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RESUMO

RODRIGUES, J.C., 2020, Reconstrucdo Paleoclimética baseada na geoquimica multiproxy de alta
resolucdo de espeleotemas dos estados do Parana e Sdo Paulo, Brasil [Dissertacdo de Mestrado],
Sdo Paulo, Instituto de Geociéncias, Universidade de Sdo Paulo, 115p.

Uma das maiores dificuldades na avaliacdo do impacto das mudancas climéticas na ocorréncia de
eventos extremos de precipitacdo reside na limitacdo dos dados histdricos. Neste contexto, registros
de espeleotemas de cavernas sujeitas a eventos recorrentes de inundacéo sdo utilizados para avaliar
a frequéncia com que eles vém ocorrendo nos Gltimos sete mil anos. Para isto, foi avaliada a
ocorréncia de camadas detriticas depositadas sobre os espeleotemas, indicativas de eventos de
inundacdes em espeleotemas coletados nas cavernas Lage Branca e Malfazido. Estas formacdes
foram precisamente datadas pelo método U/Th e apresentam altas taxas de crescimento, o que torna
possivel a reconstitui¢do de eventos de alta frequéncia de inundacgéo de cavernas no Leste do Parana
e Sul de Sdo Paulo. A analise quimica pelo método PIXEs foi utilizado para auxiliar na
identificacdo das camadas detriticas visiveis nos espeleotemas. Os dados isotopicos de §*80 dos
espeleotemas refletem mudangas no regime de chuvas moncéo de verdo vs. extratropical de
inverno. Os espeleotemas foram analisados quimicamente pele técnica de LA-ICP-MS e sugerem
que a incorporacdo de elementos tracos é controlado por mecanismos de PCP (prior-calcite
precipitation) e PAP (prior-aragonite precipitation) nos espeleotemas CR-1 e MFZ-N-1,
respectivamente. As analises de componentes principais (PCA) permitiram reduzir os conjuntos de
dados multivariados de elementos tracos, a ponto de facilitar a avaliacdo das condi¢6es hidrologicas
na area de estudo através de suas relacdes com PCP e PAP. Anélises estatisticas dos proxies
juntamente com indices paleocliméticos indicaram possiveis ligacdes entre a area de estudo e
anomalias de TSMs dos Oceanos Atlanticos e Pacifico. Compara¢des com indices paleocliméticos
sugerem que periodos de alta frequéncia de eventos de inundagdo na caverna Malfazido podem
estar relacionados a anomalias de TSM associadas ao aumento da atividade da SMSA sobre sudeste
da América do Sul ou as condicdes similares ao El Nifio. Além disso foi levantada uma possivel
ligacdo entre eventos extremos de precipitacdo e forcante vulcénica. As reconstituicdes das
paleoinundacdes da caverna Lage Branca indicam que a transicdo entre o Holoceno Médio e Tardio
é marcada pela mudanca na circulagcdo atmosférica para condi¢des de maior atividade do Sistema
de Moncdo da América do Sul (SMAS) juntamente com o aumento da chuva de verao indicados
pelos registros de espeleotemas do Sudeste do Brasil. Essas mudancas sdo relacionadas a um
aumento abrupto na frequéncia de paleoinundacgdes na caverna ap06s o ano de 4200 A.P., com uma
tendéncia observada para os registros de §'0 e elementos tragos indicando maior atividade da
SMAS e a condic¢Bes mais Umidas até o periodo mais anémalo em 2000 A.P. Apos este periodo,
um hiato nos espeleotemas da Lage Branca marcado por uma camada detritica grossa indica que
o0s espeleotemas podem ter ficado mais sujeitos a condi¢bes de inundacdo devido ao aumento da
precipitacdo de verdo. Em resumo, novos registros de alta resolucdo contribuem de forma inédita
no entendimento da frequéncia de eventos extremos de precipitacdo relacionados a inundag¢ées em
cavernas, e em quais condigdes hidrologicas e de circulagdo atmosférica essas mudangas de
frequéncia estdo relacionadas. O novo registro de paleoinundacgéo de espeleotemas da Lage Branca
contribuem para entender como os eventos de inundagdes em cavernas podem ser afetados por
mudancas na circulacdo atmosférica em resposta a mudanca no estado medio do clima associado
as alteracdes da SMAS pelas mudangas de insolagdo de ver&o.

Palavras-chave: paleoinundacéo, espeleotemas, inundacdo em caverna, extremos de precipitacao
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ABSTRACT

RODRIGUES, J.C., 2020, Paleoclimate reconstruction based on high-resolution multiproxy
geochemistry of speleothems from Parand and S&o Paulo states, Brazil [Master’s Thesis], Sdo
Paulo, Instituto de Geociéncias, Universidade de Sao Paulo, 115p.

One of the greatest limitations on evaluating climate changes impact and the occurrence of
the extremes events resides in the limitation of historical data. In this context, speleothems records
from cave galleries subjected to recurrent flood events are used to assess past frequency of extreme
events. Detrital layers within speleothems deposited during flood recession are used here to
reconstruct the occurrence of cave flood events for the last seven thousand years, allowing the study
of these events beyond the pre-industrial period. Speleothems from Lage Branca and Malfazido
caves are used here to reconstruct the frequency of cave paleo floods for the Mid-Late Holocene
and for the last millennium, respectively. Well-resolved chronology for the speleothems were
obtained by U/Th age method. Visual methods associated with P1XEs analysis were used to identify
detrital layers associated with floods within the speleothems. Stable isotopes analyses were
performed to access atmospheric-circulation conditions. Trace elements analysis (LA-ICP-MS)
were performed for Malfazido’ speleothem and a previous record of trace element from Cristal
cave are used. Correlation between the trace element ratios suggest that PCP and PAP are the main
control in trace elements concentrations. Therefore, a novel high-resolution record is presented
using principal component analysis for each speleothem that can account for most of the variance
observed in the multivariate dataset. These PCs are used here as proxies for assess hydrological
conditions in the cave sites by its relations with PCP and PAP. Statistical analysis of 180 with
paleoclimate indices showed a possible link between the study area and SSTs anomalies from
Atlantic and Pacific Ocean. Comparisons with paleoclimatic indices suggest that periods of high
cave flood frequency in Malfazido cave may be related to SSTs anomalies associated with
enhancement in SAMS activity over SESA or to El Nifio-conditions and a possible link between
extreme precipitation events and volcanic forcing is commented. Also, the paleoclimate
reconstructions indicates that the transition between Middle and Late Holocene is marked by
changing in the atmospheric circulation for conditions with higher South America Monsoon
System (SAMS) activity and enhancement of summer rainfall as indicated by §'®0 and trace
elements of speleothems from PETAR site. These changes are related to an abrupt increase in the
paleoflood cave frequency after 4200 B.P., with a trend in 5180 and trace elements indicating higher
SAMS activity and wetter conditions. After 2000 B.P., Lage Branca cave may have been more
susceptible to flood events due to increased summer precipitation, as showed by a hiatus in both
speleothems characterized by a thick detrital layer. In summary, novel high resolution records of
Malfazido and Cristal cave contribute in an unprecedented manner to understand the frequency of
extreme precipitation events related to cave floods, and in which atmospheric-circulation and
hydrological conditions that these changes in frequency; and the novel Lage Branca speleothems
paleoflood record contribute to understand how low frequency cave flood can be affected by
changes in the atmospheric circulation in response to change in the mean climate state associated
with the modulations by insolation on the SAMS.

Keywords: speleothems, paleoflood, climate reconstruction, paleoclimate, cave floods, extreme
precipitation events.
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1. INTRODUCTION

Extreme precipitation events represent the largest source of risk to societies around the
globe and have become more frequent and intense in the last decades, being responsible for 74%
of the deaths related to natural disasters between 1991-2010. The Intergovernmental Panel on
Climate Change (IPCC) scientific reports have indicated through climate change projections and
observational analyses an increase in the frequency and intensity of extreme rainfall events
(Debortoli et al., 2017).

Several studies have been assessing the frequency and magnitude of extreme precipitation
events in southeast Brazil based on rainfall monitoring stations and climate models. For instance,
in Sdo Paulo state Carvalho et al. (2002) investigated the relationship between summertime extreme
precipitations events with intense convective activity of the South Atlantic Convergence Zone
(SACZ), and for those events Liebmann (2001) showed that they are correlated with sea surface
temperature (SST) anomalies. Also, Pedron et al. (2017) identified significant trends on several
indices of climate extremes based on daily rainfall data since 1889 in Curitiba city, located 100 km
away from the study area of this project.

One of the greatest struggles on evaluating the impact of climate changes in the occurrence
of the extremes events resides in the limitation of historical data to beyond the pre-industrial time
period, when humankind didn’t exert a remarkable influence on Earth’s climate. Regarding that,
reconstituting the frequency of extreme events beyond the instrumental data becomes essential to
understand how the current warming trend affects the frequency and the magnitude of those events
(Denniston & Luetscher, 2017)

In order to produce proxy records for extreme precipitation variability, here we present a
novel geochemistry and sedimentary approaches have been used in speleothems to evaluate cave
floods caused by those events. Speleothem from flooded galleries are ideal recorders of past
frequency of extreme events, providing robust evidence of large amplitude changes in the local
water table thorough the deposition and preservation of mud layers (Dasgupta et al., 2010;
Denniston et al., 2015; Frappier et al., 2014; Gazquez et al., 2014; Gonzalez-Lemos, 2014;
Gonzélez-Lemos et al., 2015).

Cave floods events can be preserved in speleothems as fine sediments such as clay and silt
present in the flood water deposit on the speleothem surface during the flood recession, resulting

in a clay-rich layer that may be trapped by the resumption of the speleothem growth, preserving



the sediment from subsequent erosion (Gazquez et al., 2014; Gonzélez-Lemos, 2014; Gonzéalez-
Lemos et al., 2015) If the speleothem grows continuously for a long period, it may preserve a
detailed flood record for thousands of years (Dorale et al., 2005).

Thereafter, this new approach is promising due to several basic stalagmites characteristics,
such as its simple stratigraphy based on a precise U/Th dating method and the potential to record
cave flood events from thousand or hundreds of thousands years. Several methods have been used
to recognize and characterize the detrital layers within speleothems with a series of visual methods,
including optical and scanning electron microscopy for visual identification (Gonzalez-Lemos et
al., 2015) as well as various geochemical analyses such as ultra-violet fluorescent analyses
(Dasgupta et al., 2010) and trace elements analysis using Laser-ablation mass-spectrometry
analyses (LA-ICP-MS) (Gonzalez-Lemos et al., 2015) and XRF- scanning (Finneé et al., 2015).

Speleothems subject to flooding are generally avoided for paleoclimate studies because the
formation might have been corroded or abraded. Furthermore, the occurrence of detrital sediments,
such as clay and silt are major source of detrital 2>2Th, which can preclude precise U/Th dating
(Frappier et al., 2014). However, in some cases a high-resolution flooding chronology can be
provided by high-precision U-Th dating, allowing an annual-solved chronology of flood events
when combined with speleothem lamination counting (Dasgupta et al., 2010).

If a flood chronology is archived, the frequency of cave floods is obtained by the observed
number of events in a given time (Dasgupta et al., 2010). The frequency of floods can be compared
with others records, and combined with stable isotopes and trace elements data, in order to access
hydrological and environmental conditions related to changes in the flood frequency. Despite the
potential of speleothems on provide reliable record of past changes in extreme events, so far, few
studies have been dedicated to this issue.

An important step to link cave floods to extreme precipitation events involves integrating
the climate and the cave hydrology data. To test this link, rainfall and river flow from surface
monitoring stations can be compared with cave monitoring as water level data from divers, cave
stream flow or speleothems flood record (Dasgupta et al., 2010; Denniston & Luetscher, 2017;
Wilhelm et al., 2019).

In light of the above, this research aims to reconstruct the flood frequency from Laje Branca
cave, in the south of S&o Paulo state, based on precise dated speleothems subjected to lower

frequency cave floods during the Middle and Late Holocene; for the Last Millenia, a speleothem



from Malfazido cave, in northeast of Parana state, is used to reconstitute a high-resolution record
of flood activity for higher frequency flood events. Stable isotopes and trace elements analyses
were performed and compiled from the study area to access the hydrological and environmental
conditions of the period related to changes in flood activity. Some climate modes of low frequency
variability such as the EI-Nifio Southern Oscillation (ENSO) and the Atlantic multidecadal
oscillation (AMO) (Knudsen, et al., 2011; Mann et al., 2009; Wei & Lohmann, 2012) will be used
to verify the importance of the oceanic variability on the extreme precipitation events in the
southeast of Brazil.

2. RESEARCH AIMS

The goals for this research are:

e Reconstruction of the flood frequency based on speleothems from the Southeast of Brazil:
(1) Last Millennia flood frequency of Malfazido cave based in a speleothem with a well-
resolved chronology (2) Middle to Late Holocene paleoflood frequency of Lage Branca
cave based on two speleothems with a coeval growth period.

e Investigate the link between extreme precipitation events with cave floods in the study area
and the trace-elements and Carbon and Oxygen stable isotopes in the speleothems

e Reconstruction of hydrological and environmental conditions of the study area by obtaining
new stable isotopes and trace elements records combined with speleothem records from
previous studies in the region.

e Understand how climate changes in the Southeast of Brazil affect the occurrence of extreme

precipitation events and their related climatic forcing.

3. STUDY AREA

The stalagmites samples collected for this study are from two caves (Laje Branca and
Malfazido) in two different cave sites in Southeast Brazil (SEB). The Laje Branca Cave
(24°54°82.75’S; 48°72°12.58°’W) is situated on the Parque Estadual Turistico do Alto Ribeira
(PETAR) in Iporanga county (southern S&o Paulo state), about 97 kilometers from the Atlantic
Ocean and 523 m above the sea level. Malfazido cave (24°39'40.67"S; 49°32'21.22"W) is situated
in Dr. Ulysses county (northeastern Parana state), about 60 kilometers from PETAR site and 100

km from Curitiba city (Parané state capital) and at 885 m above sea level.
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Figure 1 - Study area map showing the cave locations (yellow stars) and the metalimestones in which the cave are
inserted

Laje Branca cave (Fig 2) is part of the Pérolas-Santana system, with development of 900 m
with large galleries with rectilinear pattern and low sinuosity (Karmann, 1994). The cave is
developed in the contact between the metapelites from Betari Formation and metalimestones from
Bairro da Serra Formation, with a difference in height of 70 m between the entrance and the sink
hole in the lowest gallery (Karmann, 1994). The lower level gallery is characterized by sediments
piles reaching approximately 15 m high, composed by clay and silt with ripple marks on surface
indicating water flow running to the present drainage during massive flood events. It is possible to
observe sediment marks of different water levels along the areas occupied by sediment pile which
suggest the presence of intermittent lakes associated with floods. Besides the banks, it is possible
to recognize several evidences of those events such as marks of recent mud layers in the walls and
ceiling that also covered collapsed blocks and speleothems like stalagmites and aragonite flowers
standing in the walls. More importantly, these massive flood events are reported to occur nowadays
by local guides in response to extreme precipitation events which makes the clastic sediment layers
trapped inside the speleothems during calcium carbonate deposition as a good proxy for ancient
floods in the Lage Branca cave.

Malfazido is a rectilinear cave located in the metalimestones from the Itaiacoca Formation and
is marked by a sequence of big dry travertines pools subjected to floods during heavy rainfall
(Figure 3). The underground stream is a tributary of Turvo river and flows towards the cave

entrance until it is captured by a sinkhole inside the cave. Outside the cave is possible to see a



spring flowing a few meters from the cave entrance. The cave floor is covered by fine-grained
sediments with recent mud cracks and several stalagmites inside the dry travertine pools. A flood
event was observed in the cave during a field work on 06/07/2019, where it was possible to confirm
that the speleothems collected in the travertine pools were sequentially submerged in response to a
rainfall event of 200mm in three days of rainfall. Another historic flood event reported in Malfazido
cave is indicated in the cave map made by the Speleology Study Group of Parand (GEEP-Acungui)
in 02/15/1999, where they draw the flooded travertines as a cave lake (Fig 3).
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Figure 2 — Laje Branca cave map. A) Fine sediment deposits in the lower gallery; B) higher gallery approximately 20
meters high above the cave lake with aragonite flowers marked by mud marks; C) cave lake with water levels marked
in the sediments and in the walls; D) underground river flowing to the mud gallery; E) location of collect of LB-1 and
CB-3 samples. Altered from Karmann 1994.
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Figure 3 - Topographic profile of Malfazido cave (top), with a zoom for the location of the collected speleothems. The
bottom right photo shows the cave flooded and the bottom left the MFZ-N-1 speleothem location.




4. CLIMATOLOGY
4.1 Modern Climatology

The precipitation climatology over southeastern Brazil (SEB) is mostly affected by two
main atmospheric features: Cold Fronts (CF), a transient perturbation that affects the region from
1-2 days, present during austral summer and winter and bringing moisture from the Atlantic Ocean
into the continent (Cruz et at., 2005b); and the SACZ, a quasi-stationary system that remains over
Central-south Brazil for ~3 days or more (Cruz et al, 2005b; Lima et al., 2010). The SACZ is an
integral part of the monsoon system and forms by the extension of a convective activity that begins
over western Amazon basin, the South America Monsoon System (SAMS) all the way into the
Atlantic Ocean, going over SEB thus bringing moisture to the region (Lima et al., 2010). During
the monsoon period (November-March), the SACZ presents a strong convective activity
responsible for several heavy rainfall events, which makes this system of major importance for the
annual rainfall in the region (Carvalho et al., 2002; Lima et al., 2010; Vasconcellos & Cavalcanti,
2010).

In interannual and multidecadal time scales, some climate modes associated to variations
in sea surface temperature (SSTs) in Atlantic Ocean affect the South America continent and
therefore the SEB. In the Atlantic Ocean, one of these fluctuations is known as Atlantic
Multidecadal Oscillation (AMO) (described in detail in section 4.2) where its positive (negative)
phase is associated with warm (cold) anomalies in the North Atlantic and thus results in cold
(warm) anomalies in the South Atlantic (Alexander et al., 2014; Kayano and Capistrano, 2014;
Mann et al., 2009). Therefore, the cold phase of the AMO leads to a warming of the South Atlantic
which is then closely related with enhanced SACZ activity, once the Intertropical Convergence
Zone (ITCZ) is shifted southward, increasing the moisture transport from the ocean into the
Amazon basin and boosting SAMS/SACZ activity (Alexander et al., 2014; Kayano and Capistrano,
2014)

Another major climate module that has high rainfall influence over SEB is the El Nifio-
Southern Oscillation (ENSO), a cycle of SST variations related to the tropical Pacific Ocean with
a timescale of 2-7yr (Grimm et al., 2009) (described in detail in section 4.2). This system consists
in anomalies in heat and water vapor generated in the ocean that go into the atmosphere, altering
the atmospheric circulation worldwide (Carvalho et al., 2002; Grimm et al., 2009; Kayano and
Capistrano, 2014; Liebmann et al., 2001; Wang, 2005). The EIl Nifio phase is broadly known for



enhancing extreme rainfall events over SEB once its mature phase happens concomitant with
SAMS, leading to an increase in the number of persistent days (> 4) of the SACZ by twice as much
as in cold or neutral phases (Carvalho et al., 2002; Liebmann et al., 2001).

Even though the systems mentioned above take place in two different oceans, both play a
major role in the interannual rainfall variability over SEB. Also, it is relevant to note that these
systems can occur simultaneously affecting one another; the AMO has a significant impact over
ENSO phases, which therefore can affect the rainfall over South America. As demonstrated in
previous studies (Kayano and Capistrano, 2014; Timmermann et al., 2007), the cold phase of AMO
for North Atlantic can intensify EIl Nifio events over SEB mostly from October-January, whereas
these events are weaker during warm AMO phases.

As it can be seen, most of the annual rainfall amount over SEB typically comes from the
humidity over the Amazon basin in the SACZ, and the remnant amount comes from the winter
rains in the form of CF from the Atlantic Ocean. This clear difference in source of moisture changes
the oxygen isotopic signature of the rain: the nearby Atlantic source during winter leaves a more
enriched rainfall signature in the water (average of -3%o), while monsoon-related rainfall presents
more negative values (average of -7%o) due to the amount effect (Cruz et al, 2005b; Taylor, 2014).
This source-related oxygen isotopic signature is therefore reflected in the stalagmite 5180
variations such as demonstrated in previous studies with speleothems in SEB (Cruz et al, 2005b;
Taylor, 2014), where the increase (decrease) of isotopic values would reflect higher contribution
of winter (summer) rainfall. Therefore, some periods may have greater winter (Summer) rainfall
contributions, which occurs when the SAMS/SACZ is shifted northward (southward) and brings
less (more) moisture from the Amazon basin (Cruz et al., 2005b), what will be used as the oxygen
isotopic interpretation in this work.

4.2 Modes and Patterns of Climatic Variability in the Pacific

In this section, three modes of variability are associated with climatic conditions over
Pacific Ocean that operate in different timescales. The EI-Nifio Southern Oscillation (ENSO)
ranges from 2-7 years, while the Interdecadal Pacific Ocean (IPO) and the Pacific Decadal
Oscillation (PDO), vary from 20 to30 years.

ENSO events takes place when the tropical Pacific is anomalous warm in central/eastern
Pacific due to a weakening of zonal trade wind and associated reduction of ocean upwelling
(Amaya, 2019; Kayano and Andreoli, 2007; Wang and Ren, 2020). The cold phase of ENSO is



named La-Nifia (LN), and both warm and cold SST anomalies (SSTA) have been proved to have
significant effect on climate in a global scale (Amaya, 2019; Zhang et al., 2019; Kayano and
Andreoli, 2007). During EI-Nifio (EN) phases, the main ocean-atmosphere features are the
anomalous high sea level pressure (SLP) over Indonesia and a correspondent anomalous low SLP
over central/eastern Pacific due to an eastward Walker cell shift, where the ascending activity
occurs due to the warm SST anomaly; during LN, the opposite behavior is observed (Kayano and
Andreoli, 2007). As a result, during positive ENSO phases, wetter conditions prevail over
subtropical regions in South America, whereas in tropical regions drier conditions are observed
(Silva et al., 2011).

Several studies have been pointing out the effects other Pacific variabilities have on ENSO
phases, such as the Pacific Decadal Oscillation (PDO) and the Interdecadal Pacific Oscillation
(IPO). The PDO is a North Pacific variability mode that was obtained from an EOF (Empirical
Orthogonal Function) analysis of its monthly SST during 93 years (1900 - 1993), where it was
possible to characterize its positive (negative) phase as warm (cold) SST anomalies in the
northeastern Pacific and cold (warm) in western and central North Pacific with a cycle of 20-30
years (Silva et al., 2011; MacDonald and Case, 2005; Kayano and Andreoli, 2006). For instance, it
has been observed that SST patterns of PDO over the North Pacific coincides with patterns from
ENSO modes, where the intensity of either positive or negative PDO phases presents the same band
of ENSO frequencies (2 -7 years) (MacDonald and Case, 2005; Kayano and Andreoli, 2006).

The IPO, in turn, is a sea surface temperature anomaly (SSTA) that occurs throughout the
entire Pacific in both hemispheres and its abrupt changes in SSTAs across the Pacific might also
last for about 20-30 years, which is then considered to be a wider expression of the PDO variability
(Buckley et al. 2019; Silva et al., 2011). Therefore, the PDO and IPO are vastly correlated with
each other and ergo both affect ENSO variability and intensity, where in PDO and IPO warm phases
an EI-Nifio-like pattern emerges and western and central North Pacific waters are cold while
warmer SSTs prevail over the entire west coast of Americas and over central-eastern tropical
Pacific (Buckley et al. 2019; Silva et al., 2011).

Now, looking at how these phenomena impact the climate over South America, some
studies have shown that during periods in which ENSO and PDO are in the same (opposite) phase,
the teleconnections of ENSO over precipitation in South America become stronger (weaker), which

means that during summer in South America (December-February) the ENSO effect on



precipitation is stronger during positive PDO phases when compared to negative PDO phases
(Kayano and Andreoli, 2006; Silva et al. 2011). Also, regarding IPO effects over South America,
Buckley et al. (2019) reported that during positive IPO phases a drought prevails over northern
South America including the Amazon basin, while anomalous wet conditions prevail on more
southern regions, which is consistent with the effects that positive phases of ENSO and PDO have
over South America. Still according to this study, this would be caused due to a change in the zonal
Walker circulation because its ascending branch is now over the anomalous warm SST in the
Pacific, leading to a descending branch over northern South America, thus reducing convection;
on the other hand, the scenario is inverse during negative IPO phases, where cold SSTs prevail in
central eastern tropical Pacific and convection can happen over northern South America.

Finally, according to Silva et al. 2011, a more specific look at South Eastern South America
(SESA) reveals the climatic effects that ENSO events during positive PDO phases have: there is a
shift of moisture transport over the continent, where the moisture influx is now directed toward
southern Brazil (SESA) contributing to positive precipitation anomalies over the region, whereas
less convective activity is happening over the Amazon region, weakening the moisture flux in the
SACZ region and thus favoring negative precipitation anomalies over northern SESA that is still
under SACZ influence.

4.3 Modes and Patterns of Climatic Variability in the Atlantic

The Atlantic Ocean goes through periodic fluctuations in sea surface temperature (SST)
that occur in a multidecadal timescale (60 to 80 years) for which has been given the name of
Atlantic multidecadal oscillation (AMO) (Alexander et al, 2014; Knight et al, 2006; Keer et al,
2000; Knudsen et al., 2011). This low-frequency variability is based on temperature changes over
large areas of the North Atlantic, thus representing its dominant SST pattern, which alternates
between cold (positive) and warm (negative) phases (Alexander et al, 2014; Knight et al, 2006).
Even though AMO is a North Atlantic SST variation index, previous studies have shown that it is
linked to other climatic effects (Wang et al.,2017), such as Sahel drought (Folland et al., 1986),
frequency of Atlantic hurricanes (Goldenber et al, 2001) and even changes in Northeast Brazil
rainfall patterns (Folland et al.,2001; Knight et al., 2006).

Up to date, the causes for AMO variability and its related multidecadal periodicity are still
under debate. Some studies (e.g. Wang et al.,2017; Alexander et al., 2014) have been referring to
this phenomenon as Atlantic Multidecadal Variability (AMV) instead of AMO due to some



irregularities on its occurrence and “because it does not imply that it is a mode of variability
generated solely by internal climate processes” - Wang et al.,2017. In fact, several processes can
lead to decadal variations in North Atlantic SST, such as ocean currents caused by wind,
fluctuations in sea ice and changes in surface heat fluxes, but the Atlantic meridional overturning
circulation (AMOC) is among the most probable cause of this North Atlantic SST variability named
AMO (Wang et al.,2017; Alexander et al., 2014; Knudsen et al., 2011).

For about the last ~150 years, the AMO has been studied through SST anomalies in
instrumental data, however records that extend further back in time must be investigated to
accurately characterize this oscillation or variability (Knudsen et al., 2011). For that, several
paleoclimatic data have been employed to better understand this phenomenon, as it can be seen,
for instance, in Mann et al., 2009, Knudsen et al., 2011, Alexander et al., 2014 and Wang et
al.,2017. Therefore, to reconstruct a reliable AMO index these studies use statistical methods along
with model-base pseudoproxy (climate models) and multiproxy datasets (tree rings, ice cores,
sediments, speleothems, etc.), resulting in an AMO index, such as the ones obtained by Mann et al.
(2009) and Wang et al. (2017), where AMO variability was reconstructed for the past 1500 and
1200 years, respectively.

In addition, some studies have been pointing out the effects AMO might have over the
South American climate. Regarding the Atlantic influence over South America, model data have
shown that negative phases of AMO (linked to a low thermohaline circulation thus lower heat
transport over to the North Atlantic) cause a southward displacement of ITCZ in the Atlantic, which
in turn enhances the moisture income over the continent that eventually reaches southeast Brazil
(Zhang and Delworth, 2005). On the other hand, with regard to Pacific climate effects over South
America, some studies have found that AMO phases affect ENSO variability, where cold (warm)
AMO phases are linked to strong (weak) ENSO variability and reduced (elevated) eastern Pacific
SST annual cycle dimension, which in turn leads to an increase in precipitation over southeast
Brazil (Timmermann et al.,2007; Kayano et al., 2014; Seager et al., 2010).

Finally, other phenomenon happening over the Atlantic Ocean that affects climate patterns all
over the Atlantic, including the AMO, is the North Atlantic Oscillation (NAO). The NAO is an
atmospheric circulation pattern that occurs over middle and high latitudes of the Northern
Hemisphere, predominantly over the Atlantic (Hurrell et al., 2003). This circulation is responsible

for rearranging the atmospheric mass between the Artic and the subtropical Atlantic and thus
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altering weather patterns, such as Atlantic wind speed and direction and the distribution of heat and
moisture from the Atlantic to the continents (Hurrell et al., 2003). The NAO positive (negative)
phase is characterized by a strong (weak) well-defined poleward low-level jetstream over North
Atlantic that occurs predominantly during winter season (December-February) due to an
anomalous low atmospheric pressure over Arctic and Iceland regions linked to an anomalous high
atmospheric pressure over subtropical Atlantic, thus leading to the atmospheric mass circulation
(Hurrell et al., 2003; Martineau et al. 2020). Even though this oscillation occurs over the North
Atlantic, previous studies have evidenced the consequent influence the NAO has over South
Atlantic and ergo over South America climate. It has been reported that extreme NAO positive
phases lead to a warming of the tropical South Atlantic that in turn cause the ITCZ to develop in a

more southward position (Souza and Cavalcanti, 2009).

5. SPELEOTHEMS AS PALEOCLIMATE RECORDS

Speleothems are cave secondary mineral deposits of CaCO3 (calcite or aragonite) that have
already been established as important and reliable continental climate archives due to its potential
to record several proxies such as oxygen and carbon stable isotopes and trace elements (Wassenurg
et al., 2016; Fairhchild and Treble, 2009). The most used speleothem formations for paleoclimatic
studies are the stalagmites, formations that grow vertically on the floor towards the ceiling due to
the dripping water and the consequent precipitation of calcite, resulting in formations with an
internal structure of concave layers (Fairchild and Treble, 2009). Also, the U/Th dating method for
carbonate samples allow an outcome of very precise dates from the present up to 500 ka, which
combined with the stalagmite successive deposition and the high-resolution sampling of oxygen

and carbon isotopes, it may result in a reliable paleoclimate record (Wassenurg et al., 2016).

5.1 Stable Isotopes

5.1.1 Oxygen stable isotopes in speleothems

The oxygen isotope is currently one of the most employed proxies for paleoclimatic studies
based on speleothems once the oxygen incorporated in the speleothem’s formation is closely linked
to the meteoric water cycle and it’s stable over time, thus holding relevant information about
amount and source of the rainwater (Lachniet, 2009). During the hydrologic cycle, the water goes

through several phase changes and the oxygen present in this water undergoes fractionation
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processes in the flux between reservoirs, where one isotope is favored over the other according to

their mass, as shown by the equation 1 (Clark and Fritz, 1997):

a=FRa/,, Eq. 1

180 160
E.g. a180(water—vapor) = ro/ )water/(lSO/ 160)vapor

where a is the fractionation factor and R is the isotopic ratio of less/more abundant of the element,
such as in the example in Eqg.2. The measurements of relative variations of 0 and °0 in a sample

is expressed using the & notation, accordingly with the following equation: n (Lachniet, 2009):

180 180
TO)Sample—(To)Standard

51805ample = ( Eq. 2

(3%)starndaa

The standard values used for calcium carbonate is the Vienna Peed Dee Belemnite (VPDB),
while for water samples the most common used reference is the Vienna Standard Mean Ocean
Water (VSMOW). Once the outcomes of this equation are rather small, the notation of the relative
isotopic variations “d” is here multiplied by 1000, thus being expressed in %o (per mil) to facilitate
its understanding. The standard value of both VPDB and VSMOW are defined as 0%o so the
variations in the 0/*®0 ratio of the samples are always indicated by differences referring to the
standard (Lachniet, 2009). Therefore, when obtaining 530 values in a sample they are either
“enriched” with 80 (higher ¥0/*0 sample ratio), or “depleted” of 80 (lower ¥0/*0 sample
ratio).

The fractionation processes that take place during changes of water phase in the
hydrological cycle control the §'®0 values in the reservoirs. This is because there are differences
in the strength of chemical bonds between the isotopes due to its mass, where the heavier (lighter)
the isotope, the greater (smaller) the energy needed to break the bond (Clark and Fritz, 1997), which
means heavier (lighter) molecules are less (more) volatile in these processes. In evaporative
processes, for instance, the evaporation on the ocean surface (liquid) to the atmosphere (vapor), the
lighter isotopologues (H20*®) tend to be removed in larger quantities from the liquid or solid water

reservoir and incorporated into the vapor phase than the heavier ones; the vapor is then more
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depleted (lower 580 values) than the liquid (ocean). In condensation and precipitation processes,
on the other hand, during the water phase change from the cloud (vapor) into rainfall (liquid) the
heavier isotopologues (H20) tend to be incorporated into the more condensed phase, in this case
the rain, which becomes more enriched (higher §'80 values) than the remaining cloud vapor
(Lachniet, 2009). This equilibrium fractionation is related to the temperature of the phase change

and thus to the energy gradient needed to break these bonds, which can be determined by:

10001 yater—vapory = 1.137(10%/T,2) — 0.4156(103/T}) — 2.0667 Eq. 3

where T is for temperature in Kelvin. With this it is possible to observe that the temperature must
decrease (increase) for there to be condensation (evaporation). The vapor formed in the ocean is
then advected into the continent where a progressive condensation process takes place along the
moisture flux pathway, thus lowering 5'80 values of the remaining vapor and, consequently in the
precipitation. This process of continues removing of heavier isotopologues from a limited reservoir,
i.e. the vapor in the air mass, is called Rayleigh distillation.

The condensation of moisture from a cloud is then directly proportional to the decrease in
temperature, which can happen due to cold fronts, orographic lifting, convection, convergence, or
advection of the air mass into colder regions and hence alter the isotopic composition of the water
during the hydrological cycle, since it is temperature dependent (Lachniet, 2009). This role of
temperature is ergo one of the most important factors regulating 5180 values of precipitation, which
is then associated with spatial variations in $'0 due to changes in latitude, altitude, and moisture
source. But this effect is most evident in middle and high latitudes, whereas in the tropics
the amount of the precipitated rather than the temperature, is the major driver of §'80 variability of
the rainfall. The effect that relates the water isotopes variability to the extent of precipitation is
called “amount effect”, where quantity of precipitation is anti-correlated with 5'80 values (increase
in precipitation corresponds to lower &80 rainfall values) (Dansgaard, 1964; Lachniet, 2009).
Ultimately, the amount effect is a function of the Rayleight distillation process. In this context, for
areas far from the coast, the isotope variability of the rainfall water results from the so-called,
degree of rainout upstream (Vuille and Werner, 2005). The degree of rainout upstream simply
refers to the total isotope effect resulted from the continuous precipitation process along the

moisture flux pathway. Thus, over continental regions, the isotope of the rainfall is more related to
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the amount of precipitation on regional scale, more specifically, along the moisture trajectories,
than the local amount properly (Ampuero et al., 2019).

Another factor that interferes with 580 values is the seasonality, once winter and summer
rains might have different relative amounts of precipitation and originate from distinct moisture
sources, which can result in abrupt changes in §'®0 values (Lachniet, 2009). For southeastern
Brazil, for instance, previous studies have shown that seasonal atmospheric circulations changes,
such as the prevalence of monsoonal regime during summer and an extratropical regime during
winter, lead to an interannual 680 variation signal in the rainwater, where more depleted values of
680 are characteristic of summer rainfall (monsoonal regime) and more enriched values of winter

rainfall (extratropical regime) (Cruz et al., 2005a; Cruz et al., 2005b; Cruz et al., 2007).

5.1.2 Water-rock interactions

In summary, the course of the water from the ocean to the formation of speleothems initiates
with its evaporation from the ocean producing water vapor that will be advected over land where
it may form clouds and eventually condensate into rainfall; the rainfall water then percolates
through the soil and rock until it reaches the cave in form of drip water that will deposit the calcite
layers and form a speleothem (Lauzitzen and Lundberg, 1999). The water isotopic fractionation
processes that occur from the ocean to the moment of rainfall have been discussed above, but
several other chemical and physical processes take place between its interaction with the soil and
the speleothem formation, which will vary according to the cave location and the characteristics of
the cave system.

The first process that takes place is the interaction between the rainfall water with the soil
above the cave. Due to organic matter decomposition, the soil has a higher partial pressure (P¢o,)
than the rainfall water (unsaturated in CO>) so that, when the water infiltrates the soil, the CO- is
dissolved and reacts with the water resulting in the formation of carbonic acid (H.CO3) according

to the following chemical reactions (Fairchild and Baker, 2012):

H,0 + CO, < H,CO04 - Reaction 1
H,CO; & HCO;~ + HT - Reaction 2
HCO;~ & C03*” + HY - Reaction 3
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These reactions lead to the formation of carbon chemical compounds, also referred to as
dissolved inorganic carbon (DIC). The proportion between these DIC species will vary according
to the pH value of the solution and the P¢q,0f the soil. The HCOs is the most common DIC in
solutions at near-neutral pH values (Fairchild and Baker, 2012).

After the water percolates through the soil and becomes more acidic due to its interaction
with COy, it reaches the epikarst of the cave (the weathered and fissured zone of the limestone
where rainwater might be stored and mixed) that lies between the bedrock vadose zone (the aerated
zone) and the soil (Ford and Williams, 2007; Lachniet, 2009), and eventually the limestone
bedrock. As the water with high P¢,, percolates through the vadose zone occurs the dissolution of
carbonate mineral (the higher the CO, concentration in the soil, the higher the CaCOs dissolution),
as indicated by the reaction (Fairchild and Baker, 2012; Fairchild, et al., 2006):

CaCO; + H;0" & Ca?** + HCO3 + H,0 - Reaction 4
And the entire dissolution can be written in one reaction:
H,0 + €O, + CaCO3; < Ca®** + 2HCO3~ - Reaction 5

Following percolation, the solution now saturated in Ca* reaches the cave environment and

is now in contact with its atmosphere, which usually has a lower P, than the solution. This lower
P, leads to the most common reaction in speleothem formation: the degassing of CO2 from the

solution to the atmosphere (Eq.X) through molecular diffusion (Dreybrodt, 2008), resulting in the

precipitation of CaCOs, as given in the reaction:
2HCO;™ + Ca** & CaC03 + Hy0 + COxgaseous)” - Reaction 6

This reaction might occur when the water drop resides longer on a stalactite or on the cave
ceiling, thus precipitating CaCOz and forming stalactites, and/or when the water drips onto a
stalagmite apex, where it’1l lose CO2 molecules from the solution due to the drop impact and then
form a thin layer of water that will degas and precipitate CaCO3 (Dreybrodt, 2008).

The described variations in 820 values due to seasonality, amount effect and fractionation
processes related to water phase changes clearly take place before the interaction rainwater-
soil/rock/cave atmosphere, which leaves the oxygen isotopic composition with a distinct signature

that will be later analyzed and interpreted as a paleoclimatic record. However, there are other
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factors that must be considered to better interpret the oxygen isotopic record from a stalagmite and
the goal is to obtain the most real paleoclimatic signal (McDermott, 2004). One of these other
factors that should be considered is the evaporation process of rainwater on the surface prior to
infiltration of the rainwater. For instance, it is quite common that in arid/semi-arid regions an
enrichment in §'80 values is observed due to this effect (Lachniet, 2009; McDermott, 2004).
Ultimately, the evaporative effects works amplifying the 6'80 variability in response to the amount
of precipitation. Another factor that affects 530 values occurs prior to the water reaches the cave
environment is the mixing of recharge precipitation in the vadose zone. Also called “reservoir
effect” the mixing of precipitation in karst reservoir has a large effect in attenuation of the
interannual isotope variability (Lachniet, 2009).

When inside the cave environment, one of the first requirements to recover 520 as a
paleoclimatic data is the speleothem formation under isotopic equilibrium between the cave drip-
water and the deposited carbonate, which occurs when there is time for isotopic exchange reactions
to happen (Lachniet, 2009; McDermot, 2004). This equilibrium between water and precipitated
CaCOs results in a speleothem that reflects the rainwater isotopic signal (McDermot, 2004). Other
cave environment factors that might alter 'O signal are poor or highly ventilated caves, an
atmosphere with high Pc,, relative humidity and time of residence of the water before it drips
(Lachniet, 2009).

The 580 variations from speleothems in southeast Brazil have being interpreted in previous
works as mainly controlled by source effects driven by shifts in atmospheric circulation of a more
monsoonal (extratropical) regime in summer (winter) with more depleted (enriched) values of 5'80,
and therefore the & 80 may reflect relative variations in the contribution of the sources rather than
changes in total amount of rainfall. In this sense, the !0 of speleothems from Southern Brazil is
as suitable proxy for studying tropical-extratropical interactions over the eastern coast of South
America (Cruz et al., 2005a; Cruz et al., 2005b; Cruz et al., 2007; Taylor, 2014; Vuille et al., 2012).

5.1.3 Carbon stable isotopes in speleothems

The soil above the cave is the main source of the gas CO> that will interact with the
rainwater and be a part of the bedrock dissolution process, and further be incorporated in the calcite

deposition inside the cave, as given in the equations above. However, due the several processes
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that influence the **C variations in a speleothem record, such as vegetation and rainwater, it might
be challenging to accurately understand this data (Fohlmeister et al, 2020).

The gas CO: in the soil comes mainly from organic matter decomposition and plant
respiration, and both processes maintain the plant C isotopic signature when CO- transfers into the
soil thus holding information about the vegetation. Thus, the carbon incorporated in the
speleothems might reflect the characteristic of the vegetation above the cave (Novello et al, 2019;
Silva et al, 2008; Fohlmeister et al, 2020; Amundson et al, 1998). Vegetation changes can be
detected due to 83C variations according to the type and density of vegetation that occupied the
area above the cave: whether the dominant plants were of a C4 photosynthetic pathway (typically
savanna and grasslands), which have a lower *C discrimination in photosynthesis resulting in a
313C range between -15 to -10%o, or the dominant plants were of a C3 photosynthetic pathway
(typical of dense forests) where 8°C typically ranges from -30 to -24%o (Silva et al, 2008;
Fohlmeister et al, 2020; Pessenda et al, 2010).

After the soil COz is dissolved in the rainwater (as in Reaction 1.), the formed DIC species
percolates the soil and eventually reaches the carbonate rock, which will be dissolved until the
solution is in Ca?* equilibrium. This dissolution usually occurs in intermediate conditions in nature,
where there is gaseous CO present to form DIC species but in limited amounts, instead of enough
gaseous CO that allows a total carbon exchange to DIC (open conditions) or not gaseous CO; at
all to form DIC species (closed conditions) (Fohlmeister et al, 2020; Fairchild and Baker, 2012).
Also, another chemical effect controlling 53C values is the prior calcite precipitation (PCP), where
there is deposition of calcite before the solution reaches the stalagmite, either in the fractures of the
bedrock or already in the cave (stalactite). The degree in which PCP occurs will vary accordingly
to the P, difference between the percolated water and the air, and to the amount of time this water
stays in contact with the cave air before dripping onto the stalagmite (Fohlmeister et al, 2020;
Fairchild and Baker, 2012). High PCP tend to increase the §'3C of the stalagmite, once the losses
of light CO> isotopologues during the degassing process leads the remaining DIC species depleted
in 12C isotopes.

5.2 Trace-Elements in Speleothems

Speleothems trace elements have been used in paleoclimate and environmental

reconstructions for several years, but the wide parameters spectrum on which the fluids that form

speleothems can vary and the range of geochemical processes to which they can be subjected to in
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the epikarst, soil and in the cave environment hamper the definition of a common model that
explains the variations in the speleothem trace elements composition (Fairchild et al., 2006;
Fairchild and Treble, 2009, Bernal et al., 2016).

The development and availability of modern instrumentation allow a choice of different
microbeam techniques with differences between the analysis, such as volume of material analyzed
(spatial scale), precision, accuracy, speed, and cost of the analytical process). Laser ablation-
ICPMS (LA-ICP-MS), secondary ionization mass-spectrometry and micro-XRF have permitted the
reconstruction of high-resolution records which can be used together with 80 and &§'°C to
complement the speleothems records. For instance, LA-ICP-MS provide a high-resolution (sub-
annual resolution) for most of the speleothems and its rapid acquisition of data makes it one of the
most promising techniques for retrieving speleothems trace-elements data (Treble et al., 2003;
Desmarchelier et al., 2006; Fairchild and Treble, 2009; Bernal et al, 2016)

The most common elements used in speleothems studies are Mg, Sr and Ba, which form
divalent cations in solution and are incorporated in the carbonate crystal lattice as a substitute for
Ca. Morse and Bender (1990) describe a simple equation of partition coefficient that can be used

to relate fluid and mineral composition of the trace elements:

Tr Tr
= Krr (= Eq. 4
(CaCaC03) TR (Ca)solution a

where Tr is the trace ion and Ky is the partition coefficient (or distribution coefficient as used in

some works), and it is affected by several parameters as temperature, precipitation rate, crystal
morphology or fluid composition and K may differ significantly for aragonite and calcite, so
distinguish these phases is crucial (Fairchild and Treble, 2009, Wassenburg et al, 2016;
Wassenburg et al, 2019).

The primary source of trace elements and calcium in speleothems is the epikarst (bedrock,
overlying regolith) and the soil, with some exceptional cases with different sources like aeolian
particles, sea-salt aerosol, or flood water. The transmission of trace elements through the epikarst
is dependent on the chemical mobilization in the overlying soil and fractured bedrock and by the
hydrological process controlling the surface and soil waters infiltration into the epikarst (Fairchild
and Treble, 2009).
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Trace Elements shows a range of chemical mobilization behaviors, for instance more rapid
mobilizations such as the dissolution of salts, leaching of weakly-sorbed from organic and
inorganic substrate, and the virtually instantaneous entrainment of pre-existing solutes, mobilized
particles and colloids, and the calcite dissolution, not rapid as the examples above, but sufficiently
rapid that equilibrium would be expected within a few hours of infiltration (Fairchild and Treble,
2009).

The dissolution of carbonates to saturation occurs in response to high pCO2 with the
maximum solute loads reached in zones where Pco: is at a maxima, and this maxima can be reached
either in the soil or the epikarst, depending on the carbonate distribution and of the decomposing
organic matter. One of the key process to understand the trace elements variations happens when
the infiltrating waters change from a dissolution regime to a precipitation regime, and this can be
caused primarily by the encounter with a gas phase with lower Pco> resulting in degassing and
leading to supersaturation of the solution for CaCOaz. This condition happens before the
speleothems drip waters are exposed to the cave atmosphere (in the aquifer above the cave
dripping), changing the solution composition before it reaches the speleothem, and this process is
referred to as prior calcite precipitation (PCP). (Atkinson, 1977; Fairchild et al., 2000, 2007, 2009).

Once Ca is preferentially incorporated into precipitated calcite in respect to the other
alkalis, the PCP leads the reaming solution enriched in Mg, Sr and Ba in respect to Ca, therefore
Mg/Ca, Sr/Ca and Ba/Ca ratio of the speleothem increase (Huang and Fairchild, 2001). The effect
of PCP on trace element composition has been widely used to infer dry climatic periods since the
lowering of the water table in the karst aquifer and the decreasing in the stalactite dripping rate
favor the PCP. Another relationship between PCP and degassing is the systematic enrichment in
613C as mentioned above. (McMillan et al., 2005; Johnson et al., 2006; Fairchild and Treble, 2009).
Like PCP, the prior aragonite precipitation (PAP) is observed under certain environmental
conditions. PCP and PAP are enhanced during periods of reduced aquifer recharge (drier
conditions) when residence time of the solution is higher (more available time for degassing) and
more air-filled voids exist in the aquifer. Wassenburg et al. (2019) showed that incorporation
mechanisms are similar for calcite and aragonite, and so the application of the concept of a
distribution coefficient is valid for both.

Wassenburg et al. (2019) demonstrate, for the first time, that under karst environmental

conditions Kmg(aragonitey 1S considerably smaller than 1, Ksraragonite) 1S above or close to 1 and
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Kuragonite) 1S larger than 1. Therefore, dry (wetter) climate conditions with enhanced (diminished)
prior aragonite precipitation, result in lower (higher) speleothem U and higher (lower) Mg
concentrations if PAP is the dominating process. Sr may also lead to lower (higher) concentrations
since Ksraragonite) 1S above or close to one (Wassenburg et al., 2019).

Magnesium has been used for paleohydrology reconstructions working as a proxy of
effective rainfall at some sites and, despite of the complexities on its use, numerous studies have
shown a forceful relationship between dripwater and/or speleothem Mg and rainfall instrumental
data (Tooth and Fairchild, 2003; Treble et al., 2003; MacDonald et al., 2004; Karmann et al., 2007).
The potential of speleothem Mg as a proxy of rainfall is typically proposed on its covariation with
8%3C and/or 60, where Mg and §'3C may be modulated by the effect of PCP (due to longer
residence time). Mg and 680 can also be used together to argue the effectiveness of Mg as an
indicator of effective water excess, since 680 is mainly reflecting changes in rainfall, the
covariance between these two variables can strengthen this interpretation. For instance, Cruz et al.
(2007) and Bernal et al (2016) showed an impressive covariance between Mg (and Sr) and 620
from southern Brazil speleothems, and these trace elements variations were used as a proxy of
rainfall amount, where lower of Mg/Ca values coincides with depleted 680 (depleted values are
related to periods of predominant monsoonal source in the southeast of Brazil as showed in section
8). This relationship is helpful, particularly over sites where sources effects may play a significant
role in the control of water rainfall §*20 variability (Fairchild and Treble, 2009).

Other elements with Ktr <1 (Sr, Ba, U) may also be effective palaeohydrological indicators.
This co-enrichment can be observed in a vector with a constant slope in a log-log crossplot of Sr/Ca
vs. Mg/Ca and Ba/Ca vs. Sr/Ca. The model proposed by Sinclair et al. (2012) demonstrate that if
PCP mainly modulate Mg/Ca and Sr/Ca, and in the absence of kinetic control, the molar ratios (mol
Mg/mol Ca and mol Sr/mol Ca) should co-vary linearly in a In-space, with a slope of 0.88 £ 0.13.
Sinclair et al. (2011) demonstrate that the same slope is expected for Incongruent calcite
dissolution, showing that these co-variations can be interpreted as water-rock interactions, and the
covariance between Mg/Ca and Sr/Ca can be used as a test for PCP or incongruent calcite
dissolution/ (Fairchild and Treble, 2009; Sinclair et al., 2013; Bernal et al., 2016).

The co-variance described above cannot be used for aragonite speleothems because of the
different partition coefficients. In cases of PAP modulating the trace elements to Ca ratios, Mg is

expected to show higher concentration during dry periods, and this relationship can be supported
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by positive correlations with 680 in areas where depleted values are related to higher amounts of
rainfall, and by positive correlation with 6C since PAP tends to concentrate the heavier isotope
in the solution. Sr presents a Ksy above or close to one and so periods of enhanced (diminished)
PAP due to drier (wetter) conditions can result in lower (higher) concentrations of Sr/Ca in the
speleothem. The same is observed for U, but Ky is considerably higher than 1, following the same

behavior as expected for Sr (Wassenburg et al., 2019).

6. MATERIALS AND METHODS
6.1 Speleothem Samples

Laje Branca and Malfazido caves were selected for this study by its potential to record
paleofloods in speleothems as detrital layers (clay or silt minerals) among the carbonate layers.
Samples with active drops were selected to provide Holocene records, specially covering the last
millennia. Although the stalagmites collected in Laje Branca had active drop, U/Th ages showed a
hiatus in the speleothem precipitation between the present and 2000 B.P. that preclude its use for
the recent period. For this study, LB-1 and CB-3 were selected for reconstructions of the Middle
and Late Holocene flood frequency whereas the MFZ-N-1 speleothem was selected for the

reconstruction of the past millennium flood frequency.

6.1.2 Lage Branca Samples

The stalagmites were collected in different sectors and depths of the cave in attempt to have
records with different sensibility to flood events, resulting in three groups: (i) stalagmites collected
in the shallow sectors; (ii) stalagmites collected in the lower gallery (CB-3) (iii) stalagmites
collected in the mud gallery (LB-1). The samples from the shallow sector were not used in this
study because of problems with the U/Th dating (low uranium concentration associated with low
ratio of 22°Th/?%2Th) or by the absence of detrital layers within the speleothems, precluding its use
as paleoflood records.

The samples CB-3 and LB-1 were selected by the presence of detrital layers within the
stalagmites and high uranium concentrations associated with high ratio of 2°Th/?2Th of the
samples that allow us to obtain ages with errors of less than 1% of 26. The samples showed a coeval
growth through the Middle and Late Holocene covering the same period between 7400 B.P. and
2000 B.P. The different locations of the collect allow us to verify the replicability of the flood

events in different sectors of the cave.
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6.1.3 Malfazido Samples

Several samples were collected in the cave flood zones giving priority to active speleothems to
obtain flood records of the Last Millennium, but MFZ-N-1 was the only collected sample that
covers this period of time. This sample presented a high potential to be used as a high frequency
flood record and for high resolution analyses by the presence of detrital layers within the
speleothem and by the fastest growth rate of Southeast of Brazil as evidenced by a well-solved

chronology based on U/Th ages with errors of 1% of 2c.

6.2 Instrumental Data

6.2.1 U/Th Ages

For the chronologic analyzes, a Dremel rotatory tool attached to a flexible cable shaft was
used to drill the carbonate samples from the speleothem. The dark layers were avoided during
sampling as they could be a source of 22Th from the clay minerals. CaCOss samples of
approximately 0.1 g were collected and the powder was kept in glass vails. The depth in relation
of the speleothem top was measured using a scan image of the speleothem and the software
CorelDraw 2019.

The chemistry procedures used for the sample opening and concentration of U and Th consist
in 3 steps: (1) weight, spiking and dissolution; (2) Fe precipitation, centrifuge, dissolution; (3)
columns.

(1) — First step in the chemistry procedure is to weight the sample. The amount of sample
powder that will be weighted is based on the concentration of 23U and 2%*Th. If the
speleothem does not have ages, 0.5 g of sample is utilized. The sample is weighted in a
Teflon beaker using a high precision balance. After weighting, a small amount of water is
added to cover the powder and avoid loss of mass and contamination in the laboratory. Then
the sample is dissolved using between 3 and 6 drops of 7N HNOz and its ready for the spike
addition. The spike (solution content 236U — 233U — 22°U) mass added to the sample depends
on the samples mass and the 2*3U concentration. For MFZ-N-1 all the samples were spiked
using an approximately mass of 0.5 g. After spiking the sample, 4 drops of HCIO4 (the
number can vary between 4 to 15 depending on the content of organics in the sample) are
added and the Teflon beaker is closed and set on a hot plate at 150 °C for 30 minutes to
reflux. The reflux step is used to improve homogenization of the solution. The last
procedure of this step is a completely dry down of the solution in the hot plate at a
temperature between 200 C° and 203 C° for 3 to 6 hours until a milky solid be formed.

(2) — After the completely dry down, the milky solid is dissolved with 2N HCI, and the solution
is transferred to a centrifuge tube with 2 drops of Fe solution. To precipitate the heavy
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elements 4 to 10 drops of NH4OH (ammonia) are added, and the sample is centrifuged for
7 minutes at 2600 rpm. After the first round of centrifuge, the supernatant is discarded. Two
more rounds of centrifuge with SC (super clean) water are made and at the end of the last
centrifuge round, the precipitated is dissolved with 7N HNOs. The solution is transferred
again to the Teflon beaker put to dry down completely on the hot plate at 200 °C until a
solid with sub-millimetric dimensions is deposit at the bottom of the beaker. The
precipitated is dissolved with 2 drops of HCIO4 and put to dry down. After drying down,
the sample is dissolved again with 1 drop of 14N HNO3 and the solution is put to dry down
again. The procedure with 14N HNOg is repeated 2 times and then is added some drops of
7N HNOs. After this step, the solution is ready for the ion exchange columns.

(3) To collect the Th and U, 8 cm columns with SPECTRA/GEL® ION EXCHANGE 1x8
resin are prepared with 2 steps: (i) SC water is added until fill all the column volume two
times, with 1 drop of 14N HNOg in the second time; (ii) added 2/3 of the column volume
with 7N HNO3 for two times.

After the resin preparation is done, the sample solution is poured in the columns and the
elution of the reagents is made according to the following steps: (a) after the sample is absorbed
by the column, the column is filled with 2/3 of volume with 7N HNO3, then the same procedure
with 1/3 of volume. The solution collected in this step is discarded and a clean beaker is used to
start the Th collection. (b) To collect the Th the column is filled 2 times with 2/3 of volume of 6N
HCI. After the solution is collected, the clean beaker is closed, and the Teflon beaker used on the
chemistry previous steps is put under the column to start the U collection. (c) The U collection is
made by filling the column with SC water two times.

When the collection is finished, 1 drop of HCIO4 is added to the solutions and the beakers
are put to dry down on the hot plate in 203 °C. After dry down completely, a sub-millimetric solid
is precipitated. After this step, the solid is dissolved and the solution is put to dry down for more
3 times, being the first time dissolved with HCIO4 and the last two times with 1 drop of 14N HNO:s.
On the last step of the chemistry procedure, ICP-MS standard solution (SC water with 1% of 14N
HNOs and 60 drops of HF) is added and then the solutions are ready to be analyzed on the ICP-
MS mass spectrometer.

The dates were analyzed using an ICP-MS (Inductively Coupled Plasma Mass
Spectrometry) mass spectrometer, Finnigan Elements and Finnigan Neptune Type according to
the procedures stablished by Shen et al., 2002, and the age calculations were made based on
Edwards et al. (1986) and Richards & Dorale (2003) using the isotopic ratios measured and
corrections factors to eliminated effects of contamination by detrital Th.
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The first set of samples was sent to the Institute of Global Environmental Change at Xi’na
Jiaotong University (China) where 13 samples were dated. The second set of samples was sent to
the Geochronology Laboratory of the University of Minnesota in the United States where other 35
samples were dated during a three month research internship abroad program (BEPE) funded by
FAPESP process number 2019/02791-1.

6.2.2 Detrital Layers and Paleoflood Frequency

To build a flood chronology for the speleothems we considered the detrital layers visually
recognized as the result of deposition of fine-grained sediments suspended by floodwaters,
interpreted here as individual flood events. To build an accurate stratigraphy for the detrital layers
it was used scan images of the speleothems polished face and the software CorelDraw to measure
the depth between the top of the speleothem and the interception of each detrital layers with a guide
profile defined by the growth axis of the speleothem allowing us to build a flood chronology by the
linear interpolation between U/Th ages and the detrital layers depth. The frequency of the cave-
floods was calculated by the number of events (or detrital layers) contained in a defined time bin.
For the low frequency floods of Middle and Late Holocene, it is used 500-year, 200-year and 100-
year bins and for the high frequency floods from the Last Millennium it’s used 100-year, 50-year
and 10-year bins.

6.2.3 Proton induced X-ray emission (PIXE)

Proton induced X-ray emission (PIXE) analyses were performed in MFZ-N-1 at the
Laboratory for Material Analysis with lon Beams of the University of Sdo Paulo using a 1mm
diameter external beam in 1mm steps, resulting in 220 points of analyses of the elements Al, Si,
Fe, Ca, Ar, Ti, Mn, Ni, Cu, Zn, Sr and Ba. These analyses were realized to characterize the
geochemical properties of the detrital layers from MFZ-N-1 and to investigate whether PIXE
analyses can detect these layers in stalagmites sections and so be used as a quick, non-destructive
method to detect flood layers within speleothems as it only requires a flat surface that was

previously obtained for other analyses.

6.2.4 Stable Isotopes Analyzes

The samples were collected using a micromill with a drill diameter of 0.15 mm following

steps of 0.2 mm, collecting approximately 0.2 mg of CaCOgs) per sample. After drilling the samples
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were collected using a pair of Hollenbeck and the powder was kept in a glass vial with a septum
cap. The sampling follows the most central point of the speleothem growth axis to avoid the
collection of samples potentially subjected to kinetic fractionation.

The samples were analyzed at the Stable Isotope Laboratory (LES) of the Center of
Geochronology Researches (CPGEOQ) in the Institute of Geoscience of the University of Sdo Paulo
(IGC-USP), with the use of a gas source mass spectrometer, model Delta Plus Advantage
(ThermoFinnigan) coupled to a Finnigan Gas-Bench Il automatic sample preparation system. The
basic principle of the analytical procedures for obtaining the ratios of the isotopes of O and C
consists of the analysis of carbon dioxide (COz()) product reaction of CaCO3s) of calcite and/or
aragonite with HzPO4() with a concentration close to 100% in a reactor under controlled temperature
at 72 °C, from acid hydrolysis. The released COx(g) is transported by a neutral carrier gas (He(g)) to
the Finnigan Gas Bench accessory, where it is separated from the water vapor among other gases
by a gas chromatography system, just after the resulting CO2() is ionized and accelerated for
separation by mass, the whole procedure being automatic.

The determination of the isotopic ratios is made through an ionic source in a triple collector
of C and O, where the analytical results are based on the analyzes of nine sequential aliquots of
each sample. The analytical precision is approximately 0.08 %o for the values of isotopic ratios of
13C/*2C and £ 0.1 %o for the values of 80/*0 for samples with a minimum mass of 100 pg of
CaCOgs).

The isotopic ratios are expressed through the notation 6, defined by the difference between
the ratio measured in the sample and the reference standard, divided by the reference standard ratio
(Eq.2). The international standard VPDB (Vienna Pee Dee Belemnite) utilized for carbonate rocks
was utilized for the analyzes. The analyzes were performed in sections of 64 samples, with one
standard sample for each six stalagmites powder sample. The §'80 and §*3C values are expressed
in permil (%o) in relation with the reference standard to facilitate the interpretation of the stable
isotope’s ratios and the comparison with different records. The equation Eq.5 and Eq.6 shows the

expression for the 680 and §'3C values, respectively.

(i—O)Sample—(ii—o)Standard (ig—o)Sample
6180 =-—2—— 9 or 680 =2 -1
(—O)Starndad <—0>Starndad
1609 160
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6.2.5 Trace Elements Analyzes

The speleothem MFZ-N-1 was analyzed at the ELA-ICP-MS Laboratory of the Centro de
Geociencias of the Universidad Nacional Autonoma de Mexico in collaboration with the Professor
Juan Pablo Bernal. For the analyzes was used an Excimer Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (ELA-ICP-MS) Thermo X-Series Il ICP-MS model fabricated by
Resonetics LLC equipped with a two-volume ablation cell.

The laser ablation dispositive use an excimer laser Lambda—Physic (LPX) with a length
wave of 193 nm and a laser fluence of 5-6 J/cm? that run through the blocks with a sampling
frequency of 5 Hz and a velocity of 0.8mm/min, using a rectangular 200 x 20 um laser beam parallel
to the stalagmite banding. Before the analyses, the blocks were pre-ablated with the same laser
characteristics to avoid any eventual contamination. After ben ablated, the material is loaded by a
Helium flux and analyzed as a plasma by the mass spectrometry (ICP-MS).

The ICP-MS was programmed to quantify the following elements/isotopes: ’Li, 2>Na, 2*Mg,
298i, 3OSi, 31P, 44C3., 46C8., 47Ti, 48C&, 51V, 52Cr,53Cr, 57Fe, %Zn, 885r’ 89Y, 137Ba, 13SBa 139La, 140C€,
141py, 206pp, 208pp 232Th ¢ 238y, The Element/Ca molar ratios were obtained by external
standardization to NIST SRMs 612 glass by grouping the analysis of which block with a 60 s
analysis of the glass standard.

For these analyses the opposite slab of the isotope analyses was cut along the growth axis
in 3 blocks named as A, B and C with length of 80.62 cm, 66.70 cm and 63.40 cm respectively,
with a width of 23 mm and thickness of 8 mm. Each block was cut diagonally respective to the
banding to minimize the amount of material lost during and mainly to the last few millimeters of
the ablation track of each block overlapped with the first few millimeters of the next block, allowing

to obtain an uninterrupted trace element record. For the 3 blocks, 30278 points of analyzes were
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made resulting in a mean of 137 points of analyses per mm and by the interpolation with the U/Th

ages a mean of 37 points per year.

6.3 Statistical Analyzes

One of the methods to analyze the isotopic data obtained from the stalagmites will be the
use of temporal series processing, which can provide a series of fundamental characteristics of the
record and thus lead to better understanding about past features of the system in place. The
paleoclimatic records usually present a discrete behavior, which consists in a continuous series
considering equal time intervals (At), whereas for speleothems this time resolution is the distance
from one point to the next. Once speleothems have different growth rates throughout time, an
interpolated series is made for each isotopic segment between two U/Th dating, which makes the
final record a composite of all these temporal series.

Therefore, the analysis of temporal series based on isotopic records aims to determine
several features contained in the record, such as the periodic/random behavior, the frequency in
which these periodicities occur and when these occurrences were more intense, and the statistical
correlation between two time series or other proxies either referring to similar frequencies or similar
behavior throughout time.

To obtain this kind of information from the isotopic data, two main statistical methods were
used. First, to obtain the REDFIT analysis, the isotopic record must be interpolated in an evenly
spaced time interval, usually the record average resolution. REDFIT is a function that obtains the
spectral density of the data, averaging the spectra when splitting the time series into several
segments and overlapping by 50%, reducing noise but also spectral resolution. This analysis yields
the frequency by time spectra, which can be turned into periodicities when dividing the average
time resolution of the record by the correspondent frequency (Hammer, 2019; Schulz & Mudelsee,
2018). The significance tests (from 95% to 99%) are made based on the chi? method (Ghil et al.,
2002) and when the power of determined frequency goes beyond these significance lines, that data
is considered as a relevant periodicity for the record.

The other statistical analysis here used is the wavelet transform, where the main point is to
verify the record for occurrence and intensity of small, intermediate, and large scales periodicities
(y axis) simultaneously over the given period (x axis). Once the y axis of this plot is a logarithmic
size scale of base 2, the plot goes from more detailed view of the record on the top to a more

smoothed general view towards the bottom. Also, a color scale is set to address the signal power,
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or events intensity, going from more intense (red) to less intense (blue). The plot “cone of

influence” is relevant to show where boundary effects are present (Hammer, 2019).

6.3.1 Cross-wavelet analysis

The cross-wavelet analysis is applied when there are two time series that might be somehow
connected and it’s necessary to verify “whether regions in time frequency space with large common
power have a consistent phase relationship and therefore are suggestive of causality between the
time series” (Grinsted et al., 2004). This method will then evidence their power and phase
similarities in a time-frequency space and the cross-wavelet transform can thus be described as:

wXY = wXw¥"  Eq.7

where WX is the wavelet transform of a time-series Xn, the WYy is the wavelet transform of a time-
series Yn, and the “*” stand for the complex conjugation of the transform, and finally Wxy is
understood as the common relative phase in time frequency space shared between the two time
series (xn and yn). Also, the outcome presents arrows as indicative of whether the time series are
in phase (arrows pointing right) or anti-phased (arrows pointing left) in that particular time
frequency (Grinsted et al., 2004).

For this study, several combinations were made to understand the common features between
the 880 of Malfazido cave and climate modes that can affect the area of study. These cross-wavelet
analyses were made using the software MATLAB with routines based on the studies of Grinsted et
al. (2004) and Torrence and Compo (1998).

6.3.2 PCA analysis

Principal component analysis (PCA) is one of the most popular multivariate statistical
technique and is broadly used in almost scientific disciplines. PCA can simplify exploration of
larger multivariate datasets by finding hypothetical variables (components) that can represent as
much as possible of the variance of the data. The components are linear combinations of the original
variables (Hammer et al., 2001; Abdi and Williams, 2010; Jamieson et al., 2015).

The reduction of the data set to components using PCA may be useful for speleothems trace
elements (LA-ICP-MS) since these larger multivariate data set can pose difficulties for analysis
and interpretation since the element concentrations can be affected by several processes on various

timescales and magnitudes. Thus, PCA analysis can identify different modes of trace elements
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variation within a time series, allowing the deconvolution of signals of dominant process from the
background variation in a multivariate trace element dataset (Jamieson et al., 2015).

In the context of speleothems, Jamieson et al. (2015) used PCA analysis of high resolution
trace elements datasets (LA-ICP-MS) to detect the signal of volcanic ash deposition in a Belizean
stalagmite, suggesting that PCA can be a valuable tool for identifying dominant controls on trace
element chemistry of stalagmites. This approach is used here in MFZ-N-1 and CR-1 trace elements
records to identify modes and timing of variations that account to the overall variability of the high-
resolution datasets.

The PCA analysis were performed in the software Past 4.0 following the procedure described
in Hammer et al. (2001). For the input, the trace elements series were normalized by calculating
the z-scores of each dataset by subtracting the record mean of each value and dividing for the
deviation standard (y—-anomaly = (y — ymean)/y(sd). The following trace elements ratios with Ca
were used in this analysis: Mg/Ca; Sr/Ca; Ba/Ca; U/Ca. In every PCA analysis, the bootstrapping
statistical procedure (dataset resampled 9999 times to perform hypothesis testing and a 95%
confidence interval) and the broken stick model (to determine which PCA presents statistical
significance higher than 95%) were performed.

7 RESULTS

The results from this work will be presented here according to the timescales of the
speleothems used in this research, therefore MFZ-N-1 and CR-1 records will be described in
section 7.1, and LB-1, CB-3, TP-6 and CR-1 in section 7.2.

7.1 Last Millennium

7.1.1 Geochronology result and growth rates

In the total, in this study, 52 U/Th dates was performed for speleothems from Malfazido
cave and 16 for speleothems from Varze&o cave. For the Last Millennium reconstructions, we used
the stalagmite MFZ-N-1 from Malfazido cave with 19 U/Th ages and compiled the data from CR-
1 stalagmite from Cristal cave described in Taylor (2014). Figure 4 shows the age distribution of
the speleothems from Malfazido cave, Varzedo cave and CR-1 with a zoom in the Last Millennium.
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Figure 4 - Age distribution from Malfazido and Varzedo speleothems. Not all the samples showed in the figure were
used in this research as described in the text. In the bottom the detail of the Last Millennium with the ages and error
bars of MFZ-N-1 and CR-1. MFZ (Malfazido cave sample); VZA (Varzedo cave sample); CR-1 (Cristal cave samples).
The blue box indicates the Little Ice Age period (LIA) and the orange box the Medieval Climatic Anomaly (MCA).

MFZ-N-1 is a continuous record covering the last 500 years with a continuous growth rate
since the year of 1280 CE to the present (Fig. 5). The base of the speleothem reaches older ages
but the high concentration of detrital 2>2Th from the dark brown layers of clay hamper the U/Th
analyses by raising the errors and lowering the accuracy of the ages. The high concentration of clay
layers in the base of the speleothem is here described as a hiatus by the significant difference
between the growth during the last millennium and this period.
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Figure 5 - Age models of MFZ-N-1 (left) and CR-1 (right). Horizontal bars represent the 2 errors of the U/Th ages.
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The last millennia starts with a hiatus in MFZ-N-1, marked by a high sequence of clay layers
in the speleothem. It starts to grow effectively at the end of MCA with a median growth rate of 0.18
mm/years between 1119 C.E. and 1547 C.E. (Fig. 6). During LIA it is observed a punctual and
abrupt increase in the growth rate to 0.34 mm/year between 1562 C.E. and 1693 C.E and a second
increase in the values is observed between 1619 C.E. and 1795 C.E. with the growth rates going up
to 0.26 mm/year, matching with a punctual increase in CR-1 growth rates between 1642 C.E. and
1670 C.E. The end of LIA is marked by a decrease in the growth rate to the mean value of the
record followed by an abrupt increase to the fastest growth rates of the record reaching up to 0.33

mm/year in the last century to the present.
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Figure 6 - Growth rates from MFZ-N-1 (left) and CR-1 (right). The colored bars represent the period of Little Ice Age
(LIA) a Medieval Climate Anomaly (MCA)

7.1.2 Stable isotopes analyses

The MFZ-N-1 stable isotope record newly obtained allows us to describe the last
millennium climate changes during the Little Ice Age (LIA) and the Medieval Climate Anomaly
(MCA) in high-resolution with nearly annual resolution, which can resolve interdecadal to
multidecadal climate variability. In addition, the CR-1 record from Southern S8o Paulo State was

used for the regional comparison (Taylor, 2014).

Table 1 — Ensemble of the speleothems used for the last millennium.

Cave Speleothem Records N. analyses | Mean Resolution
Cristais CR-1 580 and 5'°C 562 3yrs
Malfazido MFZ-N-1 5180 and 51°C 1075 1.5yrs
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Malfazido §'80 record can be divided in four major periods with distinct variability: (1)
Medieval Climate Anomaly (MCA) from 950 to 1200 C.E.; (2) Transitional period (between MCA
and LIA) from 1200 to 1400 C.E.; (3) Little Ice Age (LIA) between 1400 C.E. to 1850 C.E.; (5)
Current Warm Period (CWP) between 1850 to the present (Fig. 7). The terms enriched and depleted

are used here to refer to less and more negative values of §'80, respectively.
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Figure 7 - 8*0 record from MFZ-N-1. The record is divided in four periods (MCA, transition with LIA, LIA and

CWP). Each period is showed in a detailed graph. The red lines represent the linear adjustment to the series for those
periods.

The record shows a mean value of -5.02%o with a standard deviation of 0.65%o varying with
great amplitude between -3.0 and -6.6%o. During the MCA the 580 record is characterized by a
negative trend towards more depleted values and by an abrupt drop in the values, but the period
between 950-1020 C.E. has the most enriched values of the entire record (mean of -3.43%o). This
period represents the base of the speleothem were the high concentration of detrital layers makes it
difficult to obtain precise U/Th ages, thus making the interpretation of the abrupt drop more
challenging since this can be caused by a hiatus in the speleothem deposition. After this, the values

display a negative trend until it reaches the most depleted values of MCA in 1200 C.E.
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The transition period between MCA and LIA, the record has a mean of -5.06%. and varies
between -6.6%o and -3.72%o0 with a slight trend towards more enriched values until almost the
middle of LIA (1550 C.E.). Strong decadal excursions up to 2% to more depleted and enriched
values mark this period, and the most negative value of the record is reached in 1240 C.E. with -
6.6%o.

The period between the beginning of LIA until 1550 C.E. has a mean of -4.89%o and its
more enriched than the end of MCA. A drop in the mean value after 1550 C.E. starts the most
depleted period of the record between 1550-1690 C.E. with a mean of -5.67 %o reaching -6.43 %eo.
This depleted period ends with the increase of the §*20 after 1690 C.E. A second drop in the values
of 5180 is observed between 1755 C.E. and 1827 C.E. were the record reaches a mean of —5.38 %o.
During this period, two decadal excursions (1787-1797C.E.; 1807-1817C.E.) to more enriched
values increase the 880 up to 2%o. A positive trend towards more enriched values of §'¥0 mark
the CWP as the period with the most enriched values of the last millennia after the drop in 1020
C.E. observed in the MCA. This period also shows decadal excursions varying between 1-2%o and
reaches the most enriched value in the end of the record in 2007 C.E.

The comparison of 520 records from MFZ-N-1 and CR-1 shows a good visual
correspondence between the records, with the MFZ-N-1 showing higher variability in the decadal
scale (Fig, 8). The most depleted period of CR-1 during the last millennium matches with MFZ-N-
1 depleted period between 1550 C.E. and 1700 C.E. The trend towards more positive values is also
observed in CR-1 after 1800 C.E. This comparison indicates that MFZ-N-1 record has a regional

sensibility to climate variations and can be used to discuss convective atmospheric process.
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Figure 8 - Comparison between MFZ-N-1 (blue timeseries) and CR-1 (red timeseries) 680 records.
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The 33C record of MFZ-N-1 shows a consistent variation with the 80 (Fig. 9). As
demonstrated in Figure 9 both §'0 and &'3C presents a strike resemblance along speleothem
record. The §!3C values of MFZ-N-1 varies from -8 to -5 %o, except close to the bottom of the
speleothem. In general carbon and oxygen isotopes describes similar variations at decadal to
centennial timescale. A major decoupling, however, is recorded at the of the speleothem, after the

decade of 1990s.
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Figure 9 — Comparison between §*%0 and §**C of MFZ-N-1 record.
A monthly precipitation series from GPCC is used for comparisons with the 520 record

for the recent period (Fig. 10). For the comparisons, the annual rainfall accumulation, the summer
(ONDJFM) and winter (AMJJAS) accumulations were used to describe the changes in the isotope
composition of monsoon and extratropical rainfall, respectively (Cruz et al., 2005b). The annual
and winter precipitation series shows a non-significant correlation of with the §*80 for the period
of 1935 and 2007 (R lower than 0,15). In comparison, the summer precipitation shows a negative
correlation of with 580 (R = -0.32) as it could be seen in the Fig. 10. These results show that
depleted (enriched) values of 3'80 are related to more (less) summer contribution on the annual
precipitation, which agrees with previously 880 published studies for the Southeast of Brazil

(Locosselli et al., 2020).
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Figure 10 - Comparison between MFZ-N-1 &80 record and precipitation series from GPCC.
7.1.3 Redfit and Wavelet analyses

In this section it is presented the results from the statistical analysis (described in section
6.3) of the MFZ-N-1 880 data. Cross wavelets analysis were used to examine the relations between
the 580 time series and the climate indexes AMO, NAO, PDO, IPO and Nifio modes.

Figure 11 shows the Redfit spectral analysis of the &80 data from MFZ-N-1. In a
multidecadal scale it was observed periodicities of 29, 19-17 and 11 statistically significant at 95%
and periodicities of 31 and 13 significant at 99% confidence levels. Decadal and sub decadal
periodicities of 11, 9 and 5 years are also significant at 95%, while interannual periodicities like 7,

3 and 2 years are significant.at 99% levels.
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Figure 11 — On the left is the Redfit spectral analysis of MFZ-N-1 30 data equally spaced in 2 years, where the
numbers pointed by the arrows represent the most significant record frequencies, where red (blue) numbers represent
95% (99%) statistic reliability. On the top right is the MFZ-N-1 30 record and the position of the U/Th ages with
their 26 error bars. On the bottom right of the Figure is the wavelet analysis for MFZ-N-1 580 record where the y axis
represents the periodicities values, the x axis the time interval from the analyzed record, and the color index related to
the intensity of the event, being red (blue) for more (less) intense. The outline in black indicates the events that have
statistical significance higher than p=0.05. The conic section indicates the data reliance for the areas inside the cone.

Wavelet analysis of climate index reconstructions were performed to recognize the
periodicity of those indexes (Fig. 12). All the indexes show some similarity in the periodicities with
the ones in MFZ-N-1 &80 data. Therefore, the most significant periodicities observed for the
indexes that are also in agreement with the ones in MFZ-N-1 are multidecadal-decadal periodicities
between 32 t010 years observed in all indexes (AMO, both PDOs, IPO, NAO and Nifio 3) and sub-
decadal periodicities between 9 to 4 years can be observed in two indexes, the PDO (Biondi et al.
2001) and the Nifio 3 index (Conroy et al., 2010).

The results of the cross-wavelet analysis of 50 and the reconstruction index time series
are presented below with a comparison between the time series. The warmer colors (closest to
yellow) indicate a higher relationship between the records in a temporal interval for a periodicity,
and the areas marked by a black line include the events with statistical significance higher than
95%. The black arrows indicate the if the records are in phase (antiphase) when it is pointed right
(left).

The cross-wavelet of §'80 and PDO index from Mann et al (2009) shows an interval
between 1300 and 1800 C.E. limited by the influence cone with the periodicity of 256 years well
marked by a continuous band and the arrows indicate that the records are in phase (Fig.13). This

periodicity does not show correspondence in the Redfit and wavelet analysis and it’s probably
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caused by a secular trend common to both records with the visual fit in a multidecadal scale of the
series from 1500 C.E. to the present. The cross-wavelet also shows some specific periodicities from

16 to 5 years between 1300-1450 C.E. and a small interval closest to 1950 C.E.
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Figure 12 - Wavelet analysis for the indexes (PDO, IPO, NAO, AMO, Nifio 3) where the y axis represents the
periodicities values, the x axis the time interval from the analyzed record, and the color index is related to the intensity
of the event, with yellow (blue) for more (less) intense. The outline in black indicates the events that have statistical
significance higher than p=0.05. The conic section indicates the data reliance for the areas inside the cone.

For the PDO from Biondi et al (2001) and 880, the cross-wavelet analysis does not show
an expressive interval with high coherence (Fig. 14). The periodicity of 30 years is marked between
1890 and 1935 C.E. with the arrows showing the series in phase. Two intervals with the
periodicities between 16 and 10 years were observed between 1735-1765 C.E. (antiphase) and
between 1940-1960 C.E. Periodicities between 8 and 4 are observed punctually in 1700 C.E.,
between 1750-1800 C.E. and 1890 C.E. With exception to some specific and short intervals, the

series do not show a good coherence.
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Figure 13 — On the top is the cross-wavelet analysis between MFZ-N-1 §'80 data with PDO (Mann et al.,

2009). On the graph below is presented the timeseries of MFZ-N-1 30 record and PDO index.
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Figure 14 - On the top is the cross-wavelet analysis between MFZ-N-1 §'80 data with PDO (Biondi et al.,

2009). On the graph below is presented the timeseries of MFZ-N-1 0 record and PDO index.
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During the interval between 1500 and 1680 C.E. it is observed a periodicity of 64 years
with high coherence between the records of §'80 and IPO index from Buckley et al (2019) (Fig.
15). Interdecadal periodicities between 16 and 8 years are observed discontinuously from 1350 to
1970 C.E. where the demarked area cross the influence cone. Some specific intervals of sub-

decadal periodicities from 6 to 2 are also marked in the cross-wavelet analysis.
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Figure 15 - On the top is the cross-wavelet analysis between MFZ-N-1 §'80 data with IPO (Buckley et al., 2019). On
the graph below is presented the timeseries of MFZ-N-1 §'80 record and IPO.

The cross-wavelet analysis between NAO index from Trouet et al. (2009) does not show
intervals of high coherence between the series, with short breaks marking the periodicities of 32,
16 and 8-4 years, but the spot of high coherence for those periodicities are so short that they were
not considered (Fig. 16).

The cross-wavelet analysis between 60 and AMO from Mann et al (2009) shows an
interval from 1300 to 1800 C.E. limited by the influence cone with a periodicity of 256 years and
the arrows showing that the series are in phase for this periodicity (Fig. 17). This periodicity can
also be observed in the comparison between the time series where they share a secular trend. For
almost the same interval it is observed a periodicity of near 64 years with high coherence and the

arrows showing an antiphase behavior of the series in this periodicity. Some short intervals present
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periodicities from 16 to 8 years with high coherence. The comparison between the time series
shows a remarkable fit between them in a secular scale with negative anomalies of AMO
accompanied by more depleted values of §120.
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Figure 16 - On the top is the cross-wavelet analysis between MFZ-N-1 &80 data with NAO (Trouet et al., 2009). On
the graph below is presented the timeseries of MFZ-N-1 §'80 record and NAO index.

Nino 3.0 index from Conroy et al (2010) does not show significant intervals of high
coherence with the 580 time series as showed by the cross-wavelet analysis (Fig. 18). Short
intervals of high coherence are observed for the periodicities of 128, 32, 20-10 and 8-2 years, but
it is limited to short ranges.

Nino 3.4 index shows only short intervals of high coherence with the periodicities of 32,
16-8, 5-2 years and the intervals observed are like those recognized in the cross-wavelet analysis
between the of 5180 and the IPO index. Despite the lack of coherence between the time series in
the cross-wavelet analysis, the series shows a similar trend in a decadal scale with a visual fit
between the series during the interval of 1300 and 1620 C.E. and from 1700 to 1900 C.E.
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Figure 17 - On the top is the cross-wavelet analysis between MFZ-N-1 §*80 data with AMO (Mann et al., 2009). On

the graph below is presented the timeseries of MFZ-N-1 §'80 record and AMO index.
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Figure 18 - On the top is the cross-wavelet analysis between MFZ-N-1 §'80 data with Nifio 3 index (Conroy et al.,

2010). On the graph below is presented the timeseries of MFZ-N-1 §*0 record and Nifio 3 index.
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7.1.4 Paleoflood record and cave flood frequency

The detrital layers from MFZ-N-1 are visually recognized by its dark brownish color with
lateral continuity and with a weak central axis washing, and it also has unconsolidated clay in the
most distal part of the layers. An effort to characterize the chemical pattern and to investigate a
proxy for the detrital layers, PIXE analyses were performed in the speleothem and compared with
the flood record as is described in section 6.2.3. The total amount of layers visually identified in
MFZ-N-1 were 130, with the higher concentration in two periods during the LIA and one after the
end of MCA. The base of the speleothem is marked by brownish homogenous calcite with a high
concentration of detrital layers that cannot be visually distinguished, and the high concentration of
detritus preclude us to obtain U/Th ages, so this part of the speleothem was not considered (Fig.
19). As the detrital layers recognized in the speleothems are interpreted as formed by the deposition
of fine-grained sediments suspended by floodwaters, a paleoflood frequency is calculated by
grouping flood layer data into a variety of multi-decadal bins as 10, 50 and 100 years for the Last
Millennium to reconstruct a paleoflood frequency time series for the speleothem (Fig. 20).

MFZ-N-1 recorded 130 cave-floods in the Last Millenia with an average frequency of 13
floods per century. MCA (950-1200 C.E.) shows a low frequency of events with 0.76 flood per
decade and a total of 20 floods. The transition between MCA and LIA shows a small increase in
the average frequency to 0.91 flood per decade with the floods concentrated in the end of the MCA
(1200-1300 C.E.). The beginning of LIA is marked by a low frequency of floods with an average
of 0.46 floods per decade and only 7 floods recorded between 1400-1545 C.E. An increase of four
times in the flood frequency is observed after 1545 C.E. corresponding to 1.84 floods per decade
from 1545-1665 C.E. The period 1665-1745 C.E. shows a decrease flood frequency, being 4 of the
6 floods in the decade of 1730. The higher frequency is reached in the end of LIA (1765-1875 C.E.)
with an average flood-frequency of 3.58 floods per decade getting up to 4.8 from 1800-1850 C.E.,
and the highest value in the decade of 1800 C.E. with 7 floods per decade. CWP shows a frequency
of 1.11 floods per decade (Fig 19). The frequency of mud layers allows to identify the first half of
the XI1X century as the most extreme in terms of precipitation during the last 1000 years in the

eastern of Parand State.
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Figure 19 - On the left is represented the paleoflood record from MFZ-N-1 for the Last Millennium. Each bar represents
a detrital layer visually recognized in the speleothem. A zoom of the period of high occurrence of flood layer is showed
in the bottom. On the right is showed a scan from MFZ-N-1 where it can be seeing the brownish dark layers (flood
layers) and the ages analyses drills (horizontal drills) and the stable isotope profile (vertical drills). The illustration
shows the detrital layers marked individually in the software CorelDraw and the colors are used to illustrate the climate
events of the Last Millennium (LIA, MCA). Current Warm Period (CWP) is used here as the period between 1850 and

the present.
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Figure 20 - Paleoflood frequency from MFZ-N-1 using different bins (10, 50 and 100 years).
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For further comparisons with other proxies, it was calculated a cave-flood index from the
Malfazido frequency of mud layers by subtracting the mean number of events per decade
(calculated for the last millennium) from the observed number of events in a given decade and then
dividing that value by the standard deviation. The cave flood index represents the number of
standard deviations above (positive) or below (negative) the decadal mean flood frequency (Fig.
21). The positive values of this index indicate decades with most extreme events while negative
values represent below average to non-occurrence of extreme rainfall.

Figure 21 shows the cave flood index of MFZ-N-1 with periods of values above the average
of the decadal frequency marked by grey intervals (Al, A2, A3 and A4) and the periods with the
predominance of decadal frequency values below the average are marked by the beige intervals
(B1, B2, B3 and B4).
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Figure 21 - Cave flood index of Malfazido cave for the last millennium. Colored bars indicate the number of standard
deviations above or below the mean for each decade. White bars indicate the absence of events.

7.1.5 PIXE analyses (Proton Induced X-ray Emission)

In this study we explore the use of PIXE analysis to investigate the recurrence of mud layers
associated with variations in the concentration of trace elements such as Al, Si, Fe, Ti, Mn, Ni, Cu,
Zn (Fig. 22). The use of PIXE analysis offsets the advantage of a non-destructive and short time-
consuming method that may, potentially, provides independent confirmation of detrital material
deposition. The analysis resolution of 1mm step does not allow us to identify individual layers,
with thickness approximately of 0.2 mm for this speleothem. Ti and Al records shows
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correspondence with the detrital layers, but they weren’t detected in most part of the speleothem.
The elements Ca, Sr, Ba, Si, Mn, Ni, Cu and Zn, however, do not show a clear correspondence with
the detrital layers.

On the other hand, Fe counts show a good correspondence with the detrital layers, showing
a potential for recognizing the periods with more detrital layers occurrences. Indeed, the peaks in
Fe counts shows a good match with periods of higher number of flood events (Fig. 23). The
comparison with the cave flood index indicates that periods with the predominance of decadal
frequency above the average shows correspondence with the Fe counts of the PIXE analysis. Figure
24 shows the comparison between the anomaly timeseries of Fe counts and the cave flood index.
Here, the periods with decadal frequency above the average matches with the positive anomalies
of Fe counts. The last century also shows positive anomalies of Fe, but it is not observed a
counterpart with the mud layers occurrence within the speleothem. Periods with decadal frequency

below the average are marked by negative anomalies of Fe counts.
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Figure 22 - PIXE analyses of trace elements related to soil erosion.
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Figure 23 - Scan image from MFZ-N-1 with the comparison between the dark brownish layers (flood layers) and the
Fe (counts) from the PIXE analyses. It is observed a good correspondence between periods of high concentration of
flood layers and higher peaks of Fe.

The PIXE analysis is then a good technique to identify periods of high recurrence of detrital
layers within the speleothem, thus it can be used as a rapid and non-destructive method to recognize

flood events together with mud layers in Malfazido.
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Figure 24 — Comparison between the cave flood index of MFZ-N-1 with the anomaly timeseries of Fe counts (PIXE).
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7.1.6 Trace elements (LA-ICP-MS)

In this section we present the novel trace element record from CR-1 covering the last 4000
years, obtained in previous analyses, and the new high-resolution record from MFZ-N-1 covering
the last 500 years. Here it is described the trace elements ratios of Mg, Sr, Ba and U with Ca to
verify whether these ratios can be used as hydroclimate proxies. The CR-1 records are composed
of 17750 independent points, resulting in a time series of sub-annual resolution with an average of
16 points per year between 850 C.E. and 1944 C.E. The MFZ-N-1 record is composed of 26028
independent points, resulting in a time series of sub-annual resolution with an average of 26 points
per year. To reduce the larger variability of the record a 200-point running mean and Ln (Napierian
logarithm) series were calculated by extracting the Ln for each independent point.

In order to check if the element ratio shows a potential to be used as a proxy for PCP or
incongruent calcite dissolution (ICD) the crossplots of Ln(Sr/Ca) vs Ln(Mg/Ca) and Ln(Ba/Ca) vs
Ln(Sr/Ca) were made. These correlations in CR-1 indicate that the same process must modulate
the concentrations, and the slope calculated of 0.93 for Ln(Sr/Ca) vs Ln(Mg/Ca) show that Mg/Ca
and Sr/Ca co-vary linearly in a In-space, as modeled by Sinclair et al. (2011) and Sinclair et al.
(2012) for PCP/ICD as the main factors modulating these ratios. MFZ-N-1 record doesn’t show a
high covariation between Ln (Sr/Ca) vs Ln(Mg/Ca) with slope of 0.027 and correlation of 0.18 and
for Ln (Sr/Ca) with Ln(Ba/Ca) with a slope of 0.58 and a correlation of 0.3 (Fig. 25).

The trace elements records from CR-1 are highly correlated among themselves with the
correlations between Mg/Ca with Sr/Ca and Ba/Ca of 0.7 and 0.91 respectively, and the correlation
between Sr/Ca and Ba/Ca of 0.57. Figure 26 shows a plot of the anomaly series of trace elements
ratios with Ca of CR-1. It is observed in the overlap plot a distinction of two periods, with the period
from 1000 and 1500 C.E showing predominantly positive anomalies and the period between 1500
and 1950 C.E. with the predominance of negative anomalies. The anomalous positive period is
marked in all the records by an enhancement of the anomaly values after 1200 until 1400 C.E. with
a negative anomaly between 1320-1375 C.E. Mg/Ca and Ba/Ca shows a first drop in the anomaly
values in 1400 C.E. and a second drop recorded by all the records in 1500 C.E. The period between
1500 and 1950 C.E. documented the most negative anomaly of all record between 1800 and 1880
C.E. followed by an enhancement in the anomaly values until 1920 C.E. and a subsequently drop
until 1950 C.E. to negative values close to the observed in 1800 C.E.
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The trace element records present a good visual similarity with 5'3C, even though they show
only a week positive correlation with Sr/Ca (R=0.25), and Mg/Ca and Ba/Ca (R=0.15) (Fig. 27).
Positive and negative excursions in the trace element series are also shows correspondence with the
S13C periods of more enriched or depleted values. The Sr/Ca series shows a modulation like the
5180 and the series are positive correlated (R=0.16) (Fig. 28). Mg/Ca and Ba/Ca shows periods of
similar modulations as between 1500 and 1800 C.E. The positive correlation and the modulation of

Sr/Ca and &80 indicate that the same modulation process may be affecting both records.
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Figure 27 — Comparisons between trace elements anomaly timeseries with §'*C from CR-1. Horizontals black spots
and the bars represent the U/Th ages and the 26 errors.

MFZ-N-1 trace elements (Mg/Ca, Sr/Ca and Ba/Ca) do not show a linear covariance in a
In-space as expected in case of PCP/ICD mainly modulating the trace element ratios with Ca as
modeled by Sinclair et al. (2011) and Sinclair et al. (2012). When compared, the Ln(Sr/Ca) and
Ln(U/Ca) from MFZ-N-1 speleothem show consistent variations at decadal and centennial time-
scale (Fig. 29). During the LIA, large excursion towards lower values are observed in both proxies,
between 1400 to 1600 and 1750 to 1850 CE. Also, during the XX century both proxies show a steep

lowering trend.

49



1000 1200 1400 1600 1800 2000
124

52 .lA | ‘4“{ | 1A | g
5 NN AR L ‘j\ ” By
g A W\]”“r" 1
2 gz’ L “ AWI’ M"‘ W \lJ f‘M‘“ | w‘ﬁ q' N" l.uM (lfj §
g ;% 'u| "‘{‘M’M'wm ,N “"1 th WNI‘“' N" ;122§

5 2 I 243

age (years C.E.)

Figure 28 - Comparisons between trace elements anomaly timeseries with §'0 from CR-1.

The Ln series of Mg/Ca and Ba/Ca seems to have the same modulation with an exception
for the first century of the series with a correlation of 0.42 for the entire record, reaching 0.6 during
some intervals (Fig. 29). Both records show a drop to more negative values after the end of the
MCA, and the transition between the MCA and LIA is marked by a trend towards higher values
until 1400 C.E. The LIA begins with the highest values of both records and the period between
1400-1540 C.E. is marked by abrupt variations in both series caused by peaks of higher
concentration of the trace element ratios. Between 1550-1700 C.E. the values concentrate above
the mean of the record. To better assess the consistence among the proxies, the 6'80 time series is
compared to the element/Ca ratios in Figures 30 and 31. As it can be observed in Figure 30, in
general, Mg/Ca ratios shows a better coupling with the stable isotope proxies in comparison with
Ba/Ca. A more consistent peak is observed between 1700-1740 C.E. and coincides with an enriched
period of the 5180 record from MFZ-N-1. An excursion towards the most negative values of the
record is observed between 1760-1810 C.E. and matches the excursion to the most depleted values
of §'80. The last century is marked by a trend towards higher values until the present. These series
show a remarkable coherence with the §*80 series, with the periods of depleted (enriched) §'80

matching with more negative (positive) values of the elementary ratios.
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Comparison between the 200-point running mean timeseries of In(Mg/Ca) and In(Ba/Ca)
with the 880 series of MFZ-N-1. It is observed a positive correlation between the records with
periods of 880 more depleted (enriched) values related to lower (higher) elementary ratios (trace-
element/Ca).

The Ln (Sr/Ca) and Ln(U/Ca) shows the same modulations (Fig. 29) with just a decoupling
between the series from 1000-1400 C.E, with a correlation of 0.38 reaching more than 0.5 during
some intervals. In this period, the series vary in a plateau defined by the period mean. After 1420
C.E., the values of both series decrease and here on the series are coupled. The period between 1420
C.E. and 1590 C.E. is marked by the lower values of both series and is followed by an increase in
values until 1670 C.E., where the values remain high until 1760 C.E. The series shows a drop in
values between 1760-1880 C.E. After 1920 the records show a strong trend towards negative values,
with the Ln(U/Ca) reaching the lowest value of the entire record (~1980 C.E.). A comparison with
the 880 record is presented in Figure 31 and it is possible to observe that periods of more depleted

(enriched) 580 visually matches with periods of higher (lower) elementary ratios of Ln (Sr/Ca) and

Ln(U/Ca).
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Figure 31- Comparison between the 200-point running mean series of In(U/Ca) and In(Sr/Ca) with the 580 series of

MFZ-N-1. It is observed a negative correlation between the records with periods of 520 more depleted (enriched)
values related to higher (lower) elementary ratios (trace-element/Ca).
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Figure 33 - Comparison between the 200-point running mean series of Ln(Sr/Ca) and Ln(U/Ca) with the 5'°C series of
MFZ-N-1. It is observed a strong negative correlation between the records with periods of &2C more
enriched(depleted) values related to lower (higher) elementary ratios (trace-element/Ca).

Comparisons between the trace elements and 5'°C shows a remarkable fit between the

Ln(Mg/Ca) series and the *3C and a positive correlation between the records. The Ln(Ba/Ca) series
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shows a similar relation with 5!3C, but it is not so clear in the entire record (Fig. 32). The series of
Ln(Sr/Ca) and Ln(U/Ca) have a good match with the 5'C series with a negative correlation

between the records (Fig. 33).

7.1.7 Principal components analysis of trace elements dataset

Principal Component Analysis (PCA) were performed to reduce the large multivariate trace
element records produced by LA-ICP-MS from CR-1 and MFZ-N-1 speleothems. This technique
is used to identify the modes and timings of components that can best explain the overall variability
of the records. All the series utilized in the analysis were normalized by calculating the z-scores,

and the series were interpolated for annual resolution.
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Figure 34 - Left graph shows the correlation between PC1lcr-1 With the normalized trace elements datasets and the right
graph shows the eigenvalues of PCs with the blue points representing the PCs, the black bars representing the
eigenvalues calculated by bootstrapping with n of 9999 and the red line showing the 95% of statistical significant
calculated by the broken-stick model. The PCs with eigenvalues above the red line shows statistical significance higher
than 95% and the PCs under the red line represent non-significant components.

As described in section 7.1.5, the trace elements ratios of CR-1 show a strong positive
correlation between Mg/Ca, Sr/Ca and Ba/Ca, and the crossplot showed that they co-vary linearly
in a In-space. Since this trace elements seem to be mainly modulated by the same process it was
calculated a PCA with the normalized series of Mg/Ca, Sr/Ca and Ba/Ca (Fig. 34). Principal
Component 1 (PClcr-1) is defined by a strong correlation between the multiple elements, with
positive correlation with Mg/Ca (0.63), Sr/Ca (0.96) and Ba/Ca (0.97) (Fig. 35). The eigenvalue
calculated was 3.04 and the PC1cr-1 account for 86.8% of the variance of the datasets with more
than 95% of statistical significance as showed by broken-stick model and by confidence limits
based on bootstrap re-sampling. PC2cr-1 and PC3cr-1 shows eigenvalues below the brokenstick

curve and may represent non-significant components.
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Figure 35 - Comparison between PC1cgr-1 With trace elements time series normalized. It is observed a remarkable match
between the PClcgra.

The trace elements ratios with Ca of MFZ-N-1 shows positive correlations between U/Ca
with Sr/Ca and between Mg/Ca with Ba/Ca (Fig. 36). The crossplot is used as an indicator of
PCP/ICD, once concentration controls of the trace elements indicates that the their expected
covariances don’t agree with the PCP/ICD hypothesis. The PCAs were calculated from the
normalized dataset of Mg/Ca, Sr/Ca, Ba/Ca and U/Ca. The PC2mez is defined by positive
correlations with U/Ca (0.78) and Sr/Ca (0.36) and negative correlations with Mg/Ca (0.64) and
Ba/Ca (0.27) (Fig. 36 and 37). The eigenvalue calculated is 1.24 and the PC2mrz accounts for 31%
of the variance of the datasets with more than 95% of statistical significance as showed by the
broken-stick model and by confidence limits based on bootstrap re-sampling. PC1mrz and PC3wmrz
shows eigenvalues below the brokenstick curve and may represent non-significant components
(Fig. 36).

55



0.60-
0.30+

0.00

Correlation

-0.30-

-0.60+

Mg/Ca

Sr/Ca

Ba/Ca

60.0

S 45.0 -

& i

= "\\}

s 30.0 1 e

c i Y

8’) \\\

im 15.0 1 N

0.0

©
S 1 2 3 4
=) Component
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Figure 37 - Comparison between PC2urz and the normalized trace elements time series of MFZ-N-1.
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7.2 Middle and Late Holocene

7.2.1 Geochronology result and growth rates

During the project, 37 U/Th dates were obtained for Lage Branca samples, 33 U/Th dates
from CR-1 Cristal cave speleothem (Taylor, 2014) and TP-6 Tapagem cave speleothem
(unprecedent data) were integrated. For Middle and Late Holocene, the stalagmites LB-1 and CB-
3 were used with 14 U/Th dates, each one covering the period between 2000-7400 B.P., and the
data from TP-6 and CR-1 were used for comparisons with Laje Branca speleothems. Other samples
were analyzed for Laje Branca but not used because of the time period covered or by the absence
of detrital layers within the speleothem, and in some case due to high concentrations of detrital
2%2Th that increases errors and reduces accuracy of the ages. Figure 38 shows the age distribution

of the speleothems dated and compiled during this project.
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Figure 38 — Ensemble of all the speleothems collected and their age distribution.

The samples from Laje Branca cave with the samples from Cristal cave and Tapagem cave
were selected due to their high potential for reconstruction of Middle and Late Holocene. The data
from LB-1 and CB-3 showed a continuous growth from the Middle Holocene to the Late Holocene
(2000 B.P.), with a hiatus recognized in both speleothems, from 740-2200 B.P. in CB-3 and from
64-2000 B.P. in LB-1 (Fig. 39).
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Figure 39 - Age models of CB-3 and LB-1. The orange bar represents the period with a significant hiatus in the growth
of the speleothem.

The hiatus is also visually marked in the speleothem as a sequence of detrital layers
composed by clay, and in CB-3 is associated with a strong change in the growth axis of the
speleothem, and this hiatus is not recognized in CR-1 and TP-6. The 2c error of the ages are less
than 1% for both CB-3 and LB-1 samples, allowing the reconstruction of a continuous record
between 2000-7200 B.P.

The age model from CR-1 shows a continuous growth throughout the Late Holocene with
no sign of hiatus, being used in this study as a high-resolution record of the Late Holocene. TP-6

shows a continuous growth throughout all the Holocene (Fig. 40).
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Figure 40 - Age models of CR-1 and TP-6. The blue box (LIA) represents the period of the Little Ice Age and the
orange box (MCA) represents the Medieval Climate Anomaly

The growth rates values for the speleothems of Lage Branca show a mean of 0.025 mm/year
for CB-3 and 0.037 mm/year for LB-1(Fig. 41). The higher growth rate for CB-3 (0.16mm/year) is
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from 7200-7300 B.P., and for LB-1 (0.076 mm/year) is from 5700-5900 B.P. CB-3 growth rates
start with the highest growth rate of the record (0.16 mm) followed by an abrupt fall to mean values
of 0.025 mm/year between 7200-2000 B.P. The growth rate of LB-1 shows a downward trend to
slower rates from Middle Holocene to the transition to Late Holocene, with values of 0.054
mm/year before 6700 B.P. (highest growth rates) to values of 0.019 mm/year until 4280 B.P. A
second growth rate downward trend follows until 2000 B.P., where it reaches the lowest value of
the record with 0.015 mm/year between 2200 B.P. and 2800 B.P. Before the hiatus in 2000 B.P. an
abrupt increase in the values occurs between 2000-2200 B.P., reaching again 0.054 mm/year. Both
samples show an increase in the growth rate between ~5700-6000 B.P. and the transition from
Middle Holocene to Late Holocene is also marked by a local abrupt increase in the growth rates
around the year 4000 B.P.

TP-6 has the lowest growth rate among the speleothems used in this study. The highest rates
occur during the end of Early Holocene and at the beginning of Middle Holocene reaching up to
0.015 mm/year, followed by an abrupt decrease between 5600-6900 B.P. The values increase again
close to the transition to Late Holocene, but with a downward trend as observed in LB-1 between
1600-2700 B.P. where the values decrease to the lowest values.

CR-1 has the fastest growth rates among the PETAR speleothems for the Late Holocene
and, although there are differences between the rates, CR-1 and LB-1 show the same trend towards
slower growth rates from 4000-2000 B.P. followed by an increase in 1900 B.P. and by the slowest
rates of the record after 1680 B.P.

The ensemble of speleothem growth rates (Fig. 42) shows a trend toward slower growth
rates from the Middle Holocene to the Late Holocene and from the Late Holocene to approximately
2000 B.P. This trend is interrupted between 5900 B.P. and 5700 B.P. by an abrupt increase in the
growth rates of CB-3 and LB-1. These speleothems also show the transition between the Middle
and Late Holocene with an abrupt increase in their growth rates. The Late Holocene (after 4000
B.P) is then marked by the slowest growth rates in all the speleothems, with exception of CR-1 that

from 1250 B.P. until the present has its highest growth rate.
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Figure 41 - Growth rates of the speleothems used in this study. A) TP-6; B) LB-1; C) CB-3; D) CR1; LIA (Little Ice

Age) and MCA (Medieval Climate Anomaly).
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Figure 42 - Combination of all the speleothem growth rates with a delimitation between Middle and Late Holocene.
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7.2.2 Middle and Late Holocene paleoflood record and its flood frequency

For the samples from Laje Branca cave, the thickness of the detrital layers and the presence
of unconsolidated clay in some of these layers facilitate the use of visual method for their
recognition. For LB-1 speleothem, two types of detrital layers were identified: (L1) thin detrital
layers with central axis washing and detritus concentrated in the side of the speleothem; and (L2)
thick detrital layers without central axis washing and with lateral continuity, in some cases with
cavities with clay. For CB-3 three types of detrital layers were described: (C1) thin layers with
central axis washing, mainly recognized in the side of the speleothem; (C2) thick layers with lateral
continuity and no central axis washing; (C3) thick layers associated with abrupt changes in the

growth axis of the speleothem.
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Figure 43 — On the left a graph of the flood record from Laje Branca cave-flood based on detrital layers within the
speleothems (CB-3 and LB-1), with a delimitation of Late Holocene (4.2k to present) and Middle Holocene (8.2k to
4.2k). On the right there are CB-3 and LB-1 scan images of the speleothems polished face. The detrital layers (C3) of
CB-3 are marked by yellow dash lines and the Hiatus identified in the speleothems are marked by the red dashed line.
The black arrows indicate the correspondence between the thick detrital layers in LB-1 and the detrital layers of C3
type in CB-3. Blue line represents the central growth axis of the speleothems.

In total, 35 layers were recognized in LB-1 with 19 described as L1, 15as L2, and in CB-3
were recognized 55 detrital layers, with 42 described as C1, 9 as C2 and 4 as C3. Both speleothems
show a tick detrital layer correspondent with the hiatus observed in the U/Th ages with an abrupt
change in the growth axis of the CB-3. The differences in the number of layers between
speleothems can be caused by their different susceptibility to flood events once these samples are

in different elevations in the cave and therefore are more or less exposed to the variations of water
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levels in response to floods. Still, the tickers detrital layers (L1, C2 and C3) shows a good
correspondence in time, potentially representing big flood events that affect both galleries (Fig 43).

To reconstruct a paleoflood frequency time series of the Middle and Late Holocene it was
used bins of 100, 250 and 500 years as Lage Branca speleothems record low frequency events (Fig.
44). For the 5000-yr period of Laje Branca record, the average frequency of flood per century is
1.1 for CB-3and 0.72 for LB-1. The Middle Holocene is characterized by lower numbers of events,
with 18 floods recorded in CB-3 with a flood frequency per century of 0.64 and 12 floods in LB-1
with a mean of 0.41 flood per century. The transition from the Middle to the Late Holocene is
marked by a significant increase in the flood frequency, with 5 floods per century in both
speleothems. The frequency values calculated for 500 years bin shows a trend to higher flood
frequency during the Late Holocene of LB-1, while CB-3 shows an opposite result, with a decrease
trend in the flood frequency.
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Figure 44 - Laje Branca cave flood frequency. The red (blue) bars represent the flood frequency in 100, 200 and 500-
year bin of CB-3 (LB-1).

During the Late Holocene, CB-3 shows an average of 2.63 floods per century with 37 floods
between 4200-2000 B.P., with 78% of the floods occurring between 4200-3250 B.P., including two
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thick detrital layers with abrupt change in the growth axis. Between 3250-2000 B.P. is marked by
a decrease in the flood frequency for 0.72 floods per century and for the abrupt change in the growth
axis approximately in 2000 B.P., marking a hiatus in the deposition of the speleothem. LB-1 shows
an average of 1.14 floods per century with 24 floods between 4200-2000 B.P. The Late Holocene

is also characterized by a higher number of centuries with floods recorded in both speleothems.

7.2.3 Stable isotope records of $'80 and $'3C

During this project two speleothems were analyzed from Laje Branca cave (LB-1 and CB-
3). They were compared with the isotopes records of Cristal cave speleothem (CR-1) from Taylor
(2014) and the unpublished &0 record from Tapagem cave (TP-6), also knowns as Caverna do
Diabo. The records from LB-1, CB-3 and TP-6 were used to reconstruct the climate based on the
isotopic variations through the Middle Holocene (8200 B.P. to 4200 B.P.) and the transition with
the Late Holocene. To describe the climate during Late Holocene all these samples were used.

Table 2 — Ensanble of speleothems used for the Middle and Late Holocene.

Cave Speleothem Records N. analyses | Mean Resolution
Laje LB-1 880 and §'°C | 493 11 yrs
Branca
CB-3 580 and 5'°C | 336 15 yrs
Tapagem | TP-6 5180 289 35yrs
Cristais CR-1 580 and 5'°C | 1602 3yrs

The samples CB-3 and LB-1 shows a correlation between their own &0 and §'C of 0.63
and 0.48, respectively (Fig. 45). The 5'80 values of Lage Branca speleothems vary between -2.82%o
and -4.91%o with mean values of CB-3 and LB-1 of -3.69%o and -3.91%o respectively (Fig. 46).
The 83C from LB-1 varies between -0.81 and 3.05%o with a mean of 0.74%o while CB-3 shows
more negative values varying between -3.89 and -0.14%o with a mean of -2.34%o. CR-1 shows a
correlation between 80 and §'3C of 0.51, similar to Lage Branca speleothems with 520 varying
in a larger range between -7 and -3.8%o with mean value of -5 %o and with the §*C varying between
-4.4 and -9.7%o with mean of -7%o. TP-6 §'80 varies between -2 and -4.9%o with mean of 2.8%o.
The §*0 and §*3C of MFZ-N-1 have values similar to CR-1 between -7 and -3%o and mean of -
4.95%o for 8*80 between -1.8 and -8.5%o with mean of -6.4%o for 5'3C. Distinct from the other
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samples, MFZ-N-1 shows a correlation of §*30 and &*C of 0.16, and the values are plotted in the
same field as CR-1 (Fig. 45).
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Figure 45 - 5'®0 and 8°C fields of SEB speleothems. MFZ-N-1 and CR-1 are plotted in the same field and shows
depleted values of §'80 and 5'°C in comparison with Laje Branca speleothems.

The speleothems from Laje Branca show more enriched values of 820 in the Middle
Holocene with an average of -3.6%o for LB-1 and -3.56%. for CB-3 and more depleted values for
the Late Holocene with average of -4.19%o for LB-1 and -3.91%. for CB-3. In the Middle Holocene,
the 880 values vary in a plateau defined by the average, with negative excursions in 6400 B.P. -
6800 B.P., 5600.BP. - 5900B.P. and 4500 B.P. - 4600 B.P., being the last one characterized in CB-
3 by an abrupt increase in 520 after 4500 B.P. and in LB-1 by a downward trend to more negative
values until the transition with the Late Holocene. The transition is marked in LB-1 by the lowest
value of 3'80 from the Middle Holocene record, reaching -4.2%o in 4.200 B.P., while CB-3 shows
a shift of 1%o0 to more depleted values between 4300-4100 B.P. In the beginning of the Late
Holocene there is a small increase in §'80 in both records, between 4200-3700 B.P. in LB-1 and
4200-3500 B.P. in CB-3. The 880 of LB-1 varies in a plateau until it reaches the lowest values of
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the entire record in 2100 B.P. of -4.9%.. CB-3 varies in a plateau between 3500-2600 B.P. After
2600 B.P. the record shows a negative excursion going from -3.7 to 4.4%o in 2200 B.P.

TP-6 shows the same pattern of more enriched values of 50 in the Middle Holocene and
depleted values in the Late Holocene with an average of 2.77%o and -4.3%o respectively (Fig. 47).
The Middle Holocene is characterized by a downward trend in the 830 values with a drop in the
values between 6800-6400 B.P. and between 5800-5400 B.P. as observed in Lage Branca
speleothems. An abrupt drop of 2%o for more depleted values is observed between 3500-3700 B.P.
as observed in CB-3. The direct comparison of the isotope shifts is more difficult between 3600-
4500 B.P. due to lack of U/Th ages, which can change the timing of the shift. The shift in TP-6 is
also observed as a change of the speleothem color from a translucent dark grey to an opaque white.

CR-1 isotope record covers only the Late Holocene and show a downward trend from 4.4
to 5.3%o between 4000-2000 B.P like CB-3, with a bigger drop after 2800 B.P where the record
shows more depleted values (average of -5.24%o) between 2800-1000 B.P (Figure 47).
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Figure 46 - 5180 and §°C stable isotopes records of Laje Branca speleothems.
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Figure 47 - 580 time series of SEB speleothems covering the Middle and Late Holocene.

7.2.4 Trace elements

In this section it is presented the high-resolution CR-1 trace element record covering the
Late Holocene (from 4100 to 6000 B.P.) with 58833 points of analysis resulting in a mean
resolution of 14 points per year. As showed in section 7.1.5, the In series of trace elements ratios
with Ca shows a high correlation between them and are co-vary linearly in a In-space, agreeing
with the model presented by Sinclair et al. (2011) and Sinclair et al. (2012) for cases where
PCP/ICD are mainly modulating the trace elements ratios with Ca concentrations. Next is presented
the comparisons between the trace elements records and with the stable isotopes of CR-1 and with
Lage Branca speleothems records.
For better comparison between the series, it was calculated the anomaly series of the trace
element ratios with Ca. The records shows common periods of predominant negative anomalies in
70-420 B.P., 930-1300 B.P., 1570-1630 B.P., 2060-2350 B.P., 2550-2660, 2780-3000 and 3130-
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3230 B.P. The correlation between Sr/Ca-Mg/Ca and between Sr/Ca-Ba/Ca are of 0.75 and 0.73
respectively, with the lowest correlation between Mg/Ca and Ba/Ca of 0.48. It is possible to observe

the match between the trace elements records in Figure 46.
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Figure 48 — Trace elements time-series from CR-1 record (Cristal cave).

To better understand the variations of the trace elements observed in the CR-1 records, the
anomaly series of the trace elements with §°C from CR-1 are compared in Figure 46. The 5'°C
series shows the higher correlation with Mg/Ca (R=0.22), and relative low correlations with Sr/Ca
and Ba/Ca (R=0.14 for Sr/Ca; R=0.09 for Ba/Ca). The trace elements series show matches with
313C periods of negative anomaly as in 150-460 B.P., 930-1300 B.P., 2100-2300 B.P. and 2540-
2680 B.P., and a match between the period of positive values between 3200-4100 B.P., and §'°C
shows a likely modulation with the trace elements records. The 580 series does not show
correlation with the Sr/Ca series, while with Mg/Ca and Ba/Ca the §'80 record shows a correlation
of 0.22 and 0.11 respectively. Periods of negative anomaly predominating do not necessarily show

correspondence between the 580 series and the trace elements series.
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8 DISCUSSION
8.1 Paleoclimatic interpretations of the stable isotopes and trace-elements records
from the last millennium from Southeast Brazil

Previous studies from Southeast Brazil showed that the variability of 620 in speleothems
is mainly related to variations in the contribution from two different sources of moisture with more
depleted (enriched) values related to monsoonal (extratropical) sources (Cruz et al., 2005), thus
leading the 580 record to be used as a suitable proxy for changes in precipitation regimes from
tropical-extratropical interactions over South America moisture source. The comparison with
instrumental records of the study area (rainfall series) showed that MFZ-N-1 680 variations is
mainly controlled by the difference contribution between the winter and summer rainfall in the
annual amount (Fig. 10). Therefore, it is interpreted here as a proxy for moisture contribution
between the summer monsoon (SAMS) with major contribution from distal moisture sources from
Amazon region and the extratropical regimes that use sources mainly from nearby Atlantic Ocean,
allowing the observation of shifts in atmospheric circulation during the last millennium over the
study region. This consistence of the speleothem isotope records with regional climate is reinforced
by the good match between the archives from different caves such as Malfazido and Cristal cave
when the smooth series (decadal resolution) of CR-1 and MFZ-N-1 are used (Fig. 8). Thus, the
variations in the 580 values of the speleothems are mainly controlled by regional atmospheric
features rather than local process.

The records show predominant negative anomalies during the MCA with short intervals of
positive anomalies that characterizes this period as dominated by SACZ (Fig. 49). The strong
positive anomaly observed in MFZ-N-1 record between 950-1020 C.E. does not have
correspondence in CR-1 record and the uncertainty that is possibly caused by the lack of ages
during this interval hampering the interpretation of this anomaly. An enhancement of SACZ
contribution is observed in the end of MCA with strong negative anomalies in MFZ-N-1 record
from 1170-1250 C.E. The CR-1 record shows similar anomalies between 1130-1170 C.E. and from
1240-1300 C.E. Positive anomalies predominates between 1250 and 1560 C.E in MFZ-N-1 and
between 1320-1520 C.E. in CR-1. This positive anomaly indicates a decrease in moisture from
SACZ between the end of MCA until the first part of LIA. The strongest negatives anomalies in
d*80 happen during the second part of LIA until the beginning of the last century and are recorded
in MFZ-N-1 between 1550-1900 C.E. and in CR-1 from 1520-1850 C.E. These negative anomalies
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represent the most intense activity of SAMS in the study area of the last millennium, with the
interval from 1600-1700 C.E. concentrating the negative anomalies. The last century is marked by
the strongest positive anomalies of both records (not considering the positive anomaly at the
beginning of MFZ-N-1) indicating a tendency of less contribution of monsoonal moisture, thus the
recent period shows the weaker contribution of SAMS in the study area, although this feature could

be also related with higher contribution from heavier isotope winter rainfall events.
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Figure 49 - Anomaly §'®0 timeseries of CR-1 and MFZ-N-1. The blue(red) box represents the periods with
predominance of negative(positive) anomaly values. The positive anomaly periods are interpreted as result of an
enhancement of extratropical contribution or a weakening of SAMS activity, while the negative anomaly periods are
interpreted as the opposite. The horizontal dots with bars represent the U/Th ages of the speleothems with the 2c errors.

Novello et al. (2018) presents a data set of isotopic proxies (5!80) recording SAMS
variability that indicates a moist/dry dipole modulated by the positioning of the SACZ during the
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last two millennia, where shifts in SACZ position leads to drier and wetter conditions on either side
of this system. The southwest records of SACZ were here used to compare whether negative
(positive) anomalies from MFZ-N-1 and CR-1 could be directly related to an enhancement
(reduction) of the SAMS/SACZ activity in the study area by southwards (northwards) shifts in
SACZ position. The periods of predominant negative anomalies of 5'80 in the study area (1000-
1250 C.E. and 1550-1900 C.E.) are represented in figure 49 by light blue boxes and the periods

where positive anomalies predominate are signaled by light red boxes.
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In general, along the last millennial, the precipitation variability recorded in the oxygen
isotope records from Southeastern and central western Brazil shows a consistent variability at
centennial timescale. For instance, the anomalous negative period present in MFZ-N-1 and CR-1
between 1550 and 1900 C.E. is consistent with the wet conditions documented for the records
located southwest of SACZ axis mean position as Pau d’Alho and Curupira Cave (Novello et al.,
2016), Jaragué Cave (Novello et al., 2018) (Figure 50). These climate features are also confirmed
statistically in the principal component analyses performed in Campos et al., (2019). The strongest
negative anomalies are concentrated between 1560 and 1700 C.E in MFZ-N-1 and CR-1 while
Jaragué cave speleothems concentrate the negative anomalous values between 1712 and 1800 C.E.
and Pau d’Alho between 1770 and 1850 C.E (MFZ-N-1 also shows strong negative anomalies in
this period). Novello et al. (2018) posit that a southward shift in SACZ axis during LIA has
enhanced rainfall along the sites located in the southwestern side of the SACZ. This southward
shift could cause a strengthening of SACZ influence over the study area, providing more
monsoonal moisture (depleted in §!80). Despite LIA represent an anomalous negative period for
all the 880 records, the timing of the strongest anomalies during this period are different among
the areas (MFZ-N-1 and CR-1) and for Jaragua cave record and Pau d’Alho cave record.

The last century is characterized by anomalous positive values of 680 in all records. In
both central-western and southeastern region in Brazil the XX century is marked by strong positive
anomaly values in the record. These results suggest that the last century is characterized by a
weakening in SAMS/SACZ activity in the southeastern/southern Brazil by a change in the
atmospheric circulation with less contribution of monsoonal moisture, and the high positive values
of CR-1 and MFZ-N-1. This feature may also be explained by an enhancement of extratropical

moisture (enriched in 5120).
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Figure 50 — §'80 anomaly timeseries of speleothems of Southeastern and central western Brazil. (1) MFZ-N-1 from
Malfazido Cave in eastern Parana. (2) CR-1 from Cristal Cave in southwest of Sao Paulo. (3) JAR1 and JAR4 of
Jaragué Cave from Mato Grosso do Sul. (4) Pau d’Alho and Curupira samples from Pau d’alho and Curupira Cave in
Mato Grosso. §*%0 variations from JAR1, JAR4, Curupira and Pau d’Alho are interpreted as more (less) SACZ activity
and consequently as wetter or drier conditions in central western Brazil. Novello et al. (2018) interpreted the
enhancement of SAMS/SCAZ activity in the central western Brazil as a southward displacement of the SACZ axis.
The map in the left represent the samples locations and the modern SACZ axis (modified from Novello et al. (2018)).

MFZ-N-1 records of Mg/Ca and Ba/Ca show a positive correlation of R=0.42 with some
intervals reaching 0.6 and are positive correlated with 60 and 6*C with the Mg/Ca showing a
remarkable fit with both series. In comparison, the Sr/Ca and U/Ca ratios present a positive
correlation of R=0.32 reaching 0.5 between 1400 to 2007 C.E, and are negative correlated with the
stable isotopes, both records show a reasonable match with the stable isotope’s records (Fig. 30
and 31). The relationships between trace elements and stable isotopes reinforces the hypothesis of
prior-aragonite-precipitation (PAP) as the main process modulating the concentration of the trace
elements (Wassenburg et al., 2019). This is possibly the main process controlling trace element
variation in the MFZ-N1 speleothem because it is totally composed by aragonite. As showed by
Wassenburg et al. (2019), the partition coefficient of the trace elements for aragonite (Kmg<1;
Ks>1;Kuy>>1) tends to concentrate (reduce) the Mg (Sr and U) in the fluid during drier (wetter)
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periods due to the higher (lower) residence time, degassing and to more (less) air-filled spaces in
the epikarst. The positive correlation between the Mg concentrations and the 6'C and the negative
correlation between U and Sr with §*3C strengthens the arguments in favor of PAP since the prior
precipitation of aragonite is driven by degassing that tend to enrich the §3C of the solution. The
same relationship is observed for 680 with a remarkable fit with the In(Mg/Ca), In(Sr/Ca) and
In(U/Ca) and indicates that the process modulating the trace element concentration is related to an
hydrological feature since the speleothem &80 is assumed to largely reflect changes in rainfall.

CR-1trace elements records are highly correlated among themselves and they show a strong
linear covariation in an Ln space. Sinclair et al. (2011) and Sinclair et al. (2012) demonstrated that
if PCP/ICD modulates Mg/Ca and Sr/Ca variability in the absence of kinetic control, the molar
ratios should co-vary linearly in a In-space with a slope of 0.88 + 0.13. The slope calculated for
Ln(Sr/Ca) with Ln(Mg/Ca) from CR-1 is in agreement with the calculated values presented in these
studies, reinforcing the hypothesis of PCP and ICD as the main controls of the trace elements
variability in Cristal Cave speleothem. The positive correlation with §*C with similar modulation
between the stable isotope and trace elements timeseries, corroborate with PCP since degassing of
CO; from solution tend to increase 5!3C by preferential loss of lighter isotopes. The same positive
correlation is observed 680 and since it is assumed to reflect changes in rainfall it corroborates
with a hydrological feature modulating the trace element concentrations (Fig. 30 and 31).

A change in the chemistry of the water forming the speleothems is often considered to be a
dominant factor for speleothem records that show Mg and/or Sr variations (Verheyden et al., 2000;
Baldini et al., 2002; McMillan et al., 2005; Li et al., 2005; Johnson et al., 2006; Cruz et al., 2007).
Drip water composition is closely linked to hydrological conditions in the cave system because
processes controlling carbonate dissolution and precipitation are highly dependent on the rate at
which meteoric water infiltrates down in the soil-bedrock profile (Fairchild et al., 2000; Musgrove
and Banner, 2004; Tooth and Fairchild, 2003). These features were confirmed in a monitoring
program performed in Santana Cave (Karmann et al., 2005), located very close to Cristais cave. In
this context, the trace element incorporation in the CR1 speleothem probably reflect the decreased
water levels in the vadose aquifer above the cave can enhance air ventilation through the fractures
or proto-conduit networks and trigger CO> degassing, while promoting prior calcite precipitation
(PCP) during dry periods. Ca is favorably incorporated into calcite precipitated in the vadose zone

right above the cave (Dsr and Dmg<<1), resulting in higher Sr/Ca and Mg/Ca in drip waters (Huang
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and Fairchild, 2001). This process is likely to produce coherent variations in these trace element
ratios in speleothems.

A four-year long hydrochemistry monitoring program performed in nearby Santana cave
(Fig. 1), reveals that prior calcite precipitation is most likely the dominant process affecting the
drip water composition (Karmann et al., 2007). Because the Santana cave system is located about
20 km apart from Crystal Cave and shows very similar climatic, hydrogeological and
environmental (e.g. soil and vegetation cover) characteristics, it provides an excellent analogue for
understanding the dissolution-precipitation processes taking place during deposition of CR1
speleothem.

In CR1 calcite speleothem, lower Mg/Ca and Sr/Ca ratios are interpreted as found following
rainfall associated with the South American monsoon in Southern Brazil, similarly to previous
studies in calcite speleothem from Botuvera cave in Southern Brazil (Cruz et al., 2007; Bernal et
al., 2016). Thus, the PCP is possibly the dominant process affecting trace-element variations in
speleothems also in Cristais cave.

Because the trace element ratios also show a coherent positive covariation pattern with
stable oxygen and carbon isotope ratios in CR1 record, we interpret that PCP is the main process
controlling the incorporation of Sr and Mg in the calcite. Therefore, it is possible to relate the trace
element variations to the level of the unsaturated aquifer above the cave, a factor that is directly
dependent on local rainfall conditions (Cruz et al., 2007). These authors argue that the PCP is
dependent on the degree of ventilation in the vadose zone, which makes the process less effective
when the rainfall recharge events are more intense and more evenly distributed throughout the year.
In this case, the residence time of water in the karst aquifer is, on average, lowest, and the least
degree of PCP is achieved.

To simplify the interpretation of the trace elements variations the multivariate dataset of
CR-1 and MFZ-N-1 were reduced using PCA, and the obtained PCs are used to identify modes and
timing of variations that account to the overall variability of the datasets. The PC1cr-1 account for
86.8% of the variance with statistical significance above 95% (tested by brokenstick model and
bootstrap re-sampling) and shows a strong positive correlation between the multiple elements ratios
(Sr/Ca, R=0.96; Ba/Ca, R=097; and Mg/Ca, R=0.63). Therefore PClcr-1 is here used as a proxy
for PCP/ICD variations in CR-1 records and the positive values indicates higher PCP/ICD with

drier conditions, with fissures and secondary conduits ventilated during dry periods allowing
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degasification and thus promoting calcite precipitation upstream the seepage flow pathway that
leads to the enrichment of Sr, Ba and Mg relative to Ca. The opposite scenario is interpreted for
negative values, were wetter conditions leads to fill the ventilate conduits with water, preventing
the degasification and consequently the precipitation of calcite. The PC2mrzn-1 accounts for 31%
of the dataset variance with more than 95% of statistical significance as showed by broken-stick
model and by confidence limits based on bootstrap re-sampling. This PC agrees with the prior
aragonite precipitation described by Wassenburg et al. (2019), where positive correlations with
U/Ca and Sr/Ca of 0.78 and 0.36 respectively, and negative correlations with Mg/Ca of 0.64 can
be explained due to the partition coefficient with aragonite (Kmg<l; Ks>1;Ky>>1). Due to the
consistency among the trace elements and with the stable isotope’s records, PC2mrz-n-1 IS used as
a proxy for PAP, with negative values indicating drier conditions with low (high) ratios of
U(Mg)/Ca due to the incorporations of the trace element in the prior aragonite precipitated, and
positive values indicating high ratios of U(Mg)/Ca lead by wetter conditions. PC2mrz-n-1 Negative
correlation with 8!3C and §'®0 corroborate with this hypothesis since PAP can increase 33C by
degasification such as PCP, and 880 is relate to changes in rainfall, indicating a hydrological
feature controlling the trace elements variations.

The novel high-resolution trace element records from MFZ-N-1 are used here as a
palaeohydrological indicator, allowing to access wetter/drier conditions, and together with the §*80
record it is possible to identify whether shifts in 580 reflecting changes in the amount of moisture
from monsoonal and extratropical sources are relate to changes in the amount of rainfall, as well
as in previous studies performed in Southern Brazil (Cruz et al., 2007; Bernal et al., 2016). This
multi-proxy approach is a powerful tool to understand how climate changes can affect the rainfall
distribution and whether it can cause changes in the hydrological availability. In Figure 51 it is
show a comparison between the PC2vrz-n-1 and the stable isotopes record.
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The 680 variations shows consistency during some intervals like the negative anomaly
between 1600-1723 C.E. where strong negatives anomalies of 60 are related to strong positive
anomalies of PC2mrzn-1, Or like the period between 1400-1550 C.E. where positive anomalies of
6180 are related to strong negative anomalies of PC2uvez-n-1. This variation may be caused by a
strengthening (weakening) of SACZ activity represented by anomalous negative values of 680
that increased (decrease) the moisture availability resulting in wetter (drier) conditions as indicate
by PC2mrz-n-1. Differences in the 6§80 and the PC may arise from the moisture source effect in the
control of oxygen isotope composition of local rainfall. Following this reasoning decoupling
periods, as observed between near 1870-1940 C.E., when trace elements suggest a marked increase
in local rainfall while the 6'80 describes an positive trend (less moisture accordingly to the amount
effect) may result from a strengthening of extratropical cyclone.

The same relation is observed for CR-1 with 8180 and trace elements PCs. Periods of 680
strong negative anomalies as between 1550 and 1600 C.E. are accompanied by negative anomalies
in PClcr-1, but also the strongest negative anomaly period of PClcr-1 are related to positive
anomalies of 680 between 1800 and 1870 C.E. This relationship shows that changes in SAMS
activity and in the extratropical cyclogenesis can significantly impact the moisture availability.
Another relation observed in MFZ-N-1 and CR-1 is the anomalous negative period of 8§80 during

MCA with drier conditions indicated by both trace elements PCs. This can be result by a weakening
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of the extratropical cyclogenesis that leads to less extratropical moisture availability, decreasing

the 6'80 not necessarily by a strengthening of SACZ, and resulting in drier conditions in both cave

sites.
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Figure 52 — CR-1 &%0 and trace elements PC timeseries. Negative (positive) anomalies of 60 represent more
contribution of monsoonal (extratropical) moisture by enhancement of SACZ (extratropical cyclogenesis) activity.
PCwrz-n-1 positive (negative) values indicates more (less) prior-aragonite precipitation and drier (wetter) conditions.

8.2 Possible Links Between Speleothems Proxies from Southeast Brazil and SSTs

From the Atlantic and Pacific Ocean

The 80 values from CR-1 and MFZ-N-1 are predominantly negative (positive) during
AMO/AMV negative (positive) phases as indicated by comparisons with AMO/AMV
reconstructions from Mann et al. (2009) (Fig. 53) and Wang et al. (2017) (Fig. 54). This relation
between the 6180 records is also observed in the cross wavelet analysis with periodicities of 64
and 256 years observed with statistical significance above 95% in the period of 1300-1700 C.E.
Trace elements PCs indicate drier (wetter) conditions during positive (negative) phases of
AMO/AMV, where positive correlations with PC1CR-1 are of 0.45, and negative correlations with
PC2wmrz-n-1 0f 0.3. These comparisons suggest that negative phases of AMO/AMY are related to a
strengthening of SAMS/SACZ activity and to predominantly wetter conditions, with opposite
conditions observed during positive phases of AMO/AMV.

Seager et al. (2010) shows through climate models forcing by SSTs that larger amounts of
precipitation variability over southeast south America (SESA) are caused by changes in tropical

SSTs. Also, the study shows that cold phases of tropical SSTs are related to an increase in rainfall
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amount, while opposite conditions are observed for warm phases as the Pampas Dust Bowl drought
in 1930 was forced by warm SST anomalies. Seager et al. (2010) posit that tropical Atlantic SST
anomalies linked to SESA precipitation are the tropical components of AMO. Comparisons
between modern SSTs from the Atlantic Ocean in different latitudes show that SSTs vary in phase
in a multidecadal scale thought the Atlantic, reinforcing that the Atlantic Multidecadal Oscillation

or Variability is an intrinsic variability mode for most of the Atlantic Ocean (Figure 53 and 54).
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Figure 53 - Comparison between the 3180 records and trace elements PCs with AMO reconstructions from Mann et
al. (2009). The light red(blue) boxes represent the positive(negative) phases of AMO.

The relations observed between the speleothems proxies and the AMO/AMYV reconstructions
may reflect the influence of tropical Atlantic SSTs in the precipitation variability over SESA, with
cold (warm) phases related to increase (decrease) in rainfall precipitation over the study area.
Comparisons with other 80 records showed in section 8.1 indicates that the variations in 5180
may be caused by shifts in SACZ axis position southward (northward) that leads to increase
(decrease) of the monsoonal moisture in the study area. The relation between AMO/AMYV with the
5180 of MFZ-N-1 and CR-1 indicates that tropical Atlantic SSTs may play a role in the position of
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SACZ axis, with cold (warm) SSTs resulting in a southward (northward) displacement of SACZ
axis.

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

_ Drier
z
&
Q
~ PCP | PAP
£ 00
O
o Wetter
C
i: :; EXTl'p
I3
250
N §
TN
25
S =
- %
>z 0.0
o SACZ
o & 25
=
-5.0 z
03 35
E s
0.0 2%
e
= §
-0.3 3 E
- L : : : ; : . ; .06 2
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 <

age (years C.E.)
Figure 54 - Comparison between the 5180 records and trace elements PCs with AMV reconstructions from Wang et
al. (2017). The light red(blue) boxes represent the positive(negative) phases of AMV.

The Pacific SSTs also play an important role in SESA precipitation variability. The
reconstructed index for PDO from Biondi et al. (2001) does not show a clear correspondence with
the speleothem’s proxies, while the PDO index from Mann et al. (2009) has a correspondence
between negative (positive) phases with wetter (drier) conditions evidenced by the trace elements
PCs. This PDO index is complicated to use due to its extremely similarity with AMO index from
Mann et al. (2009), which gives the comparison a bias in the interpretation of PDO influence in the
rainfall variability of the study area. IPO only shows a weak positive correlation of 0.14 with MFZ-
N-1 580 record not showing a clear influence over the study region.

ENSO reconstruction based on Conroy et al. (2010) shows a strong positive correlation with
PC2wmrz-n-10f 0.42 and a negative correlation with PC1cr-1 indicating that EI Nino/La Nina phases

are related to wetter/drier conditions in the cave sites and positive correlations between CR-1 and
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MFZ-N-1 8180 of 0.37 and 0.15, respectively (Fig. 55). These relations observed agree with
previous studies (Silva et al., 2011; Kayano and Andreoli, 2007) that correlate positive ENSO
phases with an increase in precipitation over subtropical regions in South America. Positive phases
of El Nifio results of an intense positive SST anomaly over equatorial Pacific that leads to an
increase in the ascending activity in this region and causing a divergence zone over northern
Amazon, dislocating the moisture influx into the continent from the Atlantic Ocean towards the
SESA region, which agrees with the speleothems proxies from Malfazido and Cristal caves. (Silva
et al., 2011). Therefore, ENSO may be an important feature controlling the rainfall variability of
the study area, where El Nifio (La Nifia) conditions are associated with an increase (decrease) in

wetter (drier) conditions.
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Figure 55 - Comparisons between the speleothem’s proxies and Nino index from Conroy et al. (2010). The grey bars
indicate positive phases of El Nifio

Indo Pacific Warm Pool (IPWP) influence in the precipitation variability has not been widely
studied for SESA, especially in a paleo scale. The SST reconstruction of the IPWP from Oppo et
al. (2009) shows a high correlation with the trace element PCs with positive correlations of 0.6 with
PC1cr-1and negative correlations with PC2wrz.n-1 0f 0.33. These relations indicate that periods of

negative anomalies of IPWP SSTs (cold SST) coincide with wetter conditions in southeast Brazil
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(Fig. 56). Even though a directly relation between the SESA and this feature might not be clear,
ENSO conditions are directly related with the SSTs from IPWP. Previous studies show that during
El Nifio phase over central eastern Pacific, the warm waters (fresh and low-density) from IPWP
region moves towards the central equatorial pacific due to wind currents linked to ENSO activity,
creating a slight cooling of SSTs (~1°C) in tropical western Pacific (Delcroix and Picaut, 1998;
Gagan et al., 2004). Therefore, this relation between positive ENSO phases and negative IPWP
SSTs anomalies can account for the correlations observed between the trace elements PCs and
IPWP.
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Figure 56 - Comparison between the 5180 records and trace elements PCs with IPWP reconstructions from Oppo et
al. (2009). The light red(blue) boxes represent the positive(negative) anomalies of IPWP SSTs.

To summarize, SSTs variations from Atlantic Ocean are important climatic features for the
precipitation patterns and intensity due to its influence in SACZ activity and displacement of its
main axis over the study region. The Pacific Ocean also presents climatic features that influence
the precipitation variability with El Nifio/La Nifia events as the main link between SSTs variations

in the Pacific Ocean and precipitation variability over SESA.
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8.3 Last Millennium Extreme Precipitation Frequency Reconstruction Based on a
Speleothem Paleoflood Record of Malfazido Cave

Despite numerous works have documented evidence of flooding recorded by detrital layers
within speleothems, few studies have developed paleoflood reconstructions in the last years using
such samples. Malfazido speleothems have been identified in this study as potential for paleoflood
reconstruction, since it is observed detrital layers within speleothems samples collected in the flood
zones of Malfazido cave, and even though of the detrital layers commonly bearing detrital thorium
(32Th) the high concentration of uranium in this speleothem (1.5 ~ 6 ppm) associated with a simple
stratigraphy allowed the acquisition of a well-resolved chronology for the last millennium. The
cave context suggest that high travertine pools are flooded during heavy rainfall events as observed
during a field work on June 39, where 100 mm of rainfall during two days on the previous week to
the fieldwork flooded the travertine pools upstream the cave river, where the speleothems were
collected. A remarkable feature of this sample is the fastest growth rate documented for the
southeast Brazil, which enabled the speleothem to be used as a high-resolution archive of Malfazido
cave floods.

The cave flood index reconstructed for Malfazido cave shows in general positive anomalies
in decadal frequency associated with negative anomalies of §*80 including the period with high
recurrence of cave floods between 1640-1680 C.E (Fig 75). Despite of this relation observed, the
most anomalous period of cave flood frequency (1760-1880 C.E.) is marked by a strong positive
anomaly in §*80 of CR-1 record and by increase in the variability of §*80 in MFZ-N-1. The periods
with predominance of positive anomalous decadal frequency are related to wetter conditions
indicated by the trace elements PCs, with the period of 1640-1680 C.E. marked by most positive
values of PC2mrz.n-1 and the highest frequency period (1760-1880 C.E.) marked by positive
anomalies of PC2wmrzn-1 and for the most negative anomalies of PClcr-1 and consequently the
wettest conditions recorded by CR-1 for the last millennium (Fig. 57).

These relations between the speleothems proxies (810 and trace elements PCs) indicate
that the periods with higher recurrence of events are related to enhancement of rainfall, and even
though it is commonly related to increase in SAMS activity, the highest recurrence period observed
in the last millennium seems to be related to enhanced extratropical cyclogenesis influence over

southeast of Brazil.
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Figure 57 - Comparisons between the speleothems proxies (6180 and trace elements PCs) with the cave flood index
of MFZ-N-1. The grey bars indicate the periods with decadal frequency above the mean.

Extreme precipitation events occurring in Southeast Brazil are strongly related to variations
in SSTs from both Atlantic and Pacific Ocean, and AMO and SACZ are recognized as one of the
main climate indices affecting the extreme precipitation events (Pedron et al., 2016), and the
speleothem dataset of MFZ-N-1 and CR-1 corroborate with these observations (Fig. 57 and 58).

For southern Brazil, the changes in the frequency of extreme rainfall events are generally
consistent with changes in the total amount of monthly precipitation, and this pattern is also related

to the ENSO phenomenon (Grimm and Tedeschi, 2009). El Nifio enhances wet conditions, and the
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result confirms the influence of El Nifio/La Nifia events on the rainfall and extreme events in
southern Brazil (Grimm et al., 1998; Grimm et al., 2000).

Negative phases of AMO and negative anomalies in IPWP SST are observed during periods
of higher frequency of cave floods events (1550-1680 C.E., 1760-1880 C.E.) and coincides with
the most negatives AMO anomalies for the last millennium (Fig. 58). However, a period of cave
flood frequency above the average observed during 1150-1280 C.E is associated with the most
positive anomalies of IPWP and positive to neutral phases of AMO. ENSO positive anomalies (El
Nifio conditions) are related to periods of high frequency cave floods during 1640-1680 C.E. and
1750-1800 C.E, but negative ENSO phases are also associated with periods of high frequency of
cave floods such as 1150-1280 C.E. and 1550-1640 C.E. Even though the periods with above
average cave flood events can be associated with different indices, they occur mostly in the same
periods of high volcanic activity.

Albeit the challenge to directly correlate the occurrence of cave flood events to these
indices, their combination in phases that are related to extreme precipitation events and to
enhancement of rainfall over southeast Brazil seem to be directly related to higher frequency of the
cave floods. For instance, periods with positive ENSO (EI Nifio conditions), negative AMO and
IPWP combined with high volcanic activity (1760-1880 C.E.) show the higher frequency of cave
flood events observed for the last millennium (Fig. 58).

Knudsen et al. (2014) suggests that external forcing, such as volcanic activity, might be
leading the pace of AMO variability, where a higher incidence of volcanic events can contribute to
negative AMO conditions, which in turn results in more precipitation over southeast Brazil due to
an enhancement of SAMS/SACZ activity. Previous studies also showed relations between volcanic
forcing and changes in Pacific SSTs (Rodysill et al., 2013; Adams et al., 2003), where volcanic
eruptions might also drive the ocean-atmosphere system towards more El Nifio-like conditions.
Also, Rodysill et al. (2013) showed that volcanic eruptions can directly decrease the IPWP SSTs,
leading to reduced atmospheric convection over western Pacific and thus causing drought in the
IPWP region. This mechanism is used to explain a severe multidecadal drought in East Java (IPWP
region) in 1810 C.E + 30 years. This drought event coincides with the period of highest cave flood
frequency in Malfazido cave of the last millennium. As discussed in section 8.2, negative phases

of IPWP may enhance the moisture influx in the study area by EI Nifio-like conditions, and so this
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coincidence between both extreme events may be related to these climatic features that affect the

precipitation in the study area (Fig. 58).
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Figure 58 - Comparisons between MFZ-N-1 cave flood index with Global Volcanic Forcing and climatic indices from
Atlantic and Pacific Ocean. From top to bottom: Nifio 3.0 anomalies from Conroy et al. (2009); IPWP SSTs anomalies
from Oppo et al. (2009); AMO reconstruction from Mann et al. (2009); Global Volcanic Forcing (GVF) from Sigl et
al. (2015). The grey bars correspond to periods with decadal cave flood frequency above the mean and the pointed line
correspond to periods with high recurrency of cave flood events. MFZ-N-1 scan showing the correspondence periods
of high frequency of cave flood events marked by high concentration of mud layers within the speleothem.

Variations in SSTs may drive higher frequency of cave floods by enhancement of the
SAMS/SACZ activity and by EI Nifio-like conditions. The volcanic forcing seems to be related to
high frequency cave floods periods, thus this external forcing may influence the occurrence of
extreme precipitation by its influence on climatic features such as AMO, ENSO and IPWP that are
related to the rainfall variability of SESA.
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8.4 Late and Middle Holocene Paleoflood Cave Frequency Based on Lage Branca
Speleothems and Paleoclimate Reconstructions Based on Speleothem Records
from PETAR Site, Southeast Brazil

As discussed in section 8.1, the variability of 5180 in speleothems from Southeast Brazil is
mainly related to a source effect, with monsoonal (extratropical) with depleted (enriched) 50
signatures, which indicates that §'80 records can be used as a suitable proxy for changes in
precipitation regimes from tropical-extratropical interactions over South America moisture source
(Cruz et al, 2005). Trace elements records from CR-1 show a high correlation with themselves and
their linear covariance of trace elements ratios indicates that prior calcite precipitation may control
the trace element ratios with Ca. A similar relation is observed for speleothems from Botuvera
cave, where Bernal et al. (2016) showed that prior calcite precipitation is controlling the trace
elements ratios in the cave, thus Botuvera speleothem record can be used as a suitable proxy for
reconstructing hydrological conditions (wetter/drier) above the cave. Bernal et al. (2016) described
a high correlation between the trace elements and the 520, indicating that atmospheric circulation
and SAMS intensity have been closely correlated during the Holocene, and that both are responding
to solar precession.

The figure 59 shows the comparison between 580 records from PETAR site (LB1, CB-3 and
TP-6) and with Botuvera cave speleothem (Btv21a). As discussed above, the §'80 variations are
interpreted as changes in moisture source contributions, and the trace element from BTV21a is
interpreted as a hydrological proxy for wetter/drier conditions. A clear difference is observed
between the Middle and Late Holocene in all the records, where Middle Holocene shows the most
enriched 580 values, trace elements show the most positive values, and Late Holocene have the
most depleted 580 and negative anomalies in trace element records of Btv21a (Fig. 59). Cruz et
al. (2005) posit that increase in the influence of SAMS activity in southeast of Brazil is
characterized by depleted 580 in speleothems, suggesting an enhancement in summer rainfall, but
the study also alerts that this interpretation should be handled carefully once speleothem 20
cannot detect changes in paleorainfall amount, due to the source effect be the main control of 580
variations. However, the high correlations between trace elements ratios with Ca and 5180 observed
for Btv21a in Botuvera cave, and the correlations between §'80 and trace elements from CR-1,
where both share the same modulation, suggest that the 6*30 variations observed in speleothems

may be directly related to an enhancement of summer rainfall activity with wetter conditions
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observed during the Late Holocene in comparison with the Middle Holocene, with an inflexion
point at about 4.2 ky BP, as indicated in other regions in Brazil such as Northeastern Brazil (Utida
et al., 2020).
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Figure 59 - Comparison between speleothems 6180 records from Southeast of Brazil and trace elements from Botuvera
cave. From top to bottom: Btv21a — St/Ca anomaly and 5180 from Botuvera cave speleothem (Bernal et al., 2016);
TP-6 - 5180 from Tapagem cave in PETAR site; CB-3 and LB-1 - 3180 records from Lage Branca cave.

Lage Branca speleothems present 580 records with a decadal resolution that can aid the
interpretation for multidecal scale, allowing to assess the multidecadal variability of tropical-
extratropical interactions over Southeast of Brazil. Due to the presence of detrital layers within the
speleothem, LB-1 and CB-3 present a high potential for the reconstruction of paleocave flood
events during Late and Middle Holocene, and the comparison with 6180 and trace elements records
from PETAR site allow the assessment of paleoclimate conditions, in which changes in the
frequency of paleoflood events in Lage Branca cave may occur. Figure 60 shows a comparison
between paleoflood records of Lage Branca speleothems with §'0 and trace elements from
Botuvera cave. The difference between the recurrence of paleo flood events is also clear between

the Late and Middle Holocene with an increase in the frequency after the transition between these
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periods. These higher frequencies are associated with an enhancement o SAMS activity indicated
by a regional negative anomaly of 5'80 in the speleothem’s records. The transition between the
middle and Late Holocene is marked by a strong negative anomaly of §!80 in CB-3 record
accompanied by an abrupt increase in the cave floods recorded in CB-3 and LB-1, with an abrupt
change in the growth axis of CB-3 (related to the presence of thick detrital layers). A second period
of increase in cave flood is observed from 2700-2000 C.E. and coincides with the strongest negative
anomaly observed in CB-3 and LB-1. These relations suggest that an increase in SAMS activity
over the study area may affect the recurrence of cave flood events in Lage Branca cave and that

these events may be related to enhancement of summer rainfall in the Southeast of Brazil.
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Figure 60 - Comparisons between the paleoflood frequency record of Lage Branca (CB-3 and LB-1) with 6180 and
trace element records. From top to bottom: Btv21a — Sr/Ca anomaly and $180 from Botuvera cave speleothem (Bernal
et al., 2016); CB-3 and LB-1 - 5180 records from Lage Branca cave; paleoflood frequency record from Lage Branca

speleothems.
The Late Holocene shows a trend towards negative values of 6180 anomalies from 4000-

2000 B.P., and this trend is also observed for the PC1CR-1 that indicates wetter conditions in

Cristal Cave site agreeing with the observed for Botuvera Cave with an increase in SAMS activity
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leading to an enhancement of wetter conditions probably due to increase in the summer rainfall.
The speleothems from Lage Branca stop to growth close to 2000 B.P. coinciding with the most
depleted values of 5180 in all the records and a strong negative anomaly in PC1CR-1. The hiatus
in the speleothems is marked by a thick detrital layers, and the negative anomalies of 630 and trace
elements indicate that the speleothems may have stopped to grow during the wetter conditions
observed in Lage Branca cave site between the period of 2000 B.P. to 7200 B.P. This condition
may increase the frequency of cave floods until the point that speleothems with slow growth rates
such as CB-3 and LB-1 might have its deposition suppressed by constant exposition to flooded

conditions.
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Figure 61 - Comparisons between the paleoflood frequency record of Lage Branca (CB-3 and LB-1) with 6180 and
trace element records. From top to bottom: 180 and PC1CR-1 of trace elements from Cristal cave; CB-3 and LB-1 -
8180 records from Lage Branca cave; paleoflood frequency record from Lage Branca speleothems.

9 CONCLUSIONS
The high-resolution paleoclimate reconstruction based on stable isotopes and trace elements

from speleothems collected at Malfazido and Cristal cave sites contributed to the understanding of
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the tropical-extratropical interactions and the paleoprecipitation variability during the last
millennium in Southeastern and Southern Brazil.

The statistical analysis of the speleothem data revealed the main periodicities in the
geochemistry data that suggest the most likely association between precipitation variability and the
atmospheric circulation in the study area to SSTs anomalies in the Atlantic and Pacific Oceans.
The correlation and covariance between speleothem’s trace elements allowed to relate the
variations in concentrations to prior-calcite precipitation for Cristal cave speleothem and prior-
aragonite precipitation for Malfazido speleothem. Therefore, it is possible to conclude that changes
in concentrations of trace element ratios over Ca are associated with variations in levels of recharge
into the karstic aquifer, as such conditions lead to an influence in the volume of carbonate
precipitated in the unsaturated zone above the cave, and so are mainly related to rainfall recharge
over the cave site. These relationships confirm that these trace elements records may be used as
hydrological proxies for wetter or drier conditions due to increase or decrease in the precipitation
over the study area.

The comparison with paleoclimate indices help the understanding of the impact of climate
changes on the occurrence of extreme events in the study area. Cave flood reconstructions based
on high resolutions speleothem geochemical record from Malfazido cave produced in this study
are used to assess the periods with higher recurrence of extreme precipitation events in Parana
State, as well as the changes in frequency of severe food events. The comparison between cave
flood frequency and climate modes that operates on decadal to multi-decadal time scales suggest
that SSTs from both Atlantic and Pacific Ocean may play a role in the increase of frequency of
those events during periods of SSTs anomalies associated with the enhancement of SAMS activity
over SESA or to El Nifio-conditions. The high frequency of extreme floods is also correlated to
periods with high volcanic activity during the Little Ice Age Period, and a possible link between
this internal forcing is attested.

Therefore, the novel high-resolution records of Malfazido cave and Cristal cave contribute in
an unprecedented manner to understand the frequency of extreme precipitation events related to
cave floods, and in which atmospheric-circulation and hydrological conditions that these changes
in frequency are observed. Relationship with SSTs and external forcing discussed here contribute
to the understanding of how climate changes and consequently changes in SSTs from Atlantic and

Pacific Ocean can impact the recurrence of extreme events over eastern Parana.
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New stable isotopes records with decadal resolution of Middle and Late Holocene were
reconstructed using Lage Branca speleothems from PETAR site. This speleothems samples are also
used as paleoflood cave records based on the presence of detrital layers within the speleothems.
Even though the speleothems were collected in galleries at different heights and sensitivity to to be
flooded, a consistent occurrence of these floods events proxy is observed between the samples
especially for thick layers, showing that paleoflood events shows a good replicability between
speleothems. The speleothem mud layers records showed an increase in the cave flood frequency
from Middle to Late Holocene. These differences between the number of flood events per time
periods are in agreement with the more negative 5180 values observed in the same speleothem
records that indicate an enhancement of SAMS activity over Southeast Brazil during the last 4 ky
B.P. Trace elements from Botuvera cave and Cristal cave showed that enhancement in the SAMS
activity may be relate to increase in the summer rainfall indicated by wetter conditions in both cave
sites. This paleoclimate scenario indicates that the frequency of paleoflood in Lage Branca cave
may be directly affected by enhancement of SAMS activity and to increase in summer rainfall. A
hiatus observed in both speleothems in 2000 B.P. characterized by a thick detrital layer may
indicate the period when the frequency of floods suppressed the speleothems growth in the lowers
galleries by frequent exposition to flooded conditions.

In summary, Lage Branca speleothems are present as novel paleoflood cave records covering
the period between 2000 and 7200 B.P. This is an unprecedent record for all Southeast of Brazil
and may help to understand of how low frequency cave flood can be affected by changes in the

atmospheric circulation and in the summer rainfall.
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