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RESUMO

Neste estudo investigou-se a variabilidade da Mongdo Sul-Americana (MSA) ao longo dos
Gltimos 38ka, por meio de um registro em alta resolugdo de 3'®0 baseado em trés espeleotemas
da caverna Shatuca, localizada no norte do Peru (~5°S). O registro da caverna Shatuca é um dos
primeiros registros paleoclimaticos da zona de altitude intermediaria no flanco oriental dos
Andes setentrionais (1960m).

O registro isotdpico da Shatuca compreende espeleotemas bem datados e de alta resolucéo que
sdo usados para investigar a atividade da MSA no passado, em resposta tanto ao ciclo de
precessdo da insolagdo, como as mudancas na circulagdo oceénica, ocorridas durante o ultimo
periodo Glacial — Deglacial, as quais sdo definidas nos testemunhos marinhos e de gelo do

Hemisfério Norte.

Os registros de espeleotemas da caverna Shatuca, ndo mostram nenhum controle claro da
insolacéo sobre a MSA nos Andes entre 38-11 ka AP, 0 que pode ser explicado por um controle

predominante das condig¢Ges de contorno glaciais sobre a MSA.

Mudangas abruptas, entre periodos mais imidos e mais secos da MSA, em escalas de tempo
milenar, sdo observadas no registro de espeleotemas de Shatuca através de valores de §'°0
anormalmente baixos e altos, respectivamente. Estes eventos sdo interpretados como uma
resposta aos eventos Heinrich (H) e Dansgaard-Oeschger (D-O) através de deslocamentos
latitudinais da Zona de Convergéncia Intertropical (Intertropical Convergence Zone-ITCZ). No
entanto, a intensidade da resposta a esses ciclos foi variavel. Em particular, os episodios

climaticos mais extremos foram aqueles relacionados aos eventos Heinrich 1 e 2.

O periodo de ocorréncia e a estrutura do evento Heinrich 1 (H1) sdo mais precisamente
descritos nos espeleotemas da caverna Shatuca do que em registros anteriores dos Andes e da
Bacia de Cariaco. O evento H1 é caracterizado por valores isotopicos baixos entre 18.0 e 14.7
ka AP, o que indica condi¢cdes predominantemente Umidas; mas um pico, nunca antes
registrado, de valores de 'O altos foi registrado em 16.2 ka AP. Este resultado é
particularmente importante dado que a ITCZ poderia ter estado deslocada mais ao sul do que
5°S. Além disso, a estrutura dos periodos do Bglling-Allergd (B/A) e Younger Dryas (YD)

assemelha-se a dos testemunhos de gelo da Groenlandia.

Durante o Holoceno, o clima da regido da caverna Shatuca foi controlado pela insolacéo,
consistente com outros registros de is6topos de diferentes altitudes nos Andes peruanos. O
Holoceno Inferior é marcado pelo severo enfraquecimento da MSA na regido da Shatuca, sendo
seguido por uma tendéncia de aumento gradual das condi¢des de umidade em direcdo ao

Holoceno Superior, esta tendéncia climatica, em longo prazo, ocorreu em unido a tendéncia de
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aumento da insolacdo modulada pelo ciclo de precessdo. Condi¢fes particularmente Umidas

foram sentidas na regido da caverna Shatuca ap6s 5.0 ka AP.

Vérias mudancas abruptas ocorridas, em escalas de tempo centendrias e multidecenais, durante
0 Holoceno, séo descritas pela primeira vez nos Andes. Durante o Holoceno Inferior, o caso
mais extremo, é o registrado em 9.5 ka AP, mas outros eventos Umidos ocorreram também, tais
como o registrado em 8.1 ka AP. Por outro lado, durante o Holoceno Médio, a comparacdo com
outros registros andinos, na regido afetada pela MSA, aponta para uma série de eventos abruptos
que ocorreram entre 5.1 e 5.0 ka AP. Finalmente, um resultado importante do presente estudo é
a semelhanca observada, durante o Holoceno Superior, entre o registro da caverna Shatuca com
0 do lago Pallcacocha, situado no sul dos Andes equatorianos e amplamente utilizado como um
proxy da frequéncia do fendmeno EI Nifio Oscilagdo Sul (El Nifio Southern Oscillation -
ENSO). O registro Shatuca ndo apresenta nenhuma evidéncia clara de ter sofrido algum controle
climéatico influenciado por ENSO. Pelo contrario, propbe-se que ambos registros, o lago
Pallcacocha e a caverna Shatuca, indicam um aumento da umidade entre 3.5 e 2.5 ka AP,
resultado do controle da alta insolacdo de verdo austral sobre a MSA, e de uma profunda
reorganizagdo do sistema climatico ocorrido na borda oeste da MSA, entre terras altas e

intermediarias dos Andes.

Palavras chave: Moncéo Sul-Americana, Espeleotema, Nordeste dos Andes Peruanos, 1s6topos

Estaveis, Paleoclima, Holoceno, Ultimo Periodo Glacial
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ABSTRACT

In this study, we investigated the South American Summer Monsoon (SASM) variability
through the last 38 ky with a high-resolution §'°0 record based on three speleothems from
Shatuca cave, located in northern Peru (~ 5°S). The Shatuca cave record is one of the first
paleoclimate records from mid-altitude (1960m) sites in the northeastern Andean slopes.

The Shatuca isotope record comprises well-dated and high-resolution speleothems that were
used to investigate the past activity of SASM, in response to both insolation precession cycle
and changes in oceanic circulation during the last Glacial-Deglacial period, defined in ice cores

and marine core records from the northern Hemisphere.

The speleothem records from Shatuca cave show no clear insolation control over the SASM
between 38-11 ky BP, which could be explained by a prevailing control of the glacial boundary

conditions over SASM.

Abrupt millennial shifts between wetter and drier monsoon phases are observed in Shatuca
speleothem record based on abnormally low and high values of 80, respectively. These events
are interpreted as a response to Heinrich (H) and Dansgaard-Oeschger (D-O) events through
latitudinal displacements in the Intertropical Convergence Zone (ITCZ). However, the response
intensity to these events was variable. In particular, the most extreme climate episodes were
those related to the Heinrich events 1 and 2.

The structure and timing of the Heinrich event 1 (H1) event are more precisely described in
Shatuca speleothems than in previous records from Andes and Cariaco Basin. The H1 event is
characterized by low 80 values from 18.0 to 14.7 ky BP, indicative of predominantly wet
conditions; but a peak, never reported before, of high 50 values is recorded at 16.2 ky BP.
This result is of particular importance given that the ITCZ was probably displaced even more to
the south than 5°S. In addition, the structure of the Bglling—Allergd (B/A) and Younger Dryas

(YD) periods resembles that of the Greenland ice cores.

Insolation control on climate at Shatuca site is evident during the Holocene, which is consistent
with other Andean isotope records from different altitudes in the Peruvian Andes. The early
Holocene is marked by a extremely weak SASM activity over Shatuca area, that is followed by
a gradual increasing trend toward wetter conditions at the late Holocene period, this long term
climate trend occurred in union with increasing insolation trend modulated by the precession

cycle. Particularly wet conditions were felt in Shatuca site after 5.0 ky BP.

During the Holocene, several abrupt multidecadal to centennial events are for the first time
described in Andes. During the early Holocene, the most extreme event is the one logged at 9.5

ky BP, however other wet events occurred, such as the one logged at 8.1 ky BP. On the other
12



side, during the mid Holocene, the comparison with other Andean records affected by the
SASM, points out to a striking series of events that occurred between 5.1 and 5.0 ky BP.
Finally, one important result from the present study is the similarity observed during the late
Holocene between Shatuca cave and the Pallcacocha lake record in southern Equadorian Andes,
a record that has been widely used as a proxy for El Nifio Southern Oscillation (ENSO)
frequency during Holocene. Shatuca record presents no clear evidence for climate control by
ENSO. On the contrary, it is proposed that the increase in moisture logged between 3.5 and 2.5
ky BP, in both Pallcacocha lake and Shatuca cave records, resulted from high austral insolation
control over the SASM and a major reorganization of the climatic system in the western border
of the SASM at mid- to high altitudes of the Andes.

Keywords: South American Summer Monsoon, Speleothem, Northeastern Peruvian Andes,

Stable Isotopes, Paleoclimate, Holocene, Last Glacial Period
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A7. Figure 2. a) Histogram indicating mean monthly precipitation (1964-2014) in
meteorological stations located at mid-altitudes and lowlands. b) Altitude profile and location of
Shatuca, Tigre Perdido and Palestina caves in relation to the moisture transport direction. c)

Mean annual precipitation from TRMM 2B31 satellite data.
A7. Figure 3. Rainwater isotopic results obtained during the Palestina cave monitoring program.

AT7. Figure 4. Comparison between the Shatuca record with lower altitude (900m asl) montane
forest records (3-6°S) and the Salar de Uyuni record (Baker et al., 2001a) in the Atliplano region
(20°S) from 40 ky BP to present.

A7. Figure 5. Paleoclimate records comparison for the period 40-0 ky BP.

A7. Figure 6. Millennial variability among Andean records from 40 to 10 ky BP and its relation

to the Greenland ice core records.

A7. Figure S1. Topographic map: Shatuca cave profile. Located in Yambrasbamba, Bongara

province, Amazonas —Peru. Source: Bigot (2008).
A7. Table S1. U/Th ages for the speleothem samples Sha-1, Sha-2 and Sha-3.
A7. Figure S2. Growth rate of samples Sha-1, Sha-2 and Sha-3.

AT. Figure S3. Isotopic record of samples Sha-1, Sha-2 and Sha-3, compared to the insolation

precession cycle.
A7. Figure S4. Comparison between northeastern Andean records located between 3-6°S.

AT7. Figure S5. Comparison between Andean records at lowlands, midlands and highlands with
the EDML and NGRIP ice core records.
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1. Introducgéo

A regido dos Andes apresenta grande diversidade de climas devido a extensa area que abrange,
assim como por sua elevada altitude (Guyot, 1993; Ronchail e Gallaire, 2006; Laraque et al.,
2007; Espinoza, 2009). Dessa forma, é razoavel observar variabilidade na escala espago-tempo
nos registros paleocliméticos da regido andina (Fritz et al., 2007, 2010). Devido a esta
variabilidade, é fundamental que haja nos Andes novas reconstituicBes paleocliméticas, em
escala latitudinal e altitudinal, pois a falta desses registros leva a construcdo de modelos
simplistas e com maior probabilidade de erros em suas predicGes. No entanto, até hoje, 0s
estudos paleoclimaticos na regido andina cobrem so regifes de terras baixas (~<1000 m anm) e

de terras altas (~>3000 m anm).

No flanco oriental andino, encontra-se a floresta montana, que consiste no limite ocidental da
floresta Amazonica e é considerada um “hot spot” da biodiversidade e cuja resposta a mudanca
climética atual, é ainda desconhecida (Gentry, 1988; Le6n et al., 1992; Young, 1991). Nesta
regido, também nascem os principais rios tributarios do rio Amazonas, do qual depende em
grande parte a biodiversidade da Bacia Amazbdnica (Moquet et al., 2011). Ambos, 0s rios
tributarios andinos do Amazonas e o0 bosque montano, dependem da Moncdo de Verdo Sul-
Americana (MSA) para a sua subsisténcia, por isso entender a variabilidade da mesma neste

flanco oriental, é de suma importancia.

Até o momento poucos estudos tém se concentrado no flanco oriental dos Andes Setentrionais,
area que se encontra diretamente influenciada pela MSA. Pode-se ressaltar os estudos de
Hansen e Rodbell (1995), Bush et al. (2005), Reuter et al. (2009), van Breukelen et al. (2008),
Mosblech et al. (2012) e Apaestegui et al. (2014), com base em espeleotemas e testemunhos

lacustres.

A presente pesquisa investigou a variabilidade paleocliméatica durante os ultimos 38 mil anos,
com énfase nas mudancas ocorridas no nordeste dos Andes peruanos, no periodo que envolve
parte do ultimo periodo Glacial (entre 38 e 19 ka AP, Seltzer et al., 2002), a transi¢do do Glacial
para 0 Holoceno (periodo Deglacial) e o Holoceno (apds 11 mil anos). O estudo baseia-se na
analise dos perfis isotopicos do oxigénio (3'°0), em alta resolucdo, de trés espeleotemas

provenientes na caverna Shatuca (5°S), localizada numa altitude intermediaria (1960m).

A importancia desse estudo é em parte devido a auséncia de dados paleoclimaticos em altitudes
equivalentes a da caverna Shatuca. Desse modo, o registro de Shatuca pode revelar o porqué das
diferencas climaticas existentes, entre as terras altas e baixas, nos registros paleoclimaticos do

flanco oriental andino.
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A tese esta organizada na forma de capitulos, onde os primeiros dois capitulos sdo introdut6rios
(Introducdo e Objetivos da Pesquisa). Apds o detalhamento da area de estudo, no capitulo 3
descreve-se a metodologia aplicada no desenvolvimento desta pesquisa (Materiais e Métodos).
No capitulo 4, descrevem-se brevemente os sistemas climatoldgicos que afetam o regime de
chuvas na é&rea de estudo. Posteriormente, no capitulo 5, sdo explicados detalhes da
hidrogeoquimica isotopica, base do estudo paleocliméatico com espeleotemas. No capitulo 6, se
faz uma breve revisdo dos estudos paleocliméatologicos existentes na regido da Mong¢do Sul-
Americana, e se introduzem os resultados da pesquisa, que serdo apresentados em forma de dois
artigos (ANEXO 6 e 7). O primeiro artigo “Holocene changes in monsoon precipitation in the
NE Peruvian Andes based on 60 speleothem records” descreve e discute o sinal isotopico
dos espeleotemas durante o periodo Holocénico, e o segundo artigo “Orbital to millennial
changes in monsoon precipitation in western Amazon from the last Glacial to the Holocene
from speleothem isotope records”, aborda a variabilidade paleoclimatica da regido andina
durante o Pleistoceno Superior, numa escala espago-temporal que se baseia na comparacdo do

registro isotdpico da caverna Shatuca com registros prévios da regiao.
2. Objetivos da Pesquisa

- Realizar um estudo paleoclimatico, com base em perfis isotopicos de 5'*0 em estalagmites
depositadas nos ultimos 38 ka AP durante o ultimo periodo Glacial e o Holoceno, na caverna
Shatuca, localizada no nordeste dos Andes peruanos.

- Identificar e descrever os padrBes de variacdo na paleopluviosidade da regido nordeste dos
Andes peruanos, em diferentes escalas de tempo. Primeiramente de acordo com o ciclo de
precessao (periodicidade de aproximadamente 23 mil anos), e em segundo lugar, de acordo com
a ocorréncia de eventos milenares tipo Dansgaard-Oeschger (D-O), Heinrich (H), Bglling-
Allergd (B/A), Younger Dryas (YD), e dos eventos Bond (que se repetem a cada 1.5 - 3.0 mil
anos).

- Discutir os possiveis mecanismos responséaveis pelas mudangas climéaticas no nordeste dos
Andes peruanos. Regido que na atualidade é diretamente afetada pela Mongdo Sul-Americana
(MSA) e indiretamente afetada pelas variagdes de temperatura da superficie do mar (TSM) do

Pacifico tropical.
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3. Materiais e Métodos
3.1. Area de estudo

A caverna Shatuca estd situada no distrito de Yambrasbamba- Provincia de Bongora, no
Departamento de Amazonas no Per(. Sua localizagdo geografica é 5.70°S; 77.90°W, no
nordeste dos Andes peruanos (Fig. 3.1). Trata-se de uma area onde as formacdes carbonéticas

de idade Triéssica-Jurassica estdo expostas (Cobbing et al., 1981).

A regido nordeste dos Andes peruanos encontra-se diretamente influenciada pelos ventos alisios
de nordeste, os quais transportam umidade desde o Atlantico tropical norte até a Amazonia. Ao
chegar aos Andes, estes ventos viram em dire¢do sudeste, devido ao efeito de bloqueio da
Cordilheira Andina e formam o Jato de Baixos Niveis (Low Level Jet- LLJ) que transporta
umidade desde a Amazbnia até a Bacia da Plata (Nogués-Paegle et al., 1998). Na estacdo
chuvosa austral, este LLJ se desloca em diregdo oeste (Poveda et al., 2014). Sendo o LLJ a
feicdo oeste da MSA, pode-se dizer que a caverna Shatuca, encontra-se na da borda da regido de
influéncia da MSA, sendo diretamente afetada pela mesma (Fig. 3.2).

Em escalas de tempo interanuais, durante os ultimos eventos El Nifio-extremos (1982-83, 1991-
92 e 1997-98), extremas secas ocorreram nesta regido nordeste dos Andes junto com um
fortalecimento do LLJ, enquanto inundacGes ocorreram durante os Gltimos eventos La Nifia-
extremos (1970-71, 1973-74, 1975-76, 1988-89), devido a um enfraquecimento do LLJ
(Marengo e Nobre, 2001; Nogués-Paegle e Mo, 2002; Vuille et al., 2003; Bradley et al., 2003;
Marengo, 2009; Garreaud et al., 2003, 2009; Grimm, 2011; Lavado e Espinoza, 2014). No
entanto, as extremas secas da Amazénia de 2005 e 2010 foram relacionadas a temperaturas
andmalamente quentes da superficie do mar (TSM) no Atlantico tropical norte (Marengo et al.,
2008, 2011; Espinoza et al., 2011; Lavado et al., 2012; Lavado e Espinoza, 2014). Ademais, em
escalas de tempo decenais, Marengo et al. (2004) mostraram que a Oscilagdo Decenal do
Pacifico (Pacific Decadal Oscillation- PDO) e a Oscilagdo do Atlantico Norte (North Atlantic
Oscillation- NAO) podem afetar a atividade do LLJ.

Portanto, o sinal paleoclimético obtido com os registros isotopicos de espeleotemas da caverna
Shatuca, reflete variagdes da MSA, assim como traz informacdes sobre os mecanismos que

atuam nos Andes em diferentes altitudes a diferentes escalas de tempo.

Na figura 3.3a sdo apresentados os valores de precipitagdo média anual durante o periodo
(1964-2014) para as estacbes pluviométricas (SENAMHI PERU, Servico Nacional de
Meteorologia e Hidrologia do Peru) situadas nas proximidades do local de estudo. E possivel

observar que todas as esta¢fes usadas, mostram um regime de precipitacdo bimodal, o qual se
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encontra relacionado a passagem sazonal da Zona de Convergéncia Intertropical (Intertropical
Convergence Zone- ITCZ) sobre a regido. Aproximadamente 85% da chuva anual ocorre entre
setembro e maio, como parte da MSA, e outro 15% da precipitacdo € relativo a chuva equatorial
residual. Além disso, observa-se que o volume de chuva diminui conforme a altitude aumenta.
Areas localizadas entre 800-900m anm s3o mais Umidas (1600mm/ano) do que as regides
localizadas entre 1300- 2500m anm, onde a média anual é de 855mm/ano.

A grande variabilidade climatica em diferentes altitudes deve-se a topografia dos Andes
orientais, que gera uma complexa distribuicdo das chuvas com flancos Umidos e secos
ocorrendo face & face nos mesmos vales. Isso pode ser observado na figura 3.3b, obtida a partir
do satélite TRMM2B31 (Bookhagen and Strecker, 2008) que mostra o local da caverna Shatuca
como sendo mais seco em relacdo aos arredores, provavelmente devido a um efeito de
“rainshadow”, o qual ocorre nas areas situadas a sotavento das cadeias de montanha, nas areas

influenciadas pelos ventos alisios (Fig. 3.3c).
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Figura 3.1. Localizacdo da caverna Shatuca (5.70°S, 77.90°W) (estrela branca) em altitudes
intermediarias (1960m). No mapa pode-se também observar a localizacéo de outros registros
paleoclimaticos andinos em alta e baixa altitude. Estes registros sdo: o testemunho lacustre do
lago Pallcacocha, no Equador (~3°S, 4200m anm) (Rodbell et al., 1999; Moy et al., 2002); o
testemunho de gelo da geleira Huascaran (~9°S, 6048m anm) (Thompson et al., 1995); o
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testemunho lacustre do lago Pumacocha (~11°, 4300m anm) (Bird et al., 2011a,b); o
testemunho de gelo da geleira Quelccaya (~13°S, 5670m anm) (Ramirez et al., 2003) e 0s
testemunhos lacustres do lago Titicaca (~16°S, 3812m anm) (Baker et al., 2001b; Baker et al.,
2005; Fornace et al., 2014), nos Andes peruanos. Na Bolivia, o testemunho de gelo do vulcéo
Sajama (~18°S, 6542m anm) (Thompson et al., 1998) e o testemunho sedimentar do Salar de
Uyuni (~20°S, 3653m anm) (Baker et al., 2001a). Também ¢é indicada a localizagéo de outros
registros da América do Sul, como o registro baseado em espeleotemas da caverna de Botuvera
no sudeste brasileiro (~27°S) (Cruz et al., 2005a,b), o registro da caverna Lapa Grande no
centro-leste brasileiro (~14°S) (Strikis et al., 2011), a &rea do nordeste brasileiro (NEB) onde
existem varios registros baseados em espeleotemas (~12°S) (Wang et al., 2004; Novello et al.,
2012) e finalmente os testemunhos marinhos da Bacia de Cariaco na Venezuela (10°N) (Haug
et al. 2001; Deplazes et al., 2013). A figura indica a posi¢édo destes registros no ambito da
regido da América do Sul afetada pela atividade da Monc&o Sul-Americana (MSA), também é
indicada a localizacao das fei¢des da MSA, como a Zona de Convergéncia Intertropical
(Intertropical Convergence Zone-ITCZ) e da Zona de Convergéncia do Atlantico Sul (South
Atlantic Convergence Zone-SACZ). A direita: Mapa de acesso e localizagio da caverna
Shatuca e das cavernas de terras baixas Tigre Perdido - 1000m anm (van Breukelen et al.,
2008), El Diamante - 960m anm (Cheng et al., 2013a) e Palestina - 870m anm (Apaéstegui et
al., 2014).
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Figura 3.2. Localizacao das regides andinas referidas neste estudo e o seu posicionamento com
respeito ao Jato de Baixos Niveis (Low Level Jet, LLJ) e & umidade transportada pela Moncé&o
Sul-Americana. Localizagdo do nordeste dos Andes (n°1), ao redor dos 5°S, onde se encontram
0s registros da caverna Shatuca (este estudo) em terras de altitude intermediaria (1960m), e em
terras de baixa altitude (entre 800-1000m) as cavernas de Tigre Perdido (van Breukelen et al.,
2008), Cascayunga (Reuter et al., 2009), El Condor, El Diamante (Cheng et al., 2013a) e
Palestina (Apaestegui et al., 2014). Também € indicada a localizagao dos registros de alta
altitude, como a do lago Pumacocha (Bird et al., 2011a,b) e a das cavernas Papahuacain e
Huagapo (Kanner et al., 2012, 2013), localizadas nos Andes centrais peruanos ao redor de
10°S (n°2). Também se indica a localizacao da regido do Altiplano, onde se encontram 0s
registros do lago Titicaca (Fornace et al., 2014) (n°3), e do Salar de Uyuni (Baker et al.,
2001a) (n°4). No mapa pode-se observar a localizagéo dos ventos alisios de nordeste que
transportam umidade desde o oceano Atlantico tropical norte, a evapotranspiracao (ET) da
Bacia Amazdnica que alimenta a MSA com vapor de 4gua enriquecido em *20, e a localizacéo
do Jato de Baixos Niveis (Low Level Jet, LLJ), que transporta a umidade ao longo dos Andes

até a regido do El Chaco. Mapa modificado de Marengo et al. (2004).
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Figura 3.3. a) Variag0es sazonais de chuva registradas pelas estacdes pluviométricas situadas
entre 1300 e 2500m anm (Chachapoyas, Pomacochas, Jazan e Jumbilla) e aquelas entre 800-
900m anm (Soritor, Rioja e Naranjilllo) na regido nordeste dos Andes peruanos, para o periodo
entre 1964 e 2014. b) Mapa de precipitacdo média anual a partir dos dados do satélite TRMM
2B31 (média para 1998-2009, em mm/ano) (Bookhagen and Strecker, 2008). A localizagdo da
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caverna Shatuca (triangulo vermelho), das cavernas Tigre Perdido e Palestina (triangulo
amarelo), e das esta¢bes pluviométricas situadas entre 1300 e 2500m anm (circulos amarelos
numerados de 1-4) e entre 800-900m anm (circulos verdes numerados de 5-7). c) Perfil
altitudinal que mostra a localiza¢do da caverna Shatuca (“S”) em sotavento com respeito ao
vento vindo do leste. Enquanto as cavernas Tigre Perdido “T” e Palestina “P”, se encontram

em barlavento.
3.2. Coleta de estalagmites

A qualidade da amostra depende de varios fatores. Em primeiro lugar, é importante que a
estalagmite ndo apresente alteragbes secundarias mineralogicas que afetem a composicdo
isotopica da amostra, para isso se preferiu coletar estalagmites formadas por carbonato de célcio
(CaCO0:s) de coloragdo clara e com auséncia de camadas ricas em argilominerais (camadas mais

escuras). Também se descartaram aquelas que apresentaram fei¢Ges indicativas de dissolucéo.

Em segundo lugar, foram evitadas amostras com variagdes na posi¢do do eixo de crescimento,
ja que a presenca dessas variacdes aumenta a possibilidade de hiatos, e portanto necessita de
maior nimero de data¢bes geocronoldgicas, 0 que ocasiona maior tempo de trabalho e de
recursos laboratoriais. Por isso, foram coletadas preferencialmente estalagmites com formato
cilindrico cujo eixo de crescimento é melhor definido e portanto, tém uma ordenacao

estratigrafica mais simples.

Em terceiro lugar, para que as variacdes das razdes isotdpicas dos espeleotemas possam refletir
mudancas do ciclo hidrolégico é necessario que durante a precipitacdo da calcita (CaCQ3), o
fracionamento do oxigénio ocorra em condi¢des de equilibrio isotopico entre a agua e a calcita.
Deste modo, para obter amostras cuja deposicao tivesse ocorrido em condi¢des de equilibrio
isotopico, a coleta das estalagmites se deu em galerias e salGes isolados com minima circulacdo
de ar, alta umidade relativa e minima variacdo de temperatura (Lachniet, 2009). Desse modo, o
rigor no procedimento de coleta é condi¢do basica para que valores de 3'°0 do CaCO; dos
espeleotemas possam ser associados a composicdo da agua metedrica e dessa forma as variagdes

paleoclimaticas.

Finalmente, as amostras foram coletadas a 120 m, no ponto mais distante da entrada da caverna,
a alguns metros acima do rio subterraneo, longe da atuacéo de correntes de ar, da exposicao as
variagbes climaticas externas e da baixa umidade relativa da atmosfera. Condig¢bes que
poderiam induzir a uma precipitacdo de CaCO; sob processos de fracionamento cinético devido

a condicOes evaporativas ou de rapida degaseificacao.

Na figura 3.4 mostra-se o levantamento topogréafico da caverna, realizado pelos Grupos Speleo
Bagnols Marcoule (GSBM - Franca) e Espeleo Club Andino (ECA-Pert) em 2007 (Bigot,
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2008); s6 um ano depois as estalagmites foram coletadas. A caverna Shatuca com um
comprimento de 670m no eixo sul-norte e com galerias fosseis e ativas que tém uma extensdo

vertical total de 30m, é um sistema ativo que apresenta um rio subterrdneo com ampla variagdo

de vazdo.
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Figura 3.4. Mapa topografico da caverna Shatuca. A seta vermelha indica onde as amostras
foram coletadas. Fonte: Bigot (2008).

3.3. Preparacdo das amostras para datacao radiométrica e analises isotopicas

A preparagdo das amostras foi realizada em quatro etapas. Na primeira, as estalagmites foram
cortadas longitudinalmente ao longo do eixo de crescimento com uma serra Diamond Wire
Saws (Modelo 7230-480). Na segunda etapa, ambas faces das amostras foram polidas com uma
politriz Bosch Modelo GPO 12, com prato de velcro e lixas de grano 220, 320 e por ultimo, de
grano 600 e 1200 para o acabamento final. O polimento das faces permite realizar uma melhor
observacdo das camadas de crescimento (estratigrafia) e coloracdo das mesmas, assim como
facilita a visualizagdo das feicBGes texturais e estruturais do espeleotema e a identificacdo de
possiveis zonas de dissolucdo. Em seguida, foi realizada uma triagem das amostras
potencialmente mais propicias para o estudo isotdpico de acordo com as fei¢Bes internas dos
espeleotemas. Durante a triagem das amostras, sdo levados em consideracdo 0s aspectos
mineraldgicos, texturais e estruturais do espeleotema. Foram selecionadas amostras
preferencialmente monomineralicas, sem feicGes de alteragdes secundarias e que apresentassem
a maior continuidade deposicional possivel. Em outras palavras, aquelas com menor nimero de

hiatos e/ou variagOes da posigédo do eixo de crescimento.
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A terceira etapa consistiu na digitalizacdo das faces com um scanner convencional.
Posteriormente, as imagens das faces foram trabalhadas com o software Corel Draw e nelas se
realizou a pré- selecdo das camadas onde seriam feitas as datacdes **U/=°Th, bem como a pré-
definigdo do eixo de crescimento de cada uma, onde se realizaria o perfil isotopico.

A quarta etapa consiste na amostragem geocronoldgica das estalagmites. A extracdo de CaCOs;
do espeleotema para datagdo radiométrica foi realizada com o uso de uma microrretifica de eixo
flexivel do fabricante Dremel, modelo 225. Para cada camada amostrada foram extraidas entre
0.2 e 0.4 g de CaCO; do espeleotema, dependendo da concentracdo média de uranio de cada
amostra. Com o0 objetivo de tornar a amostragem geocronolégica das estalagmites mais
confiavel e conferir melhor a exatiddo e precisdo das idades, se realizou o detalhamento dos
trechos localizados entre possiveis hiatos deposicionais ou com mudanca do eixo de

crescimento.

Evitaram-se trechos com indicacBes de processos de dissolugdo e recristalizacdo, assim como
camadas amarronzadas a avermelhadas, por estas Ultimas serem indicativas de maior
concentragdo de material terrigeno, fonte de ?°Th detritico e portanto de erro nas datacdes
baseadas no método U/Th. A figura do ANEXO 1 apresenta a imagem dos cortes longitudinais

das estalagmites analisadas com a locacéo das amostras datadas.
3.4. Datacao geocronoldgica pelo método U/Th

As datacBes pelo método *°U/***Th foram realizadas, pelo aluno de mestrado Nicolas Strikis,
nos Estados Unidos no Laboratério de Geocronologia do Departamento de Geologia e Geofisica
da Universidade de Minnesota, com a utilizacdo do espectrdometro de massa do tipo ICP-MS
(Inductively Coupled Plasma Mass Spectrometry), modelos Finnigan Elements e Finnigan
Neptune, de acordo com os procedimentos estabelecidos por Shen et al. (2002).

De modo geral, o calculo das idades foi realizado com base nas medidas das razdes isotdpicas e
dos fatores de correcdo para eliminar efeitos de contaminacdo de Th detritico (Edwards et al.,
1986; Richard e Dorale, 2003). A precisdo obtida, na maior parte das datacbes, foi de

aproximadamente 1% ou inferior, segundo estimativa 2c.

Uma vez obtidas as datacbes (ANEXO 2), observou-se a presen¢a de alguns hiatos no
crescimento dos espeleotemas, que ndo tinham sido identificados previamente na analise visual.
Por isso, mais datacGes foram feitas ao longo da pesquisa. Esses refinos geocronoldgicos foram
também realizados no laboratério da Universidade de Minnesota, de acordo com o0s
procedimentos estabelecidos por Cheng et al. (2013b). O detalhamento dos procedimentos
laboratoriais para as medidas de concentracdo de U e Th no material amostrado das estalagmites
se encontra no ANEXO 3 (Strikis, 2011).

27



3.5. Amostragem de calcita para isotopos estaveis e analises isotopicas

Apobs obtencdo dos dados geocronoldgicos foi realizada a selecdo das estalagmites que seriam
submetidas a analises isotopicas. Na sele¢do considerou-se que o intervalo temporal preenchido
por cada amostra, permitisse a obtencdo de um registro paleocliméatico que fosse o mais

continuo possivel.

Foram eleitas trés estalagmites (Sha-1, Sha-2 e Sha-3) que cobriam os Ultimos 38 mil anos AP
(Antes do Presente, onde o “Presente” refere-se ao ano 2000 A.D.), cujo comprimento variou
entre 20cm e 1.60m. O ANEXO 4, apresenta 0 modelo de idade para as amostras selecionadas.
Estabeleceu-se um perfil de amostragem para cada estalagmite, seguindo aproximadamente o
eixo de crescimento das mesmas. Posteriormente, com a utilizacdo do software Corel Draw, se
mediram digitalmente as distancias entre as camadas datadas. A razdo entre as distancias e as
datacOes previamente obtidas, foi utilizada nos célculos das taxas de crescimento (TC) das
estalagmites (ANEXO 5). A representatividade dos valores de TC em termos de variacdo
paleocliméatica depende intrinsecamente do detalhamento geocronolégico realizado em cada

estalagmite.

A escolha da resolugdo temporal de amostragem, para anélise dos is6topos estaveis de O e C,
levou em conta a duracdo dos principais eventos paleoclimaticos conhecidos. Para as
estalagmites depositadas durante o Holoceno, periodo em que se avaliaram 0s impactos de
variagdes climaticas abruptas em escalas de tempo seculares até decenais, se realizaram
amostragens com resolucdo de 0.3 a 20 anos. Para as estalagmites depositadas durante o ultimo
periodo Glacial e Deglacial foram realizadas amostragens de menor detalhe, com resolucao
entre 5 e 33 anos, para avaliar as variag@es climaticas em escala de tempo milenar. Esses valores

correspondem a intervalos de amostragem entre 0,1 mm e 4 mm.

A amostragem de CaCO; das estalagmites para analises isotOpicas foi realizada usando dois
equipamentos dependendo da resolucdo requerida para o perfil isot6pico: 1) microamostrador
modelo 5400 da Sherline acoplado a um medidor digital da distdncia entre 0s pontos
amostrados, que permite uma resolucdo maxima de 0.4mm entre amostras (Fig. 3.5); € 2) o
Micromill - Micromachining System, microamostrador de alta preciséo e velocidade, acoplado
em um stereomicroscopio com montagem para controle de movimento nos eixos X, Y e Z que
permite uma resolucdo méaxima de 0.1lmm. Para cada amostra, foram extraidos
aproximadamente 0.2 mg de amostra de CaCOs, em pd, por meio de uma broca de ago carbono.
A amostra foi depositada com o auxilio de finas espétulas no fundo de um tubo de ensaio com
tampa rosqueada. Os tubos de ensaio contendo as amostras foram entdo levados para o

laboratério de isétopos estdveis do Centro de Pesquisas Geocronoldgicas (LIE-CPGeo) do
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IGc/USP, onde se realizaram as analises isotdpicas de oxigénio e carbono, com a utilizacdo de

espectrometros de massa de fonte gasosa, modelo Thermo - Finnigan Delta Plus Advantage.

A
g

pifisd

Figura 3.5. Foto do microamostrador Sherline 5400, equipamento utilizado para coleta de
carbonato de célcio (CaCOj3) em espeleotemas, e dos tubos de amostragem utilizados nas

analises isotopicas.

Ao todo foram analisadas sequéncialmente entre 60 e 64 amostras de CaCOs; por vez,
dependendo da quantidade de padrdes utilizados. Em geral, a razdo entre 0 nimero de amostras
e padrbes foi de um para seis respectivamente. No caso, foram utilizados dois padrdes
internacionais NBS19, NBS18, e um padrdo produzido pelo LIE-CPGeo, chamado de REI, cuja
composicdo foi calibrada em relacdo ao padrdo internacional V-PDB (Vienna- Pee Dee

Belemnite), utilizado para rochas carbonéticas.

O principio basico dos procedimentos analiticos para a obtencdo das razdes dos is6topos de O e
C consiste na extracdo do dioxido de carbono (CO,) da calcita do espeleotema, por meio da
reacdo (hidrdlise acida) entre 0 CaCOj;da amostra e HsPO, a 100%, num reator sob temperatura
controlada a 72°C. O CO, é arrastado dos tubos de ensaio através de um fluxo de Hélio para o
acessorio tipo Finnigan Gas Bench, de onde é separado do vapor de &gua dentre outros gases
por um sistema de cromatografia de gases. Esse sistema opera de forma automatizada. Dentro
do espectrébmetro, um sistema composto por triplo coletor de O/C realiza a determinagdo das

raz0es isotdpicas do CO,, através de uma fonte idnica.

A proporcéo entre 0s isGtopos estaveis do oxigénio (**0 e '°0) e do carbono (*°C e **C) séo
estimadas em relagdo a um padréo e expressas através da notag@o delta (5), de acordo com as

equacdes 3.1 e 3.2. Os valores obtidos sdo reportados em %o (partes por mil), 0 que torna mais
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facil a leitura e a interpretacdo das razdes entre is6topos estaveis. Assim a expressdo da notacéo

d para os isotopos de O e C fica:
%0 (%o) = [(**O/**Oumostra ! *OI*®Opaarzo) -1]*1000
Eq. 3.1
8°C (%0) = [(*C/**Camostra | *CI"*Cpadrao) ~11*1000

Eq. 3.2

Os resultados analiticos foram baseados na analise de dez aliquotas sequénciais de cada
amostra. A precisdo analitica ¢ aproximadamente = 0.08%o para o carbono e de + 0.15%o para o

oxigénio, nas amostras contendo no minimo 100 pg de carbonato de célcio em po.
3.6. Obtencao da série temporal paleoclimatica

A idade de cada amostra analisada para is6topos estaveis foi obtida por meio de uma
interpolagdo linear entre as datacfes U/Th, considerando o nimero de amostras de is6topos
estaveis existentes entre datacdo e datacdo. S6 uma vez obtida a idade de cada valor de §*%0, foi
possivel fazer o grafico da série temporal paleocliméatica dos espeleotemas. O objetivo da
interpretacdo das séries temporais é a previsdo de valores futuros e a anélise da estrutura interna

da série.

Segundo Spiegel (1993), uma série temporal é representada pela construcdo de um gréafico de Y
em funcdo de t, onde a varidvel Y (temperatura, precipitacdo, etc.) varia no tempo t, assim
Y=F(t).

Nas séries temporais, ocorrem geralmente trés tipos de movimentos caracteristicos,

denominados componentes da série temporal (Morettin e Toloi, 2006):

1) Tendéncia da série: movimento regular e continuo de longo prazo que pode ser crescente,

decrescente ou constante.

2) VariagOes ciclicas: padrbes idénticos, ou quase, em torno da curva de tendéncia,
denominados geralmente de ciclos como, por exemplo, as variagdes sazonais ciclos do

comportamento de manchas solares que ocorrem a cada onze anos.

3) Variagdes irregulares ou aleatorias: deslocamentos esporddicos das series temporais,
provocados por eventos casuais, naturais ou mesmo antrépicos, como enchentes, secas,

erupcdes vulcanicas, guerras, entre outros.
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As séries podem ser discretas ou continuas. A série é chamada discreta quando as observacdes
sdo feitas em tempos especificos, geralmente equiespacados, enquanto as séries continuas sao
obtidas quando as observagdes séo feitas continuamente no tempo. Note-se que estes termos ndo
se referem a variavel observada, pois esta pode assumir valores discretos ou continuos. Por

outro lado, séries continuas podem ser discretizadas (Ehlers, 2009).

Uma série paleoclimética apresenta um comportamento discreto onde os intervalos At entre um
ponto e outro, sdo marcados pela resolucdo do registro. Os dados de registros (paleo) ambientais
sdo geralmente interpolados de forma linear entre as datacGes geocronoldgicas, de forma que o
registro passa a ser composto por uma composicdo de séries temporais entre uma datagdo

geocronoldgica e outra. Sendo o At a resolugdo amostral do segmento.

A andlise da série temporal construida a partir do registro paleocliméatico (ou

instrumental/historico), visa principalmente determinar:
(1) Se a série apresenta comportamento periédico ou aleatorio;

(2) Se constatado o comportamento periodico, em qual frequéncia esse comportamento é mais
expressivo e qual é a relagdo entre as frequéncias de oscilagdo mais baixas em relacdo as mais

altas, e vice-versa;
(3) Em que periodo do tempo os eventos ou ciclos foram mais intensos;

(4) A relacéo quantificada de quanto um registro é semelhante a outro registro ou proxy (indice),
tanto no que diz respeito ao aspecto das frequéncias, como no ambito comportamental ao longo

da série temporal.

Para isso, foram realizadas as andlises estatisticas de REDFIT (Schulz e Mudelsee, 2002) e de

Ondeletas (Wavelet Analysis) (Torrence e Compo, 1998).

A analise por REDFIT consiste numa série de procedimentos implementados por Schulz e
Mudelsee (2002), baseados no peridiograma de Lomb, cuja funcdo é obter um espectro de
densidade espectral. Nessa analise sdo consideradas sobreposi¢des de “janelas” formadas pela
divisdo dos dados com base em um ajuste para altas frequéncias ou ruido vermelho (red noise) e
testes para oscilaces aleatérias, que ndo tenham significado no que diz respeito ao
comportamento do sinal, conhecidas como ruido branco (white noise). Os testes de significancia

dessa analise sdo baseados nos métodos de Monte Carlo e %2 (Ghil et al., 2002).

A andlise de Ondeletas (Torrence e Compo, 1998) tem como principal objetivo mostrar onde
ocorreram eventos periédicos ao longo do registro e a sua intensidade em relacdo a outros
eventos periddicos, tanto no &mbito temporal como no das periodicidades. Nessa andlise, o sinal

é decomposto em diferentes niveis de resolucdo conhecidos como multiresolucédo e é ajustado a
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funcdo de onda, determinada através de uma transformada entre a série e a funcdo de onda. O
termo ondeleta refere-se a um conjunto de fungdes de ondas "W¥(t)" geradas por dilatagdo,
Y(t)—>Y(at), ¢ translagdo W(t)—WP(t+b). Essa funcdo tem que apresentar energia finita com
média zero, de forma que suas funcgdes filhas, geradas a partir dos coeficientes de dilatacdo "a" e

translagéo "b", tomem a forma:

1 t—b
‘f’ub(f:J:—_‘f’( )
» \{.2 a

Eq.3.3

Sendo a transformada de ondeletas de uma fungéo temporal f (t), definida por:
+oo
t—b
W= (¥, = | fow(—)a

Eq. 3.4

A funcéo de onda é definida de acordo com o objetivo da andlise, sendo a ondeleta Morlet a
mais utilizada na analise de registros paleoclimaticos. O resultado da analise de ondeletas pode
ser visualizado a partir de diversos softwares e rotinas de programacao disponiveis na internet,
esse resultado consiste num diagrama tridimensional onde a intensidade dos eventos periddicos
é mostrada através de um indice de cor, 0 eixo vertical mostra os periodos em uma escala
exponencial (geralmente de base 2) e o eixo horizontal apresenta o tempo (0 mesmo da série
paleoclimatica). Maiores detalhes sobre os algoritmos, aplicacfes e limitacdes dessa analise
podem ser vistos em Torrence e Compo (1998), Grinsted et al. (2004) e Bolzan (2004, 2006).

4. Climatologia Moderna

A compreensdo prévia da atuacdo de certos sistemas climatologicos do presente é importante
para melhor entendimento dos provaveis mecanismos que explicam a variabilidade
paleocliméatica em escala milenar e orbital nas regides tropicais. Por esse motivo, uma breve
descrigdo da Mongdo Sul-Americana (MSA) serd abordada neste capitulo.

Em 1998, Zhou e Lau demonstraram que a circulacdo atmosférica da América do Sul (AS)
podia ser considerada como um regime de moncdo. No geral, em outras regides tropicais o
termo moncdo consiste numa reversdo sazonal da circulacdo de grande escala, devido a um
aquecimento diferencial entre continente e oceano. Na AS, o padrdo sazonal da circulacdo
atmosférica ¢ diferente, ja que durante todo o ano prevalece um fluxo de circulagdo atmosférica
proveniente do leste, tanto no Atlantico tropical como no norte de AS. No entanto, quando a

média anual da circulacdo de ventos do leste € removida, torna-se evidente a ocorréncia de
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anomalias sazonais na circulacdo de baixos niveis, 0s quais sdo semelhantes as anomalias de um
regime de mongéo (Bombardi e Carvalho, 2008).

O inicio da MSA ocorre entre o fim de setembro e inicios de outubro com a formacdo de
conveccdo sobre o noroeste da regido Amazonica, a qual se estende na diregdo sudeste da AS,
intensificando-se progressivamente. No geral, o periodo de estabelecimento da MSA dura um
més, apds do qual abundante chuva cai. Em outubro, a zona de umidade chega ao sul da
Amaz6nia e ao Planalto brasileiro e em novembro, a mesma se estende desde o equador até
20°S, tendo como nucleo o centro da AS (Vera et al., 2006). Entretanto, nem a Bacia
Amazonica oriental nem o nordeste brasileiro (NEB) recebem chuvas. Este inicio da MSA ¢é
simultdneo ao inicio do deslocamento da Zona de Convergéncia Intertropical (Intertropical
Convergence Zone- ITCZ) para o sul, devido a intensificacdo dos ventos alisios de nordeste, que
transportam maior quantidade de umidade desde o Atlantico tropical norte, aumentando assim, a
umidade transportada pela MSA (Vuille et al., 2012). Somente no final do més de novembro, a
chuva chega ao sudeste de América do Sul (Kousky, 1988; Marengo et al., 2001; Gan et al.,
2004; Vera et al., 2006).

Durante a fase madura da MSA (fim de novembro até fim de fevereiro), forma-se, em baixos
niveis da troposfera, uma banda de conveccdo noroeste-sudeste, que se estende desde o sul da
Amazbnia e Altiplano, até o sudeste de América do Sul, conhecida como a Zona de
Convergéncia do Atlantico Sul (South Atlantic Convergence Zone - SACZ). A SACZ é uma
feicdo predominante da MSA (Kodama, 1992), que pode afetar parte da regido mais préxima ao
Atlantico Sul (Vera et al., 2006).

Em resposta ao aquecimento convectivo da Amazonia e Brasil central, a Baixa do Chaco
(localizada em 850 hPa) se intensifica e impulsiona o Jato de Baixos Niveis (Low Level Jet-
LLJ) em direcdo sudeste (Gandu e Silva Dias, 1998). Este LLJ se origina na parte norte de
América do Sul, no sopé da Cordilheira dos Andes e traz condi¢des de umidade para a Bacia
Amazobnica e a vertente leste dos Andes, tanto setentrionais como centrais (Nogués—Paegle e
Mo, 1997; Labraga et al., 2000). Simulac¢des indicam que o LLJ transporta cerca de 40% de
umidade na regido influenciada pela MSA e que aproximadamente 80% das chuvas anuais do
Altiplano correspondem & MSA (Vuille et al., 2003).

Por outro lado, em altos niveis da troposfera (200hPa), a circulagdo atmosférica inclui uma
circulagdo anticiclénica (a Alta da Bolivia) localizada préximo a 15°S, 65°W e o Cavado de
Nordeste, na regido litor&nea do nordeste brasileiro. Juntas, estas condi¢fes de altos e baixos
niveis permitem o estabelecimento da MSA (Fig. 3.1 e 3.2). Assim, forma-se um giro em escala
continental, que transporta umidade em direcdo oeste desde o oceano Atlantico até a Bacia
Amazonica e depois em direcdo sul as regifes extratropicais da AS (Fig. 3.1 e 3.2), e que se

intensifica devido a presencia dos Andes e do LLJ. Ademais, a liberacdo de calor latente na
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regido da MSA parece promover a alta subtropical do Atlantico Sul durante o verdo austral
(Silva Dias et al., 1983; Rodwell e Hoskins, 2001), o que contribui ainda mais com a entrada de
umidade na AS.

A fase de decaimento da MSA inicia-se entre 0s meses de margo e maio, com a diminuicéo da
precipitacdo sobre as regides do sul da Amazonia e do Brasil central, e a migracdo gradual da
conveccao para o noroeste em dire¢do ao equador, conforme a estacdo Umida ao longo da costa
leste do nordeste brasileiro e leste da Amazoénia se estabelecem (Rao e Hada, 1990).

Durante o inverno austral ocorre enfraquecimento da Baixa do Chaco, bem como da intensidade
dos ventos alisios de nordeste, de maneira que a ITCZ se desloca ao norte e a convecgéo sobre a
Bacia Amaz6nica diminui. O LLJ e as chuvas associadas a MSA também se enfraquecem. Outra
caracteristica importante climatica é a incursdo ndo periddica de polar outbreaks (ondas de frio)
ao leste dos Andes, que atingem latitudes tropicais, e que geram importantes baixas de

temperatura , altas pressfes e nuvens gue ocasionam importantes chuvas (Garreaud, 2000).

Desse modo, a ITCZ é um fator muito importante na intensidade da MSA, no entanto, existem
outros fatores também relacionados &s TSMs do Atlantico e Pacifico tropical, que afetam a
variabilidade da MSA (Vera et al., 2006). Por exemplo, durante episédios El Nifio (Fig. 4.1) o
LLJ se intensifica devido a ocorréncia de anomalias anticicl6nicas sobre o centro da América do
Sul e anomalias cicldnicas no sudoeste da AS (Marengo et al., 2012), enquanto que os episddios
La Nifia, tém sido associados a um enfraquecimento do LLJ. Associados a esta variabilidade do
LLJ, em escalas de tempo interanuais, nos Gltimos eventos El Nifio-extremos ocorreram
extremas secas na regido noroeste da Bacia Amazoénica (que inclui os Andes nordeste peruanos),
enquanto que inundacBes ocorreram durante os Gltimos eventos La Nifia-extremos (Marengo e
Nobre, 2001; Nogués-Paegle e Mo, 2002; Vuille et al., 2003; Bradley et al., 2003; Marengo,
2009; Garreaud et al., 2003, 2009; Grimm, 2011; Lavado e Espinoza, 2014).

Ademais, em escalas de tempo decenais, Marengo et al. (2004) mostrou que a Oscilacdo
Decenal do Pacifico (Pacific Decadal Oscillation, PDO) pode afetar a atividade do LLJ,
afetando assim a nossa regido de estudo. A PDO tem sido descrita como um padréo tipo - El
Nifio ou “El Nifio-like” de longa duragdo porque na escala espacial as duas oscilagdes climaticas
tém efeitos climaticos semelhantes no oceano Pacifico, mas comportamentos temporais muito
diferentes. Fases quentes da PDO estdo correlacionadas com anomalias de temperatura e
precipitacdo El Nifio-like, enquanto as fases frias da PDO estdo correlacionadas com os padrfes
climéticos La Nifia-like. Minobe (1999) mostrou que para o século 20, as flutuagdes da PDO
ocorreram com mais forca em duas periodicidades: uma entre 15-25 anos e outra entre 50-70

anos.
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Duas caracteristicas principais distinguem a PDO do ENSO: 1) “eventos” PDO do século 20
persistiram por 20 a 30 anos, enquanto os eventos El Nifio tipicos persistiram por 6 a 18 meses;
2) os efeitos climaticos da PDO sdo mais visiveis no Pacifico Norte e na América do Norte,
enquanto efeitos secundarios existem nos tropicos - 0 oposto sucede com ENSO.
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Figura 4.1. a) Circulacéo oceano- atmosfera no oceano Pacifico tropical durante condi¢oes
normais (esquerda), e El Nifio (direita), mostrando a relativa profundidade da termoclina,
temperatura da superficie do mar (cores), a anomalia das dire¢Ges dos ventos alisios (setas
brancas), a posi¢do da conveccdo de umidade e a circulacao atmosférica (setas pretas). b)
Série temporal de um indice de El Nifio (indice de anomalia El Nifio 3, indica anomalias de
temperatura da superficie do mar (TSM) entre 5°N-5°S e 150-90°W). Os maiores eventos El
Nifio de 72-72, 82-83, 86-87 e 97-98 sdo aparentes nas séries temporais. Fonte: Chiang (2009).

Além das associadas ao oceano Pacifico, outras conexdes entre precipitacdo e anomalias de
TSM tém sido descritas, mas as suas causas e efeitos sdo dificeis de identificar (Marengo et al.,
2012). Por exemplo, uma intensificacdo do LLJ tem sido associada com anomalias positivas de
TSM sobre o oceano Atlantico tropical sudoeste por Doyle e Barros (2002). E o reforco
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(supressdo) da precipitacdo na SACZ tem sido relacionado com TSMs mais frias (mais quentes)
no sudoeste subtropical do Atlantico préximo & SACZ (Robertson e Mechoso, 2000; Doyle e
Barros, 2002), indicando controle atmosférico sobre o oceano nesta regiéo.

Outro fator, importante de ser levado em consideracdo, é a intensidade da Circulacdo de
Revolvimento Meridional do Atlantico (Atlantic Meridional Overturning Circulation, AMOC,
Fig. 4.2), devido a sua importante influéncia nas TSMs superficiais do Atlantico tropical e pelo
tanto, no posicionamento da ITCZ e intensidade da MSA.

A AMOC é um componente importante do sistema climético da Terra caracterizada por um
fluxo em direcdo norte, de agua quente e salgada nas camadas superiores do Atlantico, e um
fluxo em dire¢do sul de agua fria nas profundezas do Atlantico (Fig. 4.2). Delworth et al. (2008)
a definem como o total de circulagdo (na bacia inteira) num plano de latitude e profundidade,

guantificado por uma corrente de transporte meridional.

Este sistema de circulacdo oceanica transporta quantidades substanciais de calor desde os
tropicos do Hemisfério Sul em direcdo ao Atlantico Norte, onde o calor é transferido para a
atmosfera. Ha evidéncias claras que as flutuagcGes na TSM do Atléntico estdo relacionadas as
flutuacbes da AMOC, desempenhando um papel proeminente nas flutuacBes climaticas da

Terra, em vérias escalas de tempo (Delworth et al., 2008).

A AMOC esta possivelmente associada com a variabilidade da Oscilagdo Multidecadal do
Atlantico (Atlantic Multidecadal Oscillation - AMO), um padréo de flutuagdo de grande escala
na TSM do Atlantico com uma periodicidade de ~65 anos. O indice AMO é baseado nas
anomalias da TSM promedio do Atlantico Norte, entre 0°N e 60°N (Knight et al., 2005; Sutton
e Hodson, 2005). A fase positiva da AMO ¢é caracterizada por anomalias quentes de TSM no
Atlantico Norte e anomalias frias no Atlantico Sul, quando a intensidade da AMOC sup®e-se ser
maxima. Durante a sua fase negativa, este padrdo é no sentido oposto, e acredita-se que a
AMOC atinge intensidade minima (McManus et al., 2004; Knight et al, 2005; Chiessi et al.,
2009).

Desta forma, o gradiente térmico estabelecido pela fase negativa da AMO gera o deslocamento
da ITCZ para o sul, 0 que aumenta a convergéncia de umidade do oceano para a Bacia
Amazoénica, e intensifica a MSA (Strikis, 2011).

Chiessi et al. (2009) investigou o impacto da Oscilagdo Multidecadal do Atlantico (AMO) sobre
a MSA entre 18.6 e 14.05 ka AP, usando registros de foraminiferos placténicos que permitem
estudar a variabilidade de descarga na bacia de drenagem do rio La Prata. Os resultados
sugerem uma oscilacdo periddica de ~64 anos, tanto na extensdo da pluma do rio como na fonte

dos sedimentos terrigenos. Posteriormente, esse cenario também foi validado para o nordeste

36



brasileiro (NEB) através de registros paleoclimaticos da MSA que abrangem os Gltimos ~2800
anos por Novello et al. (2012) e para os Andes peruanos por Apaéstegui et al. (2014) com
registros abrangendo os Gltimos ~2000 anos.

= Surface flow & Wind-driven upwelling L Labrador Sea
== Deep flow O Mixing-driven upwelling N Nordic Seas
== Bottom flow Salinity > 36 %e w Weddell Sea
< Deep Water Formation Salinity < 34 % R Ross Sea

Figura 4.2. Esquema simplificado da circulacd@o oceénica (Rahmstorf, 2002), associado a
circulacgéo de revolvimento meridional com foco especial na parte Atlantica do fluxo (Atlantic
Meridional Overturning Circulation, AMOC). As curvas vermelhas (azuis) no Atlantico indicam
o fluxo de agua para o norte (sul) nas camadas superiores (inferiores). Os circulos alaranjados
no mar do Norte e Labrador indicam regies onde a agua perto da superficie esfria e se torna
mais densa, fazendo com que a 4gua afunde até as camadas mais profundas do Atlantico.
Fonte: Kuhlbrodt et al. (2007).

5. Hidrogeoquimica isotopica

Durante a Ultima década, a pesquisa paleoclimatica baseada em espeleotemas cresceu devido ao
potencial destes materiais, ricos em informacao paleoclimatica continental, e tem contribuido
com alguns dos melhores registros paleoclimaticos. Em parte, gracas a utilizacdo das mais
recentes técnicas de espectrometria de massa, como o ICP-MS multi-collector e a ablagao laser,
os espeleotemas estdo hoje na vanguarda das reconstrucdes paleoclimaticas (Fairchild et al.,
2006). Entre os proxies mais comumente analisados nas reconstrugdes com espeleotemas estéo:
1) as taxas de crescimento que ajudam a diferencar os periodos imidos daqueles secos (Ayliffe
et al., 1998; Spdtl et al., 2002), 2) as razdes isotdpicas de oxigénio (8'°0) que sdo interpretadas
como variacdes de temperatura e/ou composicao isotdpica da chuva devido a quantidade ou
origem da umidade precipitacdo (McDermott et al., 2004), 3) as razdes isotopicas de carbono,
interpretados como mudancas da vegetacéo (plantas C3 versus C4) e da densidade de vegetacao

sobrejacente (Dorale et al., 1998; Baldini et al., 2008) ou dissolu¢do da rocha encaixante
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(Fairchild et al., 2006), 4) a espessura das bandas anuais, usada como proxy para volume de
chuva ou da temperatura média anual (Polyak et al., 2001; Frisia et al., 2003; Tan et al., 2003;
Fleitmann et al., 2004), e por ultimo 5) os elementos tracos que auxiliam na interpretacdo de
variacOes de chuva, vegetagdo, taxa de crescimento e que pela ablagdo laser podem render
informacao climética sazonal (Treble et al., 2003; Johnson et al., 2006).

No presente trabalho estdo sendo realizadas reconstituicdes climaticas com base nos registros
isotopicos de 8'®0. As interpretacdes paleocliméaticas realizadas neste estudo tm como base os
dados de monitoramento de chuva realizados anteriormente na regido andina (Vimeux et al.,
2005) e também os estudos da composicdo isotépica da chuva em funcdo do clima na regido
tropical da América do Sul realizadas a partir da simulagcdo da composicédo isotopica da chuva
(VMuille et al., 2003; Vuille e Werner, 2005). A fim de complementar esses estudos e apoiar as
interpretacdes paleoclimaticas, estdo sendo utilizados os dados de monitoramento de agua de

chuva e de cavernas em area proxima a caverna Shatuca, realizado por Apaéstegui et al. (2014).

Nos itens a seguir serd apresentada uma fundamentacdo para a interpretacdo isotdpica das
variagdes nas razdes isotopicas do oxigénio na dgua da chuva e por conseguinte nas formagdes

carbonaticas da caverna Shatuca.
5.1. Definic¢bes, padrdes e notacdes

A proporcao entre os is6topos de oxigénio (*°O e '®0) da calcita dos espeleotemas é estimada
em relacdo a um padrdo e expressa-se na notagdo &. Esta notagdo representa a abundancia
relativa com base nas razdes isotopicas do oxigénio das amostras estudadas em relacdo a um
padrdo, assim como expresso na Eq 3.1. Por conta da diferenca entre 0s is6topos nos matériais
terrestres serem muito pequenas, os valores de & sdo expressos em partes por mil (Sharp, 2007;
Lachniet, 2009).

Para os estudos de geoquimica isotopica em carbonatos, tanto continentais como oceénicos, é
utilizado o padrdo PDB (Pee Dee Belemnite); referente a formagdo carbonética que contém o
fossil Belemnitella americana, pertencente as unidades carbonéticas cretceas da Formagdo Pee
Dee, localizadas na Carolina do Sul, Estados Unidos. J&, para as medicGes isotOpicas em agua,

foi convencionada a utilizacio do padrdo SMOW (Standard Mean Ocean Water).

Por conta da exaustdo no uso dos padrées PDB e SMOW novos padrdes foram confeccionados
pela Agéncia Internacional de Energia Atémica (AIEA), baseada em Viena, para 0s quais sdo
acrescentados a letra V. Assim temos atualmente os padrdes V-PDB (Vienna-Pee Dee
Belemnite) e V-SMOW (Vienna-Standard Mean Ocean Water) (Lachniet, 2009).
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Os valores de 80 dos padrdes internos e internacionais usados neste estudo (calibrados em
relacdo ao V-PDB) sdo medidos juntamente com as amostras de interesse e, portanto, as suas
variagBes na razdo '*0/*°0 séo expressas como diferencas relativas ao padrdo de composicdo
isotopica conhecida. As medidas das razbes isotopicas sdo realizadas por meio de

espectrometros de massa.

Se o valor do 8'®0 de uma amostra é maior que o de uma segunda amostra é dito que a primeira
estd enriquecida (empobrecida), por apresentar maior (menor) proporcdo do isdtopo pesado

(**0) que a outra.
5.1.1. Fracionamento isotopico no Ciclo Hidrologico

O fracionamento isotopico ocorre devido a diferengas no fluxo de is6topos entre um
reservatorio e outro, gerando uma redistribuicdo de isdtopos durante mudancas de estado fisico
(Clark e Fritz, 1997; Lachniet, 2009). O resultado disso é uma concentracéo desproporcional de
isotopos leves e pesados entre diferentes fases. O fracionamento isotopico € geralmente

exprimido mediante o Fator de Fracionamento (o) definido na seguinte forma:

OA-B— RA/ RB
onde R é a razio isotopica (e.g. *20/*® O) entre duas sustancias A e B.

Eq.5.1

ex. a0 agua-vapor — Ra’lgua /Rvapor: (180/16 0) égua/ (180/16 0) vapor
Eq.5.2

O fracionamento isotdpico pode ser cinético, quando as condi¢bes em que ocorre sdo de
desequilibrio termodindmico, ou em equilibrio quando ocorre em condigdes de equilibrio
termodindmico. Nos casos de fracionamento cinético, o sinal climatico pode ser obliterado
como resultado de uma variacdo isotOpica mais pronunciada gerada pelas condi¢bes de

desequilibrio.

Condigdes de umidade relativa igual a 100%, normalmente observadas no interior das cavernas
(Fairchild et al., 2006), contribuem para as condi¢des de equilibrio termodindmico, fazendo que
0 intercAmbio isotOpico ocorra na mesma taxa na mudanca de fase liquida para vapor e vice-
versa (Clark e Fritz, 1997).
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5.2. Linha de agua metedrica local e global

De acordo com Clark e Fritz (1997), em condicGes de equilibrio, a correlagdo linear entre 6D
(razdo isotopica de Deutério) e 8*%0 na precipitacdo global, define a “Linha de Agua Metedrica
Global”, referida pela sigla em inglés GMWL (Global Meteoric Water Line) (Fig. 5.1). Em
condicdes de equilibrio isotopico, a composicdo isotdpica do hidrogénio da chuva é
proporcional & composicdo isotdpica do oxigénio, o que determina a seguinte equacdo da

Linha de Agua Metedrica:

8D = 8*5'%0 + 10
Eqg.5.3

50'/

5D %o SMOW

=250 -

Figura 5.1. Valores de 6°0 e éD de estagdes de monitoramento do GNIP (Global Network for
Isotopes in Precipitation) em conjunto com a Linha de Agua Metedrica Global (Global
Meteoric Water Line-GMWL). Fonte: Lachniet (2009).

Quando a evaporacdo ocorre em ambientes onde a umidade relativa é inferior a 100%, o
fracionamento cinético ganha maior participacio e conseqiientemente ambos, 5'°0 e 8D, s&o
lancados abaixo da GMWL, descrevendo uma reta com coeficiente angular <8 (Fig. 5.1). No
caso onde as fontes de umidade sdo caracterizadas por pequenos reservatorios, a exemplo de
lagos, rios ou mesmo solos encharcados, mesmo que ndo haja fracionamento cinético, o
progressivo empobrecimento da fonte em isétopos leves faz com que a composigéo isotopica do

vapor acompanhe a do reservatorio.
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Medigdes isotopicas locais da precipitacdo permitem estabelecer a “linha de dgua metedrica
local” comumente referida pela sigla em inglés LMWL (Local Meteoric Water Line). A
determinagdo da LMWL € importante para os estudos de geoquimica isotopica em
espeleotemas, ja que permite avaliar o efeito da evaporacdo da agua do solo/gotejamento em
relacdo a precipitacdo (Lachniet, 2009). A LMWL pode ser obtida para diversas localidades do
planeta a partir do banco de dados fornecido pela Agéncia Internacional de Energia Atdémica
(AIEA) que disponibiliza os dados coletados nas estacfes meteoroldgicas da Global Network
for Isotopes in Precipitation (GNIP).

A fim de discutir esta questdo utilizaram-se dados de composicao isotdpica da chuva coletados
no monitoramento realizado, entre 2011 e 2013, na caverna Palestina, situada a 870 m de
altitude no departamento de San Martin (Peru) (Apaéstegui et al., 2014). A area monitorada esta
localizada a cerca de 66 km do local de estudo, a caverna Shatuca. Em ambas éareas, a
climatologia da precipitacdo é muito similar permitindo utilizar os dados isotdpicos da area da

caverna Palestina (ver Fig. 3.3).

Os dados de 80 e 3D demonstram que a linha de 4gua metedrica local na area da caverna
Palestina ndo difere significativamente da linha de agua meteérica global (Fig. 5.2). Quando
plotados no mesmo gréfico, os dados de 5'°0 e 8D das amostras da agua de gotejamento e
também do rio dentro da caverna se dispdem sobre ou bem préximo a GMWL. Ambos fatores
indicam que existe predominancia de processos de fracionamento em equilibrio nas razGes
isotopicas de H e O tanto na dgua da chuva na regido quanto nas aguas de cavernas onde foram

coletados espeleotemas.

-40

-60

X -80
+ Rainfall

8D %o

= River
-100
Drip waters
—GMWL 120

¢ —LMWL

Figura 5.2. Valores de 6°0 e oD na caverna Palestina, localizada préxima a area de estudo
(cortesia de J. Apaestegui). A linha de 4gua metedrica global (Global Meteoric Water Line-

GMWL, em azul) e a linha de agua meteorica local (Local Meteoric Water Line-LMWL, em
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verde claro) apresentam forte correlacéo, o que indica o controle de processos de
fracionamento em equilibrio nas razdes isotdpicas de H e O da &4gua da chuva na regido
(Apaeésteqgui et al., 2014). Note-se que os pontos relativos as amostras de agua dos rios e dos
gotejamentos em galerias da caverna estao dispostos sobre a linha de agua meteorica.

A composicgdo isotdpica das precipitaces é afetada por uma combinagdo de fatores, incluindo
quantidade de chuva, temperatura de condensacgéo, transporte de umidade e fonte de umidade
(Dansgaard, 1964; Rozanski e Araguds-Araguas, 1995; Rozanski et al., 1993; Vuille et al.,
2003). Esses fatores geram o que é chamado de efeito isotdpico. Assim, temos o efeito
quantidade de chuva, efeito temperatura, etc. A influéncia desses efeitos isot6picos sobre a
precipitacdo pode variar enormemente de acordo com a regido. Determinar quais desses fatores
sdo determinantes em areas especificas é crucial para a interpretacdo da natureza e da causa da
variabilidade climatica observada nas séries isotépicas de 5'°0O, quer sejam de espeleotemas,
guer sejam de testemunhos de gelo ou lacustres (Kanner, 2011). A seguir sdo detalhados os

principais efeitos isotopicos observados nas precipitagdes de agua:

a. Efeito quantidade: traduzido do inglés “amount effect”, refere-se a forte correlacdo negativa
entre 0 volume de chuva que se abate sobre uma regido e ao valor de §'®0 da mesma (Clark e
Fritz, 1997). O efeito quantidade é um efeito isotopico dominante nas zonas tropicais onde as
precipitacBes estdo comumente relacionadas ao desenvolvimento de grandes células de
conveccao (chuvas relacionadas a ITCZ, ciclones tropicais). A magnitude deste efeito ndo é
constante, pois depende de diversos fatores tais como: massa inicial de umidade, temperatura da
superficie do mar, dinamica microclimatica das nuvens e taxa de resfriamento das grandes
células de conveccdo. Na area da Amazbnia peruana e nos Andes, o “amount effect” ¢
claramente evidenciado em simulagdes com a aplicagdo do modelo geral de circulagdo
atmosférica ECHAM-4 realizado por Vuille et al. (2003).

Em regides da América do Sul cuja pluviosidade é claramente sazonal e ocorre predominancia
de uma mesma fonte de umidade, o “amount effect” é evidente nos dados de chuva. Este fator
tem sido considerado na interpretacdo de dados de espeleotemas no Brasil em areas localizadas
nos estados de Minas Gerais (Strikis et al., 2011), Bahia (Novello et al., 2012) e Sdo Paulo
(Cruz et al., 2006; Vuille et al., 2012).

b. Efeito altitude: o efeito da altitude na isotopia promove o progressivo empobrecimento
isotépico do oxigénio conforme aumenta a altitude. O decréscimo dos valores de §'%0 é causado
ndo apenas pela consequente reducdo de temperatura de condensacdo, da ordem de -5 a -6

°C/km, mas também pelo efeito da destilagdo Rayleight que atua sobre as massas de ar
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conforme ascendem na topografia, gerando chuvas orograficas. Em geral, o efeito altitude varia

tipicamente entre -2 a -3 %o de 8'%0/km (Gonfiantini et al., 2001).

No artigo do ANEXO 6, “Holocene changes in monsoon precipitation in the NE Peruvian
Andes based on 50 speleothem records” se discute que o fator altitude é responsavel por
valores absolutos relativamente mais negativos nos registros isotdpicos do Peru provenientes de
lagos e cavernas situados a mais de 3000m de altitude, comparativamente aos registros de
cavernas situadas em altitudes inferiores a 2000m. No entanto, o efeito altitude ndo explica
valores em média 1.5%o mais altos de 80 na caverna Shatuca (1960m anm) do que 0s
observados na caverna Tigre Perdido (van Breukelen et al., 2008), visto que esta Gltima esta
situada a 1000m de altitude. Nesse caso sdo sugeridas duas possibilidades para explicar os
valores mais negativos de 5O na area de caverna Tigre Perdido, primeiro porque a
pluviosidade em terras mais baixas é pelo menos o dobro, e a segunda, é devido a caverna
Shatuca sofrer maior influéncia da cobertura de nuvens, cujas chuvas podem ter maior
influéncia de umidade localmente reciclada, em que as razfes isotdpicas sdo mais baixas. O
processo de evapotranspiracdo que ocorre com a vegetagcdo também promove reciclagem de
umidade, entretanto esse processo nao promove fracionamento isotopico significativo (Gat et
al., 1994). Na Bacia Amaz0lnica a evapotranspiracdo € responsavel pelo tamponamento da
destilagdo Rayleigh sobre a precipitacdo, reduzindo o efeito de fracionamento sobre as raz0es

isotopicas da chuva (Gat e Matsui, 1991).

c. Efeito continentalidade: descreve a reducéo dos valores de 8'°0 das massas de ar com o seu
progressivo distanciamento do oceano, sendo observado tanto em areas de baixas como de altas
latitudes (Clark e Fritz, 1997). O efeito continentalidade é a manifestacdo da progressiva
extragdo de umidade (em forma de chuva) que as massas de ar experimentam enquanto
adentram nas zonas continentais. Em algumas regides, a perda de umidade pode ser
contrabalangada pela reciclagem de umidade continental gerado pela evaporacdo de &gua do

solo, rios e lagos e que apresenta alto 8'%0 (Koster et al., 1993).

O efeito de continentalidade é importante na variabilidade das razfes isotopicas de oxigénio e
hidrogénio da chuva nos Andes orientais. A razdo disso é que a maior parte da umidade que
alimenta as chuvas de verdo nessa regido é proveniente do oceano Atlantico apés longo
transporte até os Andes (Vimeux et al., 2005, Vuille e Werner, 2005; Kanner et al., 2013). Por
conseguinte, as chuvas de verdo no flanco oriental dos Andes peruanos tendem a integrar o
fracionamento isotépico ocorrido ao longo do transporte de umidade desde o oceano Atléntico
até o local de estudo, ndo refletindo propriamente o volume de chuvas locais. Portanto, os

registros paleoclimaticos dos Andes peruanos com base em &0 sdo interpretados como
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indicadores da intensidade das chuvas de moncdes de verdo na Bacia Amazénica (Bird et al.,
2011a,b; Kanner et al., 2013; Apaéstegui et al., 2014).

d. Efeito fonte: é a diferenca observada entre os valores de 5'®0 das precipitagdes provenientes
de massas de ar derivadas de fontes diferentes. Um exemplo € a regido sul e parte da regido
sudeste do Brasil, onde durante o verdo sdo observadas precipitacfes geradas pela atuacdo das
moncdes Sul-Americanas, com fonte de umidade continental caracterizada por valores de 50
mais empobrecidos, e durante o inverno ocorrem chuvas relacionadas a ciclones extratropicais,
cuja fonte de umidade é predominantemente oceanica e com valores de §'*0 mais enriquecidos
(Cruz et al., 2005a).

e. Efeito volume de gelo: afeta os valores de 50 na escala de tempo que envolve ciclos
glaciais/interglaciais. Durante periodos glaciais a formacao de calotas de gelo nos continentes
gera um aumento significativo nos valores de 8'°0 dos oceanos, assim durante o periodo de
méxima expanséo de gelo no Quaternario o 8'®0 dos oceanos registrou um aumento de ~1.2%o
(Sharp, 2007). De acordo com Sharp (2007) esse valor deve ser corrigido ao se interpretarem 0s
valores isotopicos em espeleotemas. No entanto, a variacdo na extensdo do fracionamento
cinético e em equilibrio em virtude das mudangas de temperatura durante periodos glaciais,
também deve ter afetado a composicgdo isotopica da &gua no ciclo hidrolégico como um todo.
Deste modo, a cadeia de efeitos isotopicos imposta pelo periodo Glacial poderia ndo ter de fato

aumentado os valores de 80 das precipitacées (Lachniet, 2009).

No caso dos registros isotopicos de espeleotemas dos Andes, a amplitude dos valores de 3'°0
observados ¢ superior a 4%o entre o Ultimo periodo Glacial e Holoceno, de forma que esse efeito
seria secundario (Cheng et al., 2013a). De fato, esse efeito ndo parece ser significativo, pois 0s
valores de 50 durante o Ultimo Maximo Glacial sio bem mais negativos do que em boa parte
do Holoceno (Cheng et al., 2013a; Fornace et al., 2014).

5.3. A variabilidade da precipitacdo do regime de mongdes e sua assinatura
isotdpica

Os fatores que podem influenciar na composicdo isotépica de O e C da calcita vao além da
variabilidade climatica regional. Ha basicamente trés outros fatores, de importancia local, que
podem influenciar o sinal isotopico da agua de gotejamento e consequentemente da geoquimica
dos espeleotemas: a cobertura de vegetacdo/solo, o aquifero carstico (efeito reservatorio) e as
taxas de precipitacdo da calcita. Todos esses fatores sdo independentemente importantes e sdo
atuantes desde o principio da infiltracdo da agua até a formacéo do espeleotema (Fairchild et al.,
2006). No presente trabalho, as interpretagbes paleocliméaticas levam em consideracao,

principalmente, os estudos prévios de monitoramento e modelamento da composicao isotdpica
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da &gua da chuva em relacdo a pardmetros climaticos. Os trabalhos de Vuille e Werner (2005) e
Vimeux et al. (2005) mostram que, na regido da Moncao Sul-Americana, o 5'°0 da chuva esta
relacionado diretamente com a intensidade da MSA, apresentando valores isotopicos menores
(maiores) durante intensas (fracas) estagdes de moncao. Isto significa que em registros como 0s
espeleotemas, os valores isotopicos refletem a intensidade da precipitacdo ao longo da trajetéria
de umidade, ao invés da quantidade de chuva local (Schmidt et al., 2007). E que registros
isotopicos locais de chuva podem ser usados para inferir mudangas de grande-alcance na
intensidade de precipitacdo sobre América do Sul tropical (Vuille e Werner, 2005).

Assim, as variagdes isotopicas de 5'°0 dos espeleotemas de Shatuca e outros registros andinos
que dependem da variabilidade da umidade, como as geleiras, lagos e anéis de arvores, sdo
interpretadas como indicadores da intensidade de precipitagdo da MSA sobre os Andes (Bird et
al., 2011a,b; Mosblech et al., 2012; Kanner et al., 2013; Cheng et al, 2013a). Por consequéncia,
os dados do monitoramento isotopico da caverna Palestina (Apaéstegui et al., 2014), que se
encontra nas proximidades da caverna Shatuca, serdo utilizados para um melhor entendimento

do sinal isot6pico de nosso registro.

Os resultados do programa de monitoramento realizado, entre 2011 e 2013, na caverna Palestina
mostram que os valores de §'°0 de aciimulos semanais de chuva decresceram rapidamente em
mais de 10%o a partir de janeiro de 2012, até o final da estacdo de moncdo em abril de 2012.
Apos o final da estacdo, durante os meses mais secos (de julho a setembro de 2012), os valores
de 80 aumentaram abruptamente até 15%. alcangando os valores maximos (Fig. 5.3).
Diferentemente do primeiro ano, os valores de 3'®0 oscilaram bastante ao longo da estacio de
mon¢do, mas novamente alcancaram os valores minimos no final da estacdo em abril de 2013.
Em resumo, o sinal isotdpico das chuvas associadas com o regime de mongdes é claramente
caracterizado por valores mais empobrecidos de 5'0. Por outro lado, os valores isotopicos mais
enriquecidos sdo observados durante eventos de chuvas equatoriais residuais ou fora da estacdo
de mong#o. Entretanto, a relagio entre 5'°0 e o volume de chuva ndo é t4o evidente na escala

mensal, visto o pequeno coeficiente de correlagéo estatistico obtido (r* = 0.3, p < 0.01).

Além disso, os dados de 80 das amostras de gotejamentos de cavernas e do rio subterraneo no
seu interior diminuem em mais de 2%o ao final da estagdo de mong¢des do primeiro ano de
monitoramento (Fig. 5.3). Isso demonstra que os dados de espeleotemas da caverna Shatuca,

podem ser interpretados como bons indicadores da intensificacdo das mongdes.
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Figura 5.3. Resultados de 60 de agua de chuva, gotejamento e rio subterraneo na caverna
Palestina (provincia de Rioja), localizada no nordeste dos Andes peruanos (cortesia de J.
Apaestegui). Os eventos de chuva diérios e quinzenais sao discriminados por barras mais finas
e grossas, respectivamente. As amostras sao assinaladas da seguinte maneira: acumulados
semanais de chuva (quadrados azuis), rio (estrelas verdes) e gotejamentos (circulos marrons).

Note, a direita, que a escala do eixo Y encontra-se invertida.

6. Paleoclimatologia do Nordeste dos Andes desde o ultimo periodo Glacial até o

Holoceno

Entender os padrdes de variabilidade da precipitacdo do passado nos Andes tropicais, em
diferentes escalas de tempo, e 0s mecanismos que governam esta variagao, é elemento-chave
para melhor compreensdo das variagdes climaticas da regido Andino-Amazonica, onde esta

localizada a caverna Shatuca.

Neste estudo, pretende-se discutir, com base em registros isotopicos de espeleotemas, variacoes
no regime de chuvas associadas a Moncao Sul-Americana, em escalas de tempo de milhares de
anos, segundo o ciclo de Milankovitch, até escalas de varias décadas ou multidecenais. Os
resultados do presente estudo sdo discutidos em duas publicacBes a serem submetidas em
revistas internacionais (ANEXO 6 e 7). A primeira publicacdo, discute a influéncia tanto da
forcante de insolacdo de verdo quanto dos eventos climaticos de escala secular até decenal,

durante o Holoceno (ANEXO 6).

Na segunda publicacdo, sdo discutidas mudancas climéaticas que ocorreram em mais longo
prazo, durante o ultimo periodo Glacial. Mudancas estas que foram influenciadas tanto pela

variabilidade da insolagdo de verdo, quanto pela expansdo da cobertura do gelo nos mares e
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continentes do Hemisfério Norte (ANEXO 7). A estas mudancas de longo-prazo se sobrepdem
varios eventos abruptos de enfraquecimento ou fortalecimento da MSA, os quais estdo
associados aos eventos Heinrich (H) e Daansgard-Oeschger (D-O), definidos em testemunhos

marinhos e de gelo, respectivamente.

A seguir, sera feita uma breve revisdo dos estudos prévios a respeito do paleoclima da América

do Sul, com énfase nos registros isotopicos, assim como uma introducao aos artigos em anexo.
6.1. Mudancas paleocliméticas na escala orbital

A variacdo da insolacédo, segundo o ciclo de precessao, tem sido considerada a principal forcante
do ciclo hidrolégico (em escalas de tempo orbitais) na regido sob o dominio da MSA (Cruz et
al., 2005a; Cheng et al., 2012; Cheng et al., 2013a).

Estas variagOes na insolagdo de verdo, segundo o ciclo de precessdo (19 a 23 ka), sdo inversas
entre os Hemisférios Sul e Norte, produzindo mudancas antifasicas no clima nas regides
tropicais (Kutzbach et al., 2008). O aumento da insolacdo de verdo austral produz um maior
gradiente térmico entre o continente e o0 oceano, o qual favorece a convergéncia de umidade na
Bacia Amazonica, intensificando desta forma o regime de mong6es na América do Sul (Cheng
et al., 2012). Coerente com isto, estudos do Hemisfério Norte (Wang et al., 2001; Yuan et al.,
2004) e do Hemisfério Sul (Cruz et al., 2005a, 2006; Wang et al., 2006, 2007a,b) registram um

regime de precipitacdo antifasico entre a MSA e a mongdo asiatica na China.

Em concordancia com essa relacdo, os registros de espeleotemas de regifes situadas nos Andes
tropicais mostram que a intensidade da MSA aumentou desde o Holoceno Inferior até o
Holoceno Superior (van Breukelen et al., 2008; Bird et al., 2011a; Kanner et al., 2013) (Fig.
6.1). Por outro lado, registros paleoclimaticos de regides diretamente afetadas pela ITCZ, na
Bacia de Cariaco (Haug et al., 2001; Deplazes et al., 2013) e nas regides sob o dominio da

moncao asiatica, mostram uma tendéncia a diminuicdo da intensidade da precipitacéo.

Mais ao sul, em altas altitudes (> 6000m anm), o registro da geleira Huascaran (9°S) (Thompson
et al., 1995) mostra uma forte correlagdo entre a insolagdo e o sinal isotopico entre 11 ka AP e 0
presente, o que é semelhante ao ocorrido nas terras intermediérias e baixas do nordeste andino
peruano (Fig. 6.2). Originalmente, este registro teve seu §'°0 interpretado como sendo um
indicador de paleotemperatura, mas posteriormente foi verificado que as suas variagdes
isotopicas estavam correlacionadas primariamente a intensificacdo dos regimes de chuvas de

monc¢ao (Hoffmann et al., 2003).
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Figura 6.1. Registros de paleopluviosidade na regido andina comparados com a curva da
insolacéo, em preto, para o més de fevereiro em 10°S (Berger e Loutre, 1991). Em terras altas:
0 registro da caverna de Huagapo em preto (Kanner et al., 2013), e o registro do lago
Pumacocha em azul (Bird et al., 2011a); em terras intermediarias o registro da caverna
Shatuca (este estudo) em vermelho; em terras baixas o registro da caverna Tigre Perdido (van
Breukelen et al., 2008) em verde. As datacOes sdo indicadas para cada registro, com a cor

correspondente.

Esta relagdo, entre insolacdo de verdo e a MSA, sera pela primeira vez estudada em registros
isotdpicos de altitudes intermediarias na cordilheira dos Andes, com o registro da caverna
Shatuca. O artigo 1 (ANEXO 6) discute o forte controle da insolagdo de verdo durante o
Holoceno, com enfoque na progressdo das mongdes desde regiGes de baixa altitude até terras
altas nos Andes (Fig. 6.1). Para isso, foi feita uma comparagdo com o registro lacustre de
Pallcacocha (>4000m anm), area afetada diretamente pela MSA (Rodbell et al., 1999; Moy et
al., 2002). Nesse sentido, um dos resultados mais interessantes deste trabalho foi a constatagdo
de que, na fase de maxima insolacdo de verdo durante o Holoceno Superior, as chuvas
relacionadas ao regime de monc¢ado foram bastante acentuadas desde regiGes de terras baixas até

as terras altas da Cordilheira dos Andes.

Similarmente, o registro sedimentar de Ti/Ca e Fe/Ca de testemunhos marinhos na costa do

Pacifico, no Golfo de Guaiaquil, mostra uma correlagdo positiva entre a insolagdo de verdo
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austral e a deposicdo fluvial de sedimentos dos rios na costa do Pacifico a 4°S (Fig. 6.2). Isso
indica que a insolagdo de verdo austral controlou também a precipitacdo na regido onde nascem

os rios do flanco ocidental dos Andes setentrionais peruanos (Mollier-Vogel et al., 2013).

i 21-22

1 2.1a 2.1b ?.1c 22 3 3 4 51- 52 6 7 8

Ke -4 WWM 526 7:8 i g
: i 4 51 Nk
4 } | ; e
“of fiT | i
-8 W R At bkt e HH WM w‘m ey H—w MO H R M H | !

log (Ti/Ca)
o
(o)}

-0.4
-15
-18
219
24
-16 -27
c)OO
% -20 1
-24 2
-3 ooo
|
B ©
Botuvera \ |
H i 5
m 880
S
\é 20 900
E 40 ‘ | 1 ) 920 =
o ‘
60 ‘ ! Salar Uyu§§n| i 940

0 4 8 12 16 20 24 28 32 36 40
Idade (ka AP)

Figura 6.2. Comparacdo entre os registros paleoclimaticos da América do Sul, durante 0s
ultimos 40 ka AP, com a curva de insolacdo do més de fevereiro para 10°S. De cima para
baixo: em vermelho o registro da caverna Shatuca, presente estudo; em preto o registro do
Golfo de Guaiaquil (Mollier-Vogel et al., 2013); em azul o registro dos testemunhos de gelo da
geleira Huascaran (Thompson et al., 1995); em preto o registro de gelo do vulcdo Sajama
(Thompson et al., 1998); em verde o registro da caverna Botuvera (Cruz et al., 2005a); em
preto o registro do testemunho sedimentar do Salar de Uyuni (Baker et al., 2001a), junto com a
curva de insolacdo em azul (Berger e Loutre, 1991). As barras azul claro e laranja indicam a
ocorréncia dos estadiais (Greenland Stadials —GS) e interestadiais da Groenlandia (Greenland
Interstadials-Gl), numerados segundo Rasmussen et al. (2014). As datacGes sédo indicadas para

cada registro, com a cor correspondente.
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No entanto, no Holoceno Superior, a intensificacdo do regime de mong6es na regido subtropical
do Brasil, nos Andes equatorianos e peruanos até o lago Titicaca (Baker et al., 2001b), ndo
afetou as areas situadas no limite sul do sistema da MSA, como o Salar de Uyuni (Baker et al.,
2001a) e o0 Nevado de Sajama (Thompson et al., 1998), situadas mais para o sul da Bolivia (Fig.
6.2).

J& durante os ultimos periodos Glacial (38 a 20 ka AP) e Deglacial (20 a 11 ka AP), nédo foi
observada uma relacdo evidente entre as curvas de insolacdo de verfo e a curva de 50 do
registro da Shatuca (Fig. 6.2). Isso sugere que outras forcantes climaticas podem estar
envolvidas na modulagdo do clima em escalas de tempo mais longas, assim como discutido

previamente por Cruz et al. (2007) para o sul do Brasil.

De fato, os dados isotdpicos da caverna Shatuca revelam um padrdo semelhante a outros
registros isotdpicos da regido andina e sul do Brasil que sdo afetadas pela MSA (Cruz et al.,
2007; Mosblech et al., 2012; Cheng et al., 2013a; Fornace et al., 2014). Na figura 6.2 nota-se
que os valores de 820, durante o Gltimo periodo Glacial, séo significativamente mais baixos do
gue aqueles observados durante o Holoceno Inferior (11 a 7.5 ka AP). A partir de 5 ka AP os
dados de §'®0 tornam-se mais negativos, o que é condizente com as mudancas de insolacdo de

verdo no Hemisfério Sul.

No sul do Brasil (27°S), o registro isotopico da caverna de Botuvera mostra que a insolagéo
controlou a intensidade da Moncgéo Sul-Americana entre 120-0 ka AP (ver Fig. 6.2) (Cruz et al.,
2005a). No entanto, Cruz et al. (2006) notou que as anomalias de 3*°0 tanto dos espeleotemas
em Botuvera, Santa Catarina, quanto na caverna Santana, Sdo Paulo, ndo mostram um
acoplamento t3o evidente com a insolagdo durante o Ultimo Méaximo Glacial. Na verdade, foi
constatada uma intensificacdo no regime de chuvas de mon¢des durante 70-17 ka AP, periodo
caracterizado por anomalias negativas de 8'°0 e por valores muito baixos das razées Sr/Ca e
Mg/Ca dos espeleotemas (Cruz et al., 2007). Posteriormente, a mesma feicdo € descrita em
registros isotopicos dos Andes (Kanner et al., 2012; Mosblech et al., 2012; Cheng et al., 2013a;
Fornace et al., 2014). Por exemplo, em 16°S, o registro de is6topos estaveis de compostos
organicos do lago Titicaca (Fornace et al., 2014) indica que a paleopluviosidade comegou a ser
mais claramente controlada pela insolacdo de verdo austral em 11 ka AP, enquanto que entre 60-
20 ka AP prevaleceram condi¢des substancialmente mais imidas que as do Holoceno. Todavia,
uma pluviosidade mais alta, durante a fase tardia do ultimo periodo Glacial, ndo poderia ser
explicada apenas pela influéncia da insolagdo de verdo devido a falta de relagdo entre a curva da
insolacdo do més de fevereiro a 10°S e os dados isotopicos, tanto de espeleotemas, como de

testemunhos de gelo e lagos.
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As condicdes de contorno durante o periodo Glacial foram responsaveis pela reducdo da
intensidade da AMOC, a qual induziu a expansdo do gelo preferencialmente no Hemisfério
Norte e resultou no deslocamento da ITCZ para o sul, intensificando o transporte de umidade do
oceano Atléantico para a Bacia Amazonica (Chiang et al., 2003; Chiang e Bitz, 2005). Esse
mecanismo pode explicar as condicdes mais Umidas inferidas a partir dos registros
paleocliméticos situados ao sul do equador (Cruz et al., 2007; Cheng et al., 2013a; Fornace et
al., 2014) e mais secos na regido norte da América do Sul (Peterson et al., 2000; Deplazes et al.,
2013). De fato, a variabilidade da MSA depende fortemente da posicdo da ITCZ, a qual foi
impactada pela expansdo da cobertura de gelo, nos mares e nos continentes (condi¢Bes de
contorno glacial), particularmente no Hemisfério Norte (Chiang et al., 2003; Chiang e Bitz,
2005). Assim, as condigdes mais Umidas entre 70 e 17 ka AP, periodo correspondente aos
Estagios Isotdpicos Marinhos 2- 4 (Marine Isotope Stages 2-4, MIS 2-4), foram provavelmente
influenciadas por condi¢des mais frias no oceano Atléntico ao norte da linha do equador (Cruz

et al., 2007; Fornace et al., 2014). Este tdpico é discutido no artigo apresentado no ANEXO 7.
6.2. Mudancas paleoclimaticas abruptas
6.2.1 — Eventos climaticos durante os ultimos periodos Glacial e Deglacial

Os registros isotdpicos de testemunhas de gelo da Groenlandia (e.g. NGRIP) revelaram que o
ultimo periodo Glacial se caracterizou por mudancas climaticas abruptas e eventos recorrentes
em escala de tempo milenar (Dansgaard et al., 1984, 1993). Essas mudancas abruptas,
ocorreram em alguns anos ou em até algumas décadas (Alley et al., 1993; Taylor et al., 1993) e
se repetiram aproximadamente a cada 1470 anos (Bond et al., 1999; Schulz, 2002), mostrando
aquecimentos bruscos de até 10°C na atmosfera nas fases quentes. Essas oscilagdes hoje
chamadas Dansgaard-Oeschger (D-O) (Dansgaard et al., 1984, 1993), foram seguidas por um

retorno gradual a condicdes glaciais mais frias (Fig. 6.3).

Por outro lado, Heinrich (1988) observou em testemunhos sedimentares do Atlantico Norte,
grande concentracdo de sedimentos continentais transportados por icebergs (IRD, Ice Rafted
Debris), em latitudes mais baixas que o habitual, entre 40-53°N (IRD-Belt) (Bond et al., 1992).
A presenga destes IRD no sedimento representa a ocorréncia de eventos frios abruptos durante o
periodo Glacial, durante os quais icebergs se deslocaram para o sul a uma maior distancia em
relacdo ao polo norte. Estes eventos, hoje conhecidos como “Eventos Heinrich” (Broecker,
1994; Rahmstorf, 2002), ocorreram em algumas das fases frias (ou estadiais da Groenlandia)
dos ciclos D-O. Seis eventos Heinrich (H) foram definidos no final de alguns ciclos D-O,
enguanto os eventos D-O, conhecidos também como interestadiais da Groenlandia, sdo pelo

menos vinte (Rahmstorf, 2003).
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Desde a descoberta dos eventos Heinrich, grandes esforgos tém se realizado para revelar os
mecanismos responsaveis pela sua origem. Até o momento, o melhor mecanismo fisico para
explicar a origem dessas mudancas abruptas, que afetam diferentes regides do mundo, é a
entrada de a4gua doce de degelo nas altas latitudes do Atlantico Norte e o seu efeito sobre o
transporte de calor para a regido nordica através da desaceleracdo da AMOC (Rooth, 1982;
Broecker et al., 1985; Bond et al., 1993; Rahmstorf, 1995; Alley et al., 1999; Ganopolski e
Rahmstorf, 2001; Knutti et al., 2004). No entanto, ainda ndo esta claro se as mudancas da
AMOC explicam por si s6 as mudancas climaticas registradas tanto no Atlantico Norte como

em outras regides do mundo (Wunsch, 2006).
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Figura 6.3. Comparacédo entre o registro de gelo NGRIP (Rasmussen et al., 2014) com 0s
registros paleoclimaticos da América do Sul para o periodo entre 40-10 ka AP. De cima para
baixo: NGRIP em preto; a Bacia de Cariaco em azul (Deplazes et al., 2013); a caverna Shatuca
em vermelho (presente estudo); a caverna ElI Condor em preto (Cheng et al., 2013a); a caverna
Papahuacain em verde (Kanner et al., 2012); a insolacao para 10°S no més de fevereiro em
turquesa (Berger e Loutre, 1991). As barras azul claro e laranja indicam a ocorréncia dos
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estadiais (Greenland Stadials —GS) e interstadiais da Groenlandia (Greenland Interstadials-
Gl), numeradas segundo a terminologia de Rasmussen et al. (2014). As datacGes sdo indicadas
para cada registro, com a cor correspondente.

Modelos sugerem que uma desaceleracdo da AMOC gera anomalias positivas de TSM no
Atlantico Sul, bem como uma intensificacdo anémala de ventos alisios de nordeste. Desse modo
0s modelos também sugerem uma assimetria da circulagdo Hadley, entre ambos os hemisférios,
junto com a correspondente assimetria do posicionamento da ITCZ (Lindzen e Hou, 1988;
Peterson et al., 2000; Chiang, 2002; Vellinga e Wood, 2002; Wang et al., 2004, 2007a,b; Zhang
e Delworth, 2005; Clement e Peterson, 2008).

Durante os eventos de resfriamento das aguas superficiais, em altas latitudes do Atlantico Norte,
associados aos eventos Heinrich, ocorre uma intensificacdo da alta dos Acores (Wang et al.,
2005; Ruddiman, 2008; Naughton et al., 2009) e uma intensificacdo dos ventos alisios de
nordeste (Arz et al., 1998; Peterson et al., 2000; Fleitmann et al., 2003; Cruz et al., 2009). Por
sua vez, isso conduz a anomalias positivas (negativas) de precipitacdo nos tropicos do
Hemisfério Sul (Norte), isto €, uma ITCZ localizada mais ao sul (Arz et al., 1998; Wang et al.,
2004; Jaeschke et al., 2007) e uma MSA mais ativa (Cruz et al., 2006; Wang et al., 2006). Da
mesma maneira, 0s registros andinos a diferentes altitudes mostram a MSA intensificada (Fritz
et al., 2010; Kanner et al., 2012; Mosblech et al., 2012; Cheng et al., 2013a). Em contraste, 0s
eventos Heinrich sdo marcados no registro de Cariaco como eventos mais aridos (Hughen et al.,
1996; Peterson et al., 2000; Haug et al., 2001; Lea et al., 2003; Peterson e Haug, 2006; Deplazes
etal., 2013).

A situacdo climatica se inverte na América do Sul durante os eventos quentes D-O, registrados
nos testemunhos de gelo do p6lo norte durante o periodo Glacial (Rasmussen et al., 2014). Estes
eventos, estdo associados ao aquecimento do Atlantico tropical norte (Lea et al., 2003),
causando anomalias positivas de precipitacdo ao norte da América do Sul (Hughen et al., 1996;
Peterson et al., 2000; Peterson e Haug, 2006; Deplazes et al., 2013).

O registro da Bacia de Cariaco na Venezuela (Deplazes et al., 2013) mostra que durante 0s
ciclos D-O, no periodo de transicdo do interestadial (fase quente) ao estadial (fase fria), ainda é
possivel observar a influéncia sazonal da ITCZ nas latitudes da Bacia de Cariaco a 10°N.
Porém, durante os eventos Heinrich e nas fases finais dos D-O o deslocamento da ITCZ foi
tanto ao sul que ndo houve um retorno sazonal da ITCZ para estas latitudes. Ademais, é
interessante ressaltar que o evento Heinrich 1 (H1) teve uma intensidade muito maior nos
testemunhos marinhos de Cariaco do que a observada nas altas latitudes, por exemplo no
testemunho de NGRIP (Fig. 6.3).
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Os impactos dos eventos D-O no clima dos trépicos, ao sul do continente, ainda ndo sdo bem
conhecidos. Até agora, o registro de Kanner et al. (2012) da caverna de Papahuacain, localizada
em terras altas (3850m anm), e os registros de Cheng et al. (2013a) das cavernas EI Condor e El
Diamante, localizados em terras baixas (800m anm) do Peru, sdo os que melhor registraram a

variacao abrupta dos eventos D-O nos Andes.

O presente trabalho consiste numa nova reconstituicdo dos eventos milenares, que afetaram a
precipitacdo na regido da MSA durante os ultimos 38 ka AP (em resolucdo subdecenal). Esta
reconstituicdo é baseada em registros de 5'°0 da calcita de trés estalagmites (Sha-1, Sha-2 e
Sha-3), com objetivo de contribuir na pesquisa sobre o entendimento da MSA na porc¢do andina
da Bacia Amazo6nica. Trata-se do registro isotopico de melhor resolucéo dentre os que ja foram
produzidos até o momento. Nele se destacam tanto os eventos Heinrich, quanto os eventos
Daansgard-Oeschger, bem como os eventos ocorridos durante o periodo Deglacial. O modo de

ocorréncia de tais eventos € descrito em um dos artigos a ser submetido (ANEXO 7).

Recentemente, foi sugerido que algumas caracteristicas dos eventos Heinrich, foram em parte
influenciadas por mudancas climéticas ocorridas na Antértica, durante o Gltimo periodo Glacial
(Weaver et al., 2003; Kanner et al., 2012). Por exemplo, o0 aquecimento da Antartica tem sido

proposto como forcante para a ocorréncia do evento H1 por Weaver et al. (2003).

Ja durante o periodo Deglacial nos Andes, existe um debate a respeito se o padrdo ocorrido
durante este periodo é parecido ao Deglacial da Antartica como observado nos registros das
geleiras de Huascaran e Illimani (Thompson et al., 1995; Ramirez et al., 2003), ou se é mais
semelhante ao Deglacial da Groenlandia como sugerido pelo registro da geleira Sajama, na
Bolivia. Pois, este ultimo, mostra os eventos Bglling-Allerad (B/A) e o Younger Dryas (YD),
com uma estrutura similar ao do registro NGRIP, na Groenlandia. Ademais, uma maior
influéncia do oceano Pacifico foi sugerida para os registros de gelo andinos por Vimeux (2009).
Assim, questdes fundamentais permanecem em aberto sobre as mudancas na paleopluviosidade
sobre os Andes tropicais em diferentes escalas de tempo e espaco, considerando as diferentes
altitudes, latitudes e condicdes topograficas que determinaram os diferentes climas sobre a

regido, em escalas de tempo interanuais até orbitais.

O registro isotdpico da caverna Shatuca pode ser considerado o melhor registro paleoclimatico
do periodo Deglacial ja produzido ate o momento, em termos de resolugdo e controle
cronologico, pelo método U/Th. Com este arquivo paleoclimatico sera detalhada a estrutura dos
eventos isotdpicos, correlatos aos periodos estadiais e interstadiais da Groenlandia. Entre eles o
mais estudado tem sido o Younger Dryas (YD), que corresponde a fase fria do primeiro ciclo D-
O e que junto com o evento H1 é caracterizado por um retorno abrupto a temperaturas quase

glaciais. Este evento teve uma duracdo de aproximadamente um milénio e é um evento frio,
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equivalente aos eventos Heinrich, enquanto o evento Bglling-Allergd (B/A), ocorrido entre o
Hle o YD, é um evento quente do periodo Deglacial e é equivalente aos eventos D-O (fases
quentes dos ciclos D-0O). O registro da caverna Shatuca apresenta uma excelente sincronia com
estes eventos tipicos do Hemisfério Norte e, portanto, torna-se uma importante evidéncia a ser
utilizada na discusséo sobre a ocorréncia de eventos, com duracao de Vvarios séculos até alguns

milénios, que impactam abruptamente o clima da América do Sul.
6.2.1 — Eventos climéticos durante o Holoceno

Apbs a publicagdo dos primeiros registros isotopicos de 80 dos testemunhos de gelo da
Groenlandia, o periodo do Holoceno foi caracterizado como sendo de grande estabilidade
climética (Dansgaard et al., 1993). No entanto, Bond et al. (1997, 2001) postularam que durante
0 Holoceno ocorreram variagbes na temperatura da superficie do Atlantico Norte
aproximadamente a cada 1500 anos. Sugerindo que esse ciclo representa a continuagdo dos
eventos Heinrich no Holoceno, s6 que com menor amplitude e duracdo. Os autores se basearam
em varios indicadores paleoclimaticos e paleoecoldgicos dos quais 0 gque se mostrou mais
robusto, na determinagdo e na delimitacdo dos eventos, foi o indice de clastos transportados por
icebergs (Ice Rafted Debris- IRD). Assim, a partir dos picos de aumento de concentracdo de
IRD se determinou a ocorréncia de periodos de resfriamento abrupto no Atlantico Norte, mais

tarde chamados na literatura como Eventos Bond.

Vaérios estudos tém tentado entender os mecanismos por tras da variabilidade do Holoceno.
Entre eles, se destacam Mayewski et al. (2004, 2005, 2009), Wanner e Biitikofer (2008) e
Wanner et al. (2008, 2011, 2014). Na América do Sul tropical, cada vez mais registros
paleoclimaticos apresentam um Holoceno marcado por fortes oscilagcbes abruptas no ciclo
hidrol6gico, que comparados ao registro de IRD do Atlantico Norte (Bond et al., 2001) (Fig.
6.4), confirmam a resposta da MSA aos eventos frios do Hemisfério Norte também para o
Holoceno (Baker et al., 2005; Cheng et al., 2009; Strikis et al., 2011; Moreira-Turcq et
al.,2014). Assim sendo, se confirma a hip6tese do deslocamento da ITCZ para o sul, durante
eventos de resfriamento abrupto das dguas superficiais de altas latitudes do Atlantico Norte
(Peterson et al., 2000; Haug et al., 2001). A ITCZ deslocada mais para o sul, durante estes
eventos, tem como consequéncia 0 aumento da umidade transportada pela Moncdo Sul
Americana ao longo do continente, sendo refletido como um aumento da umidade nos registros

paleoclimaticos (Vuille et al., 2012).

Nas ultimas duas décadas houve um aumento do numero de registros andinos que cobrem a
maior parte do periodo Holoceno (Moy et al., 2002; Bush et al., 2005; van Breukelen et al.,
2008; Bird et al., 2011a; Kanner et al., 2013). Entre os eventos mais estudados do Holoceno

para a América do Sul, se destacam o evento 8.2 ka AP (Cheng et al., 2009, Strikis et al, 2011),
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a Pequena Idade de Gelo (Little Ice Age -LIA) e a Anomalia Climéatica Medieval (Medieval
Climate Anomaly -MCA) (Reuter et al., 2009; Bird et al., 2011b; Vuille et al., 2012; Novello et
al., 2012; Apaestegui et al., 2014).

Os estudos com base em registros de pdlen, realizados no flanco oriental andino, mostram o
Holoceno como um periodo de grande variabilidade na vegetacdo e a ocorréncia de incéndios
florestais, tanto de causa humana como de causa natural (Bush et al., 2005; Urrego et al., 2009;
Hillyer et al., 2009; Urrego et al., 2010). No entanto, estes registros tém baixo controle
cronoldgico e pouca resolucdo temporal, o que os torna dificeis de serem utilizados para estudos
de eventos abruptos com duracgdo de décadas.

Nesse contexto, destaca-se um estudo baseado em espeleotemas do centro-leste brasileiro
(Strikis et al., 2011) que apresentou mudancas abruptas no ciclo hidrolégico em sincronia com
o0s eventos Bond do Atlantico Norte. Recentemente, o estudo de Moreira-Turcq et al. (2014)
ressaltou o evento ocorrido em 2.7 ka AP, como um evento umido nas planicies de inundagéo
do rio Amazonas e outras regides da AS, e o associou ao possivel deslocamento da ITCZ para o
sul causado pela provavel desaceleragdo da Circulagdo de Revolvimento Meridional do Oceano
Atlantico (AMOC) (Fig. 6.4). Por outro lado, pouco se sabe sobre a ocorréncia de eventos do

tipo Bond na regido andina.

Mais ao norte, a 3°S, o registro do lago Pallcacocha, localizado acima dos 4000m anm nos
Andes do Equador, mostra um aumento das precipitagdes ao longo do Holoceno, que os autores
interpretaram como sendo associado ao aumento da frequéncia de eventos El Nifio (Rodbell et
al., 1999; Moy et al., 2002). Entretanto, estes eventos de maior erosdo nas cabeceiras do lago,
em periodos mais chuvosos, ndo sao consistentes com os registros do lago El Junco (Conroy et
al., 2008; Zhang et al., 2014), localizado mais ao oeste nas llhas Galapagos. O registro de
Shatuca foi comparado a estes arquivos paleoclimaticos, com o intuito de contribuir na
discussao da influéncia do fendbmeno ENSO nas chuvas no dominio da MSA. Essa discussdo é

feita no artigo que se encontra disponivel no ANEXO 6.

Dado que o nordeste dos Andes peruanos se encontra na borda do sistema de mong&o, lugar
onde na atualidade o Jato de Baixos Niveis se desloca em direcdo oeste durante o verdo (Poveda
et al., 2014), é possivel que alguns eventos que ocorrem em terras baixas ndo sejam observados
em terras altas. Por isso, nosso registro pode contribuir para o entendimento da intensidade e
extensdo do sistema de mongdes ao refletir mudangas desse sistema em diferentes altitudes. Para
iSSO comparamos o registro isotopico da caverna Shatuca com outros registros em alta resolugéo

provenientes dos Andes.
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Figura 6.4. Variabilidade milenar em registros isotdpicos da América do Sul durante o periodo
do Holoceno, e a curva de concentracdo de Hematite Stained Grains (%HSG) em sedimentos
marinhos do Atlantico Norte de Bond et al. (2001). Os registros andinos apresentados foram

destendenciados retirando a componente da forgante da insolagdo das séries isotopicas com a

finalidade de poder observar melhor a variabilidade milenar. Os registros apresentados séo (de

cima para baixo): o do lago Pumacocha (Bird et al., 2011a) e o da caverna Huagapo (Kanner
et al., 2013), ambos em terras altas dos Andes centrais peruanos; o registro da caverna Lapa
Grande (Strikis et al., 2011) localizada no centro-leste brasileiro; o registro da caverna do

Tigre Perdido (van Breukelen et al., 2008) e o registro da caverna Shatuca (este estudo), ambos

no nordeste dos Andes peruanos, em terras baixas e intermediarias respectivamente; e a curva

de %HSG de Bond et al. (2001). As barras laranjas (azuis) indicam periodos de menor (maior)

umidade.
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7. Considerac6es Finais

Neste estudo, investigou-se pela primeira vez a variabilidade da Moncdo de verdo Sul-
Americana (MSA), com base em espeleotemas provenientes de uma altitude intermediéria
(1960 m), na regido nordeste dos Andes peruanos durante os ultimos 38 ka AP.

Durante o ultimo periodo Glacial e o Holoceno, a caverna Shatuca registrou condi¢des de aridez
maiores as registradas por estudos paleoclimaticos anteriores, em regides andinas de alta (acima

dos 4000m anm) e baixa altitude (abaixo dos 1000m anm).

Observou-se que nas terras localizadas em altitudes intermediarias e baixas, entre 3-6°S nos
Andes, as condigbes de umidade durante o Ultimo Maximo Glacial (Last Glacial Maximum -
LGM) parecem ter sido semelhantes as ocorridas no Holoceno Superior. Ademais, notou-se
auséncia de controle de insolagdo sobre a MSA entre 38-11 ka AP, 0 que pode ser explicado
pela influéncia de condicdes de contorno glaciais sobre a MSA durante este periodo, como

sugerido por estudos paleoclimaticos prévios realizados na AS.

O periodo Deglacial, na regido nordeste dos Andes, aparece como uma mudanga gradual em
direcdo as condi¢bes mais aridas do Holoceno Inferior. ApoOs este periodo seco, com
aproximadamente 2000 anos de duragdo, houve um aumento gradual da umidade que
caracterizou o periodo Holoceno. Este aumento foi sincrono com a tendéncia de aumento da
insolacdo, modulada pelo ciclo da precessdo, e ocorreu ao longo dos Andes desde 3°S até 16°S.
No entanto, notou-se que 0s registros da regido central dos Andes, especificamente no Altiplano

(18-20°S), ndo indicam um aumento da umidade durante o Holoceno.

A caverna Shatuca é o primeiro registro em terras intermediarias que apresenta varias mudancas
climaticas abruptas, ocorridas em escalas de tempo milenar até decenal, sobrepostas as
tendéncias de mais longo prazo dos Gltimos 38ka. Assim mesmo, a amplitude das mudangas
climaticas ocorridas em terras intermedidrias, parece ter sido maior a observada em terras altas e
baixas, provavelmente porque o local da caverna Shatuca encontra-se na borda de influéncia da
MSA.

Durante os ultimos periodos Glacial e Deglacial, reconheceram-se no registro da Shatuca
mudancas relacionadas aos estadiais da Groenlandia (Greenland Stadials-GS), porém com
intensidades varidveis. A estrutura do evento H1 no registro da Shatuca é de particular interesse,
pois uma inversdo extrema para condic¢des secas ocorreu dentro do evento, em 16.2 ka AP, que
parece ter ocorrido também em terras baixas, no entanto menos severa. A correlacdo notével
deste evento com o registro de Cariaco, no norte da América do Sul (em 10°N), parece indicar

que a ITCZ esta deslocada mais ao sul do que 5°S.
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A caverna Shatuca, registrou um YD Umido, de condi¢cBes menos extremas que as atingidas no
periodo Umido relativo ao H1. Entre o0 H1 e o YD, o periodo &rido Bglling—Allergd (B/A)

mostrou uma reversao para condi¢es Umidas dentro de sua estrutura.

No fim do YD, uma mudanca abrupta ocorreu em 11 ka AP, que levou as condic¢des aridas do
Holoceno Inferior. No entanto, durante o Holoceno Inferior, o registro de Shatuca registrou pelo
menos duas mudancas climaticas abruptas para condi¢fes de maior. Sendo este, 0 primeiro
registro isotdpico da regido andina que mostra a ocorréncia de varios eventos Umidos abruptos

durante o Holoceno Inferior.

Durante o Holoceno Médio, constatou-se que diversas mudangas climaticas bruscas ocorreram
em altitudes intermedidrias andinas (5°S), no periodo entre 5.1 e 5.0 ka AP. A comparagdo com
outros registros da AS revela que esta série de eventos foi contemporanea a um periodo de
mudangcas climaticas abruptas ocorridas na regido da América do Sul afetada pela MSA. O fato
de este evento ter sido abrupto ou gradual vem sendo debatido para outras regides do mundo,
em especial na regido da Mongéo Africana, mas até agora, ndo existiam registros isotopicos de
alta resolucéo que permitissem discutir a sua estrutura para a América do Sul. Assim mesmo,
durante o evento 5 ka AP, parece ter ocorrido uma reorganizagdo do sistema climético, que
interrompeu a gradual tendéncia de incremento de umidade, apés a qual houve aumento de
intensidade da mongdo e maior frequéncia de eventos imidos a diferentes altitudes dos Andes.

Isto pode estar relacionado em grande parte a0 aumento da insolagéo no verdo austral.

Durante o Holoceno Superior foram registrados os periodos de maior umidade do Holoceno. No
entanto, a tendéncia de aumento de umidade diminui e hd& um aumento da variabilidade em
escala decenal e centendria. O registro isotépico de Shatuca possui um baixo controle
cronoldgico para este periodo, complicando a comparagdo com outros registros andinos. No
entanto, entre 4-1 ka AP, houve sincronicidade durante alguns dos periodos Umidos registrados

em registros andinos de diferentes altitudes.

Uma das comparagdes mais importantes obtidas neste trabalho se da entre o registro da Shatuca
e 0 registro do lago Pallcacocha, localizado ao sul dos Andes equatorianos. O registro de
Pallcacocha tem sido amplamente utilizado como indicador de frequéncia de ocorréncia do
fendmeno EI Nifio. Dado o efeito oposto causado pelo El Nifio nestas duas regides, e 0 aumento
de umidade registrado em ambas localidades, entre 3.5 e 2.5 ka AP, propomos que esta
variabilidade pode ter sido causada por um aumento da umidade transportada pela MSA e uma
maior extensdo da mesma, devido talvez a ocorréncia do evento Bond 2 unido a um aumento da

insolacédo de verdo austral.
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ANEXOS

ANEXO 1.

Cortes longitudinais das estalagmites analisadas com a locac¢do das amostras datadas: a)
Amostra Sha-1, b) Amostra Sha-2, ¢) Amostra Sha-3.
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18836 + 259 yr BP

20695 + 208 yr BP

23596 + 173 yr BP

26027 + 143 yr BP
27189 + 153 yr BP

28570 £ 192 yr BP
28848 + 146 yr BP

30145 £ 151 yr BP

35300 + 152 yr BP

37821 + 231 yr BP

ANEXO 1. a) Amostra Sha-1
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1269 £ 25 yr BP

1487 + 17 yr BP

1651 + 14 yr BP

1952 + 16 yr BP
6288 + 39 yr BP

7317 + 39 yr BP

7511 £ 25 yr BP

8144 + 29 yr BP

8391 + 44 yr BP

R\ 8940 £ 52 yr BP

10144 + 47 yr BP

ANEXO 1. ¢) Amostra Sha-3



ANEXO 2.

Tabela com as Idades U/Th para as amostras Sha-1, Sha-2 e Sha-3. As linhas em cor vermelho

indicam aquelas datagdes que ndo foram usadas por causa de terem um erro maior.
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239Th dating results. The error is 2c error.

Sample 28y 2821 20Th%2h 82U 2028y 20Thage (yr)  Z°ThAge (yr) 8% Unia™  2°°Th Age (yr BP)
Number (ppb) (ppt) (atomic x10~ (measured) (activity) (uncorrected (corrected) (corrected) (corrected )
Espeleotema SHA 1
SHAIL-1 432 0.0 1069 +21 217 +4 985.8 +1.8  0.3256 +0.0010 19248 +67 18894 £259 1040 +2 18836 +259
SHAla-A 481 0.1 793 £16 332 +7 872.3 +25 0.3325 +0.0016 21002 +111 20753 £208 925 3 20695 +208
SHAla-B 532 0.1 627 £13 525 +11 883.8 +2.7  0.3756 +0.0016 23831 +121 23654 173 945 3 23596 *173
SHA1a-C 515 +0.1 362 +7 995 +20 9484 +2.9  0.4233 +0.0017 26186 +124 26085 143 1021 +3 26027 £143
SHAla-D 50.0 0.1 371 £8 968 +20 9282 +2.9  0.4356 +0.0018 27354 £133 27247 £153 1002 +3 27189 #153
SHAla-E 615 +0.1 798 £16 559 +11 858.1 +2.8  0.4396 +0.0017 28824 +133 28628 £192 930 +3 28570 192
SHA1-2 50.1 0.1 506 +10 683 +14 760.3 +2.4  0.4191 +0.0010 29067 +92 28906 +146 825 3 28848 +146
SHAla-F 56.5 +0.1 139 #3 2863 61 727.3 £2.7 0.4257 +0.0017 30243 +148 30203 #151 792 +3 30145 £151
SHA1-3 64.4 +0.1 564 +11 914 +18 711.3 £30  0.4852 +0.0010 35501 +114 35358 152 786 +3 35300 +152
SHA1-4 80.2 0.1 1491 £30 466 +9 738.6 2.1  0.5250 +0.0009 38176 +96 37879 £231 822 x2 37821 #231
SHAL-5 91.7 £0.1 64972 +1302 14 0 689.3 +2.1  0.6127 +0.0013 47532 +142 35242 +8810 761 +19 35184 +8810
SHA1-6 1011 £0.2 70230 +1409 15 0 673.7 £29  0.6215 +0.0016 48944 +191 36808 +8698 747 +19 36750 +8698
Espeleotema SHA 2
SHA2-1 68.6 £0.1 1749 £35 16 +1 10629 £2.5  0.0247 +0.0007 1311 £35 951 #257 1066 +3 893 £257
SHA2-2 66.6 £0.1 605 £12 19 +1 10619 £3.1  0.0106 +0.0005 560 +29 431 +95 1063 £3 373 95
SHA2-3 735 0.1 186 +4 44 3 1066.1 £3.1  0.0067 +0.0005 356 +25 321 36 1067 #3 263 £36
SHA2-4 68.6 £0.1 121 £3 85 £5 1065.3 £2.6  0.0091 +0.0005 481 +29 457 34 1067 £3 399 +34
SHA2-5 68.7 0.1 2544 51 21 £1 1056.7 £3.4  0.0465 +0.0006 2491 35 1967 #372 1063 +4 1909 #372
SHA2-6 59.1 +0.1 4296 +86 25 1 1039.1 £2.9  0.1085 +0.0007 5936 +43 4902 £733 1054 +4 4844 £733
SHA2-7 69.4 £0.1 1557 £31 38 1 1056.7 £3.1  0.0523 +0.0006 2802 £32 2485 £226 1064 +3 2427 £226
SHA2-8 96.3 £0.1 1506 +30 54 x1 1048.3 +2.8  0.0516 +0.0004 2779 £24 2557 £159 1056 +3 2499 159
sha-2a-9mm 117.8 0.2 2246 +45 55 £1 10424 £32  0.0639 +0.0005 3458 +28 3187 £194 1052 #3 3124 +194
SHA2-9 98.9 +0.1 1161 23 93 £2 1039.3 £2.7  0.0662 +0.0005 3589 +26 3422 £121 1049 #3 3364 +121
SHA2-10 1101 £0.1 508 +10 317 +7 1009.7 £2.6  0.0887 +0.0005 4905 +26 4838 +54 1024 +3 4780 +54
SHA2-11 133.7 £0.2 183 +4 1130 #23  1004.1 £3.3  0.0938 +0.0004 5209 +26 5190 +29 1019 +3 5132 +29
sha-2a-4mm 91.7 +0.1 242 £5 685 15 996.1 +2.2  0.1095 +0.0006 6124 £36 6086 +45 1013 £2 6023 +45
SHA2-12 1043 0.1 241 5 835 17 992.6 +2.7  0.1172 +0.0004 6578 +26 6545 £35 1011 #3 6487 35
SHA2-14 1101 £0.2 154 £3 1526 +32 987.2 £3.0  0.1292 +0.0006 7291 £37 7271 40 1008 *3 7213 +40
SHA2-16 1175 +0.1 146 +3 1828 +38 985.1 £1.9  0.1377 +0.0005 7793 £32 7775 £34 1007 £2 7717 £34
sha-2c-14mm 119.8 +0.1 139 +3 1976 +43 984.0 +2.4  0.1392 +0.0006 7890 +34 7873 £36 1006 *2 7810 36
SHA2-17 75.0 0.1 173 +4 1109 £23 987.1 £2.4  0.1548 +0.0007 8786 +45 8752 51 1012 £3 8694 51
SHA2-18 109.8 £0.2 253 5 1147 23 984.7 £2.8  0.1604 +0.0006 9128 +38 9094 +44 1010 #3 9036 +44
SHA2-20 106.0 £0.2 181 +4 1631 34 985.6 +2.7  0.1688 +0.0007 9621 +42 9597 +45 1013 #3 9539 +45
sha-2c-48mm 1136 +0.1 183 +4 1827 39 992.2 +2.4  0.1789 +0.0007 10186 +44 10162 47 1021 +2 10099 +47
SHA2-22 41.8 +0.0 317 +6 411 +9 9930 +2.1  0.1888 +0.0009 10769 +57 10660 +96 1023 +2 10602 +96
SHA2-23 76.2 £0.1 893 £18 299 +6 9949 £2.8  0.2124 +0.0007 12167 +47 11999 +128 1029 +3 11941 +128
sha-2d-97mm 80.3 0.1 207 +4 1331 £28 987.4 +2.6  0.2084 +0.0008 11975 53 11938 £59 1021 £3 11875 59
sha-2d-105mm 76.2 0.1 134 +3 1972 +43 985.3 £3.1  0.2110 +0.0008 12143 53 12117 55 1020 +3 12054 55
sha-2d-118mm 912 +0.1 894 £18 374 +8 9739 £32  0.2222 +0.0007 12899 +48 12757 #111 1010 +3 12694 +111
sha-2d-128mm* 843 +0.1 415 £9 759 £16 9956 £2.6  0.2270 +0.0007 13041 +46 12970 +68 1033 3 12907 +68
sha-2d-160mm* 752 £0.1 286 6 990 £23 997.0 £2.5  0.2287 +0.0017 13134 £102 13079 109 1035 +3 13016 +109
SHA2-25 65.3 0.1 182 +4 1390 +28 996.7 +25  0.2353 +0.0007 13535 +48 13495 #56 1035 +3 13437 56
sha-2d-183mm 69.0 0.1 83 £2 3258 73 992.8 +2.8  0.2379 +0.0008 13722 +54 13704 £55 1032 +3 13641 55
sha-2d-187mm 749 +0.1 248 5 1199 £25 992.6 +2.4  0.2403 +0.0008 13871 53 13824 #62 1032 +3 13761 62
sha-2d-218mm 65.7 0.1 166 +4 1660 +37 997.8 £2.9  0.2547 +0.0009 14711 57 14675 £63 1040 +3 14612 +63
sha-2d-252mm 716 +0.1 262 +6 1184 +26 979.4 2.4 0.2631 +0.0009 15374 +60 15322 #71 1023 +3 15259 +71
SHA2-26 53.1 0.0 272 £5 849 £17 9733 25  0.2640 +0.0009 15484 +59 15410 £79 1017 £3 15352 %79
SHA2-27 441 +0.1 64 1 3092 +68 9438 2.6  0.2740 +0.0012 16373 £79 16351 +81 988 +3 16293 +81
SHA2-28 586 +0.1 448 +9 635 £13 936.3 +2.3  0.2940 +0.0010 17726 +71 17614 £106 984 +2 17556 +106
SHA2-29 60.6 £0.1 282 +6 1049 21 929.0 £3.1  0.2967 +0.0009 17973 +69 17905 +84 977 3 17847 +84
sha-2e-27mm 62.3 £0.1 586 +12 553 +11 906.9 +2.5 0.3157 +0.0012 19460 +85 19320 #130 958 +3 19257 +130
SHA2-31 38.8 £0.1 89 +2 2439 53 9223 £3.1  0.3396 +0.0014 20873 +98 20839 £101 978 +3 20781 101
SHA 234 69.3 £0.1 206 +4 2237 +46 9625 2.1  0.4040 +0.0013 24669 +94 24627 £99 1032 £2 24569 +99
SHA2 36 765 +0.1 723 £15 730 £15 940.7 £25  0.4187 +0.0013 25989 +97 25853 137 1012 +3 25795 £137
sha-2f-98mm 166.6 £0.2 930 £19 1258 +26 827.6 +20 0.4261 +0.0011 28368 +90 28282 £108 896 +2 28219 £108
SHA2-38 36.8 0.0 80 £2 3187 +69 784.8 +2.1  0.4179 +0.0015 28522 +118 28488 120 851 +2 28430 £120
Espeleotema SHA 3
SHA3-1 1889 £1.2 324 7 248 5 1095.7 £16.5 0.0258 +0.0003 1350 +18 1327 #25 1100 %17 1269 #25
SHA3-2 181.0 £0.3 148 +3 59 +14  1090.8 +3.1  0.0297 +0.0003 1556 +15 1545 17 1096 +3 1487 #17
SHA3-3 1996 +0.3 89 +2 1209 +27  1084.8 +2.6  0.0326 +0.0002 1715 #13 1709 14 1090 +3 1651 +14
SHA3-4 202.3 0.3 216 +4 598 +13  1101.8 +2.8  0.0387 +0.0002 2025 +12 2010 £16 1108 +3 1952 #16
SHA3-5 1135 +0.1 269 5 803 17 10269 +2.9  0.1157 +0.0005 6380 +30 6346 £39 1045 +3 6288 +39
SHA3-6 155 +0 2110 +42 159.4 £33  1059.4 2.7 0.1315 +0.0006 7156 +35 6965 £139 1080 +3 6903 +139
SHA3-7 135 +0 163 +3 1847.1 +40.3 1056.2 +2.1 0.1356 +0.0006 7395 +37 7379 £39 1078 ¥2 7317 £39
SHA3-8 1428 £0.2 51 #1 6371 £142 10617 2.8  0.1391 +0.0004 7574 +25 7569 £25 1085 *3 7511 25
SHA3-9 80.9 +0.1 40 £1 1785 +44 29409 50 0.0531 +0.0004 1477 £12 1474 #13 2953 5 1416 #13
SHA3-10 142.7 £0.1 159 £3 2239 46  1076.8 +2.1  0.1517 +0.0004 8218 +26 8202 +29 1102 £2 8144 29
SHA3-11 138.0 £0.1 419 +8 851 17  1080.7 +2.0 0.1568 +0.0006 8491 £33 8449 +44 1107 £2 8391 +44
SHA3-12 1263 £0.1 545 £11 636 £13  1072.0 2.4  0.1662 +0.0005 9058 +30 8998 £52 1100 #2 8940 £52
SHA3-13 2115 +03 704 £14 921 £19 10589 3.0 0.1861 +0.0005 10248 +34 10202 47 1090 +3 10144 +47

*F34U = (P3P U ctiviy — 1x1000. ** §3*Ujniia was calculated based on 2°Th age (T), ie., &**Uinitial = &' Unpasureg X2
Corrected 2°Th ages assume the initial 2°Th/?2Th atomic ratio of 4.4 +2.2x10°. Those are the values for a material at secular

equilibrium, with the bulk earth 2**Th/**®U value of 3.8. The errors are arbitrarily assumed to be 50%.

Lines in red, indicate those Ages that were nor used due to higher error

THE RESULTS Of

THESE TWO SAMPLES (128mm and 160mm) ARE QUESTIONABLE

FOR THEY WERE MIXED DURING WEIGHNG

83



ANEXO 3.

Procedimentos analiticos para abertura de amostra e concentragdo de ions de U e Th.
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Procedimentos analiticos para abertura de amostra e concentracao de ions de U e Th.

Texto extraido da Tese de Mestrado de Nicolas Strikis sustentada em 2011

“A massa de CaCOj; analisada, varia de acordo com a concentracdo de U estimada para cada
estalagmite. Normalmente utiliza-se 0.2 g de amostra, mas em casos de amostras contendo altas
concentracfes de U (> 1ppm), utiliza-se por volta de 0.1 g. A amostra é posta em um béquer de teflon e
em seguida dissolvida com adicdo de HNO; 7N. Constatada a completa dissolugdo da amostra, é
adicionado & solugéo o spike contendo 2*V-?3U-?*Th, e depois 4 gotas de HCIO,. O nimero de gotas de
HCIO,, varia de acordo com a relativa quantidade de matéria organica, presente na amostra. Em
algumas amostras, as impurezas associadas & matéria orgénica sdo muito visiveis logo ap6s a
dissolugéo; nesses casos, deve ser adicionado por volta de 7 gotas de HCIO,. A fim de garantir a
completa homogeneizacgéo entre a amostra e o spike, o béquer de teflon contendo a amostra, é tampado e
entdo posto para aquecer por 20 minutos em uma chapa quente. Em seguida a tampa do béquer é
removida e a amostra é posta para secar completo. Ao final, um precipitado de cor branca é formado no

fundo do béquer.

Tendo finalizado o processo de abertura e adicdo de spike, é feita a precipitacdo de Fe para
concentracao dos ions pesados e eliminacdo do Ca da amostra. O precipitado formado € dissolvido com
HCI 2N e entdo a solugdo é transferida para um tubo de ensaio, onde é previamente adicionado cerca de
2 a 3 gotas de solucdo rica em ferro. Em seguida é feito o procedimento para precipitacdo de oxidos de
Fe pela adicdo gradativa de gotas NH4OH, até que a solucéo atinja o0 ponto de saturacdo. Na sequéncia,
0s tubos sdo cobertos com parafilme e postos para centrifugar. Apds a centrifuga¢do todo o
sobrenadante é dispensado, e ao tubo de ensaio se Ihe adiciona agua deionizada; entdo a amostra é
posta novamente para centrifugar. Esse procedimento é realizado 3 vezes. Ao término da Ultima

centrifugacédo o precipitado € redissolvido com HNO3 7N e entdo é retornado ao béquer de teflon.

Finalizada essa etapa, a amostra é posta para secar por completo em uma chapa quente, e ao final do
processo um pequeno precipitado, com dimensGes milimétricas a submilimétricas, é depositado no fundo
do béquer.O precipitado é entdo dissolvido com aproximadamente 3 gotas de HCI, e em seguida posto
para secar por completo. A mesma amostra €é dissolvida com aproximadamente 2 gotas de HNO; 14N,
retorna a chapa quente até a solugéo evaporar por completo. Apds repetir procedimento com a utilizagéo
de algumas gotas de HNO; 7N, a amostra estard pronta para ser introduzida as colunas de troca
anibnica.

Para a separacdo de U e Th sdo utilizadas colunas pequenas, com aproximadamente 7cm de
comprimento. As colunas s@o montadas com a resina SPECTRA/GEL® ION EXCHANGE Ix8. Antes de

receber as amostras, as colunas sdo condicionadas de acordo com os seguintes procedimento:

- Adiciona-se agua deionizada, de modo a preencher todo o volume do reservatério superior, por duas

vezes. Na segunda vez € adicionada uma gota de HNO; 14N;

- Em seguida adiciona-se HNO; 7N em duas etapas. Cada uma delas com a adic¢io de cerca de 2/3 do

volume do reservatério da coluna.
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Finalizada essa etapa, a coluna esta pronta para receber a amostra. A amostra € entdo despejada com

cuidado dentro da coluna e a diluicdo dos reagentes é realizada de acordo com os seguintes passos:

- Ap0s toda a amostra ser adsorvida pela coluna, é adicionado 2/3 do volume do reservatério com HNO3
7N.

-Em seguida, adiciona-se 1/3 do volume do reservatdrio com HNO3 7N.

- Apds a Ultima adigdo de HNO3 7N atravessar toda a coluna, troca-se o béquer usado para a coleta das

solugdes despejadas por um béquer de teflon devidamente limpo para dar inicio a coleta de Th.

-Para a coleta de Th, adiciona-se 2/3 do volume do reservatorio com HCL 6N, e em seguida repete-se o

procedimento.
- Apo0s todo o HCL 6N ter atravessado a coluna, inicia-se a coleta de U.

- Trocam-se os béqueres de teflon usados na coleta de Th por aqueles utilizados anteriormente na

manipulacdo da amostra.

- Para a coleta de U, adiciona-se 4gua deionizada por quase todo o reservatdrio da coluna. Em seguida

repete-se 0 procedimento mais uma vez, e a coleta de U é finalizada.

Finalizada a coleta de U e Th, sdo adicionadas 2 gotas de HCLO, ao concentrado que segue para chapa
quente para evaporar por completo. Ap0s isso, nota-se a formagdo de um pequeno precipitado escuro
submilimétrico que é dissolvido com 1 a 2 gotas de HCLO, 14N para nova evaporacao por completo. Em
duas etapas semelhantes, adiciona-se mais 1 a 2 gotas de solugdo padrdo para analise em ICP-MS
(solucdo preparada em uma garrafa de 1L, formada para uma mistura de &gua deionizada com 1%
HNO; 14N e algumas gotas de HF). A partir desse ponto os concentrados de U e Th estdo prontos para

as anélises espectrométricas em ICP-MS.

Os célculos das idades foram, de modo geral, realizados com base nas razfes isotdpicas medidas e
fatores de correcdo para eliminar efeitos de contaminacdo de Th detritico (Edwards et al., 1986;
Richards e Dorale, 2003). A precisdo obtida, na maior parte das datac@es, foi de aproximadamente 1%

ou inferior, segundo estimativa 2o
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ANEXO 4.

Intervalos de deposicao das estalagmites Sha-1, Sha-2 e Sha-3, com o nome dos
espeleotemas no eixo vertical. Os pontos destacados sao referentes a posicéo das idades
U/Th.
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ANEXO 5.

Taxas de Crescimento para cada amostra.
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ANEXO 6.

“Holocene changes in monsoon precipitation in the NE Peruvian Andes based on 6'°0

speleothem records”
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Abstract

Two well-dated 8'®0-speleothem records from Shatuca cave, situated in the northeastern flank
of the Peruvian Andes (1960m asl) were used to reconstruct high-resolution changes in
precipitation during the Holocene. The records show that precipitation increased gradually
through the Holocene in union with the insolation trend modulated by the precession cycle, in
agreement with several paleoclimatic records from the Andes and South American lowlands.
Additionally the Shatuca speleothem record shows profound hydroclimatic changes not
described in previous isotopic studies from the Andean region on both longer- and shorter-term
timescales. For instance, significant changes to negative values in the Shatuca 8*°0 record are
possibly related to abrupt multi-decadal events in South American Summer Monsoon (SASM),
likely associated with changes in sea surface temperatures (SST) during Bond events in the
North Atlantic.

Other climate episodes, not reported so far in previous Andean records, were clearly marked by
higher 880 values in Shatuca record and reflect a decrease in monsoon intensity at 6.4, 5.1, 4.9
and 2.2 ky BP, that disrupted the relation between &'°0-speleothem and insolation. This feature
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is particularly clear in mid-altitude areas such as Shatuca cave, probably because of its position
at the edge of the area of influence of the SASM.

Notably low &0 values in Shatuca record are contemporaneous to periods of increased
sediment influx into high altitude Pallcacocha lake record suggesting that the intensification of
the monsoon in Shatuca is connected to wet periods across the northern Andes from east to

west, responding to a progressive increase in austral insolation.

Keywords: South American Summer Monsoon, Speleothem, Northeastern Peruvian Andes,
Stable Isotopes, Paleoclimate, Holocene

1. Introduction

The South American Summer Monsoon (SASM) variability in Peru during the Holocene has
been the focus of many studies (Hansen and Rodbell, 1995; Abbott et al., 1997a; Abbott et al.,
1997b; Seltzer et al., 2000; Baker et al., 2001; Abbott et al., 2003; Bush et al., 2005; van
Breukelen et al., 2008; Bird et al., 2011a,b; Kanner et al., 2013, Cheng et al., 2013a; Apaéstegui
et al., 2014). However, palechydrological variations in western Amazonia and the northeastern

Peruvian Andes are still poorly documented.

Understanding how SASM precipitation changed in this region during the past and the
mechanisms controlling this variability is of major interest because the main tributaries of the
Amazon River are originating along the eastern flank of the Andean cordillera. Hence changes
in the SASM behavior over higher terrain in the Andes may serve as a significant contributor to
floods or droughts in the lowlands of the western Amazon Basin (Moquet et al., 2011).
However, it remains poorly understood and documented how sensitively the SASM has
responded along the Andean foothills to extreme climate events, known to have affected other

areas of the continent during the Holocene as seen in central-eastern Brazil (Strikis et al., 2011).

The impact of summer insolation changes on SASM activity in the South American tropics and
subtropics has been widely documented in several paleoclimatic records from the lowlands
(Cruz et al., 2005, 2006; Wang et al., 2006; van Breukelen et al., 2008; Mosblech et al., 2012;
Cheng et al., 2013a; Apaestegui et al., 2014) and the high Andes (Thompson et al., 1995;
Seltzer et al., 2000; Baker et al., 2001; Bird et al., 2011a,b; Kanner et al., 2013). These records
from the northern to central Andes are characterized by a gradual intensification of the SASM
throughout the Holocene and show an overall opposite trend to those of the northern
Hemisphere monsoons (Cheng et al., 2012), in response to increasing (decreasing) southern
(northern) Hemisphere summer insolation related to the precessional cycle of insolation. During

the early Holocene proxy records suggest that the SASM was very weak, in particular over
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Peru, where speleothems indicate that the SASM during the early to mid Holocene was the

weakest ever recorded during the last 250 ky in the Amazon region (Cheng et al., 2013a).

Abrupt variability in monsoon precipitation during the last millennium has been documented in
Andean paleoclimate records, in periods corresponding to the Medieval Climate Anomaly
(MCA) and the Little Ice Age (LIA), which are respectively marked by weaker and stronger
SASM activity (Reuter et al., 2009; Bird et al., 2011b; Vuille et al., 2012; Novello et al., 2012;
Kanner et al., 2013; Apaestegui et al., 2014). Other paleorecords from South America have
revealed abrupt changes in monsoon precipitation linked to cooler North Atlantic SST during
the Holocene Bond events (Baker et al., 2005; Strikis et al., 2011; Novello et al., 2012; Moreira-
Turcq et al., 2014). For the Andean region, one of the reasons for the scarcity of paleorecords
showing abrupt moisture changes across the whole Holocene period may be the lack of well-
dated and high-resolution records of sufficient length from the Andes region, most of which are
limited to the last two millennia (Vuille et al., 2012). Another possible reason is that the abrupt
climatic events that originated over the North Atlantic Ocean had a weaker impact on monsoon
precipitation over the Andes during the early and middle Holocene, which may have obscured
the identification of most Bond events in isotopic records from this region (Thompson et al.,
1995; Seltzer et al., 2000; Bird et al., 2011a; Kanner et al., 2013).

The Peruvian Andes Cordillera is a barrier between the humid Amazon rainforest to the east and
a desert on the Pacific coast (Garreaud et al., 2009). These two sides are affected by distinctly
different climatic systems. The humid Amazon Basin is sensitive to changes in the sea surface
temperature (SST) of the Atlantic Ocean and in particular to the meridional SST gradients in the
tropical Atlantic Basin. This Atlantic SST gradient affects the latitudinal displacement of the
Intertropical Convergence Zone (ITCZ), which is associated with the SASM activity (Vuille et
al., 2012).

The Pacific coast on the other hand is dry due to the cold Humboldt Current and the upwelling
of cold waters, which lead to a highly stratified atmospheric column with a stable low-level
inversion that prevents convection and moisture influx toward the Andes. This situation is
broken up when coastal Pacific SST warms up, as occurs during the warm phase of the El Nifio
- Southern Oscillation (ENSO) (Garreaud et al., 2009). ENSO influence during the Holocene
has been described by studies such as those based on high-altitude lake records from the
Ecuadorian Andes, which suggests that El Nifio events became progressively more frequent
since the mid Holocene (Rodbell et al., 1999; Moy et al., 2002). In addition, it has been
suggested that El Nifio-like conditions may have contributed to abrupt climate events at
millennial timescales over the high Andes of Peru (Kanner et al., 2013). However these summit

areas are in the transitional zone between the eastern and western Andean flanks and hence, it
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remains a challenge to separate the Atlantic from the Pacific SST impact on moisture transport

and precipitation over the tropical Andes (Vuille et al., 2000).

To date, most of the isotopic studies performed in Andean regions of Peru are in the relatively
dry (puna) central and southern regions (Thompson et al., 1995; Seltzer et al., 2000; Bird et al.,
2011a,b; Kanner et al., 2013) at altitudes at or above 4000 m asl. In the last decade results of
some studies from the wetter (rainforests) lowlands (<1000 m asl) near the northeastern
Peruvian Andes have been published (van Breukelen et al., 2008; Reuter et al., 2009; Cheng et
al., 2013a; Apaestegui et al., 2014). But so far there are no high-resolution paleoprecipitation
studies at mid-altitude Andean locations in-between the high puna regions and the lowland
rainforests. Importantly, this narrow transition zone is home to the humid montane forest belt,
an extremely relevant biome for biodiversity and biogeography studies, as well as for

conservation issues.

In the Andes, this forest zone often spans laterally 10-30 km over the eastern slopes and is
located within a narrow temperature range, usually from 1500 m asl (at the elevation where the
average minimum temperature drops below 18°C) to the tree line, often located at around 3500
m asl (Grubb, 1974, 1977; Young, 1991, 1992; Leon et al., 1992; Webster, 1995; Young and
Ledn, 1999). Within this altitude range, there is a level (typically between 2000 and 3000 m asl)
where cloud condensation turns to be more persistent and the cloud forest starts (Grubb and
Whitmore, 1966; Grubb, 1977; Bruijinzeel, 2001; Jarvis and Mulligan, 2011). This altitude
ranges change depending on the latitude and altitude of the Andean region, and have varied over
the last millennia due to climatic and anthropogenic causes, as shown by palynological records
from Peruvian montane forests (Hansen and Rodbell, 1995; Bush et al., 2005; Hillyer et al.,
2009; Urrego et al., 2010; Valencia et al., 2010). Eventhough, montane forests are diverse and
may respond to a climate event in different ways (Gentry, 1988; Bush et al., 2004), little is
known about their response to precipitation variability during periods when the SASM changed

dramatically.

The complex orographic conditions of the eastern Andes, characterized by high summits,
mountain ridges and deep valleys impose sharp boundaries on climate conditions (Guyot, 1993;
Ronchail and Gallaire, 2006; Laraque et al., 2007; Espinoza, 2009). The steep environmental
gradients and the short spatial distances over which communities change, make this Andean
region particularly sensitive to climatic change (Weng et al., 2006). Hence, it is important to
have paleoclimate records from the different areas and various ecosystems of the Andean

region.

In this study, we investigate for the first time a paleohydrologic record from a mid-altitude site

(1960m) in the northeastern Peruvian Andes, located in the transition zone between the humid
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Amazon lowland and the drier highlands. This study is based on two well-dated &O-

speleothem records from Shatuca cave that record the last 10.5ky.
2. Study Site and Modern Climatic Conditions

Speleothems were collected from Shatuca cave (5.70°S; 77.90°W), located at 1960m asl in the
northeastern Peruvian Andes (Fig. 1), in a Triassic—Jurassic limestone—dolomitic formation
(Cobbing et al., 1981). The cave was mapped by the GSBM-ECA team (Bigot, 2008), it is
670m long -on a south-north axis- and its active and fossil galleries have a total vertical extent
of 30m (Fig. S1. in Supp. Mat.). Samples used in this study were collected a few meters above
the underground river in the most distant point from the entrance.

Rainfall measurements of the last 5 decades (Peruvian Meteorological Service, SENAMHI,
1964-2014) from different rain gauge stations located near the Shatuca site show a bimodal
precipitation regime that is related to the seasonal march of convective precipitation across the
region. The vast majority of the rainfall (~ 85% of the annual total) occurs between October and
April, mostly as part of the SASM, while the other 15% is related to residual equatorial rainfall

during winter season.

Along the eastern slopes of the Andes the rainfall amount diminishes with increasing altitude,
and areas between ~800-900m asl are wetter (~1600mm/yr) than regions located between
~1300-2500m asl (~855mm/yr) (Fig. 2a). However, the Andean topography generates a
complex rainfall distribution, and depending on the exposure to the moisture being transported
from the Amazon, drier and wetter slopes may occur in close proximity (Fig. 2b,c). TRMM
2B31 (Bookhagen and Strecker, 2008) satellite data shows that Shatuca cave is in a relatively
drier location (Fig. 2b), when compared to its surroundings, most likely due to rain-shadow

effects from mountain ridges further upstream (Fig. 2b,c).

The northeastern Peruvian Andes are directly affected by the northeast trade winds that
transport moisture from the tropical North Atlantic to the Amazon. It is at this point that the
trade winds veer southeast due to the blocking effect of the Andes and generate a Low Level Jet
(LLJ) that transports moisture from the Amazon to the La Plata Basin (Nogués-Paegle, 1998).
During the austral wet season this transport is enhanced and the preferential pathway of the LLJ
is located more to the west (Poveda et al., 2014). At interannual timescales, the last extreme El
Nifio events (1982-83, 1991-92 and 1997-98) were related to an enhancement of the LLJ and
extreme droughts in the northeastern Peruvian Andes (Lavado and Espinoza, 2014), while the
strongest floods occurred during the last extreme La Nifia events (1970-71, 1973-74, 1975-76,
1988-89) due to a weakening of the LLJ (Marengo and Nobre, 2001; Nogués-Paegle and Mo,
2002; Garreaud et al., 2003, 2009; Grimm, 2011; Lavado and Espinoza, 2014). However, the
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extreme Amazon droughts of 2005 and 2010 were related to anomalously warm SSTs in the
tropical North Atlantic (Marengo et al., 2008, 2012; Espinoza et al., 2011; Lavado et al., 2012).
Furthermore at decadal timescales, Marengo et al. (2004) showed that the Pacific Decadal
Oscillation (PDO) and the North Atlantic Oscillation (NAO) may affect the activity of the LLJ.

3. Samples and Methods

The U/Th geochronology of the stalagmites was determined at the University of Minnesota
using an inductively coupled plasma-mass spectrometry (ICP-MS) technique following the
procedures described by Cheng et al. (2013Db).

Two speleothems, Sha-2 and Sha-3, collected by the GSBM-ECA team from Shatuca cave were
used in this study. The Sha-3 sample is a 23.8 cm long stalagmite that formed from 10.5 to 1.3
ky BP (Fig. S2) with a hiatus from 6.3 to 2 ky BP and a mean growth rate of 0.05 mm/yr. Its
chronology is based on 11 U/Th dates, yielding an uncertainty (2s) <1% (Table S1). The
isotopic profile of stalagmite Sha-3, consists of 632 &0 samples, with a mean resolution of
7.25 yrs. In order to cover the depositional gap in sample Sha-3, we use the Holocene portion of
Sha-2 sample, a 1.60 cm long stalagmite (Fig. S2) that covers the last 29 ky BP, with a hiatus
from 1.9 to 0.4 ky BP. This portion of the stalagmite (82 cm long), has a mean growth rate of
0.11 mm/yr and a robust chronology based on 19 U/Th dates, yielding an uncertainty (2s) < 1%
(Table S1). Its isotopic profile of Sha-2 is based on 1564 %0 samples for the Holocene, which

provides a mean resolution of 5 yrs.

Together both stalagmites (Sha-2 and Sha-3) cover the entire Holocene, with the exception of
the period 1.3-0.4 ky BP (Fig. S3.). Oxygen isotope ratios are reported as 5'°O relative to the
Vienna-Peedee Belemnite standard (V-PDB). Thus, 3?0 = [((**0/**0) sample/ (**0/**0) V-
PDB) - 1] x 1000. For each measurement, approximately 200 ug of powder were drilled from
the sample and analyzed with an on-line, automated, carbonate preparation system linked to a
Thermo - Finnigan Delta Plus Advantage mass spectrometer at the Stable Isotope Laboratory of
Sdo Paulo University, Brazil (LIESP-CPGeo). The speleothem reproducibility of standard

materials is 0.15%o for §'%0.

Water samples for isotope analyses (15 mL bottles) were collected twice a month between May
2011 and September 2013 in order to evaluate the isotopic signature of precipitation in the
isotope rainfall collector installed close to Palestina cave, located at 870m asl and 66km apart
from Shatuca cave. Water analyses were performed in the Laboratério de Estudos
Geodindmicos e Ambientais at the University of Brasilia (UnB) using a Picarro L2120-i water
isotope analyzer, which allows measurements at an analytical precision of 0.1%o and reports
8% relative to Vienna Standard Mean Ocean Water (SMOW) standard.
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The Shatuca composite record is composed by 1763 50 values. It was constructed by
averaging the 8'°0 records obtained from the independent 5'®0 time series of Sha-2 and Sha-3
speleothems. The average resolution for the composite record is ~5.23 years.

To better compare records at millennial timescales, some of the figures show the detrended time
series, which were obtained by calculating the quadratic polynomial function for the 5'®0-curve.
This effectively removes the orbital-component of the records, allowing a comparison of the
residual time series with the Shatuca 5'°0 record.

4. Basis for Interpretation of '°0 Values

The oxygen isotopic composition of precipitation over tropical South America is principally
controlled by Raleigh-type fractionation during rainout, and is not simply a measure of
precipitation amount at the site (Vuille et al., 2003; Vuille and Werner, 2005; Vimeux et al.,
2005; Schmidt et al., 2007). Other factors such as moisture source area, condensation
temperature and degree of rainout upstream might also exert a significant influence on isotopic
signature of rainwater and therefore in the 5'°0 variation of speleothems. In order to address this
question we are presenting the results of a monitoring program for isotopic composition of
rainwater in Palestina area (Apaéstegui et al., 2014) that is located approximately 66km apart
from Shatuca and at altitudes of 870m asl. Precipitation seasonality is similar at these sites with
most of the annual rainfall related to SASM activity (Fig. 2a). Our data show that the 5'°0
values of rainfall decrease rapidly by more than 10%o from the middle (January 2012) to the end
of monsoon season (April 2012). After the demise of the monsoon season, the 3'°0 values start
increasing abruptly by 15%o, reaching the highest 'O values during the driest months from
July to September 2012 (Fig. 3). Unlike the first year of monitoring, the %0 values oscillate
between lower and higher values during the 2nd monsoon season, but again reach the lowest
30 values at end of the monsoon season in April 2013. The values increase from May to
September associated with non-monsoonal rainfall events. In summary, the monsoon rainfall is
characterized by more negative 5'°0 values while higher values are clearly observed during
residual equatorial rainfall events outside of the monsoon season. However, the relationship
between 5'°0 and rainfall amount is not evident on monthly timescales and is statistically weak
(r*=0.3, p<0.01).

Although the most depleted 5'°0 values are observed during the rainiest months of the monsoon
season, it is apparent that the rainfall isotopic signature is significantly influenced by distal
processes associated with the long transport of the moisture from the tropical Atlantic across the
Amazon Basin towards the tropical Andes (Salati et al., 1979; Garcia et al., 1998; Vuille et al.,
2003; Vimeux et al., 2005). Because of rainout upstream along the moisture trajectory, the

residual water vapor becomes progressively lower in *°0 of precipitation over the course of the
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monsoon season. Our data is consistent with results from ECHAM4 model simulation of 80 in
monsoon rainfall in South America where a stronger SASM is associated with more depleted
values in **0 of summer precipitation (Vuille and Werner, 2005).

The removal of moisture from an air mass is temperature-dependent. Vapor condensation
requires cooling of the air mass and because of Rayleigh distillation implies a process of
equilibrium fractionation (Dansgaard, 1964; Lachniet, 2009). In this case the 5'°0 of the
moisture condensed from a saturated air mass becomes more negative with lower temperature
(Dansgaard, 1964). A typical range for the altitude effect is -2 to -3%o 8'°0 km™ related to the
decrease in mean annual temperature with elevation along the local environmental lapse rate
that is typically of -5 to -6 °C km™ (Gonfiantini et al., 2001). On the other hand, the cooling of
an air parcel because of orographic lifting in the Andes is unlikely to be a major factor
explaining §'0 variations in rainwater feeding cave speleothems. This is supported by the fact
that the absolute 5'°0 values from the Shatuca isotope record are systematically 1 to 2%o higher
than the ones in speleothems from Tigre Perdido, a cave located at about 1000 m meter

downslope (van Breukelen et al., 2008).

Similarly, the high amplitude 50 changes observed in Shatuca isotopic time series cannot be
accounted for the temperature dependence of isotope fractionation between calcite and drip
water in the cave. For instance, a decrease of more than 3%o observed during the Holocene in
the speleothems would require an increase in cave temperature of about 12°C. These
temperatures ranges are entirely inconsistent with mean annual temperature outside the cave,
which was not subject to changes of more than few degrees at the same period (Bush et al.,
2004; van Breukelen et al., 2008).

Although the Atlantic Ocean is the only source of moisture to regional precipitation in the
Amazon Basin and the adjacent eastern Andes, rainfall in different seasons shows distinct 3'%0
values based on our monitoring program (Fig. 3). For example, the eastern Andes receive more
enriched residual equatorial rainfall outside the monsoon season from May to September than
during the monsoon demise in March/April (Apaestegui et al., 2014). This is because the
rainfall during monsoon months originates from moisture transported from the more distal
tropical Atlantic Ocean, while rainfall in other months derives preferentially from recycled
moisture over the Amazon Basin that is relatively *O-enriched (Salati et al., 1979). Studies in
the Amazon Basin estimate that 48-80% of rainfall originates from water vapor recycled
through evapotranspiration (Salati et al., 1979; Gat and Matsui, 1991; Martinelli et al., 1996),
and d-excess indicates that up to 40% of that source might be attributed to evaporation (Gat and
Matsui, 1991).
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While discussing the Shatuca isotopic signature, we will consider that more negative &0
values in the studied speleothems most likely reflect an intensification of the South American
Summer Monsoon, associated with enhanced rainout upstream across the Amazon Basin.
Higher 5'°0 values in speleothems, on the other hand, are likely related to periods of a weaker
SASM, when rainfall is more influenced by recycled moisture within the basin. It is of course
possible that periods of SASM intensification also lead to increased precipitation in-situ over
the Andes and that periods of weaker SASM might have seen decreased rainfall as is observed
today. But since the region is also influenced by isotopically heavier residual equatorial rainfall
changes in absolute local precipitation amounts cannot be precisely constrained from our
speleothem oxygen isotope records.

In addition, two important factors need to be considered when trying to explain the higher
absolute 80 values at mid-altitude sites in comparison with lowland caves: the higher total
annual precipitation in the lowland Tigre Perdido cave area, which doubles the amount of
Shatuca cave (Fig. 2a,b) and the stronger influence of less fractionated (hence isotopically
heavier) rainfall associated with low-level clouds during the dry season and the stronger

influence of recycled moisture at Shatuca cave site given its mid-altitude location.
5. Results and Discussion
5.1. Long-term changes driven by summer insolation

Through the Holocene, a decreasing trend is observed in the Shatuca §'°0 record (Fig. 4). In
sample Sha-3, the 5'®0-signal decreases from -3.7%o to -7.3%o in the transition from the early
Holocene (10.5-7.0 ky BP) to the late Holocene (4-0 ky BP) (Fig. S3). Similarly, sample Sha-2
records heavier isotopic values (-3.3%o) for the early Holocene while the lightest isotopic values
(-7.2%0) appear in the late Holocene (Fig. S3). From 10.5 to 6.3 ky BP, both samples show the
same trend and the same amplitude of changes. Moreover the mean isotopic 8'°0 value is
similar in both speleothems, -4.7%o for Sha-2 (¢ = 0.4%0) and -5.1%o for Sha-3 (¢ = 0.4%o),
these results confirm that the 8'0 values were strongly influenced by the same climatic forcing.

We therefore combine them to yield a composite paleohydrologic record for the Holocene.

Previous isotopic paleorecords from the tropical Peruvian Andes (Seltzer et al., 2000; van
Breukelen et al., 2008; Bird et al., 2011a; Kanner et al., 2013) show similar trends for the
Holocene and have been interpreted as showing an enhancement of the SASM precipitation in
response to increasing austral summer insolation during the Holocene. This trend seen in the
tropical Andes is also reported at cave sites influenced by SASM in subtropical Brazil (Cruz et
al., 2005, 2006; Wang et al., 2006). In Figure 4 we show how this long-term decreasing trend in

the Shatuca isotopic record resembles the trend of the austral summer insolation for 10°S, where
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lower (higher) values of insolation (W/m?) are contemporaneous with less (more) depleted §*°0
values in the Shatuca record during the early (late) Holocene. This similarity suggests that the
gradual summer insolation increase in the southern Hemisphere and its previously documented

influence on the SASM, also affected the Shatuca site.

In Figure 4, we compare Shatuca to other Andean records and it is possible to observe that, from
10.5 to 3.5 ky BP, a gradual decrease of the isotopic signal occurs related to the increasing
austral summer insolation, but that at 3.5 ky BP the decreasing trend stops and turns into a
flatter trend. In the northeastern Andes (Shatuca and Tigre Perdido records) this change in trend
seems to occur at 4 ky BP whereas in the central Andes this occurs one millennium later at
around 3 ky BP. This climate system reorganization, matches with the inflection in the

insolation curve at around 3.5 ky BP that is modulated by the precession cycle.

However, it is interesting to note that during the early and middle Holocene, in both the
northeastern and central Peruvian Andes, all the isotope records are more 0-enriched, likely
because of lower amounts of rainfall, higher contribution of recycled moisture to the rainfall and

diminished influence of depleted moisture transported to the Andes across the Amazon Basin.

During the late Holocene, it is possible to observe that the records in the northeastern Andes
(Shatuca and Tigre Perdido caves) show a sinusoidal behavior with strong amplitude; the same
characteristics can be observed in the central Andes with the high elevation records (Lake
Pumacocha and Huagapo cave) (Fig. 4). Unlike the other isotope records from the Andes, the
long-term negative trend in 8'®0 at Shatuca is not as gradual, but marked by abrupt 3'*0
increases followed by periods of gradual 5'®0 decrease, with approximately similar negative
slopes (Fig. 4). These negative slopes occurred successively from 10 to ~5.0 ky BP, 4.9 to 3.0
ky BP and during a third period in which a negative trend might exist from 2.2 to 1.0 ky BP but
it is not as clearly defined because both speleothems, Sha-2 and Sha-3, show no deposition
between 1.3-0.3 ky BP. Each period with negative trend represents a progressive depletion of
3'®0 values associated with an intensification of the SASM, followed by a strong decrease of
the monsoon regime or the monsoonal influence in the region, suggesting a reorganization of

the climate system in the region.
5.2. Abrupt climate events in SASM rainfall over Andes

Except for the last millennium (Reuter et al., 2009; Bird et al., 2011b; Apaéstegui et al., 2014),
no abrupt events or rapid state changes in monsoon intensity have been discussed in detail in
Holocene Andean records (Bird et al., 2011b; Kanner et al., 2013). Hence, the abrupt 50
changes characterize Shatuca isotopic record as the Andean record with highest variability

during the early and mid Holocene (Fig. 5). The next sections will describe in detail the
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centennial to decadal timescale variability recorded in Shatuca cave during the Holocene, and
how it compares, within the constraints of age control, to the variability observed in the other
isotope records from this region.

5.2.1 — Early Holocene

Some of the abrupt isotopic changes seen in Shatuca time series have no counterpart in other
Andean records but only in lowland records that also show very high variability during the early
Holocene (Strikis et al., 2011). For instance, two abrupt events toward lighter 5'°0 isotopic
values, logged at 9.5 and 8.1 ky BP, in Shatuca record, were also present in the Lapa Grande
speleothem record (Strikis et al., 2011) (Fig. 6). Previous lake, pollen, ice cores and cave studies
usually point to the dryness of the early Holocene in the Andes, but the presence of a wetter 8.2
ky BP event is not always evident. On the other side, in high-altitude records, such as
Pumacocha record, the larger chronologic uncertainty combined with its lower isotopic
resolution between 10.5-5 ky BP, hampers the identification of climatic changes at multidecadal
to centennial timescales. However, it is possible that some events influenced the climate at low

to mid-altitudes, but were not significant at highland sites such as Lake Pumacocha.

The longest wet period in Shatuca time series occurred between 9.7-9.5 ky BP and was marked
by a decrease of ~1.5%o, but it is not clearly recorded in the Tigre Perdido or Pumacocha
records, although it is very evident in Lapa Grande cave record and seems to be related to Bond
event 6 (Fig. 6). However, the negative shift in Lapa Grande isotopic time series is offset by 300
years. On the other side, the wet period logged at 8.1 ky BP in Shatuca record was characterized
by a decrease of about 1.5%o0, which coincides with the timing of the 8.2 ky event, which is also
seen in other speleothem records from Brazil (Cheng et al., 2009). The structure of this event is
marked by a double-plunge and a peak in the isotopic values at about 8.1 and 8.2 ky BP (Cheng
et al., 2009). The same event may also have occurred in Tigre Perdido but its chronology is not

very robust at this time period (Fig. 6).

Furthermore, the spectral analysis for Shatuca record during the early Holocene (Fig. 7) shows
periodicities of 150, 100, 50 and 37 yr. Eventhough the periodicities of 150 and 100 yr are
multiple of the 50 yr periodicity, being a possible reflection of this; the 150 yr cycle appears to
be stronger in the wavelet analysis (Fig. 8) during almost all the early Holocene. This is
probably due to a solar modulation of the higher frequencies by the solar cycle of 120 yr. In
periods when the cycle of 150 yr is weakened, the periodicity of 100 yr becomes stronger, this
occurs principally in points centered in 9.5, 8.9, 8.4 and 8.1 ky BP, which were periods of

increased monsoon intensity (Fig. 6).
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5.2.2 - Mid Holocene

Different from the early Holocene, multi-decadal events that impact monsoon rainfall on a
regional scale are more evident during the mid to late Holocene, with changes that are
synchronous between Shatuca, Huagapo and Pumacocha isotopic records. The Huagapo cave
record (Kanner et al., 2013) is relatively well-dated during the mid Holocene and with similar
resolution as Shatuca 5'°0 time series. Lake Pumacocha record (Bird et al., 2011a) may also be
used to discuss some short-term events during this period, as its chronology is better constrained
with additional ages relative to the early Holocene.

In Figure 9 the Shatuca 5'°0 time series shows periods of relative weak monsoon and intense
monsoon. The changes toward drier monsoon periods, logged at 6.4, 5.1 and 4.9 ky BP, were
not necessarily abrupt (Fig. 9), but they are anomalous periods characterized by decreased
humidity, interrupting the long-term trend toward more humid conditions driven by changes in

summer insolation (Fig. 4).

It seems that the eastern Andean slopes experienced wetter conditions during the mid Holocene
than in the early Holocene, but dry periods still occurred in between (Hansen and Rodbell,
1995; Bush et al., 2005). Some paleorecords match better with Shatuca 80 time series than
others, such as Lake Pacucha (13°S), which was deeper but marked by frequent dry events
between 8.3-5 ky BP. Similarily, in Surucucho (3°S at 3180m asl) and Chochos lakes (7°S at
3285m asl) the higher occurrence of charcoal peaks (6000-4000 yrs BP) (Colinvaux et al.,
1997; Bush et al., 2005; Mayle and Power, 2008) was probably linked to the occurrence of these
drier periods in Shatuca record. However, dry events are not clearly defined in such records due

to insufficient temporal resolution and lack of robust geochronological control.

It is important to note that some dry monsoon events are clearly recorded in Shatuca 5'°0 time
series, for instance the event that marks the mid Holocene at 6.4 ky BP. Although this event was
never reported in other oxygen isotope records from the Andes it is also evident in the
Pumacocha and Huagapo records indicating that it affected both high and mid-altitude locations
at about the same time within age errors (Fig. 9). In addition, it can be also recognized in the
Lapa Grande monsoon record in eastern Brazil (Strikis et al., 2011). After the 6.4 ky BP event,
an isotopic decrease of ~1-1.5%. occurred in high and mid-altitude Andean records, at
approximately 6.1 ky BP (Fig. 9), suggesting that the monsoon intensified significantly at that
time. However, it is possible that this monsoon increase was not recorded by lowland isotopic
time series given the lower resolution of Tigre Perdido record and the hiatus present in Lapa

Grande record at this time period.
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From 5.2 to 5.1 ky BP, an increase of §*°0 values in Shatuca record (also recorded in Huagapo
cave record as an extreme dry event) was followed by an abrupt shift to lower 5'°0 values
marking the start of a series of wet events with periodicity centered in 35 yr, statistically
significant at 90% confidence (Fig. 10) that prevailed between 5.1 and 5.0 ky BP, as shown by
the wavelet analysis (Fig. 11). These series of events were synchronous with Bond event 4,
henceforth we will refer to this event as the 5 ky BP event (Fig. 11). To verify the structure of
this event, we sampled the portion between the U/Th dates 5132 +29 and 4780 + 54 yr BP at a
higher resolution, of approximately 2 years, and we found four abrupt changes of similar
amplitude. Even more important than the correspondence with the Bond event 4 in the Atlantic
Ocean is the confirmation that this event was also registered at other monsoon sites in South
America. Indeed, it is evident from the comparison between Shatuca, Pumacocha, Huagapo and
Lapa Grande isotope records (Fig. 9) that such series of events of monsoon intensification
occurred not only at lowland sites in Brazil (Strikis et al., 2011) but also in Andean sites, even
though this has not previously been reported in the related studies (Bird et al, 2011a; Kanner et
al., 2013). However, the duration of this event is not the same in all records, likely because of
uncertainties in the chronology of the various archives. For example, the event lasted ~100 years
in Shatuca and Huagapo cave records but only 52 years in Pumacocha lake record, while it is
significantly longer in Lapa Grande. Moreover, an approximately 100 yr long dry period
followed this 5 ky BP event at Shatuca, which was also present in the Huagapo and Pumacocha
records, although not as an extreme dry event (Fig. 9). Nonetheless this suggests that the 5 ky
BP event took place in-between two relatively long dry periods that were felt in the northern
and central Peruvian Andes, at both mid- and high altitudes. However, the low resolution of
Tigre Perdido record at this time period may explain why these series of abrupt changes were

not recorded in lowland records from the Andes.

The 5 ky BP event has been documented in several records around the world (Duplessy et al.,
1992; Gasse and Van Campo, 1994; Gasse, 2000; Cullen et al., 2000; Morrill et al., 2003) and is
described as a not well-understood hydrologic event, from wet to dry conditions in the northern
tropics, occurring around 5 ky ago. In fact, it is considered as the moment when the Sahara
desert stopped being green and started turning into a hyper arid desert at around 5.5 ky BP
(deMenocal et al., 2000). On the other side, Petit-Maire and Guo (1996) reported large climatic
fluctuations in the Sahara, with a wet period occurring around 5 ky BP, while Cremaschi et al.
(2006) described major drought spells at 5.9-5.7 ky BP and at 5.1 ky BP. Moreover, this period

was a period with global widespread glacier advances as observed by Mayewski et al. (2004).

The abruptness of the 5 ky BP event remains a topic of active discussion (Claussen, 2008).

Some studies have suggested that the event at ~5.2 ky BP was part of an abrupt widespread
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global cooling (Magny and Haas, 2004) while others suggest a more gradual change (Fleitmann
et al., 2003). Although the 5 ky BP event structure has not been discussed in previous studies
from the Andean region, some paleorecords already indicated the occurrence of an abrupt
change toward cooler (Thompson et al., 2006) and /or wetter conditions in north-western
(Stansell et al., 2013) and southeastern Peruvian Cordillera where an abrupt ice advance
occurred at Quelccaya at ~5 ky BP (Buffen et al., 2009).

5.2.3 — Late Holocene

Recognizing relatively abrupt climate events during the last 4 ky BP is more difficult in the
Shatuca isotope record because the U/Th chronology of the Sha-2 speleothem is not that precise
due to high content of detrital Th. Even though the comparison of isotope records from different
regions in South America suggests the occurrence of contemporaneous changes in SASM
intensity, such events have not been discussed by previous studies performed in the Andes (Fig.
10).

For instance, the significant decrease in 8*20 values at about 4 ky BP in Shatuca record seems to
be linked to a wet monsoon period in Tigre Perdido and in Lapa Grande §'20 time series, while
this climate anomaly is not evident at highland sites such as Huagapo cave and Lake Pumacocha
(Fig. 10). Indeed the resemblance between the Shatuca and Tigre Perdido oxygen isotope curves
is enhanced during the late Holocene, in particular from 4 to 1 ky BP, a time period when the
latter record is more accurately dated and more highly resolved. Multidecadal 50 wet
excursions, varying from 1.0 to ~2.0%. in amplitude, at Shatuca speleothem record have similar
counterparts in the Tigre Perdido 80 time series (Fig. 10). Moreover, the wet monsoon event
at 2.7 ky BP that was reported as one of the most extreme events during the Holocene in the
Amazon floodplains (Moreira-Turcq et al., 2014) and also in other areas under dominant
influence of the SASM regime (Novello et al., 2012; Strikis et al., 2011), could be related to the

wet incursions between 3.5 — 2.5 ky BP in Shatuca record.

On the other side, a long dry period that lasted more than 200 years and reached the most
enriched 5'°0 values of the late Holocene in Shatuca record is logged at about 2.2 ky BP. This
event was the driest period of the late Holocene, and apparently marked the end of a long-term
insolation trend influence but it is difficult to correlate with other records because age

uncertainties of more than 200 years at this period.
5.3 =Summer Insolation versus oceanic forcing of changes in monsoon rainfall

The increasingly negative 5'°0 values during last five millennia in our new speleothem record,
from Shatuca cave in Peru, confirms that the monsoon regime intensified during this period in a

mid-altitude Andean area, close to the border of the region affected by the SASM. Since
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nowadays El Nifio events lead to drought in the northwestern Amazon (Espinoza et al., 2011,
Lavado and Espinoza, 2014), the strong trend toward an enhanced monsoon observed in
Shatuca record cannot be attributed to changes in the mean state of ENSO, which was
characterized by a reinforcement of El Nifio events in South America during the same period.
Moreover, during the Holocene, there is no close resemblance between Shatuca time series and
proxy records of ENSO precipitation from the eastern equatorial Pacific (Fig.13) (Rein et al.,
2005; Conroy et al., 2008; Zhang et al., 2014). On the other hand, if we compare Shatuca and
Pallcacocha records, during the entire Holocene period, there is a remarkable synchronicity
between periods of higher ENSO frequency (5.0- 4.7 ky BP, 3.5-2.5 ky BP and 1.7-0.3 ky BP)
in the Pallacacocha record (Rodbell et al., 1999; Moy et al., 2002) and increased monsoon

intensity in the Shatuca record.

One question still far from fully answered is whether higher ENSO variability during the late
Holocene is responsible or not, for long wet periods observed in some areas over the Andes.
Continental records such as Pallcacocha lake in the high Andes are not only influenced by
ENSO and the increase in frequency of El Nifio events does not necessarily imply long-term
changes in rainfall. For instance, one of the periods of maximum EI Nifio frequency reported in
the Lake Pallcacocha record from ~3.5 to 2.5 ky BP (Rodbell et al.,1999; Moy et al., 2002)
corresponds to the minimum values of 8'°0 in the Shatuca record, marking the maximum

monsoon intensity of the entire Holocene in northern Peru (Fig. 13).

Although precipitation in Pallcacocha and Shatuca sites is largely influenced by the SASM, the
response to El Nifio events is very different between these two regions. While a strong positive
correlation with rainfall is observed in Pallcacocha lake (Ambrizzi et al., 2004; Garreaud et al.,
2009), a negative correlation is detected in the Shatuca cave region (Espinoza et al., 2011;
Lavado and Espinoza, 2014). Furthermore, when comparing Shatuca and Pallcacocha records
with the lower frequency proxy record of El Nifio events from EIl Junco lake in the Galapagos
Islands (Conroy et al., 2008; Zhang et al., 2014), we find no correspondence between the SASM
rainfall indicated by the Andean records and the changes in precipitation at El Junco lake (Fig.
13). In addition, Shatuca and Pallacacocha time series show a decrease in the precipitation
intensity that starts abruptly at about 2.4 ky BP and persists until 2.1 ky BP in Shatuca site and
until 1.8 ky BP in Pallcacocha lake, while the El Junco lake record suggests that precipitation
related to ENSO remains at its maximum frequency from 2.3 to 1.5 ky BP. Hence, it is unlikely
to consider that the increase in ENSO frequency, as pointed out in previous studies (Rodbell et
al., 1999; Moy at al., 2002), is in any way responsible for the period of strong SASM from ~3.5
to 2.5 ky BP.
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The reason for similar precipitation trends between mid- and highland Andean records of
northern Peru and southern Ecuador is probably related to the proximity of these two sites
which enables monsoon precipitation to reach highland areas such as Pallcacocha lake (4300m
asl) during strong enhancements of the SASM. Given that Lake Pallcacocha is exposed to
easterly winds that transport moisture from Amazon Basin, an alternative scenario explaining
long-term changes in precipitation in Pallcacocha site is that the SASM became progressively
intensified with the gradual increment in summer insolation as observed in Shatuca and other
Andean records since 5 ky BP. However, this process would only start to affect distal monsoon
areas such as Pallcacocha lake once the monsoon reaches its highest intensity at about ~3.5 ky
BP coincident with the occurrence of Bond event 2. In this scenario, the higher erosion rates
from ~3.5 to 2.5 ky BP, in Pallcacocha lake record, might represent the maximum extent of the

monsoon belt.

Our new record from Shatuca cave confirms that the mid-altitude areas in the Andes are quite
sensitive to abrupt climate changes, which take only few years to significantly alter the SASM
conditions but last several decades. Some of these climate anomalies are also apparent in other
Andean areas in Peru and Ecuador, such as the 5.0 ky BP event, which was recorded by
Pallcacocha lake, Pumacocha lake, and Huagapo cave records (Moy et al., 2002; Bird et al.,
2011a; Kanner et al., 2013). These multi-decadal events of monsoon intensification can be seen
in areas with very different ENSO sensitivities, suggesting that they were triggered by changing
SST gradients in the tropical Atlantic, rather than by ENSO. This notion is supported by the
correspondence with some cold episodes in the northern North Atlantic, during Bond Events,
which seem to be responsible for anticorrelation between strong (weak) monsoon events
recorded in speleothems from South America (China) (Cheng et al., 2009; Strikis et al., 2011).

The abrupt step-like changes toward more positive 5'%0 values (Fig. 13) that disrupt the long-
term insolation trend at Shatuca record approximately correspond with weaker monsoon periods
in Huagapo record at 5.1 ky BP and probably 2.4 ky BP. The amplitude of the 'O departure
from the long-term trend at Shatuca, however, is much higher than observed in any other
isotope record in South America. Interestingly, the drop in monsoon intensity seen in Shatuca
record also appears to affect the Pallcacocha lake site (Fig. 13). Although, the reasons for such a
behavior are not clear, it indicates that a major reorganization of the climatic system occurred in
the western border of the SASM at mid- to high altitudes of the Andes.

6. Conclusions

The Shatuca §'°0 record from the northeastern slopes of the Peruvian Andes shows a gradual
enhancement of the SASM during the Holocene, that reached its maximum during the late

Holocene which is in agreement with other isotope records in South America. Superimposed to
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this long-term trend, several abrupt changes occurred toward wetter and drier conditions in the
Andes that appear to be widespread in South America, occurring from lowland to high elevation
sites. While some of these events were observed in other Andean paleorecords, they were not as
abrupt as in Shatuca record, and sometimes occurred with a temporal mismatch, probably due to
geochronological problems or differences in temporal resolution. These results highlight the
need for additional high-resolution and well-dated precipitation proxy records to allow
identification of such events in different areas under the influence of the SASM.

The temporal correspondence between many cold episodes in the North Atlantic during Bond
events, drying at many sites in the northern Hemisphere and periods of enhanced SASM,
reinforce the notion that most of these abrupt events in the Andes are related to SST changes in
the Atlantic Ocean. The Pacific may have played a role as well; modulating the SASM activity,
but its exact influence remains unclear during the Holocene. The comparison between Shatuca
and Pallcacocha records suggests that long-term increases in SASM precipitation, previously
attributed to increased frequency of ENSO, such as the one described between 3.5 and 2.5 ky
BP, may rather reflect the coupling between the Bond event 2 and the higher austral summer
insolation forcing, even at distal sites, once the monsoon belt reached its maximum extent over
the high Andes.
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A6. Figure 1. Location of Shatuca cave record (5.70°S, 77.90°W, red triangle) and other
Andean paleoclimate records (black triangles) used for comparison. These paleoclimate
records are Lake Pallcacocha (Rodbell et al., 1999; Moy et al., 2002) in southwestern Ecuador;
Tigre Perdido cave (van Breukelen et al., 2008) and Palestina cave (Apaéstegui et al., 2014), in
the northeastern Peruvian Andes; Lake Pumacocha (Bird et al., 2011a,b) and Huagapo cave
(Kanner et al., 2013), in central Peruvian Andes. On the top: location of Lapa Grande cave
record (“LG”, black triangle, Strikis et al., 2011) and of the Intertropical Convergence Zone
(ITCZ).
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asl). b) Altitude profile and location of Shatuca ““S”, Tigre Perdido “T” and Palestina

“P”caves, in relation to the moisture transport direction. c) Mean annual precipitation from
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Palestina) cave location is indicated with a red (yellow) triangle and meteorological stations
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A6. Figure 4. Comparison between isotope records from the central and northeastern Peruvian
Andes and the insolation trend (black line) for the month of February at 10°S (Berger and
Loutre, 1991). Pumacocha lake (4300m asl) record in blue (Bird et al., 2011a) and Huagapo
cave (3850m asl) record in black (Kanner et al., 2013) are situated in high altitude areas of
central Peruvian Andes, while Shatuca cave (1960m asl) record in red (this study) and Tigre
Perdido cave (1000m asl) record in green (van Breukelen et al., 2008) are located at lower
altitude sites in northeastern Peruvian Andes. Ages and error bar for each record are also

shown.
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A6. Figure 5. Comparison between Holocene South American paleoprecipitation records and
the Hematite stained grains record (HSG%) from the North Atlantic Ocean. Pumacocha lake
detrended record in blue (Bird et al., 2011a), Huagapo cave detrended record in black (Kanner
et al., 2013), Lapa Grande cave in orange (Strikis et al., 2011), Tigre Perdido cave detrended
record in green (van Breukelen et al., 2008), Shatuca cave detrended record in red (this study)
and the HSG% record in purple (Bond et al., 2001). Blue bars indicate wet events in Shatuca
record, which are contemporaneous with wet considitions in other Andean records and with
some Bond events in the Noth Atlantic. Orange bars indicate abrupt changes toward dry
conditions in Shatuca record contemporaneous with dry events in other Andean records. Ages

and error bars are shown for each record.
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AG6. Figure 6. Early Holocene comparison of high-resolution records from South America and
the Hematite stained grains record (HSG%) from the North Atlantic Ocean. HSG% record of
the Bond et al. (2001) shown in black, Shatuca composite_detrended record shown in red (this
study), Tigre Perdido_detrended record in green (van Breukelen et al., 2008) and Lapa
Grande_detrended record shown in orange (Strikis et al., 2011). Blue bars indicate wet events
which are synchronous with Bond events, and yellow bars indicate reversals to drier conditions
within the wet events. Gray bars indicate periods of increased moisture with 100-yr cyclicity.

Ages and error bars for each record are also shown.
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AG6. Figure 7. Early Holocene spectral analysis (REDFIT) (Schulz and Mudelsee, 2002)
performed by software PAST (Hammer et al., 2001) using Sha-2 sample (with Sha-3 covering
the hiatus of Sha-2).
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A6. Figure 8. Early Holocene wavelet analyses (Torrence and Compo, 1998) performed by
software PAST (Hammer et al., 2001) using Sha-2 sample (with Sha-3 covering the hiatus of
Sha-2).
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A6. Figure 9. Detailed comparison between South American high-resolution paleorecords from
7.2't0 4.5 ky BP: Lapa Grande cave in green (Strikis et al., 2011), Lake Pumacocha_detrended
in blue (Bird et al., 2011a), Huagapo cave_detrended in black (Kanner et al., 2013), Shatuca
cave_detrended in red (this study). Blue bars indicate wet events, and orange bars indicate

reversals to drier conditions within the wet events. Ages and its error bars for each record.
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A6. Figure 10. Spectral analysis (REDFIT) (Schulz and Mudelsee, 2002) for the period between
5132-4780 years BP (with evidence in Bond 4), performed by software PAST (Hammer et al.,
2001).
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A6. Figure 11. Wavelet analyses (Torrence and Compo, 1998) for the period between 5132-
4780 years BP (with evidence in Bond 4), performed by software PAST (Hammer et al., 2001).
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A6. Figure 12. Comparison between South American paleorecords during the late Holocene:
Lapa Grande cave in orange (Strikis et al., 2011), Lake Pumacocha in blue (Bird et al., 201a),
Huagapo cave in black (Kanner et al., 2013), Tigre Perdido cave record in green (van
Breukelen et al., 2008) and Shatuca cave composite record in red (this study). Ages and its
error bars for each record. Blue bars indicate wet events, and orange bars indicate reversals to

drier conditions.
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A6. Figure 13. Increasing monsoon precipitation in Shatuca record (green) through the
Holocene, shown as a step process. In red, Pallcacocha lake record (Moy et al., 2002) and in

blue El Junco lake record (Conroy et al., 2008).
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SUPPLEMENTARY MATERIAL
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A6. Figure S1. Topographic map: Shatuca cave profile. Located in Yambrasbamba, Bongara

province, Amazonas —Peru. Source: Bigot (2008)
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#9Th dating results. The error is 2 error.

Sample 238 282qy, 2807y, 282, 5234 2307y, /238 20T pge (yr) 2°Th Age (1) 82 Unia 2°Th Age (yr
Number (ppb) (PPt)  (atomic x10%)  (measured) (activity) (uncorrected  (corrected) (correct (corrected)
Espeleotema SHA 2
SHA2-1 68.6 +0.1 1749 £35 16 1 1062.9 +2.5 0.0247 +0.0007 1311 £35 951 #257 1066 *3 893 +257
SHA2-2 66.6 0.1 605 +12 19 1 1061.9 +3.1 0.0106 +0.0005 560 +29 431 +95 1063 +3 373 £95
SHA2-3 735 #0.1 186 +4 44 £3 1066.1 3.1 0.0067 +0.0005 356 +25 321 +36 1067 £3 263 +36
SHA2-4 68.6 0.1 121 +3 85 5 1065.3 +2.6 0.0091 +0.0005 481 +29 457 +34 1067 £3 399 +34
SHA2-5 68.7 0.1 2544 £51 21 #1 1056.7 +3.4 0.0465 +0.0006 2491 £35 1967 £372 1063 +4 1909 #372
SHA2-6 59.1 #0.1 4296 +86 25 +1 1039.1 +2.9 0.1085 +0.0007 5936 +43 4902 +733 1054 +4 4844 733
SHA2-7 69.4 0.1 1557 +31 38 +1 1056.7 3.1 0.0523 +0.0006 2802 £32 2485 £226 1064 +3 2427 226
SHA2-8 96.3 0.1 1506 +30 54 £1 1048.3 2.8 0.0516 +0.0004 2779 24 2557 #159 1056 +3 2499 #159
sha-2a-9mm  117.8 +0.2 2246 +45 55 +1 1042.4 +3.2 0.0639 +0.0005 3458 +28 3187 +194 1052 +3 3124 £194
SHA2-9 98.9 0.1 1161 +23 93 £2 1039.3 2.7 0.0662 +0.0005 3589 +26 3422 £121 1049 #3 3364 +121
SHA2-10 1101 +0.1 508 £10 317 #7 1009.7 +2.6 0.0887 +0.0005 4905 +26 4838 54 1024 +3 4780 54
SHA2-11 1337 0.2 183 #4 1130 #23 1004.1 3.3 0.0938 +0.0004 5209 +26 5190 *29 1019 £3 5132 £29
sha-2a-4mm  91.7 0.1 242 5 685 +15 996.1 £2.2 0.1095 +0.0006 6124 +36 6086 +45 1013 £2 6023 +45
SHA2-12 1043 0.1 241 5 835 17 992.6 +2.7 0.1172 +0.0004 6578 +26 6545 £35 1011 +3 6487 £35
SHA2-14  110.1 +0.2 154 #3 1526 *32 987.2 £3.0 0.1292 +0.0006 7291 £37 7271 #40 1008 +3 7213 #40
SHA2-16 1175 0.1 146 £3 1828 +38 985.1 1.9 0.1377 +0.0005 7793 £32 7775 £34 1007 £2 7717 £34
sha-2c-14mm 119.8 +0.1 139 #3 1976 #43 984.0 2.4 0.1392 +0.0006 7890 +34 7873 £36 1006 +2 7810 +36
SHA2-17 75.0 £0.1 173 +4 1109 #23 987.1 2.4 0.1548 +0.0007 8786 +45 8752 51 1012 +3 8694 +51
SHA2-18  109.8 +0.2 253 £5 1147 #23 984.7 +2.8 0.1604 +0.0006 9128 +38 9094 +44 1010 £3 9036 +44
SHA2-20  106.0 0.2 181 +4 1631 +34 985.6 +2.7 0.1688 +0.0007 9621 +42 9597 #45 1013 £3 9539 #45
sha-2c-48mm  113.6 +0.1 183 +4 1827 £39 992.2 £2.4 0.1789 +0.0007 10186 +44 10162 +47 1021 2 10099 +47
SHA2-22 41.8 0.0 317 +6 411 #9 9930 +2.1 0.1888 +0.0009 10769 57 10660 +96 1023 £2 10602 +96
Espeleotema SHA 3
SHA3-1 188.9 1.2 324 +7 248 +5 1095.7 £16.5  0.0258 +0.0003 1350 +18 1327 £25 1100 £17 1269 +25
SHA3-2 181.0 +0.3 148 +3 596 +14 1090.8 3.1 0.0297 +0.0003 1556 +15 1545 £17 1096 +3 1487 £17
SHA3-3 199.6 +0.3 89 2 1209 +27 1084.8 +2.6 0.0326 +0.0002 1715 +13 1709 #14 1090 +3 1651 +14
SHA3-4 202.3 £0.3 216 +4 598 +13 1101.8 2.8 0.0387 +0.0002 2025 +12 2010 *16 1108 +3 1952 #16
SHA3-5 1135 +0.1 269 +5 803 +17 1026.9 +2.9 0.1157 +0.0005 6380 +30 6346 +39 1045 £3 6288 +39
SHA3-6 155 +0 2110 +42 159.4 +33 1059.4 +2.7 0.1315 +0.0006 7156 +35 6965 £139 1080 +3 6903 +139
SHA3-7 135 +0 163 £3 1847.1 #40.3  1056.2 +2.1 0.1356 +0.0006 7395 £37 7379 £39 1078 *2 7317 £39
SHA3-8 142.8 +0.2 511 6371 142 1061.7 +2.8 0.1391 +0.0004 7574 £25 7569 *25 1085 +3 7511 £25
SHA3-9 80.9 0.1 40 +1 1785 +44 2940.9 +5.0 0.0531 +0.0004 1477 #12 1474 #13 2953 +5 1416 *13
SHA3-10 1427 +0.1 159 £#3 2239 +46 1076.8 +2.1 0.1517 +0.0004 8218 +26 8202 +29 1102 #2 8144 +29
SHA3-11  138.0 +0.1 419 +8 851 17 1080.7 +2.0 0.1568 +0.0006 8491 £33 8449 +44 1107 +2 8391 +44
SHA3-12 1263 0.1 545 +11 636 13 1072.0 +2.4 0.1662 +0.0005 9058 +30 8998 +52 1100 #2 8940 £52
SHA3-13 2115 +03 704 £14 921 #19 1058.9 +3.0 0.1861 +0.0005 10248 +34 10202 +47 1090 £3 10144 47

*F3U = ([(BPUP U Lactivity — 1)x1000. ** §**Ujnigiar was calculated based on 23°Th age (T), i, &**Uinitial = &>*Uneasured X",
Corrected 23°Th ages assume the initial 2>°Th/?**Th atomic ratio of 4.4 +2.2x10°. Those are the values for a material at secular

equilibrium, with the bulk earth 232Th/*®U value of 3.8. The errors are arbitrarily assumed to be 50%.

Lines in red, indicate those Ages that were nor used due to higher error
* THE RESULTS OF THESE TWO SAMPLES (128mm and 160mm) ARE QUESTIONABLE FOR THEY WERE MIXED DURING WEIGHING

AB. Table S1. U/Th ages for samples Sha-2 and Sha-3.
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A6. Figure S2. Growth rate of samples Sha-2 and Sha-3.
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A6. Figure S3. Isotopic record for Shatuca cave samples: Sha-2 in black and sample Sha-3 in
red. The U/Th ages, are located in the bottom part of the graphic, black for Sha-2 and red for
Sha-3.
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ANEXO 7.

“Orbital to millennial changes in monsoon precipitation in western Amazon from the last

Glacial to the Holocene from speleothem isotope records”
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Abstract

Three well-dated 8'®0-speleothem records were collected from Shatuca cave, situated on the
northeastern flank of the Peruvian Andes (1960m asl) to reconstruct high-resolution changes in
precipitation, during the last 38 ky BP. The record suggests that moisture conditions remained
under similar ranges during the last Glacial and Holocene periods, and that a similar amplitude
change (~3.5%o0) occurred through the Deglacial and Holocene periods, toward drier and wetter

conditions, respectively.

Moreover, precipitation seems to be modulated by the precession cycle only since 11 ky BP but
not before, and moisture conditions during the Last Glacial Maximum (LGM) were similar to
the ones of the late Holocene. Some of the lowest isotopic values, at Shatuca site, occurred
during the late Holocene, when the Austral Summer Insolation (ASI) was at its maximum;
whereas the most enriched values occurred during the early Holocene, when the ASI was at its
minimum. The Shatuca speleothem record shows a higher number of dry episodes than at
highlands, some of them never reported before in Andean regions, such as the one logged at

16.2 ky BP. For instance, some of these episodes were also present in previous lowland records
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from northeastern Peruvian Andes, although these were fewer and not as intense as in midlands.
Moreover, these dry episodes were not necessarily related to Greenland interstadials (Gl),
instead we found that some of them were related to dry events in the Cariaco basin, particularly
clear for the 16.2 ky BP event.

Keywords: South American Summer Monsoon, Northeastern Peruvian Andes, Stable Isotopes,
Last Glacial Period, Dansgaard Oeschger cycle, Heinrich event

1. Introduction

Estimating how the Amazon forest and its biodiversity could be threatened on the next decades
due to the current climate change, have generated a great deal of debate among scientists that is
far from solved. To this aim it is important to improve our knowledge of previous climate

changes on the tropics and understand how vegetation was affected through these changes.

A general consensus exists about a much colder tropical South America during the Last Glacial
Maximum (LGM, globally defined between 24-18 ky BP), however, the moisture conditions
which are extremely important for the maintenance of the Amazon forest remain a matter of

debate in part due to the paucity of the paleoclimatic reconstructions (Sylvestre, 2009).

Several paleorecords show that the LGM occurred earlier in the tropical Andes, between 30-26
ky BP (Zech et al., 2009), and that conditions were wetter than today’s (Wirmann et al., 1992;
Ybert, 1992; Thompson et al., 1998; Sylvestre et al., 1998; Baker et al., 2001a, b; Sylvestre,
2002; Ramirez et al., 2003; Placzek et al., 2006; Sylvestre, 2009; Kanner et al., 2012; Mosblech
et al., 2012; Cheng et al., 2013a; Fornace et al., 2014). In contrast, models (Cook and Vizy,
2006; Vizy and Cook, 2005, 2007) suggest a substantial reduction of the rainforest coverage,
while palynological records from the Amazon basin, reveal a more complex pattern (Sylvestre,
2009), in part due to conflicting discussions concerning the interpretation of the pollen spectra
(Mayle et al., 2009).

Nowadays, precipitation over the Amazon and eastern Andean flanks depends on the moisture
transported by the trade winds from the Atlantic Ocean (Vuille and Werner, 2005; Garreaud et
al., 2009). During austral summer, an intensification of the northeasterly trade winds occurs and
higher amounts of moisture are transported from the Atlantic Ocean through the Amazon forest
until the Andes where it veers to southeast, flowing along the eastern Andean slopes until the
region of El Chaco and southeast Brazil. This intensification of moisture transport into the

Amazon basin is known as the South American Summer Monsoon (SASM).
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Given that the SASM is the source of moisture for both the Amazon and the tropical Andes,
understanding how wet conditions prevailed in the Andes while drier conditions coexisted in the
Amazon forest, as suggested by previous paleorecords, is considered to be a paradox (Sylvestre,
2009). Some studies have attempted to solve this paradox, for example, Cheng et al. (2013a)
suggested that western Amazon was wet due to the transport of evaporated water vapor from a
drier eastern Amazon (Absy et al., 1991, Sifeddine et al., 1994; 2004; Behling, 2002). However,
the eastern dryness is still under debate (Auler and Smart, 2001; Wang et al., 2004; Sylvestre,
2009).

Montane forests are located at the foothills of the Andes, in the supposedly transition zone
between the dry (wet) LGM conditions of the Amazon Basin (Andes), and hence precipitation
proxies at this region could provide insights on the mechanisms that generated a drier Amazon
and wetter Andes, or at least could tell us where was the division line, in terms of altitude, for
these wet and dry conditions. Previous pallynological studies from montane forests have studied
the downslope or upslope advance/retraction of this western edge of the Amazon forest (Hansen
and Rodbell, 1995; Bush et al., 2004; Bush et al., 2005; Urrego et al., 2005; Hillyer et al., 2009;
Urrego et al., 2009), and usually consider temperature as the principal cause for vegetation
change (Mayle et al., 2009). On the other side, the studies that have discussed past moisture
changes tend to suggest that during the LGM conditions were sufficiently wet to maintain

montane forests, although with different taxa due to the cooler conditions.

The SASM variability depends strongly on the position of the Atlantic Intertropical
Convergence Zone (ITCZ) which is impacted by different climate forcing mechanisms, such as
insolation precession cycle (Clement et al., 2004; Cruz et al., 2005; Wang et al., 2006) and
land/sea-ice coverage in the northern Hemisphere (Chiang et al., 2003; Chiang and Bitz, 2005).

On orbital timescales, the global paleomonsoon notion was proposed, given that several
paleorecords from tropical areas affected by monsoons show an antiphased precipitation pattern
between northern and southern Hemispheres, similar to what occurs nowadays on seasonal
timescales (Wang et al., 2008). For this, robust evidence has been presented by speleothems
from the SASM and Asian Summer Monsoon (ASM) areas (Cheng et al., 2012). However,
recent studies suggest that this antiphased correlation between northern and southern tropics had
a more complex pattern in South America; and that there is not such an antiphased correlation
between the ASM and the SASM, from 45 to 17 ky BP, at the southern Equadorian Andes
(Mosblech et al., 2012), during MIS 2-4 in northern Peruvian Andes (Cheng et al., 2013a), and
from 60 to 17 ky BP, in the southern Peruvian Andes (Fornace et al., 2014).

For the last Glacial period, it has been discussed that the buildup of large ice sheets in the

northern Hemisphere generates glacial boundary conditions that seem to have exerted a stronger
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control over the SASM dynamics, than the insolation forcing during MIS 2-4 (Cruz et al., 2007;
Fornace et al., 2014). Melting icebergs at periods of more pronounced ice buildup during the
last glaciations, would have caused a strengthening of the Azores high in the subtropical North
Atlantic (Naughton et al., 2009), generating increased northeast trade winds and hence, a
southward displacement of the ITCZ (Chiang et al., 2003; Clement et al., 2004; Chiang and
Bitz, 2005). This has been corroborated by paleoproxy records from tropical monsoon regions
that show that tropical precipitation had an inter-hemispheric anti-phased relationship on a wide
range of timescales (Peterson et al. 2000; Wang et al. 2004; Cruz et al., 2007; Cheng et al.,
2012). Associated to a more southern position of the Atlantic ITCZ there is an increase in
SASM moisture transport to the Amazon and Andean regions (Vuille et al., 2012; Fornace et al.,
2014).

On the other side, Cheng et al. (2013a) demonstrated that while precipitation over eastern
Amazon was always antiphased with the Northern Hemisphere monsoons, this was not the case
for the western Amazon. Moreover, they noted that during (MIS 2-4 and 6) the western Amazon
precipitation did not seem to be controlled by the austral summer insolation (ASI), but instead
by orbital ENSO mean state variability (Zebiak and Cane model, Clement et al. (1999)). Given
that nowadays El Nifio strengthens the wet/dry conditions in eastern Amazonia and buffers the
wet/dry conditions in western Amazonia, the authors suggested that strong EI Nifio-like
conditions during these low sea-level conditions (MIS 2-4 and 6) could have buffered
(strengthened) the moisture conditions on the western (eastern) Amazon. Thus, generating to
some extent an antiphased (in-phase) precipitation pattern between eastern and western Amazon
during the MIS 2-4 and 6 (MIS 1, 5 and 7) periods. However, they left open the possibility of

more complex glacial boundary conditions on South America (Clement et al., 2004).

At millennial timescales, Greenland ice cores (Dansgaard et al., 1984; Johnsen et al., 1992;
Alley et al., 1993; Stuiver and Grootes, 2000) and North Atlantic sediments (Bard et al., 2000;
Shackleton et al., 2000) suggest that during the last Glacial and Deglacial periods, abrupt
temperature fluctuations occurred at these northern high latitudes, known as Dansgaard-
Oeschger cycles (D-0). During these cycles the transition to warmer (colder) temperatures was
more abrupt (gradual), over a few years or decades. The cold periods of these cycles are known
as Greenland stadials (GS) and warmer intervals are known as Greenland interstadials (Gl)
(Rasmussen et al., 2014). These cycles also seem to have caused latitudinal shifts of the ITCZ
(Clement et al., 2004), affecting SASM intensity (Cheng et al., 2012).

In contrast, the Antarctic counterparts (Jouzel et al., 2007) of these temperature abrupt shifts
occurred over hundreds to thousands of years and hence were more gradual than those in

Greenland (Blunier and Brook, 2001), probably due to the heat capacity of the Southern Ocean
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(Barker et al., 2009). Moreover, ice core records from the Antarctic Atlantic sector reveal an
antiphased behavior during stadials and interstadials between Greenland and Antartica, which
has led to the notion of a bipolar seesaw (EPICA, 2006). It has been suggested that a
desintensification of the Atlantic Meridional Overturning Circulation (AMOC) could lead to
this seesaw (Crowley, 1992; Broecker, 1998) by decreasing the heat transport from the tropics
to the northern high latitudes, this would generate cooler (warmer) North Atlantic (South
Atlantic) SSTs and hence cooler (warmer) surface air temperatures at the North Atlantic (South
Atlantic). This teleconnection between the North and South Atlantic sectors could take only a
few decades (Vellinga and Wood, 2002).

Models suggest that these cold stadial conditions in the northern high latitudes, would lead to a
southward displacement of the ITCZ, generating a change in the meridional moisture transport
with intense ascending air masses in southern low latitudes and increased subsidence in the
northern subtropics (Clement et al., 2004; Chiang and Bitz, 2005). This hypothesis would
explain why drying is observed in the northern tropics (such as in Cariaco Basin record), while
southeastern Brazil (Cruz et al., 2005) and previous Andean records reveal enhanced SASM
during the Greenland stadials (GS) and Heinrich events (H) at a range of altitudes (Fritz et al.,
2010; Kanner et al., 2012; Mosblech et al., 2012; Cheng et al., 2013a).

A remarkable correlation between the Andes moisture conditions and the D-O cycles of the
North Greenland Ice Core Project (NGRIP) record was found in the high-resolution record of
Papahuacain cave located at 3800m asl in central Peruvian Andes (Kanner et al., 2012) and in
the records of Condor and Diamante caves (Cheng et al., 2013a) located at lowlands in
northeastern Peruvian Andes. However, recent studies suggest that some features of the D-O
cycles were to some extent influenced by Antarctic climate changes during the last Glacial
(Kanner et al., 2012) and Deglacial periods (Baker et al., 2001b; Ramirez et al., 2003; Vimeux
et al., 2005). Recently, Deplazes et al. (2013) found that the tropics (directly influenced by the
ITCZ position) show a more variable response to the North Atlantic cooling than to the
Greenland temperature records. The authors suggest that the NGRIP record is not a good
template to identify D-O cycles in the tropical climate, given that hydroclimatic variability in
the tropics seem to be more correlated with northern Hemisphere mid-latitude temperature
variations, while the Greenland temperature variations seem to be primarily driven by the North

Atlantic system- in particular sea ice extent.

In South America, there is a debate on whether the Deglacial pattern in the Andes resembles the
Antarctic Deglacial progression, as shown by the Illimani and Huascaran ice core records
(Ramirez et al., 2003; Thompson et al., 1995), or to a Greenland Deglacial progression, as

suggested by the Sajama ice core, that has an structure that is more similar to the cold YD of
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Greenland. Moreover, a higher influence of the Pacific Ocean on Illimani has also been
suggested (Vimeux, 2009). More high-resolution records could help to understand which pole
was the driver of deglaciation in the Andes and in which degree the Pacific Ocean influenced
the Deglacial pattern over the Andes region (Vimeux et al., 2005; Vimeux, 2009).

Fundamental questions remain about the paleoprecipitation changes over tropical Andes, on a
spatio-temporal scale, considering the different altitudes, latitudes and topographic conditions
that determine different climates over the Andes today and the paleoclimate from interannual to
orbital timescales. We present a 38 ky-3'°0 record from three speleothems collected at the
eastern flanks of the Andes from a mid-altitude cave (“Shatuca cave”) that covers the last
Glacial, Deglacial and Holocene periods with a 7-yr -resolution, the highest resolution existent

to date for the Deglacial period over the Andean region.

Shatuca cave is located in a montane forest region, a region that is considered as a biodiversity
hot spot (Myers et al., 2000). This special location of Shatuca cave, make it an ideal isotopic
record for the study of the paleoprecipitation variability driven by the SASM intensification and

ITCZ displacements at the western edges of the Amazon forest.
2. Study site and Local Climate conditions

Speleothems were collected from Shatuca cave (5.70°S; 77.90°W), located at 1960m asl in the
northeastern Peruvian Andes (Fig. 1), in a Triassic—Jurassic limestone—dolomitic formation
(Cobbing et al., 1981). The cave was mapped by the GSBM-ECA team (Bigot, 2008), it is
670m long -on a south-north axis- and its active and fossil galleries have a total vertical extent
of 30m (Fig. S1. in Supp. Mat.).

Rainfall measurements of the last 5 decades (Peruvian Meteorological Service, SENAMHI,
1964-2014) from different rain gauge stations, located near Shatuca site, show a bimodal
precipitation regime that is related to the passage of the ITCZ across the equator that occurs in
this region. About 85% of the annual rainfall occurs between September and May mostly as part

of the SASM and the other 15% is related to residual equatorial rainfall.

As altitude increases in the Andes, the rainfall amount diminishes, and lands between ~800-
900m asl are wetter (~1600mm/yr) than those lands between ~1300-2500m asl (~855mm/yr)
(Fig. 2a.). However, the Andes topography generates a complex rainfall distribution, and
depending on the exposure to the moisture coming from the Amazon, drier and wetter slopes
may occur face to face in the same valley (Fig 2b,c). Images from the TRMM2B31 satellite
(Bookhagen and Strecker, 2008), show that Shatuca cave is in a drier location than its
surroundings (Fig. 2b), probably due to mountain protection from the transported moisture (Fig.
2C).
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The northeastern Andes are directly affected by the northeast trade winds that transport moisture
from the tropical North Atlantic to the Amazon basin. It is at this point that the trade winds veer
southeast due to the blocking effect of the Andes and generate a Low Level Jet (LLJ) that
transports moisture from the Amazon to the La Plata Basin (Nogués-Paegle, 1998). During the
austral wet season this transport is enhanced, and the preferential pathway of the LLJ is located
more to the west (Poveda et al., 2014). At interannual timescales the last extreme-El Nifio
events (1982-83, 1991-92 and 1997-98) were related to an enhancement of the LLJ and to
extreme droughts in the northwestern Amazon (including northeastern Andes), while the
strongest floods occurred during the last extreme-La Nifia events (1970-71, 1973-74, 1975-76,
1988-89) due to a weakening of the LLJ (Marengo and Nobre, 2001; Nogués-Paegle and Mo,
2002; Vuille et al., 2003; Bradley et al., 2003; Garreaud et al., 2003, 2009; Marengo, 2009;
Grimm, 2011; Lavado and Espinoza, 2014). However, the extreme Amazon droughts of 2005
and 2010 were related to anomalously warm SSTs in the tropical North Atlantic (Marengo et al.,
2008, 2012; Espinoza et al., 2011; Lavado et al., 2012; Lavado and Espinoza, 2014).
Furthermore, at decadal timescales, Marengo et al. (2004) showed that the PDO and the North
Atlantic Oscillation (NAO) may affect the activity of the LLJ.

3. Controls on the $'°0 p

The primary climatic control on rainfall §'°0 for tropical South America is precipitation amount
(Vuille et al., 2003), consistent with the ‘amount effect’ (Dansgaard, 1964) and Rayleigh-type
fractionation during rainout, a stronger SASM leads to lower 8'®0 values in tropical South
American rainfall (Vuille and Werner, 2005). Several studies (Vuille et al., 2000; Seltzer et al.,
2000; Cruz et al., 2005) demonstrate that rainfall 3'°0 in the central Andean records is
influenced by the intensity of large-scale continental atmospheric convection, showing more
negative rainfall 3'®0 values when there is enhanced SASM activity and increased rainout.
However, the Huascaran 8'%0 ice core record was interpreted as proxy for paleotemperatures
(Thompson et al., 1995), but other explanations of the tropical Andean ice core records suggest
that precipitation amount and degree of 5O rainout upstream is the primary influence
(Hoffmann et al., 2003; Hastenrath et al., 2004). In other words, as it rains the air masses lose
the heavier oxygen isotopes (*°0), becoming more depleted in *®0, and therefore the next rains
will be more depleted in 80, Hence factors, such as altitude effect and continental effect,
contribute to the depletion of the §'°0 signal. The opposite occurs during evaporation, because
during this process the lighter isotopes (*°0) are the first to be evaporated, enriching the air

masses above and buffering the effect of amount, altitude and continental effect.

In order to support the climate interpretation based on the §'°0 of our speleothem record, we are

presenting the results of a monitoring program for isotopic composition of rainwater in Palestina
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area (Apaéstegui et al., 2014) that is located approximately 66 km apart from Shatuca cave, at
870 m asl. Precipitation seasonality is similar at these sites with most of the annual rainfall
related to SASM activity (Fig. 3). Our data show that the 5'°0 values of rainfall decrease rapidly
by more than 10%o from the middle (January 2012) to the end of monsoon season (April 2012).
After the demise of the monsoon season, the 80 values start increasing abruptly by 15%o,
reaching the highest 3'°0 values during the driest months from July to September 2012 (Fig. 3).
Unlike the first year of monitoring, the 5'°0 values oscillate between lower and higher values
during the 2™ monsoon season, but again reach the lowest 520 values at end of the monsoon
season in April 2013. The values increase from May to September associated with non-
monsoonal rainfall events. In summary, the monsoon rainfall is characterized by more negative
80 values while higher values are clearly observed during residual equatorial rainfall events
outside of the monsoon season. However, the relationship between 520 and rainfall amount is

not evident on monthly timescales and is statistically weak (r* = 0.3, p < 0.01).

Although the Atlantic Ocean is the only source of moisture to regional precipitation in the
Amazon Basin and the adjacent eastern Andes, rainfall in different seasons shows distinct 5%0
values based on our monitoring program (Fig. 3). For example, the eastern Andes receive more
enriched residual equatorial rainfall outside the monsoon season from May to September than
during the monsoon demise in March/April (Apaéstegui et al., 2014). This is because the
rainfall during monsoon months originates from moisture transported from the more distal
tropical Atlantic Ocean, while rainfall in other months derives preferentially from recycled
moisture over the Amazon Basin that is relatively °O-enriched (Salati et al., 1979). Studies in
the Amazon Basin estimate that 48-80% of rainfall originates from water vapor recycled
through evapotranspiration (Salati et al., 1979; Gat and Matsui, 1991; Martinelli et al., 1996),
and d-excess indicates that up to 40% of that source might be attributed to evaporation (Gat and
Matsui, 1991).

While discussing the Shatuca isotopic signature, we will consider that more negative 50
values in the studied speleothems most likely reflect an intensification of the SASM, associated
with enhanced rainout upstream across the Amazon Basin. Higher 8*°0 values in speleothems,
on the other hand, are likely related to periods of a weaker SASM, when rainfall is more
influenced by recycled moisture within the basin. It is of course possible that periods of SASM
intensification also lead to increased precipitation in-situ over the Andes and that periods of
weaker SASM might have seen decreased rainfall as is observed today. But since the region is
also influenced by isotopically heavier residual equatorial rainfall changes in absolute local
precipitation amounts cannot be precisely constrained from our speleothem oxygen isotope

records.
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4. Methods

Three speleothems collected from Shatuca cave by the GSBM-ECA team (Bigot, 2008) were
used at this study to reconstruct the paleoprecipitation last 38000 yrs. Sample Sha-1 is 50 cm-
long (growth rate of 0.01 mm/yr, Fig. S2) and covers the oldest part of the record (from 38 to
18.4 ky BP) (Fig. S3). lts isotopic profile consists of 1992 §'°0 data, linearly interpolated
between 10 U/Th dates (Table S1).

Stalagmite Sha-2 (1.60 m-long) covers the last 28 ky BP, with a hiatus from 1.9 to 0.4 ky BP.
Sha-2 record consists in 3221 §'®0 data (Fig. S3), its chronology is based on 39 U/Th dates
(Table S1) and has a growth rate of 0.09 mm/yr (Fig. S2).

The Sha-3 sample is a 23.8 cm-long stalagmite which grew from 10.5 to 1.3 ky BP (Fig. S3),
with a hiatus from 6.3 to 2 ky BP. Its chronology is based on 11 U/Th dates, yielding errors (2s)
<1% (Table S1). Its growth rate is of 0.05 mm/yr (Fig. S2) and its isotopic profile consists of
632 5'°0 samples (Fig. S3).

The stalagmites were dated based on U/Th geochronology at the University of Minnesota, using
an inductively coupled plasma-mass spectrometry (ICP-MS) technique, following the
procedures described by Cheng et al. (2013b). Oxygen isotope ratios are reported as §'°0,
relative to the Vienna-Peedee Belemnite standard (V-PDB). Thus, §'%0 = [((**0/*®*0) sample/
(**0/*°0) V-PDB) - 1] x1000. For each measurement, approximately 200 ug of powder were
drilled from the sample and analyzed with an on-line, automated, carbonate preparation system
linked to a Thermo - Finnigan Delta Plus Advantage mass spectrometer at the Stable Isotope
Laboratory of Geosciences Institute of Sao Paulo University, Brazil (LIESP-CPGeo). The

speleothem reproducibility of standard materials is 0.15%ofor &'°0.

Water samples for isotope analyses (15 mL bottles) were collected twice a month between May
2011 and September 2013 in order to evaluate the isotopic signature of precipitation in the
isotope rainfall collector installed close to the Palestina cave, located at 870m asl and 66km
apart from Shatuca cave. Water analyses were performed in the Laboratério de Estudos
Geodindmicos e Ambientais at the University of Brasilia (UnB) using a Picarro L2120-i water
isotope analyzer, which allows measurements at an analytical precision of 0.1%o and reports

80%o relative to Vienna Standard Mean Ocean Water (SMOW) standard.

The Shatuca composite record is composed by 5552 §'0O values. The Shatuca record was
constructed by averaging the §'°0 records obtained from the independent 5'°0 time series of

Sha-1, Sha-2 and Sha-3 speleothems. The average resolution for the record is ~6.65 years.
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5. Results and Discussion
5.1. Climatic changes at orbital scale

The Shatuca 50 record presents similar isotopic values during the last Glacial (between -8.2
and -3.9%o) and Holocene periods (-7.3 and -3.3%0). Moreover, a similar amplitude change
(~3.5%o0) occurred through the Deglacial and Holocene periods, toward more enriched and more
depleted isotopic values, respectively (Fig. 4).

Previous studies from eastern South America suggest that the SASM intensity was controlled by
the austral summer insolation (ASI) (Cruz et al., 2005) and that an antiphased correlation
existed on orbital timescales between the SASM and the Monsoon regions from the northern
tropics (Cheng et al., 2012). However, recent studies from the Andes suggest that this ASI
control occurred only at certain periods (Mosblech et al., 2012; Cheng et al., 2013a; Fornace et
al., 2014). In agreement, with these studies, the Shatuca record shows no correlation with the
ASI between 40-11 ky BP (Fig.4).

The Shatuca §*%0 record shows a long-term trend similar to previous speleothem records from
northeastern (3-6°S) Andean slopes, located at lowlands ~900m asl (Mosblech et al., 2012;
Cheng et al., 2013a) (Fig. 4). These records are in phase with each other and show also a slight
decreasing isotopic trend from 40 to 30 ky BP toward the most depleted isotopic values of the
records (indicating SASM intensification). Note that this trend was antiphased to the expected
by an ASI control. After 17 ky BP, all the records start an increasing isotopic trend toward the
dry early Holocene, toward an interval that lasted approximately 2000yr and that appears as the
driest period of the last 40 ky BP at these northern montane forests, at least between 800 to 2000
m asl. After this dry early Holocene, a gradual decrease in the 5'°0 values is observed until the
late Holocene, in union with the insolation trend modulated by the precession cycle of
insolation. Hence, precipitation seems to be modulated by the precession cycle only during the
Holocene but not before, and moisture conditions between 40-17 ky BP remained similarly wet

than those attained in the late Holocene at these northern montane regions.

Similarly, at the Pacific coast (Gulf of Guayaquil), the recent record of Mollier-Vogel et al.
(2013), shows a correlation between the ASI and sediment input of rivers on the Peruvian
Pacific coast at 4°S, indicating that the ASI was controlling the precipitation also at the summits
of the western Andean flanks. This could be explained due to the lower Andean altitude at these

latitudes, allowing SASM moisture to cross the Andes summits (Fig. 5).

Further south, from 11.0 ky BP to present, the same correlation between insolation precession
cycle and isotopic signal, is observed in the Huascaran ice core record (9°S) (Thompson et al.,
1995) and the Titicaca lake record (16°S) (Fornace et al., 2014) (Fig. 5). These high altitude
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records show much enriched isotopic values between 11-4 ky BP than during 60-20 ky BP,
when substantial depleted values prevailed. On the other side, in the Bolivian Altiplano, at 20°S,
a match between the insolation and the gamma signal of the high altitude Salar de Uyuni record
(Baker et al., 2001a) occurs earlier, from 40 to 9 ky BP, while during the Holocene this match is
lost (Fig.4). Similarly, the highland Sajama ice core record (18°S) (Thompson et al., 1998)
shows no ASI control over the isotopic signal during the Holocene (Fig. 5).

Apparently, between 3-16°S at the Andes, another forcing was buffering the insolation control
over SASM precipitation from 40 to 20 ky BP. This could be explained by a more southern
position of the ITCZ between 40 and 17 ky BP due to glacial boundary conditions as suggested
by models (Chiang and Bitz, 2005).

To explain why the western Amazon records and Andean records do not follow ASI as the
eastern Amazon records do, Cheng et al. (2013a) suggested that at the western (eastern)
Amazon EL Nifio-like conditions during the MIS 2-4 could have buffered (enhanced) the
increased moisture conditions imposed by the strong ASI at 21 ky BP. This is in agreement with
the observations above; none of the Andean records except for the Salar de Uyuni record seem
to be controlled by ASI during MIS 2-4 (Fig. 4). Moreover, nowadays during extreme El Nifio
events, northwestern Amazon and the Altiplano regions experience dryness, which matches
with the drier conditions recorded by northeastern Andean speleothems during the LGM, but
not with the wetter conditions experienced at the southern Andes, for this, a probable
explanation are the polar outbreaks reaching the altitude of the Bolivian Altiplano during the
winter, as suggested by Sylvestre (2002).

Note that across the last 38 ky, dry episodes in Shatuca site were more frequent and drier than in
lowlands, whereas the wet periods were equally depleted at midlands and lowlands (Fig. S4).
This causes an isotopic range at intermediate altitudes (4-5%o) that was larger than at lowlands
(2.5-3.5%0). Apparently, the source of evaporated water together with the drier conditions that
affected Shatuca site during the Holocene period (Bustamante et al., in prep.), were also
important factors during the last Glacial and Deglacial periods. This is an important aspect
given that the lack of habitat availability could make montane systems from intermediate

altitudes more sensitive to climate change than lowlands (Urrego et al., 2009).

In agreement with our isotopic results, Peruvian pollen records from Chochos (Bush et al.,
2005) and Laguna Baja (Hansen and Rodbell, 1995), located at 7°S above 3500m asl, also
indicate that wet conditions prevailed between 15-11.5 ky BP and that in Laguna Baja drier (or
cooler) conditions occurred between 11.6-10 ky BP and at 9 ky BP (Hansen and Rodbell, 1995),
and between 10-7.3 ky BP in Chochos record (Bush et al., 2005). Further south, at ~13°S,

Consuelo lake (Bush et al., 2004; Urrego, 2006) and Siberia lake at ~17°S (Mourguiart and
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Ledru, 2003), respectively located in the lower and upper limit of the cloud forest, show that
during the LGM, montane Andean taxa descended into the lowlands to form novel non-
analogue forest communities with lowland Amazonian species, and that although the main
cause of changes in montane Andean forests was due to temperature cooling, lowlands must
have been wet enough to support forests (Bush et al., 2004; Urrego et al., 2005; Mayle et al.,
2009).

5.1. Climate changes at millennial scales

During the late Pleistocene (38-10.5 ky BP), Shatuca §'%0 record ranged from —8.2%o to —4.3%o
and was characterized by high amplitude (2-3%o) millennial timescale events with rapid 5'°0
increases/decreases occurring over a few decades/centuries (Fig. 6). These 5'°0 oscillations
were synchronous with the Greenland D-O cycles (Bond et al., 1993), when depleted (enriched)
80 values- indicative of wetter (drier) SASM conditions- were recorded, cooler (warmer)
conditions occurred in the Greenland ice cores (NGRIP) (Steffensen et al., 2008; Wolff et al.,
2010; Rasmussen et al., 2014).

However, while in the NGRIP record, the D-O cycles show a sawtooth structure, characterized
by abrupt (gradual) transitions toward warmer (cooler) conditions, the transition toward dry and
wet conditions in the Shatuca record, was more variable in amplitude and abruptness. Moreover,
while generally constant amplitude changes toward cooler temperatures occurred during
Greenland stadials (GS) in the NGRIP record, the Shatuca record shows that some of the wet
episodes (related to the GS) were clearly wetter than others, this is the case of Heinrich events 3,
2, 1 (H3, H2, H1). Similarly, in a recent sediment record from Cariaco Basin (Deplazes et al.,
2013), amplitude differences among the regular GS and those related to Heinrich layers were
observed (Fig. 5).

From 38 to 30 ky BP, six (five) stadials (interstadials) were recorded in the NGRIP record, the
temperature of each stadial (interstadials) decreased slightly (clearly) from GS-8 to GS-5.1 (Gl-
8 to GI-5.1) (Fig. 6). The Shatuca cave record and previous records from the eastern Andean
lowlands show a similar trend, although toward lower §'%0 values, indicating that both the dry
and wet episodes in this region were getting wetter from 38 to 30 ky BP. However, in the
Shatuca record, the first of the wet episodes (that seems to be related to the GS-8) started earlier
(GI-8c) and had substantially wetter conditions (note that two datations mark the onset and end
of this event). In highlands at 11°S, the Papahuacain cave record shows a similar although

steeper decreasing 8'°0 trend (Fig. 6).

The lower age control obtained in Shatuca record, for the period between 38-30 ky BP, does not

allow to compare in detail the (inter)stadials that occurred within this period. However, a rapid
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spatio-temporal comparison, shows that the GS-7 and GS-6 were well constrained in this region
as suggested by Shatuca, Condor, Diamante and Papahuacain cave records (Fig. 6). The GS-5.2
in the Shatuca record, is seen as a relatively higher (similar) amplitude change than in lowlands
(highlands), but it seems to have started earlier in Shatuca time series, probably due to the low
chronological control of Shatuca record at this time period (Fig. 6).

Note that GS-5.1 is related to the H3 stadial, and accordingly with a more southerly position of
the ITCZ, the Shatuca record and all the speleothem records located between 5-11°S show that
this stadial was stronger than the previous ones, but this is not observed in Santiago cave
probably because of its lower 8'%0 resolution (Fig. 6). In fact it seems that conditions were
getting wetter toward the occurrence of this H3, when the trend changes toward drier conditions,
until the occurrence of H2, logged at 25 ky BP. On the other side, the Papahuacain record shows
a steeper increase in moisture conditions toward the H3 event and there is no trend toward drier
conditions between H3 and H2 events, a gradual southward displacement of the ITCZ may be
behind this effect, that remained at a more southern position between H3 and H2, explaining
why conditions after H2 were markedly wetter in the Papahuacain record and other records
located further south, while those records located more near to the equator, experienced drier

conditions (Fig. 6).

An abrupt moisture increase occurs in Shatuca site at 25 ky BP, which seems to be related to the
H2, this event was present also in lowlands from 3-6°S, and in highlands at 11°S. After the H2,
conditions returned to be dry (for the last Glacial mean) in the Shatuca record and in the
northern lowlands from 24 to 18.5 ky BP. These drier conditions remained until the occurrence
of the H1 that was logged at the end of the GS-2.1b. In contrast, the Papahuacain cave record,
shows wet Glacial conditions until mid-GS-2.1a (17 ky BP).

The onset of H1 (18.3 ky BP), is synchronous in Santiago and Shatuca caves, and appears as a
two phased event in both records, however, a lower chronological control in the Santiago
record, seems to prolong this event into the next interstadial. For the Shatuca record, a peculiar
high resolution was obtained for this event (Fig. 6).The H1 in Shatuca time series lasted until
14.7 ky BP, it was composed by three dry reversals (ca. 17.5, 16.2, 15.2 ky BP) and two wet
phases, each composed two wet peaks (ca. 17.8, 16.6, 15.5 and 15 ky BP). Those wet peaks
logged at 17.8 ky BP (ca. 400yr-long) and 16.6 ky BP (ca. 800yr-long) reached similar depleted
isotopic values (ca. -7.2%o). The peak logged at 16.6 ky BP, was also composed by two shorter
peaks ca. 200yr-long each.

The most abrupt reversal of the H1 was logged at 16.2 ky BP and it is the one that separates the

first and second phase of the H1. This reversal was also recorded by the lowland records of
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Santiago and Diamante caves (Mosblech et al., 2012; Cheng et al., 2013a), and matches with an

abrupt 8'%0 increase in the highland record of Papahuacain cave (Kanner et al., 2012) (Fig.6).

We note that this dry reversal has a structure that remembers the sawtooth pattern of the
Greenland interstadials, although less abrupt (Fig. 6). In the Shatuca record, the dry conditions
that seem to be attained during this reversal were only surpassed by the dry conditions of the
early Holocene, the same happened in Santiago and Diamante cave records (Fig. 6). Kanner et
al. (2012) observed the occurrence of isotopic reversals during the H4 and H5 in the Papahucain
cave record; the authors related these reversals to the occurrence of Antarctic Isotope Maxima
(AIM) events in the Southern Ocean. We do not find a correlation with the EPICA (European
Project for Ice Coring in Antarctica) Dronning Maud Land (EDML) ice core record for the
Shatuca reversal at 16.2 ky BP (Fig. S5), but what we do find is an extreme dry event with a

similar structure in the Cariaco and Arabian sea records (Deplazes et al., 2013) (Fig. 5).

Based on a comparison between a Bermuda Rise Sea surface temperature record (Sachs and
Lehman, 1999) and Papahuacain cave, Kanner et al. (2012) suggested that the reversals during
the H4 and H5 were due to northward displacements of the ITCZ. However, given the dry
conditions felt at this interval in Cariaco Basin and Arabian Sea records (Deplazes et al., 2013),
and the absence of this dry event in southern Andes, we suggest as Deplazes et al. (2013) that a

southward displacement of the ITCZ ocurred during this period.

After this dry reversal, the second phase of the H1 starts with a more gradual return to depleted
isotopic values that prevailed between 15.7-14.7 ky BP. The isotopic values attained in this
second phase (-6.6%o) were less depleted than those of the first phase. This phase comprises the
third and fourth peak (ca. 300yr-long each) of the H1. This is the first time that this structure is
clearly identified in an Andean proxy record.

At 14.7 ky BP, synchronous with the Bglling—Allerad (B/A) of the NGRIP, an abrupt change
toward drier conditions occurred in the eastern Andean flanks, around 4-5°S, as recorded by the
speleothem records of Shatuca and Condor caves. At 3°S the transition toward drier conditions
appears to be more gradual (Fig. 5). This B/A in the Shatuca record presented high internal
variability, with a wet reversal located at GI-1c (Fig. 5). At the end of the B/A a dry peak occurs
in Shatuca record that contrasts with two wet peaks occurring in the Diamante (Cheng et al.,
2013a) and Santiago cave records (Mosblech et al., 2012) (Fig. 6).

After this dry peak at the end of the B/A interstadial in Shatuca site, a return to wet conditions
(almost as wet as those recorded in the second phase of the H1) occurs, that seems to be related
to the Younger Dryas event (YD). Wet events also occurred in the lowlands, although the

synchronicity between these events is low, probably due to a lower age control on the lowland
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records (Fig. 6). In contrast, a remarkable synchronicity is found between Shatuca record and
high-resolution records, such as the NGRIP and the Cariaco Basin record (Fig. 5). It seems that
at this northern Andean region (3-6°S), in low/midlands from east to west (look Guayaquil Gulf
record), the YD event was not as wet as the H1.

After the YD a similar abrupt onset of dry conditions (early Holocene onset) occurs in Shatuca
record and in highland sites of central Andes, such as the Sajama ice core record (Thompson et
al., 1998) and the Salar de Uyuni record (Baker et al., 2001a). On the other side, the NGRIP ice
core record (Rasmussen et al., 2014) shows a change to warmer conditions as abrupt as a change
to wet conditions recorded by the Cariaco Basin time series (Deplazes et al., 2013). Moreover,
this abrupt transition toward dry conditions in Shatuca record, coincides with a warm episode of

a peculiar structure that is also observed in the NGRIP ice core record (Rasmussen et al., 2014).
6. Conclusions

For the first time a high-resolution record is presented for a mid-altitude Andean region. This
new record of Shatuca cave together with previous paleoprecipitation records from the northern
Andean region, shows that the northern Andes between 3-6°S, at a different range of altitudes

and from the eastern to the western slopes, were similarly affected by the SASM.

Moreover, Shatuca record and other northeastern Andean records show that from 40 to 11 ky
BP, the 5'°0 does not seem to be under the dominant control of insolation precession cycle.
Glacial boundary conditions have been proposed as the principal control over the SASM during
the LGM, this hypothesis is in agreement with our results. However, LGM conditions do not
seem to be wetter than those of the late Holocene, while records from highlands at central

Andes show that LGM moisture conditions were much wetter than those of the late Holocene.

Moreover, along the last 38ky, the Shatuca record shows the most enriched isotopic values,
indicative of drier conditions at this site and the probable influence of a proximate moisture

source of evaporated water.

On millennial timescales, changes in the AMOC seem to be behind the occurrence of extreme
moisture shifts toward wetter conditions in the tropical Andes. Heinrich events seem to be the
result of a southward ITCZ displacement even more to the south than during the regular GS,
specially during H2 and H1. This displacement may have been of such abruptness (Deplazes et

al., 2013) that it caused a reversal inside the H1 at least in those records located between 3-6°S.
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A7. Figure 1. Location of Shatuca cave record (5.70°S, 77.90°W) and other paleoclimate
records used for comparison. These paleoclimate records are Cariaco Basin (Deplazes et al.,
2013) in Venezuela; Santiago cave (Mosblech et al., 2012) in southwestern Ecuador;
Huascaran ice core (Thompson et al., 1995) in northern Peruvian Andes, Papahuacain cave
(Kanner et al., 2012) in the central Peruvian Andes; Quelccaya ice core (Ramirez et al., 2003);
Titicaca lake (Fornace et al., 2014); Sajama ice core (Thompson et al., 1998) and Salar de
Uyuni (Baker et al., 2001a) in central Andes; Botuvera cave (Cruz et al., 2005, 2007) in
southeast Brazil; the Northeast of Brazil (NEB) a region with several paleoclimate studies
based on speleothems (Wang et al., 2004; Novello et al., 2012). The figure indicates the
location of these records in relation to the SASM domain (the colors indicate the average
monsoon precipitation), the location of the Intertropical Convergence Zone (ITCZ) and of the
South Atlantic Convergence Zone (SACZ) are also shown. To the right: Access and location
map for Shatuca cave (at midlands), Diamante and Condor cave (at lowlands) sites.
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A7. Figure 2. a) Histogram indicating mean monthly precipitation (1964-2014) in
meteorological stations located at mid-altitudes (1300-2500m asl) and lowlands (900-800m
asl). b) Altitude profile and location of Shatuca ““S”, Tigre Perdido “T” and Palestina

“P”caves, in relation to the moisture transport direction. ¢) Mean annual precipitation from
TRMM 2B31 satellite data (average from 1998-2009, in mm/yr). Shatuca (Tigre Perdido and
Palestina) cave location is indicated with a red (yellow) triangle and meteorological stations

are indicated with circles. Meteorological stations located at the drier mid-altitudes, as Shatuca

cave, are represented by yellow circles (1 to 4) and at the wetter lowlands, as Tigre Perdido

and Palestina caves, by green circles (5to 7).
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A7. Figure 4. Comparison between the Shatuca record with lower altitude (900m asl) montane
forest records (3-6°S) and the Salar de Uyuni record (Baker et al., 2001a) in the Atliplano
region (20°S) from 40 ky BP to present. Note that the Altiplano region correlates better to the
insolation curve than the montane forest records. From top to base: Shatuca record (this study);
Diamante cave (860m asl) and Condor cave records (960m asl) (Cheng et al., 2013a); Santiago
cave record-980m asl (Mosblech et al., 2012); Salar de Uyuni record-3653m asl (Baker et al.,
2001a); Insolation 10°S February (Berger and Loutre, 1991). Blue and orange bars indicate
Greenland stadials (GS) and Greenland interstadials (Gl), respectively; as suggested by

Rasmussen et al. (2014). Ages and error bars are shown for each record.
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A7. Figure 5. Paleoclimate records comparison for the period 40-0 ky BP. From top to base:
NGRIP record (Rasmussen et al., 2014), Cariaco Basin record (Deplazes et al., 2013), Shatuca
cave record (this study), Guayaquil Gulf record (Mollier-Vogel et al., 2013), Huascaran and
Sajama ice cores record (Thompson et al., 1995, 1998) and Salar de Uyuni record (Baker et al.,
2001a) with insolation precession cycle for Feb. 10°S in red (Berger and Loutre, 1991). Note
that the peak at 16.2 ky BP is only seen in Shatuca and Cariaco records. Moreover, neither the
Salar de Uyuni record nor the Sajama ice core record follow the insolation trend during the
Holocene. Blue and orange bars indicate Greenland stadials (GS) and Greenland interstadials
(GI), respectively; as suggested by Rasmussen et al. (2014). Ages and error bars are shown for

each record.
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A7. Figure 6. Millennial variability among Andean records from 40 to 10 ky BP and its relation
to the Greenland ice core records. From top to base: NGRIP record (Rasmussen et al., 2014);
Shatuca cave record (this study); Santiago cave record (Mosblech et al., 2012); ElI Condor and

Diamante cave records (Cheng et al., 2013a) and Papahuacain cave record (Kanner et al.,
2012). Note that the occurrence of the Heinrich events, is indicated for the Shatuca record. Blue
and orange bars indicate Greenland stadials (GS) and Greenland interstadials (Gl),
respectively; as suggested by Rasmussen et al. (2014). Ages and error bars are shown for each

record.
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SUPPLEMENTARY MATERIAL
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A7. Figure S1. Topographic map: Shatuca cave profile. Located in Yambrasbamba, Bongara

province, Amazonas —Peru. Source: Bigot (2008).
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#°Th dating results. The error is 2c error.

Sample 8y 2527h 20ThB2TH §%Ur 20h B8y B0Thage(yr)  POThAge (yr) 8 *Unua**  2°°Th Age (yr BP)
Number (ppb) (ppt) (atomic x10~ (measured) (activity) (uncorrected (corrected) (corrected) (corrected )
Espeleotema SHA 1
SHAL-1 432 +0.0 1069 +21 217 +4 985.8 +1.8  0.3256 +0.0010 19248 +67 18894 +259 1040 +2 18836 +259
SHAla-A 481 0.1 793 £16 332 £7 8723 £2.5  0.3325 +0.0016 21002 111 20753 +208 925 £3 20695 +208
SHAla-B 532 0.1 627 £13 525 11 883.8 +2.7  0.3756 +0.0016 23831 %121 23654 £173 945 £3 23596 +173
SHA 1la-C 515 0.1 362 +7 995 +20 9484 2.9 0.4233 +0.0017 26186 +124 26085 +143 1021 +3 26027 +143
SHAla-D 50.0 0.1 371 8 968 +20 9282 2.9 0.4356 +0.0018 27354 +133 27247 £153 1002 £3 27189 +153
SHAla-E 615 +0.1 798 £16 559 +11 858.1 +2.8  0.4396 +0.0017 28824 +133 28628 £192 930 £3 28570 £192
SHA1-2 50.1 0.1 506 +10 683 +14 760.3 +2.4  0.4191 +0.0010 29067 +92 28906 +146 825 +3 28848 +146
SHAla-F 56.5 £0.1 139 £3 2863 61 727.3 £2.7  0.4257 +0.0017 30243 +148 30203 151 792 £3 30145 151
SHA1-3 64.4 0.1 564 +11 914 +18 7113 £30 0.4852 +0.0010 35501 +114 35358 £152 786 £3 35300 152
SHA1-4 80.2 0.1 1491 30 466 9 7386 £21 0.5250 +0.0009 38176 +96 37879 £231 822 £2 37821 231
SHAL-5 91.7 0.1 64972 +1302 14 0 689.3 £2.1  0.6127 +0.0013 47532 +142 35242 +8810 761 +19 35184 +8810
SHAL-6 1011 +0.2 70230 +1409 15 +0 673.7 £29  0.6215 +0.0016 48944 +191 36808 #8698 747 £19 36750 +8698
Espeleotema SHA 2
SHA2-1 68.6 +0.1 1749 35 16 1 1062.9 +25 0.0247 +0.0007 1311 435 951 +257 1066 +3 893 +257
SHA2-2 66.6 +0.1 605 +12 19 +1 1061.9 #3.1  0.0106 +0.0005 560 +29 431 95 1063 +3 373 £95
SHA2-3 735 0.1 186 +4 44 £3 1066.1 £3.1  0.0067 +0.0005 356 +25 321 £36 1067 +3 263 +36
SHA2-4 68.6 £0.1 121 £3 85 #5 1065.3 +2.6  0.0091 +0.0005 481 £29 457 £34 1067 +3 399 +34
SHA2-5 68.7 £0.1 2544 +51 21 #1 1056.7 £3.4  0.0465 +0.0006 2491 £35 1967 £372 1063 +4 1909 £372
SHA2-6 590.1 +0.1 4296 +86 25 1 1039.1 +2.9  0.1085 +0.0007 5936 +43 4902 +733 1054 +4 4844 +733
SHA2-7 69.4 0.1 1557 +31 38 1 1056.7 £3.1  0.0523 +0.0006 2802 +32 2485 226 1064 +3 2427 £226
SHA2-8 96.3 0.1 1506 +30 54 £1 1048.3 +2.8  0.0516 +0.0004 2779 +24 2557 #159 1056 +3 2499 #159
sha-2a-9mm 117.8 0.2 2246 +45 55 +1 1042.4 £32  0.0639 +0.0005 3458 +28 3187 £194 1052 +3 3124 194
SHA2-9 98.9 +0.1 1161 23 93 2 1039.3 +2.7  0.0662 +0.0005 3589 +26 3422 #121 1049 +3 3364 £121
SHA2-10 1101 0.1 508 +10 317 7 1009.7 £2.6  0.0887 +0.0005 4905 +26 4838 54 1024 3 4780 54
SHA2-11 1337 0.2 183 +4 1130 £23  1004.1 #3.3  0.0938 +0.0004 5209 +26 5190 £29 1019 +3 5132 29
sha-2a-4mm 91.7 0.1 242 £5 685 +15 996.1 £2.2  0.1095 +0.0006 6124 +36 6086 +45 1013 +2 6023 +45
SHA2-12 104.3 0.1 241 5 835 +17 992.6 +2.7  0.1172 +0.0004 6578 +26 6545 #35 1011 +3 6487 +35
SHA2-14 1101 £0.2 154 £3 1526 £32 987.2 £3.0  0.1292 +0.0006 7291 £37 7271 40 1008 +3 7213 40
SHA2-16 1175 0.1 146 +3 1828 +38 985.1 £1.9  0.1377 +0.0005 7793 £32 7775 34 1007 +2 7717 £34
sha-2c-14mm 1198 0.1 139 £3 1976 +43 984.0 24  0.1392 +0.0006 7890 34 7873 £36 1006 +2 7810 £36
SHA2-17 75.0 0.1 173 +4 1109 +23 987.1 £24  0.1548 +0.0007 8786 +45 8752 #51 1012 +3 8694 #51
SHA2-18 109.8 0.2 253 5 1147 +23 984.7 £2.8  0.1604 +0.0006 9128 +38 9094 +44 1010 +3 9036 +44
SHA2-20 106.0 £0.2 181 +4 1631 34 985.6 +2.7  0.1688 +0.0007 9621 +42 9597 +45 1013 +3 9539 +45
sha-2c-48mm 1136 £0.1 183 +4 1827 £39 992.2 +2.4  0.1789 +0.0007 10186 +44 10162 #47 1021 +2 10099 #47
SHA2-22 41.8 0.0 317 6 411 9 993.0 £21  0.1888 +0.0009 10769 +57 10660 +96 1023 +2 10602 +96
SHA2-23 76.2 £0.1 893 +18 299 +6 994.9 2.8 0.2124 +0.0007 12167 +47 11999 +128 1029 +3 11941 #128
sha-2d-97mm 80.3 0.1 207 +4 1331 +28 987.4 £2.6  0.2084 +0.0008 11975 53 11938 59 1021 +3 11875 59
sha-2d-105mm 76.2 0.1 134 +3 1972 +43 985.3 +3.1  0.2110 +0.0008 12143 +53 12117 55 1020 +3 12054 +55
sha-2d-118mm 91.2 +0.1 894 +18 374 £8 9739 3.2 0.2222 +0.0007 12899 +48 12757 #111 1010 +3 12694 #111
sha-2d-128mm* 84.3 x0.1 415 +9 759 16 995.6 £2.6  0.2270 +0.0007 13041 +46 12970 +68 1033 +3 12907 +68
sha-2d-160mm* 752 £0.1 286 +6 990 +23 997.0 £25  0.2287 +0.0017 13134 £102 13079 109 1035 +3 13016 +109
SHA2-25 65.3 0.1 182 +4 1390 +28 996.7 £25  0.2353 +0.0007 13535 +48 13495 56 1035 +3 13437 56
sha-2d-183mm 69.0 0.1 83 +2 3258 +73 992.8 +2.8  0.2379 +0.0008 13722 +54 13704 55 1032 +3 13641 55
sha-2d-187mm 749 £0.1 248 £5 1199 £25 992.6 £2.4  0.2403 +0.0008 13871 +53 13824 62 1032 £3 13761 62
sha-2d-218mm 65.7 0.1 166 +4 1660 +37 997.8 £2.9  0.2547 +0.0009 14711 57 14675 +63 1040 +3 14612 +63
sha-2d-252mm 716 0.1 262 +6 1184 +26 979.4 £2.4  0.2631 +0.0009 15374 +60 15322 £71 1023 3 15259 +71
SHA2-26 531 0.0 272 £5 849 +17 9733 25  0.2640 +0.0009 15484 +59 15410 £79 1017 3 15352 +79
SHA2-27 441 +0.1 64 1 3092 +68 9438 2.6 0.2740 +0.0012 16373 +79 16351 +81 988 +3 16293 +81
SHA2-28 58.6 0.1 448 9 635 13 936.3 £2.3  0.2940 +0.0010 17726 £71 17614 +106 984 +2 17556 +106
SHA2-29 60.6 £0.1 282 6 1049 21 929.0 £3.1  0.2967 +0.0009 17973 +69 17905 +84 977 £3 17847 +84
sha-2e-27mm 62.3 0.1 586 +12 553 11 906.9 +25 0.3157 +0.0012 19460 +85 19320 +130 958 3 19257 #130
SHA2-31 388 +0.1 89 +2 2439 53 922.3 £31 0.3396 +0.0014 20873 +98 20839 £101 978 £3 20781 101
SHA234 69.3 0.1 206 +4 2237 +46 962.5 +2.1  0.4040 +0.0013 24669 +94 24627 £99 1032 £2 24569 +99
SHA2 36 76.5 +0.1 723 £15 730 £15 940.7 +25  0.4187 +0.0013 25989 +97 25853 £137 1012 +3 25795 137
sha-2f-98mm 166.6 £0.2 930 £19 1258 +26 827.6 £2.0 0.4261 +0.0011 28368 +90 28282 +108 896 *2 28219 108
SHA2-38 36.8 0.0 80 2 3187 +69 784.8 £21 0.4179 +0.0015 28522 +118 28488 +120 851 #2 28430 120
Espeleotema SHA 3
SHA3-1 1889 £1.2 324 £7 248 £5 1095.7 £16.5 0.0258 +0.0003 1350 £18 1327 £25 1100 £17 1269 £25
SHA3-2 181.0 0.3 148 £3 596 +14  1090.8 +3.1 0.0297 +0.0003 1556 +15 1545 17 1096 +3 1487 £17
SHA3-3 199.6 0.3 89 2 1209 27  1084.8 +2.6  0.0326 +0.0002 1715 13 1709 #14 1090 +3 1651 £14
SHA3-4 202.3 0.3 216 +4 598 13  1101.8 +2.8  0.0387 +0.0002 2025 £12 2010 #16 1108 +3 1952 #16
SHA3-5 1135 +0.1 269 +5 803 17 10269 +2.9  0.1157 +0.0005 6380 +30 6346 £39 1045 +3 6288 +39
SHA3-6 155 0 2110 +42 159.4 £33 10594 2.7  0.1315 +0.0006 7156 £35 6965 £139 1080 +3 6903 £139
SHA3-7 135 0 163 3 1847.1 +40.3 1056.2 2.1  0.1356 +0.0006 7395 £37 7379 £39 1078 +2 7317 £39
SHA3-8 1428 0.2 51 1 6371 142 1061.7 +2.8  0.1391 +0.0004 7574 £25 7569 £25 1085 +3 7511 £25
SHA3-9 80.9 0.1 40 1 1785 +44 29409 £5.0 0.0531 +0.0004 1477 £12 1474 £13 2953 5 1416 #13
SHA3-10 142.7 0.1 159 +3 2239 +46  1076.8 +2.1  0.1517 +0.0004 8218 +26 8202 #29 1102 +2 8144 £29
SHA3-11 138.0 +0.1 419 +8 851 17  1080.7 +2.0  0.1568 +0.0006 8491 +33 8449 +44 1107 +2 8391 +44
SHA3-12 126.3 £0.1 545 11 636 +13 10720 £24  0.1662 +0.0005 9058 +30 8998 +52 1100 +2 8940 £52
SHA3-13 2115 +0.3 704 £14 921 #19  1058.9 +30 0.1861 +0.0005 10248 +34 10202 +47 1090 3 10144 +47

*§24U = (PP Uactivity — 1)x1000. ** &3 Ujpiiar Was calculated based on 2*°Th age (T), i.e., &**Uinitiat = 8**Unpasurea X&' 2*T.
Corrected *°Th ages assume the initial 230Th/2%2Th atomic ratio of 4.4 +2.2x10°. Those are the values for a material at secular

equilibrium, with the bulk earth 22Th/2**U value of 3.8. The errors are arbitrarily assumed to be 50%.

Lines in red, indicate those Ages that were nor used due to higher error
THE RESULTS OF THESE TWO SAMPLES (128mm and 160mm) ARE QUESTIONABLE FOR THEY WERE MIXED DURING WEIGHNG

A7. Table S1. U/Th ages for the speleothem samples Sha-1, Sha-2 and Sha-3.
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A7. Figure S3. Isotopic record of samples Sha-1 (black), Sha-2 (red) and Sha-3 (green),
compared to the insolation precession cycle for Feb. 10°S (black). Blue and orange bars
indicate Greenland stadials (GS) and Greenland interstadials (Gl), respectively; as suggested

by Rasmussen et al. (2014). Ages and error bars are shown for each sample.
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A7. Figure S4. Comparison between northeastern Andean records located between 3-6°S:
Shatuca record shown in red (this study), Condor and Diamante cave records shown in black
and blue, respectively (Cheng et al., 2013a) and Santiago record shown in green (Mosblech et

al., 2012). Note that Shatuca cave record presents more enriched 5*°0 values along the last

38ky.
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A7. Figure S5. Comparison between Andean records at lowlands (Condor and Diamante
caves), midlands (Shatuca cave) and highlands (Papahuacain cave) with the EDML and NGRIP
ice core records. Blue and orange bars indicate Greenland stadials (GS) and Greenland
interstadials (GI), respectively; as suggested by Rasmussen et al. (2014). Ages and error bars

are shown for Shatuca record.
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