wong et al., 

2021) record, near to our study site, that covers the last 6800 years, and the LSF and LG records 

located more southwards (Fig.3.1) do not present major trends in their δ18O records (Fig. 3.5a), 

which was interpreted as a relatively constant SACZ activity throughout the Holocene. In fact, the 

SMT16 δ18O values also do not show an insolation trend during this period after 6800 years BP. 

However, the SMT16 δ18O record is longer than the adjacent δ18O record of ANG, revealing that 

the trend towards higher δ18O values begins in the EH and lasts until the end of the MH (Fig. 3.5a). 

Therefore, Wong et al. (2021) did not find a good relationship with the insolation trend because 

their record is much shorter than SMT16. Nonetheless, this increase in δ18O values is not visible in 

the central-eastern records slightly south that also expand into the EH (LG and LSF, Fig. 3.3). 

The evolution of the SASM/SACZ systems during the Holocene on a transect of speleothem 

records between northeast and southeast Brazil (Fig. 3.5a) shows a consistent opposite pattern in 

the trends of the δ18O values between the Rio Grande do Norte record in NE Brazil (RN, Cruz et 

al. 2009) and the Botuverá record in SE Brazil (BTV – Wang et al., 2007; Bernal et al., 2016).The 

increase in austral summer insolation from early-to-late Holocene leads to the intensification of the 

SASM in western Amazonia (van Breukelen et al., 2008; Bird et al., 2011) that reaches south and 

southeast Brazil (BTV) and leads to a drying in northeastern Brazil (RN site) (Fig. 3.1), clearly 

evidencing the dipole pattern during the Holocene (Bernal et al. 2016; Utida et al. 2020; Cruz et 

al. 2009) (Fig.3.5a). The trend in the SMT16 δ18O record is broadly concomitant with insolation 

and appears to resemble, even if to a lesser degree, the δ18O trend of the records in NE Brazil, such 

as RN and particularly Paixão cave (PX, Stríkis et al., 2015), located ~600 km to the east of São 

Mateus cave (Figs. 3.4 and 3.5a). This suggests that, even though the São Mateus cave area is at 

the northern margin of the SACZ, it is located between the dipole boundaries and can still be 

influenced by the climate patterns from northeast Brazil, capturing a unique signal that is not seen 

in the other central-eastern records. 

This shows that the SMT16 δ18O record in fact reflects the supra-regional effect of the 

SACZ and its spatial variation, but does not clarify the underlying issue of the local hydroclimate 

conditions. Back-trajectory analysis performed for São Mateus cave site shows the two distinct 
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moisture sources that feed the SACZ. One from a more northeastward position following the 

pattern of monsoon onshore flow originating in the equatorial Atlantic Ocean (EAO), and a second 

one coming via westerly trade winds from the South Atlantic Ocean (SAO) (Fig. 3.5b). This 

demonstrates that, even for present-day conditions, there are two moisture trajectories bringing 

moisture to the area, suggesting that the δ18Oprecip signatures can also be affected by other factors 

in the region, such as a source effect (Bao et al., 2023). Yet, it is observed that the local amount 

effect currently plays an important role (Moquet et al. 2016) and there is a dominant trajectory in 

place (Fig. 3.5b, Supp. Fig. 3.6). Although this effect is not investigated in the monitoring study 

performed by Moquet et al. (2016), it could be considered as an important mechanism, particularly 

for longer time scales (e.g., multi-millennial), where a different configuration of atmospheric 

circulation might have been in place, such as during the EH-MH period (e.g. Wolf et al., 2023). 

The low insolation and resultant weaker SASM may have altered the atmospheric circulation 

patterns as we understand them today (Gorenstein et al., 2022), affecting the direction and intensity 

of moisture trajectories compared to the ones currently observed.  

The low SMT16 δ18O values during the EH could reflect then a higher influence of the EAO 

moisture source over the area. As revealed by previous studies (Cruz et al. 2009; Utida et al. 2020), 

the humidity in the NE region has an anti-phase relationship with the SASM/SACZ regions during 

the Holocene, presenting wetter conditions during the EH-MH given that the ITCZ (EAO source) 

was more active over NE Brazil during this period, whereas SASM records present drier conditions. 

Since the coupling between local humidity and atmospheric variability is well-established at RN 

(Utida et al., 2020; Cruz et al., 2009), the RN δ18O and δ13C records suggest increased precipitation 

in the northeast region during the EH and the MH given the concomitant low δ18O and δ13C values 

(Figs. 3.5 and 3.3, respectively) with the presence of Cerrado vegetation and a longer rain season 

(Utida et al. 2020). Therefore, a more southern position of the ITCZ during the EH and the mid-

MH must have strengthened the EAO moisture source, which already has a more depleted δ18Oprecip 

signal (Supp. Fig.3.7), and since São Mateus cave is located further south, it may have been further 

depleted when it reached the cave site due to the degree of rainout upstream (Bao et al., 2023). As 

insolation gradually increased after the mid-Holocene, these patterns likely reorganized, leading to 

the progressive shift to the major contribution of the more enriched SAO moisture source (Supp. 

Fig. 3.7) and the establishment of the current SACZ system after ~6500 BP. 
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Figure 3.5 - a) NE-SE South America transect of δ18O records. Top to bottom: Rio Grande do Norte (Cruz et al., 2009); Paixão cave 
(Stríkis et al., 2015); São Mateus cave (this study); Lapa Sem Fim cave (Azevedo et al., 2021); Lapa Grande (Strikis et al., 2011); 
Botuverá cave (Wang et al., 2007). Insolation curve for 10oS shown in black, with increasing values to the top. b) Clusters of 7-day 
back-trajectories (top) Mean back-trajectories for each cluster with their frequency (C1, C2); regarding the origin, the trajectories 
can be sorted in North-East (C1) and East (C2). Dots represent each cave site mentioned above. (bottom) All back-trajectories 
corresponding to top panel. 

Moreover, as observed in the PX δ18O and δ13C records, the EH also shows extremely low 

values (Fig. 3.5a), and the pollen record from Icatu River (De Oliveira et al., 1999 – Fig. 3.1) is 

the only one around SMT that evidences gallery and tropical humid forest and a wet period during 

EH until ~6700 BP. Thus, the low SMT16 δ18O values do not necessarily reflect the actual rainfall 
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amount at the cave site for the early and mid-MH, but instead the intermittent influence of the EAO 

source. This demonstrates how, on the one hand, the SMT16 δ13C record follows the overall drier-

to-wetter hydroclimate trend observed in other SASM sites throughout the Holocene, along with 

the other central records LSF and LG (Figs. 3.3 and 3.4), where the SASM activity gets stronger 

with increasing insolation (Bernal et al., 2016). On the other, the SMT16 δ18O record seems to be 

also influenced by atmospheric changes that lead to similar δ18O pattern to the NE region and to a 

certain degree reflects this opposite pattern during the EH (Fig. 3.5a). 

3.8 Conclusions 

The SMT16 δ13C record reveals a drier than present scenario during the early and mid-

Holocene, in agreement with other regional speleothem δ13C records and pollen data from central 

Brazil. This suggests an increase of water availability in the region throughout the Holocene 

associated with a denser vegetation. The strong positive correlation between the SMT16 δ13C 

values and 87Sr/86Sr ratios indicates that a similar geochemical process or environmental setting 

affected these proxies during the Holocene, which is, however, different from the classical 

interpretations. Still, the 87Sr/86Sr ratios imply changes in local hydrology, where more (less) 

radiogenic values occur during drier (wetter) periods. We propose two mechanisms that may 

account for this: 1) how infiltrating water interacts with more radiogenic silt and clayey layers in 

the bedrock during drier periods compared to wetter periods, with diffuse flow through less 

permeable silicate layers increasing the radiogenic signal, while fracture flow through carbonate 

layers during wet conditions resulting in a decrease in the Sr ratio; 2) increased input of windblown 

dust from a more radiogenic source (Urucuia sandstone unit) during drier periods with sparser 

vegetation would increase the speleothem Sr isotope ratios, while reduced input from this source 

during wetter periods and denser vegetation would result in less radiogenic signatures closer to the 

limestone bedrock. This highlights that Sr isotopes are a site-specific proxy and local settings 

should be considered. 

The long-term trend of the SMT δ18O record is consistent with large scale δ18O patterns in 

South America. However, this long-term trend responds to both variations in local moisture and 

the degree of rainout upstream that occurs during the moisture transport from the ocean to the cave 

site. From the early-to-late Holocene, it follows the increase in austral summer insolation, similar 

to records from NE Brazil, reaching a plateau during the late Holocene similar to other SACZ 

records. The low insolation and a resulting weak monsoon system during the early and middle 
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Holocene enabled rapid climate variability and different atmospheric conditions than observed 

today. Therefore, the SMT area was possibly more strongly influenced by other moisture sources 

from the NE, and the lower δ18O values resulted from the degree of rainout upstream of the air 

masses reaching the area during this time. With the progressive increase in insolation and the re-

establishment of the monsoon system, the influence from the South Atlantic source increased, as 

observed in the modern-day back trajectory analysis, which contributes to the formation of the 

SACZ. 
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3.10 Supplementary Material I 

 

Speleothem-based reconstruction of Holocene changes in monsoonal patterns and environmental 

conditions in central Brazil 

3.10.1 Supplementary Text  

Supplementary text 3.1 

For the solution analyses, calcium carbonate powder (5 – 10 mg) was drilled with a manual 

hand drill machine, with approximately 2 cm spacing, collecting 14 samples along the central axis 

of the stalagmite. Two samples of host rock were drilled following the same procedure. Two soil 

samples were collected above the cave, close to its entrance: one from the surface after removing 

organic tree litter, and a second from approximately 30 cm below the surface. The samples were 

manually cleaned from organic parts, such as roots and sticks, by hand picking, then dried at 100°C 

in a stove and further macerated in a porcelain mortar. Rock and soil samples were analyzed by 

Thermal Ionization Mass Spectrometry (TIMS) using a Finnigan MAT-262, whereas speleothem 

samples were analyzed using a Neptune MC-ICP-MS (Thermo Fisher Scientific), all analysis 

performed at Geochronology Laboratory of University of Brasilia. All data were calibrated against 

NIST SRM987, which has a certified nominal value of 0.71034 ±0.00026, and presented a mean 

of 0.71029 ±0.00001 (n = 6) during the period of analyses (Supp. Table 2). 

The low-resolution 87Sr/86Sr record of SMT16 obtained by solution analysis was further 

complemented by in-situ laser ablation analysis of Sr isotopes. For in-situ analysis of Sr isotopes, 

a Neptune Plus MC-ICP-MS was coupled with an ArF Excimer 193 nm laser ablation system at 

the Institute for Geosciences, Johannes Gutenberg University Mainz, Germany, following the 

methods described in Weber et al. (2017). Nitrogen was introduced into the sample gas line using 

an Apex Omega HF desolvator system. Data acquisition was performed as a line scan of 500 µm 

length perpendicular to the growth axis, a transition rate of 5 µm/s, a pulse repetition rate of 20 Hz 

and a spot size of 150 µm, resulting in a fluence of 5 J/cm2. Accuracy was monitored using NanoSr 

(87Sr/86Sr = 0.70753 ± 0.00003, 1 SD, n = 21), JCp-1 (0.70917 ± 0.00001, 1 SD, n = 12) and JCt-1 

(0.70915 ± 0.00001, 1 SD, n = 18), which all agree with the literature value (Weber et al., 2018; 

Weber et al., 2020). Sampling was made along the main axis with approximately 5 mm spacing, 

yielding a total of 87 analyses.  
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Supplementary text 3.2 

In contrast with the strong positive correlation between the δ13C values and 87Sr/86Sr (r = 

0.7, p< 0.01), the Sr isotope ratios and the δ18O record only show a moderate negative correlation 

(r = -0.4, p< 0.01) (Supp. Fig. 4,). This suggests that the processes involving water-rock interaction 

time with the limestone bedrock (see section 5) might not be the main source of 87Sr/86Sr variability 

during the Holocene. Yet, since the SMT16 Sr isotope ratios are generally much lower than those 

of the soil, it indicates that the percolating water indeed captures the signal of the limestone 

bedrock. However, the processes described above obviously superimpose this signal that would 

typically result in the negative δ18O vs. 87Sr/86Sr correlation. 

3.10.2 Supplementary Tables 

Supplementary Table 3.1 – Analytical details of 87Sr/86Sr isotope ratio analyses 

Instrument/

Method 

Sample 

Type 

Preparation/Collection Analytical Details Calibration/Standards 

Neptune 

MC-ICP-

MS 

Speleothem 

(solution) 

5–10 mg calcium 

carbonate powder drilled 

along central axis (2 cm 

spacing, 15 samples in 

total). 

Solution adjusted to 5% 

HNO₃ for analysis using 

spray-chamber nebulizer. 

Measurements normalized 

to NIST SRM987. 

NIST SRM987 

(87Sr/86Sr: 0.71034 ± 

0.00026);  

Lab value: 0.71029 ± 

0.00001 (n=6). 

TIMS 

(MAT-262) 

Host rock, 

soil 

Host rock: 2 samples 

drilled similarly to 

speleothem. Soil: 2 

samples collected above 

cave, cleaned, dried, 

macerated. 

Samples solubilized in 5% 

HNO₃ for precipitation on 

filament. 

NIST SRM987 

(87Sr/86Sr : 0.71034 ± 

0.00026). 

Neptune 

Plus MC-

ICP-MS + 

LA 

Speleothem 

(laser 

ablation) 

In situ analysis, 

sampling along growth 

axis (5 mm spacing, 87 

analyses). 500 µm-long 

line scan, 5µm/s 

transition rate. 

Coupled with ArF Excimer 

193 nm laser ablation 

system. Spot size: 150 µm, 

fluence: 5 J/cm², 20 Hz 

pulse repetition rate. 

NanoSr (87Sr/86Sr: 

0.70753 ± 0.00003);  

JCp-1 (87Sr/86Sr: 

0.70917 ± 0.00001); 

JCt-1 (87Sr/86Sr: 

0.70915 ± 0.00001). 

 

  



  C.3 – Manuscript I  
 

69 
 

Supplementary Table 3.2 – Values of NIST 987 obtained during analysis. 

Measured values of NIST 987 during measurement 

# lab run value error 

5 NBS 987_1 0.71028 0.00001 

6 NBS 987_2 0.71030 0.00001 

8 NBS 987_1 0.71030 0.00001 

9 NBS 987_2 0.71030 0.00001 

13 NBS 987_1 0.71028 0.00001 

14 NBS 987_2 0.71030 0.00001 
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Supplementary Table 3.3 - SMT16 230Th-U ages. Ages indicted with a „ '  ” were measured at the Geochronology Laboratory at the University of Minnesota (USA); 
the ages without were measured at the Institute of Global Environmental Change, Xi'an Jiaotong University (China).  
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3.10.3 Supplementary Figures 

 

 

 

Supplementary Figure 3.1 – (top) Satellite image of São Mateus cave region, with transect line (red line) from the cave 
to Urucuia Group. Elevation profile of the transect with schematic geological context. In blue is represented the Bambuí 
group, the limestone unit; in brown the Urucuia group, sandstone unit; in yellow are represented the colluvial and 
alluvial deposits. The dashed lines represent the inferred contact between each unit. The black dot is the cave location. 
(bottom) View of the Urucuia Plateau. 
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Supplementary Figure 3.2 - Adapted partial map of the geological characterization of São Mateus cave system obtained 
from the Speleological Management Plan of PETER. The white stretch represents the cave passages. The different 
colors and patterns around the cave passages indicate the predominant bedrock around each area of the cave. This is a 
zoomed in look at the 700 Hall, where SMT16 was collected. The original map in which was based this image, was 
the first official map of the cave, produced by CEU (Centro Excursionista Universitário) in the 70’s (CEU, 1979), and 
totalize more than 10 km of cave length. 
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Supplementary Figure 3.3 – (top) Age-depth relationship for the SMT16 stalagmite. Black points represent the MC-
ICP-MS 230Th-U ages with the corresponding error bars, the green line represents the age-model calculated by StalAge 
(Scholz and Hoffmann, 2011), and the red lines show the corresponding age-uncertainties (95% confidence interval). 
(bottom) Growth rate of SMT16. 

 

Supplementary Figure 3.4 – Depth-based correlations between the SMT16 87Sr/86Sr, δ18O and δ13C records. Cross plots 
respectively, from left to right, of δ18O vs. δ13C, δ13C vs. 87Sr/86Sr, and 87Sr/86Sr vs. δ18O with their linear fit (red line). 
Color-scale showing year distribution between the records.  
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Supplementary Figure 3.5 – (a) Spearman running correlation analysis between SMT16 δ18O and δ13C records with a 
window size of 150 points, resulting on ~1233-year bins. The green, orange and purple bars on top of the correlation 
curve indicate the corresponding periods of (b) the zoomed-in comparison between δ18O and δ13C records.    
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Supplementary Figure 3.6 – Contribution of trajectories from clusters East (blue) and North-east (orange) throughout 
the year.  

 

 

Supplementary Figure 3.7 – Mean rainfall δ18O values based on the entire observation period available Global Network 
of Isotopes in Precipitation (GNIP) data from two stations where the trajectories go through the north-eastern pathway 
(Macapá and Sao Luis – red circles), and with two other stations that go through the eastern pathway (Pernambuco and 
Salvador – black squares). 
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4.1 Abstract 

 

Rapid and abrupt climate changes characterize the last deglaciation period, mostly driven by 

shifts in Northen Hemisphere (NH) temperatures and the inter-hemispheric heat distribution via 

the Atlantic meridional overturning circulation (AMOC). Among these events, the Bølling–Allerød 

(BA) interstadial stands out as one of the most significant events due to a pronounced warming in 

the NH. Particularly in South America, the BA remains relatively understudied in comparison with 

its predecessor (Heinrich Stadial 1) and successor (Younger Dryas) events. Here we present two 

new high-resolution δ¹⁸O speleothem records from central-eastern and western Brazil, providing 

better comprehension of hydroclimate variability during the deglacial period, with a focus on the 

BA event. To place these records in a broader context, we bring a compilation of paleoclimate 

datasets across South America to assess the structure and spatial pattern of this event. Although 

South America exhibits a well-documented precipitation dipole on multiple timescales, our 

compilation reveals that this pattern weakens or disappears during the HS1–BA–YD sequence, and 

particularly during the BA. Moreover, we show how NH high-latitude abrupt climatic shifts can 

have a continent-wide response in tropical South America. Finally, our results offer a more 

comprehensive perspective on continental-scale climate dynamics during one of the most critical 

intervals of the last deglaciation. 
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4.2 Introduction 

During the last deglaciation (~21-11.7 kyr BP), one of the most abrupt warm intervals 

recorded in Greenland ice cores is the Greenland Interstadial 1 (GI-1; 14.7–12.9 kyr BP) 

(Rasmussen et al., 2014; Thiagarajan et al., 2014). This interval, also known as the Bølling–Allerød 

(BA), followed the cold Heinrich Stadial 1 (HS1; 17.5–14.7 kyr BP) and marks a rapid transition 

to warmer conditions within decades to centuries (Thiagarajan et al., 2014; Rasmussen et al., 

2014). The onset of the BA was associated with a strong recovery of the Atlantic Meridional 

Overturning Circulation (AMOC), widespread North Atlantic and global warming, sea-ice retreat, 

and reorganization of atmospheric circulation (Mcmanus et al., 2004; Liu et al., 2009; Shakun et 

al., 2012). These changes triggered global temperature rise, reactivation of monsoon systems, and 

rapid transformations in hydrological regimes (Wang et al., 2006; Shakun et al., 2012; Chiessi et 

al., 2015b).  

In South America, the deglacial period was characterized by pronounced shifts in the 

hydroclimate regime (Fornace et al., 2014; Chiessi et al., 2015b; Mulitza et al., 2017; Novello et 

al., 2017). During the Bølling-Allerød interval, the stronger AMOC enhanced northward heat 

transport and altered atmospheric circulation patterns linked to the South American summer 

monsoon (SASM), such as a northward displacement of the Intertropical Convergence Zone 

(ITCZ), leading to drier conditions in several regions (Fornace et al., 2014; Chiessi et al., 2015b; 

Mulitza et al., 2017; Novello et al., 2017).  

The SASM is the fundamental driver of the rainfall regime across South America. This large-

scale circulation pattern delivers the vast majority of annual precipitation to the continent's core, 

including the Amazon Basin, the Cerrado savanna, and the Pantanal wetlands. It occurs during 

austral spring and summer (Oct-Mar – Fig.4.1) due to the increase in austral summer insolation 

and the consequent southward displacement of the ITCZ, which enhances the moisture flow from 

the Tropical Atlantic into the continent (Zhou and Lau, 2001; Vera et al., 2006; Orrison et al., 

2022). The SASM is responsible for most of the moisture distribution over the continent along with 

its main component, the South Atlantic Convergence Zone (SACZ), a NW-SE convective band 

that stretches over central and southeastern Brazil into the South Atlantic Ocean (Carvalho, Jones 

and Liebmann, 2004) – Fig. 4.1). When the monsoon system is enhanced, especially over western 

Amazon and southern Brazil, the increased convection leads to a regional air subsidence over 
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northeastern Brazil and tropical South Atlantic, establishing the upper-level circulation known as 

the Bolivian High – Nordeste Low (BH-NL) system (Lenters and Cook, 1997; Sulca et al., 2016; 

Campos et al., 2019). This leads to a well-known east-west rainfall dipole within South America 

(Cheng, Sinha, et al., 2013; Campos et al., 2019; Della Libera et al., 2022; Orrison et al., 2022). 

The zonal dipole has been documented on different time scales, from orbital (Cruz et al., 

2009; Cheng, Sinha, et al., 2013; Deininger et al., 2019), millennial (Wong et al., 2023; Della 

Libera et al., accepted), to centennial time scales (Novello et al., 2018; Campos et al., 2019; Della 

Libera et al., 2022), and its forcing has already been thoroughly discussed. For instance, on orbital 

time-scales, the SASM is highly sensitive to austral summer insolation, where increased (reduced) 

insolation leads to enhanced (weakened) monsoon strength (Deininger et al., 2019; Cruz et al., 

2009). On millennial time scales, such as during the Holocene, the increase in insolation led to a 

progressive increase in monsoon strength, and positioning of the SACZ over central parts of Brazil 

was associated to the dipole configuration (Novello et al., 2018; Della Libera et al., accepted; 

(Wong et al., 2023). On the other hand, as SACZ is located over central parts of Brazil, some 

regions may not present trends in their climate records during the Holocene as a consequence of 

their centered position in the dipole on orbital time-scales (Wong et al., 2021); Della Libera et al., 

accepted).  

Climate variability in tropical South America during the deglacial period, especially during 

the Bølling-Allerød interval, has not been discussed in detail yet, although a lot of attention has 

been given to the preceding and following cold climate events, i.e., the HS1 and the Younger Dryas 

(YD; 12.9–11.7 kyr BP), respectively (e.g., Stríkis et al., 2015; Novello et al., 2017; Venancio et 

al., 2020a,b). One of the few studies assessing the deglacial period is by Bao et al (2023a,b), who 

investigated the South American precipitation dipole using isotope-enabled climate model 

simulations and speleothem δ¹⁸O data. They identified a persistent dipole pattern between the 

central–western Amazon and eastern Brazil/Atlantic coast, demonstrating that δ¹⁸O in precipitation 

(δ¹⁸Op) over the western Amazon is influenced by both the moisture-source and amount effects, 

whereas δ¹⁸Op in eastern Brazil primarily reflects variations in the isotopic composition of 

incoming moisture. At more inland sites in eastern Brazil, however, local rainfall variability can 

amplify the amount effect, particularly during large-scale millennial events of the last deglaciation. 

Despite these complex controls, they conclude that δ¹⁸Op largely tracks the rainfall-based dipole, 

marked by a wet–dry–wet sequence (HS1-BA-YD) in the east and the opposite in the west, still 
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indicating a dynamically stable monsoon dipole structure during the deglacial events. 

Complementary isotope-enabled modeling studies (Orrison et al., 2022; Wong et al., 2023) further 

demonstrate that δ¹⁸O variability across the SASM domain reflects both precipitation and 

circulation effects, with isotopic gradients modulated by moisture source and fractionation 

processes. Altogether, these findings suggest that while a robust precipitation dipole persists, the 

associated isotopic dipole integrates multiple hydrological and atmospheric processes. 

Here, we present two new speleothem isotope records covering the deglacial period. The first 

is from São Mateus cave in central-eastern Brazil, occupying a strategic position at the midpoint 

of the dipole known from modern observations. The second is from Lavra cave in southwestern, 

lowland Amazon basin, located at the core region of SASM, filling a special gap of stalagmite 

records. Moreover, we compile proxy records from a broad region in tropical South America to 

create a spatially comprehensive proxy-based climate assessment of this time period. We present 

for the first time an in-phase climate behavior during the deglacial period that contrasts with the 

observed monsoon rainfall patterns documented during the other time periods, as it does not show 

the dipole pattern observed for example in the Holocene. 

4.3 Samples and study areas 

We sampled two speleothems that cover the period of interest. Stalagmite SMT16 (Supp. 

Fig. 4.1) was collected in the 700 Hall (Salão Setecentos) of São Mateus cave (13.67° S; 46.37° 

W, 623 m a.s.l. – Fig.1), located at the State Park of Terra Ronca (PETER), Goiás state, Central 

Brazil.SMT16 is a ~470 mm-long aragonite stalagmite without signs of recrystallization or 

dissolution, (Supp. Fig. 4.1). The climate in PETER is characterized as tropical semi-humid with a 

bimodal pattern of precipitation with wet summer and dry winter seasons. The mean annual 

precipitation between 1974 and 2023 is 1,428 mm yr-1 based on the meteorological station São 

Vicente (~14km from São Mateus cave). The largest part of rainfall (80%) occurs between October 

and April during the summer monsoon season and SACZ active period. The mean annual 

temperature is 24°C with the monthly mean ranging between 22.5 °C during winter and 25.8 °C 

during summer (Moquet et al., 2016).  

The flowstone LVR6 (~61 mm long) was collected in Lavra cave (11°40’S, 60°80’W, ~310 

m a.s.l.), located in Pimenta Bueno city, Rondônia State, SW Amazon region in Brazil. The climate 
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is characterized as tropical humid with an annual average temperature of 26°C. Located within the 

core SASM region, the average annual rainfall amount is about 1800 mm, 90% of which falls 

between October and April during the summer monsoon season.  

 

Figure 4.1 - Map of South America with austral summer precipitation during peak monsoon season (DJF) from Global 
Precipitation Measurement Mission (GPM, 2001-2020) (Huffman et al., 2019). Main summer climate features over 
the continent indicated as SASM (South American Summer monsoon) and SACZ (South Atlantic Convergence Zone), 
with its mean location represented by the dashed line. The climatological DFJ location of Intertropical Convergence 
Zone (ITCZ) is represented by the dashed line. Map shows location of São Mateus (pink) and Gruta da Lavra caves 
(purple) along with the other records discussed in the paper, as follows: Rio Grande do Norte (Cruz et al., 2009; Utida 
et al., 2020); marine sediment core GeoB3910-2 (Jaeschke et al., 2007); b) Paixão cave (Stríkis et al., 2015); Lapa 
Sem Fim cave (Azevedo et al., 2021); Jaraguá cave (Novello et al., 2019); marine sediment core M125-35-3 (Meier 
et al., 2020); Salar de Uyuni Natural (Baker et al., 2001); El Condor cave (Cheng et al., 2013a); Botuverá cave (Cruz 
et al., 2006), Santanta cave (Cruz et al., 2006); El Penon cave (Ramirez et al., 2023); Cariaco Basin (Lea et al., 2003; 
Deplazes et al, 2013); marine sediment core of GGC5 (McManus et al., 2004); GeoB16202-2 (Mulitza et al., 2017). 
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4.4 Methods 

4.4.1 Chronology 

The chronologies of SMT16 and LVR6 were determined by 230Th dating and the analysis 

was performed by a multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS). 

SMT16 was prepared following the chemical procedures similar to those described in Edwards et 

al., (1987), and analysed at the Geochronology Laboratory at the University of Minnesota (USA) 

and at the Institute of Global Environmental Change, Xi'an Jiaotong University (China), following 

the methods described in Cheng et al., (2013b). LVR6 was prepared and analyzed at the Institute 

for Geosciences, Johannes-Gutenberg University-Mainz (Germany), following the methodology 

described in Klose et al. (2024). Both age models were constructed using StalAge (Scholz & 

Hoffmann, 2011) (Supp. Fig.4.1, 4.2). For LVR6, the low 230Th/232Th activity ratios suggest that 

conventional detrital corrections may be insufficient. Therefore, in order to account for high detrital 

contamination, we used the approach from Budsky et al. (2019) to estimate the best detrital 

correction factor based on the number of inversions and on the sum of age inversions. 

4.4.2 Stable oxygen and Strontium isotope analysis 

The isotopic profile of SMT16 for the 470 mm consists of 1512 points sampled with ~0.3mm 

spacing and is constrained by 25 230Th-U ages. LVR6 is a ~65mm long flowstone with its isotopic 

profile determined by 64 points sampled with 1mm spacing and the age model being constrained 

by 8 230Th-U ages (Supp. Fig. 4.2). 

The SMT16 δ18O analyses were performed at the Laboratory of Stable Isotopes at the 

Institute of Geoscience of the University of São Paulo (LES-USP) and at the Laboratory of 

Geodynamic, Geochronological and Environmental Studies of the University of Brasilia (LEGGA 

– UnB). At LES-USP, a Thermo-Finnigan Delta Plus Advantage mass spectrometer coupled to a 

Gas Bench online sample preparation system was used, and at LEGGA – UnB, a Thermo MAT 

253 attached to a Kiel IV Carbonate device. LVR δ18O analyses were performed at on a Thermo 

Delta V mass spectrometer equipped with a GASBENCH-II preparation device at the Max Planck 

Institute for Chemistry, Mainz. Stable isotope ratios are expressed in δ-notation against Vienna Pee 

Dee Belemnite (VPDB) using the following equation: δ18O = [((18O/16O)sample / (18O/16O)VPDB) − 1] 

× 103 (example equation for the oxygen isotope values). Analytical uncertainties (1SD) based on 
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the reproducibility of routinely measured in-house standards better than 0.1‰ for both analyses in 

all labs. 

The 87Sr/86Sr isotope ratios for SMT16 were determined and analyzed by laser ablation (LA) 

MC-ICP-MS at Johannes-Gutenberg University (JGU) Mainz (Supp. Text 4.1). International Laser 

ablation MC-ICP-MS data were calibrated against NanoSr as the main reference material, with 

JCt-1 and JCp-1 acting as quality controls (Supp. Table 1). The 87Sr/86Sr ratios obtained from all 

three reference materials were within the range of published solution-based values (Weber et al., 

2018; 2020). 

4.5 Results 

The SMT16 δ18O record covers the period between -0.024 (+0.01, -0.04) kyr BP and 15.71 

(+0.034, -0.035) kyr BP. The longest section of the sample (0-404 mm) covers the Holocene period 

from -0.024 kyr BP to 11.07 (+0.11, -0.11) kyr BP and shows continuous growth. The average 

sampling resolution of the record is 8 years, and this section was already investigated by Della 

Libera et al., accepted). The transition to the second section of the speleothem is marked by a clear 

shift in the dripping point and a thin white layer (Supp. Fig. 4.1), presenting a hiatus between 11.07 

and 12.10 (+0.075, -0.09) kyr BP (1024 years) based on the age model. The section covering the 

deglacial period (406-470 mm) ranges from 12.10 to 15.71 kyr BP, with an overall 2σ 230Th-U age 

uncertainty of 0.4% or ± 65 yr for the 230Th-U ages (Supp. Table 4.2) and an average temporal 

resolution of 19 years. This period presents a lower δ18O mean value (-5.4‰) compared to the 

Holocene (-3.3‰), with values ranging from -7.0 to -3.2‰. The δ18O values are more negative 

during the HS1a (16.11 to 14.69 kyr BP – mean = -6‰) and the YD (mean= -6.2‰) in comparison 

with the BA period (mean = -4‰).  

The LVR6 δ18O record covers the deglacial period between 11.54 (+0.9, -1.9) to 16.11 (+3.6, 

-2.1) kyr BP with a mean of -6‰ (VPDB), with a total range of -6.9 to -5.1‰. It presents an overall 

2σ 230Th-U age uncertainty of 11% or ±1.64 kyr based on the 230Th-U ages and an average temporal 

resolution of 72 years. The 232Th/238U ratio of the detrital component obtained by the method of 

Budsky et al. (2019) is 0.909, which deviates from the usually used bulk Earth value of 3.8, and 

results in significantly younger corrected ages of LVR6 compared to the ones corrected by the 

conventional method (Supp. Table 4.3). The δ18O profile presents a trend towards more negative 
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values from the oldest part of the record until 12.45 (+1.5, -0.74) kyr BP, with an increase until 

11.54 kyr BP. 

The 87Sr/86Sr record of SMT16 is composed of 104 data points, ranging from 0.70972 to 

0.71186. The section of the speleothem corresponding to the Holocene (0-404mm) was already 

published and discussed by Della Libera et al. (accepted). The deglacial section (406-470 mm) 

presents much lower values than the Holocene section, ranging from 0.70972 to 0.71065 (Fig. 2c). 

The lowest values are observed within the oldest portion of the stalagmite between 15.7 and 

14.6 kyr BP, followed by the highest values and peaking at 13.5 kyr BP. Subsequently, the values 

drop to 0.71012 at 12.1 kyr BP.  

4.6 Discussion 

4.6.1 Common climate behavior in tropical South America during the deglacial 
period 

Our compilation of speleothem records across tropical South America for the end of the 

deglacial period reveals a coherent, in-phase relationship among all δ¹⁸O records (Fig. 4.2). This 

pattern indicates a continent-wide synchronicity in δ¹⁸O variability, spanning from 4–27°S and 

39–77°W (Fig .4.1). In contrast to the Holocene and orbital time-scales, when the dipole pattern 

is in place, we observe the disappearance of the dipole structure during the millennial-scale HS1a, 

BA, and YD events, especially during the Bølling-Allerød. Previous studies have similarly 

reported coherent δ¹⁸O and precipitation patterns across South America during this interval (Stríkis 

et al., 2015; Novello et al., 2017). Stríkis et al. (2015) evidenced an intensification of the SASM 

during the HS1a, while Novello et al. (2017) presented a coherent rainfall response across the 

monsoon belt from the Andes to southeastern Brazil during the transition from the LGM to the 

Holocene. Our compilation corroborates these earlier findings, but extends their interpretations 

both temporally and spatially through the integration of 13 records.  

Even though we bring this vast compilation of continental records in South America to 

discuss this time period, a question that follows this consistent isotopic behavior is whether the 

overall low-high-low pattern observed in the δ18O values are an isotope effect linked to large-scale 

atmospheric processes or if it also characterizes a cohesive climate pattern throughout tropical 

South America for the deglacial period. To address that, we bring records that primarily indicate 

local precipitation conditions in addition to the speleothem δ18O records.  
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According to the local 87Sr/86Sr signal interpretation of SMT16 described in Della Libera et 

al. (accepted), the Sr isotopes in São Mateus cave present higher values during drier conditions, 

and wetter for lower values. In general, the Sr isotope signals in São Mateus present a specific 

local setting that drives the main 87Sr/86Sr changes: either the influence of mixed lithology 

(limestone vs. silicate layers) or increased dust input from the nearby sandstone unit during drier 

periods (Della Libera et al., accepted) lead to an increase of the 87Sr/86Sr isotope values. The 

opposite scenario, i.e., wetter periods capture more the limestone signal, lowering the 87Sr/86Sr 

isotope values. Therefore, the 87Sr/86Sr SMT16 record indicates a wet-dry-wet sequence for the 

deglacial, following the same δ18O structure (Fig. 4.2c). It suggests that the δ18O is indeed 

representing the local rainfall during the deglacial period, at least in central-east Brazil. This 

pattern is corroborated by the models performed by Bao et al. (2023a,b), where they show that 

sites located in eastern Brazil, such as São Mateus, Paixão (Stríkis et al., 2015) and Lapa Sem Fim 

(Stríkis et al., 2015) caves, are consistent with the isotopic “amount effect” for the deglacial period, 

thus presenting a wet-dry-wet scenario during HS1a-BA-YD, respectively.  

Over to the west at our Lavra cave site, a previous study by Della Libera et al. (2022) 

evidences the strong correlation between δ18O and local rainfall in this region, since it is mainly 

controlled by SASM (90%) precipitation and it is located at the core region of the convective 

activity of the monsoon. Therefore, our record suggests increasingly wetter conditions during the 

HS1a followed by a drier event during the Bølling-Allerød and a further wetter period at the YD 

(Fig. 4.2f). Further evidence based on effective moisture records at other sites in western 

Amazonia, like in Lake Titicaca (Fornace et al., 2014) and Salar de Uyuni (Baker et al., 2001) - 

Fig. 4.2h) corroborates this pattern at the western region, presenting the same wet-dry-wet 

configuration during HS1a-BA-YD. Along with the preceding data from the east, this already 

evidences how east and western South America are presenting very similar precipitation and 

isotope behaviors, with still no sign of a dipole in place.  
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Figure 4.2 -Comparison between compiled records, also indicated in the map of South America as follows: a) Rio 
Grande do Norte δ18O (dark blue – Cruz et al., 2009; Utida et al., 2020), marine sediment core GeoB3910-2 Ti/Ca 
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record (light blue – Jaeschke et al., 2007) b) Paixão cave δ18O record (Stríkis et al., 2015); c) São Mateus δ18O (purple) 
and 87Sr/86Sr (blue) records (this study); d) Lapa Sem Fim cave δ18O record (Azevedo et al., 2021); e) Jaraguá cave 
δ18O record (Novello et al., 2019); f) Gruta da Lavra cave δ18O record (this study); g) marine sediment core M125-35-
3 ln(Al/Si) record (Meier et al., 2020); h) Salar de Uyuni Natural γ-radiation (c.p.s.) record (light green – Baker et al., 
2001a), El Condor cave δ18O record (dark green – Cheng et al., 2013); i) Botuverá cave δ18O record (light yellow – 
Cruz et al., 2006), Santanta cave δ18O record (dark yellow – Cruz et al., 2006); j) El Penon cave δ18O record (Ramirez 
et al., 2023); k) Cariaco Basin reflectance (*L) record (Deplazes et al, 2013); l) marine sediment core 231Pa/230Th 
records of GGC5 (dark purple – McManus et al., 2004), and GeoB16202-2 (light purple – Mulitza et al., 2017); m) 
Cariaco Basin SST (°C) record (Lea et al., 2003). 

 

Furthermore, other paleoprecipitation records from SA which used other proxies than δ18O 

also corroborate the paleo rainfall pattern from the deglaciation period documented in São Mateus 

and Lavra caves. In northeastern Brazil, the marine sediment core GeoB3910-2 (Fig.4.2a - 

(Jaeschke et al., 2007) shows high sedimentation rates during HS1a and YD relative to very low 

ones during Bølling-Allerød, indicating higher and lower rainfall amounts, respectively. Hiatuses 

in stalagmites indicative of water deficit at seepage cave waters occurs at BA period in caves 

located in Northeast Brazil (Utida et al, 2022), here represented as Rio Grande do Norte record, 

and East Amazon, i.e., Paraíso (Wang et al., 2017). Further south at Botuverá cave (Cruz et al., 

2005; Vasconcelos et al., 2025), a strong consistency between speleothem trace elements and δ¹⁸O 

records is observed, showing a remarkable agreement between them across millennial-scale events 

(Vasconcelos et al., 2025), thus also evidencing the same precipitation pattern. Finally, the marine 

sediment core M125-35-3 (Fig. 4.2g - (Meier et al., 2022), located off SE Brazil where the 

catchment area drains the core region of the modern SACZ, also indicates higher precipitation 

during HS1a and YD compared to the BA (Meier et al., 2022).  

Overall, all the independent proxies presented above in several different regions within SA 

give more straightforward information about paleo-precipitation. Since these the records show a 

similar pattern to the one that observed in the speleothem δ18O records, the evidence suggests that 

the deglacial climate across tropical South America was dominated by a wet-dry-wet pattern. Yet, 

this It supports the notion of a deglacial period in which the rainfall and isotope patterns were in 

phase with each other over a large area in South America, and the dipole is not in place in contrast 

to the observed in the Holocene (Vuille et al., 2012; Campos et al., 2019; Orrison et al., 2022; 

Della Libera et al., accepted).  
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4.6.2 Forcing of abrupt precipitation changes during the deglacial in South 
America 

One remarkable difference between the deglaciation and the Holocene periods is that the 

former had much larger and more abrupt changes in temperature. These deglacial variations are 

largely driven by high-latitude forcings, including changes in the AMOC, a key mechanism for 

interhemispheric ocean heat redistribution (McManus et al., 2004; Shakun et al., 2012; Johnson et 

al., 2019) and Northern Hemisphere temperature (Rasmussen et al., 2014). Studies have shown 

that the millennial-scale climate fluctuations in South America during the deglaciation are closely 

aligned with abrupt events linked to AMOC variability (Stríkis et al., 2015;Santos et al., 2022) - 

Fig. 4.2l) and rapid Northern Hemisphere temperature shifts (Novello et al., 2017), coeval to the 

records in Greenland ice cores (Rasmussen et al., 2014; Fig. 4.3a). In contrast, during the Holocene, 

δ¹⁸O records across tropical South America closely follow gradual changes in austral summer 

insolation (Cruz et al., 2005; Vasconcelos et al., 2025), and the precipitation dipole is established 

(Fig. 4.4). This indicates that insolation was the primary driver of South American climate during 

this period, with minimal coherence to Northern Hemisphere forcing, whose variability was 

substantially lower than during the deglaciation. 

AMOC variations regulate cross-equatorial heat transport and influence precipitation 

patterns in tropical South America. When AMOC is weak, heat is retained in the Southern 

Hemisphere, increasing the North–South Atlantic temperature gradient, shifting the ITCZ 

southward toward the warmer ocean, and enhancing the SASM/SACZ systems (Meier et al., 2022). 

Conversely, a strong AMOC transports more heat to the North Atlantic, cooling tropical Southern 

Hemisphere SSTs, warming the north, and driving a northward ITCZ shift (Santos et al., 2022; 

Meier et al., 2022). This can be observed in the concomitant wet phase in Cariaco Basin and El 

Peñon cave records (Fig. 4.2j, k, respectively), both located above the equator and behaving in 

antiphase with the sites below the equator in tropical South America, as discussed in the section 

above. Hence, these SST gradients modulate precipitation distribution across South America 

(Santos et al., 2022; Meier et al., 2022; Vasconcelos et al., 2025). During interstadials, such as the 

BA, North Atlantic warming increases northern tropical Atlantic precipitation, weakens trade 

winds, and reduces rainfall over northeastern and central-east Brazil (Deplazes et al., 2013). 

Weakened AMOC phases, such as HS1 and YD, produce the opposite effects. 
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Overall, the timing of these abrupt millennial-scale precipitation changes in tropical South 

America is closely linked to high-latitude Northern Hemisphere forcing and associated temperature 

shifts (Novello et al., 2017; Stríkis et al., 2015; Meier et al., 2022). A closer comparison of the São 

Mateus, Lavra and other tropical South American δ¹⁸O records with NH proxies, such as the Ca2+ 

and δ¹⁸O from North Greenland Ice Cores records (NGRIP2- Rasmussen et al., 2014 - Fig. 4.3a-i), 

reveals that the abrupt millennial-scale events (HS1a, BA and YD) occur synchronously across 

hemispheres. This reflects a tight interhemispheric coupling mediated by AMOC variability (Lea 

et al., 2003); McManus et al., 2004; Shakun et al., 2012; Santos et al., 2022), and, within dating 

errors, evidences the immediate response in South America to these events. Yet, although both 

HS1a and the YD exhibit strong climate anomalies, they present a certain distinction in the 

expression between different records within the overall wet event, whereas the Bølling–Allerød 

event seems to present a far more uniform response between records relative to the other two 

events. This continent-wide coherence signal is consistent with the sudden intensification of 

AMOC, resulting in widespread drying across the region. 

4.6.3 Internal structure of the Bølling-Allerød in tropical South America 

Even though the timing of onset and termination of the Bølling–Allerød in São Mateus δ¹⁸O 

record follows the NH climate conditions, it does not appear to follow closely the all the short lived 

intra-interstadial oscillations within GI-1 (Fig. 4.3c), presenting only small oscillations in this 

period. In fact, it presents very similar variations to the Cariaco basin high resolution record (Fig. 

4.3c - Deplazes et al., 2013), which follows the intra-interstadial events with an apparent early 

beginning at the very start of every sub-event (Fig. 4.3a-c). São Mateus δ¹⁸O record seems to follow 

the Cariaco variability, yet it presents a short negative excursion precisely at GI-1c2 timing of 

NGRIP2 (Fig. 4.3c). Moreover, the short-lived intra-interstadial can also be identified in the two 

higher-resolution δ¹⁸O records of Jaraguá and Lapa Sem Fim caves (Fig. 3g, h), and in El Condor, 

in spite of the lower resolution. Therefore, since Cariaco basin is directly linked and very sensitive 

to ITCZ variations (Deplazes et al., 2013), it could indicate that ITCZ was displaced southward at 

the very beginning of the events or shortly before. This led to short-lived dry conditions at Cariaco 

basin, concomitant with the strengthening of trade winds and easterlies that bring moisture to São 

Mateus cave region and SASM/SACZ (Della Libera et al., accepted). Therefore, even though the 

excursions in the NGRIP2 record do not reach stadial values (Rasmussen et al., 2014), 

corresponding variations are nevertheless recorded in South America, evidencing the high 
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sensitivity of tropical South American climate to even minor oscillations in Northern Hemisphere 

temperature. 

 

Figure 4.3 - Comparison of São Mateus, Lavra and other tropical South American δ¹⁸O records with NH proxies. a) 
NGRIP2 δ¹⁸O record (Rasmussen et al., 2014); b) NGRIP2 Ca2+ record (Rasmussen et al., 2014); c) São Mateus δ¹⁸O 
record (green, this study) and Cariaco basin reflectance (L*) (black, Deplazes et al., 2013); d) Cariaco basin SST (°C) 
(Lea et al., 2003); e) Lavra cave δ¹⁸O record (this study); f) Paixão cave (Stríkis et al., 2015); g) Jaraguá cave (Novello 
et al., 2019); h) Lapa Sem Fim cave (Azevedo et al., 2021); i) El Condor cave δ¹⁸O record (Cheng et al., 2013). 
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In contrast to the records mentioned above, the low-resolution Lavra record shows only 

minor variations that do not follow completely the same internal structure following neither 

Cariaco nor NGRIP record (Fig. 4.3e). Yet, it presents a very distinct negative excursion at ~13.9 

kyr BP in the middle of the BA event (Fig. 4.3e). The same structure can be observed in other 

records from different regions of tropical South America, such as Paixão in northeastern Brazil, 

Lapa Sem Fim also in central-east, Jaraguá in central-west and El Condor in the Peruvian 

Altiplanos (Fig. 4.3e-i). All of these records present a concurrent pronounced negative excursion 

in the δ¹⁸O records, what is likely a strong expression of the GI-1d event observed at the NGRIP2 

record at 14 kyr BP (Fig. 4.3a). The GI-1d in the NGRIP ice core (Fig. 4.3a,b) is marked by a rise 

in Ca²⁺ together with a drop in δ¹⁸O records, evidencing a transient return to colder, dustier 

conditions, i.e., a brief stadial-like reversal within the broader warm interval (Steffensen et al., 

2008; Rasmussen et al., 2014). Although GI-1d is short, intra-interstadial oscillations can reflect 

transient reorganizations of ocean convection that lead to AMOC modulation and ITCZ/monsoon 

shifts, which will, in turn, alter South American precipitation patterns (Mcmanus et al., 2004; Liu 

et al., 2009; Kanner et al., 2012; Deplazes et al., 2013). 

A remaining question, however, is why the event at the same time as GI-1d produced such a 

prominent hydrological signal in tropical South America compared to later sub-events, such as GI-

1b, which appears stronger in the NGRIP2 δ¹⁸O record (Fig. 4.3a). One possible explanation relies 

on the preceding event of Meltwater Pulse 1A (MWP-1A). This event was responsible for the 

fastest rate of sea-level rise due to melting of ice sheets in the deglaciation period, occurring 

between ~14.6-14 kyr BP (Fig. 4.3 - (Deschamps et al., 2012; Santos et al., 2022). This is coeval 

with reduced SST temperatures at the Brazilian margin and the most increased northward heat 

transport from the South Atlantic Ocean during the Bølling-Allerød (Santos et al., 2022). The 

completion of the sea-level jump at ~14 kyr BP agrees with the sudden return to warmer SSTs at 

the Brazilian margins and with a short-lived return to less northward heat transport (Santos et al., 

2022), along with the most pronounced cooling in the Cariaco Basin (tropical North Atlantic) 

during the Bølling-Allerød event (Fig. 4.3d). Therefore, this might have been the strongest short-

lived event during the Bølling-Allerød given the SSTs return to warmer conditions in the Southern 

Atlantic Ocean was the most pronounced of the entire period, which agrees with the less distinct 

intra-interstadial fluctuations observed later on.  
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Finally, the Holocene period is again modulated by the insolation rather than by changes in 

AMOC strength, with the SASM dipole pattern again in place (Fig. 4.4 - Cruz et al., 2009; Cheng 

et al., 2013; Campos et al. 2019; Della Libera et al., 2022, accepted). The gradual increase in 

insolation throughout the Holocene reestablishment of the dipole structure: a dry early Holocene 

period throughout the SAMS domain with a negative (wetting) trend (Fig. 4g,h), in contrast to the 

records NE Brazil (RN) and eastern Amazonia (PAR) with an overall wet early Holocene and a 

trend to drier conditions for the same period (Fig. 4.3a,b,c), whereas SACZ records present weaker 

trends (Fig. 4d,e,f – Bernal et al., 2016; Campos et al., 2019; Wong et al., 2021; Della Libera et 

al., 2022, accepted).  

This reflects how interhemispheric temperature gradients influence tropical precipitation 

dynamics through changes in large-scale atmospheric circulation during orbital and even short-

lived events. While the enhanced precipitation and a coherent increase in precipitation over 

tropical South America has been discussed for the HS1a and YD periods (Novello et al., 2017; 

Stríkis et al.,2015; Santos et al., 2022), it is the first time that a dry period as the Bølling-Allerød 

is observed in such a continental extension, which was so uniformly dry that a dipole structure is 

no longer detectable on the millennial scale. 
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Figure 4.4 - Comparison between Holocene and deglacial time period between South American δ18O records: a) Rio 
Grande do Norte δ18O (Cruz et al., 2009; Utida et al., 2020), b) Paraíso cave (Wang et al., 2017); c)Paixão cave (Stríkis 
et al., 2015); d) São Mateus (blue) and 87Sr/86Sr (green) records (Della Libera et al., accepted and this study); e) Lapa 
Sem Fim cave (Azevedo et al., 2021); f) Jaraguá cave (Novello et al., 2019); g) marine sediment core 231Pa/230Th 
records of GGC5 (green – McManus et al., 2004), GeoB16202-2 (light purple – Mulitza et al., 2017), and Insolation 
during DJF (10°S) (Berger & Loutre, 1991); h) Salar de Uyuni Natural γ-radiation (c.p.s.) record (light green – Baker 
et al., 2001), El Condor cave δ18O record (dark green – Cheng et al., 2013a); i) Botuverá cave δ18O record (light yellow 
– Cruz et al., 2006), Santana cave δ18O record (dark yellow – Cruz et al., 2006).  
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4.7 Conclusions 

Our compilation of continental and marine records across tropical South America shows a 

continent-wide in-phase climate variability during the HS1a-BA-YD deglacial events, suggesting 

that the east-west climate dipole known during the Holocene and in multiple time-scales was absent 

during the deglacial period. The new São Mateus (SMT16) and Lavra (LVR6) δ¹⁸O records 

confirms that this pattern is consistent also at the north-eastern limit of SACZ in central-east Brazil 

and in the lowland region of Amazon, respectively. We compiled both speleothem δ¹⁸O records 

and independent precipitation-sensitive proxies to access whether this synchronous variability was 

in fact a precipitation-led phasing or an isotope effect due to changes in atmospheric circulation. 

The data collected until this point suggest that the HS1a-BA-YD deglacial period was actually an 

in-phase precipitation period across the continent with a wet-dry-wet pattern, respectively, 

revealing the absence of the precipitation dipole. Moreover, the local 87Sr/86Sr signal from SMT16 

as we have it suggests that there is a precipitation effect since it parallels the δ¹⁸O trends. Yet, 

further investigation is still necessary to confirm this overall wet-dry-wet trend, for instance with 

trace element ratios. 

Additionally, we show that the millennial-scale precipitation changes across tropical South 

America during the deglaciation were strongly linked to the AMOC-driven interhemispheric heat 

redistribution, a period of rapid climate, oceanic and AMOC changes in comparison with the 

gradual insolation forcing observed for the Holocene. Periods of weak AMOC (HS1 and YD) 

corresponded to enhanced SASM/SACZ activity and widespread wet conditions, while strong 

AMOC phases (Bølling-Allerød) led to ITCZ northward migration, weakened monsoonal 

circulation, and continent-wide drying. This general effect over the deglaciation is even possible 

when we look at the shorter time-scales events during the Bølling-Allerød event. The intra-

interstadial events observed in Greenland ice cores during the GI-1 seem to correlate reasonably 

well with precipitation in South America, confirming synchronous inter-hemispheric response to 

even smaller events occurring in the northern hemisphere that yield short-lived changes in ITCZ 

position. The event at ~14 kyr BP stands out as a particularly strong hydrological anomaly in South 

America during the Bølling-Allerød event, likely intensified by oceanic reorganization following 

MWP-1A. Altogether, these findings highlight that tropical South American hydroclimate during 

the deglaciation was highly sensitive to abrupt AMOC variability, demonstrating tight hemispheric 

coupling. 
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4.9 Supplementary Material II 

 

Overprinted forcing of millennial events during the last deglaciation period in tropical South 
America 

 

 

4.9.1 Supplementary text  

For in-situ analysis of Sr isotopes, a Neptune Plus MC-ICP-MS was coupled with an ArF 

Excimer 193 nm laser ablation system at the Institute for Geosciences, Johannes Gutenberg 

University Mainz, Germany, following the methods described in Weber et al. (2017). Nitrogen was 

introduced into the sample gas line using an Apex Omega HF desolvator system. Data acquisition 

was performed as a line scan of 500 µm length perpendicular to the growth axis, a transition rate 

of 5 µm/s, a pulse repetition rate of 20 Hz and a spot size of 150 µm, resulting in a fluence of 5 

J/cm2. Accuracy was monitored using NanoSr (87Sr/86Sr = 0.70753 ± 0.00003, 1 SD, n = 21), JCp-

1 (0.70917 ± 0.00001, 1 SD, n = 12) and JCt-1 (0.70915 ± 0.00001, 1 SD, n = 18), which all agree 

with the literature value (Weber et al., 2018; Weber et al., 2020). Sampling was made along the 

main axis with approximately 5 mm spacing, yielding a total of 87 analyses. 

 



  C.4 – Manuscript II  
 

104 
 

4.9.2 Supplementary Figures 

 

Supplementary Figure 4.1 – (left) SMT16 age-depth relationship for the deglacial period. Black points represent the 
MC-ICP-MS 230Th-U ages with the corresponding 2σ uncertainties, the green line represents the age-model calculated 
by StalAge (Scholz and Hoffmann, 2011), and the red lines show the corresponding age-uncertainties (95% confidence 
interval). (right) SMT16 scan, evidencing the hiatus between the Holocene and Deglacial period.  

 

Supplementary Figure 4.2 – LVR6 age-depth relationship for the deglacial period. Black points represent the MC-ICP-
MS 230Th-U ages with the corresponding 2σ uncertainties, the green line represents the age-model calculated by 
StalAge (Scholz and Hoffmann, 2011), and the red lines show the corresponding age-uncertainties (95% confidence 
interval). 
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4.9.3 Supplementary Tables 

Supplementary Table 4.1 - Analytical details of 87Sr/86Sr isotope ratio analyses 

Instrument Sample Type Preparation/Collection Analytical Details Calibration/Standards 

Neptune 

Plus MC-

ICP-MS + 

LA 

Speleothem 

(laser ablation) 

In situ analysis, sampling 

along growth axis (5 mm 

spacing, 87 analyses). 500 

µm-long line scan, 5µm/s 

transition rate. 

Coupled with ArF Excimer 

193 nm laser ablation 

system. Spot size: 150 µm, 

fluence: 5 J/cm², 20 Hz pulse 

repetition rate. 

NanoSr (87Sr/86Sr: 0.70753 ± 

0.00003);  

JCp-1 (87Sr/86Sr: 0.70917 ± 

0.00001); 

JCt-1 (87Sr/86Sr: 0.70915 ± 

0.00001). 

Supplementary Table 4.2 - SMT16 230Th-U ages for the deglacial period.  
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Supplementary Table 4.3 – LVR6 230Th-U ages.  The activity ratios were used to calculate the correction factor following the method of Budsky et al. (2019b).  
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5.1 Abstract 

 

Reconstructing past temperature variations is essential for understanding climate systems and 

improve projections for future climate changes. In central-east South America, modern warming 

has been shown to progress faster than global average. Nonetheless, paleotemperature records 

remain sparse in central South America, which limits our ability to evaluate the response of this 

region to rapid shifts in global forcings, such as during the deglacial period. Studies show that 

temperature evolution during the deglaciation was characterized by high-latitude rapid warming 

episodes associated with major reorganizations of the Atlantic Meridional Overturning Circulation 

(AMOC), which led to perturbations in inter-hemispheric heat distribution. Yet, how these 

perturbations affect temperatures in tropical South America and the thermal evolution of this region 

is still largely unknown. Here we present a new 15k-year paleotemperature reconstruction from a 

precisely dated speleothem collected in central-eastern Brazil. The temperature record is based on 

the glycerol dialkyl glycerol tetraether (GDGT) paleothermometer, revealing a total of 6.1°C±0.81 

(2std = 0.81°C) of temperature shifts over the last 15k years. Our findings provide evidence of a 

non-linear temperature increase since the last deglaciation with abrupt warming and cooling events 

in response to high-latitude forcings, shifts in South Atlantic sea-surface temperatures (SSTs), and 

increases in atmospheric CO2. Finally, we present a temperature gradient within central-east Brazil 

and show how paleoclimate models might underestimate rapid temperature changes.  
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5.2 Introduction 

The last deglaciation period (~21-11.7 ka BP) is marked by several climate changes punctuated 

by abrupt, large-scale reorganizations of oceanic and atmospheric circulations (McManus et al., 

2004; Liu et al., 2009). Prominent millennial-scale events during this interval include the Henrich 

Stadial 1 (HS1 – 18-14.7 ka BP), the Bølling–Allerød (BA – 14.7-12.9 ka BP) and the Younger 

dryas (YD - 12-9-11.7 ka BP), with each of these events recorded initially as rapid shifts in ice-

core and marine sediment records (e.g. NGRIP members, 2004; Rasmussen et al., 2014). These 

events are widely associated with perturbations of the Atlantic Meridional Overturning Circulation 

(AMOC) and changes in North Atlantic freshwater forcing (McManus et al., 2004; Liu et al., 2009; 

Clark et al., 2001). These perturbations led to changes in oceanic circulation and heat distribution 

between the hemispheres, such as shifts in the Intertropical Convergence Zone (ITCZ), and 

consequent alterations in global temperatures and abrupt reorganizations of hydrological regimes 

(Wang et al., 2006; Shakun et al., 2012; Chiessi et al., 2015). Following the YD, the Holocene 

(from ~11.7 ka BP to the present) established boundary conditions that are often characterized as 

relatively free of abrupt climate changes, although it exhibits notable regional variability and 

multiple climatic excursions (e.g. Bernal et al., 2016; Stríkis et al., 2011; Orrison et al., 2022) 

Variations in AMOC have a significant impact on the climate of South America. AMOC-forced 

changes in sea surface temperature (SSTs) patterns in the South Atlantic Ocean trigger shifts in 

atmospheric circulation (Chiessi et al., 2015). The upper-level oceanic circulation at the Brazilian 

margin (western South Atlantic) is dominated by a northward-flowing current, the North Brazil 

current (NBC), and a southward-flowing current, the Brazilian current (BC) (Fig. 5.1 - Chiessi et 

al., 2015; Santos et al. 2022). Both currents originate at ~10°S, where the southern South Equatorial 

Current (sSEC) bifurcates and feeds both currents (Chiessi et al., 2015). When AMOC weakens, 

less warm water is carried northward from the South Atlantic into the Northern Hemisphere, 

resulting in a relative warming of the South Atlantic basin and cooling of the North Atlantic, which 

is a classic manifestation of the “bipolar seesaw” mechanism (Chiessi et al., 2015; Meier et al., 

2022). This SST dipole alters the zonal energy balance across the equator, driving a southward 

displacement of the ITCZ, enhancing moisture input over tropical South America (Vuille et al., 

2012; Bernal et al., 2016).  
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Figure 5.1 – (left) Map of South America with monthly mean austral summer precipitation during peak monsoon 
season (DJF) from Global Precipitation Measurement Mission (GPM, 2001-2020) (Huffman et al., 2019). The main 
summer climate features over the continent are indicated as SASM (South American Summer monsoon) and SACZ 
(South Atlantic Convergence Zone), with the mean location of the SACZ represented by the dashed line. Black arrows 
represent the direction of flow of the southern South Equatorial Current (sSEC), North Brazilian Current (NBC) and 
the Brazilian Current (BC). Stars represent the locations of paleoclimate records discussed in the text. The purple star 
represents São Mateus cave (this study); 1) Lake Llaviucu (Zhao et al., 2024); 2) Lapa Sem Fim cave (Stríkis et al., 
2015); 3) Rei do Mato cave (Ampuero et al., under review). The climatological DFJ location of ITCZ is represented 
by the dottet line. (right) Mean annual temperature in Brazil based on Alvares et al. (2013), with the starts indicating 
São Mateus (SMT), Lapa Sem Fim (2), and Rei do Mato (3) caves.  

Despite the already great effort to understand the role these ocean circulation changes play in 

the South American hydroclimate, little is known about the temperature effects in tropical 

continental areas during the deglaciation. Only a few continental temperature records are available 

(e.g. Stute et al., 1995; Palacios et al., 2020; Zhao et al., 2024), especially for the Brazilian low 

latitudes, which limits our understanding of land–ocean coupling and regional thermal gradients. 

In general, these records are spatially very distant and reveal distinct magnitudes of deglacial 

warming, such as a ~5.4°C increase from the last glacial maximum to the Holocene in Northeastern 

Brazil (Stute et al., 1995) and a ~4°C increase in Ecuadorian lakes for the same period (Zhao et al., 

2024). Additionally, one of the most recent paleotemperature reconstructions in lowland South 

America, Rei do Mato cave temperature record in central-east Brazil (Ampuero et al., under 
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review), shows a ~6.3°C warming from the glacial to the Holocene. All records broadly capture 

the main structure of deglacial temperature change, but uncertainties persist regarding the true 

amplitude, spatial coherence, and millennial-scale variability of warming across tropical South 

America. 

Research in central-eastern Brazil, especially in the Cerrado savanna region, indicates that post-

industrial temperature rise has exceeded the global average, which brings attention to the region’s 

sensitivity to continental thermal anomalies and the importance of establishing long-term 

temperature records in this region (Stríkis et al., 2024; Reboita et al., 2024). In this context, we 

present a new 16 k year paleotemperature reconstruction for central-eastern Brazil based on 

speleothem glycerol dialkyl glycerol tetraether (GDGT) paleothermometry (Baker et al., 2019; 

Blyth & Schouten, 2013). We show how surface temperature in this region responded to major 

climate shifts during the deglacial and Holocene periods and, in comparison with Rei do Mato 

record, we investigate the evolution of temperature gradient across central-eastern Brazil. 

5.3 Study site, sample and current cave temperature 

São Mateus cave (13.67° S; 46.37° W, 623 m a.s.l.) is located at the State Park of Terra Ronca 

(PETER), Goiás state, Central Brazil. The cave is developed in Neoproterozoic karstified dolostone 

interbedded with limestones of the Sete Lagoas Formation, Bambuí Group (Dardenne, 1987; Auler 

and Farrant, 1996). The climate at PETER is tropical semi-humid with a distinct wet–dry 

seasonality between summer and winter. Mean annual precipitation is 1,428 mm yr⁻¹ (1974–2023; 

São Vicente station, ~14 km from São Mateus Cave), with about 80% of rainfall occurring between 

October-April during the summer monsoon. Mean surface annual temperature is 24 °C, ranging 

from 22.5 °C in winter to 25.8 °C in summer (Moquet et al., 2016). The present-day local 

vegetation is generally characterized as Cerrado (Brazilian savanna), more specifically as a dry 

deciduous forest, which means this vegetation loses significant arboreal cover during the dry season 

(winter).  

The stalagmite used in this study, SMT16, was collected at the Setecentos Hall, located ca. 

150 m away from the cave entrance, and ca. 30 m above the modern level of the São Mateus River. 

SMT16 is a ~470 mm-long aragonite stalagmite without signs of recrystallization or dissolution, 

(Supp. Fig. 5.1). The sample is divided between a long (0-404mm) and a short (406-467mm) 
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section, marked by a shift in the dripping point and by a thin white layer (Supp. Fig. 5.1). 

Temperature in Setecentos Hall is constant throughout the year, with a mean of 23.8°C and only 

0.2°C variation, and a constant relative humidity of 100% (Governo do Estado de Goiás, 2016).  

5.4 Methods 

The chronology of SMT16 is built on with 26 ages obtained via the 230Th-U dating method with 

data collected via multi-collector inductively coupled plasma mass spectrometry following the 

methods described in Cheng et al. (2013a). The age-depth model was established by StalAge 

(Scholz & Hoffmann, 2011). A more detailed description of the methods used for the determination 

of SMT16 stalagmite is already described at Della Libera et al. (2026, in prep-a).  

To reconstruct the cave temperatures, we used the TEX₈₆ index (TetraEther index of 86 carbon 

atoms), which is calculated based on the relative abundances of the different isoprenoids of the 

GDGT lipids (Schouten et al. 2002). The method of analysis for the determination of the relative 

amounts of GDGTs lipids in SMT16 was based on an adaptation of the methods proposed by Blyth 

and Schouten (2013). Approximately 1 g of sample was collected from SMT16 at ~2cm depth 

intervals, resulting in 29 samples over the length of the record, except at the lower part of the 

stalagmite, where a stacked collection was made to obtain more detailed analysis. The samples 

were collected in chips and later pulverized for analysis. After pulverization, GDGTs were 

extracted chemically (a detailed explanation can be found in Supplementary Text 1). The external 

analytical precision was assessed using a speleothem standard in every batch prepared from a 

flowstone material from Scladina Cave, Belgium. The extracts were analyzed using an Agilent 

1260 Infinity high-performance liquid chromatography (HPLC) coupled to an Agilent 6130 single-

quadrupole MS with C46-GDGT as an internal standard, using a small adaptation of the method 

proposed by Hopmans et al. (2016), as described Auderset et al. (2020). Individual GDGTs were 

quantified from ion chromatograms, and the TEX₈₆ index (TetraEther index of 86 carbon atoms) 

was calculated from the relative abundances of GDGT-1, GDGT-2, GDGT-3, and crenarchaeol 

isomer (Schouten et al. 2002). Cave temperature estimates were obtained by using the recent 

calibration proposed by Baker et al. (2019): 

Cave air T = −7.34 + 34.64*TEX86 
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An average cave T of 14.8°C with a standard deviation of 0.4 °C (1 s.d., n=22) was obtained 

from the Scladina Cave standard. The uncertainties shown in Fig. 2 are 2 s.d. (0.8 °C) based on the 

measurements of the external analytical precision of the Scladina standard. According to Baker et 

al. (2019), the general TEX86 calibration uncertainty is ~1°C (2 s.d.), which primarily affects 

absolute values and not the sample-to-sample variability.  

5.5 Results 

The SMT16 stalagmite covers the period between -0.024 kyr BP and 15.71 kyr BP. The long 

section of the speleothem covers the Holocene period constrained by 18 230Th/U-ages presenting 

an average 2σ-uncertainty of 0.23 % (more details in Della Libera et al., accepted). The short 

section covers the deglacial period from 12.10 to 15.71 kyr BP, with an overall 2σ 230Th-U age 

uncertainty of 0.4% or ± 65 yr based on the 8 230Th-U ages that constrain this section (more details 

in Della Libera et al, in prep.-a). 

The SMT16 TEX86 record covers the period between -0.03 (+16, -17) and 15.03 (+101, -44) 

kyr BP, with ranging temperatures between 25.1 °C and 19 °C (Fig. 5.2b). The mean temperature 

over the 15-kyr record is 22.7 °C. Mean temperature during the deglacial period is 23.1°C and 22.6 

°C during the Holocene. Prior to the beginning of the BA, temperature is stable at around 23 °C 

before rapidly increasing to 23.5 °C at the onset of the BA (~14.86 -14.83 BP). This followed by a 

1.9 °C decline in temperature until 13 kyr BP. The transition from the BA to the YD at 12.9 kyr 

BP is characterized by a rapid increase from 21.7 to 24.1 °C. After the hiatus, the early Holocene 

is marked by the lowest temperatures of the record, 19°C, at ~10.71 kyr BP, followed by a gradual 

increase until ~7.37 kyr BP. From this point towards the present, temperatures are stable at ~23.7 

°C, punctuated by a transient increase of temperature to 25.1°C at ~2.07 kyr BP.  
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Figure 5.2 - Comparison between proxy-based temperature reconstructions in South America. a) Laguna Llaviucu 
derived from organic biomarkers (Zhao et al., 2024); b) SMT16 derived from organic biomarkers, with error bars of 0.8°C 
(2s.d.) (this study); Rei do Mato microthermometry temperature (Ampuero et al., under review). 

5.6 Discussion 

5.6.1 Regional temperature and comparisons withTraCE21kii model simulation 

The SMT16 temperature reconstruction reveals distinct variations that align with major 

deglacial and Holocene climatic events. Temperatures were relatively high during the end of HS1, 

followed by a short-lived warming at the onset of the BA. This period was then marked by a 

progressive cooling trend, culminating in an abrupt temperature increase at the onset of the YD 

(Fig.5.2b). During the YD, temperatures reached values comparable to those observed during the 

warmest phases of the Holocene, highlighting strong regional sensitivity to abrupt climate shifts. 



  C.5 – Manuscript III  
 

116 
 

The timing and structure of temperature variations observed in the SMT16 record is 

remarkably consistent with other continental paleotemperature records from tropical South 

America (Fig. 5.2). Similar patterns appear in Rei do Mato cave record (REI - 19.48 °S; 44.17 °W 

- Ampuero et al., under review), located ~600 km south of São Mateus cave (Fig. 5.2c), and in 

Lake Llaviucu record (2.8 °S; 79.1 °W - Zhao et al., 2024) in the Ecuadorian Andes (Fig. 5.2a). 

Lake Llaviucu shows 1.4°C of warming during the final phase of HS1, in agreement with the 0.7°C 

rise recorded in SMT16. Although Rei do Mato record does not cover the very end of HS1, its 

0.4°C increase between 15.1–14.1 ka BP is comparable in magnitude with our record. The 

subsequent cooling during the BA is noticeably stronger at SMT16 (1. 7°C) in comparison with 

REI (0.5 °C), presenting more than triple the decrease, and showing a similar amplitude decline as 

the Lake Llaviucu record (1.6 °C). In contrast, the YD warming shows closer agreement between 

the two central-eastern Brazilian sites. SMT16 records a 3.1 °C rise, similar to the 2.2 °C increase 

at REI, both exceeding the more moderate 1.6 °C warming observed at Lake Llaviucu. Together, 

these records reveal a broadly synchronized pattern of deglacial temperature change across tropical 

South America, yet with varying amplitudes that likely reflect distinct regional responses to large-

scale atmospheric circulation as well as hydrological shifts or local effects on proxy-to-proxy 

sensitivity. 

Although São Mateus and Rei do Mato caves are located within the same central-eastern 

Brazilian region, a clear temperature gradient exists between them. Currently, São Mateus mean 

surface annual temperature is on average 2.7 °C warmer than Rei do Mato. Yet, during the deglacial 

period this difference was ~5.1°C, indicating a steeper thermal contrast in the past. Such a 

pronounced gradient raises questions about whether large-scale climate models can capture the 

spatial heterogeneity of temperature across this region. Ampuero et al. (under review) showed that 

the transient TraCE21kii model simulation (He and Clark, 2022) reproduces both the timing and 

magnitude of temperature changes at REI record with moderate skill (Fig. 5.3c). In contrast, the 

simulation run for the São Mateus location fails to capture the overall structure of our record, with 

the simulation producing a warmer BA relative to both HS1 and the YD (Fig. 5.3a). The only 

feature the simulation reproduces is the sharp BA-YD transition with a 1.3 °C positive excursion, 

which occurs in phase but with smaller amplitude compared to the SMT16 reconstruction. Still, it 

is a brief warming followed by a decrease in temperatures, not reproducing the continued 

temperature increase during the YD (Fig. 5.3a). In fact, both the TraCE21Kii simulation run for 
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Lapa Sem Fim cave (LSF - Stríkis et al., 2015 – Fig. 5.3b), which sits ~300 km south of São 

Mateus, and for Rei do Mato cave, have a more similar structure as our SMT16 paleotemperature 

(Fig. 5.3b, c). Still, the range of temperatures are much higher in the SMT16 record, which is indeed 

captured by the TraCE21kii run for São Mateus cave site (Fig. 5.3a). While the model reproduces 

a spatial thermal gradient between São Mateus and Rei do Mato caves, it underestimates the full 

amplitude between the two sites (~3.5 °C) in comparison to our reconstruction (~5.1 °C). 

Therefore, the stronger deglacial temperature gradient between the two sites likely reflects 

location-specific and atmospheric circulation effects that the model's coarse spatial resolution 

cannot fully resolve.  

During the early Holocene, the SMT paleotemperature record shows a sharp cooling reaching 

its minimum temperature of the entire record of 19°C at 10.7 BP. A slight cooling is also observed 

at Lake Llaviucu, whereas no comparable change appears in the REI temperature record. Yet, the 

pronounced deglacial thermal gradient across central-eastern Brazil disappears, as São Mateus 

temperatures drop to values similar to those observed at Rei do Mato (Fig. 5.2). The early-Holocene 

cooling is followed by a steady recovery, with temperatures rising until ~7.3 ka BP and remaining 

above the long-term mean of 23 °C thereafter. 

This early Holocene evolution is again not reproduced by the São Mateus TraCE21kii model, 

which lacks the pronounced cooling and subsequent recovery observed in our reconstruction. 

However, the simulation for the nearby LSF shows a broadly similar pattern to the SMT16 record, 

though the changes are expressed more smoothly (Fig. 5.3b). For the mid- to late Holocene, the 

São Mateus TraCE21kii model presents a closer agreement with the SMT16 temperature record 

compared to the deglacial period, even though it infers lower temperatures after the early Holocene 

as compared to our record. This suggests that the model better captures large-scale regional 

dynamics than localized responses. The persistent mismatch between modeled and reconstructed 

temperatures demonstrates the importance of local boundary conditions, such as land–atmosphere 

feedbacks, regional moisture balance, and oceanic influences from the adjacent western Atlantic in 

modulating the thermal evolution of eastern Brazil (Gentine et al., 2019; Cabrera et al., 2025). 

These regional processes, and their interaction with large-scale climatic forcings, are explored in 

the following section.  
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Figure 5.3 - Comparison between temperature reconstructed from São Mateus and surface temperature simulations from 
TraCE21kii (He and Clark, 2021) from three different sites. a) Temperature evolution at São Mateus cave (black circles) and 
TraCE21kii decadal averages (thin light pink) and a 250-year smoothing window (darker pink). b) same as a), but for Lapa Sem 
Fim cave location (16°09’S, 44°36’W). c) same as a), but for Rei do Mato cave location (19°48’S; 44°17’W). In all the plots, the 
blue line is the mean temperature value of the simulation for the entire period. 

5.6.2 Temperature and local δ¹⁸O response to high-latitude forcings 

To assess the local climatic dynamics involving temperature, atmospheric circulation, and 

hydrological variability, we compare our temperature record with a δ¹⁸O reconstruction from the 

same stalagmite previously studied by Della Libera et al. (accepted; in prep-a – Fig. 5.4d). The 
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overall structure of the SMT16 temperature record shows cooling during the BA and warming in 

the YD, concomitant with high δ¹⁸O values in SMT16 during the BA, followed by a sharp decrease 

at the onset of the YD around 12.9 ka BP (Fig. 5.4d). According to Della Libera (in prep-a) and 

Bao et al. (2023a,b), δ¹⁸O variations in central-east Brazil during the deglacial period are strongly 

modulated by the amount effect. This relationship suggest that drier and comparatively colder 

conditions prevailed during the BA, whereas the YD was characterized by enhanced convection 

and warmer conditions, with temperature approaching those of the Late Holocene. This pattern is 

in agreement with the inter-hemispheric heat distribution associated with AMOC/Atlantic changes 

during this period (Fig. 5.4a). Relatively strong northward heat transport into the Northern 

Hemisphere (enhanced AMOC) during the BA corresponds to a northward displacement of the 

ITCZ and reduced moisture delivery from the southern Atlantic easterly flow into eastern Brazil 

(Zilli et al. 2019; Bao et al. 2023; Wong et al. 2023; Della Libera, in prep-a). As São Mateus sits 

closer to the influence domain of the North Brazil Current (NBC)/tropical western South Atlantic 

circulation (Fig. 5.1), the low SST observed in the NBC during this period further corroborates the 

low temperatures seen in SMT16 (Fig. 5.4c - Venancio et al. 2019, 2020; Chiessi et al. 2015: 

Santos et al. 2022). The opposite scenario during the YD, with reduced AMOC strength, results in 

heat storage at the western South Atlantic, increasing the strength of the easterlies and enhancing 

moisture input in the area, strengthening SACZ (Chaves and Nobre, 2004; Venancio et al. 2019, 

2020: Meier et al., 2022).  

Moreover, together with the AMOC variations, these BA-YD variations are concomitant 

with the Antarctic cold reversal (ACR), a well-documented Antarctic cooling event centered 

roughly 14.5–12.9 ka BP, concomitant with the BA (Fig. 5.4b). This provides an extratropical 

southern-hemisphere background that would reinforce the south-to-north thermal gradient and 

modulate mid-latitude easterlies and Southern Ocean heat release during the BA interval (WAIS, 

2013). Therefore, the BA–YD oscillation observed at São Mateus and Rei do Mato (Fig. 5.4d) 

paleotemperature records are temporally coeval with the Antarctic temperatures shifts, CO2 

variations (Fig. 5.4b), and NBC temperatures shifts (Fig. 5.4c). These combined changes likely 

impacted Southern Ocean circulation with significant changes in South Atlantic SSTs and 

atmospheric circulation (Venancio et al. 2019, 2020; Santos et al, 2022).  
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Figure 5.4 - Comparison of SMT temperature and oxygen isotope records with Rei do Mato temperature reconstructions and 
forcings. a) North Greenland Ice Core Project (NGRIP members, 2004) δ18O record (dark blue line), OCE326-GGC5 231Pa / 230Th-
based record of the strength of the Atlantic meridional overturning circulation (McManus et al., 2004) (light blue and green lines 
with squares). b) Antarctic records of CO2 concentration composite (Köhler et al., 2017) and temperature difference from present 
at EDML site (Lemieux-Dudon et al., 2006). c) SMT TEX86 temperature reconstruction (black circles and line – this study), 
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insolation curve for DJF at 10°S (Berger and Loutre, 1991-yellow line), North Brazilian Current (NBC) sea surface temperature 
(SST) anomaly based on a stack composite of 6 marine sediment cores (Santos et al., 2022 – green line); d) SMT TEX86 temperature 
reconstruction (black circles and line – this study), SMT16 δ18O record (green line, Della Libera et al., accepted), Rei do Mato cave 
microthermometry-based temperature reconstruction (Ampuero et al., under review – purple circles). The dashed and shaded blue 
rectangle indicates the cooling event at SMT16 temperature record.  

Temperature shifts during the BA and YD events were much more pronounced at the São 

Mateus site than at Rei do Mato. A process that could explain this difference is the influence of 

ocean currents influencing each site. São Mateus sits closer to the domain of the NBC/tropical 

western Atlantic circulation (10 °S), whereas Rei do Mato is more influenced by the 

BC)/subtropical South Atlantic system as it sits further south (Santos et al., 2022; Chiessi et al., 

2015). Paleotemperature and SST compilations for the Brazilian margin show distinct, spatially 

variable SST responses across the NBC–BC transition that track changes in ocean transport and 

upper-ocean heat content (Meier et al., 2022; Santos et al., 2022, Chiessi et al., 2015; Barh et al., 

2018). Some of the deglacial studies for these currents show that the NBC region experiences larger 

temperature swings than the BC region during both the BA and the YD due to the AMOC bipolar 

seesaw between the northern and southern Atlantic oceans (McManus et al., 2004; Chiessi et al., 

2015; Bahr et al. 2018; Santos et al., 2022). For instance, during the YD, temperature records from 

the tropical NBC domain present a 3–5ௗ°C warming, whereas reconstructions from the BC present 

a spatial heterogeneity, but with all pointing to a ~1-1.5 °C increase (Chiessi et al., 2015; Venancio 

et al., 2020; Santos et al., 2022). This difference is in accordance with the temperature differences 

observed between São Mateus and Rei do Mato sites, which increased by a total of 3.1 °C and 2.2 

°C, respectively during the BA-YD transition. This suggests that the western South Atlantic 

temperatures might have a significant influence in temperatures over the continent, as suggested 

previously (Swingedouw et al., 2009; Marson et al., 2014).  

Throughout the Holocene, the overall increasing trend in São Mateus paleotemperature 

record follows the increase in SMT16 δ18O values (Fig. 3d). In contrast to the deglacial period, 

when SMT16 δ18O variations were primarily driven by the amount effect (Della Libera et al., in 

prep-a), the major changes in δ18O values in SMT16 during the Holocene reflect shifts in moisture 

source and atmospheric circulation (Della Libera et al., accepted). Higher values are associated 

with precipitation coming directly from the South Atlantic Ocean, i.e., the easterlies, whereas lower 

values are associated with the offshore monsoonal pathway, which runs over a much longer 

continental stretch before reaching the area, depleting the oxygen and potentially bringing less 

moisture compared to the easterlies (Ampuero et al. 2020; Bao et al., 2023; Della Libera et al., 

accepted). Therefore, this isotope–temperature relationship suggests that Holocene temperature 
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changes in eastern Brazil were closely linked to reorganizations of regional circulation patterns and 

moisture sources. 

The pronounced early Holocene cooling at São Mateus at 10.7 ka BP (Fig. 5.4d, light blue 

rectangle) marks the coldest point of the SMT16 record (19 ºC). At this point, the temperatures 

drop to similar values as REI, extinguishing the earlier temperature gradient between them (Fig. 

5.4d). Concomitantly, the NBC experiences its largest temperature anomaly of the last 16 ka, 

showing a strong agreement with the temperature decline at São Mateus (Fig. 5.4c). The coherence 

between NBCSSTs and São Mateus indicate that they are either influenced by the same mechanism 

or that the NBCSSTs have indeed a strong influence over central-eastern Brazil temperatures. The 

anomaly in NBCSST is coeval with a major Antarctic freshwater release between 11.6–10.2 ka 

(Golledge et al., 2014; Santos et al. 2022). Such freshening in the South Atlantic Ocean had a 

strong influence in cooling the upper South Atlantic and reduce SSTs (>1 °C) and air temperatures 

(>1–2 °C) along the Brazilian margin (Swingedouw et al., 2009; Marson et al., 2014; Santos et al., 

2022). This increase in freshwater coincides with peak Antarctic δ¹⁸O values and elevated 

atmospheric CO₂ concentrations (Fig. 5.4b), which played a key role in amplifying global 

temperature responses during the deglaciation through ocean–atmosphere feedbacks (Shakun et al. 

2012). Moreover, the AMOC recovery led to a warming of the North Atlantic Ocean, which is in 

constant increase during the early Holocene as observed from the NGRIP record (Fig. 5.4a), 

enhancing the northward heat transport (McManus et al. 2004). Therefore, all these mechanisms 

were at play at the time of the cooling event at São Mateus. Yet, this pronounced cooling is not 

expressed in the SMT16 δ¹⁸O record (Fig. 5.4d), suggesting a temporary decoupling between local 

temperature and atmospheric circulation, likely reflecting a shift in moisture source or precipitation 

regime.  

After this brief cooling and subsequent stabilization of AMOC, the increasing austral 

summer insolation seems to be the main forcing behind the moderate constant rise in temperatures 

in São Mateus region throughout until the middle Holocene (Fig. 5.4c). The continuous synchronic 

warming trend between the SMT16 temperature, the NBCSST stack, and the increase in SMT16 

δ18O values reflect a reinforced ocean–atmosphere coupling along the western South Atlantic 

(Santos et al., 2022; Meier et al. 2022). The increasing insolation likely led to an already known 

southward shift of ITCZ, a strengthening of the SASM/SACZ, and enhanced oceanic heat transport 

via easterlies into central-eastern Brazil (Haug et al. 2001; Bernal et al., 2016; Wong et al., 2023; 
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Della Libera et al., accepted), which led the São Mateus site to transition into the persistently 

warmer conditions that characterize the late Holocene. Ultimately, the paleotemperature record of 

SMT16 shows how regional temperature evolution in eastern Brazil was mostly driven by high-

latitude perturbations in the deglaciation and by the gradual dominance of insolation and oceanic 

forcing during the Holocene, marking the establishment of modern tropical South Atlantic climate 

dynamics. 

5.7 Conclusions 

Our 15-kyr paleotemperature reconstruction from São Mateus cave reveals rapid temperature 

shifts during the deglacial and early Holocene period. Overall, the new SMT16 paleotemperature 

record evidences a coupled ocean–atmosphere response to interhemispheric heat redistribution 

driven by variations in AMOC strength and Antarctic temperatures. A 1.7 °C cooling during the 

BA/ACR period and an abrupt 3.1 °C warming at the onset of the YD follows Antarctica 

temperature trends and major AMOC transitions, linking interhemispheric heat redistribution to 

tropical continental responses. These shifts likely altered the ITCZ position and the intensity of the 

easterlies, with higher temperatures corresponding to wetter conditions at São Mateus.  

While transient TraCE-21Kii simulations reproduce general deglacial trends and the timing 

of the BA–YD transition, they underestimate both the amplitude of temperature changes and the 

thermal gradient between sites within central-east Brazil. This suggests that regional oceanic and 

atmospheric processes (e.g., NBC/BC variability, SST gradients, and land–atmosphere feedbacks) 

are not fully resolved. Finally, the SMT16 paleotemperature record reveals the most prominent 

cooling of 4.3°C of the last 15-kyr during the early Holocene, which was likely triggered by a major 

Antarctic freshwater discharge, the associated recovery of AMOC, and a sharp increase in 

atmospheric CO₂. After this event, a gradual warming is observed in the SMT16 paleotemperature 

record until the mid-Holocene, in agreement with increasing insolation and CO2 concentrations. 

In general, our new record in comparison with other paleotemperature records from the region 

evidence the tight coupling between high-latitude forcing and tropical South American climate, 

highlighting the sensitivity of continental temperatures in central-eastern Brazil to abrupt ocean–

atmosphere reorganizations. 
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5.8 Supplementary Material III 

Tropical South American temperature responses to rapid high-latitude climate shifts since the last 

deglaciation 

5.8.1 Supplementary text 1 

 Each pulverized calcite sample was weighed in a 60 mL cylindrical glass vial, being 

subsequently dissolved in 20 mL of 6 N HCl and digested on a heating plate at 100 °C for 2 h. 

After cooling, the digested sample was extracted three times using 20 mL dichloromethane (DCM) 

in each extraction. The DCM fraction was collected in a 60 mL vial using a 50 mL separation 

funnel. After the third extraction, 40 µL of C46-GDGT internal standard was added to the extract 

for GDGT quantification purposes (Auderset et al., 2020). The solvent was evaporated to complete 

dryness in a Genevac Rocket evaporator for ~30 minutes. To remove potential traces of acid and 

other impurities, the extract was re-dissolved in a mixture of DCM–methanol and passed through 

a 5% deactivated silica column. The eluate was collected in 4 mL vials, dried under nitrogen gas 

on a heating plate at 30 °C, and filtered into a 1 mL vial through a 0.2 µm polytetrafluoroethylene 

membrane filter using a 1.8% mixture of isopropanol in n-hexane. 

5.8.2 Supplementary Figure 1 

 

Supplementary Figure 5.1 – Scan of SMT16
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Chapter 6 – Conclusions & Outlook  
 

 The main goal of this thesis is to improve our understanding on the climatic and 

environmental development of central-east Brazil since the deglacial period until the present. For 

that, a stalagmite sample from São Mateus cave located in this region was used as the subject of 

this study. The use of the traditional stable isotopes (δ18O and δ13C) proxies initially used for this 

study soon revealed to be insufficient for a proper interpretation of the climatic and environmental 

conditions of this area. A linear relationship is usually observed for records within the monsoon 

domain in South America between δ18O and δ13C records, indicating that the amount of rainfall 

and vegetation are behaving somewhat concomitantly, since vegetation is strongly dependent on 

rainfall amounts in the Cerrado biome in central-east Brazil. Nonetheless, such a linear relationship 

was not observed for the studied stalagmite in the orbital-scale (Holocene period), presenting 

contradictory interpretations of between the δ18O and δ13C records; while the oxygen indicated 

progressively drier conditions to the present, the carbon indicated a development toward a wetter 

climate. Therefore, a more thorough investigation using a multi-proxy approach was necessary.  

This region presents a complex interaction of different moisture sources that therefore 

hampered the classical interpretation of the δ18O for regions within the South American summer 

monsoon as amount effect or overall monsoon strength. Moreover, the δ13C is also subjected to 

several processes during the pathway between the soil until it is precipitated onto a stalagmite that 

can alter its signal, which adds a layer of complexity to the interpretations. Therefore, the 

application of the Sr isotope analysis was introduced as a way to gain deeper insights into the 

environment, cave and karst processes. The 87Sr/86Sr ratios are an independent proxy used to 

improve existing proxy records and exclude potential cave effects as major driver for stable isotope 

variations. Overall, it revealed a striking similarity with the δ13C record for the Holocene period, 

corroborating the drier-to-wetter development initially assumed based solely on the δ13C record. 

This coherence appears because the Sr isotope record revealed an external sandstone source of Sr 

isotope outside the soil-limestone system that contribute to high 87Sr/86Sr ratios during dry phases 

in this region.  

These findings highlight the importance further developing multi-proxy approaches. 

Accordingly, this thesis also presents a temperatures reconstruction based on organic biomarkers 
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(GDGTs) analysis using the São Mateus stalagmite. This study is the first to present a temperature 

record of the last 15,000-year in South America based on organic biomarkers in stalagmites. The 

temperature changes in central-east Brazil reveal a strong modulation of the SSTs at the Brazilian 

margin on the continental temperatures, showing a broad coherence with both major abrupt ocean 

circulation changes during the deglacial period and with the long-term increase in temperatures 

over the Holocene. Finally, it shows how temperature has a strong coupling with changes in 

atmospheric circulation and local hydrology. 

Overall, this study evidences the significance of expanding the range of proxies in 

speleothem studies to have a more complete understanding of the development of the climate and 

environmental systems. The use a multi-proxy approach is recommended when interpreting 

paleoclimate conditions in a region, whereas the use of a single proxy should be interpreted with 

caution. This is exemplified on the first paper, where the interpretation of single proxies results in 

divergent interpretations, and on the second paper where multiple proxies converge to a coherent 

climate scenario. Ultimately, this thesis demonstrates that only through the integration of multiple, 

complementary proxies we can disclose the complex interplay of processes that shape past and 

present climate dynamics in tropical South America. 

 


