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Resumo

O aumento da concentracdo de dioxido de carbono (CO,) atmosférico desde o
inicio da Revolugdo Industrial levou ao aumento da captacdo do CO, pelos
oceanos. Uma grande parte desse aumento (cerca de 91%) refere-se ao
excesso de carbono liberado pelas atividades humanas, o qual é chamado de
carbono antropogénico (Can). Os oceanos absorvem uma grande quantidade
de C,nt 0 que impacta a formacado/dissolucao de carbonato de célcio (CaCOs3),
e afeta diretamente os organismos calcificadores. O oeste do oceano Atlantico
Sul tem grande importancia a niveis regional e global, mas esta regido ainda é
subinvestigada em relacdo aos efeitos da acidificagdo do oceanos em
organismos/ecossistemas marinhos e ao monitoramento de parametros do
sistema carbonato a longo prazo. Aqui, apresentamos novos dados nesta area
subamostrada do oceano global e, (i) identificamos o estado de acidificacéo
oceanica nas costas sudeste e sul do Brasil. Isso foi feito através da
quantificacdo de Cgy, utilizando o método TrOCA, na coluna d’agua da
plataforma e quebra de plataforma continental. Os resultados mostram
concentracdes elevadas de C,,; ha coluna de agua das costas sul e sudeste do
Brasil, até ~1000 m de profundidade. Abaixo da camada de mistura, a Agua
Tropical (TW), a Agua Central do Atlantico Sul (SACW) e a Agua Intermediéaria
Anntartica (AAIW) apresentaram grande estoque de C,y. Estas altas
concentracfes de Cgn levaram a uma diminuicdo no pH em uma taxa de —
0.0017 yr! para a SACW e de —0.0009 yr* para a AAIW. Esta Ultima é, no

entanto, a Unica massa de agua em potencial risco de subsaturagao de Qa,.

Palavras-Chave: Sistema carbonato, acidificacdo dos oceanos, oceano

costeiro, pH.
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Abstract

The increase of atmospheric carbon dioxide (CO;) concentration since
the beginning of the Industrial Revolution has led to an increase in the CO, flux
towards the oceans. A large part of this increase (c.a. 91%) refers to the excess
of carbon released by human activities, which is called anthropogenic carbon
(Cant). The oceans absorb a large amount of C4nt Which cause problems with the
formation/dissolution of calcium carbonate (CaCO3), and affects directly the
calcifying organisms. The western South Atlantic Ocean is important at regional
and global levels, but this region is still being understudied regarding ocean
acidification effects in marine organisms or ecosystems, and carbonate system
parameters long-term monitoring. Here, we present novel data in this
undersampled area of the global ocean aiming to (i) characterize the marine
carbonate system parameters and (ii) identify the seawater acidification state at
the southeast and south continental shelves off Brazil. This was achieved by
quantifying the Can, through the TrOCA method, in the water column at the
continental shelf and shelf-break. Our results showed high concentrations of
Cant in the water column of the study region, up to ~1000 m. Below the surface
mixed layer, TW, SACW and AAIW showed large quantities of Can. Those
storage of C,n In the water masses lead to a maximum pH decrease trend of —
0.0014 yr* for SACW and of —0.0009 yr* for AAIW, since the Industrial
Revolution. The AAIW is, however, the only water mass potentially in risk of

undersaturation of Qa,;.

Keywords: Carbonate system, ocean acidification, coastal ocean, pH
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Capitulo I: Introducao

1.1 Antecedentes e Justificativa

Desde a Revolucdo Industrial, em 1750, gases do efeito estufa (e.g.
CFCs, CO,, CHy, etc.) ttm se acumulado na atmosfera causando alteracfes na
temperatura do planeta. Isso ocorre devido a maior absor¢cdo de energia
principalmente na faixa do infravermelho, um fenémeno que é conhecido como
0 aquecimento global [IPCC, 2007 e 2014].

Atualmente o dioxido de carbono (CO;) é um dos principais gases do
efeito estufa. Com a queima de combustiveis fésseis, a produgéo de cimento, e
0 extenso uso da terra por atividades de agricultura, a concentracdo desse gas
tem aumentado exponencialmente (Fig. 1). Segundo o Painel

Intergovernamental para Mudancas Climaticas [IPCC, 2014], os niveis de CO,
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(assim como os de CH,4 e N,O) na atmosfera hoje sdo maiores do que ja foram

a cerca de 800 mil anos atras [Millero, 2007; Tanhua et al, 2013; IPCC 2014].

Global anthropogenic CO, emissions
Quantitative information of CH, and N,0 emission time series from 1850 to 1970 is limited

do T T T T T T T T T T T T T T T T T

35 Il Fossil fuels, cement and flaring i
I8l Forestry and other land use

(GtCO,yn)

Year

Figura 1: Concentracdo de carbono de origem antropogénica (Global anthropogenic
CO, emissions) desde a Revolugdo Industrial até os dias atuais. As fontes séo
diferenciadas por cor, sendo o cinza representativo de carbono originado de queima
de combustiveis fosseis, producdo de cimento e queimadas (Fossil fuels, cement and
flaring), € o marrom representativo de silvicultura e outros usos da terra (Forestry and
other land use). Retirado de Le Queré et al. (2016).

O aumento da concentracdo atmosférica de CO, desde a Revolugao
Industrial tem sido exponencial, atingindo o patamar nunca antes alcancado de
400 ppm em maio de 2013 (Fig. 2). Esse patamar é reconhecido pelo IPCC
como um limite critico para o clima global e esta relacionado as maiores
concentracbes de CO, atmosférico ja registradas em 800 mil anos. Inclusive,
em abril de 2016 foi a primeira vez que concentracdes de CO, maiores que 409
ppm foram registradas na atmosfera, isso € uma consequéncia do recorde de
uso dos combustiveis fésseis combinado com o maior evento de El Nifio em
muitas décadas. Esse fato tem potencializado um aumento no fluxo de CO, em

direcdo aos oceanos [Tans e Keeling, 2013].
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Figura 2: Curva de Keeling. Concentracéo de CO, na atmosfera desde os anos 1950,
no observatorio de Mauna Loa - Havai. A linha verde representa o limite de 400 ppm
estabelecido pelo IPCC. Acesso em https://scripps.ucsd.edu/programs/keelingcurve/,
16 de marco de 2017.

Os oceanos constituem o maior reservatorio de carbono do planeta,
sendo os responsaveis pelo armazenamento de aproximadamente 30% do CO,
liberado por atividade humana, agindo como grandes sumidouros [Khatiwala et
al., 2013; IPCC, 2014]. A absorcédo de CO, pelos oceanos aumentou de 1.2+
0,5 Gt C ano ! nos anos 1960 para 2.6+ 0,5 Gt C ano * durante o periodo de
2006 a 2015. Esse carbono originado nas atividades humanas, chamado de
carbono antropogénico (Cant), € responsavel por grande parte (cerca de 91%),
desse aumento reportado [Le Queré et al, 2016; Khatiwala et al., 2013].

O excesso de C,, € capturado, predominantemente, por processos
fisico-quimicos, ou seja, o CO; é dissolvido na superficie e reage com a agua
do mar formando ions carbonato e bicarbonato. A entrada de CO, atmosférico
no oceano, entretanto, ocorre por trés processos distintos: (i) bomba fisica, ou
de solubilidade, e bomba biolégica, que é subdividida em (ii) bomba do carbono
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organico e (iii) bomba-contraria de carbonato de calcio [CaCOg; Fig.3; Howes et

al., 2015].

Bombas Biolégicas

Ar Bomba de Solubilidade Bomba do Carbono Bomba do Contraria do
Organico caco,
CO, CO,
Superficie Fria Quente Fotossintese ~ A Produgio de
do mar Doce Salina ' ! carapacas Calcérias
Alta - Consumo de ) I
sol b'l'dad:: * Carbono | Ressurgéncia : Consumo de
o ; : | Alcalinidade
A Fluxode H R
] I
::lgt:?mediéria I ! ! | Fluxode
Remineralizacao I ,  Caco,
1 v
Liberagio de Re-dissolucao
Carbono CaCo,
Oceano S
Profundo Allca::::ém
Sedimento

Figura 3: Esquema representativo das bombas fisica (de solubilidade) e biologicas (de
carbono orgéanico e de CaCO;3;) em estratos da coluna d’agua. Modificado de IPCC
(2007).

A bomba de solubilidade ocorre na superficie, e é responsavel pela
captura e solubilizacdo do CO, na interface ar-mar em funcéo da temperatura,
da salinidade e da pressao parcial do CO;, (pCO,) na agua. Esta funciona de
modo que quanto mais fria e menos salina a agua, mais soltuvel sera o CO,. A
primeira fase da bomba biolégica, bomba do carbono organico, ocorre na
superficie, onde o carbono inorgéanico é transformado em carbono organico
particulado através da fotossintese e, posteriormente, remineralizado na coluna

d'agua por oxidacdo bacteriana e processos quimicos. E importante ressaltar
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que essa primeira fase € dependente de luz e nutrientes, devido & necessidade
do processo fotossintético. A segunda fase da bomba biolégica, bomba
contraria do CaCOg, esta relacionada a formacdo de carapacas e estruturas
calcarias pelos organismos calcificadores. Depois que 0s organismos morrem,
apenas uma pequena parte desse material inorganico particulado chega ao
fundo, esse processo é dependente do horizonte de saturacdo® da fase mineral
de CaCO3; que comp®e as estruturas [Mucci et al, 2000, IPCC 2007; Howes et
al, 2015].

O ciclo marinho do carbono, devido a propriedade tampao da agua do
mar, permite que grandes quantidades de CO, sejam retiradas da atmosfera,
sem que o balanco quimico marinho seja alterado ou alterando-o0 muito pouco.
Assim, tornando o sistema carbonato marinho determinante para o sistema
climatico da Terra, visto que o pH da 4gua do mar é controlado através do
balanco do sistema carbonato.

O efeito tampao pode ser visualizado utilizando-se o Fator Revelle
[Revelle e Suess, 1957], que relaciona a mudanca na fracdo da pCO, na
superficie marinha com a mudanca na fracdo de carbono inorganico dissolvido
total (Ct) nos oceanos. Seu valor indica o quéo alta € a capacidade tampdao de
determinada regido, de forma que quanto mais alto for o Fator Revelle, menor
sera a capacidade tampao. Por exemplo, quanto menor for o valor do Fator
Revelle em superficie, maior sera a capacidade de absorcdo de CO, pela agua
do mar. Espera-se que em aguas subtropicais quentes, o Fator Revelle seja

entre 8 e 9 [Tanhua et al., 2013; IPCC, 2014; Mcneil e Sasse, 2016].

'£ uma propriedade da coluna d’agua que indica em qual profundidade o estado de saturagdo do CaCO;
(Q) é igual a 1. Abaixo dessa profundidade a fase mineral se torna termodinamicamente instavel.
[Zeebe, 2012]
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A entrada de CO, nos oceanos ndo seria um problema se esse gas nao
reagisse com a agua, entretanto, o sistema carbonato marinho (Egs. 1 a 4) ja
vem sendo afetado por uma absor¢cdo maior de CO, (Eq. 5) forcada por uma

pCO, atmosférica muito elevada [Millero, 2007; Wanninkhof et al., 2015].

C0,(g) < COz(aq) 1)
C0,(aq) + H,0 & < H,C03 > HY+HCO3 2
HCO3 < H* + C0%~ )
Ca?* + C0% < CaC05(s) (4)
CO, 4+ CO%¥ + H,0 & 2HCO3 (5)

As equacbGes de 1 a 4 mostram as reacdes naturais do sistema
carbonato, com a transformacdo do CO, em estado gasoso, saindo da
atmosfera, para o CO, em estado aquoso, sendo dissolvido na agua do mar,
(Eq. 1), seguido pela reacdo do CO, com a agua, o que forma o acido
carbdnico (H,C05;), que é uma forma tdo instavel que se torna dificil a
diferenciacdo dessa espécie do CO,. O H,C05 entdo, rapidamente, se dissocia
em bicarbonato (HCO3) e ion de hidrogénio (H"; Eq. 2), HCO3 se dissocia em
carbonato (C0%7) e H* (Eq. 3) e, CO%~ se associa com fons de célcio (Ca®")
para formar CaCOs; (Eg. 4), que € o componente principal da carapacga e
estruturas calcarias de quase todos o0s organismos calcificadores (os
cocolitoforideos utilizam o HCO; e ndo o C037). Quando ha um excesso de
CO; entrando no ambiente, ha uma reagédo entre o CO;, e o CO5~ formando

mais HCO; (Eq. 5). Além disso, a reacdo de dissociacdo do HCO; (Eq. 3) é
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deslocada para a esquerda (no sentido de formacdo do H,C0;) devido ao
coeficiente de estabilidade da reacdo, diminuindo entdo a formagéo de CO5™.
Dessa forma, a captura e diminuicdo na formagdo de C0O%~ e a continua
formacdo de H,CO; e HCO; causam um desequilibrio no sistema carbonato
que, em Ultima instancia, leva a uma diminuicdo do pH da agua (quanto mais
abaixo de 7 for, mais acido o meio serd) pela diminuicdo da capacidade
tampao da agua. Esse processo € conhecido como acidificagdo oceénica, ou “o
outro problema” do CO; [Doney et al., 2009].

Paralelamente as outras reacdes, 0 HCO; e o CO%™ também reagem
com as moléculas de agua (Egs.6 e 7), liberando ions hidroxila (OH™) e H,CO5.
Essas OH™ reagem com os H' produzidos nas equacdes de dissociagdo do
H,C0; e do HCO3 (Egs.2 e 3) formando moléculas de agua, porém uma OH"~
fica livre, sendo um dos responsaveis pelo efeito tampdo da agua do mar

[Emerson e Hedges, 2008; Rios et al., 2015; Wanninkhof et al., 2015].

HCO; + H,0 & OH™ +< H,C0; > (6)

CO2~ + 2H,0 & 20H +< H,CO05 > 7)

O desbalanceamento do sistema carbonato oceéanico, por conseguinte,
causa problemas com a formacéo/dissolucdao de CaCOs, tanto na forma de
calcita quanto na forma de aragonita, o que afeta diretamente os organismos
calcificadores e impacta e torna vulneradvel o ecossistema como um todo
[Wanninkhof et al., 2015; Rios et al., 2015].

Uma das formas de acompanhar a evolugdo do sistema carbonato

oceanico com o tempo é entender a progressao dos inventarios de alcalinidade
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total (At) e Cr, ja que ambos agem como controladores do sistema carbonato
[Zeebe, 2012]. A At é definida por Broecker (1974) como sendo o balanco da
contribuicdo de carga dos principais cations e anions conservativos da agua do
mar. Dessa forma, mudancas s6 ocorrem em escalas de tempo muito grandes,
geoldgicas, sendo a At considerada entdo uma propriedade conservativa. Por
sua vez, o Ct representa um somatdrio das espécies carbonaticas: CO,, C0%™,
H,C05; e HCO3 [Broecker,1974]. De forma similar, os estados de saturacdo da
calcita (Qca) € da aragonita (Qar) sdo elementos-chave no entendimento da
resposta dos ecossistemas a essas mudancas, jA que estes também sdo
controladores dos processos de calcificagdo e dissolugao [Wanninkhof et al.,
2015; Zeebe, 2012].

Considerando que Sabine et al. (2004) mostraram que grande parte do
inventario de C,nt € armazenado no oceano Atlantico, Wanninkhof et al. (2010)
demonstraram que o Atlantico Sul apresenta uma taxa de acumulacdo decadal
de C,x maior do que o oceano Atlantico Norte. Adicionalmente, Rios et al.
(2010 e 2012) evidenciaram que a bacia oeste do oceano Atlantico Sul
acumula, em média, mais C, do que a bacia leste. Ademais, Salt et al. (2015)
provou que a coluna d’agua do sudoeste do oceano Atlantico Sul ja esta
afetada, com a maior acidificagdo encontrada nas camadas de aguas
intermediaria e modal. Assim, se torna evidente a importancia de estudos
focando no melhor conhecimento do sistema carbonato marinho no oceano
Atlantico Sul.

Mantendo em mente a importancia regional e global do oceano Atlantico
Sul, Kerr et al. (2015) mostraram que essa regido € ainda pouco

estudada/explorada no que se refere aos efeitos da acidificacdo oceanica em
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organismos marinhos ou ecossistemas e, também, no monitoramento a longo
prazo dos parametros do sistema carbonato. Além do que, as plataformas
brasileiras ocupam a maior parte desta secao especifica do oceano Atlantico
Sul, o que coloca o Brasil em uma posi¢éo de lideranca para as pesquisas em
acidificacao oceéanica no sudoeste do oceano Atlantico Sul.

Nesse contexto, as plataformas continentais e suas zonas adjacentes
sdo reconhecidamente importantes areas de absor¢cdo de CO;, e produtividade
biolégica. Além disso, sdo areas criticas para troca de material entre plataforma
e oceano aberto, enfatizando a forte dindmica existente entre esses ambientes
e a importancia em investiga-los [e.g. Tsunogai et al., 1999; Cai et al., 2010;
Wang et al., 2013]. Assim, este estudo busca caracterizar os parametros do
sistema carbonato marinho e identificar o estado de acidificacdo oceanica nas
zonas de plataforma e quebra de plataforma continental sudeste e sul do

Brasil.

1.2. Area de Estudo

A area de estudo (Fig. 4) abrange a regido de plataforma e quebra da
plataforma continental do sudoeste do oceano Atlantico Sul, nas latitudes entre
22°S e 34°S e longitudes entre 042°W e 050°W, ou seja, aproximadamente

entre as cidades do Rio de Janeiro (RJ) e Rio Grande (RS).
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Figura 4: Mapa da plataforma continental do sudoeste do oceano Atlantico Sul (regido
de estudo). As estacdes hidrograficas de CTD (EO1 a E27) ocupadas durante o
cruzeiro de pesquisa EstARte-Sul | entre 22 e 30 de outubro de 2014, séo
representadas pelos pontos vermelhos. A batimetria é representada em escala de
cores a direita. As linhas tracejadas em azul ilustram as secdes transversais a
plataforma (Norte, Meio-Norte, Meio-Sul e Sul) e, a linha tracejada em verde
representa a sec¢ao latitudinal ao longo da quebra de plataforma.

A Corrente do Brasil (CB) é a corrente de contorno oeste que domina a
circulacdo da costa brasileira (Fig. 5), englobando a regido de estudo. Essa
corrente esta associada ao Giro Subtropical do Atlantico Sul, tendo sua origem
aproximadamente na latitude 10°S, onde a Corrente Sul Equatorial se bifurca
pra formar a CB e a Corrente Norte do Brasil [Silveira et al., 2000]. A CB,
levando agua aquecida e salina em direcéo ao sul, se encontra com a Corrente
das Malvinas, que transporta agua fria e menos salina em direcdo ao norte, em

cerca de 38°S, formando a Confluéncia Brasil-Malvinas (CBM). Na regido da

CBM é formada uma forte frente termohalina conhecida como a Frente de
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Confluéncia. Na regido da CBM, a CB é entéo defletida para oceano aberto a
leste, devido ao rotacional do vento ser nulo [Matano, 1993], e se dispersa em

meandros de larga escala [Lumpkin e Garzoli, 2011].

20°S

30°S

40°S

70°W  60°W  50°W 40°W

Figura 5: Representacdo esquematica da circulacdo geral do oceano Atlantico Sul.
Modificado de Strib et al. (2015).

Apesar de as correntes de contorno oeste serem caracterizadas por
serem estreitas, profundas, e de fluxo intenso e bem definido, a CB é
conhecida por ser fraca quando comparada a Corrente do Golfo, que é a sua
correspondente no Hemisfério Norte [Silveira et al., 2000; Peterson e Stramma,

1991]. Segundo Lumpkin e Garzoli (2011), o transporte maximo da CB néo
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excede 0s 30 Sv (1 Sv = 10° m® s™) e est4d em sua grande parte confinada aos
primeiros 1000 m da coluna d'agua.

As massas de agua que dominam os primeiros 3000 m da coluna d'agua
do oceano Atlantico Sul na regido da CB (Fig. 6), e também da area de estudo,
sdo: Agua Tropical (TW), Agua Central do Atlantico Sul (SACW), Agua

Intermediaria Antartica (AAIW) e Agua Profunda do Atlantico Norte (NADW).
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Figura 6: Estrato da coluna d’agua mostrando as massas de agua encontradas na
costa sudeste do Brasil distribuidas por profundidade. Acesso em
http://cursos.unisanta.br/oceanografia/correntes _marinhas.htm (modificado de
Matsuura, 1986), 26 de marco de 2017 .

A TW é a agua mais superficial, conhecida por ser quente e salina, com
temperaturas maiores que 18,5°C e salinidade maior que 36. E formada na

regido equatorial, 10°S, e flui em direcdo ao polo [Silveira et al., 2000]. A
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SACW ¢é formada na zona da Confluéncia Brasil-Malvinas , fluindo na
picnoclina com temperaturas entre 18,5°C e 6,0°C, e salinidade maior que 34,3
[Stramma e England, 1999; Silveira et al., 2000; Emery, 2003; Mdller et al.,
2008; Strub et al., 2015]. A AAIW flui para norte até a regido da Confluéncia
Brasil-Malvinas, onde passa a fluir para leste, voltando ao contorno oeste
proximo a Cabo Frio (23°S), onde flui em direcdo sul. A AAIW tem temperatura
entre 2,0°C e 6,0°C e salinidade entre 33,8 e 34,8, sendo demarcada pela
isopicnal de 27,05 kg m™ [Silveira et al., 2000; Emery, 2003]. Por fim, a NADW,
que é formada no Hemisfério Norte, esta localizada entre 1500 e 3000 m, com
temperatura entre 1,5°C e 4,0°C e salinidade entre 34,8 e 35 [Silveira et al.,
2000; Emery, 2003].

A plataforma continental da regido de estudo pode ser dividida em duas
regibes: Plataforma Continental Sudeste - indo de Cabo Frio (RJ) até o Cabo
de Santa Marta Grande (SC), com dinamica tipica de latitude média - e
Plataforma Continental Sul - indo do Cabo de Santa Marta Grande (SC) ao
arroio Chui (RS) [Rossi-Wongtschowski e Madureira, 2006].

A Plataforma Continental Sudeste tem topografia suave com cerca de
1100 km de extensado, sendo a quebra de plataforma continental entre 120 e
180 m de profundidade. Em frente a Santos (SP), esta apresenta a maior
largura da sua plataforma, com aproximadamente 230 km, ao passo que, em
frente a Cabo Frio (RJ) a plataforma é mais estreita, com apenas 50 km de
extensdo. E importante lembrar que a Agua Costeira (CW) pode aparecer
sobre a plataforma continental, sendo resultante da mistura entre as aguas da
descarga continental (agua doce) com as aguas salinas sobre a plataforma,

tendo uma salinidade menor que 34 [Rossi-Wongtschowski e Madureira, 2006].
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Segundo Mdller et al. (2008) a trajetoria da CW pode ser tracada de volta até o
rio da Prata, passando a ser reconhecida como Agua da Pluma do Prata
(PPW). A mistura entre a PPW (que pode ser influenciada também pela
descarga da Lagoa dos Patos), mais doce, e a TW, salina, da origem a Agua
Subtropical de Plataforma (STSW).

A Plataforma Continental Sul tem topografia relativamente uniforme,
sendo a regido mais estreita da plataforma mais ao norte, tendo cerca de 110
km, e a regido mais larga ao sul, com cerca de 170 km. Tem temperaturas
médias entre 16,8°C e 20°C, e salinidade média entre 34,7 e 35,5. No inverno
apresenta influéncia de massas de agua sub-antarticas e no verdo € dominada
pela TW. A Lagoa dos Patos (RS) e o estuario do Rio da Prata (Uruguai)
contribuem de forma marcante, levando aguas da drenagem continental para a
plataforma continental e aumentando o nivel de nutrientes inorgéanicos,
causando aumento na biomassa fitoplanctbnica e, por conseguinte, na
produtividade [Rossi-Wongtschowski e Madureira, 2006]. Essa agua levada
pelo rio da Prata é conhecida como Agua da Pluma do Prata [PPW; Mdller et

al., 2008].

Com relacéo a absorcdo ou a emissao de CO, pelos oceanos, Rios et al.
(2010 e 2012) e Salt et al. (2015) mostram uma tendéncia crescente de
absorcdo de C,nt Nno sudoeste do oceano Atlantico Sul e apontam que esse
aumento na concentracdo de C,n gera uma acidificacdo nas massas de agua,
chamando atencéo para o fato de que as aguas centrais e intermediarias sao
as responsaveis pela maior captacdo do C,y. Entretanto, as alteracdes
causadas ao sistema carbonato devido a maior absorcdo de CO, e,

consequentemente, ao estoque de C,n Na coluna d’agua sdo pouco abordados
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nos estudos ja realizados. Os mesmos sdo focados, principalmente, na
investigacdo do comportamento do oceano em ser fonte ou sumidouro de CO;
[lto et al., 2005 e 2016] ou na identificacdo dos parametros e processos
controladores desta variacdo na regido sudoeste do oceano Atlantico Sul

[Arruda et al., 2015].

1.3. Objetivos

1.3.1 Objetivo Geral
Este estudo tem por objetivo geral determinar a distribuicdo espacial dos
parametros do sistema carbonato e do C,n na regido de plataforma continental

e quebra de plataforma continental no sudoeste do oceano Atlantico Sul.

1.3.2 Objetivos especificos
I. Determinar 0s processos reguladores dos parametros do sistema
carbonato na area de estudo;
II.  Quantificar o C4y na coluna d’agua para as distintas massas de agua
presentes na regiao;
lll. Identificar o estado de acidificacdo nas massas de agua da regido de

estudo.
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Capitulo Il: Material e Métodos
2.1. Estratégia de amostragem
Os dados utilizados no presente trabalho foram coletados como parte do
projeto “Estudo dos processos fisicos e biogeoquimicos que controlam a troca
de carbono na interface ar-mar e Acidificacdo das aguas na Regido de talude
continental do Atlantico Sul” (EstARte-Sul), no ambito das pesquisas da Rede
Brasileira de Pesquisa em Acidificacdo dos Oceanos (BrOA; www.broa.furg.br).
O cruzeiro ocorreu entre os dias 22 e 30 de outubro de 2014 (durante a
primavera no Hemisfério Sul) entre as cidades do Rio de Janeiro — RJ (~24°S)
e Rio Grande — RS (~32°S) a bordo do navio de pesquisa brasileiro NHo
Cruzeiro do Sul, da Marinha do Brasil.
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Dados hidrograficos e do sistema carbonato foram coletados em 27
estacbes oceanogréficas (Fig. 4) distribuidas ao longo de 4 transectos
perpendiculares a costa e um transecto ao longo da quebra da plataforma
continental das costas sul e sudeste do Brasil.

Os dados hidrogréficos (temperatura, salinidade, pressdo e oxigénio
dissolvido - OD) foram medidos através da coluna de dgua com um sistema
CTD/Rosette, equipado com um CTD 911+system® e 12 garrafas de Niskin de
5 L, acoplados com dois sensores independentes para cada parametro.

As amostras destinadas a analise de OD foram as primeiras a serem
coletadas das garrafas de Niskin e foram fixadas imediatamente com cloreto de
manganés — Il (MnCl,) e iodeto de potassio alcalino (KI+KOH). Frascos de
borosilicato de cor ambar foram utilizados, com o volume de cada frasco tendo
sido calibrado individualmente e sendo aproximadamente 60 mL. As amostras
de pH foram coletadas em seguida as amostras de OD em frasco de
borosilicato de 125 mL. Um total de 155 amostras discretas para Ar - Cy foram
coletadas logo apds a coleta das amostras para analises de pH, em frascos de
borosilicato de 250 mL e fixadas imediatamente com 50 uL de cloreto de
mercurio saturado (HgCl,), para evitar que a atividade biologica interferisse no
valor de Ct. As amostras foram acondicionadas refrigeradas até a chegada
para analise no Laboratorio de Estudos dos Oceanos e Clima da Universidade
Federal do Rio Grande (LEOC — FURG). Os nutrientes foram coletados por
altimo, em frascos de plastico de 500 mL, sem necessidade de fixacdo. As
amostras foram filtradas a bordo e congeladas a —20°C para posterior analise
no Laboratério de Geoquimica Organica Marinha da Universidade Estadual do

Rio de Janeiro (LAGOM - UERJ).
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2.2. Analises Quimicas

A andlise das amostras de OD foi realizada a bordo em um periodo
entre 30" a 12h apls a coleta, seguindo o0 método de Winkler modificado
descrito em Carpenter (1965) e Culberson et al. (1991). As amostras foram
coletadas principalmente com a finalidade de calibracdo dos sensores de OD
acoplados ao CTD.

O pH foi determinado a bordo, por método potenciométrico, com um
pHmetro modelo 827 da marca Methrom®, em um periodo de até 2h apds a
coleta. Foram utilizados padrdes de pH Fluka® para pH 7 e pH 4 para calibrar
o eletrodo de pH uma vez por dia. As analises foram realizadas a uma
temperatura nao superior ou inferior a 2°C da temperatura de calibracdo. Uma
amostra extra foi coletada sempre na maior profundidade, por ser mais fria,
para que a temperatura das amostras fossem controladas antes da amostra ser
aberta e analisada. Reportamos o pH em escala NBS e em temperatura in situ,
visto que Rios et al. (2015) indicam que o efeito termodinamico da temperatura
sobre o pH néo afeta a interpretacao dos resultados.

As amostras de Ar - Ct foram analisadas por titulagdo potenciométrica
em cela fechada, segundo o método descrito por Dickson et al. (2007). Uma
solucdo de acido cloridrico com cloreto de sodio 0,1M foi utilizada como
titulante, sendo o cloreto de s6dio necessario para garantir que a amostra nao
fosse diluida ou que a forgca iGnica da amostra fosse alterada. Materiais
Certificados de Referéncia (CRMs) foram adquiridos diretamente onde séo
produzidos, com Andrew Dickson no Instituto de Oceanografia Scripps [Dickson
et al., 2003], e utilizados durante as andlises das amostras para acessar a

precisdo do método para At e Cr (3,3 e 5,9 umol kg, respectivamente).
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As amostras de nutrientes foram medidas por espectrofotometria
seguindo a metodologia descrita em Grasshof et al. (1983) para o nitrato e
fosfato, e a metodologia descrita em Strickland e Parsons (1965) para o
silicato. Junto com dois dos parametros do sistema carbonato medidos, os
nutrientes foram usados para melhor estimar os parametros derivados do

sistema carbonato, descritos a seguir.

2.3. Parametros derivados do sistema carbonato

Os parametros derivados do sistema carbonato (Qar, Qca, CO%~ e Fator
de Revelle) foram estimados usando o programa CO,Sys, originalmente
desenvolvido por Lewis e Wallace (1998) e modificado posteriormente por
Pierrot et al. (2006). Utlizamos o conjunto de constantes para k1l e k2
propostos por Millero et al. (2006). Os valores das constantes para 0 KHSO, e
para [B]r foram de Dickson (1990) e Uppstrom (1974), respectivamente. O pH
foi definido em escala NBS (mol kg™ - H,0). De acordo com Millero (2007), o
par At e pH tem uma precisdo para calcular o Ct de + 3,8 pmol kg™, valor este
menor do que a precisdo obtida nas nossas analises diretas de Ct (£ 5,9 pmol
kg™), assim, o par Ar_ pH foi usado como parametros de entrada ao invés do

par Ar_ Cy, garantindo uma melhor precisdo dos parametros estimados.

2.4. Carbono Antropogénico (Cant)

Existem dois tipos de métodos para determinar 0 Cyy que Sao
amplamente aceitos: os métodos de back calculation [Brewer, 1978; Chen e
Millero, 1979] e os métodos baseados em tracadores [Waugh et al., 2006].

Métodos de back calculation estimam o C,,; baseados em medi¢cbes discretas

33



do sistema carbonato, considerando os efeitos da remineralizacao e dissolucéo
do carbonato.

Aplicamos aqui um método de back calculation chamado TrOCA. Este
foi desenvolvido por Touratier e Goyet (2004) e modificado por Touratier et al.
(2007), sendo definido como um tragador que combina OD, Cr, Ar, temperatura
potencial (8) e razao de Redfield (Eq. 8)

5
7,511—(1,087*10_2)*9—<M)

2
AT

OD+1,279%(Cr—0,5*%A)—e

(8)

Cane = 1,279

O método TrOCA é simples de usar e é aplicado globalmente, sendo
bem correlacionado com outros métodos de back calculation, como o método
MIX [Goyet et al., 1999; Sandrini et al., 2007]. Além disso, esse método foi
aplicado em diferentes regides do oceano global, como na bacia oeste do
Atlantico Sul [Rios et al., 2010], no oceano Austral [Pardo et al., 2013] e, no
mar Mediterraneo [Hassoun et al., 2015], todos com resultados robustos e
confiaveis.

E importante notar que métodos de quantificacdo do Cay Nd0 podem ser
aplicados na camada de mistura superficial (SML), visto que o contetudo de
carbono é modificado continuamente devido aos processos biolégicos e aos
fluxos de CO; na interface ar-mar [Touratier et al., 2007; Sandrini et al., 2007].
Assim, a concentragdo de C, Ndo pode ser quantificada com seguranga e,
dessa forma, a SML deve ser removida da analise. Avaliando os perfis de
temperatura de cada uma das estagdes, e levando em consideracdo que Goyet

et al. (2000) determinaram uma SML de 75 m para um conjunto de dados de
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modelo abrangendo a mesma &rea que 0 nosso estudo, consideramos para
este trabalho uma SML de ~100 m, em média. Dessa forma, apenas dados

abaixo dessa profundidade foram considerados nos calculos de Capt.

2.5. Estado de saturacao do carbonato de célcio (CaCO3) e Fator de
Revelle

O CaCOj; se apresenta nos oceanos em duas formas minerais: calcita e
aragonita. A calcita é formada por foraminiferos e cocolitoforideos, enquanto a
aragonita é formada por pterépodes e corais. Apesar de terem a mesma
composi¢do quimica, seu arranjo estrutural e caracteristicas fisicas séo
diferentes. Esse fato reflete na solubilidade das espécies, com a aragonita
sendo cerca de 1,5 vezes mais solUvel do que a calcita. O estado de saturacao
(Q) dessas espécies pode ser calculado — ja que ndo pode ser medido —
utilizando uma equacao (Eg. 9) que relaciona as concentracdes de calcio e
fons carbonato com o produto de solubilidade (Ksp) do CaCOs; [Morse e

Mackenzie, 1990; Millero, 2007; Wanninkhof et al., 2015].

[coZ™][ca?*]
O, = 9
sp Ksp 9)

O Ksp € diferente para cada espécie e € uma fungdo de temperatura,
salinidade e pressao. As duas equacdes abaixo mostram como este parametro
pode ser calculado para a aragonita (Eqs 10 e 11):

Como resultado da sua forma menos estavel, o Qar € considerado um

bom indicador de estado do sistema carbonato, visto que seu horizonte de

35



saturacdo é mais raso do que o do Qca. Assim, 0 Qar tem um efeito controlador
nos organismos calcificadores [Salt et al., 2015].
A concentracdo total de célcio ([Ca®"]) pode ser deduzida pela salinidade

(S) seguindo a seguinte relacéo: [Ca®*]=293.4*S [Millero, 2007].

pK,Ar sp —
- (—171,945 —0,077993T + =222 + 71,595 log T + (—0,068393 +
88,135 05 15
0,0017276T + 2= )S 5 —0,10018 S + 0,0059415 S15) (10)
PK' 4r sp = —logK',, sp (11)

O Qar é considerado subsaturado e termodinamicamente instavel, se o
seu valor for menor do que 1. Valores iguais a 1 denotam um ambiente
saturado e valores maiores que 1 indicam ambientes supersaturados.

Para o Fator de Revelle, um valor menor indica uma maior capacidade
tampdo. Para aguas subtropicais, mais quentes, esse valor € em torno de 8 ou
9, e ha uma projecéo de que esses valores possam se elevar para cerca de 13

até o ano de 2100 [Millero, 2007; Mcneil e Sasse, 2016].

2.6. Estado de acidificacdo oceénica
Com o Ct e 0 Cy calculados, é possivel determinar a quantidade de C+

pré-industrial com uma simples equacéo (Eq.12):
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Cr —Cuane =C (12)

Tpre—ind

Dessa forma, € possivel determinar o pH e 0 Qa para ambos os
periodos (pré-industrial e contemporaneo) mudando apenas o parametro de
entrada (Ct pré-industrial ou contemporaneo) no programa CO,Sys [Lewis and
Wallace, 1998; Pierrot et al., 2006]. O Ar medido € usado para calcular tanto os
parametros pré-industriais quanto os contemporaneos, ja que assume-se, de
forma geral, que o Ar nao é afetado pela absorcdo e acumulagéo de C,n [Goyet
et al., 1999]. Seguindo as equacdes abaixo (Egs. 13 e 14), podemos inferir a

variacao do pH, bem como a variacao do Qa,[Goyet et al., 2009].

ApH = pHcont — pHpre—ind (13)

AQyy = ‘QATcont o QA’”pre—ind (14)

Os resultados dessas variacdes retornam as diferencas entre o pH pré-
industrial e o contemporaneo, o que permite inferir se houve ou ndo uma

mudanga  significativa no estado de acidificaggo do oceano.
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1. Introduction

The increase of atmospheric carbon dioxide (CO,) concentration, since
the beginning of the Industrial Revolution, reached the unprecedented mark of
400 ppm in 2013. The IPCC acknowledge this baseline as a critical threshold
for global climate, relating with the highest concentrations of CO, in over
800,000 years [Tans and Keeling, 2013]. This has led to an increase in the CO,
flux towards the oceans, raising the absorption of CO, by the oceans from
1.2+0.5 Gt C yr* in 1960’s to 2.6+0.5 Gt C yr " during 2006-2015 [Le Queré et
al., 2016]. The majority of this increment (c.a. 91%) refers to the large amount
of atmospheric CO; released by human activities, especially by the burning of
fossil fuels [Le Queré et al., 2016]. This excess of CO; is called anthropogenic
carbon [C,n; Khatiwala et al., 2013].

The oceans can absorb a considerable amount of CO, without changing
or slightly changing its chemistry. This occurs because of the buffer capacity,
which can be measured through the Revelle factor [Revelle and Suess, 1957,
Millero, 2007]. However, the higher partial pressure of CO, (pCOy) in the
atmosphere has forced an extra concentration of CO, towards the oceans,
which affects the marine carbonate system equilibrium [Millero, 2007].

In addition, the CO intrusion in the oceans cause loss of carbonate ions
(C037), continuous formation of carbonic acid (H,C0;) and bicarbonate (HCO03),
which ultimately leads to a decrease in seawater pH (or an increase in the H”
ions) by lowering oceans buffering capacity. This process is known as ocean
acidification [Doney et al., 2009; Rios et al., 2015]. Furthermore, the imbalances

of the marine carbonate system cause changes to the formation/dissolution of
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calcium carbonate (CaCOgs), thus affecting directly the marine calcifying
organisms [e.g. Feely et al., 2004; Barton et al., 2015; Wanninkhof et al., 2015].

To address the temporal evolution of the marine carbonate system it is
needed to better understand the changes of the total alkalinity (At) and total
dissolved inorganic carbon (Cy) inventories in the oceans, since they act as
drivers of the carbonate system [Zeebe, 2012]. Likewise, the CaCO3 saturation
states (Q) of calcite (Qca) and aragonite (Qa;) are keys to comprehend the
effects of ocean acidification on the ecosystem [Feely et al., 2004; Waldbusser
et al., 2014; Wanninkhof et al., 2015]. Sabine et al. (2004) showed that most of
the global C,n inventory is stored in the Atlantic Ocean. However, despite the
inherent marine carbonate system properties undersampling conditions in the
South Atlantic Ocean, Wanninkhof et al. (2010) demonstrated that this ocean
presented a larger rate of C,,; accumulation than the North Atlantic Ocean. In
addition, Rios et al. (2010; 2012) evidenced that the western basin of the South
Atlantic, in average, accumulate more C, than the eastern basin. Furthermore,
Salt et al. (2015) recently discussed that the water column of the western South
Atlantic is already acidified, with the greatest seawater acidification found in
intermediate and mode waters layers.

Bearing in mind both the regional and global importance of the South
Atlantic Ocean, Kerr et al. (2016) showed that the western South Atlantic is still
being understudied regarding ocean acidification effects in marine organisms
and ecosystems. Those authors also highlight that the long-term monitoring of
the carbonate system parameters in this ocean is not yet constrained to
investigate long-term changes. Thus, the importance of further efforts focusing

on the marine carbonate system in the western South Atlantic Ocean becomes
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evident. Hence, taking advantage of a recent oceanographic cruise performed
in 2014 in the western South Atlantic off the Brazilian coast, this paper aims (i)
to characterize the marine carbonate system parameters, and (ii) to identify the
seawater acidification state in the region. The latter was achieved through the
quantification of the C,y within the water column at the continental shelf and
shelf—break regime of the western South Atlantic Ocean. Thus, the paper is
organized as follows: (i) Section 2 highlights the main oceanographic features
and ocean dynamics of the study region; (ii) Section 3 compiles the dataset and
methods used for biogeochemical sampling and analysis, and the calculations
performed to determine the C,y and to infer seawater acidification levels; (iii)
Section 3 introduces the results obtained in the study region; (iv) Section 4
presents the discussion followed by (v) Section 5, which shows the main

conclusions of this research.

2. Oceanographic features of the Western South Atlantic Ocean

The study region is located just above the Sub-tropical Shelf Front
(~33°S), which split the warm and high salinity surface waters of the
southeast/south coast of Brazil from the cold and relatively fresh waters coming
from the Patagonian region, which is sourced in the sub-antarctic zone [Matano
et al., 2010]. The Brazilian Current is the western boundary current that
dominates the circulation of the Brazilian coast. This current is associated with
the South Atlantic Subtropical Gyre, and is known to be weak when compared
to the Gulf Stream, which is its correspondent in the Northern Hemisphere
[Silveira et al., 2000; Peterson and Stramma, 1991].
The continental shelf of the study region can be divided into two regions:

Southeast Continental Shelf - from Cape Frio, RJ, to the Cape of Santa Marta
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Grande, SC, and South Continental Shelf - from the Cape of Santa Marta
Grande, SC, to Arroio Chui, RS [Rossi-Wongtschowski and Madureira, 2006].
In the Southeast Continental Shelf, the relatively small fresh water contribution
to surface shelf waters forms a low salinity Coastal Water (CW) [Emilson et al.,
1960; Rossi-Wongtschowski and Madureira, 2006]. The CW is further mixed to
great amounts of fresh waters coming from the Plata River and/or the Patos
Lagoon in the South Continental Shelf, is modified and starts to be recognized
as Plata Plume Water (PPW) [Mdller et al., 2008].

Considering the outer shelf region, dominated by the oceanic regime, the
water column structure is not splitted in two regimes, as the continental shelf is.
The western boundary current, Brazil Current is responsible for transporting
heat and salt from equatorial to high latitude regions. So, the associated water
mass carried at the surface by this current is the warm and salty Tropical Water
(TW) [Rossi-Wongtschowski and Madureira, 2006]. Immediately below, the
South Atlantic Central Water (SACW) is observed, occupying a large part of the
water column. This water mass is formed in the region of Subtropical
Convergence and flows southward in the studied area after been transported by
currents of the subtropical gyre [Rossi-Wongtschowski and Madureira, 2006].
The intermediate section of the water column contains the less saline water
observed in this region, the Antarctic Intermediate Water (AAIW). AAIW s
described to be split around 28°S into a north and southward branch [Rossi-
Wongtschowski and Madureira, 2006]. The deep layers of the water column
encompass the North Atlantic Deep Water (NADW) and beneath, the Antarctic
Bottom Water (AABW). The first is formed in the polar region of North Atlantic

Ocean and flows southward mainly through a western boundary current, both in
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North and South Atlantic. The AABW is formed in the Southern Ocean and
flows northward near the bottom, especially into the eastern South Atlantic
Basin. NADW and AABW are transported mostly through deep passages and
suffer several recirculations inside basins [e.g., de Carvalho Ferreira and Kerr,
2017]. AABW can only be observed when the sample is performed in depths
higher than ~3000m [Stramma and England, 1999; Silveira et al., 2000; Emery,

2003; Moller et al., 2008; Strub et al., 2015].

3. Data and Methods

3.1. Sampling strategy

The dataset used here was obtained through the activities of the project
“Study of physical and biogeochemical processes controlling the exchange of
carbon in the air-sea interface and ocean acidification in the South Atlantic
Ocean” (EstARte-Sul), which was developed under the umbrella of the Brazilian
Ocean Acidification Network [BrOA; Kerr et al., 2016]. The cruise was carried
out between 22™ and 30™ October 2014 (austral spring) on board the Brazilian
Navy RV Cruzeiro do Sul, between the cities of Rio de Janeiro, RJ (~24°S) and
Rio Grande, RS (~32°S). Thus, including the southeast and south continental
shelves and slope of the Brazilian coast (Fig. 1). The cruise logistic allowed to
execute four cross-shelf transects (hereafter referred to as North, Middle-north,
Middle-south and South sections) and a transect following the shelf—break

(hereafter referred to as Shelf-break section; Fig. 1).
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Figure 1: Map of the Western South Atlantic Ocean continental shelf (study region).
The CTD hydrographic stations (EO1 to E27) occupied during the EstARte-Sul |
research cruise between 22" and 30" October 2014, are represented by the red dots.
The bathymetry is represented as a color scale bar at the right. The blue dashed lines
illustrate the cross-shelf sections (North, Middle-North, Middle-South and South) and,
the green dashed line represent the transect following the shelf-break (Shelf-break).

Hydrographic and carbonate system properties were sampled at 27 full-
profile conductivity-temperature-depth (CTD) stations (Fig. 1). Temperature,
salinity, pressure and dissolved oxygen (DO) were measured throughout the
water column with a combined Sea-Bird CTD/Carrousel 911+system® equipped
with twelve 5 L Niskin bottles, coupled with dual independent sensors for each
parameter. Discrete seawater samples were taken from the Niskin bottles in
predetermined depths based on the CTD castings. DO, Ay, Ct and dissolved
inorganic nutrients were further sampled. The DO samples were collected in 60
mL flasks and analyzed on board using a modified Winkler method [Carpenter,

1965; Culberson et al., 1991]. Those samples were used to calibrate the data
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obtained through the CTD-DO sensors (DO=0.8601*DOc¢1p+0.143). The pH
samples were collected, after DO samples, in 125 mL borosilicate flasks and
were measured on board by potentiometric method. The Ay and Cy samples
were collected in 250 mL borosilicate bottles and poisoned with 50 pL of a
supersaturated mercury chloride (HgCl,) solution to prevent biological activity,
following the procedure described by DOE (1994) and updated by Dickson et al.
(2007). Samples were stored refrigerated at 4°C in dark to prevent evaporation
and further analyzed at the LEOC laboratory (Federal University of Rio Grande
— FURG) in Rio Grande — RS, Brazil. The samples for dissolved nutrient
(phosphate, nitrate and silicic acid) analyses were filtered onboard with glass
microfiber filters, and then, 500 mL were stored in plastic bottles and frozen at —
20°C to further analysis at the LAGOM/LABOQUI laboratory (State University of

Rio de Janeiro — UERJ) in Rio de Janeiro, RJ, Brazil.

3.2. Chemical analyses
Carbonate system properties

The pH was potentiometric determined on board with a Metrohm® 827
pH lab pHmeter, at all depths sampled by the Niskin bottles, using a
glass/reference electrode cell, within two hours after the sampling. We followed
Rios et al. (2015) and used the pH in NBS scale (mol/kg-H,O) and in situ
temperature. The thermodynamic temperature effect over pH does not affect
the results interpretation.

A total of 155 seawater samples for At and Ct; were measured by
potentiometric titration in a closed-cell, following the method described by DOE
(1994) and updated by Dickson et al. (2007). Hydrochloric acid in a sodium

chloride background was used as a titrant, to make sure that the seawater
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samples would not be diluted or their ionic strength altered. Certified Reference
Material from the Scripps Institution of Oceanography [Dickson et al., 2003]
were used during the analysis to maintain a quality control. Replicate samples
were daily evaluated to access the precision of the method for At and C+ (3.3
and 5.9 umol kg™, respectively).
Dissolved inorganic nutrients

Nutrients were measured by spectrophotometry, following the
methodology described in Grasshoff et al. (1983) for nitrate and phosphate and
the methodology described in Strickland and Parsons (1965) for silicic acid.
Together with two of the measured carbonate system parameters (At and pH),
the dissolved nutrients were used here to better estimate the derived carbonate

system parameters (see Section 3.2).

3.3. Derived carbonate system parameters

The derived carbonate system parameters (i.e. Qar, Qca and Revelle
factor) were estimated using the CO,Sys program, originally developed by
Lewis and Wallace (1998) and later modified by Pierrot et al. (2006). We used
the set of constants for K1 and K2 proposed by Millero et al. (2006). The
KHSO, and [B]y value constants were obtained by Dickson (1990) and
Uppstrom (1974), respectively. According to Millero (2007), the At - pH pair
have a precision of +3.8 pmol kg™ to determine the C+, which is better than the
precision of our direct analysis used to obtain the Cr (+ 5.9 pmol kg™),
therefore, the pair At - pH was used as input parameters to determine the C+

and to ensure a better estimation of the derived parameters.
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The CaCOgs; is presented in the oceans in two mineral forms: calcite and
aragonite. Calcite is formed by foraminifera and coccolithophorids, while
aragonite is formed by pteropods and corals. Even though they have the same
chemical composition, their arrangement and physical characteristics are
different. This fact reflects on the solubility of the chemical species, as the
aragonite is about 1.5 times more soluble than calcite. The Q of this species can
be calculated - since it cannot be measured - with Eq. 1, which relates calcium
and carbonate ions concentrations with CaCO3 solubility product [Ksp,; Morse

and Mackenzie, 1990; Millero, 2007; Wanninkhof et al., 2015].

__[co37][ca?t]
sp —

Q 1)

The Ksp is different for the two Q species and is a function of temperature,
salinity and pressure. The two equations below show how it can be calculated
for aragonite (Eqgs. 2 and 3).

As a result of its less stable form, the Qa; is a good indicator of the
carbonate system state, since its saturation horizon is shallower than that of
Qca. Thus Qar has a controlling effect on the calcifying organisms [Orr et al.,
2005]. The total calcium concentration ([Ca®']) can be deduced from S,

following the relationship: [Ca®"] = 293.4 * S [Millero, 2007].

2903.293

PK 4y op = — (—171.945 — 0.077993T + 2=

+ 71.595logT +

(—0.068393 +0.0017276T + g) S%5 —0.10018 S + 0.0059415 S15)  (2)

48



PK' 4r sp = —logK',, sp 3)

The Qs considered undersaturated, and thermodynamically unstable, if
its value is lower than 1. Values equal to 1 denote a saturated environment and
values higher than 1 a supersaturated one [Doney et al., 2009].

As for the Revelle factor, it relates the change in the pCO,, fraction in the
atmosphere with the change in the Cy fraction of the oceans. This value
indicates how high the buffer capacity is. A smaller value indicates a higher
buffer capacity. For warmer, subtropical waters, this value is about 8 or 9, and is
projected to increase to about 13 until 2100 [Millero, 2007; Mcneil and Sasse,

2016].

3.4. Anthropogenic carbon

We applied here the back-calculation method called TrOCA, which was
developed by Touratier and Goyet (2004a) and latter modified by Touratier et al.
(2007). The method combines DO, C+, Ar, potential temperature (6) and the

Redfield ratio to estimate the C, through Eq. (4).

5
7.511—(1.087+1072)+6— w
AT

0D+1.279%(Cr—0.5%A7)—e

Cant = 1.279 4)
The TrOCA method is relatively simple to estimate the C, and is widely

accepted, being well correlated with other methods, such as the MIX method

[e.g. Goyet et al.,, 1999; Touratier and Goyet, 2004b; Sandrini et al., 2007].

49



Moreover, this method was applied for different regions, such as the western
South Atlantic basin [Rios et al., 2010], the Southern Ocean [Pardo et al., 2013;
Kerr et al., 2017] and the Mediterranean Sea [Hassoun et al., 2015], all with
robust and reliable results.

It is important to note that C,, methods cannot be applied in the surface
mixed layer (SML), since the carbon content can be continuously modified due
to biological processes and CO, exchanges in the air-sea interface [Touratier et
al., 2007; Sandrini et al., 2007]. Evaluating the temperature profiles of each
station, and considering that Goyet et al. (2000) determined a SML of 75 m for a
modelled dataset encompassing the same region of our study, here we
excluded all the data sampled in the surface layer up to ~100 m. Therefore, only

data below this depth was considered for the C, estimates.

3.5. Ocean Acidification State
Through the use of Cr and C,y, it is possible to determine the amount of

pre-industrial Ct with a simple equation [Eq. 5; Goyet et al., 2009]:

Cr — Cant = CTpre_ind (5)

Thus, it was possible to determine the pH and Qa, for both periods (pre-
industrial and contemporary) by changing the input parameter (pre-industrial or
contemporary Cy) in CO,Sys program [Lewis and Wallace, 1998; Pierrot et al.,
2006]. Measured A is used to calculate both the contemporary and the pre-

industrial parameters, since At is not affected by C,: uptake and accumulation
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[Goyet et al., 1999]. Following the equations below (Egs. 6 and 7) we can infer

the variation of pH [Goyet et al. 2009], as well as the variation of Qa; or Qca.

ApH = pHeone — pHpre—ind (6)

AQg, = 0 (7)

SP cont N SPpre—ind

The results of these variations return the difference between
contemporary and pre-industrial pH and Q, which allows inferring whether there

was a significant change in the seawater acidification state.

4. Results

4.1 Hydrographic and biogeochemical parameters

Six water masses were identified in the study area according to the
thermohaline indexes proposed by Mdller et al. (2008) and Emery (2003) (Fig.
2; Table 1). In the continental shelf regime, the PPW was detected up to 15 m
and only in one station (E27) closest to the mouth of the Patos Lagoon estuary
(Fig.2), i.e. in the extreme south of the study area (Fig.1). Even though the
northward wind forcing regime in spring is not as strong as in the winter season,
the interaction between the plumes of Plata River and Patos Lagoon is
influencing the south coast of Brazil at about 30°S [Palma et al., 2008] at the
period analyzed.

At the northern end of the study area (Fig. 1), the Brazil Current carries

the warm and salty TW southwards from the equator. The first 200 m of the
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water column is dominated by TW in all stations, except for the St. EO1 (Fig. 2).
When PPW and TW combine, it gives origin to the Subtropical Shelf Water
[STSW; Moller et al., 2008], which can be found in almost all stations of the
south coast (Fig. 1; St. E16 to St. E24). The STSW is split from the Subantarctic
Shelf Water by the Subtropical Shelf Front, which is a density compensated
temperature and salinity front. [Palma et al., 2008].

The sea surface salinity and 6 (Fig. 3) clearly shows the advection of
high salinity and temperature waters coming from offshore, likely TW carried by
the Brazil Current. It is also possible to see the low salinity and temperature
waters flowing northwards from the southernmost stations, carrying surface

waters likely derived from the plumes of the Patos Lagoon.
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Figure 2: 8/S-properties diagrams. Water masses are indicated by black rectangles
and isopycnals by grey lines. (a) 6/S-Pressure diagram. (b) 8/S-OD diagram. (c) 6/S-A,

diagram. (d) 6/S- C_diagram.

SACW was found up to about 900 m (Fig. 2), the largest part of our data

was sampled in this water mass (Table 2) since it makes up for the most part of

the water column sampled. Also, that is the central water mass with the largest

temperature (5°C to 18.5°C) and S (34.3 to 36.28) ranges. AAIW was observed

below 1000 m of depth, being characterized by a salinity minimum of 34.26 and

temperatures around 3.1°C (Table 2). The NADW was detected below 2000 m
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(Fig. 2a) only in two stations (St. E13 and E21; Table 1) at the continental slope.
AAIW and NADW are found at the deepest stations only at shelf-break and
continental slope (Table 1).

Table 1: Thermohaline indexes (8 °C and Salinity) used to characterize the water
masses in the study region. The references (Ref.) used to identify the water masses
are Moller et al. (2008) and Emery (2003). The last column refers to the CTD
hydrographic stations where the water masses were identified.

Water mass 0 (°C) Salinity Ref. Stations
Moller et
PPW 6 >10 S<33.5 al., 2008 E27
Moller et E18, E22,
STSW1 0 >14 33.5<S<35.3 E24, E25, E26
al., 2008
and E27
EO1, EO3,
Moller et E09, E16,
STSW2 6 >18.5 35.3<S<36 al.. 2008 E17 E18. E22
to E27
T™W Moller et
0 218.5 S>36 al.. 2008 EO2 to E27
Moller et
EO1 to E14
SCY 0<185 S>34.3 al, 2008 iEi610
UL E27
2003
E4, E5, E12,
AAIW 2<9 <6  33.8<S<34.8 Emery, E13. E20, E21
2003
and E24
NADW 15<0<4 34.8<S<35 Smer: E13and E21
2003
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Figure 3: Study area map with all stations, showing (a) the surface salinity, and (b) the
surface potential temperature.

Goyet et al. (1999) and Millero et al. (2007) pointed out that the At is
linearly correlated with salinity particularly at the surface, and follows the
distribution of salinity in the water masses. Our data (Table 2) evidenced that
the TW presented the higher average value of Ay (2392.7 + 44.2 umol kg™),
where the average salinity is also higher (36.66 + 0.28). The linear correlation
(r) for this pair of parameters in the surface layer (>100 m) was 0.74, while
considering the whole water column r=0.62. As expected, the lower average
salinity corresponds to a lower Ar. PPW is the water mass with lowest Ar and
salinity, having an average salinity of 33.14 + 0.21, and At of 2203.9 umol kg™.
Since the At in PPW is represented only by one data point, the relation between
lower salinity values and lower At values can be better observed in the AAIW,
where the average salinity was 34.42 + 0.14, and the average Ar was 2306.5 *

62.5 pmol kg™, both the lowest values after PPW.

Table 2: Average, standard deviation (S.D.), range (Min. and Max.), and number of
measurements (n) of hydrological and biogeochemical parameters for each water mass
considered.

Water 0
mass P (db) (°C)

oD At Cr
Salinity (pmol (pumol (umol

kgh) kg  kg?
Mean g5 20.5 33.14 209.6 2203.5 1980.5 8.15

sD. 3.6 01 021 20.7 - - -

pH
(NBS)

PPW Min 4 20.4 32.75 1499 - - -
Mak 15 20.6 33.37 219.8 - - -
(n) 12 12 12 12 1 1 1
Mean

STSWL 17.1 21 34.82 212 2322.1 20959 8.1
SD 8.5 0.9 0.32 11.7 21.6 35.5 0.05
M.in. 2 185 33.91 160.5 2294.1 2056.9 7.99
Ma); 35 22.7 35.29 232.4 2348.3 2163.1 8.15
(n) " 104 104 104 104 8 8 8

STSW2 Mean 20.9 21.6 35.76 203.6 2339.4 2078.3 8.15

+ 13.4 0.7 021 20.1 5.38 9.4 0.01
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S.D.
Min.
Max.
(n)
Mean
+

S.D.
Min.
Max.
(n)
Mean
+

S.D.
Min.
Max.
(n)
Mean
+

S.D.
Min.
Max.
(n)
Mean
+

S.D.
Min.
Max.

(n)

TW

SACW

AAIW

NADW

1
55
163

85
51.6
1
248
3969

415.7
196.2
12
940
8458

1079.3
275.1
636
1758
3668

1900
133.4
1698
2170
800

18.6
22.8
163

21.3
1.4
18.5
23.4
3969

11.6
3.8

5
18.5
8458

4.1
0.8
3.1
6
3668

3.8
0.1
34
4
800

35.31
36
163

36.66
0.28
36.01
37.42
3969

35.08
0.51
34.3
36.28
8458

34.42
0.14
34.26
34.8
3668

34.89
0.04
34.8
34.94
800

130.5
243.3
163

201.8
BE
132.5
218.6
3968

193.9
6.4
169.1
266
8458

191.2
12.2
174.8
222.1
3664

208.8
10.1
190.3
227.2
800

2331.5
2346.2

2392.7
44.2
2259.6
2465.2
39

2337.7
46.6
2258.1
2470.8
55

2306.5
62.5
2248.1
2467.3
15

2322.4
22.3
2308.0
2348.1
3

2064.8
2088.2
5

2124.9
48.0
2006.7
2198.6
38

2166.4
56.4
2071.7
2385.7
54

2189.3
67.6
2120.6
2386.1
15

2148.1
29.8
2115.8
2174.7
3

8.13
8.16

8.13
0.05

8.27
45

8.06
0.07
7.9
8.18
56

8.01
0.08
7.91
8.18
17

8.13
0.07
8.04
8.17
3

Considering the Cy distribution, the PPW is the water mass in which C+
has the lowest value (1980.5 pmol kg™), while STSW2 showed the lowest
average Cr value (2078.3 + 9.4 umol kg™). In fact, Millero (2007) states that Cr
and Ar are very well correlated in the whole water column, globally. Since As
and Ct are largely affected by seawater salinity, we removed this effect by
normalizing both At and Cr values to a salinity of 35 (which is approximately the
average value of 34.97 for our data set). However, no changes in the dominant
physical-biogeochemical processes that affect Ay and Ct in the region are
observed. The normalized Ar (NA7) and Ct (NCy) are well correlated in the
whole water column (r=0.82; Fig.4). Thus, considering the full-depth water

column, the dilution/evaporation processes (Fig. 4) are the main processes
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controlling the At and Cy variations in the western South Atlantic Ocean. That is
reinforced by the NAT:NC+ average ratio of 1.097+ 0.031 (with minimum ratio
values of 1.034, and maximum of 1.178), since a change in At and Cr
concentrations follows a ratio of 1:1 [Zeebe, 2012], due to freshwater balance in
the oceans. These freshwater inputs can occur due to the Plata River an Patos
Lagoon plumes as well as incoming less saline intermediate waters

Since pH is directly affected by Cy, the highest pH corresponds to the
lowest Cr, that is in PPW and STSW2, where pH is 8.15 for both water masses
(value based on one data point for PPW and the average for STSW2), with a
standard deviation of +0.01 for STSW2. Likewise, where the Ct presented the
highest values, the pH exhibited the lowest average values. AAIW and SACW
showed an average Cr values of 2189.3 + 67.6 pmol kg™ and 2166.4 + 56.4
umol kg™, respectively, with average pH values of 8.01 + 0.08 and 8.06 + 0.07,

respectively.

Salinity
NA;=0.461334 *NC.+ 1337.91
2500 = P -
r=0.82
° / "
/ --36
2400 e //

35

NA: [umol kg™1]

2300
34

Calcification/Dissolution
4

2200

Out;

v
Ocean Data View

1900 2000 2100 2200 2300 2400 2500
NCr [umol kg™1]
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Figure 4: Scatter plot showing the correlation between NA; and NC+ (both parameters
normalized by salinity of 35) and the linear fitting (blue line) in the whole water column.
Salinity represented by the color scale. The arrows indicate the physical-
biogeochemical processes that affect Ar and C+. Data closer to the left end of the arrow
are represented by the first process listed (e.g. dilution), and data closer to the right
end are represented by the second process listed (e.g. evaporation).

The DO average values were higher than 200 pmol kg™ for all water
masses, except for SACW, which was 193.9 + 8 pmol kg™, and AAIW, reaching
the lowest value of 191.2 + 12.2 umol kg™, even though the formation region of
either SACW or AAIW are relatively close to the Brazil-Malvinas Confluence
and Subantarctic Front, between 45°S and 55°S [Sprintall and Tomczak, 1993;
Stramma and England, 1999].

The Northern sections (Fig. 5) presented well stratified 8 profiles, with
warmer waters at the surface, although in the North section there is a slightly
intrusion of less warm water in the St. EO1 (Fig. 5a). The salinity profiles

corroborate the information, showing less salty waters at the same station (St.

EO01), while salinity increases towards open ocean (Fig. 5b).
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Figure 5: North (left column) and Middle-north (right column) sections water column
distributions of (a and e) potential temperature (°C), (b and f) salinity, (c and g)
dissolved oxygen (umol kg™), and (d and h) pH in the south and southeast coasts of
Brazil. The section is plotted along the nominal distance from station EO1 to EQ5 (in
Km) in the North section, and from station E10 to E13 in the Middle-north section.
Sampling profile depths are shown as gray lines or dots.

The Southern sections (Fig. 6) also present a well stratified 8 profiles, but
the salinity profiles show the lowest salinity values at the stations closest to the
coast (Sts. E27 and E26, Fig. 6b; and E18, Fig. 6f), especially noticeable in the
Middle-south section (Fig.6f), where a less salty water tongue was observed
around 1000 m. The water column is saltier at the South section than it is at the

Middle south section.
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Figure 6: South (left column) and Middle-south (right column) sections water column
distributions of (a and e) potential temperature (°C), (b and f) salinity, (c and @)
dissolved oxygen (umol kg™), and (d and h) pH in the south and southeast coasts of
Brazil. The section is plotted along the nominal distance from station E27 to E24 (in
Km) in the South section, and from station E18 to E21 in the Middle-south section.
Sampling profile depths are shown as gray lines or dots.

In the shelf-break region, 8 and salinity are very high (6 between 25 and
15°C and salinity between 37 and 35) up to 300 m (Fig. 7a and b), but the
salinity profile exhibit pools of lower values at the Northern (St. EO3) and at the
southernmost stations (Sts. E23 and 25), these last stations are likely

influenced by the Plata River and Patos Lagoon plumes (Fig. 7b). A is higher in
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the surface and decreased towards higher latitudes and deeper waters. Cy is

lower at the surface and increases slightly towards the seabed.
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Figure 7: Shelf-break section water column distribution of (a) potential temperature
(°C), (b) salinity, (c) dissolved oxygen (umol kg™), and (d) pH in the south and
southeast coasts of Brazil. The section is plotted along the nominal distance from
station EO3 to E25 (in Km). Sampling profile depths are shown as gray lines or dots

The At and Cy profiles for North and Middle-North sections are shown in
Fig. 8. In the North section, a slightly lower At value (~2300 pmol kg™) is
observed in St. 01 (Fig. 8a), increasing towards open ocean and deeper waters.
Higher C+ water is shown entering between 500-1000 m (Fig. 8b), a pattern that
can be seen in the Middle-North section too (Fig. 8f), which, in the case of the
Middle-North section, can be related to a lower concentration of OD (Fig. 5g).
As for Qar (Fig. 8c and g) and Qc, (Fig. 8d and h), in both sections, they follow
the expected pattern of being higher in the surface and increase towards the
bottom. However, Qa, tends to have lower values, ranging from ~3.5 to ~1, while

Qcarange from ~5to ~1.5.
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Figure 8: North (left column) and Middle-north (right column) sections water column
distributions of (a and e) Ar (umol kg™), (b and f) Cr (umol kg™), (c and g) Qa,, and (d
and h) Qc,. The section is plotted along the nominal distance from station EO1 to E05
(in Km) in the North section, and from station E10 to E13 in the Middle-north section.
Sampling profile depths are shown as gray lines or dots.

As for the Middle-South and South sections (Fig. 9), the results showed a
tongue of relatively lower At entering the Middle-South section at approximately
500 m (Fig. 9e), which can be related to the less salty water at the same depth
(Fig. 6f). At the South section, At (Fig. 9a) and Ct (Fig. 9b) are lower at the

surface in the station closer to the coast (St. EO1) increasing towards deeper
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waters. In both sections, the higher values of Cy were related to minimum
values of DO (Fig. 5¢c and g). In addition, the minimum values of Qa, and Qca

correspond to the ranges of lower Ar and higher Ct at approximate depths.
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Figure 9: South (left column) and Middle-south (right column) sections water column
distributions of (a and ) Ar (umol kg™), (b and f) Cr (umol kg™), (c and g) Qa,, and (d
and h) Qc,. The section is plotted along the nominal distance from station E27 to E24
(in Km) in the South section, and from station E18 to E21 in the Middle-south section.
Sampling profile depths are shown as gray lines or dots.



4.2 Cant storage

The distribution of C,y, considering the different sections (Fig. 10a and €;
Fig. 11a and e; and Fig. 12a), showed the same general pattern, thus higher
concentrations from the surface (>100 m) up to about 900 m. The Cyn
concentration rapidly decays to zero below of ~1000 m. Middle-North section
(Fig. 10e) presented the higher values in the top layer, while the North section
(Fig. 10a) showed a different distribution in the water column, with an increasing
concentration of C,, from shallower depths, reaching the highest value at ~500
m and decreasing to zero at the bottom. In general, the C,, concentrations
ranged from zero at deep waters to 150.4 pmol kg™ in the central layer. The
average value of C, for waters below the surface layer was estimated to be 75

+ 35.7 umol kg™ for the entire water column.

Below the surface layer (Table 3), we found that TW is the water mass
most affected by the C,y intrusion, having an average value of 94.9 £ 21.1 umol
kg™. SACW and AAIW also showed large intrusions of Cay, With an average
value of 81.9 + 31.8 umol kg™ and of 35.9 + 24.1 pmol kg™, respectively.
Waters deeper than 1500 m, i.e. NADW, are not yet affected by Can, as

expected.

The pH values follow the C,y distribution in a way that the higher the Can
the lower is the pH. Therefore, the ApH (Fig. 10b and f; Fig. 11b and f; and Fig.
12c) data reflects a negative value at the same depth where there was a high
Cant concentration, in the layer reaching approximately 1000 m depth. The
average ApH for the time period in TW, SACW and AAIW were very similar,

being 0.16 + 0.036 for TW, 0.17 + 0.066 for SACW, and 0.10 + 0.064 for AAIW.
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The AQar and AQc, (Fig. 10d and h, Fig. 11d and h, and Fig. 12b and d) also
followed the C, distribution, with a larger decrease where the concentration of

Cant Is higher.
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Figure 10: North (left column) and Middle-north (right column) sections water column
distributions of (a and e) Ca (umol kg™), (b and f) ApH, (c and g) AQa,, and (d and h)
AQc,. The section is plotted along the nominal distance from station EO1 to EO5 (in Km)
in the North section, and from station E10 to E13 in the Middle-North section. Sampling
profile depths are shown as gray lines or dots.
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Figure 11: South (left column) and Middle-South (right column) sections water column
distributions of (a and €) C. (Umol kg™), (b and f) ApH, (c and g) AQ,, and (d and h) A
Qca. The section is plotted along the nominal distance from station E27 to E24 (in Km)
in the North section, and from station E18 to E21 in the Middle-South section. Sampling
profile depths are shown as gray lines or dots.
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Figure 12: Shelf-Break section water column distributions of (a) Cay (umol kg™), (b)
ApH, (c) AQa, and (d) A Qca. The section is plotted along the nominal distance from
station EO03 to E25 (in Km). Sampling profile depths are shown as gray lines or dots.

Table 3: Average, standard deviation (S.D.), range (min. and max.), and number of
measurements of derived biogeochemical parameters and their variation between
present and pre-industrial times, distributed for each water mass. Values of
Can_TrOCA, ApH, AQCa and AQAr for TW are limited to data below 100 m (SML).
PPW and STSW are both too shallow waters, therefore, these parameters are not
reported.

Cant
_TrOCA AQc A Revelle
Water mass Qca Qar umol  ApH 0, Factor
kg™
Mean 3.9 25 - - - - 111
880, = = = - - .
PPW Min. - - - - - -
Max. - - - = - -
(n) I - - - 1
Mean 4 2.6 - - - - 113
+sp. 04 03 - - - - 0.8
STSW1 Min. 31 2 - - - - 10.8
Max. 44 29 - - - - 13.1
m 8 8 - - - - 8
Mean 45 29 - - - - 10.5
+SD. 01 0.1 - - - - 0.2
STSW2 Min. 43 28 - - - - 10.3
Max. 45 3 - - - - 10.5
M 5 5 - - - - S
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Mean 45 2.9 949 —0.16 14 09 105
+sD. 05 03 211 003 03 02 06

T™W Min. 3.6 23 795 -0.228 21 13 89
Max. 6 4 139 -0.125 12 08 12
(n) 38 38 7 7 7 7 37
Mean 2.9 1.9 81.9 -0.17 11 0.7 131
+S.D. 06 04 318 0.066 0.4 03 14
SACW Min. 16 1 15 -0.353 21 14 103
Max. 4.6 3 150.4 -0.032 0.2 01 17.2
(n) 54 54 48 48 48 48 51
Mean 1.8 1.3 3509 0.1 04 02 156
+SD. 0.3 02 241 0.064 0.3 02 13
AAIW Min. 15 09 24 -0.236 0.9 0.6 131
Max. 2.5 1.6 885 -0.006 O 0 17.7
(n) 15 15 10 10 10 10 15
Mean 2 1.3 0 0 0 0 13.3
+SD. 02 02 O 0 0 0 1.2
NADW Min. 17 11 O 0 0 0 12.6
Max. 2.1 14 O 0 0 0 14.7
(n) 3 3 3 3 3 3 3

4.3 Q state and Revelle factor

Surface waters (i.e. PPW, STSW and TW) display higher values of Qa,
and Qc, (Table 3) than the deeper water masses (i.e. SACW, AAAIW and
NADW), being all supersaturated (Q > 1) in relation to both mineral phases of
CaCOgs;. For SACW, AAIW and NADW, supersaturated scenarios are still
observed, but the average values are much lower than those of surface waters.
For Qar, which is the most sensible phase, averages are below 2 umol kg™,
reaching the values close to the saturation point (Q = 1) only for AAIW and
NADW.

The Revelle factor presented high values considering the whole dataset,
with an average of 12.3 + 2.0, reaching a minimum of 8.9 and maximum of 17.7.
The higher is the factor, the lower will be the buffer capacity of the water. For
those water masses with lowest values of Qa,, the highest average factor values

found are 13.1 £ 0.4 and 15.6 + 0.2 for SACW and AAIW, respectively.
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4.4 Ocean acidification state

The ApH showed in Table 3 refers to the estimated pH difference
between the beginning of Industrial Revolution (~1750) and present day. Since
we do not have samples from the beginning of Industrial Revolution, the only
way to unveil the pH variation and infer the ocean acidification is through
calculated estimate. Thus, the value displayed linearly expressed how much the
pH changed during ~260 years (between 1750 and 2014). Table 3 only contains
information of ApH for TW (below the surface layer), SACW and AAIW because
those were the water masses with suitable C,. intrusion and, therefore, with a
possible ApH caused by anthropogenic forcing.

All three water masses exhibit ApH values in the range of 0.1 in the time
scale considered. Concerning the changes for the anthropogenic period, even
though SACW is the water mass with the greatest difference, with a maximum
acidification rate of —0.0014 yr, TW and AAIW present a similar maximum

acidification trend of 0.0009 yr™* for both.

5. Discussion

Correlation between NAr and NCy in the whole water-column showed
that the main drivers governing the spatial variability of those parameters in the
shelf and shelf-break of Western South Atlantic Ocean are dilution and
evaporation (Fig. 4). Process of surface evaporation can be explained by high
insolation characteristic of tropical latitudes, while dilution processes can be
related to the intrusion of water masses with lower salinities, such as PPW and

STSW in surface layers and AAIW in deeper layers.
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The high At values found in the surface, with an average of 2366.4 + 53
umol kg™, can be explained by the high salinity, with an average of 36.09 *
1.00, observed in the study area. Since CO3~ and HCO; are major components
of seawater, A is largely a function of salinity, and so it was expected higher A+
values where salinity is high [Millero, 2007; Cai et al., 2010]. Additionally, the
surface waters, being largely dominated by TW, are formed in equatorial South
Atlantic Ocean (~10°S), where the dominant processes to consolidate the
properties of this water mass are the intense radiation, leading to high
evaporation and incurring to higher sea surface salinity [Emilsson, 1960;
Silveira et al., 2000].

The high concentrations of C,,: found in the water column of south and
southeast shelves of Brazil showed that Western South Atlantic Ocean, plays
an important role as a sink for the excess of carbon in the atmosphere. The
study of Padin et al. (2010) corroborate this idea since their findings showed
that from 31°S towards south, the South Atlantic continental shelf act as a CO,
sink in spring season. Lencina-Avila et al. (2016) also reported that along 35°S
both the shelf and open ocean act as CO, sink during austral spring. Those
findings support the high C,n concentration found in the south coast of Brazil.
Concerning the southeast coast of Brazil, recent investigation performed by the
BrOA group showed that our study area act as a strong CO, sink during spring
of 2014 [Kerr et al., 2016]. Furthermore, Ito et al. (2005) reported that the
subtropical waters of the Southern Hemisphere act primarily as a CO, sink in
spring season, but it shifts to source of CO, in autumn season, demonstrating
how dynamic shelf regions can be. Wanninkhof et al. (2010) also emphasized

the key role of the South Atlantic Ocean in the decadal increase of Cgn
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inventory, which was higher than the North Atlantic. Specifically, the Western
basin of South Atlantic presents a larger inventory than the Eastern basin
(~35% larger), due to more ventilated deep waters, incurring in higher Cgn
concentrations [Rios et al., 2012]. However, these higher C,,: concentrations of
50-60 pmol kg™ are still smaller than the higher average found here (94.9+21.1
pmol kg™ TW; Table 3), which may be due to the 20 years difference between
the samples acquisition. This fact is corroborated by the low Revelle factor,
between 9 and 11, found for the surface waters, which indicate that the buffer
capacity is higher and that the water is prone to absorb CO, [Sabine et al.,
2004; Millero et al., 2007]. Macneil and Sasse (2016) estimated that by 2100
the Revelle factor in subtropical waters would increase from 9 to 13 due to
anthropogenic drivers, here we already reported an average value for the whole
area of 12.4.

Moreover, large quantities of C,y are already stored in central and
intermediate layers of the Western South Atlantic Ocean, and likely influencing
the shelf zones carbon inventories by lateral exchanges between the shelf/open
ocean regimes, which allow intrusions of recently formed water masses (AAIW
and SACW) nearby the study region. AAIW is formed at the surface layer of the
Antarctic Circumpolar Current in the eastern South Pacific Ocean, being
modified along its trajectory towards the South Atlantic Ocean, whereas the
SACW have its origin at the Brazil-Malvinas Confluence zone in the South
Atlantic Subtropical Convergence [Talley, 1996; Tomzack and Godfrey, 1994;
Stramma and England, 1999; Silveira et al.,, 2000]. The proximity of the

formation region indicates that those waters masses were recently in contact
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with the atmosphere. Thus, they are prone to absorb larger quantities of Can
before sink and reach the study region.

It is known that, due to C,n intrusion the Qa, saturation horizon is
becoming shallower [Feely, et al., 2004; Chierici and Frasson, 2009; Zeebe,
2012]. As a result of the effect of pressure under the solubility of CaCOg3, the
surface waters present higher Q values than deeper waters (Table 3; Fig. 10d
and h; Fig. 11d and h; and Fig.12b and d; Zeebe, 2012). It is important to
observe that CaCOg; is formed in surface waters, while it dissolves in deep
waters. As the saturation horizon decreases, dissolution of CaCOg3 occurs in
shallower waters. This have a great impact on calcifying organisms, since they
face more difficulties to survive, considering it will be harder to build and
maintain their shells and other body CaCOj; structures [Feely et al., 2004;
Andersson, 2015]. Hence, as Qar is more soluble than Qc,, and have a
controlling effect in calcification rates, this mineral phase is considered to be a
good indicator of ocean acidification state [Millero, 2007; Wanninkhof et al.,
2015].

Despite the great intrusion of C, (Table 3), saturation states have not
yet been markedly affected and waters masses remain supersaturated.
However, some studies suggested that saturation horizons are already
becoming shallower [e.g. Feely, et al., 2004; Chierici and Frasson, 2009]. The
AAIW showed an average Qa of 1.1 + 0.2, which represents a risk of
undersaturation. Also, there are samples with Qa of 0.9, i.e. undersaturated.
This risk in AAIW is increased by the high C; and low Ar concentrations
observed in this water mass (Table 2), which makes its buffer capacity even

lower than the other water masses in the region [Salt et al., 2015; Feely et al.,
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2004]. Likewise, Salt et al. (2015) speculated that AAIW will be undersaturated
concerning Qarin year 2100 if the increase rate of C,n cOntinues.

The decrease observed in pH was a direct consequence of the excess
absorption of CO,, which changed the equilibrium of the carbonate system.
However, some water masses are more sensible to those changes than others
due to its biogeochemical characteristics (i.e. AAIW that have low At and high
Cr). Deeper waters tend to be more prone to acidification due to its natural
higher concentration of CO, when compared to surface waters.
Remineralization of organic matter and dissolution of CaCOg3 are the main
natural causes of this high CO, concentration in deeper waters. Thus, with the
absorption of more CO, from anthropogenic origin, those waters become more
susceptible to acidification. We found that TW, AAIW and SACW were intruded
by Can With average values of 94.9 + 21.1 umol kg™, 81.9 + 31.8 umol kg™ and
35.9 + 24.1 pmol kg™ respectively. Additionally, Can accumulation combined
with high C+ concentrations has the capacity to decrease the water mass pH.
Since the Industrial Revolution, we ended up with an average acidification of —
0.16 + 0.036 for TW, —0. 17 £+ 0.066 for SACW and —-0.10 £ 0.064 for AAIW. TW
and SACW are found in practically all stations (except for St. EO1; Table 1),
which means that the subsurface and central (100 to 900 m) layers of
Southeast and South shelves of Brazil are already experiencing an acidified
environment. The AAIW is also acidified, but it was only detected in the stations
out of the shelf-break in the open ocean regime (Table 1). Our findings
(maximum acidification rate of -0.0014 yr™) agree with Salt et al. (2015), who
reported an acidification rate of —0.0016 yr* for SACW, in the Western South

Atlantic. Not only the maximum acidification rate, but also the mean value (-
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0.0007 yr') observed for SACW agree with those reported by Orselli et al.
(under review) in the Argentinean Patagonia region.(maximum acidification
trend of —0.0018 yr* and mean of —0.0008 yr').The same is also true for AAIW,
since the mean acidification reported by those authors was —0.11 , while in this
study we find —0.10 since the Industrial Revolution, what reflects an acidification
rate of —0.0004 yr for both studies. Considering the maximum acidification rate
observed in the AAIW from this study (—0.0009 yr?), it agrees not only with the
maximum of —0.0011 yr™ reported by Orselli et al. (under review), but also with
the —0.0010 yr* from Salt et al. (2015).

Goyet et al. (2009) and Hassoun et al. (2015) applied the same approach
to investigate the ocean acidification state in the eastern South Pacific Ocean
and Mediterranean Sea, encountering that the water column in those regions is
already acidified. For the central waters, our findings agree with those reported
by Goyet et al. (2009), since the mean value of Cay ~80 umol kg™ was reported
for the Eastern South Pacific Central Water and we report in this study a mean
value of 81.9 umol kg™t in the SACW. Considering the same water mass
(SACW), our results resembles the mean value of 87.2 pmol kg™ from Orselli et
al. (under review).

When looking to the C,,; content of intermediate waters, results found
here for the Western South Atlantic ocean (AAIW ~36) not only agrees with
Orselli et al. (under review), but also agree with those from Mikaloff Fletcher et
al. (2002), Lo Monaco et al. (2005), Salt et al. (2015) and Woosley et al. (2016)
in the South Atlantic, and Evans et al. (2017) for the South Atlantic and crossing
the Drake passage. In addition, a large C,n Storage at midlatitudes is related to

the AAIW [DeVries, 2014]. It is also important to highlight that the higher
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storage in the South Atlantic is located up to 2000m, mainly upper 1000m, in a
comparative study considering many different methods [Khatiwala et al.
2013].Considering the fact that no Can was found in NADW, it is consistent to
what is expected in this region, due to the large advection time of NASDW from
the formation region to the South Atlantic. In addition, it agrees with Sabine et
al. (2004), Vazquez-Rodrigues et al. (2009), Orselli et al. (under review) and
Woosley et al. (2016). In the same way, Kerr et al. (2017) have applied this
approach too in the Gerlache Strait (Southern Ocean). Thus, robust results
based on the approach used here have already inferred about seawater
acidification change in coastal/shelves seas and open ocean regions all around

the global ocean.

6. Conclusions

The C,n estimated through the TrOCA method in the western South
Atlantic Ocean showed an intrusion in the water column up to about 1700 m.
Below the surface layer, TW, SACW and AAIW showed large storage of Cgn,
with averages of 94.9 pmol kg™, 81.9 umol kg™* and 35.9 pmol kg™,
respectively. The large C,y inventory reflects on lower pH values and,
consequently, on an ocean acidification scenery for those water masses. SACW
showed the highest decrease in pH with a maximum trend, of —0.0014 yr* since
the Industrial Revolution, whereas AAIW showed a maximum ApH trend of —
0.0009 yr. Both results were in agreement with other studies, which showed
largest seawater acidification levels for intermediate and central waters layers
[Salt et al., 2015; Orselli et al., under review; Rios et al., 2015; Hassoun et al.,

2015].
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Although there is a high concentration of C,, and a considerable pH
decrease in the central and intermediate layers, the Qc, and Qa have
maintained their expected supersaturated state in the region. AAIW is the only
water mass in the study region that is potentially in risk of undersaturation of
Qar.

Finally, we presented novel data of the carbonate system in this
undersampled area of the global ocean and infer about the potentially changes
in the marine biogeochemistry that the shelf-break zone of the Western South
Atlantic Ocean has been recently experienced. The quantification of the Cyy in
this specific region, opens a range of possibilities to explore the future
investigations on the role of Western South Atlantic Ocean in the global carbon

budget and inventory.
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Capitulo IV: Sintese dos Resultados e
Discussao

Um total de seis massas de agua foram identificadas na area de estudo
utilizando os indices termohalinos determinados por Mdller et al. (2008) e

Emery (2003), sendo estas PPW, STSW, TW, SACW, AAIW e, NADW.

A correlacao superficial entre NATr e NCt (r=0.82), considerando dados
de toda a coluna de agua, mostra que o processo predominante que regula a
variabilidade espacial desses parametros € a diluicdo e a evaporacdo. A
diluicdo das aguas pode ser causada tanto pelo aporte de agua doce (PPW e
STSW) oriundo das descargas continentais proximas a regido quanto pela
intrusdo, em plataforma, de massas de agua offshore com salinidade
relativamente baixa (e.g. AAIW). Os altos valores de Ar encontrados na
superficie, média de 2366,4 pmol kg™, podem ser explicados pela salinidade

elevada da area, média de 36.09 + 1. Dado que CO5~ e HCO; sao
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componentes principais da agua do mar, a distribuicdo de Ar comporta-se em
grande parte como uma funcéo linear da salinidade, ou seja, maiores valores

de Ar quando a salinidade é maior [Millero, 2007; Cai et al., 2010].

As altas concentracbes de C,n encontradas na coluna de agua das
zonas de plataforma continental sul e sudeste do Brasil mostram que o oceano
Atlantico Sul, especialmente a regidao sudoeste, desempenha um importante
papel como acumulador do excesso de CO, na atmosfera. Esses resultados
sao corroborados pelos trabalhos de Rios et al. (2010, 2012), Wanninkhof et al.
(2010), Lencina-Avila et al. (2016) e Woosley et al. (2016). Esse fato €
corroborado também pelo baixo fator de Revelle, entre 9 e 11, nas aguas
superficiais, 0 que indica que a capacidade tampao € maior e, que a agua é
propensa a absorver CO, [Sabine et al., 2004, Millero et al., 2007]. Quanto
maior o fator Revelle, menor a capacidade de absorver CO, Macneil e Sasse
(2016) estimaram que até 2100 o fator Revelle em agua subtropicais
aumentaria de 9 para 13 devido a forgcantes antropogénicas, o que corrobora
com um valor médio de 12.4, reportado para o conjunto de dados analisados

na regiao de estudo .

Além disso, verificamos que as aguas centrais e intermediarias ja estéo
acumulando alta concentragdo de C,n, provavelmente devido a proximidade da
regido de estudo com a regido de formacdo da AAIW e da SACW. A primeira é
formada na camada superficial da Corrente Circumpolar Antartica, no leste do
oceano Pacifico Sul e a ultima tem sua formagdo na zona de Confluéncia
Brasil-Malvinas, na Convergéncia Subtropical do Atlantico Sul [Talley, 1996,
Tomczak e Godfrey, 1994, Stramma e England, 1999]. A proximidade da regido

de formacdo indica que estas massas de aguas estavam em contato recente
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com a atmosfera, potencializando uma maior captacdo do C, desde sua
formacgéo até a ventilagdo das camadas centrais e intermediarias do oceano,

na regiao de estudo.

hY

Devido a captacdo de C,n, 0 horizonte de saturagdo Qa esta se
tornando mais raso. Como resultado do efeito da presséo sob a solubilidade de
CaCOgs, as aguas superficiais apresentam valores de Q mais altos que as
adguas mais profundas. E importante observar que CaCO; é formado ou
precipitado em &guas superficiais, enquanto se dissolve em aguas mais
profundas [Zeebe, 2012]. A medida que o horizonte de saturacdo diminui, a
dissolugdo de CaCOj; ocorre em aguas mais rasas. Isso tem um grande
impacto nos organismos calcificadores, uma vez que estes encontram maior
dificuldades para sobreviver, ou seja, havera& uma maior dificuldade no
desenvolvimento dos organismos marinhos para construir e manter suas
conchas e outras estruturas corporais formadas por CaCOj;. Portanto,
alteracdes do Qar € considerado um bom indicador do estado de acidificacdo

oceanica [Millero, 2007; Wanninkhof et al., 2015].

Apesar da grande intrusdo de C,n, 0S estados de saturacdo do CaCOg
ainda ndo foram afetados de forma marcante e as aguas permanecem
supersaturadas. Entretanto, alguns estudos sugerem que o0s horizontes de
saturacao ja estéao ficando mais rasos em outras regides do globo [Feely, et al.,
2004; Chierici e Frasson, 2009]. A AAIW mostrou uma média de Qa, de 1.1 +
0.2 (ha amostras com Qa; de 0.9), o que representa um risco potencial de
subsaturagdo. O risco na AAIW é aumentado pelas altas concentracdes de Cr
e baixas concentracdes de At observadas nesta massa de agua, o que torna a

sua capacidade tampao ainda menor do que as outras massas de agua na
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regido [Salt et al., 2015; Feely et al., 2004]. Da mesma forma, Salt et al. (2015)
mostram que se a taxa de aumento de Can cOntinuar nos niveis atuais, a AAIW

estara subsaturada em relacédo a QAr no ano 2100.

A diminuicdo do pH é uma consequéncia direta do excesso de absor¢cédo
de CO; e da mudanca no sistema carbonato [Doney et al., 2009]. No entanto,
algumas massas de agua sdo mais sensiveis a essas mudancgas do que outras.
As aguas mais profundas tendem a ser mais propensas a acidificacdo devido a
sua maior concentracdo natural de CO,, quando comparamos com as aguas
superficiais. Verificou-se que a TW, AAIW e SACW foram invadidas por Cgan
(médias de 94,9 + 21,1 pmol kg™, 81,9 + 31,8 pmol kg™ e 35,9 + 24,1 pmol kg™
! respectivamente), esta intrusdo aliada a altas concentracées de CT, diminuiu
o pH. Desde a Revolucao Industrial, relatamos uma acidificacdo média de —
0.16 + 0.036 para TW, —0.17 £+ 0.066 para SACW e —0.10 = 0.064 para AAIW, o
que estd de acordo com o0s estudos recentes de Salt et al. (2015), para o
Atlantico Sul ocidental e Orselli et al. (em revisao), para a regido da plataforma

continental da Patagbnia Argentina.
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Capitulo V: Sintese das Conclusodes

As estimativas usando o método TrOCA mostraram intrusao de Cant Na
coluna de agua até cerca de 1700 m de profundidade. Abaixo da camada
superficial, TW, SACW e AAIW apresentaram maiores concentracdes de Cant,
com médias de 94,9 umol kgt 81,9 umol kg' e 359 umol kg?,
respectivamente. Esta intrusdo se reflete na diminuicdo dos valores de pH e,
consequentemente, em um cenario de acidificagdo oceanica para essas
massas de dgua. A SACW apresentou a maior diminuicdo do pH com uma
tendéncia méaxima de -0.0014 ano™, desde a Revolucdo Industrial, enquanto a
AAIW mostrou uma tendéncia ApH maxima de -0,0009 ano™. Ambos os

resultados estdo em concordancia com outros estudos, que mostram niveis

82



maiores de acidificagdo em &guas centrais e intermediarias [Salt et al., 2015;

Orselli et al., Sob revisdo; Rios et al., 2015; Hassoun et al., 2015].

Mesmo havendo uma grande intrusdo de Cg,n €, uma consideravel diminui¢éo
do pH, 0 Qca e Q4 ainda estdo mantendo seus estados de supersaturacao. A
AAIW é a Unica massa de agua em risco potencial de subsaturacdo de Qg

com um valor médio de 1,1.

A falta de dados do sistema carbonato no oceano Atlantico Sul é
amplamente conhecida. Aqui, nés apresentamos novos dados do sistema
carbonato nesta area subamostrada do oceano global. Também inferimos
sobre as potenciais mudancas na biogeoquimica marinha que a zona de
quebra de plataforma do Atlantico Sul ocidental tem sofrido. Quantificar 0 Cgp
nesta regido especifica abre uma gama de possibilidades para aprofundar as
investigacdes sobre o papel do sudoeste do oceano Atlantico Sul no balanco

global e inventario de carbono dos oceanos.
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Capitulo VI: Material Suplementar

Stations Number of Samples Samples Depths (m)
EO1 4 4, 25,50 and 99
E02 4 6, 62, 78 and 143
EO3 5 6, 46, 152, 354 and 672
EO4 5 76, 142,478,727 and 1125
EO5 6 6, 103, 203, 507, 1008 and
1343
EO6 4 6,111, 307 and 681
EQ7 4 6,71, 226 and 420
EO8 4 7,51, 115 and 165
E09 4 6, 63, 98 and 182
E10 3 7,59 and 112
E1l 4 5, 100, 223 and 397
E12 6 7,90, 288, 509, 796 and
908
E13 8 6, 84, 252, 666, 889, 1315,
1820 and 2168
E14 6 5,52, 126, 185, 352 and
473
E15 4 5,52, 115 and 152
E16 4 5,71, 132 and 250
E17 5 8, 82,162, 423 and 599
E18 4 7,22,75and 118
E19 4 5, 96, 182 and 280
E20 6 20, 76, 282, 626, 759 and
933
E21 10 5, 85, 181, 252, 504, 806,
1008, 1261, 1516 and 2024
E22 5 5, 70, 232, 354 and 567
E23 3 6, 77 and 164
E24 10 5,81, 170, 303, 406, 508,
510, 723, 823 and 1024
E25 4 7,78, 229 and 654
E26 3 6, 22 and 68
E27 3 5,17 and 52

Table 4: Number and depth (m) of discrete seawater samples taken in each of the 27
hydrographic stations.
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