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Resumo

As geleiras tropicais Andinas arquivam informagdes ambientais importantes para a validacao
de modelos climéticos utilizados na previsdo de tendéncias na precipitacdo sobre a América
do Sul tropical, que possibilitam o desenvolvimento de estratégias de mitigacdo e adaptagéo
frente aos cenarios de mudanca climatica nessa regido. Nesse contexto, esta tese investiga
um testemunho de firn com 23,8 m de profundidade perfurado no Nevado lllimani (16°37'S;
67°46’0, 6.350 m acima do nivel do mar, Bolivia), com o0 objetivo de obter proxies
ambientais, principalmente relacionadas ao transporte de umidade da bacia Amazénica para
os Andes. O testemunho passou por etapas de processamento e analise em trés
laboratérios, no EuroCold (Universidade Milano-Bicocca, Itélia), no Climate Change Institute
(Universidade do Maine, EUA) e no Institut des Géosciences de [I'Environnement
(Universidade Grenoble-Alpes, Franca). As particulas de poeira presentes no testemunho
foram analisadas quanto a sua concentracdo, distribuicdo de tamanhos, mineralogia e
composi¢ao. Na integralidade da matriz de firn foram determinados os ions majoritarios, 0s
elementos traco e as razbes de is6topos estaveis (8D e §'0). O testemunho cobre um
periodo de 18 anos (1999-2017), conforme datagdo baseada na variabilidade sazonal das
concentracdes de poeira e Ca*, e de dD. A comparacdo das andlises com informacdes
atmosféricas atuais (observagbes meteorologicas, modelos de reanalise e imagens de
satélite) permitiu a identificagdo de proxies ambientais. Foi observado que a proporgéo de
particulas gigantes (diametro > 20 um), quando considerada junto com o 8D, responde a
conveccdo profunda sobre o Altiplano Boliviano durante o verdo, que por sua vez esti
relacionada ao fendmeno El Nifio-Oscilacdo Sul. Os fatores de enriquecimento do Mn estéo
correlacionados (no nivel de significancia de 95%) com a intensidade dos jatos de baixos
niveis sobre a bacia Amazdnica durante o inverno. A expansao temporal do registro de
poeira pelo uso dos dados de um testemunho extraido do lllimani em 1999, permitiu
investigar a relacdo entre a poeira e o0 rapido degelo dos Andes tropicais nas ultimas
décadas. A proporcéo de particulas de poeira grossa (diametro entre 10 e 20 um) durante o
periodo 1919-2017 responde a uma troposfera mais quente e a reducao no transporte de
umidade da bacia Amazbnica para os Andes, causada pelo aquecimento do oceano
Atlantico tropical norte. Em contrapartida, a contaminagdo por Cr durante o século XXI
mostrou uma reducdo quando comparada ao final do século XX, provavelmente devido ao
maior controle na emissao de poluentes em atividades ligadas & mineracéo.

Palavras-chave: Testemunhos de gelo; Andes tropicais; Bacia Amazénica; Poeira atmosférica.



Abstract

Andean tropical glaciers store valuable environmental information to validate climate models
used to forecast precipitation trends over tropical South America, which enable the development
of mitigation and adaptation strategies for climate change scenarios in that region. In this context,
this thesis investigates a 23.8 m deep firn core from Nevado lllimani (16°37'S; 67°46’'W, 6.350 m
above the sea level, Bolivia) in order to obtain environmental proxies, in particular the moisture
transport from the Amazon basin towards the Andes. The core was processed and analyzed in
three laboratories: the EuroCold (University Milano-Bicocca, Italy), the Climate Change Institute
(University of Maine, USA) and the Institut des Géosciences de I'Environnement (University
Grenoble-Alps, France). Dust particles were analyzed for their concentration, size distribution,
mineralogy and composition. The bulk firn matrix was analyzed for major ions, trace elements
and stable isotopes (8D and $*0). The core spans 18 years (1999-2017) based on seasonal
oscillations of dust and Ca?* concentrations, and 8D. Environmental proxies were obtained by
comparing the measurements with recent atmospheric information (meteorological observations,
reanalysis models and satellite images). The proportion of giant dust particles (diameter > 20
pum), when considered together with 6D, responds to summer deep convection over the Bolivian
Altiplano, which in turn is related to the El Nifio Southern Oscillation. The Mn enrichment factors
are correlated (at the 95% significance level) with the winter low level jets intensity over the
Amazon basin. The temporal expansion of the dust record, by using data from an ice core drilled
in 1999 at the lllimani, allowed a relationship between the dust and the fast retreat of the tropical
Andean glaciers over the last decades. The proportion of coarse dust particles (diameters
between 10 and 20 um) during the 1919-2017 period responds to a warmer troposphere and to
the reduction in moisture transport from the Amazon basin to the Andes, caused by the warming
of the tropical North Atlantic Ocean. On the other hand, Cr contamination reduced during the 21st
century, when compared to the late 20th century, most probably because a higher pollutant
emission control by mining related activities.

Keywords: Ice cores; Tropical Andes; Amazon basin; Atmospheric dust
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1 Introducao

1.1 Consideragdes iniciais

Entender o comportamento da circulacao atmosférica durante o passado € um
topico de alta prioridade do estudo paleoclimatogico. Isso possibilita a validagdo de
modelos climéticos que poderdo ser usados no desenvolvimento de estratégias de
mitigacdo e/ou adaptacdo com base em cenéarios de mudancas climéticas futuras.
Arquivos paleoclimaticos dos ultimos ~20.000 anos (com resolucdo anual nos
tltimos ~1.000 anos) estdo armazenados em geleiras da cordilheira dos Andes
(Vimeux et al., 2009). Tais arquivos sao obtidos por testemunhos verticalmente
coletados nas camadas de neve, firn' e gelo, localizadas nos divisores das bacias de
drenagem, onde as taxas de escoamento dessas camadas sdo minimas. Os
testemunhos de gelo extraidos de geleiras da Bolivia e do Peru sdo de particular
interesse por arquivarem informacgdes de um ambiente tropical, algo raro no estudo
de testemunhos de gelo, ja que 99% das geleiras tropicais estdo nos Andes (Kaser e
Osmaston, 2002).

Os Andes tropicais estdo fortemente expostos a potenciais impactos das
mudancas climéticas que poderdo afetar a seguranca alimentar e hidrica de
aproximadamente 90 milhdes de pessoas (Espinoza et al., 2020). Na Bolivia, 0
degelo da Cordilheira Andina ameaca o suprimento de agua da regidao metropolitana
de La Paz (Soruco et al., 2015), além de outras centenas de cidades ao longo dos
Andes. De fato, o degelo nessa regido intensificou-se nas ultimas décadas devido a
uma atmosfera mais quente, atingindo as maiores taxas de derretimento ja
registradas desde a metade do século XVII (Rabatel et al., 2013). Na Bolivia, entre a
década de 1970 e o ano de 2017, o Grupo de Trabalho em Neve e Gelo do
Programa Hidroldgico Internacional (GTHN-PHI-UNESCO) estimou que a superficie
glacial na Bolivia sofreu uma reducdo de 50%. O degelo dos Andes afeta, ainda, a

1 Firn: estagio intermediario entre a neve e o gelo, com densidade entre 0,4 e 0,8 g cm®.
Caracterizado por cristais soldados uns aos outros, porém ainda com espacos intergranulares e
permeavel (Simdes, 2004).
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preservacdo dos testemunhos de gelo. A perda do sinal climatico sazonal ja foi
sentida a uma altitude de 5.670 m acima do nivel do mar (anm) nas camadas de firn
da calota de gelo Quelccaya (13°54’S; 70°48°'0O, Peru), devido ao derretimento da
superficie e percolacdo através do firn (Thompson et al., 2017). Porém camadas
mais elevadas (6.350 m anm) no Nevado lllimani (16°37’S, 67°46'W, Bolivia) estao,
por enquanto, preservadas.

Um potencial agravante desse acelerado degelo € o corrente desmatamento da
floresta Amazonica, ja que uma reducao na quantidade de vapor d’agua gerada pela
evapotranspiracdo pode afetar a precipitacdo de neve sobre as geleiras (Zemp et al.,
2014; Staal et al., 2018). Um maior entendimento da conectividade entre os Andes
tropicais e a Amazodnia depende de uma detalhada identificacdo dos mecanismos
atmosféricos interligando esses ambientes (Espinoza et al., 2020). A presente tese
parte da hipotese de que aerossois depositados ao longo do tempo nas camadas de
firn e gelo do Nevado lllimani respondem a variabilidade de condigbes atmosféricas

conectando a bacia Amazodnica e os Andes tropicais.

1.2 O registro dos aerossodis em geleiras

Existem numerosas interacdes entre a atmosfera, outros reservatorios
geoquimicos (biosfera, hidrosfera, criosfera e litosfera) e atividades antrépicas (e.g.,
queima de biomassa, uso de combustiveis fésseis, fundicdo de metais), que levam a
formacdo de uma variedade de aerossoéis (suspensdes atmosféricas solidas ou
liquidas). Grandes quantidades do aerossol classificado como poeira sdo emitidas
do Altiplano Boliviano (Prospero et al.,, 2001; Gaiero et al., 2013), principalmente
durante o inverno (estacéo seca), e depositados em geleiras proximas.

A concentracao absoluta de poeira em testemunhos de firn e gelo depende de
fatores que incluem a acumulacdo de neve, a intensidade da fonte (que considera a
aridez do solo, a cobertura vegetal e qualquer outro fator influenciando a quantidade
de particulas disponivel para deflagdo), assim como processos de transporte, que
afetam o tempo de residéncia das particulas na atmosfera (Delmonte, 2003). Em
contrapartida, a distribuicdo de tamanhos e a relativa propor¢cdo de particulas com

determinado tamanho de grao dependem geralmente das condicOes de transporte
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(Delmonte et al., 2004, 2017). Ou seja, particulas com um maior tamanho de grao
estdo relacionadas a um menor transporte atmosférico e, portanto, sdo geralmente
provenientes de fontes mais proximas. A variabilidade na presenca de particulas
relativamente maiores em um testemunho de gelo da Groenlandia foi recentemente
utilizada como proxy da extensdo daquele manto de gelo, pois o recuo da éarea
glacial aumenta a exposicdo de areas ricas em sedimentos que, por sua vez,
tornam-se uma fonte de particulas relativamente mais grossas ao local de
perfuracdo do testemunho (Simonsen et al., 2019).

A variabilidade na concentracdo de poeira depositada em geleiras também
pode ser inferida pela presenca de elementos que majoritariamente constituem o0s
minerais de regifes aridas. A partir do aumento nas concentracdes de calcio ao
longo dos ultimos 200 anos, em testemunho de gelo extraido do Caucaso (Russia),
observou-se um aumento da intensidade da fonte em regides do Oriente Médio e,
portanto, concluiu-se que elas apresentam, nas Ultimas décadas, as condigdes mais
aridas ao longo do periodo estudado (Kutuzov et al., 2019). Um detalhado estudo da
composicado dos aerossois permite ainda a identificacdo de aerossois provenientes
de diversas fontes. Por exemplo, foi observado que a variabilidade nas
concentracdes de uranio e arsénio em particulas depositadas em diferentes regides
do manto de gelo da Antartica estdo diretamente relacionadas as emissdes
provenientes de fundi¢cdes na Australia e nos Andes, respectivamente (Potocki et al.,
2016; Schwanck et al., 2016).

Nas geleiras Andinas sdo encontradas, além de aerossois provenientes das
regibes aridas do Altiplano e das atividades antropicas ligadas a mineracao,
suspensfes biogénicas e fuligem provenientes da bacia Amazobnica. Uma
observacéo interessante € que a combinacao de elevadas concentracdes de fuligem
e de poeira na superficie de geleiras Bolivianas pode aumentar a sua taxa anual de

derretimento em aproximadamente 5% (Magalhaes et al., 2019).

1.3 Objetivos

O objetivo desta tese € investigar a variabilidade climatica e ambiental a partir

das camadas de neve, firn e gelo armazenadas em um testemunho de gelo do
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Nevado lllimani (Bolivia), identificando possiveis conexdes entre os Andes tropicais e
a bacia Amazoénica.
Metas:

a) Extrair um testemunho de firn do Nevado lllimani que forneca uma
guantidade de amostras necessarias para identificacdo dos ciclos sazonais anuais e
gue possa ser integrado ao testemunho extraido no mesmo local, no ano de 1999.
Para ao novo testemunho,

b) Determinar a concentracédo de poeira, sua distribuicdo de tamanhos e sua
composicdo mineralogica e elementar;

c) Determinar a composi¢cdo das impurezas presentes na matriz de firn,
assim como a razao de isétopos estaveis da agua;

d) Datar o testemunho observando a variabilidade sazonal dos parametros
analisados;

e) Estabelecer relagcbes entre as variaveis analisadas no testemunho e
parametros atmosféricos, buscando a identificacdo de proxies ambientais e
climaticas;

f) Integrar resultados obtidos com dados ainda ndo estudados do
testemunho de gelo extraido em 1999 no mesmo local.

g) Reconstruir condi¢bes climaticas e ambientais desde o inicio do século
XX a partir da caracterizacédo da poeira depositada no Nevado lllimani.

1.4 Estrutura da tese

No primeiro capitulo (Introducdo) sdo apresentadas as consideracdes iniciais
sobre a relevancia do estudo de testemunhos de gelo nos Andes tropicais. No
capitulo 2 (O registro ambiental dos testemunhos de gelo dos Andes Centrais) €
apresentada uma revisdo sobre as principais informacdes ambientais e climaticas
obtidas a partir do estudo de testemunhos de gelo dessa regido. No capitulo 3 (Area
de estudo) é caracterizada a area geogréfica deste estudo, focando nos aspectos
climaticos e glaciologicos. O capitulo 4 (Metodologia) apresenta os métodos
utilizados para a perfuracédo do testemunho de firn estudado, além da preparacao e

da andlise das amostras. O capitulo 5 (Resultados) € composto por trés artigos
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submetidos em periodicos internacionais. O primeiro artigo (Giant dust particles at
Nevado Illimani: a proxy of summertime deep convection over the Bolivian Altiplano)
apresenta uma caracterizacéo detalhada da poeira depositada no lllimani e relacdes
com a conveccdo profunda sobre o Altiplano. O segundo artigo (Proxies for
atmospheric circulation over the Amazon basin from the aerosol composition in a
Nevado lllimani firn core, Bolivia) explora detalhadamente a composi¢do das
impurezas depositadas no lllimani, buscando relagées com a circulagdo atmosférica
sobre a bacia Amazonica. Por fim, o terceiro artigo (Dust record in an ice core from
tropical Andes (Nevado Illimani — Bolivia), potential for climate variability analyses in
the Amazon basin) amplia a escala temporal do registro de poeira, analisando 0s
efeitos da variabilidade climatica recente nesse registro. O fechamento da tese com

a integracao dos trés artigos é realizado no capitulo 6 (Conclusdes).
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2 O registro ambiental dos testemunhos de gelo nos

Andes Centrais

A regido dos Andes Centrais (ou Andes tropicais do sul) € definida como a
porcado da Cordilheira Andina entre 15° e 23°S, abrangendo o norte do Chile e da
Argentina, a Bolivia, e o sul do Peru. Nessa regiao a cordilheira se divide em duas
cadeias de montanhas com elevagfes que ultrapassam os 6500 m anm (Cordilheira
Oriental e Ocidental) separadas por um platd de altitude média de aproximadamente
4000 m anm, conhecido como o Altiplano. A Figura 2.1 indica os locais dos Andes
Centrais onde foram obtidos testemunhos de gelo, além do Nevado Huascaran que
apresenta um registro climatico similar ao observado nos Andes Centrais (Hoffman
et al., 2003).

I
40°W

. 80°W

Oceano Atlantico

_0°

— 8°S
Huascara

— 16°S : ‘- ' y /i i y f / -
Sajamad
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Figura 2.1: Localizacéo dos sitios onde foram extraidos os testemunhos de gelo (triangulos
vermelhos) discutidos no Capitulo 2. A bacia Amazénica esta demarcada pela area em verde
e as linhas tracejadas laranja indicam a divisdo dos Andes em cordilheira Ocidental e
Oriental.
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2.1 Atransicdo do Ultimo Maximo Glacial para o Holoceno

A determinacdo cronolégica das camadas de gelo nesse periodo € complexa
devido a sua extrema compactacdo. Embora os registros dos testemunhos de gelo
dos Andes Centrais cubram os ultimos ~20 ka, a maior parte das suas camadas de
gelo referem-se aos ultimos 1000 anos (Vimeux et al., 2009). Isso é um reflexo das
altas acumulacdes anuais de neve nessa regido, em comparagao com os polos, o
gue resulta em elevada compactacédo das camadas mais profundas. No lllimani, por
exemplo, os ultimos 1000 anos estao contidos em ~90% do testemunho (Knusel et
al., 2003), enquanto que os 10 m mais profundos englobam mais do que 15 ka de
registros paleoambientais.

Os testemunhos de gelo do lllimani, Sajama e Huascaran mostraram um
coerente aumento dos valores isotopicos na transicdo do Ultimo Méaximo Glacial
(UGM) para o Holoceno (Figura 2.2a). O UGM, por sua vez, foi atribuido a um
intervalo de 1000 anos centrado nos menores valores isotdpicos de cada
testemunho (Vimeux, 2009). Observacdes modernas da composicao isotdpica da
precipitacdo nos Andes Centrais mostram que ela é afetada por um grande numero
de fatores (Hoffman et al., 2003), mas principalmente controlada pela precipitacéo
local e por ciclos de precipitagdo na bacia Amazonica e no Oceano Atlantico tropical
(Vimeux et al., 2005). Com base no entendimento do registro isotopico das camadas
de neve recentes, estima-se que a precipitacdo nos Andes Centrais durante o UGM
foi de 5 a 7% maior do que a dos dias atuais (Vimeux, 2009). Porém, segundo essa
autora, isso representa um balanco liquido de precipitacdo, resultante da integracdo
de todos os sinais isotOpicos que constituem as massas de ar que chegam aos
Andes Centrais, portanto respondendo a um possivel mosaico de condicbes mais

Umidas e mais secas na América do Sul tropical.
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Figura 2.2: Comparacao entre os registros dos testemunhos de gelo lllimani, Huascaran e
Sajama ao longo dos Ultimos ~20 ka. (a) Os registros isotépicos (6D e 6*0); (b) As
concentracdes de poeira. Extraido de Ramirez et al. (2003).

Outro parametro observado nos testemunhos de gelo dos Andes Centrais
durante a transicdo do UGM para o Holoceno foi a concentracdo de poeira (Figura
2.2b), que registrou um aumento em 8x no Sajama (Thompson et al., 1998) e de
2,5x no lllimani (Ramirez et al., 2003). Esse aumento durante periodos mais quentes
€ contrario a tendéncia esperada sob uma perspectiva global, expressa por
testemunhos de gelo extraidos nas regifes polares, na qual o ciclo da poeira é
reduzido durante periodos quentes (Maher et al.,, 2010). Tal comportamento nos
Andes Centrais foi atribuido as condi¢cdes locais, onde as temperaturas mais
elevadas do Holoceno geraram um aumento na altitude da linha de equilibrio das
geleiras da regido (Thompson et al., 1998; Ramirez et al., 2003), ou seja, houve
aumento da area de ablacdo das geleiras. Com isso, foi exposta uma maior
superficie de solo com alto potencial de ter microparticulas suspensas pelo vento,

aumentando a concentracao de poeira na atmosfera.
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2.2 O Holoceno

O Holoceno na América do Sul tropical, de acordo com o0s registros dos
testemunhos de gelo dos Andes Centrais, apresentou uma elevada variabilidade
climatica. Episédios como o Younger Dryas (ha 8 ka), o Otimo Climatico do Holoceno
(de 7 a 3 ka atras), a Anomalia Climatica Medieval (entre os séculos X e XIV) e a
Pequena Idade do Gelo ou Little Ice Age (LIA, entre os séculos XV e XVIII) foram
detectados no lllimani a partir de aerossois de aménio (subproduto da atividade
bioldgica no solo e na vegetacdo) e também, a partir do carbono negro ou Black
Carbon (BC, resultante de processos de combustdo). Essas espécies sao
transportados em maior quantidade para o Nevado lllimani nos periodos de
temperatura mais elevada na bacia Amazoénica (principal fonte dessas espécies)
(Kellerhals et al., 2010; Osmont et al., 2019). Além do Nevado lllimani, a LIA é bem
marcada nos testemunhos Quelccaya e Huascaran. Menores razbes de 8%0 e
poeira no Huascaran durante a LIA sugerem condi¢cdes mais Uumidas nos Andes
Centrais, resultantes de uma possivel intensificagdo da Moncdo Sul Americana
(Capitulo 3.1), gerando uma maior atividade convectiva ao longo da trajetoria das
massas de ar que atingem os Andes Centrais e portanto, um sinal de 8®0 mais
depletado (Vimeux et al., 2009). O registro do Quelccaya durante a LIA indica uma
migracao para o sul da Zona de Convergéncia Intertropical, resultando em condi¢des
mais Uumidas no sudoeste da bacia Amazénica (Thompson et al., 2013). Tal
conclusao teve como base uma correlacéo positiva entre concentracées de amonio
e 0 parametro climatico agua precipitavel na por¢cado sudoeste da Amazonia durante
o0 século XX.

Além de fatores climaticos, os testemunhos de gelo dos Andes Centrais
registram 2700 anos de atividade antropica na América do Sul, observados a partir
das concentracdes de cobre e chumbo no lllimani (Eichler et al., 2015; Eichler et al.,
2017). A partir de 1540 (inicio do periodo colonial), aproximadamente, a
concentracdo de metais no Quelccaya indica evidente e continuo sinal antropico,
marcando a introducdo do processo de amalgamacdo para a extracdo da prata
(Uglietti et al., 2015). Mudancas no uso da terra impostas durante o periodo colonial

também estdo registradas nas camadas de gelo dos Andes Centrais a partir de
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significativas alteracdes nos tipos de pdélen depositados no lllimani, principalmente a
partir do século XVIII (Brugger et al., 2019).
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Figura 2.3: Reconstrucdo da variabilidade da temperatura durante o Holoceno a partir do
registro de amdénio no testemunho de gelo do lllimani. Fonte: Kellerhals et al. (2010).

2.3 O ultimo século

Os testemunhos de gelo lllimani, Quelccaya e Sajama mostram concentracdes
sem precedentes nos elementos associados a mineragcédo ao longo do ultimo século
(Hong et al., 2004; Eichler et al., 2015; Uglietti et al., 2015; Eichler et al., 2017). O
chumbo, por sua vez, tem maxima concentracdo devido ao uso da gasolina
contendo chumbo, com pico no consumo durante os anos 1970. Porém, elementos
associados a queima de combustivel fossil (nitrato e particulas carbonaceas
esféricas) continuam mostrando tendéncia crescente (Eichler et al., 2015; Brugger et
al., 2019). As concentracdes atuais de black carbon assemelham-se as registradas
durante a Anomalia Climatica Medieval, entretanto uma tendéncia de aumento esta
em curso desde 1730, em decorréncia do aumento das temperaturas e do
desmatamento na bacia Amazoénica (Osmont et al., 2019).
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Os registros atuais possibilitam, ainda, uma validacdo dos parametros obtidos
nos testemunhos de gelo frente a observacfes meteorologicas, a reandlises
climaticas e a imagens de satélite. Essa validacdo € fundamental para a
interpretacdo dos testemunhos de gelo durante periodos pretéritos com escassa
informacéo climatica. Conforme discutido na Secédo 2.1, a comparacdo do registro
isotopico nos 4 testemunhos de gelo dos Andes Centrais durante o século XX (indice
Isotopico Andino, 1l1A), com modelos de circulagdo atmosférica e com dados
meteoroldgicos indica que tais registros sao basicamente controlados pela
variabilidade da precipitacdo na bacia Amazénica (Hoffman et al., 2003). O IIA reflete
ainda a reorganizacdo oceéanica atmosférica de larga escala ocorrida no Oceano
Pacifico durante a década de 1970 (Figura 2.4), com consequéncias a variabilidade
na temperatura e na precipitacdo nos Andes Centrais, acelerando o degelo nessa
regido (Francou et al., 2003). A influéncia do Pacifico expressa em eventos El Nifio
persistentes foi observada pelo do aumento na concentragdo das espécies iGnicas
associadas a poeira no lllimani (Knlsel et al., 2005). Segundo esses autores,
durante tais eventos ha a intensificacdo de ventos oeste sobre os Andes Centrais,
impedindo a entrada de umidade da bacia Amazobnica e portanto, favorecendo o
maior transporte e deposicao de poeira no lllimani. Registros em alta resolucéo
temporal da composicdo das impurezas depositadas no lllimani mostram o
predominio da poeira oriunda dos Andes Centrais (principalmente no inverno)
durante o século XX (Correia et al., 2003; Knusel et al., 2005). Assim, ha uma
ofuscamento dos sinais vindos da bacia Amazobnica (geralmente associados a
gueima de biomassa) durante os meses de inverno (Correia et al., 2003).

Testemunhos de firn (testemunhos rasos que nao atingem as densas camadas
de gelo) referentes as ultimas décadas permitiram comparar o sinal isotopico do
Quelccaya e do Huascaran com dados atmosféricos de alta resolugdo espacial.
Correlacdes significativas entre o 80 e a temperatura no topo de nuvens
convectivas sugerem uma relacdo entre a razao isotopica na precipitacdo nas
geleiras dos Andes Centrais e a temperatura durante a condensacéo sobre o norte
da bacia Amazobnica e ao longo da face leste dos Andes Centrais (Thompson et al.,
2017). Tal relacédo espacial foi reforcada pela observacdo de que o 6'®0 é mais
depletado quando os jatos de baixos niveis na bacia Amazodnica logo a leste dos
Andes Centrais sédo mais intensos e ha mais umidade sobre o Quelccaya (Guy et al.,
2019). Ainda, a comparacao da variabilidade do 'O e da acumulacdo de neve em
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um testemunho raso Quelccaya com medidas atmosféricas locais mostra as
relacdes entre o sinal isotopico e a incursdo de massas de ar frio sobre os Andes
Centrais (Hurley et al., 2015; Hurley et al., 2016).
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Figura 2.4: Comparacdo do registro isotépico nos testemunhos de gelo Huascaran,
Quelccaya, lllimani e Sajama durante o século XX. All representa a variabilidade comum
entre os perfis dos quatro testemunhos (Indice Isotépico Andino). Extraido de Vimeux et al.
(2009).

Testemunhos rasos permitem, portanto, a calibracdo de parametros analisados
no firn frente a uma complexa rede de interacbes atmosféricas, o que possibilita o
aperfeicoamento de modelos paleoclimaticos. Entretanto, o intenso aquecimento
atmosférico em curso nas geleiras dos Andes Centrais gera derretimento e
percolacdo no firn, ameagando o seu registro ambiental. Em consequéncia, o sinal
isotépico recente no Quelccaya ja sofreu atenuacdo, embora camadas de poeira

ainda preservem uma sazonalidade (Thompson et al., 2017).
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3 Areade estudo

O Nevado lllimani (16°38'S; 67°44'W, Bolivia) esta localizado na Cordilheira
Real, distante 50 km da cidade de La Paz. Ele apresenta dimensfes aproximadas de
10 por 4 km e alguns picos ultrapassam os 6000 m anm. O Nevado lllimani é
formado por um pluton granodioritico do Oligoceno tardio, com um pequeno cinturdo
composto por um fluxo dacitico, contemporaneo a formacao do pluton e localizado
préximo a sua borda sudoeste (McBride et al., 1983; Jiménez e LOpez-Velasques,
2008).

3.1 Aspectos climaticos

Os Andes Centrais formam uma barreira climatica entre as condicbes
contrastantes da bacia Amazonica e do Oceano Pacifico. O transporte de massas de
ar umido dessa bacia até os Andes Centrais ocorre majoritariamente nos meses de
verdo do hemisfério sul, favorecido pela fase madura da Moncdo Sul Americana
(Zhou & Lau, 1998; Vera et al., 2006). Uma das principais caracteristicas da Monc¢éao
Sul Americana é a formacao da Alta da Bolivia (Figura 3.1), um sistema anticiclénico
na alta troposfera posicionado sobre a Bolivia (Lenters & Cook, 1997). Quando esse
sistema estd bem desenvolvido, ventos leste na baixa troposfera da bacia
Amazonica séo intensificados e massas de ar Umido atravessam de forma turbulenta
a Cordilheira Oriental, ocasionando precipitacdo na forma de conveccao profunda
nos Andes Centrais (Garreaud, 1999). Essa circulacado sobre a bacia Amazobnica é
definida como Jatos de Baixos Niveis da América do Sul (JBN). Esses jatos séo
responsaveis por distribuir uma vasta quantidade de umidade gerada no oceano
Atlantico e/ou Amazoénia para a Bolivia, Paraguai, sul do Brasil e norte da Argentina,
também ocorrendo em outras estacfes do ano (Marengo et al., 2004). Durante o
inverno, porém, a precipitagdo nos Andes Centrais é muito escassa, devido a
adveccdo de ar seco do Pacifico que é favorecida por uma circulacédo
dominantemente de oeste, resultante da expansdo da zona dos jatos subtropicais

para o norte (Vuille, 1999).
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Figura 3.1: Representacdo esquematica dos sistemas atmosféricos, comentados no texto,
na baixa troposfera (azul claro) e na alta troposfera (roxo) atuantes na América do Sul. Em
relacdo a baixa troposfera tem-se os Ventos Alisios de Nordeste (ANE), os Jatos de Baixos
Niveis (JBN) e a Zona de Convergéncia Intertropical (ZCIT). Em relacdo a alta troposfera
tem-se a Alta da Bolivia (AB) e o Jato Subtropical (JS).

A variabilidade interanual da precipitacdo nos Andes Centrais € portanto
influenciada pelas condi¢des no oceano Pacifico tropical, controladas principalmente
pelo fendmeno El Niflo—Oscilagdo Sul (ENOS). Fases positivas do ENOS promovem
0 aguecimento da troposfera tropical, aumentando o fluxo de ar no sentido oeste
sobre os Andes Centrais, o que inibe a advecgdo de ar umido vindo da bacia
Amazonica (Garreaud & Aceituno, 2001). O inverso se aplica as fases negativas do
ENOS. Porém, desde o inicio do século XXI, o oceano Atlantico passou a ter um
papel mais relevante na variabilidade interanual da precipitacdo sobre os Andes
Centrais (Segura et al., 2020). O aumento das temperaturas na superficie do
Atlantico tropical norte durante as ultimas décadas mudou o posicionamento da
Zona de Convergéncia Intertropical (ZCIT) (Yoon & Zeng, 2010). A ZCIT deslocou-se
para o norte, diminuindo a intensidade dos ventos alisios que levam umidade do
Atlantico para o sudoeste da bacia Amazoénica (Espinoza et al., 2019). A reducdo na
precipitacdo por conveccgao nessa parte da regido Amazonica diminui o transporte de
umidade para os Andes Centrais (Segura et al., 2020). Houve ainda o deslocamento
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dos JBN, que ao longo dos ultimos anos vém se encontrando com a Cordilheira mais
ao norte, além de mostrarem um aumento na sua frequéncia e intensidade,
favorecendo a precipitacdo na Cordilheira Oriental Boliviana (Jones, 2019), portanto
sobre o Nevado lllimani.

A precipitacdo sobre o Nevado lllimani ao longo do ano é distribuida durante 9
meses (Vimeux et al., 2009). Ha uma distincdo bem marcada entre a estagdo seca
(abril a agosto, inverno austral) e a estacdo Umida (novembro a marco, verdo
austral). Esses dois periodos sdo separados por uma transicao abrupta entre marco
e abril e condicdes intermediarias em setembro e outubro (Vimeux et al., 2005).

O acentuado aquecimento troposférico nas Ultimas décadas € um tema
especialmente relevante em regides de geleiras como os Andes Centrais. A evolugao
da temperatura do ar no Nevado lllimani a 6350 m anm foi estimada a partir das
camadas de neve e gelo (Gilbert et al., 2010). Esses autores quantificaram um
aumento de 1,1 + 0,2°C durante o século XX. Campanhas realizadas nesse sitio
entre 1999 e 2001 mediram temperaturas abaixo dos -10°C entre maio e junho
(Wagnon et al., 2003). Seguindo estimativas do aquecimento global, essa regido do
Nevado lllimani poderia tornar-se temperada entre 2050 e 2060 (Gilbert et al., 2010).

3.2 Aspectos glacioldgicos

Entre os anos de 1956 e 2009, o Nevado lllimani perdeu 35%
(aproximadamente 9,5 km?) de sua area total de gelo, permanecendo com uma
superficie de 17,9 km2 (Figura 3.3; Ribeiro et al., 2013). De fato, um generalizado e
rapido recuo das geleiras bolivianas ocorreu a partir dos anos 1980, de maneira sem
precedentes desde a Pequena ldade do Gelo (entre a metade do século XVIl e o
inicio do século XVIII) (Rabatel et al., 2013). Na geleira Chacaltaya (16°20’S,
68°07'0, 5.400 m anm) o periodo 1983-1998 foi marcado por um recuo tdo drastico
gue acarretou no seu completo derretimento (Ramirez et al., 2001). Esse acelerado
recuo em Chacaltaya foi atribuido, além do aquecimento troposférico, a uma
alteracdo na evolugdo de eventos El Niflo, incluindo sua maior frequéncia e
intensidade (Francou et al., 2003). Em 2005, um forte balanco de massa negativo

(ablacdo muito maior do que a acumulacédo) foi observado na geleira Zongo
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(16°15’'S, 68°10'0, 6.000 m anm) devido a condicbes aridas resultantes do
acentuado aquecimento do Atlantico tropical norte naquele ano (Ribeiro et al., 2018).
Durante o século XXI o recuo das geleiras dos Andes Centrais continua acentuado,
estima-se um balanco de massa negativo de -0,42 + 0.24 m de equivalentes em

agua por ano (Dussaillant et al., 2019).
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Figura 3.2: Imagem de satélite de 2009 do Nevado lllimani, incluindo a subdivisdo em
bacias de drenagem glacial (indicada pelos nimeros). O tragado delimita a extensao das
geleiras em 1963. Fonte: Ribeiro et al. (2013).

3.3 Expedicoes ao Nevado lllimani

Duas expedi¢des ao Nevado lllimani extrairam testemunhos de gelo na altitude
de 6350 m anm atingindo o embasamento rochoso. A primeira ocorreu em junho de
1999 envolvendo pesquisadores do Institut de Recherche pour le Developpement
(IRD, Franca) e do Instituto Paul Scherrer (PSI, Suica). Foram extraidos 2
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testemunhos que atingiram a profundidades de 137 e 139 m. Em junho de 2017
realizou-se a expedicdo do projeto Ice Memory (https://www.ice-memory.org),
coordenada por um grupo de pesquisadores da Franca e com participacdo de
pesquisadores da Russia, Bolivia e Brasil. Foram extraidos dois testemunhos de
gelo (136 e 134 m de profundidade) e um testemunho de firn com 24 m de
profundidade (alvo deste estudo). Nessa expedicéo, 4,5 toneladas de equipamento,
distribuidas em trés acampamentos, foram transportadas por 61 carregadores do

vilarejo de Pinaya (Bolivia) e por 16 carregadores de alta altitude, coordenados por 3

guias de montanha.

Figura 3.3: A expedi¢cdo Ice Memory de 2017: (a) foto do Nevado lllimani indicando a
posicdo dos trés acampamentos montados; (b) acampamento base (4500 m anm); (c)
acampamento intermediario (5500 m anm); (d) acampamento da perfuracao (6350 m anm).
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4 Metodologia

4.1 Coleta do testemunho de firn

Um testemunho de neve e firn com 23,8 m de comprimento e diametro de 10
cm foi extraido durante a expedicdo Ice Memory ao Nevado lllimani ocorrida em
2017 na altitude de 6.350 m anm. A perfuracdo ocorreu no mesmo local onde foram
extraidos os testemunhos profundos da expedicdo de 1999, ou seja, na regido de
sela entre os dois cumes mais elevados (Fig. 4.1a).

Utilizou-se a perfuradora eletromecanica modelo EM-100-1000 produzida pela
Cryosphere Research Solutions (Columbus, OH, EUA) composta por um motor
submersivel com sistema anti-torque ajustavel, conectado a um barril (para coleta do
testemunho) de 110 cm de comprimento (Fig. 4.1b). Os cortadores eram adaptados
a perfuracdo de gelo temperado (i.e., gelo perto do ponto de fusdo sob pressdo) em
sua base. As partes mais pesadas do sistema de perfuracdo eram o tambor do cabo
com 22 kg e a caixa de engrenagens do motor com 23 kg, o que ainda era adequado
para ser transportado pelos carregadores até o local da perfuragéo.

O testemunho extraido (identificado como IL2017) era composto por 24 sec¢des,
com no maximo 3 quebras por secdo e comprimento aproximado de 1 m. Apls a
medida da profundidade de cada quebra, as secdes eram acondicionadas em tubos
plasticos onde eram identificados o niumero da secdo e a extremidade referente ao
topo. Em seguida, esse material era colocado dentro dos cilindros de transporte e
estocados em um abrigo escavado na neve (Fig. 4.1c). No final de cada dia de
perfuracdo cada um dos 16 carregadores de alta altitude transportavam 3 cilindros
até o acampamento intermediario (Fig. 4.1d). No periodo da noite, a outra equipe de
carregadores transportava os cilindros do acampamento intermediario até o
acampamento base, onde os testemunhos eram colocados dentro de caixas de
isopor que eram transportadas por um veiculo 4 x 4 que partia diariamente as 6h da

manha até um contéiner frigorifero na cidade de La Paz.



29

T-‘a

Y e
s ! B
g3 wdmm
¥

T
1S

AY

L

Figura 4.1: (a) local da perfuracéo apontado por P. Ginot (foto de X. Fain); (b) a perfuradora
operada por L. Piard e S. Kutuzov; (c) estoque dos cilindros preenchidos com amostras; (d)
transporte dos cilindros do local de perfuragédo até o acampamento intermediario (foto de X.
Fain).

4.2 Processamento do testemunho

A Figura 4.2 apresenta um fluxograma com as etapas do processamento do
testemunho de firn IL2017.
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Figura 4.2: Fluxograma dos processos aplicados ao testemunho de neve e firn do Nevado
lllimani. As cores indicam o0s laboratorios envolvidos: Institut des Géosciences de
I'Environnement, Universidade Grenoble-Alpes, Franca (azul); EuroCold, Universidade
Milano-Bicocca, Italia (verde); Climate Change Institute, Universidade do Maine, EUA
(vermelho).

O contéiner frigorifero com os testemunhos de gelo foi transportado por navio,
do porto de Arica (Chile) até a Europa, chegando em Grenoble (Franga) em agosto
de 2017, onde permaneceu a temperatura de -20°C no interior de um frigorifero
comercial.

Em dezembro de 2017, as quatro caixas com as 24 secbes do testemunho
foram levadas até as camaras frias do Institut des Géosciences de I'Environment
(IGE, Universidade Grenoble-Alpes) mantidas a -20°C, onde as secbes foram

pesadas para determinacéo do perfil de densidades. Apds, o testemunho foi cortado
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longitudinalmente ao meio com uma serra de fita vertical de bancada. Assim as duas
metades resultantes mantinham toda a estratigrafia do testemunho original. A Figura
4.3 resume a subdivisdo do testemunho. Metade do testemunho permaneceu em
Grenoble e a outra metade foi transportada para Mildo (Italia) em furgéo refrigerado
a -15°C, onde foi armazenado a -30°C na camara fria do Eurocold (Universidade

Milano-Bicocca).
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Figura 4.3: Secéo transversal do testemunho de 10 cm de diametro indicando as fragbes
(proporgcBes aproximadas) destinadas as andlises realizadas neste estudo. As linhas
pontilhadas representam os cortes longitudinais.

A estratigrafia do testemunho foi determinada pela identificacado da espessura e
profundidade das camadas de gelo presentes na matriz de neve e firn (Fig. 4.4a).
Em seguida as sec¢des foram mais uma vez cortadas longitudinalmente ao meio com
serra de fita vertical de bancada (Fig. 4.4b). Um quarto do testemunho original foi
disposto em uma caixa de isopor e transportado por via aérea para o Climate
Change Institute (CCI), Universidade do Maine, EUA, para determinagdo das
concentracdes dos ions majoritarios, dos elementos-traco e das razées dos is6topos

estaveis da agua.
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Figura 4.4: (a) estratigrafia sob luz, as linhas mais claras sé&o lentes de gelo; (b) o segundo
corte longitudinal do testemunho; (c) o corte transversal a cada 5 cm gerando as fragdes
destinadas a analise da poeira.

4.3 Analise da Poeira

A metade remanescente no Eurocold foi cortada transversalmente na resolucéo
de aproximadamente 5 cm (Fig. 4.4c) com serra de fita horizontal de bancada,
resultando na divisdo dos 23,8 m totais do testemunho em 464 amostras. Os
milimetros mais superficiais das faces e arestas dessas amostras foram removidos
por raspagem com faca ceramica no interior de mesa de fluxo laminar classe 1ISO 5

instalada dentro de uma camara fria limpa classe ISO 6 (Fig. 4.5a).
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Figura 4.5:. (a) raspagem para descontaminacdo das subamostras; (b) pesagem para
controle do volume obtido apdés a raspagem; (c) producdo da solucdo eletrolitica; (d)
determinacgdo da concentragéo e da distribuicdo de tamanhos das particulas na solugéo.

O procedimento de raspagem visava a remocao da possivel contaminacédo da
matriz porosa de firn gerada desde o contato com a perfuradora até o contato com
as laminas de aco da atmosfera ndo limpa das camaras frias. Apés a raspagem de
cada amostra, o material utilizado era limpo com etanol com grau de pureza em nivel
analitico antes de ser utilizado novamente na descontaminacao da proxima amostra.

As amostras descontaminadas eram acondicionadas em frascos limpos de
50 mL e pesadas para fins de controle do procedimento (Fig. 4.5b). A massa média
das amostras ap0s a raspagem era de 18 g. Os frascos com as amostras
permaneceram armazenados a -30°C até horas antes do momento da analise.
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4.3.1 Concentracao e distribuicao de tamanhos

As amostras foram derretidas a temperatura ambiente (aproximadamente
20°C) em laboratério limpo classe 1SO 6 e separadas em duas aliquotas em mesa
de fluxo laminar classe ISO 5: uma com volume médio de 10 mL colocada em frasco
limpo de 25 mL modelo Accuvette Beckman Coulter, o restante permanecia no frasco
de 50 mL para posterior andlise elementar ou mineraldgica.

As aliquotas de 10 mL separadas para analise da distribuicdo de tamanhos das
microparticulas eram transformadas em solucfes eletroliticas pela adicdo de uma
solucéao previamente filtrada de NaCl 20% resultando na concentracao final de 1%
(Fig. 4.5c). Até o momento das analises, as solu¢cdes de amostras permaneciam em
constante agitacdo mecanica pela acdo de um agitador orbital com o objetivo de
evitar a sedimentacdo das particulas nos frascos. Os procedimentos adotados
seguiram os protocolos para amostras de gelo da Antartica (Delmonte et al., 2002).

O contador de particulas modelo Beckman Coulter Multisizer 4 (Fig. 4.5d)
equipado com um orificio de 100 pm permitiu medidas de equivalentes esféricos das
particulas com diametros entre 2 e 60 pm divididas em 400 intervalos de diametros.
A calibracdo foi realizada com uma solucdo certificada composta por particulas
esféricas de latex com 10 um de diametro.

Os brancos, que eram compostos por agua ultrapura Millipore Q-POD® Element
e pela solucdo eletrolitica, eram medidos no inicio de cada turno de analise
(composto em média pela analise de 30 amostras). Eles representavam em média
uma fracdo menor do que 0,5% das concentracdes das amostras. A razao média
entre sinal e ruido foi de 97. Cada amostra foi medida duas vezes (cada medida
utilizava um volume de 0,5 mL). O desvio padrdao médio entre as duas medidas, em

funcdo do intervalo de tamanho das particulas, esta indicado na Tabela 4.1.

Tabela 4.1: Diferenca nas concentragdes (em numero de particulas) entre as duas medidas
do contador em fungdo do tamanho das particulas, expressa pelo desvio padrao relativo.

2-20 (pm) 2-60 (pm) 10-20 (pm) 20-60 (pm)

Desvio padréo
: 54 6,6 25,0 45,0
relativo (%)
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4.3.2 Composicao elementar

A composicao elementar da poeira foi analisada em 10 amostras extraidas de
diferentes intervalos de profundidades distribuidos ao longo do testemunho (Tabela
4.2). Nessas amostras foram usadas as fracdes remanescentes (em que nao foram
adicionadas a solucao eletrolitica) das amostras medidas no contador de particulas.
Das 10 amostras, cinco foram extraidas de intervalos de profundidades
caracterizados por concentracdes de poeira abaixo da média e as outras cinco
pertencem a intervalos com concentragdes acima da média. Portanto, o tamanho de
cada intervalo ndo era constante.

Os procedimentos de preparagao seguiram o protocolo para amostras de firn e
gelo (Baccolo et al., 2015). As amostras foram filtradas com membranas Millipore®
de PTFE (tamanho de poro de 0,45 pm e 11,3 mm de didmetro) que foram
previamente deixados de molho em HNO; 5% (ultrapuro de dupla destilagdo) por 2
semanas em provetas também limpas com acido nitrico e com renovacao do banho
acido a cada 4 dias. O sistema de filtracdo acoplado a uma bomba de vacuo era
dedicado exclusivamente a preparacdo de amostras de testemunhos de firn e gelo, a
vidraria em contato com os filtros também foi limpa com HNOs. Todo o material que
passou pelo banho em HNO; foi lavado com &agua ultrapura MilliQ (Millipore®) em
abundancia momentos antes da filtracdo, para evitar que um ambiente acido
favorecesse a dissolucéo de particulas. Os filtros com amostras foram estocados e
secos, em mesa de fluxo laminar ISO5, dentro de frascos de polietileno (volume de 1
mL) que passaram pelo mesmo tratamento acido de limpeza. Além das membranas
com amostras, foram preparados membranas de branco, em que foram filtrados 300
mL de agua MilliQ.

Para possibilitar a quantificacdo dos elementos nas amostras foram usados 0s
seguintes padrbes de referéncia com concentracfes certificadas: USGS AGV2
(composto de andesito moido), USGS BCR2 (basalto moido), NIST SRM 2709a
(solo de San Joaquin) e NIST SRM 2710a (solo de Montana). Também foram
preparadas solu¢bes liquidas com concentracbes conhecidas (na ordem de
grandeza de ppm) para todos os elementos medidos, sendo que o procedimento

utilizado para producdo desses padrdes de referéncia liquidos foram reproduzidos



36

na producdo de um branco liquido. O branco relativo aos padrdes certificados
sélidos era composto do mesmo modelo de frasco em que os padrées eram

colocados, porém vazio.

Tabela 4.2: Caracterizacdo das amostras destinadas a analise elementar por ativacao
neutrdnica.

Identificacdo da Profundidade do Profundidade da Massa de
amostra topo (m) base (m) Volume (mL) particulas* (ug)
ILL1 1,67 2,31 86,4 2415+12.1
ILL2 2,31 3,78 181 107,8 £5,4
ILL3 5,57 7,02 123 164,5 £ 8,2
ILL4 8,67 8,97 25,5 230,7 £11,5
ILLS 10,56 11,66 116 95,6 +4,8
ILL6 13,60 13,69 22,0 441,3 +221
ILL7 13,69 14,78 106 257,2+12,9
ILL8 19,10 19,25 19,3 194,5+9,7
ILL9 20,29 20,48 32,1 172,8 £ 8,6
ILL10 21,41 22,50 100 68,6 +3,4

*Massa estimada a partir da concentracdo de particulas obtida pelo método Coulter Counter,
assumindo particulas esféricas com densidade de 2,5 g cm? e incerteza de 5%.

As amostras, os brancos e os padrbes de referéncia foram levados ao LENA
(Laboratorio Energia Nucleare Applicata) da Universidade de Pavia (Italia), onde um
reator modelo Triga Mark Il de 250 kW esta disponivel para analises por ativacao
neutronica (INAA). O reator apresenta diversos canais de diferentes especificacdes
para introdugcdo de amostras dentro de seu nucleo. Dois canais foram utilizados, o
“Rabbit” com fluxo de néutrons igual a 7,40 + 0,95 x 10** s'cm? e o “Lazy Susan”
cujo fluxo é de 2,40 + 0,24 x 10*?* s'cm™.

No canal “Rabbit” foram conduzidas irradiagbes de curto periodo para a
determinacdo de elementos com baixo tempo de meia vida, enquanto que no canal

“Lazy Susan” o periodo de irradiacdo era maior e foi utilizado para determinacéo de
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elementos com maior tempo de meia vida (Tabela 4.3). As medidas dos espectros
gama foram realizadas no LENA e no laboratério de radioatividade da Universidade
Milano-Bicocca equipados com detectores de germénio de alta pureza HpGe
(ORTEC, série GWL). Foram seguidos os procedimentos desenvolvidos para uma
INAA com baixo ruido (Baccolo et al., 2016). O calculo para a determinacdo das

concentracdes esta descrito no Anexo |.

Tabela 4.3: Caracteristicas do processo de irradiagéo.

Material irradiado Canal Fluxo de Néutrons ( s™. cm?) Elementos Observados

Amostras, padrées de Rabbit (7,40 = 0,95)-10% Al, Mg, Mn, Si, Ti, V

referéncia e brancos

Amostras, padrdes de Lazy (2,40 = 0,24)-10% As, Au, Ba, Ca, Ce, Co, Cs, Eu, Fe,
referéncia e brancos Susan Hf, K, La, Na, Nb, Nd, Rb, Sb, Sc,
Sm, Ta, Th, W, Yb, Zn, Zr

4.3.3 Composicao mineraldgica

A composi¢cdo mineralégica das microparticulas foi analisada em 4 amostras
escolhidas por critério andlogo ao utilizado na escolha das amostras para
determinacdo da composicdo elementar. Portanto, as amostras eram provenientes
de diferentes intervalos de profundidade, apresentando concentracdes acima ou

abaixo da média. As quatro amostras utilizadas estao descritas na Tabela 4.4.

Tabela 4.4: Caracterizacdo das amostras destinadas a anélise mineraldgica.

Profundidade do topo  Profundidade da base Nudmero de particulas
Amostra .
(m) (m) analisadas
ILL-R1 5,79 5,82 167
ILL-R2 5,91 6,00 161
ILL-R3 9,80 9,84 138

ILL-R4 10,00 10,17 157
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O método de preparacdo das amostras descritas na Tabela 4.4 foi similar ao
aplicado em amostras de gelo da Antartica (Delmonte et al., 2017; Paleari et al.,
2019). Apos filtragdo em membrana de policarbonato (tamanho de poro de 0,4 um,
diametro de 11,3 mm, Millipore®), as particulas remanescentes foram resuspensas
em volume de aproximadamente 1 mL de agua MiliQ por ultrassom. Essa suspensao
de poeira foi em seguida depositada em uma lamina de vidro (dimensdes de 2,5 por
1,5 cm) através de goticulas, utilizando uma micropipeta (regulada para 200 pL). As
goticulas foram lentamente evaporadas a temperaturas entre 60° e 90°C (Figura
4.6).

Figura 4.6: Preparacdo das amostras destinadas a analise mineraldgica. Procedimento de
evaporacéao das goticulas de suspenséao de poeira.

Analises por microespectrometria Raman foram realizadas no Laboratory for
Provenance Studies (DISAT, Universidade Milano-Bicocca). Utilizou-se o microscopio
InVia™-Renishaw, com linha de laser Renishaw Nd:YAG a 532 nm. A faixa
espectrogréfica analisada foi de 400 a 1060 nm. Realizou-se, para cada grdo de
poeira (menores do que 5 pm), 10 aquisicOes de 2 segundos. Os espectros foram
obtidos com poténcia maxima na amostra de aproximadamente 10 mW. O diametro
do feixe de laser era de aproximadamente 2 um. A mineralogia de mais de 630 graos
foi identificada pela comparacdo com espectros de referéncia na literatura e, quando
necessario, pela comparacdo com minerais de referéncia analisados no DISAT.



39

4.4 Analise dos is6topos estaveis

As sec0es, transportadas ao CCI por transporte aéreo refrigerado, tiveram suas
camadas externas removidas com uma serra de fita vertical disposta em camara fria
a -20°C. Essas camadas mais externas foram subamostradas a cada ~12 cm com
serra manual de aco inoxidavel, resultando em 190 amostras para isétopos estaveis.
Horas antes da determinacdo das razbes de isotdpicas, as amostras foram
derretidas a temperatura ambiente.

A andlise das razdes de is6topos estaveis de hidrogénio (D/H) e de oxigénio
(**0/**0) foram realizadas com espectrometro a laser de cavidade ressonante
modelo Picarro L-2130i, ligado a um vaporizador. Obteve-se a precisao de 0,1%o. As

razdes isotdpicas foram expressas pela notacao o:

R
dDou 6’0 =(—=%" _1)%1000 (Eq. 4.1)

padrdo

onde R é a razdo entre o is6topo de maior massa e o isétopo leve na amostra e no
padrdo. O Rpaaao refere-se ao padrdo Vienna-Standard Mean Ocean Water (V-
SMOW).

4.5 Analise das impurezas na matriz de neve e firn

As camadas mais internas passaram por um processo de raspagem com faca
ceramica de suas partes externas. Em seguida, cada uma das 24 secdes do
testemunho era acondicionada em um tubo acrilico, respeitando seu posicionamento
estratigrafico original. Em sala limpa classe 1ISO 6 do CCI, o tubo acrilico contendo
uma secdo do testemunho era acoplado ao sistema de derretimento continuo
(Osterberg et al., 2006), comumente utilizado na andlise de testemunhos de gelo da
Antartica (Schwanck, 2017). Nele as secdes foram destinadas de forma continua e

simultanea para a analise dos ions majoritarios e dos elementos traco.
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O sistema de derretimento continuo é composto por um cone e um disco de
niquel 270, dispostos sobre uma base aquecida, tudo no interior de um freezer
vertical (Figura 4.7). No centro do disco ha um canal interno que capta somente a
porcdo mais interna do testemunho (com menor probabilidade de estar
contaminada). A agua de degelo desse canal interno é bombeada por duas bombas
peristalticas, dividindo o fluxo entre dois coletores onde estdo dispostos os frascos
destinados as analises. Agua MiliQ era bombeada pelo sistema antes do inicio e ao
final de cada turno de derretimento, com o objetivo de limpar o sistema. No fim de
cada processo de limpeza eram recolhidas amostras de branco. A resolucdo média
obtida, ou seja, o comprimento de testemunho contido em cada amostra para ions
majoritarios e elementos traco, foi de aproximadamente 3 cm. Obteve-se portanto

767 amostras para cada analise.

Figura 4.7: O sistema de derretimento continuo. A linha pontilhada representa o caminho da
agua de degelo, direcionada aos frascos destinados a andlise de elementos traco
(esquerda) e aos frascos para determinacao dos ions majoritarios (direita).

4.5.1 Elementos traco

As 767 amostras destinadas a andlise de elementos traco foram acidificadas
com HNO; de dupla destilacdo a 1%. Os frascos de polipropileno utilizados no
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armazenamento das amostras foram previamente limpos com HNO; 15% (molho de
3 dias) e agua MiliQ (triplo enxdgue e molho de 3 dias), seguindo o protocolo
utiizado em amostras de gelo da Antartica (Schwanck, 2017). Apoés
aproximadamente 30 dias armazenadas, visando a dissolugdo dos metais
depositados no Nevado lllimani, os elementos-traco foram analisados por
espectrometria de massas com plasma indutivamente acoplado com campo
setorizado (ICP-SMFS). Utilizou-se o espectrometro modelo Thermo Electron
Element 2 instalado no CCI.

Solucdes padrao, contendo todos os elementos analisados, com concentracdes
dentro do intervalo esperado para o Nevado lllimani foram utilizadas para calibracéo
diaria. Como padrao de referéncia foi utilizada a agua fluvial SLRS-4 (certificada pelo
Conselho Nacional de Pesquisa do Canada, Ottawa). Os limites de deteccdo do
meétodo (LDM) foram definidos como iguais a trés vezes o desvio padrdo de cada
elemento em uma série de 10 brancos. Foram determinados 29 elementos por ICP-
SMFS (Li, Na, Mg, Al, Si, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Cu, Zn, As, Sr, Ag, Cd,
Cs, Ba, La, Ce, Pr, Pb, Bi e U).

4.5.2 ions majoritarios

Os 767 frascos com amostras destinadas a analise dos ions majoritarios foram
limpos somente com agua MiliQ (triplo enxdgue e molho de 1 dia), seguindo o
protocolo utilizado em amostras de gelo da Antartica (Thoen, 2017). Os cétions (Na*,
K*, Mg* e Ca?*) e anions (Cl, NOs, SO,*) foram determinados por cromatografia
idnica. Utilizou-se o cromatografo idnico Thermo Scientific™Dionex™ICS-6000
instalado no CCI. Esse sistema é dotado de detectores de condutividade com prévia
supressdo do sinal de fundo. A calibracdo foi realizada com solu¢cdes padrao
externas e avaliada com padrbes de referéncia de aguas fluviais certificados. Os
LDM foram definidos como iguais a trés vezes o desvio padrdo de cada elemento
em uma série de 10 brancos (agua MiliQ bombeada pelo sistema de derretimento

continuo).
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4.6 O testemunho de gelo extraido em 1999

Os primeiros 45 m do testemunho profundo coletado em junho de 1999
(IL1999) e destinado ao IGE, foi cortado transversalmente a cada ~10 cm, do topo
até 40 m de profundidade, e a cada ~7 cm nos 5 m mais profundos (Ramirez et al.,
2003). Obteve-se 666 amostras para analise de poeira em contador Beckman
Coulter Multisizer Ille com orificio de 50 um. Até o momento da andlise, as solucdes
eletroliticas preparadas a partir das amostras permaneciam sob agitacao.
Equivalentes esféricos das particulas entre 0,67 e 20,89 um foram divididos em 256
intervalos de tamanho. Para cada amostra realizou-se de 2 a 3 medidas. O desvio
padrdo relativo médio entre as medidas foi de aproximadamente 10%, considerando
o intervalo de tamanhos 2—-20 um. Essas medi¢des foram realizadas por Alexandre
L. Correia e Jefferson C. Simdes em 2001 no LGGE (Laboratoire de Glaciologie et
Geophysique de 'Environnement, atual IGE, Grenoble, Franca).

O testemunho IL1999 foi estudado extensivamente, portanto sua cronologia ja
estava definida (Knisel et al., 2003). Nele foram identificados 3 horizontes
vulcanicos relativos as erupcbes do Pinatubo (1991), El Chicén (1982) e Agung
(1963) (De Angelis et al., 2003). Em adi¢do, um pico de Tritio foi atribuido a testes
nucleares em 1964 (Knisel et al.,, 2003). Portanto, os 45 m mais superficiais do
IL1999 abrangem o periodo 1919-1999. A incerteza foi estimada em + 2 anos entre
1919 e 1941 e = 1 ano para o periodo 1941-1999 (De Angelis et al., 2003; Correia et
al., 2003).

4.7 Dados atmosféricos

A obtencao de informagdes ambientais a partir de testemunhos de firn e gelo
depende, além da determinagdo das caracteristicas quimicas e fisicas de suas
camadas, de dados que representem as condi¢cdes atmosféricas no provavel periodo

de deposicao de cada camada. A Tabela 4.5 indica os dados externos utilizados.
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Tabela 4.5: Dados meteoroldgicos, atmosféricos e glaciolégicos utilizados na interpretacéo
do registro do testemunho de firn do Nevado lllimani.

Parametro . . . ~ .
(nivel) Origem (grid) Regido Resolucao Periodo Fonte Acesso
Precipitacio Observacéo Bolivia Mensal 1965- SISMET/ www.senhami.gob.bol/
pitag meteoroldgica 2017 SENHAMI sismet
Radiacgéo de Observacdo de Centro em .
onda longa satélite (2.5°x  17.5°S, Mensal :;%9197 PSL/NOAA https.//(\;v;/llg.teris(;gr;(;j\a.gov/
emergente 2.5°) 70°W 9
Altitude do nivel Reanalise Centro em )
de NCEP/INCAR  17.5°S,  Mensal ;%‘;i_ PSLNOAA MtPSY /m‘i?(;gg?;‘a'go‘”
congelamento (2.5° x 2.5°) 67.5°W 9
. ~ ) Geleira
Dlmgnsao de Fotqgraflas n°g, N. ~Decadal 1956 SNA/ Ribeiro (2017)
geleira aéreas . . 2009 Bolivia
Illimani
Temperatura da Reconstrucdo Atlantico e 1919—
superficie do ERSSTv.5 (2° Pacifico Mensal 2017 NOAA http://climexp.kmni.nl
mar X 2°) Tropicais
Umidade Reanalise América 1980—
especifica (500  ERA5 (1,5° x do Sul Anual ECMWF http://climexp.kmni.nl
. 2017
hPa) 1,5°) tropical
Reanalise América
Vento zonal ERA5 (1,5°x  do Sul Mensal 1999 EcMwE  httpiclimexp kmninl
(850 hPa) . . 2017
1,5°) tropical
Reanalise América )
zlzeongoh;:;al ERA-Interim do Sul Mensal 12%9197— ECMWF cIimate:qet;SaJ/ zer.or
(1,5°x1,5°) tropical yzer.org
Trajetoria de Modelo GDAS  Nevado L. 2014- https://
massas de ar (1°x1°) lllimani Horaria 2015 HYSPLIT www.ready.noaa.gov/
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5 Resultados

5.1 Giant dust particles at Nevado lllimani: a proxy of summertime

deep convection over the Bolivian Altiplano

Artigo submetido para a revista The Cryosphere e aceito para revisdo e
discusséo publica em seu forum cientifico The Cryosphere Discussions. A versao
apresentada aqui contempla as corre¢des solicitadas pelo primeiro revisor. Email de

aceite no Anexo Il.
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Abstract. A deeper understanding of past atmospheric circulation variability in the Central Andes is a
high-priority topic in paleoclimatology, mainly because of the necessity to validate climate models
used to predict future precipitation trends and to develop mitigation and/or adaptation strategies for
future climate change scenarios in this region. Within this context, we here investigate an 18-years firn
core drilled at the Nevado Illimani in order to interpret its mineral dust record in relation to seasonal
processes, in particular atmospheric circulation and deep convection. The core was dated by annual
layer counting based on seasonal oscillations of dust, calcium and stable isotopes. Geochemical and
mineralogical data show that dust is regionally-sourced in winter and summer. During austral summer
(wet season) an increase in the relative proportion of giant dust particles (¢ > 20 pm) is observed, in
association to oscillations of stable isotope records (8§D, §'®0). It seems that at Nevado Illimani both
the deposition of dust and the isotopic signature of precipitation are influenced by atmospheric deep
convection, which is also related to the total amount of precipitation in the area. This hypothesis is
corroborated by local meteorological data. The interpretation of giant particle and stable isotope
records suggests that during La Nifia years, summer convection activity is enhanced, in agreement
with atmospheric circulation studies. Giant particles and stable isotopes, when considered together,
can be therefore used as a new proxy for obtaining information about deep convective activity in the

past, which is ultimately related to paleo-ENSO variability.
1 Introduction

Climate variability in the Central Andes and the Bolivian Altiplano has a strong link with
atmospheric circulation and rainfall anomalies over the rest of tropical South America (e.g.
Vuille, 1999). Over the Altiplano, a semi-arid plateau in the Central Andes with a mean
elevation of 3800 m above the sea level (a.s.l.) (Fig. 1), climate variations have a direct effect

on the availability of water resources, with severe economic and social impacts (Garreaud and
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Aceituno, 2001). Recent Andean glacier retreat due to global climate change (Rabatel et al.,
2013) poses issues not only for water availability (Soruco et al., 2015), but also for the
preservation of glaciers as natural archives that could be soon lost. For example, in the period
between years 1963 and 2009, Nevado Illimani (Fig. 1) lost approximately 35% (9.49 km?) of
its total area of ice (Ribeiro et al., 2013), while on Quelccaya ice cap (13°54°S, 70°48’W,
5670 m a.s.l., Fig. 1) the seasonal variations in stable isotopes were attenuated in the latter
half of the twentieth century record due to melting and percolation through the firn, although

the seasonality in dust was still preserved (Thompson et al., 2017).
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Figure 1: Location of the Nevado Illimani and the Quelccaya ice cap. The numbers indicate the location of
the meteorological stations used for comparison with our results: 1 — El Alto; 2 — Calacoto; 3 —
Patacamaya; 4 — Oruro and 5 — Potosi. The white areas in Bolivia, Chile and Argentina indicate salars
from the Altiplano and Puna regions. The land basemap was derived from satellite data (Natural Earth I
with Shaded Relief from http://www.naturalearthdata.com).
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Precipitation on the Bolivian Altiplano is largely concentrated in the summer months
(Garreaud et al.,, 2003), in response to the peak phase of the South American Summer
Monsoon (SAMS). During summer (DJF), the intensification and southward displacement of
the Bolivian High promotes strong easterly winds and a turbulent entrainment of easterly air
masses over the Andean ridge. In addition, the upward motion over western Amazon, which is
part of the meridional circulation between the tropical North Atlantic and western tropical
South America, leads to increased convection and reduced tropospheric stability over the
Central Andes (Segura et al., 2020). Such an atmospheric context favours the establishment of
an eastward upslope air-flow and the advection of moisture from the Amazon basin toward

the Andes (Zhou and Lau, 1998). Furthermore, there is the occurrence of transient
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disturbances within the SAMS, such as midlatitude cold air incursions that migrate
equatorward from southern South America to the Amazon basin, and are responsible to most
of the precipitation in the Quelccaya ice cap (Vera et al., 2006; Hurley et al., 2015).
Accordingly, summer precipitation is strongly associated with deep convective activity,
enhanced by high amounts of water vapor in the boundary layer which destabilize the
tropospheric column over the Altiplano (Garreaud, 1999). Precipitation during the rest of the
year is scarce: during winter months (JJA) the Altiplano is generally very dry, and advection
of dry air from the Pacific region is promoted, being moist air advection from the east
suppressed. Strong winter westerly winds and dry conditions allow massive local transport
and deposition of dust over the Central Andean glaciers, and for this reason high seasonal
contrast exists between wet summer and dry winter snow layers in terms of dust and aerosol

content (Kniisel et al., 2005).

Besides seasonal variability, year-to-year climate over the Altiplano is also influenced by
conditions in the tropical Pacific Ocean. During warm phase of the El Nifio-Southern
Oscillation (ENSO), the Altiplano climate is dry. Dry summers associated with El Nifio events
in the tropical Pacific are characterized by enhanced westerly flow over the tropical Andes
inhibiting moisture advection from the Amazon basin (Kniisel et al., 2005; Thompson et al.,
2013). Conversely, wet summers associated to a cooling of the tropical Pacific (La Nifia

events) promote further ingression of humid easterly air masses from the Amazon Basin.

Developing an annually-resolved ice core record from the Altiplano represents a great
opportunity to enhance our knowledge about present and past climate variability in the
tropical Andes region. Previous ice core studies (Correia et al., 2003; Kniisel et al., 2005;
Osmont et al.,, 2019) from the Central Andes reveal that the aerosol content of ice is
dominated by local and regional soil dust during the winter, when black carbon from biomass
burning in the Amazon basin is also present. During the summer, conversely, the
concentration of aerosol and particulate matter is much lower while species of anthropogenic

origin (e.g. Cu, As and Cd) are observed in higher proportions (Correia et al., 2003).

With the aim to enhance our knowledge about past and present climate variability in the
tropical Andes region, a new shallow firn core (23.8 m long) was drilled on the Nevado
[llimani (Cordillera Real, Eastern Bolivian Altiplano), as an integration of the Ice Memory
project (https://www.ice-memory.org). In this study we investigate mineral dust aerosol
variability and provenance in this firn core, through the analysis of dust concentration, grain

size, geochemistry and mineralogy. The very pronounced seasonal variations of the analyzed
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proxies allowed for the development of a precise chronology, which covers the 1999-2017
period, and for the investigation of correlation between dust records and other proxies. Dust
particles entrapped in firn samples seem to originate from regional sources during both winter
and summer, despite minor mineralogical differences between the two seasons are observed.
An interesting result concerns the presence of giant dust particles (presenting a diameter
larger than 20 pm), whose variability is correlated to the stable isotope record. Our data and
local meteorological observations suggest that this relationship could be explained as a
consequence of atmospheric deep convection over the Bolivian Altiplano during summer.
This study shows for the first time that the presence of giant dust particles in Andean firn and
ice is strictly controlled by climatic processes. We found clear evidence that the convective
activity over the Altiplano, reconstructed through the analysis of giant particles, is enhanced
during summer periods and in particular during La Nifia years, in agreement with
observations concerning atmospheric circulation anomalies in the area (Vuille, 1999). From
this perspective, this study demonstrates the great potential of giant particles records, which is
strongly influenced by climatic and meteorological processes at high altitude continental
glaciers. This is a first exploratory work, analysis of a longer ice core would be desirable in
the future to investigate the relationships between giant dust particles deposition, atmospheric

deep convection and periodic climatic phenomena (ENSO).

2 Material and Method

2.1 Field campaign and firn core sampling

Nevado Illimani (16°37’°S, 67°46°W, 6438 m a.s.l.) is located 50 km southeast of the Bolivian
capital, La Paz, and 180 km southeast of Lake Titicaca (Fig. 1). Its approximate dimensions
are 10 per 4 km, with some peaks above 6,000 m a.s.l. Nevado Illimani consists of a
granodiorite pluton of Late Oligocene age, with a short belt composed by a coeval dacitic
flow located near the south-western border of the pluton (McBride et al., 1983; Jiménez and
Lépez-Velasquez, 2008). In June 2017, a 23.8 m firn core (corresponding to 13.75 m water
equivalent) was drilled at an altitude of 6350 m a.s.l. on the saddle between the two Nevado
[llimani summits, approximately where two deep ice cores were recovered in June 1999
(Kniisel et al., 2003). The expedition was coordinated by a French, Russian, Bolivian and
Brazilian team and integrated the Ice Memory project (Université Grenoble Alpes

Foundation). An EM-100-1000 electromechanical ice core drill (Cryosphere Research
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Solutions, Columbus, Ohio, USA) was used for the drilling and three cores were extracted,

two down the bedrock (136 and 134 m) and the core for this study (23.8 m).

The cores (diameter of 10 cm), consisting of 24 sections of approximately 1 m length, were
transported by mountain porters from the drilling site to the base camp during the night in
order to prevent melting. Once at the base camp, they were immediately transported to a
refrigerated container located in La Paz, where temperature was set at -20 °C. After the
drilling campaign, the container was shipped to the Institut des Géosciences de
I’Environnement (IGE, Université Grenoble Alpes, France) where the core sections were
weighted and cut longitudinally using a vertical band saw in a cold room (at -15 °C). Ice
layers (less than 5 cm thick) occurred frequently along the firn core (Fig. S1), generally in
closely spaced groups of 2 or 3 individual layers. In addition, less than 1 cm thick ice layers
(or possibly wind crusts, hardly distinguishable from the former at greater depths) commonly
occurred along the core. These features indicate few events of meltwater percolation, and

ensure the proxies recorded in the firn core are well-preserved.

One quarter of the original core was dedicated to dust analyses and transported for this
purpose to the EUROCOLD facility of the University of Milano-Bicocca (Italy). There, firn
sections were transversely cut at 5 cm using a horizontal band saw with a cobalt steel blade
and 464 samples were obtained. These were manually decontaminated by mechanical
scraping with a clean ceramic knife inside a laminar flow high-efficiency particle air (HEPA)
ISO 5 Class bench located in an ISO 6 Class cold room. Once decontaminated, the samples

were put into clean Corning centrifuge tubes and kept frozen until the measurements.

2.2 Coulter Counter Analysis

Samples were melted at room temperature, and a ~10 mL aliquot from each was transferred to
an Accuvette Beckman Coulter vial, previously washed with Millipore Q-POD® Element
ultra-pure water (in an ISO 5 Class laminar flow bench located inside an ISO 6 Class clean
laboratory). Each sample was treated following standardized protocols (Delmonte et al.,
2002). A Beckman Coulter Multisizer 4 equipped with a 100 pm orifice was used to measure
dust concentration and grain size (400 size channels within the 2-60 pm interval of spherical
equivalent diameter). Samples were continuously stirred until the moment of the analysis, as
the larger particles tend to settle rapidly. Systematic analysis of ultra-pure water blanks allows

estimating a mean signal to noise ratio around 97. Each sample was measured twice,
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consuming 0.5 mL per measurement. The mean relative standard deviation (RSD) between
these two measurements considering both the number and the mass of particles was 7% and

29%, respectively.

The higher deviation for the mass in comparison to the total number of particles was expected
due to the presence of heavy giant particles having diameters >20 pm (coarse silt), for which
small differences in size estimation lead to higher uncertainties. Indeed, when considering
only the giant particles the mean RSDs were 55% and 63% for the number and mass
distributions, respectively. Thus, the proportion (%) of giant particles (GPPnb) as well as total
particle concentration, were calculated from the number size distribution. Approximately 14%
of the samples showed very large uncertainties (RSD >100%) for GPPnb and were discarded.

The mean RSD for GPPnb was 45%.

2.3 Instrumental Neutron Activation Analysis

A set of 10 samples was dedicated to Instrumental Neutron Activation Analysis (INAA).
Samples were selected from different depth intervals along the core (see Table 1, “N” series,
and Table S1 for precise depths), in order to be representative of both the dry and the wet
seasons. The samples were filtered using PTFE Millipore® membranes (0.45 pm pore size,
11.3 mm diameter) previously rinsed in an ultra-pure 5% solution of bi-distilled HNO;—
according to the procedures adopted by Baccolo et al. (2015). The filtration took place in an
ISO 5 Class laminar flow bench. Two blank membranes, that underwent the same cleaning

procedures, were prepared by filtering 300 mL of MilliQ (Millipore®) water.

For calibration and quality control, we used certified solid standards: USGS AGV?2 (ground
andesite), USGS BCR?2 (ground basalt), NIST SRM 2709a (San Joaquin soil) and NIST SRM
2710a (Montana soil). In addition, standard acid solutions for each analyzed element were
prepared with concentrations in the order of pg g*. Blanks for the empty flask and for the
ultra-pure acid solution used to prepare the liquid standards were also measured. Samples,
standards and blanks were irradiated at the Applied Nuclear Energy Laboratory (LENA,
University of Pavia, Italy) by a Triga Mark II reactor of 250 kW. The “Lazy Susan” channel,
neutron flux equal to 2.40 + 0.24 x 10"*s™ cm™, was used to identify Ce, Cs, Eu, Hf, La, Sc,
Sm, Th, and Yb. Samples were successively transferred at the Radioactivity Laboratory of the

University of Milano-Bicocca, in order to acquire gamma spectra by means of a high-purity
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Germanium detector HpGe (ORTEC, GWL series), following the standardized procedure
developed for low-background INAA (Baccolo et al., 2016).

Table 1: Characterization of the Nevado Illimani samples analyzed for elemental (N1 to N10) and
mineralogical (R1 to R4) composition.

Sample Year Season Dust GPPnb
(part. mL™) (%)
N1 2016 Dry 14,737 0.1
N2 2015-2016 Wet 7,283 0.2
N3 2013-2014 Wet—Dry 6,340 0.3
N4 2012 Dry 30,405 0.2
N5 20102011 Wet 2,605 1.3
N6 2008 Dry 25,816 0.7
N7 2007 —2008 Wet—Dry 6,424 1.0
N8 2003 Dry 29,923 0.2
N9 2002 Dry 21,057 0.2
N10 2000 — 2001 Wet 4,180 1.9
R1 2010 Dry 17,409 0.1
R2 2009 — 2010 Wet 8,234 0.2
R3 2004 Dry 86,918 0.2
R4 2003 - 2004 Wet 2,303 0.9

The masses of the elements in each sample were determined by comparing spectra related to
standards and samples (Baccolo et al., 2016). In order to compare different spectra, the time
of acquisition, the radionuclide decay constant, the cooling time and a factor considering
radioactive decay during the acquisition were kept into account. The detection limits were
calculated considering three times the standard deviation of the blank signal. The uncertainties
for each element were calculated based on the mass measurements, the adjustment for the
spectrum, the subtraction of the blanks and the standard concentration uncertainties. Errors for
the elemental concentrations in our samples ranged from 3% for La to 17% for Cs, and the
detection limits ranged from 0.1 pg per gram of dust for Sm to 7 pg g™ for Ce (Table S2). Full

analytical details can be found in Baccolo et al. (2016).

The Enrichment Factor (EF) normalization was calculated for each element considering as a
reference the mean composition of the upper continental crust (UCC) (Rudnick and Gao,

2003). Scandium (Sc) was chosen as the crustal reference element following Eq. (1):
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Scandium was chosen as reference element because it is poorly affected by processes altering
its mobility in hosting minerals, and its biogeochemical cycle is almost unaffected by
anthropogenic activities (Sen and Peucker-Ehrenbrink, 2012). In addition, Sc is highly
correlated with other lithogenic elements, such as Ce (r = 0.997), used by Eichler et al. (2015)
as a crustal reference for Nevado Illimani samples, and La (r = 0.989). The choice of Sc has

been also determined by its easy and precise determination through INAA.

2.4 Micro-Raman Spectroscopy

We used single-grain Raman spectroscopy to identify mineralogy of dust particles having a
diameter smaller than 5 pm. This because this kind of analysis was carried out for provenance
purposes, thus excluding the large and the giant particles of obvious local origin. A set of four
samples (see Table 1, “R” series, and Table S1) was prepared, following the procedure
described in previous studies (Delmonte et al., 2017; Paleari et al., 2019) specifically
developed for small dust grains. Two samples are representative of mineral dust deposited in
the dry season (high dust concentration) whereas two represent dust from the wet season (low
dust concentration, or “background”). Measurements were performed by using an InVia
Renishaw micro-Raman spectrometer (Nd YAG laser source, A = 532 nm) available at the
Laboratory for Provenance Studies (UNIMIB). We identified the mineralogy of more than
630 grains, excluding organic particles possibly related to contamination and particles with an

undetermined spectrum or with no signal.

2.5 Stable Isotope and Ion Chromatography Analysis

The dust analyses described above used one quarter of the longitudinally-cut firn core. A
second quarter was shipped in a frozen state to the Climate Change Institute (CCI, University

of Maine, USA) for ion chromatography (IC) and water stable isotope analysis.

At the CCI, in a cold room set at -20 °C, we cut longitudinal sections of the core with a
vertical band saw to separate an inner and an outer part. The latter was sampled by transverse
cuts approximately every 12 cm using a stainless-steel hand saw (resulting in 190 samples)

and stored in plastic bottles for stable isotope ratio determination. Decontamination of the
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inner part was performed by scraping with a clean ceramic knife under a laminar flow HEPA
bench inside the cold room. Then, the decontaminated inner part was sampled for IC analysis
by a continuous melter system (Osterberg et al., 2006) also in an ISO 6 Class clean room. The
mean sample resolution was 3 cm, resulting in 767 samples. We measured Ca?" concentration
using a Thermo Scientific™Dionex™ Ion Chromatograph ICS-6000 analytical system fitted
with suppressed conductivity detectors with a Dionex AS-HV autosampler. The method
detection limit (MDL) was defined as 3 times the standard deviation of the blank samples

(MilliQ water, 10 blank samples). The detection limit for Ca** was 21.05 pg L™

The 8D and the 6O were determined using a Picarro L.2130-i wavelength-scanned cavity

ring-down spectroscopy instrument (Picarro Inc., USA) with a precision of 0.1 %o.

3 Results and discussion
3.1 Seasonal variability of proxies and firn core chronology

We established a chronology for the Nevado Illimani firn core based on annual layer counting
(ALC), considering the pronounced seasonal oscillation of dust concentration, calcium and
water stable isotopes (Fig. 2). Dust concentration variations, which are recognized for being
useful for ALC in tropical and continental ice cores (Ramirez et al., 2003; Kutuzov et al.,
2019), span about two-orders of magnitude between the summer and the winter. Dust
concentration varies from ~2,000 particles mL™ (hereafter part. mL™") during the wetter
season, to ~10,000 part. mL" during the dryer season (median values). The two size
distributions shown in Fig. S2, illustrate this variability. When considering extreme values,
the variation range exceeds three orders of magnitude, being the lowest concentration during
the wet season 150 part. mL™ and the highest one during the dry season 140,000 part. mL™.
Our results are in agreement with average dust concentrations from Quelccaya ice cap during
the 20™ century, ~10,000 part. mL" and ~25,000 part. mL" for the size ranges of 1.6-16 pm
and 0.6—20 pm, respectively (Thompson et al., 1986, 2013).
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Figure 2: Dating of the Nevado Illimani firn core by annual layer counting (ALC) based on different
proxies discussed in the text: (a) 8D, (b) ionic Calcium, and (c) total and giant dust particles
concentrations (light and dark gray, respectively, both are in logarithmic scale). Gray shaded vertical
bands correspond to the dry season for each calendar year. All data are reported as 3-point running
average of data re-sampled at 0.05 m w.eq.

By considering just the giant particles we also observed a seasonal pattern, with median
concentrations of 15 part. mL™" during the wet season and 30 part. mL™" during the dry season.
The well-defined oscillatory pattern of dust concentration variability reflects the extreme
seasonality of precipitation over both local and regional dust sources, and the succession of
dry and wet conditions. Therefore, each sample was classified as belonging to the wet or to
the dry season according to dust concentration. Sublimation has a limited influence to this

seasonality (Ginot et al., 2002).



55

Dust concentration is in accordance with the Ca** record and in agreement with literature
studies (Kniisel et al., 2003). Ionic calcium can be primarily associated to calcium sulphate
(CaS0,) and/or calcium carbonate (CaCOs) (Kutuzov et al.,, 2019). Because scarcity of
calcium carbonates was revealed by mineralogical analyses (Fig. 4, see below), we argue that
most of the ionic calcium observed in firn samples is present as a soluble species, probably
CaSO,, and not detectable through Raman spectroscopy on single insoluble particles.
However, we consider the possibility of calcium carbonate depletion due to scavenging during
dust transport and/or dissolution during the melting of the samples, as discussed by Wu et al.
(2016) based on ice core samples from Tibetan Plateau. In addition, we cannot exclude that
Ca-bearing aerosols might have been initially a mixture of pure gypsum and calcium

carbonates that successively reacted with atmospheric H,SO, (Réthlisberger et al., 2000).

The regular succession of dry dusty periods and wet periods can be associated with the
seasonal onset and decay of the Bolivian High, a high pressure system which is well
developed and centered over Bolivia (Lenters and Cook, 1997). When the Bolivian High is
particularly strong and displaced southward of its climatological position, easterly flow in the
high troposphere is enhanced as well as moisture advection from the interior of the continent
to the Altiplano. This moisture transport from the Amazon Basin toward the Altiplano induces
a notable amount of precipitation over the Altiplano (wet season), associated with strong
summer convection. The relatively low dust concentration found in the Illimani snow during
the summer period is therefore related to particle dilution in the snowpack because of
increased precipitation and reduced regional dust mobilization deriving from wetter soil
conditions. Conversely, during winter (JJA) months, conditions over the Altiplano are
typically dry, leading to higher dust availability. At that time of the year, the winter westerly
flow over the entire region promotes eastward dust transport towards the Nevado Illimani,
leading to significant higher dust deposition in the firn layers representing - on average -

about 85% of the total annual dust particles there deposited.

Seasonal variations of the water stable isotopes in snow precipitated over the Andes are also
useful for dating. However, the Andean isotopic signal led to divergent interpretations
(Vimeux et al., 2009). Whereas in polar ice cores the water isotopic signature is chiefly related
to temperature (Uemura et al., 2012), the isotopic composition of tropical precipitation can be
affected by a larger number of factors (Hoffmann et al., 2003). It is well known that the so
called “amount effect” leads to an anti-correlation between the amount of precipitation and

the proportion of heavier isotopes in the precipitation. This effect is in turn related to an
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ensemble of physical and microphysical processes producing a robust signal on the isotopic
composition of precipitation (Dansgaard, 1964; Risi et al., 2008; Vuille et al., 2003). In this
context, deep atmospheric convection also plays a role on stable isotope composition (Vimeux
et al., 2005). Modelling studies (e.g. Bony et al., 2008; Risi et al., 2008) reveal that the
stronger the convective activity during a particular event, the higher the total amount of
precipitation and thus the more depleted the isotopic composition of precipitation. Satellite
data (Samuels-Crow et al., 2014) reveal that during the summer season the isotopic
composition of water vapor strongly depends on convective activity. These observations lead
the authors to conclude that the isotopic composition of snow from the tropical Andes mainly

reflects tropical convection.

Convective precipitation over the Bolivian Altiplano is enhanced during the wet summer
season, leading to the emergence of clear seasonal oscillations in the stable isotope records of

Nevado Illimani firn core which can be used for ALC and to develop a chronology.

Considering the pronounced seasonal changes in dust concentration, Ca®* and stable isotopes,
it is possible to assign to the base of the Illimani firn core an age corresponding to the
beginning of 1999 AD. The firn record thus covers the 18-years period from early 2017 to
early 1999 and the average accumulation rate can be estimated in the order of approximately
750 mm of water equivalent per year, slightly higher than the one inferred by Kniisel et al.

(2003).

Interestingly, we note a close correspondence between the variability of stable isotopes and
the proportion of giant particles in firn (Fig. 3a): oscillations of the stable isotope record (6§D
in Fig. 3a) closely follow the percentage of giant dust particles (GPPnb in Fig. 3a). During the
dry season, giant particles are proportionally less abundant (average GPPnb 0.5%) whereas
the isotopic composition of snow is less negative (average -113%o for 6D; -15%0 for §"°0).
Conversely, during the wet season when giant dust particles are at their annual maximum
(average GPPnb 1%) the isotopic composition of snow is more depleted (-141%o for 8D, -
18%o for §'°0), reaching its minimum. The first principal component of these two series
(GPPnb and 8D), reported in Fig. 3b, explains approximately 82% of the variance of the

records.
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Figure 3: (a) Relationship over the 18-years record between the percentage of giant particles with respect
to the total dust particles number (GPPnb, reverse scale) and the §D. Uncertainties for each GPPnb value
(expressed by the red shaded area) are relative to the standard deviation between Coulter Counter
measurements. (b) The first principal component of these two series (representing 82% of the total
variance). All data are reported as 3-point running average of the data previously re-sampled at 0.05 m
w.eq.

3.2 Dust provenance: mineralogy and geochemistry

The mineralogical composition of fine dust (<5 pm) deposited onto the Illimani firn layers
reveals that the most abundant mineral phases are quartz, feldspars (alkali feldspars and
plagioclase) and phyllosilicates (Fig. 4, Table S3). Phyllosilicates are mainly represented by
muscovite-illite (and/or smectite, hardly distinguishable from illite by their Raman spectra)
and secondarily by kaolinite (representing 7.5% in the dry season and 1.5% in the wet
season). Altogether, quartz, feldspars and phyllosilicates account for 75-78% of mineral
particles during both the wet and the dry season, but phyllosilicates are particularly abundant
during the wet season, when they represent approximately 44% of minerals (Fig. 4a). We
believe that the increased abundance of muscovite-illite during the wet season is related to
different depositional regimes. During the dry winter, aerodynamic platy-like phyllosilicates
can remain in the atmosphere for longer periods and are only partially deposited. On the
contrary, during the wet summer strong scavenging is associated to heavy precipitations at
Nevado Illimani (Bonnaveira, 2004), enhancing the removal of mineral particles from the

atmosphere, including phyllosilicates.
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Titanium oxides and iron oxides/hydroxides are present in all samples. Hematite is twice as
abundance as goethite. This is typical in regions dominated by arid conditions or where a
prolonged warm and dry season is followed by a shorter and wetter period (Journet et al.,
2014). Accessory minerals include carbonate and tourmaline, and very rare pyroxenes (Table
S3). Such a mineralogical composition is coherent with the felsic to intermediate plutonic
volcanic source rocks, suggesting that most of the dust deposited at Nevado Illimani has a

local/regional provenance, both in the wet and in the dry seasons.

@) Wet Season (b) Dry Season
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Figure 4: Changes in dust mineralogy between (a) the wet and (b) the dry seasons. The lower plots
highlight the mineralogy of the phyllosilicates.

Low-background INAA analyses allowed determining the EFs for different rare earth
elements (REEs), which are non-mobile and therefore widely used as provenance tracers
(McLennan, 1989; Moreno et al., 2006; Gabrielli et al., 2010). In Fig. 5a the Yb/La and the
Euw/Sm elemental ratios are used to compare dust samples retrieved from Nevado Illimani firn
samples and literature data concerning geological samples from the Altiplano-Puna Volcanic
Complex (Lindsay et al., 2001; Ort et al., 1996) and potential source areas (PSAs) in South
America (Gaiero et al., 2004, 2013). The Yb/La ratio can be used to appreciate wether heavy
and light REEs are enriched or depleted with respect to each other, whereas the Eu/Sm ratio is
a proxy for the europium anomaly, usually calculated considering Gd, not detected by our

analytical method. The comparison reveals that Nevado Illimani dust has a composition
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similar to APVC crystal-rich ignimbrites, pointing to a correspondence with samples from the
Northern Puna region, and not with samples from the salt lakes present in the Altiplano
(Uyuni and Coipasa salars). These pieces of evidence agree with previous analyses of
strontium and neodymium isotopes on Nevado Illimani ice core dust (Delmonte et al., 2010)
and with the geochemical signature of local sources in the Altiplano (Gili et al., 2017),
supporting the hypothesis that dust deposited at Nevado Illimani is sourced by sediments

present in Southern Altiplano-Northen Puna areas.
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Figure 5: Geochemical signature of Nevado Illimani firn samples. (a) Relationship between the REE
(normalized considering the UCC composition (Rudnick and Gao, 2003) from the Nevado Illimani firn
core (this work) and sediments/soils from potential dust sources (corresponding to < 63 pm grain size for
top soils). Data from Northern Puna, and Uyuni and Coipasa salars are from Gaiero et al. (2013). Data
from Patagonia are from Gaiero et al. (2004). Data for the APVC refer to geological samples from Lindsay
et al. (2001) and Ort et al. (1996). (b) Enrichment Factors (EF) for different elements and standard
deviations. Samples with a high GPPnb (blue circles) show anomalous enrichment for Hf and to a lesser
extent for Cs (see text).
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The EFs of Ce, La, Sm, Eu and Yb is similar between samples with higher percentage of giant
particles (GPPnb > 1%, characteristic from the wet season) and samples with background
GPPnb (Fig. 5b), supporting what has been observed in relation to the mineralogical
composition of samples from the wet and dry seasons. However, two important exceptions to
this pattern occur in relation to Hf and Cs. High GPPnb samples show an anomalous Hf
enrichment when compared to background samples, a feature that was observed also in
Saharan dust samples (Castillo et al., 2008) and attributed to the presence of detrital zircon
((Zr, Hf)SiO,) in samples showing the coarsest grain size. As discussed by Vlastelic et al.
(2015) the Hf enrichment observed in samples where the percentage of giant particles is high
might be related to the presence of a few silt-sized zircon grains, which would in turn require
high energy (turbulence) to lift them and keep them in suspension into the atmosphere. In this
study, however, zircon grains were not detected by Raman Spectroscopy, which indicated
greater abundance of phyllosilicates in dust deposited during the wet summer season. The Hf
enrichment in these samples may thus be related instead to tiny zircon inclusions within

phyllosilicate particles.

Another deviation from background is related to cesium. Because of the very common Cs-K
exchange into interlayer sites in illite-muscovite, the Cs enrichment in samples from the wet
season may also be related to the greater abundance of phyllosilicates (Cremers et al., 1988;

Rosso et al., 2001).

3.3 Relationship between the giant particles and deep convection

The absolute concentration of dust in firn and ice cores depends on many factors including the
snow accumulation rate, the dust source strength (which includes soil aridity/wetness,
vegetation cover and any other factor influencing the quantity of particles available for
deflation), as well as transport processes, which also affect the residence time of particles in
the atmosphere (mainly in the case of long-range transport). Conversely, the dust size
distribution and the relative proportion of particles within a given grain size merely depends

on transport conditions (Delmonte et al., 2004, 2017).

In the case of Nevado Illimani, where dust is mostly regionally-sourced, we believe that the
dust concentration is primarily modulated by the seasonally-varying source strength, mainly
depending on source aridity and humidity, and by accumulation rate. Conversely, the dust size

distribution, in particular the relative number (or mass) of giant particles is related to the
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relative strength of local turbulence and deep convection. Indeed, we observe an interesting
correlation (Fig. 3a) between the relative number of giant particle percentage (GPPnb) and

oD, both related to convective activity.

Seasonal mean values (Fig. 6) show the significant correlation between these two proxies.
Data located in the bottom right corner of Fig. 6 refer to dust deposited onto the Nevado
[limani glacier during the wet season, when more intense convection leads to higher
percentage of giant particles and more depleted isotopic composition of precipitation. Points
located in the upper left corner, conversely, are associated to winter dry periods when
convection and precipitation are reduced and the relative proportion of giant particles is lower.
Convective activity is known to significantly affect the isotopic composition of tropical
precipitation. Intense regional convection leads to more isotopically-depleted precipitation
(e.g. Risi et al., 2008), Therefore, giant particles on the Nevado Illimani glacier can be
reasonably used as proxy for deep summer convective precipitation. Given their size and
geochemical/mineralogical fingerprint, we confidently associate them to local/regional

convective activity near the Bolivian Altiplano.
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Figure 6: Seasonal mean GPPnb and 8D for the dry seasons (orange circle) and the wet season (blue
circle). Error bars (horizontal bands) for GPPnb are based on the mean relative standard deviation for the
samples integrating each season. Light gray dots on background are raw data. The 2001-01 and 2010-11
La Nifia events are reported.
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In order to test the hypothesis of a relationship between giant particles and convective
precipitation, we analyzed monthly precipitation and wind speed records from five
meteorological stations located in the central Andes (Fig. 1). Data was provided by
SENAMHI, Bolivia (www.senamhi.gob.bo/sismet), whereas monthly outgoing longwave
radiation (OLR) data on a 2.5° x 2.5° grid box (Liebmann and Smith, 1996) was obtained
from NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (https://www.esrl.noaa.gov/psd/).
OLR data centered at 17.5 °S, 70 °W was used as an index of the convective precipitation
over the Altiplano, as it presents strong negative correlations with regional rainfall
observations (Garreaud and Aceituno, 2001). These datasets were re-sampled into DJF
(December to February) and JJA (June to August) time series and compared with our
seasonally resolved GPPnb series. For each wet and dry season, defined by dust concentration

variability (Sect. 3.1), a mean GPPnb was obtained.

Results reported in Table 2 clearly show that during wet season GPPnb is positively correlated
(at 95% level) to DJF precipitation at Patacamaya (17.2°S, 67.9°W, 4498 m a.s.l.). No
significant correlations were found with wind speeds. Because of the convective nature of
precipitation episodes, and high spatial variability in precipitation over the Bolivian Altiplano
(Aceituno, 1996), it is expected that only precipitation data from stations in the closest
vicinity of the Nevado Illimani show good agreement with glaciological data. Furthermore,
Patacamaya was the only station in which precipitation correlated to dust related ions from
Nevado Illimani during the 20™ century (Kniisel et al., 2005). Thus our results also indicate
that the dust record is influenced by the precipitation regime in the area south of Nevado
[limani. In agreement, by analyzing snowpits and meteorological data from 2003 to 2014 at
the Quelccaya ice cap, Hurley et al. (2015) concluded that depleted 6D and increased snow
accumulation were related to convection along the leading edge of cold air incursions
advecting from south. Both Nevado Illimani and Quellcaya ice cap show a coherent

variability in their stable water isotopes record (Hoffman et al., 2003).

Table 2: Seasonal correlations between Giant Particles Percentage (GPPnb) and 8D, rainfall observations
and outgoing longwave radiation (OLR). The period between December and February was defined as the
wet season, and the period between June and August as the dry season. Significant correlations at 95%
level are shown in bold.

GPPnb 8D ElAlto Calacoto Patacamaya Oruro Potosi OLR

Wet -0.71  0.47 0.39 0.76 0.25 0.41 -0.69
Dry -0.70  0.04 -0.21 -0.09 -0.08 -0.23 0.07
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Also, GPPnb is negatively correlated with the DJF OLR centered over the Altiplano (Table 2),
indicating that deep convection increases giant particle entrainment and suspension, humidity
and precipitation over the region. We conclude that the more intense is summer convection,
the higher is the relative number of giant dust particles suspended in the atmosphere and the

more depleted is the §D.

During dry seasons, conversely, GPPnb is not significantly correlated with JJA OLR and
precipitation (Table 2), although it is still correlated with 6D, as shown by seasonal mean
values reported in Fig. 6. As observed by Vimeux et al. (2005), this lack of correlation with
meteorological data reflects the low and constant level of regional precipitation. However,
regional JJA precipitation amounts might represent an underestimation, as considerable
precipitation amounts can occur especially when cold air masses move over the Altiplano
(Vuille, 1999). Thus our data potentially responds to the sparse and occasional winter

convection.

Interestingly, Fig. 6 shows that over the 18-years period spanned by the Nevado Illimani firn
core analyzed in this work, the summer seasons showing the most intense levels of convection
were 2000-2001 and 2010-2011. Both correspond to La Nifa years, as it is also clear from
Fig. S3, where seasonal PC1 (proxy for convection) is compared to the Oceanic Nifio Index.
Some months after cooling of surface waters in the Pacific Ocean along the western coast of
South America, we observe intensification of convective activity over the Altiplano. It is well
known that the El Nifio-Southern Oscillation phenomenon has a significant impact on climate
over the Altiplano, especially during the summer season. In particular, meteorological data
show that La Nifia conditions intensify the meridional pressure gradient on the northern side
of the Bolivian High, leading to stronger high troposphere easterly winds, increased eastward
upslope flow and enhanced moisture transport (Garreaud, 1999; Vuille, 1999). Our data show
that during summer seasons characterized by La Nifia events, the atmospheric patterns typical
of wet summer seasons are emphasized. Thus, we propose a new approach for future studies
aimed at the reconstruction of paleo-ENSO at high elevation glaciological sites in the Andes
based on giant particles and stable isotopes of snow, which can be used as a complement to a
number of other climate proxies and modeling experiments providing insights into past ENSO

variability.
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Figure S1: The Nevado Illimani firn core density profile. The right panel refer to depth intervals where
groups of ice layers were observed.

Table S1: Sections of the Nevado Illimani firn core analysed for elemental (N1 to N10) and mineralogical
(R1 to R4) composition.

Sample NI N2 N3 N4 N5 N6 N7 N8 N9 NI0O RI R2 R3 R4
(Tr‘r’ll))depth 1.67 231 557 867 10.56 13.60 13.69 19.10 20.29 21.41 579 591 9.80 10.00

Bottom

231 3.78 7.02 8.97 11.66 13.69 14.78 19.25 20.48 22.50 5.82 6.00 9.84 10.17
depth (m)
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Table S2: Average elemental concentrations measured by Instrumental Neutron Activation Analysis, and
the procedural errors and the detection limits (DL). For comparison, we also present mean concentrations
of dust particles from high elevation ice cores in the Alps (Thevenon et al.,, 2009) and in the Tibetan
Plateau (Wu et al., 2009).

Element Ce Cs Eu Hf La Sc Sm Th Yb
Concentration (ppm) 89.8 21.1 1.60 13.1 40.8 13.7 8.14 17.6 271
Error (%) 7.24 13.8 6.65 997 4.05 3.97 7.27 7.16 10.8
DL (ppm) 7 4 08 3 05 03 01 4 01
Colle Gnifetti ice core, ;76 15 178 524 274 186 4.63 349 625
Alps (ppm)

Dunde ice core,

Tibetan Plateau (ppm) 65.7 1.09 4.04 326 5.51 14.3 2.93

Table S3: Mineral phases and relative abundance (number of grains, %) in Illimani firn from different
time periods.

R1 R2 R3 R4
Year 2010 2009-10 2004-05 2004
Season dry wet wet dry
Particles analyzed 167 161 138 167
N (%) N (%) N (%) N (%)
Quartz and polymorphs 31.7 21.7 13.8 23.4
K-feldspars 7.2 10.6 5.1 11.4
Plagioclases 10.8 9.3 7.2 18.6
Muscovite-illite-smectite 234 29.2 59.4 19.2
Other phyllosilicates 0.6 1.2 0.0 1.2
Clay minerals (kaolinite) 0.6 1.2 0.0 3.0
Clinopyroxenes 0.0 0.6 0.0 0.0
Orthopyroxenes 0.0 0.0 0.0 0.0
Amphiboles 0.0 0.0 0.0 0.0
Rutile 2.4 2.5 0.0 0.6
Anatase 4.2 6.8 4.3 24
Hematite 9.0 8.7 7.2 14.4
Goethite 8.4 5.6 1.4 3.0
Carbonates 0.0 1.2 0.0 0.0
Epidotes 0.0 0.0 0.0 0.0
Titanite 0.0 0.0 0.0 0.0
Tourmaline 1.2 0.0 0.7 0.6
Other heavy minerals 0.6 1.2 0.7 1.2
Other light minerals 0.0 0.0 0.0 1.2

Total 100 100 100 100
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Figure S2: The number size distribuition of a typical sample from the (a) dry and (b) wet season. Red
areas highlight the giant particles (between 20 and 60 pm).
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Figure S3: Comparison of the seasonal PC1 of GPPnb and 8D (black line) and the Oceanic Nifio Index
(ONI) (blue line) typically used for identifying El Niiio (warm) and La Nifia (cool) events in the tropical
Pacific. It is possible to note that the highest convection (high PC1) is associated to summer seasons of La
Nifia years.
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Abstract

Current changes in tropical South America due to atmospheric warming, deforestation, and
glacier retreat impact moisture and water exchange between the Amazon basin and the Andes.
Thus, a deeper understanding of past atmospheric variability is crucial for developing
strategies for climate and environmental change scenarios in this region. Within this context,
we investigated an 18-year firn core drilled at the Illimani to interpret its aerosol composition
(trace elements and major ions) in relation to seasonal processes, particularly atmospheric
circulation over the Amazon basin. The resulting 21%-century record showed reduced Cr
contamination over the Altiplano in comparison to the late 20" century, which was probably
related to reduced emissions from mining activities. Sulfur records suggest the influence of
volcanic eruptions in 2006 (Rabaul) and 2014 (Nyamuragira-Nyiragongo). Overall, the
aerosol composition was mainly modulated by precipitation variability over the Altiplano at
both annual and seasonal timescales. However, Mn was enriched due to strengthened low-
level jets in the Amazon basin during the dry season, especially in 2015. This was
corroborated by the reanalysis data. Furthermore, Mn, Co, and Fe showed an unprecedented
peak in the record during the wet season of 2014, which was consistent with the arrival of a
dust plume from Africa over Amazonia. Therefore, the Mn enrichment record can be used as a
new proxy for obtaining information about the South American Low-Level Jet, and, when
considered together with more elements, might also indicate snow layers that were possibly
loaded with aerosols from Africa.

1 Introduction

Atmospheric mechanisms involving Amazon-Andes connectivity in terms of
evapotranspiration, moisture transport, and local convection are of particular importance to
better understand hydrological disruption (related to deforestation, glacier retreat, and climate
change) over that region (Espinoza et al., 2020). Beyond supplying water vapor, Amazonia
exports biogenic aerosols and ashes to tropical Andes glaciers through dominant easterly trade
winds. This might impact glacier mass balance by reducing the snow albedo (de Magalhdes et
al., 2019), but may also be recorded in their snow layers as a natural archive of the
biogeochemical cycles regulating forest and climate feedbacks. Aerosols emitted from the
Amazon basin have already been detected in firn and ice cores recovered at Nevado Illimani
(hereafter Illimani, 16°37’S, 67°46’W, 6350 m a.sl., Figure 1) and used as a
paleothermometer of tropical South America (Kellerhals et al., 2010). In addition, higher
temperatures over the Amazon basin are related to events of biomass-burning, which increases
the concentration of refractive black carbon in Illimani (Osmont et al., 2019). However,
aerosols deposited at Illimani mainly reflect conditions over its main source, which is the
Altiplano (Figure 1), obfuscating the contribution of biogenic and/or biomass-burning
material (Correia et al., 2003; Lindau et al., 2020).
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Figure 1. Location of Illimani (red triangle) whose records were compared to ice core
(Quelccaya and Sajama) and atmospheric (Chacaltaya and ATTO) data (black triangles). Blue
dots indicate the meteorological stations that provided precipitation data. Green and red areas
delimit the Amazon basin and the Altiplano, respectively. The land basemap was obtained

from Natural Earth (http://www.naturalearthdata.com).

Moreover, low-level northeasterly flow over the Amazon basin was found to be related
to the increased deposition of Amazon-sourced aerosol (more concentrated in nitrate and
ammonium) in Quelccaya (13°54’S, 70°48’W, 5670 m a.s.l.,, Figure 1) (Thompson et al.,
2013). This circulation, the South American Low-Level Jet (SALLJ), is a common feature of
the South American climate. The SALLJ delivers vast quantities of moisture originating in the
Atlantic Ocean or in the Amazon basin over regions of Bolivia, Paraguay, and southern Brazil
(Marengo, 2004). It is observed throughout the year and is a dominant feature of the South
American Summer Monsoon (SAMS) (Vera et al., 2006). In addition, the Bolivian high, an
upper tropospheric anticyclone located over Bolivia, is established during the mature phase of
the SAMS, leading to upper tropospheric easterly winds that favor the transport of moist air
from the Amazon lowlands toward the Altiplano (Lenters & Cook, 1997; Garreaud, 1999).
However, since the onset of the 21% century, interannual fluctuations of southern tropical
Andes precipitation, which includes the Bolivian Altiplano, started to be more associated with
strengthened low-level northerlies originating over the tropical North Atlantic, and less with
upper-level easterly anomalies related to the Bolivian high (Segura et al., 2020). Moreover,
the intensity and frequency of the SALLJ have shown an increase in the last decades in most
seasons, increasing precipitation in the eastern Andes of Bolivia (Jones, 2019).

Considering that ice cores from the southern tropical Andes store high-resolution
information over the last millennia (Vimeux et al., 2009), a high temporal resolution record of
the aerosol composition during the current period of accentuated climate variability might be



78

valuable for further analyzing these changes over a longer timeframe. Therefore, we will
relate atmospheric observations over both the Altiplano and the Amazon basin, with the
composition of the aerosol deposited at Illimani, by analyzing the elemental and ionic
composition of a firn core spanning the 1999-2016 period.

2 Methods

2.1 Field Campaign and Firn Core Sampling

In June 2017, a 23.8 m firn core (IL2017) with a diameter of 10 cm was retrieved at an
altitude of 6350 m a.s.l. on the saddle between the two Illimani summits, approximately
where two deep ice cores were drilled in June 1999 (IL1999) (Kniisel et al., 2003). The
expedition was coordinated by a French, Russian, Bolivian, and Brazilian team and integrated
the Ice Memory project (Université Grenoble Alpes Foundation). After the drilling campaign,
the container was shipped to the Institut des Géosciences de I’Environnement (IGE,
Université Grenoble Alpes, France), where the core sections were weighed and cut
longitudinally using a vertical band saw in a cold room (at -20 °C). One quarter of the original
core was used for dust analysis at EuroCold (University of Milano-Bicocca, Italy).

Another quarter of the core was shipped in a frozen state to the Climate Change
Institute (CCI, University of Maine, USA) for isotopic, ionic, and elemental analyses. At the
CCI, in a cold room set at -20 °C, sections of the core were cut longitudinally with a vertical
band saw to separate the inner and outer parts. The inner part (used for ionic and elemental
analysis) was decontaminated by scraping with a clean ceramic knife under a laminar flow
HEPA bench inside the cold room. Then, the decontaminated inner part was sampled using a
continuous melter system (Osterberg et al., 2006) in an ISO 6 Class clean room, yielding 767
samples (mean sample resolution of 3 cm). The samples for elemental analysis were collected
into acid-cleaned (Optima HNO;) low-density polyethylene (LDPE) vials and acidified with
double-distilled HNOs. This procedure was conducted using an ISO 5 laminar flow HEPA
bench. Samples were stored for acidification at room temperature for approximately 1 month.
The dilution rate reached using this acidification method may vary depending on the element.
Using samples from Huascaran and Quelccaya (Figure 1), Uglietti et al. (2014) obtained a
mean final recovery for Al on the order of 10% of its total concentration; conversely, Pb, As,
and Mn showed final recoveries of approximately 80% (Uglietti et al., 2014).

2.2 Firn Core Analysis and Proxy Determination

The concentrations of the major ions (Na*, K*, Mg*, Ca*, CI', NOs and SO,*) were
measured by ion chromatography (IC). We used a Thermo Scientific™ Dionex™ Ion
Chromatograph ICS-6000 analytical system at the CCI. The method detection limit (MDL,
Table 1) was defined as three times the standard deviation of the blank samples (MilliQ®
water, 10 blank samples). Blank concentrations were subtracted from each measurement.
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Concentrations for 28 elements were measured using the CCI Thermo Scientific
ELEMENT 2 inductively coupled plasma sector field mass spectrometer (ICP-SFMS)
coupled to an ESI model SC-4 autosampler. The ICP-SFMS was calibrated daily with five
standards, and as a reference, we used the SLRS-4 certified water (National Resource
Council, Canada). Blanks were prepared with MilliQ® water, and the method blank was
subtracted from each sample. The MDLs for the studied elements are listed in Table 1.

Because concentrations are partially modulated by snow accumulation at the drilling
site, which can dilute the dominant dry deposition of the chemical species, we calculated the
enrichment factors (EFs). They are independent of changes in accumulation, reflecting
variations in emission sources and/or transport (Gabrielli et al., 2020). The EF normalization
was calculated for the studied elements according to:

EF(X|=

it ... )

( X]

[CrustalElement |

ucc

where X is the element of interest, and the mean composition of the upper continental crust
was obtained from Wedepohl (1995). We used Sr as a proxy for rock and soil dust, as its
biogeochemical cycle is almost unaffected by anthropogenic activities (Sen & Peucker-
Ehrenbrink, 2012). In addition, Sr is highly correlated with other lithogenic elements, such as
Ba (R* = 0.93) and Ce (R*> = 0.88), both of which have already been used as a crustal
reference in tropical Andean ice cores (Hong et al., 2004; Eichler et al., 2015). Finally, Sr was
precisely determined by ICP-SFMS (Table 1).

Furthermore, we calculated the SO,*exc, which is considered to be a good proxy for
atmospheric H,SO,, originating exclusively from the oxidation of SO, in the atmosphere
(Schwikowski et al., 1999; De Angelis et al., 2003). SO ”exc is the gypsum-like fraction of
sulfate; thus, the calculation considers that Ca** is entirely deposited as CaSO,. We estimated
the CI” present as HCI by calculating the Cl exc, in accordance with De Angelis et al. (2003):

Cl-exc = (Cl_mtal - Cl—soil) - 1-7(Na+rolal - Na+sail) (2)

where Cl i and Na‘sy were calculated from Ca®* concentrations using the Cl7/Ca** and
Na'/Ca®* mass ratio of the Ca*" in the dry season of 2009, when the SO,*exc/SO,* ratio was
lower than 10%, which indicates low acid deposition.
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Method detection limit (MDL) and mean concentrations measured by ion

chromatography (IC) and inductively coupled plasma sector field mass spectrometry (ICP-

SFMS).
Unit Method blank MDL Mean 1999-2016

Na* ngg' 4.4 1.9 30.9
K* ngg! 1.0 1.1 12.7
Mg* ngg' 5.3 0.9 11.4
Ca>* ngg! 16.7 21.1 88.9
cr ngg! 10.9 4.9 56.7
NO; nggt 149 4.4 185.9
SO ngg' 352 57.3 381.8
Li pgg! 158 4.4 101.5
Na pgg! 403 6213 39581
Mg  pgg! 797 2269 18620
Al pg gl 247 2713 39855
Si pgg! 42523 39516 219292
S pgg! 823 2065 182636
K pgg! 872 4422 26022
Ca pgg! 2547 3977 58609
Sc pggl 22 0.30 2.34
Ti pgg! 49.8 557 3580
A pgg! 0.8 10.5 68.7
Cr pgg' 3.7 7.7 48.8
Mn  pgg! 32.0 114 2076
Fe pggl 476 8142 52082
Co pgg! 0.20 2.2 33.1
Cu pgg! 508 57.7 620
Zn pgg! 235 417 1321
As pgg! 3.6 18.4 208.4
Sr pgg! 34 48.8 634
Ag pgg' 0.6 0.5 2.96
cd pgg! 0.5 1.3 8.3
Gs pgg! 04 1.6 30.6
Ba pgg! 322 258 1512
La pgg! 0.1 1.1 7.34
Ce pgg! 0.1 2.1 14.9
Pr pgg! 0.01 0.3 1.73
Pb pgg! 2.9 5.1 234.8
Bi pgg!' 0.2 0.5 9.44
8] pgg! 0.1 0.1 3.9

2.2 Seasonally Resolved Chronology and Climate Records

The annual signal in ice cores from Illimani is considered to be largely preserved
because precipitation and ablation seasons are relatively distinct (De Angelis et al., 2003).
During the dry season, post-depositional processes such as sublimation can significantly
perturb the chemical composition of the surface snow (Ginot et al., 2001). However, the
sublimation rate at the Illimani site during the dry season of 2001 was -0.7 mm w.e. d',
whereas a significantly higher snow accumulation (21 cm) occurred during this same period
(De Angelis et al., 2003; Wagnon et al., 2003). Thus, a detailed stratigraphy based on the
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combination of three strong seasonal signals (dust particle concentration, Ca**, and water
stable isotopes) allowed the identification of annual layers along the profile and provided a
year-by-year dating of the IL.2017 firn core (Lindau et al., 2020). The IL2017 chronology
covers the period from 1999 to 2016. Then, data were classified by season following the
procedures in Lindau et al. (2020) and Correia et al. (2003) by individually grouping the
samples into three categories (“dry,” “wet,” and “transition”) according to dating and dust
concentration levels (Figure 2). We obtained 73 (28%) cases of dry samples and 126 (49%) of
wet samples.
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Figure 2. Seasonal classification of Illimani samples into wet (blue dots) and dry (red dots)

seasons based on the dust record from (Lindau et al., 2020).

We used in situ monthly precipitation from four rain-gauge stations located in the
Bolivian Altiplano (El Alto, Calacoto, Patacamaya, and Oruro) and one in the Bolivian
Amazon (San Borja, Figure 1) over the 1999-2016 period obtained from the Bolivian
National  Service of  Meteorology and Hydrology @ (SENAMHI)  network
(www.senamhi.gob.bo/sismet) with monthly resolution. For the precipitation records from the
Altiplano, the seasonal variability was eliminated by subtracting the monthly mean of the
respective time series in each month. Then, each time series was normalized using its mean
and standard deviation values. Finally, we calculated the principal components (PC) of
precipitation in the Bolivian Altiplano. The first PC (PC1r) explained 62% of the total
precipitation variance. The high correlations (r > 0.7, p-value < 0.01) obtained for all stations
indicate that the area we chose was influenced by a common mode of rainfall variability.

The reanalysis data set from the European Center for Medium Range Weather
Forecasts (ECMWEF, ERA5) and ERA-Interim were obtained at the KMNI Climate Explorer
(http://climexp.knmi.nl/getindices) and the Climate Reanalyzer
(https://climatereanalyzer.org), respectively, with monthly resolution. Backward and forward
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air mass trajectories were calculated using HYSPLIT (https://www.ready.noaa.gov/). The
NOAA Global Data Assimilation System data at 1° x 1° resolution were used as
meteorological input for HY SPLIT.

3 Results and Discussion

3.1 Comparison with Records from the 20™ Century

To relate the elemental and ionic records in Illimani during the 1999-2016 period
(IL2017) with other ice core records, we calculated a decadal (2005-2015) mean
concentration for each element. Table 2 shows an equal resolution comparison between the
[L.2017 decadal mean and records covering the 1980—1990 period in both Illimani (IL.1999)
(Correia et al., 2003; De Angelis et al., 2003) and Quelccaya (Uglietti et al., 2015) ice cores.
We observed a difference of one order of magnitude between the Al concentrations of the
[1limani records. This is possibly related to differences in sample acidification (Section 2.2).
An acid digestion method was applied by Correia et al. (2003), and we believe this was one of
the major causes for the differences observed for Al, Co, and Cu. Conversely, for elements
that are less sensitive to different acidification conditions (e.g., Mn, As, Pb) (Uglietti et al.,
2014), we observed minor differences. In fact, the major ions showed slightly higher
concentrations during the early 21* century (Table 2).

Despite the variations in elemental concentrations due to distinct leaching, EF
interpretation is less affected as larger variations are allowed to classify sources in crustal or
non-crustal (EF larger or smaller than 10) (Uglietti et al., 2014). Non-crustal elements for all
[L.2017, IL1999, and Quelccaya were As, Cu, and Cd (Table 2). Interestingly, Cr EF showed a
reduction in the 21% century as it was >10 for both L1999 and Quelccaya, but in IL2017, it
was close to unity (Table 2). The presence of anthropogenic Cr in an ice core from the Alps
was attributed to iron, steel, and ferro-alloy production (Van De Velde et al., 1999);
ferromolybdenum is produced in northern Chile as a sub-product of Cu production. An
unprecedented rise in Cu EF (over the last two millennia) was observed during the second half
of the 20" century in Illimani, followed by a decrease since the 1990s due to the regulation of
smelter emissions in Chile (Eichler et al., 2017). Thus, according to our record, Cr was
efficiently controlled by reduced emission rates from smelters, although other mining and
smelter-related elements such as Cu, Cd, Zn, As, and Ag are still enriched in Illimani. Indeed,
we observed a considerable anthropogenic contribution for Zn, As, and Ag in Illimani during
both the 20™ and 21* centuries (Table 2).

Bi was not analyzed in I1.1999, and in Quelccaya it showed a low EF during the 20"
century (Table 2). Conversely, it was enriched (Bi EF = 22) in an ice core from Sajama
(Figure 1) during the late 20 th century (Hong et al., 2004). Bi might also be enriched by
volcanic fallout; in that case, it would probably be related to a higher S EF (Ferrari et al.,
2000; Kaspari et al., 2009). Although S was analyzed only in IL2017, the high mean EF
observed in Table 2 was expected because S might be associated with SO, sourced by
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smelting, fossil fuel combustion, and biomass burning, which, in turn, had an impact on
records from Illimani (Eichler et al., 2015; Brugger et al., 2019; Osmont et al., 2019).

Table 2. Decadal comparison between 21*-century records from Illimani (ILL2017) and 20"
century records from Illimani (ILL1999) and Quelccaya (QCY). Enrichment factors (EF)
higher than 10 are shown in bold.

2005-2015 1980-1990
1L2017 IL1999 Quelccaya

Conc. (pg g') EF Conc. (pgg!) EF Conc. (pgg?') EF
Li 102 2.4 216 4.1
Na 39829 1.0 63145 1.0
Mg 19179 0.7 29907 0.9
Al 40409 0.3 194292 1.0 51476 1.2
S 166195 121

26094 0.5 88962 1.3
Ca 55335 1.1 82546 1.3
Sc 2.27 0.2 394 2.3
Ti 3773 0.5 13389 1.6 2302 0.6
v 70.5 0.6 298 1.6 80.9 2.2
Cr 49 0.7 2136 26 82.2 11
Mn 2026 2.0 3116 2.6
Fe 57125 0.9 105073 1.3 43932 1.0
Co 31.9 1.6 375 15 17.4 4.0
Cu 611 27 4276 136 248 22
Zn 1297 14 3533 34
As 216 72 668 159 147 2.7
Sr 640 1.0 1105 1.5
Ag 3.11 33 3.52 34 1.96 8.0
Cd 8.14 48 16.1 70 4.55 70
Cs 30.7 2.9 43.2 3.0
Ba 1626 1.0 2432 1.5
La 8.14 0.1 111 1.4
Ce 16.2 0.1 235 1.4
Pr 1.92 0.1 25.0 1.6
Pb 231 7.1 364 9.3 313 6.3
Bi 10.2 52 9.95 2.3
U 3.88 0.8 10.4 1.7 10.4 0.3

Conc. (ng g Conc. (ng g™
Na* 30.6 18.4
K* 11.8 11.3
Mg>  11.1 6.0
Ca* 86.5 46.5
Cl 54.8 33.5
NO; 177 138
SO 349 325

3.2 Potential Volcanic Signatures
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Sulfur EF showed a good correspondence with SO,”exc, showing peaks when SO,
exc/ SO,* was higher than 75% (Figure 3). In ice cores, SO.*exc is often used as a proxy for
volcanic eruptions. Furthermore, if SO,*exc variability is related to volcanic eruptions, the
deposition of halogen gases such as HCI would also be expected (De Angelis et al., 2003). We
observed a spike for both Cl exc and SO,*exc only during the transition and wet seasons of
2014/15. In September 2014, SO, emissions from the Nyamuragira-Nyiragongo volcanoes
(1°24°S; 29°12°E, 3058 m a.s.l, Democratic Republic of the Congo) crossed the Atlantic
Ocean (Figure S1), and were detected at the Amazon Tall Tower Observatory (ATTO, Figure
1) by an anomalously high atmospheric SO.* concentration (Saturno et al., 2018). Back
trajectories indicate that the SO, plume that arrived in ATTO could have reached Illimani as
air parcels over Illimani were mostly from the northeast (Figure 4), thus probably carrying
aerosols from the Amazon basin (Chauvigné et al., 2019).
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Figure 3. Volcanic proxy records, all data represent three-sample mean values. (a) The
enrichment factor (EF) variability for S, the orange dots indicate periods when the excess of
SO,* represented more than 75% of the total SO,*” concentration. (b) Both the SO,*exc (black
line) and the excess of CI™ (purple dots). The vertical brown bands in both 2006 and 2014
indicate the probable volcanic signals of the Rabuk and Nyamuragira-Nyiragongo eruptions,
respectively. (c) The EF for Bi, highlighting the period for its major spikes (vertical dotted

line).
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Figure 4. Six-hour air mass trajectories for the September 16-19, 2014 period (blue lines).
Backward trajectories over Illimani started at 6350 m above the sea level (a.s.l.). Forward
trajectories over ATTO started at 1500 m a.s.l. The green and red areas represent the Amazon

basin and the Altiplano, respectively.

In addition, Figure 3a shows a spike for both S EF and SO,*exc during the wet season
of 2006/07. In October 2006, the Rabaul volcano (4°16’S; 152°12’E, Papua New Guinea)
emitted 31 kt of SO, (VEI 4), as estimated by the Ozone Monitoring Instrument on the Aura
satellite (NASA). The plume was advected eastward, probably reaching South America
(Figure S2). Therefore, we consider that the 2006/07 S EF peak was most probably related to
the Rabaul eruption. In 2015, another S EF peak was observed, as shown in Figure 3a; this
time, we also observed a Bi EF peak. In April 2015, a VEI 4 eruption occurred in the Cabulco
volcano (41°19°S; 72°37°W, Chile); however, satellite observations indicate that the SO,
plume advected toward the Atlantic Ocean due to predominant westerly winds over that
latitude, thus not affecting the Illimani region.

Bi EF showed its most prominent peak for the 2007-08 period, which might indicate a
volcanic input. However, there is no evidence for a strong tropical or South American
volcanic eruption, supporting the occurrence of such a signal during that period. Similar to the
observations for the Cabulco SO, plume, emissions from the 2008 eruption (VEI 4) of the
Chaitén volcano (42°50°S; 72°38’W, Chile) advected toward the Atlantic Ocean. Moreover,
we observed a higher Bi enrichment in 2002, contemporary to another Nyiragongo eruption;
however, the absence of a S signal suggests that the plume did not reach Illimani.

In fact, Bi is strongly influenced by anthropogenic sources such as fossil fuel
combustion and the manufacturing of alloys (Ferrari et al., 2000). In Illimani, Bi EF was
significantly correlated with EFs of mining emission-sourced elements such as As, Cd, and
Cu (Table S1). It is estimated that approximately 70% of the worldwide atmospheric
anthropogenic emissions of Cd and Cu are related to non-ferrous metal production (Pacyna &
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Pacyna, 2001). The EF for Cu showed a higher variability until 2008, followed by a decrease
that agrees with the amount of Cu processed by both smelting and fire refining in Chile
(Figure 5). These processes emit large quantities of metals to the atmosphere, and since 2012,
they are less used in Chile, according to the Chilean Copper Commission (COCHILCO).
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Figure 5. Comparison between the copper enrichment record and production. (a) The thinner
line represents the three-sample mean Cu enrichment factor (EF) variability, and the thicker
line denotes data smoothed by the LOWESS algorithm (1-year window, approximately). (b)
Cu production in Chile, considering only the processes of smelting and fire refining, was
obtained from COCHILCO (http://www.cochilco.cl). The lighter brown band represents a first
decrease for both Cu EF and production, and the darker brown band denotes the greater

decrease in Cu production by both smelting and fire refining.

3.3 Altiplano-Related Signal

We observed a common seasonality for the analyzed soluble species during the
majority of the 1999-2016 period (Figure 6a; Figure S3). This is expected as the extreme
seasonality of precipitation over the Altiplano promotes a well-defined oscillatory pattern in
aerosol concentration variability in ice cores from Illimani (Correia et al., 2003; Kniisel et al.,
2005; Osmont et al., 2019; Lindau et al., 2020). At this site, approximately 70% of annual
precipitation occurs during the wet season (austral summer) and corresponds to the less
concentrated snow layers (De Angelis et al., 2003). Furthermore, these authors observed that
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large concentration peaks occurred during the dry season (austral winter) for most of the
studied soluble species due to dry deposition processes and precipitation of heavily loaded
snow. Such a seasonal pattern, represented by Mg** in Figure 6a, is consistent with satellite
observations showing higher dust emissions from the Altiplano occurring during the austral
winter (Prospero et al., 2002; Gaiero et al., 2013).

30 H(a)

20 A

10 +

MgZ+ (ng g—l)

(b) - 20

- 10

PCle

0.75 +

0.50 +

Sc EF

0.25 +

2.5 4(d)

PC1r

0.0 +

STA precipitation

—2.5 1

T T T T T T
2000 2003 2006 2009 2012 2015

Figure 6. Responses of soluble magnesium (a), the first principal component of elemental
concentrations (b), and scandium enrichment factor (c) to the first principal component of
monthly precipitation variability over the Altiplano near Illimani (black line), and to annual
precipitation (blue line) over the southern tropical Andes (d). Red and blue dots denote
samples classified as “dry” and “wet,” respectively. Data in (a), (b), and (c) were smoothed by

three-sample means. Vertical blue bands represent wetter periods discussed in the text.

Elemental concentrations exhibited a seasonal behavior similar to that observed for
major ions. The first PC for elemental concentrations (PCle, Figure 6b) explains 74% of the
total variance, being strongly related (r > 0.7) to most of the elements, as well as correlated at
the 95% level with all the major ions. However, PCle showed spikes during the wet season,
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which might be related to periods of enhanced deposition of anthropogenically sourced
aerosols. Indeed, Table S2 shows that PCle is associated (r > 0.9) with highly enriched
elements such as As (mean EF of 69) and Cu (29). To avoid data interpolation, only the
detected elements above the MDL in more than 75% of the samples (a total of 17 elements,
Table S2) were considered for PC analyses.

The coherence between elemental concentrations was also observed for the EFs. For
example, 70% of the EFs were correlated at the 95% level to Sc EF. This crustal-sourced
element shows an increased EF during the wet season (Figure 6¢). The Sc enrichment in
atmospheric aerosols was related to differences in mineral proportions, probably containing
little quartz and feldspars that are depleted in Sc, and more abundant clay minerals (Ferrat et
al., 2011). This agrees with mineralogical data from Illimani dust, which showed a higher
occurrence of aerodynamic plate-like phyllosilicates during the wet season owing to stronger
scavenging caused by heavier precipitation (Lindau et al., 2020). Correia et al. (2003)
proposed that during the dry season, the aerosol reaching Illimani tends to be closer to soil
dust, while during the wet season, regional soil dust aerosols are more efficiently removed
than fine, remotely transported aerosols from other sources. This is also observed on an
interannual timescale.

As expected, precipitation over the Altiplano near Illimani (PC1r) during the 1999-
2016 period shows a similar variability to the southern tropical Andes precipitation (Figure
6d) (Segura et al., 2019, 2020). The wettest year was 2001, followed by a drier period from
2003 to 2010, and then a wetter period from 2010 to 2014 (Figure 6d). Accordingly, the Sc EF
is greater during these wetter periods. Conversely, higher elemental and ionic concentrations
occurred within the 2003-2010 period. The 1999-2001 summer period featured a more
intense and southward-positioned Bolivian High (Figure S4), favoring the transport of moist
air from the Amazon lowlands toward the tropical Andes (Garreaud, 1999; Segura et al.,
2019). During the summer of 2012, the upward motion over the western Amazon basin was
caused by enhanced convection over this region due to the strength of low-level northerlies
originating over the tropical Northern Atlantic (Segura et al., 2020).

3.4 Relationship with Atmospheric Circulation over the Amazon Basin

We observed that S enrichment was related to increased atmospheric SO, over
[llimani, with only volcanic contribution in 2006 and 2014, although the S EF record also
showed spikes in 2015 (Section 3.2). Thus, we expect that S EF is related to biomass burning
in the lowlands eastward Illimani. Fires over Bolivia, Brazil, and Paraguay during August and
September cause changes in aerosol optical properties in Chacaltaya (Chauvigné et al., 2019),
as well as increased refractive black carbon (rBC) concentrations in Illimani (Osmont et al.,
2019). However, the number of fire spots in that area was lower in 2015 than in 2004, 2007,
and 2010 (Figure S5) when no dry season S EF peaks were observed. Interestingly, the dry
season S EF showed a good correlation with the dry season Mn EF (Figure 7, r = 0.64, p <
0.001).
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Figure 7. Linear relationship (indicated by the red line) between Mn and S enrichment factors
(EFs) during the dry season (red circles). EFs related to volcanic events and to the 2015 dust
event discussed in the text are represented by the black triangles and yellow square,

respectively. Light gray dots in the background are the wet and transition season EFs.

The Mn EF, in turn, showed significant correlations at the 95% level with the low-
level circulation over the Amazon basin during the austral winter (Figure 8), which is related
to the SALLJ. In Figure 8, the more intense the SALLJ, the greater the enrichment in Mn.
This is represented by its relationship with northerly wind anomalies at 850 hPa along the
eastern slope of the southern tropical Andes (Figure 8), and to easterly wind anomalies at 850
hPa over the northeastern Amazon basin and westerly anomalies along the eastern slope of the
southern tropical Andes (Figure S6). Enhanced SALLJ increases orographic precipitation over
the Bolivian Eastern Cordillera (Jones, 2019). In accordance, Mn EF showed a positive
correlation (r = 0.53, p < 0.05) with precipitation over the eastern slope of the Bolivian
Eastern Cordillera during the austral winter, as indicated by meteorological observations in
San Borja (Figure 1). This orographic precipitation potentially carries aerosols from the
Amazon basin up to Illimani. Moreover, Thompson et al. (2013) observed that moisture
bringing Amazon-sourced biogenic ammonium aerosol to Illimani arrives via winds at the
500-hPa level originating from east-southeast. We observed a positive correlation between the
Mn EF and the relative humidity eastward at the 500-hPa level (Figure S7).
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Figure 8. Spatial correlations (significant at the 95% level) during the months MJJAS (2000-
2016 period) between the monthly resampled Mn enrichment factor and meridional winds at
the 850-hPa level (ERAS reanalysis). The black triangle indicates the Illimani site, and the

dotted line delimits the Amazon basin.

Therefore, we believe that the dry season S EF signal is mainly controlled by
atmospheric circulation over the Amazon basin. In fact, during the dry season of 2015, SALLJ
intensified in comparison to the 1999-2016 period (Figure S8). This role of atmospheric
circulation controlling the deposition of biomass burning proxies at Illimani has implications
for interpreting rBC records in ice cores from the Andean Eastern Cordillera. Moreover, the
use of Mn EF as a proxy for the austral winter intensity of the SALLJ might have implications
for studying severe weather due to convective systems during the dry season in southeastern
Brazil, already related to intense low-level jet flow (Rehbein et al., 2018).

We call attention to the 2014/15 wet season Mn EF peak that was unprecedented over
the 1999-2016 record (Figure 7), and were followed by greater spikes of Co and Fe EF
(Figure S9). On April 5 and 6 of 2015, a dust plume from the Saharan—Sahel region was
detected in central Amazonia, which was supported by satellite data and air mass back
trajectories, leading to peak concentrations of Fe (Rizzolo et al., 2017). According to our
chronology, spikes for Co, Fe, and Mn occurred during that same period. Furthermore, air
mass back trajectories for Illimani during that period indicated a predominant north-northeast
direction (Figure S10), and therefore, most probably carry aerosols from the northern Amazon
basin. The African dust aerosol reaching Central Amazonia is carried by northeasterly trade
winds (Swap et al., 1992; Yu et al., 2015), and is enriched in crustal and biomass burning-
related elements, reflecting higher concentrations of Fe, Mn, and S (Formenti et al., 2011;
Moran-Zuloaga et al.,, 2018). The Co EF spike, by its turn, might be associated with
continental biogenic sources, biomass burning, and combustion processes (Nriagu, 1989; Van
De Velde et al., 1999). Interestingly, Co EF was close to unity along the IL2017 record,
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indicating that it was mostly crustal sourced. Therefore, we consider that the presence of
African dust in tropical Andean glaciers deserves future geochemical investigation.

4 Conclusions

The early 21%-century EF record of Illimani indicates lower anthropogenic
contamination for Cr than during the late 20" century, probably due to lower emissions from
mining-related activities. Indeed, a decrease in Chilean copper production via smelting and
fire refining since 2008 seems to be reflected in reduced Cd and Cu EFs. Sulfur, by its turn,
was highly enriched in Illimani along the 1999-2016 record (mean of 124) due to high SO,
emissions from various anthropogenic sources. Moreover, we suggest that two S EF spikes
(2006/07 and 2014) were due to volcanic eruptions.

Aerosols over the Central Amazon region can be transported to southern tropical
Andes by SALLJs, which promote their uplift at the eastern Bolivian Andes. This was best
reflected by Mn EF variability during the dry season (May to September), which was
correlated at the 95% level to both zonal and meridional winds at the 850-hPa level and to 500
hPa relative humidity over the lowlands eastward Illimani. Furthermore, we attributed the
enrichment for both Mn and S during 2015 to the enhanced SALLJ in comparison to the rest
of the I1.2017 record. Back trajectories and unprecedented EFs for Co, Fe, and Mn in 1L.2017
suggest that a dust plume from Africa might be recorded in the snow layers. We consider that
this topic deserves further investigation.

Overall, concentrations for most anthropogenic and crustal-sourced elements and
major ions featured a well-defined seasonal variability, modulated by the clear separation of
wet and dry seasons over the southern tropical Andes. Sc was enriched during wetter periods,
probably because the stronger scavenging favored by the deposition of minerals more
concentrated in that element.
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Figure S2. Rabaul volcano SO, plume toward South America, on October 9" (a) and 13" (b)
of 2006, detected by the Ozone Monitoring Instrument (OMI) on the Aura satellite

(Atmospheric Chemistry and Dynamics Laboratory, NASA, https://so2.gsfc.nasa.gov).

Table S1. Correlations between the enrichment factors of the elements emitted by
metallurgical smelting and refining processes. All these correlations are significant at the 95%

level.
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Figure S3. Major ions concentration record for the 1999-2016 period. Records are expressed
by a 3-sample mean. Blue and red dots denote to samples classified as “wet” and “dry”,

respectively.
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200hPa Wind Speed Anomaly (m/s) ECMWF ERA-Interim
NDJFM 1999-2001 - 1999-2016
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Figure S4. Austral summer (NDJFM) wind speed anomalies at the 200 hPa level, when
comparing the period 1999-2001 to the 1999-2016 climatology. The higher speeds over
northwestern South America suggests an intensified and southward displaced Bolivian high.
Data from the ERA-Interim reanalysis, obtained at the Climate Reanalyzer

(https://climatereanalyzer.org).
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Table S2. Correlations between elemental concentrations and their first principal component.
Significant correlations at the 95% and higher than 0.50 are shown in bold. The explained

variance is indicated in the last line.

PCle
Li 0.85
Na 0.74
Mg 0.97
Al 0.94
S 0.45
K 0.83
Ca 0.76
Sc 0.91
Mn 0.88
Co 0.92
Cu 0.91
As 0.91
Sr 0.94
Cs 0.91
Pb 0.95
Bi 0.59
U 0.93
Var (%) 74
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Figure S5. Total number of fire spots in Bolivia, western Brazil (states of Mato Grosso do
Sul, Mato Grosso and Rond6nia), and Paraguay. Data from the Brazilian Aerospace Agency

(INPE) available at queimadas.dgi.inpe.br.
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Figure S6. Spatial correlations (significant at the 95% level) during the months MJJAS
(2000-2016 period) between the manganese enrichment factor and zonal winds at the 850 hPa
level (ERAS reanalysis). The black triangle indicates the Illimani site, and the dotted line

delimits the Amazon basin.
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Figure S7. Spatial correlations (significant at the 95% level) during the months MJJAS
(2000-2016 period) between the manganese enrichment factor and the relative humidity at the
500-hPa level (ERAS reanalysis). The black triangle indicates the Illimani site, and the dotted

line delimits the Amazon basin.
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850hPa V-Wind Anomaly (m/s) ECMWF ERA-Interim
MJJAS 2015 - 1999-2016
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Figure S8. Austral winter (MJJAS) meridional wind anomalies at the 850 hPa level, when
comparing the year of 2015 with the 1999-2016 climatology. The stronger northerly flux over
western South America suggests intensified low level jets. Data from the ERA-Interim

reanalysis, obtained at the Climate Reanalyzer (https://climatereanalyzer.org).
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Figure S9. Anomalous enrichment for cobalt (blue) and iron (orange). The vertical gray area

highlights the early 2015 period.
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Figure S10. Two-hour air mass trajectories for the April 3-5, 2015 period (blue lines).
Backward trajectories over the Illimani started at 500 m above that site. Forward trajectories
over ATTO started at 1500 m a.s.l. The green and red areas represent the Amazon basin and

the Altiplano, respectively.
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Abstract. Understanding the mechanisms controlling glacial retreat in the tropical Andes can
strengthen future predictions of ice cover in the region. As glaciers are a dominant freshwater source
in these regions, accurate ice cover predictions are necessary for developing effective strategies to
protect future water resources. In this study, we investigated a 97-year dust record from two Nevado
[llimani ice cores to determine the dominant factors controlling particle concentration and size
distribution. In addition, we measured the area of a Nevado Illimani glacier (glacier n°8) using aerial
photographs from 1956 and 2009. We identified two dustier periods during the 20th century (1930s—
1940s and 1980s—2016), which were linked to reduced moisture transport from the Amazon basin.
This promoted an unprecedented increase in the percentage of coarse dust particles (CPPn, @ > 10
pm) during the 1990s, as drier local conditions favored the emission and deposition of coarse particles
on the glacier. Moisture advection from the Amazon basin to Nevado Illimani was influenced by
tropical North Atlantic sea surface temperatures (TNA), which was supported by the correlation
between TNA and CPPn (r = 0.52). Furthermore, glacial retreat has been accelerating since the 1980s,
and a notable relationship between CPPn and the freezing level height (FLH, r = 0.41) was observed.
This suggests that higher FLHs promote glacial retreat, which exposes fresh glacial sediments and
facilitates the transport of coarse dust particles to the Nevado Illimani summit. Therefore, both the area
of glacier n°8 and the ice core record of coarse dust particles were found to respond to climate
variability—particularly to the warmer conditions across the southern tropical Andes and drier

conditions over the Amazon basin.
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1 Introduction

The tropical Andes has undergone pronounced climatic changes over the past few decades.
Tropospheric warming has significantly accelerated glacial retreat, resulting in the fastest
rates of retreat since the mid-Little Ice Age (mid-seventeenth to early eighteenth century)
(Rabatel et al., 2013). Changes in glacier mass, length, area, and volume have been recorded
since the 16th century and are strong indicators of climate change (Bojinski et al., 2014; Zemp
et al., 2015). However, quantitative information on the climate-glacier relationship requires a
multi-proxy approach that combines glacier geometry data with other paleoclimatic proxies,

such as ice core records (Solomina et al., 2007; Jomelli et al., 2009).

The presence of large dust particles (> 8 pm diameter) in a Renland ice core (RECAP,
71.30°N, 26.72°W, 2315 m above sea level, asl) was linked to the activity of local dust
sources and inferred past changes in the ice sheet margin at the east coast of Greenland
(Simonsen et al., 2019). The RECAP dust record was dominated by coarse particles during the
Holocene and previous interglacial period, inferring the retreat of the East Greenland ice sheet
margin and the exposure of sediment-rich areas, which increased the supply of coarse
material. Similarly, the higher snowline elevation during the Holocene compared with the
Last Glacial Maximum (LGM, approximately 20 ka BP) in the southern tropical Andes had
caused an 8-fold increase in dust concentrations in the Sajama ice core (18.1°S, 68.88°W,
6542 m asl) (Thompson et al., 1998). Moreover, according to Nevado Illimani dust records
(hereafter Illimani, 16.62°S, 67.77°W, 6438 m asl), Holocene dust concentrations were 2.5
times higher than that of glacial periods due to the drier local conditions (Ramirez et al.,
2003). Higher dust concentrations during warm periods emphasizes the importance of local
dust sources, as the dust cycle generally decreases during warm periods on the global scale
(Mabher et al., 2010). However, the Sajama and Illimani studies only assessed the total mineral
concentration and did not consider the variability of mineral particle size during these climatic
transitions. Due to the close link between coarse atmospheric dust and climatic and
environmental processes (Baccolo et al., 2018; Simonsen et al., 2019; Lindau et al., 2020), it
is necessary to investigate the relationship between coarse dust particles (> 10 pm diameter),

glacial evolution, and climate variability in the southern tropical Andes.

This study aimed to assess the relationship between ice core dust records and current glacial
retreat in the tropical Andes. We analyzed the dust concentrations and particle sizes in firn and

ice samples from Illimani covering 1919-2016 AD to assess past dust aerosol variability. The
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samples were collected during two drilling campaigns in 1999 and 2017. To better understand
the causes of dust variability, our results were compared to other climate records,
meteorological observations, and aerial photographs of an Illimani glacier covering the period

1956-2009.

The Illimani is located in Cordillera Real, one of the four mountain chains forming the
Eastern Cordillera of the Bolivian Andes (Fig. 1a). This mountain is 50 km southeast of the
Bolivian capital La Paz and 180 km southeast of Lake Titicaca. The precipitation is
distributed over 9 months of the year (Vimeux et al., 2009), with a clear dry (April to August,
austral winter) and wet season (November to March, austral summer). An abrupt transition
between the two seasons occurs between March and April, and intermediate conditions occur
in September and October (Vimeux et al., 2005). Dust from the Illimani was almost
exclusively composed of soil-derived particles during both summer and winter throughout the
20th century (Correia et al, 2003). Mineralogy, rare earth elements, and
strontium/neodymium isotope ratios can also determine the local and regional (southern

Altiplano) provenances of dust particles (Delmonte et al., 2010; Lindau et al., 2020).

2 Material and Method

2.1 Field campaigns and sampling

A joint expedition of scientists from the French Institut de Recherche pour le Developpement
(IRD) and the Paul Scherrer Institute (PSI) recovered two deep ice cores (depths of 136.7 and
138.7 m) from Illimani in June 1999 at an altitude of 6350 m asl (Fig. 1b). Both ice cores
were drilled with a Fast-Electromechanical Lightweight Ice Coring System (FELICS) (Ginot
et al., 2002) producing sections of up to 0.9 m in length and 7.8 cm in diameter (Kniisel et al.,
2003). A 23.8 m firn core was recovered from approximately the same drilling site in June
2017 using an EM-100-1000 electromechanical drill (Cryosphere Research Solutions,
Columbus, Ohio, USA), which produced a core of 10 cm in diameter. The 2017 expedition
was composed of a French, Russian, Bolivian, and Brazilian team as part of the Ice Memory
project (https://www.ice-memory.org), which extracted two additional cores down the bedrock
(136 and 134 m).

The upper 45 m (35 m in water equivalent, w.e.) of one of the 1999 ice cores (IL.1999) were
cut into sections of approximately 10 cm (from the top to 40 m) and 7 cm (from 40 to 45 m)

at the Institut des Géosciences de I’Environnement (IGE, University Grenoble Alps, France),
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providing a total of 666 samples (Ramirez et al., 2003). The firn core recovered in 2017

(IL2017) was cut into sections of approximately 5 cm at the EuroCold (University of Milano-

Bicocca, Italy), providing 464 additional samples.

Atlantic
Ocean

Pacific Ocean

Figure 1. Map of the study region (a) indicating the locations of the ice core sites: Nevado Illimani (red
triangle), Quelccaya (black triangle), and Sajama (black triangle). The green area delimits the Amazon basin
(Mayorga et al. (2012); obtained from http://daac.ornl.gov). Also indicated are the Zongo glacier (1), and the
meteorological stations in the Bolivian Amazon basin: Apolo (2), Rurrenabaque (3) and Sapecho (4). The land
basemap was obtained from Natural Earth (http://www.naturalearthdata.com). (b) A photograph taken in June
2017 of the west/south face of Nevado Illimani, indicating the drilling site (snow and ice samples) and the
selected glacier (n°8) that was analyzed by aerial photographs.

2.2 Dust concentration and size distribution

The dust content in IL.1999 was analyzed in 2002 at IGE using a Beckman Coulter Multisizer
ITe with a 50 pm orifice. The instrument counted the number of particles with spherical
equivalent diameters of 0.67-20.89 pm, which was divided into 256 size intervals. The
[L.2017 dust content was measured in 2018 at the EuroCold (University Milano-Bicocca)

using a Beckman Coulter Multisizer 4 equipped with a 100 pm orifice. The instrument
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measured the particle distribution from 2 to 60 pm, which was divided into 400 size intervals.
To increase sample conductivity for the Coulter Counter analysis, a clean prefiltered NaCl
solution was added to samples to obtain a final NaCl concentration of approximately 1%
(mass fraction). To reduce the sedimentation of large particles, all samples were shaken before
measurement. Two or three measurements were conducted on each sample depending on the
total volume, and each measurement consumed 0.5 mL of sample. The mean relative standard
deviation between the measurements was approximately 10% for both 1L.1999 and 11.2017 for
the 2—-20 pm particle size range. Blank background counts represented less than 0.5% of the

mean particle concentration in the samples.

In order to compare the IL1999 and IL.2017 analyses, we calculated the particle number
concentration for the size range measured for both cores (2-20 pm). The coarse particle
percentage in terms of number (CPPn) is defined as the ratio between the number of particles
of > 10 pm diameter and the total number of particles within the 2-20 pm size range. To
assess the similarities between the two ice cores, we used an additional core (IL2009)
spanning the period 1993-2009 (dated by multiproxy annual layer counting). The dust
concentration for IL2009 was measured using an Abakus laser particle sensor (measuring
particles in the range of 1-100 pm at 1 cm intervals) connected to an ice core melting
continuous flow system. The overlapping period between the integrated 1L.1999 + IL2017
Coulter Counter dust record and the IL2009 Abakus dust concentration record suggests good

reproducibility (Fig. S1).

The dust record in Illimani was then compared to the one in Quelccaya Ice Cap (13.93°S,
70.83°W, 5670 m asl) (Thompson et al., 2013). The annually resolved dust concentration
record from the Quelccaya ice core, covering the 1919-2003 period, was obtained from the
World Data  Center for  Paleoclimatology = (NCDC/NOAA) available on

https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/ice-core.

2.3 Chronology and snow accumulation rates

[L.2017 was dated via annual layer counting (ALC) based on its well-preserved seasonal dust
content, Ca**, and 8D; the age of the core ranged from 1999 to 2016 (Lindau et al., 2020). For
IL1999, the reference horizons of well-known volcanic eruptions (Pinatubo, 1991; El
Chichén, 1982; Agung, 1963) were determined by the electrical conductivity method (ECM)
and by the content of fluoride, chloride, and sulfate (De Angelis et al., 2003). In addition, a
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tritium peak was attributed to the year 1964, signifying the nuclear weapons testing during
1964-1967 (Kniisel et al., 2003). The resulting chronology for I11.1999 was 1919 to 1999 (Fig.
2), with an estimated uncertainty of + 2 years from 1919 to 1941 and + 1 year for 1941-1999
(De Angelis et al., 2003). As a similar approach was used to date IL2017, we estimate an

uncertainty of + 1 year for the period 1999-2016.

2020
....
O
.
2000 a, %
.0.‘
1980 - \-...

Year

1960 -
1940 . L] IL2017
e L1999
A Volcanic horizon
Y Tritium horizon
1920 A

0 5 10 15 20 25 30 35
Depth (m w.e.)

Figure 2. Depth age profiles for the IL1999 (blue points) ice core and the 11.2017 (black points) firn core. The
reference horizons in IL1999 are indicated by red triangles (1991, 1982, and 1963 volcanic layers) and the green
star (1964 tritium peak).

The annual snow accumulation rates were reconstructed from the annual layer thicknesses,
considered as the depth (in w.e.) between winter dust peaks. However, the thickness of a layer
deposited on the surface decreases with depth due to compression and stretching. In order to
establish the original thickness of the annual layers an exponential fit regression was applied
to the layer thickness with the depth (Nye, 1963). This regression equation was used to
calculate the accumulation following Eq. (1):

b

(pi_piq)a_

a’" (1)

acc=

where acc is accumulation, p; is depth, (p; — pi-1) is the layer thickness, and a and b are the
constants from the best exponential fit regression. It is important to note that this method
focuses on the interannual variability and can therefore mask the overall trend across the

entire time range (Vimeux et al., 2009).

2.4 Glacier and climatic data
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In this study, we used twelve aerial photographs of the n°8 glacier on the Illimani (Fig. 1b)
during the dry seasons of 1956, 1963, 1975, 1983, and 2009 (available from the Bolivian
Servicio Nacional de Aerofotogrametria [SNA]). We chose this glacier because it showed the
best representation in the oldest available air photographs for this area. It is also a relatively
large glacier (1.95 km” in 2009) in Bolivia, and most of its accumulation area is above 5000 m

asl.

The photographs were digitized with a resolution of 14 pm using a photogrammetric scanner.
The internal and external orientation was performed through a digital photogrammetric
workstation equipped with a Planar 3D stereoscopic visualization system and the Leica
Photogrammetry Suite (LPS) digital system. For the camera calibration, the radial distortion
of the lenses, the focal length and the position of the fiducial marks were considered (Table
S1). Eight control points were produced during fieldwork in 2010 using a pair of Astech
Zmax L2 differential GPS. The ice-covered areas and drainage basins were digitized using a
UTM-WGS 84 (zone 19 south) reference system. The glacier terminus was manually
determined based on the aerial photographs; subsequently, we extracted a terrain digital
elevation model (DEM) for each studied year. Volume glacier changes were then calculated

by subtracting the DEMs of the different years (Ribeiro et al., 2013).

Freezing level heights (FLH) for the Illimani were calculated using monthly temperatures and
geopotential heights from the NCEP/NCAR reanalysis (https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis.html) for the period 1948-2017. The
comparison of FLH with the elevation from the glacier front helped to explain the strong
ablation rates in Bolivian glaciers and their consequent retreat (Rabatel et al., 2013). The data
were centered at 17.5°S, 67.5°W (2.5° x 2.5° resolution), and the levels around the FLH (500
and 600 hPa) were examined for a transition from positive to negative temperature. The FLHs
were then linearly interpolated from the geopotential heights of the transition levels (similar to

Bradley et al. 2009) and annually resampled.

Precipitation records at annual resolution for Apolo, Rurrenabaque, and Sapecho (Fig. 1a)
were provided by the SENHAMI (Servicio Nacional de Meteorologia e Hidrologia, Bolivia)
network (www.senhami.gob.bo/sismet). We used the Extended Reconstructed Sea Surface
Temperature (ERSST, version 5, Huang et al. 2017) for the tropical Pacific (Nifio 4 region,
5°N-5°S, 160°E—-150°W) and tropical North Atlantic (TNA, 20°N-5°N, 60°W-30°W). We

also employed the reanalysis dataset from the European Center for Medium Range Weather
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Forecasts (ECMWEF, ERAS). All of the data were obtained from the KMNI Climate Explorer

(http://climexp.knmi.nl/getindices) at annual resolution.

3 Results and discussion
3.1 A 97-year tropical Andean dust record

The mean annual dust concentration in Illimani for the period 1999-2016 was 13,189 part
mL™". We compared this new composite Illimani record with the Quelccaya ice core record
(Thompson et al., 2013) and identified two periods of relatively high dust concentrations at
both sites (Fig. 3a): 1) mid-1930s—mid-1940s, and 2) mid-1980s—2016 (the Quelccaya
record finishes in 2002). In agreement, reconstructed annual precipitation from tree-ring
growth in western Altiplano during 1300-2006 AD inferred a severe drought event between
1930 and 1948 (1940 was the second driest year in the entire record), which was preceded by
wet conditions since the 19th century (Morales et al., 2012). In addition, the reconstructed
snow accumulation in Illimani showed the lowest rate during this period (0.35 m w.e. a™' in
1937), and the snow accumulation rates at Quelccaya were also relatively low (Fig. 3b).
Furthermore, three of the most extreme dry years in Altiplano had occurred after the 1980s
(1982, 1994, and 2006; Morales et al. 2012). We also observed a shift to lower snow
accumulation rates in the mid-1980s for both Illimani and Quelccaya (Fig. 3b); this was
attributed to lower moisture advection from the Amazon basin (Ribeiro et al., 2018), as
Atlantic Ocean moisture via the Amazon basin is the primary moisture source for southern

tropical Andes glaciers (Hoffmann et al., 2003; Thompson et al., 2013).

We detected an unprecedented rise in the ratio of coarse particles (CPPn) at Illimani during
the late 20th century— particularly since the 1990s (Fig. 3c). The mean CPPn over the period
1919-2016 was 1.5%, and annual values reached > 3% by the end of the 1990s. Figure 4
shows that the late 20th century increase in CPPn correlated (p < 0.05) with the decrease in
specific humidity at the 500 hPa (5500 m height on average) level over the Bolivian Amazon.
This suggests lower regional precipitation and reduced moisture transport from the Amazon
basin to the southern tropical Andes (Segura et al., 2020). Figure 4 also indicates reduced
deep convection over the Bolivian Amazon (Espinoza et al., 2019). In agreement, CPPn
showed a negative correlation with precipitation records from nearby meteorological stations

(Fig. S2).
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Figure 3. Comparison between dust concentration (a) and annual snow accumulation rates (b) in ice cores from
Nevado Illimani (ILL, blue line, this study) and Quelccaya ice cap (QCY, orange line) (Thompson et al., 2013).
Raw (thinner line) and annual (thicker line) dust concentrations from Illimani considers a particle size range of
2-20 pm. Conversely, annually resolved dust concentration from Quelccaya considers a particle size range of
0.63-20 pm. The thicker lines in (b) correspond to the 10-year LOWESS smoothed data, and the thinner lines
refer to the raw data. The horizontal dashed lines refer to the mean annual dust concentration in (a) and the mean
accumulation in (b) at each site. The raw (thinner line) and annual (thicker line) values in (c) refer to the coarse
particle proportion in terms of number (CPPn) in the Illimani ice cores.

Moreover, CPPn variability was not directly linked to the percentage of giant dust particles
(@ > 20 pm) in IL2017 (Lindau et al., 2020), as giant particles respond to deep convection
during wetter periods in Altiplano under enhanced atmospheric turbulence. Conversely, it is
likely that coarse particles were more efficiently emitted and less efficiently scavenged under

regional/local drier conditions—especially since the 1990s.
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Figure 4. Spatial correlations (significant at the 95% level) between the 3-year moving average record of coarse
particles (CPPn) and the specific humidity at the 500 hPa level (ERAS5 reanalysis comprising the period 1980-
2015). The black triangle locates the Nevado Illimani, and the dotted line delimits the Amazon basin.

3.2 Large scale controls on the percentage of coarse dust particles

The late 20th century CPPn increase is consistent with the significant decline in precipitation
over the Bolivian/ southern Amazon basin during 1982-2017, which was attributed to a
weakening moisture transport from the tropical North Atlantic Ocean (Espinoza et al., 2019).
Warmer sea surface temperatures (SSTs) in the tropical North Atlantic (expressed by the TNA
index) over the last decades (Fig. 5) altered the migration of the Intertropical Convergence
Zone (ITCZ) toward warmer SSTs (Yoon and Zeng, 2010). As a result, the ITCZ was
anomalously displaced northward under a warmer TNA; this weakened the northeasterly
Atlantic trade winds and limited the moisture transport to the southern Amazon basin, leading
to lower rainfall (Yoon and Zeng, 2010; Marengo and Espinoza, 2016). In agreement, TNA
was positively correlated with the 3-year moving average of CPPn (r = 0.52, p < 0,01), and

both showed increasing trends since the 1990s (Fig. 5).

We also observed a weaker positive correlation between CPPn and SSTs in the tropical Pacific
by comparing the grain size data with the El Nifio 4 (5° N-5° S, 160° E-150° W) index (r =
0.32, p < 0.05, Fig. S3). Tropical Pacific SST anomalies are associated with anomalous upper-
level westerlies over the southern tropical Andes, which inhibit convection and precipitation
over this region (Garreaud, 1999). Such anomalies, however, only explain approximately 13%
of the total annual rainfall variability over the entire Amazon basin (Marengo, 1992; Espinoza
et al., 2009).
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Figure 5. Relationship between the coarse particle percentage in terms of number (CPPn) and sea surface
temperature anomalies in the tropical North Atlantic (TNA) referenced to the period 1981-2010. Thinner lines
correspond to annually resolved data, and thicker lines correspond to the 10-year LOWESS smoothed data.
Horizontal dashed lines highlight the mean for each parameter. The gray area indicates the rise of both CPPn and
TNA during the 1990s.

3.3 Glacier area variability in Illimani

The glacial area of n°8 on Illimani reduced by 17% from 1956 to 2009 (Fig. 6), with an
estimated area of 2.36 km? in 1983 and 1.95 km? in 2009. Fig. 6 indicates no significant
variations in the glacial area of n°8 during 1956-1983, which suggests that the glacier was
relatively stable. In addition, the DEMs for 1956, 1963, and 1975 showed high mean absolute
errors (average of 6.3 m). From 1983 to 2009, we estimated a height reduction of -13 m and a
negative mass balance of -11.8 + 2.29 m w.e. This is in accordance with the estimated
negative mass balance of the Zongo glacier (16.08° S, 68.28° W, Fig. 1a) for the same period
(-12 m w.e.). In addition, this glacier lost 14.4% of its area from 1956 to 2006 and has been

rapidly shrinking since 1975 (Soruco et al., 2009).
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Figure 6. Aerial photograph sequences used for the analysis of glacier n ° 8 located in the southern sector of
Nevado Illimani. The arrow over the left sector of the glacier in 1963 points to recent snowfall, which masks the
glacier’s limit. The glacier shrinkage from 1983 to 2009 formed a small proglacial lake.

Bolivian glaciers experienced rapid retreat during the early 1980s. The Chacaltaya glacier
(16.33°S, 68.12°W) showed a moderate mass-balance deficit during 1940-1963, and the
period 1983-1998 was marked by drastic glacial shrinkage (Ramirez et al., 2001). Moreover,

Dussaillant et al. (2019) estimated a strong negative mass balance of -0.42 + 0.24 m w.e. yr !
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for glaciers of the southern tropical Andes between 2000 and 2018. The Working Group on
Snow and Ice of the International Hydrological Program (GTHN-PHI-UNESCO) estimated a
50% reduction in Bolivia’s glacial surface from the 1970s to 2017, and Illimani lost 9.5 km?
of glacial coverage during the same period (Ribeiro et al.,, 2013). The timing of this
accelerated retreat was attributed to tropospheric warming over the tropical Andes and a
higher frequency of El Nifio events, including changes in its spatial occurrence (Francou et
al., 2003). The influence of warming in the tropical North Atlantic should also be considered,
as warmer SSTs in 2005 had caused a strong negative mass balance of the Zongo glacier

(Ribeiro et al., 2018).

3.4 Relationship between glacier retreat and the percentage of coarse dust particles

The timing of glacier n°8’s retreat corresponds to the increase in coarse particle abundance in
ice. We estimated an acceleration in the rising CPPn trend during 1987 (Fig. 7a). This period
was obtained by fitting a continuous piecewise linear function to the 3-year averaged CPPn.
Three line segments were obtained (r* = 0.72), and the slopes for 1920-1947, 1947-1987, and
1987-2015 were -0.01, 0.02, and 0.03 % yr~ !, respectively. This infers a continued increase in
dust sources to Illimani in recent years, which is likely caused by the increased exposure of

soil sediments in deglaciated areas and a higher deposition of locally sourced coarse particles.

The accelerated retreat of glacier n°8 and the higher deposition of coarse dust particles at
[llimani coincided with rising atmospheric temperatures during the late 20th century. Gilbert
et al. (2010) quantified two warming phases based on englacial temperature measurements in
a borehole at the Illimani drilling site during the 1999 campaign: 1) +0.5 °C from ~1920s to
1960, and 2) +0.6 °C from 1985 to 1999. This is in agreement with the relative areal stability
of n°8 during 1956-1983. However, CPPn increased during the same period, which can be
attributed to a larger retreat of the smaller Illimani glaciers (area < 1 km?) until the 1980s. The
accumulation areas on the smaller glaciers are at lower elevations, and their entire surface can
occasionally become an ablation zone. Moreover, the mean area loss of the small Illimani
glaciers from 1963 to 1983 was 40% (a total loss of 1.6 km?) compared to a mean reduction of
8% for glaciers larger than 1 km? (Ribeiro et al., 2013). Furthermore, the majority of glacier

n°8 accumulation areas are above 5000 m asl.
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Figure 7. Relationships between glacial retreat, coarse particle percentage (CPPn), and the freezing level height
over Nevado Illimani. (a)the variability in glacial area of n°8 (black line and black dots) compared with the
annually resolved CPPn records (thinner blue line, 3-year moving average). The thicker blue line represents the
linear piecewise fit applied to CPPn. (b) Annually resolved freezing level heights (gray line). The thicker line
represents the linear increasing trend (r* = 0.5). The horizontal dashed and dotted black lines show the mean
elevation of the glacial terminus for glaciers larger than 0.5 km?® at Nevado Illimani in 1963 and 2009,
respectively (Ribeiro et al., 2013). The orange bands highlight the three periods in the record (discussed in the
text): 1950-1985 (light orange), 1985-1999 (orange), and 1999-2015 (dark orange).

We observed an increase in the FLH at Illimani (Fig. 7b) since 1950, which correlated with
the CPPn trend (r = 0.41) at the 95% level. This is in accordance with the estimated 27.1 m
per decade rise in freezing altitude over Cordillera Real from 1955 to 2011 (Rabatel et al.,
2013). The FLH record in Fig. 7b also corresponds to the increased elevation of the glacier
terminus; the mean terminus elevation of the largest Illimani glaciers was approximately 4770
m asl in 1963 and 4900 m asl in 2009 (Ribeiro et al., 2013). We therefore suggest that the
ratio of coarse particles was an indirect response to the temperature rise over the southern
tropical Andes. A higher FLH increases the glacier terminus elevation, which reduces the
glacial area and exposes sediments; these conditions facilitate the transport of coarse material

to the ice core sampling site. These observations are similar to those previously observed in
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the European Alps (Oerlemans et al., 2009). However, the dust sources of the coarse particles

cannot be accurately determined due to the absence of high-resolution provenance studies.

Overall, we identified three phases of CPPn increase (Fig. 7). The first phase during 1947—
1985 was characterized by a moderate retreat of the Illimani glaciers driven by an increase in
the FLH, which promoted the rise in CPPn. The strong El Nifio events during the second
phase at 1985-1999 reduced snow precipitation and increased atmospheric temperatures,
which accelerated glacial retreat and increased CPPn. The final phase since 1999 was
characterized by reduced glacial coverage and continued glacial shrinking in response to
higher temperatures and periods of reduced snowfall driven by extreme conditions over the
tropical Pacific and tropical North Atlantic. The recently deglaciated area became a new
source of dust particles to the Illimani summit, which was the likely cause for the

unprecedented rise in the coarse particle proportion during the 1990s.

4 Conclusions

The annually resolved mean dust concentrations (2-20 pm particle size range) in Illimani
during 1919-2016 was ~13,000 particles per mL We identified two common periods of
enhanced dust deposition when comparing the Illimani and Quelccaya ice core records
(Thompson et al.,, 2013): 1) 1930s-1940s and 2) mid-1980s—2016. These enhanced dust
periods coincided with drier conditions inferred from the observed minima in reconstructed

snow accumulation rates and moisture transport from the Amazon basin.

The relative abundance of coarse dust particles in the Illimani glacier (expressed as the grain
size index CPPn) correlated with SST in the tropical North Atlantic (TNA index). This
suggests that a warmer tropical North Atlantic reduces the moisture advection from the
Amazon basin to the Bolivian glaciers; this enhances drier conditions over the Bolivian
Altiplano and promotes negative glacier mass balances, which mobilizes coarse dust particles

from periglacial dust sources.

Glacier n°8 remained relatively stable from 1956 to 1983, but its area decreased by 17% in
2009. This coincided with an increase in CPPn since the late 1980s. Furthermore, the CPPn
trend correlated with a rapid increase in FLHs across the region (r = 0.41). Thus, increasing
temperatures caused glacial shrinkage, which exposed more sediments and increased the
deposition of locally sourced dust to the Illimani summit. We identified distinct phases in this

mechanism since the 1950s. The first phase occurred until the mid-1980s and was
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characterized by moderate glacial retreat and a moderate increase in CPPn. As temperatures
continued to increase from the 1980s to the 1990s, strong El Nifio events and warmer
conditions over the tropical North Atlantic caused an unprecedented deposition of locally

sourced dust particles in the 97-year ice core Illimani record.
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IL1999+1L2017 Coulter Counter Dust (part. mL™1)

Figure S1. Overlapping between the dust measurements made with the Coulter Counter for both IL1999 (blue
line) and IL.2017 (black line) cores, and the ones made with Abakus for the IL.2009 core (gray line). Abakus data
was resampled to 5 samples per month. Concentrations were measured on different size ranges (2-20 pm for
Coulter Counter) and (1-100 pm for Abakus).

Table S1. Characteristics of the aerial photographs used in the study.

Date  Scale Number of photos Focal length (mm)
1956 1:36000 2 153.35
1963  1:29000 2 152.44
1975 1:63000 2 152.22
1983 1:41000 2 153.26
2009 1:33000 4 152.67
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Figure S2. Relationship between the coarse particles percentage (CPPn, 3-year moving average) and annual
precipitation measured by three meteorological stations in the Bolivian Amazon (Fig. 1a), (a) Rurrenabaque
(1965-2015 period), (b) Apolo (1965-2006 period), and (c) Sapecho (1972-2011 period). The correlation
coefficients (significant at the 95% level) are indicated in the upper right position of each plot.
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Figure S3. Relationship between the coarse particles percentage in terms of number (CPPn), and sea surface
temperature anomalies in the tropical Pacific region Nifio 4 referenced to the 1981-2010 period. Thinner lines
correspond to annually resolved data. Thicker lines correspond to the 10-year LOWESS smoothed data.
Horizontal dashed lines highlight the mean for each parameter.
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6 Conclusoes

Particulas de poeira contidas no testemunho de firn do Nevado lllimani
referentes ao periodo 1999-2017 provém, de acordo com suas razdes de elementos
terras raras, de fontes locais e regionais (mais provavelmente na por¢cao sul do
Altiplano Boliviano), tanto no inverno (estacdo seca), como no verdo (estacao
umida), embora pequenas diferencas mineraldgicas serem observadas entre as
duas estacbes. Durante o verdo ha uma maior deposicdo de minerais
aerodindmicos, como os filossilicatos, devido a maior lavagem atmosférica
promovida por eventos de forte precipitacdo, afetando a composicdo dos aerossois
depositados no lllimani, principalmente observados no aumento dos fatores de
enriquecimento do escandio. A forte conveccdo sobre o Altiplano é também
responsavel por aumentar a proporcao de particulas gigantes (diametros entre 20 e
60 um) no testemunho, a0 mesmo tempo que gera um registro isotopico mais
depletado. Tal relacéo entre as variabilidades das propor¢des de particulas gigantes
e dos isotopos estaveis da agua (8D e 8'0) permite, portanto, a reconstrucdo da
atividade convectiva sobre o Altiplano que, por sua vez, € modulada pela
variabilidade do fenémeno El Nifio-Oscilacdo Sul.

As concentracdes de poeira sdo duas ordens de grandeza maiores (valor
mediano de aproximadamente 10.000 particulas por mL) durante o inverno, o que foi
particularmente (til para datacdo do testemunho pelo método de contagem anual de
camadas. De acordo, a composi¢cdo dos aerossois durante o inverno reflete a maior
deposicdo de poeira nessa estacdo seca. Porém, o fator de enriqguecimento crustal
do manganés mostrou-se um proxy da circulacdo atmosférica sobre a bacia
Amazonica, pelo seu aumento quando ha a intensificacdo dos jatos de baixos niveis
nessa regiao, durante o inverno. A correlacdo entre 0 manganés e o enxofre durante
a estacdo seca indica que a circulacdo atmosférica sobre a bacia Amazb6nica pode
ser determinante para o registro das queimadas em testemunhos de gelo dos Andes
Centrais. O registro de enxofre, por sua vez, sugere a interferéncia de dois eventos
vulcanicos (Rabaul em 2006 e Nyamuragira-Nyiragongo em 2014) e também de

atividades relacionadas a mineracédo no Altiplano. O registro de elementos traco no
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lllimani sugere, entretanto, uma reducdo recente na emissdao de poluentes das
fundicbes da regido em comparacédo ao final do século passado. O enriquecimento
do cromo durante o século XXI mostrou-se baixo o suficiente para ter sua origem
classificada como crustal, enquanto que no século XX esse elemento era
proveniente de fontes antrépicas.

O estudo do registro de poeira no lllimani desde o inicio do século XX permitiu
observar uma relacdo entre o aumento na deposicdo de particulas grossas
(diametros entre 10 e 20 um) e uma menor advecgdo de umidade da bacia
Amazonica para os Andes Centrais, relacionada ao aquecimento do oceano Atlantico
tropical norte. Ou seja, a reducdo no transporte de umidade da bacia Amazonica
para o lllimani, somado a uma troposfera mais quente, promove a reducdo da area
coberta por geleiras, aumentando a exposicdo de sedimentos e sua consequente
deflacdo, que é registrada no topo do lllimani por uma maior propor¢ao de particulas
grossas. A drastica reducdo das geleiras dos Andes Centrais, iniciada
aproximadamente na década de 1980 e atualmente em curso, é portanto registrada
nas camadas de neve, firn e gelo do lllimani.

Algumas questdes abordadas nesta tese mostram a necessidade de um estudo
mais detalhado da proveniéncia das particulas de poeira, com a inclusdo de mais
amostras de solo de regides mais diversas do Altiplano e também das éareas
recentemente expostas pelo degelo. Tal estudo poderia, ainda, confirmar se ha
deposicéo de poeira proveniente da Africa no lllimani, como ocorre na Amazonia.

A expedicao Ice Memory extraiu do lllimani, além do testemunho de firn aqui
estudado, dois testemunhos de gelo até o embasamento rochoso. Um deles sera
armazenado na Antartica onde esta projetada a construgcdo de um repositério de
testemunhos de gelo provenientes de geleiras ameacadas pelo aquecimento global.
Porém, o outro testemunho serd analisado nos préximos anos e 0s proxies obtidos
nesta tese poderdo ser utilizadas no maior entendimento dos mecanismos climaticos
e ambientais da América do Sul tropical ao longo dos ultimos milhares de anos. As
relacdes obtidas entre o registro no lllimani e o transporte de umidade sobre a bacia
Amazobnica podem, por exemplo, levar a um maior entendimento dos impactos do

desmatamento da floresta na dinamica das geleiras dos Andes Centrais.
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Anexo | - Calculo das concentragées por INAA

O método de ativacao neutrdnica tem como base a capacidade dos nuclideos
em capturarem néutrons quando expostos a um forte fluxo de néutrons. Essa
captura consiste em uma reacdo nuclear com produtos que podem ser estaveis ou
instaveis. No caso da formacéo de produtos instaveis, a captura do néutron induz o
decaimento radiativo do nuclideo primitivo e a consequente emissdo de particulas e
de raios gama. A partir da deteccdo do espectro gama produzido no decaimento é
possivel quantificar a composicao de diversos elementos.

A massa elementar foi determinada a partir do célculo da atividade especifica
para cada elemento (Aspec, cOntagem. s™. g*) obtida com base nos espectrogramas

relativos aos padrdes de referéncia, conforme a seguinte equagéao:

. e)\- t . K
acq. 1)
A — q (
spec. (m

A
t

el.

em que A é a integral da area do pico de determinado elemento no espectrograma.
Tal area foi ajustada por uma funcdo Gaussiana, ap0s a subtracédo da linha de base
relativa ao ruido radioativo que foi determinado por ajuste polinomial. t..; € 0 tempo
de aquisicdo, A € a constante de decaimento do radionuclideo em questao, t. é o
tempo de resfriamento, (me)sm € a quantidade conhecida do elemento em questédo
presente no padréo de referéncia expressa em gramas. K é um fator corretivo que
leva em consideracdo o decaimento radioativo que ocorre durante a aquisicéo,
calculado pela seguinte equagéo:
At

K=t )

o termo K torna-se mais relevante para elementos cujos tempos de meia vida sao
pequenos, ou seja, comparaveis ao ta,. A atividade das amostras (Asamp., CONtagens.

s™) foi determinada pela seguinte equacéo:
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A At
Agp=—re" " K
samp tacq (3)

Em seguida, a massa elementar nas amostras, (me)samp. fOi calculada de acordo

com a seguinte equacao:

A

(mel. )samp.: % (4)

spec.
Nas amostras em que o tempo de irradiacdo foi diferente do tempo de

irradiacdo do padrdo de referéncia, foi aplicada uma correcado adicional expressa

pela equacado abaixo, assim as atividades poderiam ser devidamente comparadas.

-At]
1 —e \%i Isamp.
corr. :ASP‘?C‘ . 1-e At ()

( Aspec‘

As incertezas foram quantificadas considerando as seguintes fontes: medidas
de massa, tempo morto instrumental, célculo das areas dos picos, subtracdo do
branco e incertezas nas concentracbes dos padrdoes de referéncia. No caso dos
elementos Mg e Al foi necessaria uma correcdo em relacédo as reacdes epitermais de
néutrons, pois na producdo de Mg e Al ha a interferéncia de néutrons néo
termais: #’Al(n,p)*’Mg, 2®Si(n,p)?®Al. As contribuicbes dessas interferéncias foram
avaliadas pela irradiacéo de Al e Si de alta pureza.

Os limites de deteccdo foram determinados de acordo com a seguinte

equacao:
Ay, =2,71+4,65- (Ams.)B (6)

em que Ap. € o limite de deteccao expresso em contagens instrumentais, (Ais)s € a
integral observada da area bruta no branco, em correspondéncia a faixa de energia
gama selecionada. Para obtencdo do limite de detecgdo expresso em unidade de
massa, foram combinadas as equacoes (3) e (4). O DL final foi calculado pelo valor

médio dos brancos considerados.
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REGISTRO DE AEROSSOIS EM TESTEMUNHO DE GELO DO NEVADO
ILLIMANI"
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PARECER:

Avalia-se a seguir a tese de doutorado do Sr. Filipe Gaudie Ley Lindau, entitulada
“Conexdes climaticas entre os Andes tropicais e a Amaz6nia no registro de
aerossois em testemunho de gelo do Nevado lllimani”. A tese descreve o trabalho
de pesquisa elaborado pelo Sr. Lindau em analises quimicas e fisicas de amostras
de aerossOis armazenadas em testemunho de firn coletado na Bolivia. O trabalho
apresenta trés artigos submetidos a revistas cientificas tendo o Sr. Lindau como
primeiro autor.

A tese apresenta uma introducdo com o contexto geral do trabalho, indicando os
objetivos do estudo, discutindo resultados anteriores obtidos na mesma regiéo e
sua relevancia geral no contexto de estudos climaticos. A metodologia discute os
aspectos técnicos da analise em laboratério em profundidade, mas carece de
detalhes sobre a analise de componentes principais, uma das ferramentas
estatisticas usadas no trabalho, assim como sobre a andlise de trajetérias. A secéo
de resultados é composta por trés manuscritos submetidos a revistas cientificas
com seletiva politica de revisdo por pares, nos quais sao apresentadas varias
analises do registro de aerossois, sua sazonalidade, o registro glacioquimico de
ions majoritarios e elementos trago, assim como sobre a andlise isotépica e
correlacdes desses resultados experimentais com parametros meteoroldgicos e
climéticos.

Um ponto que necessita de maior desenvolvimento no trabalho sdo os mecanismos
fisicos de conexdo entre a quimica atmosférica na Bacia Amazonica e o registro
glaciologico nos Andes. O transporte de vapor de 4gua de leste até o sitio de
amostragem em lllimani pode ser depreendido de dados de reanalises
meteoroldgicas. Sugere-se um estudo subsequente para avaliar a correlacdo entre
o transporte horizontal de vapor de d4gua em altos niveis (~500 hPa), durante os
meses de verao austral, e a acumulacao efetiva observada no testemunho em
periodos equivalentes (i.e. largura das faixas brancas na Fig 2 da pag. 54). No
entanto, a contribuicdo de aerossois de origem amazonica sobre os Andes € um
conceito mais sutil. Por exemplo, a Fig S6 mostrada na pagina 102 apresenta uma




correlacao positiva entre o vento zonal em baixos niveis (850 hPa) na Amazbnia, a
leste de lllimani, e fatores de enriquecimento do manganés no testemunho. Para o
transporte entre Amazénia e lllimani seria necessario (ainda que nao suficiente)
uma correlacdo negativa (ventos de leste), ao contrario do mostrado. Ha uma fraca
correlacao (R=0,52) entre a temperatura do Atlantico Norte e a percentagem de
particulas de aerossol grandes no testemunho (pag. 116), que nao poderia
corroborar o transporte até o sitio amostral. Por outro lado a mineralogia do
particulado apresentada na Fig 5 da pag. 59 é consistente com uma origem local
sobre o Altiplano para o aerossol aprisionado no testemunho analisado.

Por fim, ressalto o enorme empenho fisico e intelectual necessarios para a
realizacéo deste trabalho. Considerando-se as condi¢gfes experimentais pouco
favoraveis € certamente admiravel o esforco demonstrado pelo Sr. Lindau para a
obtencdo de medidas de qualidade no estudo do registro glacioquimico nos Andes,
para melhorar o conhecimento da dinamica de funcionamento da Bacia Amazonica,
com trés manuscritos submetidos para revistas cientificas internacionais. Meu
parecer é favoravel, com conceito A — Excelente, para a tese de doutorado do Sr.
Filipe Lindau.
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O tema é atual e de relevancia. O trabalho apresenta novas contribuicdes e
ferramentas para o entendimento da variabilidade de geleiras tropicais nos Andes.
A revisao bibliografica foi bem desenvolvida, se apresenta clara e objetiva porém
falta uma discussdo mais profunda dos processos e conceitos. A tese aborda o
panorama geral sobre as mudancas ambientais pelas quais essas geleiras estao
passando, além de detalhar em escala regional as mudancas que estao
acontecendo na area do nevado lllimani, o que € uma importante contribuicdo para
uma regido onde poucos trabalhos de detalhe foram desenvolvidos. A metodologia
escolhida consegue atingir os objetivos propostos e fornece resultados de
gualidade para o desenvolvimento do estudo. Os resultados estdo bem descritos e
interpretados. As figuras geradas sao fundamentais no entendimento dos
resultados obtidos. De maneira geral, sdo resultados novos e de qualidade que
poderao contribuir na compreensao dos mecanismos que afetam a precipitacéo,
circulacdo e a mobilizacdo de aerossois nessa area, bem como no gerenciamento
dos processos ambientais que estdo em curso, ocasionando retracao dessas
geleiras, mudanca na dispobilidade dos recursos hidricos e escassez de agua no
futuro.
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