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• In the Argentine Basin there is an in-
crease in anthropogenic carbon at all
depths.

• Acidification by carbon uptake is being
enhanced by natural processes.

• The loss of carbonate affects upper and
intermediate water masses: SACW,
SAMW, AAIW

• The imminent carbonateundersaturation
in AAIW is virtually unavoidable.
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The chemical conditions of the Argentine Basin (western South Atlantic Ocean) watermasses are evaluatedwith
measurements from eleven hydrographic cruises to detect and quantify anthropogenic and natural stressors in
the ocean carbon system. The database covers almost half-century (1972–2019), a time-span where the mean
annual atmospheric carbon dioxide concentration (CO2

atm) increased from 325 to 408 ppm of volume (ppm).
This increase of atmospheric CO2 (83 ppm, the 64% of the total anthropogenic signal in the atmosphere) leads
to an increase in anthropogenic carbon (Cant) across all thewater columnand the consequent ocean acidification:
a decrease in excess carbonate that is unequivocal in the upper (South Atlantic Central Water, SACW) and inter-
mediate water masses (Sub Antarctic Mode Water, SAMW and Antarctic Intermediate Water, AAIW). For each
additional ppm in CO2

atm the water masses SACW, SAMW and AAIW lose excess carbonate at a rate of 0.39 ±
0.04, 0.47 ± 0.05 and 0.23 ± 0.03 μmol·kg−1·ppm−1 respectively. Modal and intermediate water masses in
theArgentineBasin are very sensitive to carbon increases due lowbuffering capacity. The large rate of AAIWacid-
ification is the synergic effect of carbon uptake combined with deoxygenation and increased remineralization of
organicmatter. If CO2 emissions follows thepath of business-as-usual emissions (SSP 5.85), SACWwould become
undersaturated with respect to aragonite at the end of the century. The undersaturation in AAIW is virtually
unavoidable.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
es (CCMAR), Universidade do

elo@iim.csic.es (A. Velo),
F. Pérez).

.V. This is an open access article und
1. Introduction

The unabated increase in atmospheric carbon dioxide (CO2
atm) con-

centration due anthropogenic emissions is the main driver of the cur-
rent climate change (Pörtner et al., 2019). The uptake of an important
fraction (~30%) of the anthropogenic carbon dioxide by the ocean
(Cant), mitigates global warming reducing the rate of increase in CO2

atm
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(Sabine et al., 2004). This Cant uptake has a negative counterpart for the
ocean: a change in their chemical conditions that is commonly referred
to as ocean acidification (Caldeira and Wickett, 2003; Raven et al.,
2005). Like climate change, ocean acidification is a global process with
spatial heterogeneities: the Atlantic Ocean, due to its chemical proper-
ties and meridional circulation (Perez et al., 2018), is the ocean with
the largest Cant storage (Khatiwala et al., 2013).While theNorth Atlantic
has received much more attention (Fröb et al., 2018; Pérez et al., 2013;
Pérez et al., 2010), the South Atlantic rate of Cant increase has been argue
to be even larger than in the North Atlantic (Wanninkhof et al., 2010).
The convey of Cant loaded mode and intermediate waters through the
upper cell of the meridional overturning circulation in the Southern
Hemisphere (Pardo et al., 2014) results in large storage rates within
the latitude band 50°-30°S (Mikaloff Fletcher et al., 2006). In the South
Atlantic, where an anomalously high accumulation of Cant have been re-
ported for the period 1994–2007 (Gruber et al., 2019), the western ba-
sins (Argentine Basin, Brazil Basin) are the main regions for the sink of
Cant (Ríos et al., 2012).

In the Argentine Basin, a region with high primary production
(Behrenfeld and Falkowski, 1997) and a strong CO2

atm sink (Rödenbeck
et al., 2015), the subduction of modal and intermediate water masses
of subantarctic origin below subtropical water masses isolates them
from atmospheric influence (Jullion et al., 2010). In analogy with
North Atlantic deep water formation regions that are hotspots for
tracers to be conveyed through the interior ocean (Perez et al., 2018)
and long-time sequestered (Fontela et al., 2019), the influence of this
subduction in the chemical status of the water masses require a close-
up evaluation with the newest data available.

The Argentine Basin is characterized for the confluence of Antarctic
water masses and water masses coming from the north (Stramma and
England, 1999; Valla et al., 2018). The upper layer circulation is condi-
tionedby theMalvinas Current, the northernmost branch of theAntarctic
Circumpolar Current (Subanctartic Front, SAF) in their northward
cyclonic loop over the Argentine Basin (Fig. 1). The cold and fresh
Malvinas Current, that was originated in the Drake Passage, encounters
Fig. 1. Map of the Argentine basin in the Southwest Atlantic Ocean. The location of the
stations used in this study and the year are represented according with the legend. Note
that the years 1994, 2001, 2002, 2013 and 2019 are repetitions of the same section. The
Vema Channel (VC) and the Malvinas/Falkland Islands (M/F-I) are the northern and
southern limits respectively of the measurements used in this study. The westernmost
limit is the Patagonian shelf and the easternmost limit is the 30°W longitude. The
schematic diagram of the large-scale circulation is adapted from Mémery et al., (2000);
Stramma and England, (1999); Talley et al., (2011) and Valla et al., (2018). The track of
cruises represented in Figs. 2 and 3 across the GO-SHIP A17 (A10) section is represented
with red circles (purple diamonds). Acronyms: Subanctarctic Front (SAF), Antarctic
Circumpolar Current (ACC), Brazil-Malvinas Confluence (BMC), North Atlantic Deep
Water (NADW), Antarctic BottomWater (AABW).
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the southward flowing western boundary current of the South Atlantic
subtropical gyre, the Brazil Current (Jullion et al., 2010). The highly dy-
namic region of transition between these two currents is the Brazil–
Malvinas Confluence (BMC, Fig. 1) (Artana et al., 2018). The intermediate
circulation is characterized by the northward circulation of Antarctic In-
termediate Water (AAIW). Deep circulation is marked by the collide be-
tween Circumpolar Deep Water (CDW) in northward direction and
North Atlantic Deep Water (NADW) flowing southward within the
deep western boundary current (Mémery et al., 2000). In the abyssal
layer Antarctic Bottom Water (AABW), the coldest and densest water
mass produced in the Southern Ocean, spreads northward constrained
by bottom topography (Talley et al., 2011).

Argentine Basin water masses has gain Cant and suffer acidification
(Orselli et al., 2018; Salt et al., 2015) from the surface to the bottom
(Ríos et al., 2015; Ríos et al., 2012). AAIW and CDW are water masses
very sensitive to changes in carbonate due Cant uptake (González-
Dávila et al., 2011). Furthermore, the content of dissolved oxygen (O2)
is declining in the South Atlantic during the past five decades of obser-
vations (Schmidtko et al., 2017). In this century, not only the formation
of AABW has been reduced (De Lavergne et al., 2014), but also it has
warmed (Johnson et al., 2020; Meinen et al., 2020; Zenk and Morozov,
2007), freshened (Anilkumar et al., 2015; Jullion et al., 2013; Menezes
et al., 2017; Rintoul, 2007; Swift and Orsi, 2012) and acidified (Ríos
et al., 2015).

All these characteristics, in combination with their geographical lo-
cation close to the Southern Ocean, makes this basin relevant for the
carbon cycle at global scale. In this study, almost five-decades of ocean
acidification trends across the whole water column of the Argentine
Basin are evaluated with the most updated databases based on in situ
measurements of carbon-system variables.

2. Data and methods

2.1. Database assembling

The Argentine Basin is defined by the oceanic realm comprised be-
tween latitudes 51°–30° S and longitudes 60°–30° W. In that region,
data mining of high-quality oceanographic chemical tracers: nutrients
(nitrate –NO3–, phosphate –PO4–, silicate –SiO4–) and carbon system
variables (pH, dissolved inorganic carbon –DIC-, total alkalinity –TA–)
were gathered to evaluate the evolution of the chemical conditions
(Cant, excess carbonate –xc[CO3

2−]–) in the Argentine Basin. Only cruises
with measurements for at least two carbon variables (pH/TA, TA/DIC,
DIC/pH, Supp. Info Table S1) were selected. The assembled database
comprised a total of eight cruises presents in GLODAPv2 (Olsen et al.,
2016, 2020) and three cruises in CLIVAR, Carbon Hydrographic Data
Office (http://cchdo.ucsd.edu/). These datasets are subject to quality
control procedures (Key et al., 2010, 2015; Velo et al., 2010) and each
water sample is flagged properly. The complete list of cruises (eleven)
with their correspondent Expocode is available in Supp. Info Table 1.
The combined dataset has a time span of 47 years (1972–2019). The
last two cruises, 2017 and 2019, are in GLODAP since the update of
2019 (Olsen et al., 2019) and 2020 (Olsen et al., 2020), respectively.
Table 1
Water mass vertical distribution into layers delimited by potential density (σrefpressure)
isopycnals.Water mass names, acronyms, and upper and lower limits of potential density.

Water masses Acronym Upper limit
(kg·m−3)

Lower limit
(kg·m−3)

South Atlantic Central Water SACW >100 m σ0 = 26.5
Sub Antarctic Mode Water SAMW σ0 = 26.50 σ0 = 27.10
Antarctic Intermediate Water AAIW σ0 = 27.10 σ0 = 27.40
Circumpolar Deep Water – North
Atlantic Deep Water

CDW-NADW σ0 = 27.40 σ4 = 45.90

Antarctic Bottom Water AABW σ4 = 45.90 Seafloor

http://cchdo.ucsd.edu/
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To the best of our knowledge, high-quality carbon measurements (pH
and TA) for the GO-SHIP A17 section in the year 2019 (April–May, R/V
BIO Hespérides), included here, has not been used up to date in any
other study.

2.2. Layer separation

Themainwater masses found in the Argentine Basin have specific
properties in temperature, salinity, inorganic nutrients and ventila-
tion tracers (CFCs) that allows their recognition (Mémery et al.,
2000). The vertical water mass distribution along the whole water
column is delimited in five layers by potential density isopycnals
(Table 1, Fig. 2). Previous studies in the zone have used similar
water mass characterization (Ríos et al., 2015; Ríos et al., 2012; Salt
et al., 2015). As the current analysis is focused exclusively in the Ar-
gentine Basin, and not in the southwestern Atlantic (Ríos et al., 2012;
Salt et al., 2015) or the complete Atlantic Ocean (Ríos et al., 2015),
some adjustments has been made to the layer separation: CDW and
NADW share the same isopycnals and they are not divided in upper
and lower cores.

The no separation between CDW and NADW is based in (i) the fact
that they collide with each other at the same densities (Mémery et al.,
2000); (ii) that south of Vema Channel (our northern limit) the
NADWprogresses as a relatively saline tongue between CDW at depths
2000–4000 m (Álvarez et al., 2014), and therefore, a careful analysis of
the diapycnal mixing processes would be required to disentangle
water masses in this layer, and last; (iii) that similar water mass charac-
terization was used in previous studies (Ríos et al., 2012).
Fig. 2. Vertical distribution of (A, C) potential temperature (°C) and (B, D) salinity for a latitudi
(from50°S to 30°S, upperfigures) is from theA17 section south of Vema Channel at the year 201
at the year 2017. The plot is the vertical distribution (m) between surface and bottom (maximu
the longitudinal section). The water masses are separated by black lines of potential density ac
scale is not linear. Sections were generated using Ocean Data View (Schlitzer, 2020).

3

The surface layer (<100 m) is not included in the calculation of
the mean annual layer concentration to avoid seasonal effects. Sea-
sonality in the surface most layer cannot be evaluated with the as-
sembled Argentine Basin database, since it does not include carbon
measurements between the months May to October (Supp. Info
Fig. S1).

2.3. Carbon system calculations

Carbon system calculations follows the recommendations by
Dickson et al. (2007) andwere donewith the CO2 dissociation constants
of Lueker et al. (2000), the constant for the sulphate dissociation of
Dickson (1990) and the constant for fluoride association of Pérez and
Fraga (1987). For the concentration of total boron it was used the
Uppström (1974) formulation. Computations were done in the R lan-
guage with the public software package Seacarb (Gattuso et al., 2020).

Anthropogenic carbon (Cant) was estimated with the biogeo-
chemical back-calculation ϕCT° method (Pérez et al., 2008;
Vázquez-Rodríguez et al., 2009). It is a process-oriented method
that uses the subsurface layer as reference for water mass formation
conditions avoiding the seasonal variability of the upper layers
(Vázquez-Rodríguez et al., 2012). Furthermore, the method does not
set an arbitrary zero-Cant reference which introduce bias in deep-
water Cant estimates (Lo Monaco et al., 2005). The ϕCT° method has
been validated for the South Atlantic (Vázquez-Rodríguez et al., 2009)
and has an overall uncertainty of ±5.2 μmol kg−1. The difference be-
tween DIC and Cant is the natural fraction of dissolved inorganic carbon
(DICnat = DIC - Cant).
nal (A, B) and a longitudinal (C, D) section across the Argentine Basin. Latitudinal transect
9. Longitudinal transect (from52°W to 30°Wat the latitude band35°S) is fromA10 section
mdepth around6000m at 46°S 53°W for the latitudinal section, and 4500 at 35°S 45°W for
cording to the layer separation. White dots (A, C) represent samples. Note that the depth-
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The ratio between the ion product of the concentrations of calcium
and carbonate and the aragonite solubility product (KArg) at in situ con-
ditions of temperature, salinity, and pressure (Feely et al., 1984) is the in
situ degree of aragonite saturation (ΩArg) (Eq. (1)):

ΩArg ¼
Ca2þ
h i

CO2−
3

h i
is

KArg
ð1Þ

whenΩArg > 1 (ΩArg < 1), seawater is supersaturated (undersaturated)
with respect to aragonite. The [CO3

2−] at saturation (ΩArg = 1) is there-
fore (Eq. (2)):

CO2−
3

h i
sat ΩArg¼1ð Þ ¼

KArg

Ca2þ
h i ð2Þ

the ratio between the stoichiometric solubility product (KArg) and
the concentration of the conservative ion calcium ([Ca2+]), that is de-
pendent of salinity (Dickson et al., 2007; Millero et al., 2008). Both
KArg and [Ca2+] were calculated with the seacarb package (Gattuso
et al., 2020). The difference between [CO3

2−]is and the [CO3
2−] at arago-

nite saturation ([CO3
2−]sat(ΩArg=1)), is the excess of carbonate over ara-

gonite saturation (xc[CO3
2−]) (Orr et al., 2005; Perez et al., 2018). The

use of xc[CO3
2−] as a measure of the real concentration available for ma-

rine calcifiers has been used before as a quantitative measurement of
the chemical conditions that marine calcifiers are exposed to (Fontela
et al., 2020).

2.4. Statistical analysis

Mean annual water mass concentration for selected tracers grouped
by year of the cruise and layer is compared against themaindriver of cli-
mate change: the concentration of CO2

atm (Stocker et al., 2013) in parts
per million of volume (ppm). The robust fit to estimate tracer evolution
(Figs. 4–5) is calculated with the function rlm of R package MASS
(Venables and Ripley, 2002). The linear fit is done by iterated re-
weighted least squares, where the weights are the inverse of the stan-
dard deviation for all the available measurements for each year and
layer. Note thatwith thatweighting,we are using a cautionary approach
because errors are larger than the computational uncertainties of the
carbon system. Statistical results and rates of change with respect
CO2

atm concentration (in ppm) for the main climate change stressors
are in Table 2 and Supp.Info Table S2. The rate of anthropogenic distur-
bance of chemical properties versus time is also available in Supp. Info
Table S3. The number of samples by year and layer is available in
Supp. Info Fig. S2.

2.5. Data availability

All the data used in this study come from the open access databases:
GLODAPv2 (https://www.glodap.info/) and CLIVAR, Carbon Hydro-
graphic Data Office (CCHDO, http://cchdo.ucsd.edu/).

The mean annual concentration of atmospheric CO2 (in parts per
million of volume, ppm) for the year of the cruise was taken from the
Table 2
Observed trends inArgentine Basinwatermasses.Watermass acronyms: South Atlantic Central
Circumpolar DeepWater and North Atlantic DeepWater (CDW-NADW) and Antarctic BottomW
pHisT is in total scale at in situ (subscript “is”) conditions.

Water
masses

Cant
(μmol kg−1 ppm−1)

xc[CO3
2−]

(μmol kg−1 ppm−

SACW 0.51 ± 0.02 −0.39 ± 0.04
SAMW 0.35 ± 0.03 −0.47 ± 0.06
AAIW 0.23 ± 0.05 −0.23 ± 0.03
CDW-NADW 0.09 ± 0.03
AABW 0.11 ± 0.04
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ESRL's Global Monitoring Laboratory of the National Oceanic and Atmo-
spheric Administration (NOAA) located in the South Pole (SPO) obser-
vatory (https://www.esrl.noaa.gov/gmd/obop/spo/) [Dlugokencky and
Tans, (2020); last time accessed: 17/04/2020]. The CO2 growth rate reg-
istered in the SPO is representative for the Southern Hemisphere (Ciais
et al., 2019). The monthly concentration of atmospheric CO2 at SPO is
available since summer 1975. As the oldest data in our Argentine
Basin database is from 1972, the mean annual concentration of atmo-
spheric CO2 for the year 1972 was estimated as the mean annual con-
centration of atmospheric CO2 in Mauna Loa (available since 1959)
corrected by the mean difference between annual values of Mauna
Loa and SPO for the complete time series.

R code files to reproduce the Argentine Basin database, to analyse
the data and to generate the results and the trend figures that
support the findings of this study are available in the supplementary
information and in the Github repository: https://github.com/
mfontela/ArgentineBasin (Bengtsson, 2018; Dragulescu and Arendt,
2020; Fontela, 2021; Pante and Simon-Bouhet, 2013; Ren, 2016;
Wickham et al., 2019).

3. Results

The vertical distribution of potential temperature and salinity across
the Argentine Basin is shown in Fig. 2. The latitudinal section (50°-30° S,
Fig. 2 A-B) is part of the GO-SHIP section A17 of 2019 (Expocode:
29HE20190406, Fig. 1). The longitudinal section (Fig. 2 C–D) is part of
the GO-SHIP section A10 of 2017 (Expocode: 06M220170104, Fig. 1).

In temperature (salinity), there is latitudinal variability (Fig. 2A-B) in
upper and intermediate layers with colder (fresher) waters in the
southern region. In the surface, the gradient of thermohaline properties
changes from cold, fresh waters in the southernmost latitudes towards
warm (>20 °C) and salty (>36) waters towards 35°S. The eddies
(44°S and 40°S, Fig. 2 A–B) are produced by the BMCwhile the SAF sup-
poses a steep change in salinity towards fresher waters around 45°S.
The subduction of upper and intermediate water masses under the
upper-ocean water masses of the subtropical gyre is clearly visible in
the latitudinal sections (Fig. 2 A-B) and their properties arrive until
the northward limit of the basin (longitudinal sections, Fig. 2C–D).

Subantarctic Mode Water (SAMW) density band outcrops at the
south of the SAF (~45°S), subducting modal water in equatorial direc-
tion just below poleward moving central waters (McCartney, 1982;
McNeil et al., 2007). Alike, the upward tilt of the 27.1 kg·m−3 isopycnal,
the upper limit of AAIW, points that the outcrop of this intermediate
water mass is south of the Argentine Basin (Fig. 2A), in the Drake
Passage (Evans et al., 2017). Once stabilized after subduction, the limit
between AAIW and deeper waters is located around 1200 m north of
SAF. There is a salinity minimum in the first 500 m depth at latitudes
south of SAF that deepens northward and follow the 27.1 < σ0 < 27.4
potential density line (700–1200 m depth) moving with the AAIW in
equatorward direction. The AAIW is identified all along the Argentine
Basin as a band of lower salinity than its surroundings. Below AAIW
and to ~3200 m depth, the largest volume in the Argentine basin is oc-
cupied by the density band where CDW and NADW collide with each
other. The amount of CDW flowing from the Antarctic Circumpolar
Water (SACW), SubantarcticModeWater (SAMW), Antarctic IntermediateWater (AAIW),
ater (AABW). Only robust fit trends with a statistical p-value <0.005 have been included.

1)
pHisT
(x103 pH units ppm−1)

DICnat

(μmol kg−1 ppm−1)

−1.06 ± 0.05 0.16 ± 0.05
−1.50 ± 0.09 0.28 ± 0.04
−1.09 ± 0.13 0.15 ± 0.07

0.03 ± 0.01

https://www.glodap.info/
http://cchdo.ucsd.edu/
https://www.esrl.noaa.gov/gmd/obop/spo/
https://github.com/mfontela/ArgentineBasin
https://github.com/mfontela/ArgentineBasin
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Current (ACC, Fig. 1) occupies more volume in the basin than NADW,
but the relevance of NADW increases towards the northward limit
(Álvarez et al., 2014). This can also be seen in the deep salinity maxi-
mum near the Vema Channel that is associated with NADW coming
from the north (Fig. 2B at latitudes <35°S and Fig. 2D at 1500-3000 m
depth). There are potential temperatures below 0 °C in the deepest
layer of AABW. In AABW there is a northward increase in temperature
(salinity) due progressive mixing with the warmer (saltier) NADW
above it.

The vertical distribution of xc[CO3
2−] and Cant across the Argentine

Basin is shown in Fig. 3. Vertical distribution shows high Cant values
near the surface (~70–80 μmol·kg−1), a subsequent decrease with
depth, and a further increase in the deepest layers. The gradient of de-
crease is particularly strong in the intermediate layers, from surface to
1000 m depth. Below AAIW, concentrations remain almost constant
(<10 μmol·kg−1) until bottom waters that are above 10 μmol·kg−1.
Cant is detected across all depth levels and the Cant penetration follows
the subducted isopycnals. The latitudinal section show that upper layers
increase their Cant content in equatorward direction, in agreement with
the current view that subtropical waters are important Cant uptake
zones (Gruber et al., 2019). The longitudinal section depicts very well
the progression of AABW with Cant values higher than 10 μmol·kg−1

below the NADW intrusion that progress through the Vema Channel
and the western boundary current (Fig. 3C–D).

The xc[CO3
2−] values decrease with depth, from supersaturated

(xc[CO3
2−] > 0) surface waters with more than 100 μmol kg−1 of

xc[CO3
2−], towards abyssal values below−100 μmol kg−1 under satura-

tion (xc[CO3
2−] < 0). At mid-depths there are lower xc[CO3

2−] values in
Fig. 3. Vertical distribution of (A, C) anthropogenic carbon (Cant, μmol kg−1) and (B, D) xc[CO3
2−

Basin. The red dash line (B, D) is theAragonite SaturationHorizon (ASH, 0 μmol kg−1). Latitudina
at the year 2019. Longitudinal transect (from 52°W to 30°W at the latitude band 35°S) is from
bottom (maximumdepth around 6000m at 46°S 53°W for the latitudinal section, and 4500m a
potential density according to the layer separation (acronyms and density values are detailed
were generated using Ocean Data View (Schlitzer, 2020).
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the southern end, creating a gradual southward upward tilt of the iso-
lines. The lowest xc[CO3

2−] is found in the AABW layer at abyssal depths
(>6000 m,−130 μmol·kg−1, Supp. Info. Fig. S3). The longitudinal sec-
tions (Fig. 2 C–D) show no west-east gradients, with the exception of a
pocket of undersaturated water around 2000 m depth close to the Pata-
gonian shelf slope (Fig. 2 D) that is related with the intrusion of NADW
from the Deep Western Boundary Current (Rhein et al., 2015). South of
SAF, the aragonite saturation horizon (ASH) shoals until 700m. North of
the SAF, the ASH takes place at ~1000m, in agreementwith the distribu-
tion of ASH in the South Atlantic (Jiang et al., 2015). The upward tilt of
the 0 μmol·kg−1 isoline that occurs south of the SAF is due downwelling
of recently formed water masses with low xc[CO3

2−] (AAIW, SAMW).
The temporal evolution of mean Cant averages in each of the five

layers for the period between 325 and 408 ppm (1972–2019) is repre-
sented in Fig. 4. The gradient of concentrations between surface and
bottom waters has almost tripled. In 1972 there was a difference of
~20 μmol·kg−1 (less than 30 and 10 μmol·kg−1 in the upper and deeper
layer, respectively) that is around ~55 μmol·kg−1 in 2019 (concentra-
tions larger than 70 μmol·kg−1 in upper central waters and
15 μmol·kg−1 in the deeper layer). The uncertainties of the mean Cant
averages, expressed as standard deviation of the samples, are depen-
dent not only of the number of samples by year and layer but also the
geographical extent of the samples related with the cruise track.

The increase in Cant exists across all depths and water masses. The
trends decrease with depth: while SACW shows a rate of change of
0.51 ± 0.02 μmol·kg−1 ppm−1, AAIW has a trend that is almost half
of that (0.23 ± 0.05 μmol·kg−1 ppm−1), with SAMW in between
(0.35 ± 0.03 μmol·kg−1 ppm−1). In the two deep layers, CDW-NADW
] (μmol kg−1) for a latitudinal (A, B) and a longitudinal (C, D) section across the Argentine
l transect (from50°S to 30°S, upperfigures) is from theA17 section south of VemaChannel
A10 section at the year 2017. The plot is the vertical distribution (m) between surface and
t 35°S 45°W for the longitudinal section). The watermasses are separated by black lines of
in Table 1). Black dots represent samples. Note that the depth-scale is not linear. Sections



Fig. 4.Mean water mass anthropogenic carbon (Cant, μmol kg−1) versus atmospheric CO2

concentration (ppm) in the Argentine Basin. SACW (cyan), SAMW (orange), AAIW
(purple) CDW-NADW (pink) and AABW (light green). All the used data is represented
with small size crosses. Mean annual concentration by layer is represented with filled
squares with a black stroke. Vertical black lines around the annual mean properties are
the uncertainties expressed with the standard deviation. Only robust fit trends
(μmol·kg−1·ppm−1) with a statistical p-value <0.05 have been depicted (Table 2), and
the observed trend is included as a text annotation following the same colour code. The
year of the cruise is represented in the upper x-axis.
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and AABW, the trends are similar. AABW shows an upward trend of
0.11 ± 0.04 μmol·kg−1 ppm−1 and slightly higher concentrations
than CDW-NADW. Uncertainties in the trends increase with depth
mainly due less number of samples.

The evolution of xc[CO3
2−] with respect CO2

atm is represented in Fig. 5.
While the saturated water masses in the upper and intermediate layers
shows decreasing trends, the trend does not exist in the already
undersaturated water masses (CDW-NADW and AABW). The highest
xc[CO3

2−] decrease is not in the uppermost SACW (−0.39 ±
0.04 μmol·kg−1 ppm−1) instead in the modal water, SAMW
(−0.47 ± 0.06 μmol·kg−1 ppm−1). The initial xc[CO3

2−] was close to
20 μmol·kg−1 in AAIW and is now close to the limit of undersaturation
(<0 xc[CO3

2−] μmol·kg−1).
Following with the cautionary approach when dealing with uncer-

tainties, the mean xc[CO3
2−] error that weight the linear model adjust-

ment is 15.5 μmol·kg−1. As example, the minimum error for xc[CO3
2−]
Fig. 5.Mean water mass xc[CO3
2−] (μmol kg−1) versus atmospheric CO2 concentration (ppm) in

and AABW (light green). All the used data is represented with small size crosses. Mean annual
lines around the annual mean properties are the uncertainties expressed with the standard de
been depicted (Table 2), and the observed trend is included as a text annotation followin
undersaturated waters with respect to aragonite. The year of the cruise is represented in the u
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(6.2 μmol·kg−1 in the CDW-NADW layer, computed with 21 samples
over the 2001 track of the A17 section) is still higher than when com-
puted with the uncertainty propagation method (±3.7 μmol kg−1, Orr
et al., 2018).

4. Discussion

The results are supported by ocean carbon measurements spanning
47 years, a period that comprised a total increase in the CO2

atm concen-
tration of 83 ppm. The rate of CO2

atm increase has been above the
mean (>1.7 ppm/yr−1) since the onset of the XXIst century (2.1 ppm/
yr−1, Dlugokencky and Tans, 2020). Changes in potential temperature,
salinity and/or alkalinity can be discarded as stressors of climate change
in Argentine Basin water masses since they do not show any trend at all
(Supp. Info Fig. S3).

This study extends the time span of previous studies of southwest-
ern Atlantic Ocean acidification by fourteen (Ríos et al., 2012), nine
(Salt et al., 2015) and six years (Ríos et al., 2015). The formation and
subduction of mode and intermediate water masses conveys Cant

through the interior Ocean (Sabine et al., 2004). The largest Cant concen-
trations (>70 μmol·kg−1) exists in the central water mass, SACW, in
analogy with the North Atlantic Central Water in the northern hemi-
sphere (Fontela et al., 2020). Water masses with recent ventilation
and subduction have higher Cant concentrations (Pérez et al., 2008;
Ríos et al., 2010). The observed water masses trends for Cant are essen-
tially in agreement with previous evaluations in the South Atlantic.
The Cant uptake rate in SACW (0.51 ± 0.02 μmol·kg−1 ppm−1) is
lower than previously reported (SACW 0.63 ± 0.01 μmol·kg−1 ppm−1,
Ríos et al., 2012). The higher value in Ríos et al. (2012) is related with
the fact that they included a larger subtropical area where the SACW
ismore dominant, and it is in the subtropical areas where water masses
reach Cant concentrations at saturation levels (Gruber et al., 2019). The
Cant increase rate in the modal water SAMW (0.35 ± 0.03 μmol·kg−1

ppm−1, Table 2) and in AAIW (0.23 ± 0.05 μmol·kg−1 ppm−1), when
expressed against the time in years are 0.62 ± 0.03 μmol·kg−1 yr−1

and 0.42 ± 0.08 μmol·kg−1 yr−1 (Supp. Info Table S3). These values
are 17% larger than 0.53 μmol·kg−1 yr−1 and 0.36 μmol·kg−1 yr−1 pre-
viously reported for SAMW and AAIW, respectively (Ríos et al., 2012;
Salt et al., 2015). The synergic effect of two causes are the reason behind
this increase. First, the geographical boundaries of this analysis are ex-
clusively restricted to the Argentine Basin, with younger water masses
than across the complete southwestern Atlantic (Ríos et al., 2012; Salt
the Argentine Basin. SACW (cyan), SAMW (orange), AAIW (purple) CDW-NADW (pink)
concentration by layer is represented with filled squares with a black stroke. Vertical black
viation. Only robust fit trends (μmol·kg−1·ppm−1) with a statistical p-value <0.05 have
g the same colour code. The light red zone below the limit of 0 xc[CO3

2−] represents
pper x-axis.
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et al., 2015;). Second; the larger time span of our study is associated
with an increasing growth rate of CO2

atm (Dlugokencky and Tans,
2020) and with the current trend of increase in CO2 uptake in the area
after 2000 (Landschützer et al., 2016; Rödenbeck et al., 2015). In con-
trast, the Cant uptake trend reported in the AAIW layer (0.23 ±
0.05 μmol·kg−1 ppm−1) agrees with Ríos et al. (2012) (0.21 ±
0.04 μmol·kg−1 ppm−1) and Salt et al., 2015. The uptake of Cant by the
AAIW has remained practically constant the last decade. We detect
the Cant increase trend in the deepest AABW layer, in line with Ríos
et al. (2012) and McNeil et al. (2001), although as expected by their
aging, the increase in Cant at the deep layers is more subtle than in sub-
surface and intermediate waters. The Cant intrusion across all the water
column contrasts with the Cant intrusion only into the upper 1000 m
depicted by the eMLR method (Salt et al., 2015). The increase of Cant

in AABW was not detected under the eMLR approach (Salt et al.,
2015) because it is based on repeated sections 1994–2011not separated
in time more than two decades (Ríos et al., 2012). The existence of the
transient tracer CFC-12 in deep layers of the South Atlantic (Tanhua
et al., 2017) agrees with the idea that Cant concentrations should be
present. Although the anthropogenic influence has reached the deepest
layers, the small magnitude of their signals is not enough from a chem-
ical perspective to infer significant changes in xc[CO3

2−] (Fig. 5) or other
carbon variables (pH, DIC, CO3, Ωaragonite, Supp. Info Fig. S3).

The xc[CO3
2−] of deep waters are lower than those found in the deep

waters of the Northeast Atlantic (Fontela et al., 2020). Ocean acidifica-
tion decreases the xc[CO3

2−], that is, the amount of carbonate available
for marine calcifiers. Here we show that it is extremely likely that the
anthropogenic perturbation in the ocean carbon cycle is decreasing
the concentration of xc[CO3

2−] in the upper and intermediate layers.
The classical pattern of surface waters showing higher acidification
trends than subsurface waters and intermediate waters due direct at-
mospheric uptake is altered in the Argentine Basin. Here, SAMW has a
rate of xc[CO3

2−] loss that is higher (−0.47 ± 0.05 μmol·kg−1 ppm−1)
than the waters above it (SACW, −0.39 ± 0.04 μmol·kg−1 ppm−1).
The same pattern of water mass acidification is also seen in pH:
SAMW has a rate of pH decrease of −1.50 ± 0.09 × 10−3 pH units
ppm−1 while for the SACW is −1.06 ± 0.1 × 10−3 pH units ppm−1

(Table 2). Recalling that Cant uptake is larger in SACW (Table 2, Fig. 4),
this means that modal and intermediate waters are intrinsically more
sensitive to variations in their total carbon content. The low buffering
capacity of SAMW and AAIW (Salt et al., 2015; González-Dávila et al.,
2011) implies larger acidification for the same Cant input that in
SACW. When expressed with respect to the time in years the rate of
pH decrease in SAMW (AAIW) has been reported as
−1.8 ~−1.4× 10−3 pHunits·yr−1 (−1.4 ~−1.2 × 10−3 pHunits·yr−1)
(Ríos et al., 2015; Salt et al., 2015). In the Argentine Basin, for the period
1972–2019, the pH decrease in SAMW and AAIW is almost twice that
values (Supp. Info Table S3): −2.8 × 10−3 pH units·yr−1 and
-2.2 × 10−3 pH units·yr−1, respectively. We suggest that current acidi-
fication trends in modal and intermediate waters are the combined re-
sult of the anthropogenic acidification signal reinforced by natural
processes (Ríos et al., 2015). The relative influence of anthropogenic
versus natural processes can be visualized comparing the theoretical de-
crease in pH computedwith the Cant rate against the observed pH rate of
decrease (Table 2). The fraction of change not explained by the Cant up-
take is the influence of DICnat in the pH decrease. The increase in DICnat
explains the 27% of the pH decrease in SACW and the 44% in SAMW. In
AAIW the increase in DICnat is responsible for the 40% of the observed
pH decrease. The large rate of acidification in modal and intermediate
waters is boosted by organic matter remineralization and the conse-
quent oxygen decrease (increase in apparent oxygen utilization
(AOU), Supp. Info Fig. S5). In AAIW, the observed trends for DICnat,
AOU andO2 supports that the natural fraction of acidification is likely re-
latedwith an increase in biological remineralization. The deoxygenation
trend is in line with the significant oxygen loss in the South Atlantic
since 1960 (Schmidtko et al., 2017). Furthermore, (i) buffering
7

capacities are progressively lost with the uptake of Cant (González-
Dávila et al., 2011); (ii) the uptake of CO2

atm by the ocean in general
(Landschützer et al., 2016), and the Argentine Basin specifically
(Rödenbeck et al., 2015), is increasing since the onset of the XXIst cen-
tury; and (iii) the growth rate of CO2

atm has also increased during the
last decade (Dlugokencky and Tans, 2020) where the previous studies
(Ríos et al., 2012; Salt et al., 2015) does not have measurements. The
combined action of these processes with the downwelling of recently
formed water masses (Jullion et al., 2010) made the Argentine Basin a
hotspot to detect chemical changes in South Atlantic water masses.

It has been reported that AAIW will become undersaturated at the
end of the XXIst century (Salt et al., 2015). In the Argentine Basin, if
the rate of xc[CO3

2−] decrease is maintained, AAIW will become under-
saturated in two decades, anticipating the previous prediction in sixty
years. Under a business-as-usual scenario (Shared Socioeconomical
Pathway SSP 5.85, Riahi et al., 2017), with the current trend of CO2

atm in-
crease and xc[CO3

2−] lose SAMW will be also in undersaturation at the
end of the century. The running out of xc[CO3

2−] from the surface to
mid-layers will suppose a decrease in the volume of suitable habitat
for aragonitic organisms (Negrete-García et al., 2019).

5. Conclusion

Anthropogenic CO2 and ocean acidification in Argentine Basin water
masses have been evaluated with an assembled database of carbon
measurements from eleven oceanographic cruises that spans the time
period 1972–2019. In that 47 years, the mean annual concentration of
CO2

atm in the Southern Hemisphere increased in 83 ppm (from 325 to
408 ppm), altering the chemical signatures of Argentine Basin water
masses at the time of its formation. Anthropogenic CO2

atm uptaken by
the ocean (Cant) has provoked ocean acidification and a significant de-
crease in the amount of carbonate available for aragonitic organisms
in the water masses SACW, SAMW and AAIW. In the last five decades
there was a fast acidification in SAMW and AAIW with rates of pH de-
crease larger than 2 thousandths pH units·yr−1. Besides Cant uptake,
these acidification trends inmodal and intermediatewaters are boosted
by natural processes. Since Argentine Basin is a zone of subduction
where the anthropogenic influence is fast conveyed below subtropical
waters, the uptake of Cant affects all depth levels, including the deepest
AABW.With the inertia of the CO2

atm concentration system, even if carbon
emissions ceased right now, the progression towards undersaturation of
AAIW in the Argentine Basin will be unavoidable.
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