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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic emissions have severely perturbed the marine biogeochemical cycle of lead (Pb). Here, we pre-
Lead sent new Pb concentration and isotope data for surface seawater from GEOTRACES section GA02, sampled in the
Isotopic composition western South Atlantic in 2011. The South Atlantic is divided into three hydrographic zones: equatorial (0-20°S),
ISD:I‘:: Ztoe; subtropical (20-40°S), and subantarctic (40-60°S). The equatorial zone is dominated by previously deposited Pb
GEOTRACES transported by surface currents. The subtropical zone largely reflects anthropogenic Pb emissions from South

America, whilst the subantarctic zone presents a mixture of South American anthropogenic Pb and natural Pb
from Patagonian dust. The mean Pb concentration of 16.7 + 3.8 pmol/kg is 34 % lower than in the 1990s, mostly
driven by changes in the subtropical zone, with the fraction of natural Pb increasing from 24 % to 36 % between
1996 and 2011. Although anthropogenic Pb remains predominant, these findings demonstrate the effectiveness
of policies that banned leaded gasoline.

1. Introduction

Anthropogenic activities have significantly perturbed the biogeo-
chemical cycle of Pb in the last century (Boyle et al., 2014). The com-
bustion of alkyl leaded gasoline was the predominant source of
anthropogenic lead pollution to the environment prior to the gradual
global phaseout since the late 1970s (Nriagu, 1979; Pacyna and Pacyna,
2001). Only recently, when Algeria banned leaded gasoline in July
2021, was the United Nations Environment Programme able to confirm
the complete phaseout of leaded gasoline in all countries of the world
(UNEP, 2021). However, numerous other sources of anthropogenic Pb
pollution to the environment remain, including high-temperature pro-
cesses that emit volatile Pb to the atmosphere, such as non-ferrous metal
smelting, waste incineration, and coal combustion (Komarek et al.,
2008; Nriagu, 1979; Nriagu and Pacyna, 1988; Pacyna and Pacyna,
2001).

The atmosphere, through advection and deposition of aerosols, is the

major pathway of anthropogenic Pb to the ocean (Chen et al., 2016;
Reuer and Weiss, 2002). As Pb has a relatively short residence time in
the atmosphere (<10 days; Niisoe et al., 2010; Reuer and Weiss, 2002)
and surface ocean (2-3 years; Bacon et al., 1976; Kadko et al., 2020;
Nozaki et al., 1976), it is possible to trace back atmospheric inputs and
sources of both anthropogenic and natural Pb in marine surface waters.
Such tracing can be achieved by measuring dissolved seawater and
particulate Pb isotope compositions and comparing these to the known
fingerprints of natural (e.g., dust, rocks) and anthropogenic sources (e.
g., lead ores, coal). Lead has four stable isotopes (?%4pb, 296pp, 297pp,
and 2°8pb), of which 2°*Pb is of primordial origin. The other three iso-
topes are the end products of the radioactive decay of 23°U and 238U (to
207pb and 206Pb, respectively) and 232Th (to 208Pb). The relative abun-
dances of the four Pb isotopes in an ore are therefore determined by the
relative concentrations of U, Th, and Pb in the parent rock from which
the ore formed and the age of the ore body, giving different Pb ores
distinct isotopic fingerprints.
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Studies of oceanic Pb have mainly focused on the North Atlantic
Ocean, which registered the main effects of North American and Euro-
pean emissions from leaded gasoline use in the 20th century. Since the
phaseout of alkyl leaded gasoline in North American and Western Eu-
ropean countries in the 1970s to 1980s, the Pb concentrations of North
Atlantic surface waters have gradually decreased from a peak of ~250
pmol/kg in 1970 to mean levels of ~20 pmol/kg in 2011 (Bridgestock
et al., 2016; Kelly et al., 2009; Weiss et al., 2003). These changes
demonstrate that environmental and public health policies have been
effective in reducing Pb pollution to the atmosphere, and hence the
surface ocean. Compared to the North Atlantic, the dissolved Pb con-
centrations and isotope compositions of seawater in the South Atlantic
Ocean have been less well studied, both in terms of spatial coverage and
the number of samples analysed (Alleman et al., 2001a; Alleman et al.,
2001b; Helmers et al., 1990; Helmers and Rutgers van der Loeff, 1993;
Paul et al., 2015a; Paul et al., 2015b; Pohl et al., 1993; Schlosser et al.,
2019).

Of the countries surrounding the South Atlantic, only Brazil started
with the phaseout of leaded gasoline at around the same time as the
phasing out commenced around the North Atlantic (Nriagu et al., 1996;
Wolff and Suttie, 1994). Brazil completely phased out leaded petrol in
1991 and Argentina had followed by 1996, whilst this took more than a
decade longer in other South American and West African countries
(Eichler et al., 2015; Lovei, 1996). In detail, leaded petrol continued to
be used in Uruguay until as late as 2004 (Manay et al., 2008; Queirolo
et al., 2010), in Chile until 2005 (Eichler et al., 2015), and in West
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African countries until 2005 (Todd and Todd, 2010).

In order to investigate the proportion of natural versus anthropo-
genic Pb in the South Atlantic surface ocean, and to determine the
sources of the Pb, we here present total dissolvable Pb concentrations
and isotope compositions for surface waters collected in 2011 in a lat-
itudinal transect offshore of the South American coast from Punta
Arenas to the equator (Fig. 1).

2. Materials and methods
2.1. Seawater sampling

Twenty-three surface seawater samples were collected in the western
South Atlantic during cruise JC057 aboard the RRS James Cook from 2nd
March to 6th April 2011 (Fig. 1). This cruise formed Leg 3 of the Dutch
GEOTRACES GAO2 section. Most samples were collected by pumping
seawater into a trace-metal clean laboratory from a towed Fish at ~3 m
depth, whilst five samples were taken from the topmost bottle (between
9 and 10 m depth) from the ultra-clean CTD (Table 1). After 2 L of
seawater had been filled into two pre-cleaned 1 L. HDPE bottles, samples
were acidified with 2 mL L™! quartz-distilled 6 M HCl, sealed with
parafilm, and double bagged. All samples were collected unfiltered,
except for two samples which were passed through Sartobran 300 filter
capsule filters (0.2 pm). These two samples (sample 5 and sample 21a)
were collected at the same time and location as their unfiltered coun-
terparts (sample 4 and sample 20, respectively). Results for filtered

Fig. 1. South Atlantic Ocean surface currents and
sampling locations for the GAO02 Leg 3 surface
waters analysed in this study. Samples are grouped
according to oceanographic zones. Abbreviations:
NBC - North Brazil Current; EUC — Equatorial Un-
dercurrent; nSEC - northern South Equatorial
Current; cSEC - central South Equatorial Current;
sSEC - southern South Equatorial Current; B-M
Confluence - Brazil-Malvinas Confluence. Map
adapted from Peterson and Stramma (1991) and
Stramma and England (1999). The conversion be-
tween sample numbers and GEOTRACES cast
identifiers is available in Table S5.

web Ocean Data view
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Table 1
Pb concentrations and isotopic compositions as well as sampling information for the South Atlantic surface water samples analysed in this study. Salinity data obtained from the GEOTRACES Intermediate Data Product
Group (2021).

Sample Sampling information Water properties Pb concentration Pb isotope composition
Latitude Longitude Sample Temperature Salinity [Pb] +1SD n" Sample Pbyield Pbmass 2°°Pb/?7Pb + 2 298pb/297pb + 2 209ph/20%pp + 2 207pp/20ph + 2 208ph/204ph 4
(°N) (°E) type Q) (psuw) (pmol/kg) mass (%)" (ng)" SD SD SD SD 2 SD
&
Subantarctic zone
1 —49.489 -52.264 Fish 14.21 34.45 11.7 £ 0.6 2 1205 78 2.0 1.16201 + 9 2.43397 + 17 18.1490 + 72 15.6171 + 64 38.014 + 17
2 —48.968 —48.879 CTD 10.12 33.97 91 +£ 05 2 1604 80 2.2 1.16115 + 12 243331 + 21 18.1130 + 66 15.6000 + 58 37.958 + 14
34 —48.614 —48.459  Fish 36.7 £ 53 2 1315 76 6.0 1.19533 + 3 243503 + 5 187787 + 19 157098 + 17 38254 + 4
4 —47.074 —47.326  Fish 17.16 34.58 153 £ 0.1 2 1746 73 3.1 1.18489 + 7 243909 + 12 185714 + 58 156727 + 47 38229 + 12
5 —47.074 —47.326  Fish® 17.16 34.58 139 £ 0.1 2 1448 76 2.6 1.18397 + 10 2.43858 + 18 185607 + 84 156783 + 73 38.233 + 18
16 —46.933 —47.220 CTD 17.04 34.62 101 + 0.2 3 1840 88 3.3 1.17228 + 4 244303 + 8 18.3307 + 38 15.6369 + 35 38.201 + 9
17 —44.702 —45.546 CTD 16.92 34.55 125 £ 0.0 2 1560 73 2.4 1.17553 + 6 2.44454 + 11 18.3776 + 35 156338 + 32 38216 = 9
18 —42.530 —44.122 Fish 17.91 34.54 149 +£ 09 4 1299 74 2.3 1.16794 + 9 2.44036 + 22 18.2388 + 81 15.6172 + 70 38.107 + 18
19 —40.046 —42.539 Fish 21.35 34.55 134 +£ 2.0 5 1219 80 2.4 1.17160 + 7 2.44304 + 12 18.3141 + 60 15.6326 + 50 38.191 + 13
Subtropical zone
20 —37.987 —41.221 Fish 20.50 35.48 169 + 1.1 3 1468 77 3.2 1.17048 + 10 2.43901 + 17 18.2845 + 60 156216 + 58 38.102 + 16
2la —37.987 —41.221  Fish® 20.50 35.48 169 + 03 2 843 94 2.8 1.17129 + 7 2.44035 + 12 183102 + 49 15.6324 + 43 38.148 + 11
21b¢ —37.987 —41.221 Fish’ 245 + 1.2 2 474 88 2.0 1.13555 + 12 240626 + 25 17.7047 + 137 155916 + 112 37.519 + 28
33 —35.123 —39.501 Fish 22.01 3573 21.3 £ 0.3 4 1304 80 3.9 1.17151 + 7 243746 + 13 18.3247 + 43 156418 + 39 38126 + 10
34 —32.278 —37.590 Fish 24.00 36.14 219 + 0.2 2 1487 86 5.3 1.17199 + 6 243790 + 9 183305 + 31 15.6411 + 30 38.131 + 7
35 —30.471 -36.550 Fish 23.76 35.58 21.0 £ 0.6 3 1284 95 5.4 1.16963 + 5 243600 += 9 18.2423 + 49 15.5964 + 43 37.994 + 11
36 —29.224 -35.868 Fish 24.61 3558 21.3 £ 0.6 2 1235 75 3.2 1.17024 + 6 243658 + 10 18.2973 + 42 156357 + 39 38.099 + 10
37 —27.827 -35.145 Fish 25.93 36.54 189 + 0.8 4 1271 91 4.4 1.17144 + 7 2.43872 + 10 183326 + 58 15.6517 + 49 38.169 + 12
50 —22.753 —32.841 Fish 26.44 36.58 21.2 + 0.5 2 1276 75 3.3 1.16431 + 11 2.43505 + 18 18.1924 + 99 15.6263 + 89 38.051 + 22
Equatorial zone
52 —13.011 -29.259 Fish 28.32 37.10 164 + 0.0 2 1306 75 2.7 1.16402 + 5 2.44032 + 9 18.1834 + 41 15.6209 + 37 38.120 £ 9
53 —11.514 —-28.765 Fish 28.93 36.98 158 + 04 2 1736 75 3.4 1.16449 + 5 2.44081 + 8 182171 + 38 156436 + 33 38.183 + 8
54 —9.487 —28.106 Fish 28.86 36.84 161 + 0.8 2 1729 85 4.5 1.16455 + 4 2.44116 + 8 18.2120 + 42 156391 + 37 38176 = 9
65 —5.677 —28.460 CTD 28.88 36.28 19.0 £+ 0.6 2 1806 89 6.0 1.17078 + 6 2.44559 + 11 183100 + 33 15.6398 + 28 38.247 + 8
66 —2.803 —28.884 Fish 3557 205 + 0.6 2 1574 85 5.1 1.16436 + 5 2.44185 + 8 18.1941 + 32 156255 + 28 38.155 + 7
67 —0.183 -32.882 CTD 28.53 35.71 189 + 0.2 2 1757 91 6.0 1.16777 + 5 2.44457 + 10 18.2623 + 29 15.6388 + 25 38.231 + 6
Mean 16.7 1454 82 3.6 1.16983 2.43961 18.2886 15.6338 38.140
1SD for [Pb]/2SD for Pb 3.8 254 7 1.4 0.01217 0.00680 0.2252 0.0382 0.161
isotopes

Number of individual sample aliquots analysed for determination of Pb concentration.
Percentage recovery of Pb during isotope composition procedure.

¢ Mass of Pb available for isotope composition measurement.

4 Sample disregarded in the discussion due to possible Pb contamination.

Filtered sample.
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samples will be referred to as “dissolved”, and results for unfiltered
samples will be referred to as “total dissolvable”, following GEOTRACES
parameter-naming conventions.

2.2. Hydrography and wind patterns of the sampling region

Annual wind patterns north of 30°S in the South Atlantic are domi-
nated by the south-east trade winds (Fig. 2). These winds blow towards
the equator and meet the north-east trade winds at the intertropical
convergence zone (ITCZ). The ITCZ is at its furthest north (9°N) during
the Northern Hemisphere summer and furthest south (2°N) during the
Northern Hemisphere winter (Schneider et al., 2014). The location of
the ITCZ controls a band of intense rainfall (over 3000 mm/yr; Huffman
et al., 2021; Fig. 2) in the tropics, which stands in contrast to the desert-
like levels of precipitation in the region of the south-east trade winds
that characterise most of the eastern subtropical South Atlantic. Another
area of intense rainfall is located in the western subtropical South
Atlantic (up to ~2500 mm/yr; Huffman et al., 2021; Fig. 2). Here, the
South Atlantic Convergence Zone (SACZ) manifests as a NW-SE orien-
tated belt of precipitation that extends from the Amazon basin to the
subtropical South Atlantic. The SACZ is at its greatest extent during the
Southern Hemisphere summer (Bombardi et al., 2014; Kodama, 1993).
Areas of intense rainfall are relevant for atmosphere-ocean Pb cycling
because precipitation removes the majority of aerosol dust loads, thus
contributing to the deposition of trace metals in the surface ocean. South
of 40°S, the predominant winds are westerlies, which increase in
strength eastwards (Fig. 2).

Annually averaged dust deposition fluxes in the South Atlantic Ocean
vary between 0.05 and 10 g m~2 yr}(Kok et al., 2021). They are higher
than 1 g m~2 yr™! off the coast of South America between 30° and 60°S,
where a dust plume driven by the westerly winds extends towards the
centre of the basin, and off the coast of western Africa between 10° and
30°S. Fluxes from the North African dust plume are above 1 g m™2 yr~!
only at low latitudes near the equator (<5°S). As such, the dust fluxes in
the South Atlantic Ocean are significantly lower than the fluxes observed
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in the North Atlantic basin, which reach up to 50 g m 2 yr! (Kok et al.,
2021).

Surface water circulation in the South Atlantic has a similar pattern
to the lower tropospheric circulation summarised above. Broadly, it
comprises mainly east-west (but also some west-east) equatorial cur-
rents in the northern section of the basin, the counter-clockwise flow of
the South Atlantic Subtropical Gyre (SASG) between ~20 and 40°S, and
the eastward-flowing Antarctic Circumpolar Current south of 40°S
(Fig. 1). The counter-clockwise flow of the SASG is very slow in the
centre, with a faster-flowing western boundary current known as the
Brazil Current (BC). The Brazil Current flows southwards along the
Brazilian coast, where it meets the northward flowing Falkland (or
Malvinas) Current, marking the Brazil-Malvinas Confluence, before
deflecting eastwards along the Subtropical Front at about 40°S and
feeding the South Atlantic Current (SAC; Stramma and England, 1999).
Near southern Africa, a portion of the SAC turns northwards to feed the
Benguela Current, which is the eastern boundary current of the SASG
(Stramma and Peterson, 1990). The Benguela Current then feeds the
broad, sluggish South Equatorial Current (SEC) which flows in a
westerly/north-westerly direction (Peterson and Stramma, 1991;
Stramma and England, 1999). At the easternmost point of South
America, the SEC splits into two parts: the north-westward flowing
North Brazil Current (NBC), and the aforementioned Brazil Current
(Lumpkin and Garzoli, 2005; Stramma and England, 1999).

The SEC comprises southern, central, and northern branches,
abbreviated as sSEC, cSEC and nSEC, respectively (Fig. 1; Lumpkin and
Garzoli, 2005). The sSEC (about 8 to 20°S) flows in a north-westward/
westward direction across the South Atlantic until it approaches 30°W
and turns south-westwards, eventually splitting into two branches, one
feeding the southward-flowing BC and the other flowing northward and
feeding the NBC (Fig. 1; Lumpkin and Garzoli, 2005). The cSEC (about 4
to 8°S) and nSEC (about 0 to 4°N) are indistinguishable from each other
east of 5°W, but by 20°W there are two distinct currents which go on to
feed into the NBC (Bourles et al., 1999; Lumpkin and Garzoli, 2005).
Finally, the Equatorial Undercurrent (EUC; 2°S — 3°N), located between

= Northérn Afriéa
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Fig. 2. Map of average annual precipitation (mm/
day) from 2000 to 2020 (blue colour shading; data
from GPCP Version 3.1 Daily Precipitation Data Set)
and predominant wind directions in the South
Atlantic Ocean (orange arrows, adapted from the
NCEP/NCAR Reanalysis product; Kalnay et al., 1996).
The four boxes represent the four major source areas
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the cSEC and nSEC, flows in an eastward direction. It is formed by a tight
retroflection of the NBC at the equator and has its velocity core at about
100 m depth (Bourles et al., 1999; Rosell-Fieschi et al., 2015). However,
during the Northern Hemisphere spring, it speeds up and shoals to reach
shallower depths (Brandt et al., 2006; Rosell-Fieschi et al., 2015; Urbano
et al., 2008).

2.3. Analytical techniques

All post-cruise work was conducted in ISO class 4 laminar flow hoods
in an ISO class 6 clean room, and in mass spectrometer laboratories at
Imperial College London. The water used was of 18.2 MQ cm quality
from a Millipore Milli-Q Academic system. Nitric, hydrochloric, and
hydrofluoric acids were distilled in-house using Teflon or quartz stills,
and Suprapur or Optima grade hydrobromic acid was purchased from
Merck or Fisher Chemical. The purified acids had a maximum Pb con-
centration of 4 pg mL ™. Aqueous ammonia solutions of about 9 M were
prepared from VWR AnalaR ammonia solution by cold vapour equili-
bration with water in a Teflon elbow for one week. All required acid
mixtures were prepared on the day of use.

2.3.1. Determination of Pb isotope compositions

The employed methods were largely the same as the procedures
described by Paul et al. (2015a). In brief, Pb isotope compositions were
determined by pre-concentrating the Pb from about 1.5 L of seawater by
the addition of ammonia solution until a Mg(OH), precipitate formed in
a Teflon separating funnel (Weiss et al., 2000). This precipitate was
collected, rinsed with water to remove salt, and dissolved in 2 M HBr —
0.01 M HF in preparation for Pb purification by anion exchange chro-
matography. Samples were left overnight with lids loose to allow any
gases produced by reactions involving residual organics to escape, to
avoid the formation of gas bubbles in the resin bed. The anion exchange
chromatography used Biorad AG1-X8 100-200 mesh resin and mixtures
of dilute HNOgs, HF, and HBr, as detailed in Table S1. The procedure was
repeated to further purify the Pb, and the final eluted Pb was split in two
parts. One third of the solution was spiked with a 2°Pb-2"Pb double
spike, whilst the remaining two thirds of the solution was left unspiked
(Paul et al., 2015a).

Lead solutions were dried and loaded in 2 M HNOs3 onto Re filaments
with silica gel activator. The filaments were then baked for 3 h in the
source of a Thermo Finnigan Triton thermal ionisation mass spectrom-
eter (TIMS). The Pb isotope measurements were carried out at typical
filament temperatures of ~1300 °C, using Faraday cups with 10! Q
resistors for all Pb isotopes and interfering elements, except for unspiked
analyses, where the 2°/Pb ion beam was monitored using a 10'% Q
resistor (Wilson et al., 2017). Data were collected in 15 blocks of 15
cycles of 8.3 s, with baseline measurements before each block. A peak
centring procedure was carried out before the first measurement block.
To correct for mass bias, the measured data for spiked and unspiked runs
of each sample were processed using an iterative double spike data
reduction routine, as described by Rudge et al. (2009).

2.3.2. Determination of Pb concentrations

Lead concentrations were determined by isotope dilution (ID)
following the method described by Paul et al. (2015a). In brief, the same
204pp.207p, double spike was added to 50 mL aliquots of the seawater
samples and allowed to equilibrate for at least ten days. Ammonia so-
lution was added, causing co-precipitation of Pb with Mg(OH)s, and the
resulting precipitate was separated from the supernatant by centrifu-
gation. The precipitate was then dissolved in the column-loading solu-
tion in preparation for a shortened version of the anion exchange
procedure (Table S2). Samples were prepared for TIMS analyses as
described above. Depending on the amount of Pb available for analysis
and the ion beam intensity initially observed, TIMS measurements
employed Faraday cups using five blocks of 15 cycles, or a secondary
electron multiplier coupled to an ion counting system in four blocks of
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20 cycles with peak hopping between the four Pb isotopes and a baseline
measurement before each block. To calculate Pb concentrations using
standard ID techniques, the raw isotope ratio data were processed offline
using the previously determined isotope compositions of the sample and
the double spike.

The Pb concentration of each sample was determined at least twice
on separate seawater aliquots, to ensure the two available 1 L bottles for
each seawater sample were assessed separately. This approach enabled
spuriously high blanks to be identified, and such results were discarded.

2.3.3. Blank contribution and data quality

Monitoring blank contributions to samples is particularly important
for marine Pb studies, as very small quantities of the element are often
processed and there are many opportunities for contamination. This is
especially true for concentration measurements, since only ~190 pg of
natural Pb were processed for each sample. Two blanks were included in
each batch of six to ten samples processed for the determination of Pb
concentrations. The first blank was a “procedural blank”, where 0.1 mL
seawater (with <0.5 pg Pb) was processed following the usual proced-
ure, yielding a mean blank of 23 + 10 pg Pb (1 SD, n = 14). The second
blank was a “reagent blank”, where the ammonia solution and double
spike were first dried down, and the usual procedure was then followed,
which yielded a mean blank of 15 + 9 pg Pb (1 SD, n = 11). Both types of
blanks were essentially identical, and accordingly all Pb concentrations
were corrected for a mean blank contribution of 20 pg Pb. This correc-
tion is equivalent to about 12 % of the original natural Pb in a typical 50
mL aliquot of a surface seawater sample in the South Atlantic Ocean.

For the isotope composition measurements, one blank was processed
per batch of three samples. As for the “reagent blank™ described above,
there was no seawater involved; instead, the ammonia solution was
added to the separating funnel, removed and dried, and the chemical
separation procedure was then followed as normal. Despite the much
larger reagent volumes involved, the mean blank was similar to the ID
blank at 24 + 11 pg Pb (1 SD, n = 12). In comparison, the mean mass of
Pb available for isotope composition measurements on a sample was 3.6
+ 1.4 ng (1 SD, n = 24), given that the procedure for the chemical
separation and purification of Pb had a mean yield of 82 + 7 % (1 SD, n
= 24). Hence, the blank contribution is equivalent to ~0.7 % of the Pb
present in the surface seawater samples analysed for Pb isotope com-
positions. This contribution is nearly negligible, and the isotope
composition of the blank was not well defined, so no blank corrections
were applied to the Pb isotope data.

To assess long-term reproducibility, repeat analyses of 2 and 10 ng of
the NIST standard reference material (SRM) 981 Pb were carried out
during the sample analysis period of nine months. Furthermore, four
aliquots of the GEOTRACES intercalibration sample GSP were analysed
during the same period. The results obtained for the SRM 981 Pb ana-
lyses are in good agreement with published values (Table S3; Galer and
Abouchami, 1998; Klaver et al., 2016; Paul et al., 2015a; Wilson et al.,
2017). For 10 ng Pb loads, the within-run precision (2 SE) was about +
80 ppm (?®*Pb/2°Pb) or + 20 ppm (2°°Pb,/2%7Pb, 28Pb,/2°7Pb), whilst
for 2 ng Pb loads the precision was about a factor of two worse at about
=+ 200 ppm and + 40 ppm, respectively. The analyses of the four GSP
sample aliquots, with about 11 ng Pb and 91 % yield, gave a Pb con-
centration of 56.3 + 1.7 pmol/kg (1 SD, n = 4) and Pb isotope ratios
(3°%Pb/207Pb = 1.158 + 0.014, 2°°Pb/2’Pb = 2.448 + 0.003, 2 SD, n =
4) that were within error of previously published results (Table S3).
Notably, the repeat GSP analyses yielded Pb isotope data with a long-
term precision that was only about a factor of two worse than that ob-
tained for multiple 10 ng filament loads of SRM 981 (Table S3).

3. Results
3.1. Oceanographic regimes

The sampling locations fall within three separate oceanographic
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regimes based on temperature and salinity data for surface water sam-
ples (Fig. 3, Table 1). The equatorial zone (0-20°S) is influenced by the
complex pattern of surface currents near the equator, and surface water
masses of the northernmost samples are assigned based on salinity to the
EUC (35.71; n = 1), the ¢SEC (36.28; n = 1), and the sSEC (36.85-37.10;
n = 3), whilst temperatures are similar (28-29 °C) for all samples in this
zone (Sample 66 is excluded as temperature data is not available for it).
The subtropical zone (20-40°S) of the western South Atlantic is domi-
nated by the Brazil Current. Surface samples collected here show a
decrease in both salinity and temperature with latitude, from 36.58 and
26.4 °C at the northernmost station 50, to 35.48 and 20.5 °C at the
southernmost station 20, in agreement with observations and modelling
studies (Aubone et al., 2021). Lastly, the subantarctic zone (40-60°S) is
influenced by the confluence of the South Atlantic Current and the
Falkland Current at the Brazil-Malvinas Confluence and is separated
from the subtropical zone by the Subantarctic Front (Fig. 1). Surface
waters collected here show distinctively lower temperatures (21.4 to
10.1 °C) compared to the equatorial zone and lower salinities (34.62 to
33.97) compared to both other zones. Both temperature and salinity
decrease southward in the subantarctic zone, in agreement with previ-
ous studies (Gordon, 1989).

3.2. Pb concentrations and isotope compositions

The Pb concentrations and isotope compositions of the samples are
provided in Table 1 and shown in Figs. 4 and 5. Overall, surface seawater
samples (excluding samples 3 and 21b; see SI for explanation) exhibit
only limited variability in Pb concentrations and isotope compositions,
with a mean Pb concentration of 16.7 + 3.8 pmol/kg (1 SD, n = 22) and
mean Pb isotope compositions of 2°°Pb/2%7Pb = 2.440 + 0.007 and
206pp,/207ph = 1.170 + 0.012 (2 SD, n = 22).

The distribution of surface water Pb concentrations is significantly
different between the three zones (ANOVA, p-value < 0.05; Fig. 4). The
mean Pb concentrations are highest in the subtropical zone (19.9 + 2.1
pmol/kg, n = 8, 1SD) and lowest in the subantarctic zone (12.6 + 2.2
pmol/kg, n = 8, 1SD), with the equatorial zone having an intermediate
value of 17.8 + 1.9 pmol/kg (n = 6, 1SD). The distribution of
208pt, 207ph ratios in surface waters is also significantly different be-
tween the three zones (ANOVA, p-value <0.05), whilst the 206pp, /207ppy
ratios are not statistically distinguishable (ANOVA, p-value >0.05).
However, overall, the samples show a limited variability in 2°°Pb/2%’Pb
and 2°8pb/297pb, with 2°Pb/27Pb ranging between 1.161 and 1.185,
and 2°®pb/27Pb ranging from 2.433 to 2.446. An additional notable
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Fig. 3. Temperature and salinity data for the surface water samples analysed in
this study, excluding Sample 66 for which temperature data is not available.
Triangles represent sample values; ellipses outline the three oceanographic
zones. Salinity and temperature data are from Table 1. Abbreviations: EUC —
Equatorial Undercurrent; cSEC - central South Equatorial Current; sSEC —
southern South Equatorial Current.
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feature is that both 2°°Pb/2°7Pb and 2°®pb/2%7Pb ratios show a higher
variability, and larger range, in the subantarctic zone than in the sub-
tropical and equatorial zones (Fig. 4).

3.3. Comparison of Pb concentrations and isotope compositions of filtered
and unfiltered seawater samples

No systematic differences are observed between the Pb concentra-
tions determined for two pairs of filtered and unfiltered samples (i.e.,
dissolved and total dissolvable Pb; samples 4 & 5 and samples 20 & 21a;
Table 1). In addition, the total dissolvable Pb concentrations determined
here for samples obtained with a Fish from ~3 m water depth can be
compared to data from filtered seawater samples collected on the same
cruise with the ultra-clean CTD at slightly greater depths (8-10 m) at
locations that differ from the Fish samples by up to 0.19° in latitude
(Fig. 4; GEOTRACES Intermediate Data Product Group, 2021). The
mean total dissolvable Pb concentration of 16.8 + 4.0 pmol/kg (1 SD, n
= 20) is identical within error to the dissolved Pb concentration of 17.0
+ 5.3 pmol/kg (1 SD, n = 16; GEOTRACES Intermediate Data Product
Group, 2021; Fig. 4). Expressed in another way, the mean difference
between the dissolved and total dissolvable Pb concentrations of the
seawater samples is 3.1 + 17.3 % (1 SD, n = 17). These results suggest
that little Pb is held within the >0.2 pm size fraction of surface waters
along the cruise track. Therefore, the two filtered (dissolved Pb) samples
from this study can be considered equivalent to the unfiltered (total
dissolvable Pb) samples.

However, unlike the Pb concentrations, there are small but analyti-
cally resolvable differences in the Pb isotope compositions of these two
sample pairs (Table 1). In detail, the 206p}, /207ph and 2°8Pb,/297Pb ratios
for both sample pairs differ outside of error by 200 to 800 ppm (Table 1).
The origin of these minor variations is unclear, especially given the
essentially identical concentrations of dissolved and total dissolvable Pb.
However, small differences in the Pb isotope compositions of particulate
and dissolved Pb, or minor effects of contamination during collection,
handling, and processing of the samples, could be the reason.

4. Discussion

Lead can be delivered to the surface ocean via atmospheric deposi-
tion from regional sources, direct input from local rivers, and atmo-
spheric or oceanic transport from distal source regions. Currently, the
vast majority of Pb in the ocean is supplied through atmospheric
deposition, which increases the concentration and changes the isotope
composition of the dissolved Pb already present in seawater (Patterson
and Settle, 1987). Scavenging by particles acts to remove dissolved Pb
from seawater but has no significant impact on dissolved Pb isotope
compositions (Henderson and Maier-Reimer, 2002). In regions where
atmospheric Pb inputs to the surface ocean are low, surface seawaters
are therefore expected to have low dissolved Pb concentrations, which
may decrease with advection due to scavenging removal, whilst Pb
isotope compositions remain essentially unchanged. In the above
context, we can think of Pb in a water sample as having two sources: (i)
“inherited” Pb, typically Pb from previous atmospheric deposition that is
transported by surface currents, and (ii) Pb from recent/regional at-
mospheric deposition. The balance of these two types of sources will
depend on the magnitude and distribution of atmospheric deposition,
the residence time of Pb in surface waters, and the pathways and flow
speeds of surface currents (Henderson and Maier-Reimer, 2002; Rigaud
et al., 2015).

In the following sections, we discuss this balance for each of the three
oceanographic zones and provide an analysis of the natural and
anthropogenic sources of Pb to the surface waters of the South Atlantic
Ocean, both for 2011 and in the context of historical results.
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4.1. Sources of Pb to the western South Atlantic Ocean

Regional atmospheric sources of Pb include urban and industrial
areas of South American countries (predominantly Brazil, Argentina,
Uruguay, and Chile), as well as Patagonian dust. The Rio de la Plata
estuary, formed by the confluence of multiple rivers draining inland
areas of Paraguay, Uruguay, Argentina, Brazil, and Bolivia, is the largest
source of riverine inputs to the western South Atlantic (Fig. 2), and will
be discussed in more detail when assessing Pb sources to the subtropical
zone. Distal sources of Pb could include urban/industrial areas and de-
serts of both northern and southern Africa. The signature of such distal
inputs can be transported both via atmospheric pathways for approxi-
mately 10 days and by ocean currents for a few years, according to the
residence times of Pb in the atmosphere and surface ocean, respectively.
Transport by surface ocean currents will not only carry the signatures of
distal Pb sources but will integrate all Pb sources that were deposited
within a time frame shorter than the residence time of Pb in the surface
ocean. This scenario is particularly relevant when discussing the
signature of “inherited” Pb.

Fig. 2 summarises the potential source areas of Pb for South Atlantic
surface waters, based on data currently available. Unfortunately, Pb
isotope data for the anthropogenic and natural sources of Angola are not
available at present. Such data would be of particular interest because

Angola is the second largest oil producer in sub-Saharan Africa and wind
patterns indicate that it could be an important source of anthropogenic
Pb to the eastern South Atlantic (Fig. 2). Constraints on the isotopic
fingerprints of its emissions would therefore help to further unravel the
origin of the Pb isotope signatures seen in South Atlantic surface waters.
Similarly, Pb isotope data for Brazilian coal are currently not available,
so Pb emissions from this source cannot be evaluated as a potential
source of Pb to the western South Atlantic Ocean. However, we
acknowledge that Brazilian coal production in 2011 was higher than in
the 1990s (BP, 2022).

4.1.1. Equatorial zone

Factors that potentially affect the concentration and isotopic
composition of Pb in the equatorial zone include atmospheric deposition
from distal sources, such as the North African dust plume and North
African urban areas, and “inherited” Pb advected from the eastern/
south-eastern South Atlantic Ocean via the complex equatorial surface
currents. South American sources can be excluded based on the pre-
dominant easterly winds at latitudes between 0° and 20°S (Fig. 2), which
prevent the transport of atmospheric dust and pollution from the South
American continent to the South Atlantic surface ocean in this equatorial
region.

Air mass back trajectories generated using the HYSPLIT Trajectory
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Model (Rolph et al., 2017; Stein et al., 2015) were used to assess the
atmospheric pathways for the time and location of the seawater sam-
pling in the equatorial zone in early 2011 (Fig. S1). Back trajectories
were computed for seven days for locations placed on an equally spaced
matrix in order to cover the entire area. Most trajectories show a particle
provenance from the open South Atlantic Ocean to the south-east, and
only the far north-western section of the equatorial zone could receive
direct atmospheric inputs from the Northern Hemisphere and the
Atlantic coast of North Africa due to north-easterly winds near the
equator. Only those few trajectories that crossed the equator had paths
that encountered land in the seven days prior to sampling, whereas all
other trajectories had purely oceanic paths. In addition, wet precipita-
tion within the ITCZ can be expected to remove most of the aerosol load
derived from North Africa, hence severely limiting the atmospheric
deposition of trace metals derived from North African sources in the
equatorial zone (Fig. 2; Adams et al., 2012; Schlosser et al., 2014).
Further support for this conclusion is provided by the low annual
average dust deposition flux estimates (Kok et al., 2021), which are
lower than 1 g m~2 yr~! for most of the equatorial zone, with values up
to 5 gm 2 yr * only between 0° and 5°S. Therefore, the distribution of
Pb isotopes in the surface waters of the equatorial western South
Atlantic must be driven by a different mechanism.

Based on the hydrography of the region, surface currents can be
regarded as a source of “inherited” Pb to the equatorial zone (Fig. 1). The
northern part of the South Atlantic basin has numerous surface currents
and undercurrents that interact with each other and with their northern
equatorial counterparts, whilst maintaining their distinct oceanographic
characteristics (e.g., salinity). Notably, the Pb isotope composition and
salinity of the equatorial samples are compatible with the distribution of
the currents, and therefore surface oceanography seems key to the
interpretation of Pb isotope compositions observed in this zone.

Samples 52, 53, and 54 (9.5 to 13.0°S) coincide with the sSEC (Fig. 3)
and have a nearly uniform isotopic signature of 2°8Pb/2%7pb = 2.441 +
0.001 and 2%°pb/207pb = 1.164 + 0.001 (2 SD, n = 3), suggesting that

the sSEC has a well-mixed Pb isotope composition. These Pb isotope
compositions closely resemble the composition of surface waters in the
eastern South Atlantic Ocean, which are influenced by aeolian inputs
from South America (Paul et al., 2015b), thereby supporting this
“inherited” origin. In addition, such agreement indicates that these
samples were not influenced or were only marginally influenced by
Northern Hemisphere emissions.

Sample 65 (5.7°S, 28.5°W) coincides with the c¢SEC (Fig. 3) and is
characterised by 2°°Pb/27Pb = 2.446 and 2°°Pb/?’Pb = 1.171.
Although the ¢SEC and sSEC both originate in the equatorial eastern
Atlantic, and presumably receive similar atmospheric inputs, they
appear to differ in their Pb isotope signature. Sample 65 has the highest
208py, /207ph and 2°6Pb,/207Pb ratios of samples from the equatorial zone
and agrees with the Pb isotope composition of seawater samples
collected north of the equator in the eastern and western tropical
Atlantic (Bridgestock et al., 2016). Most likely, these observations reflect
an input of Pb sourced from the Northern Hemisphere through mixing in
the Angola Gyre, which is partially fed by surface and subsurface cur-
rents that originate north of the equator (i.e., EUC and Gabon-Congo
Undercurrent; Stramma and Schott, 1999), and which itself feeds into
the cSEC.

Sample 67 (0.2°S, 32.9°W) coincides with the expected location of
the EUC, and was collected during Northern Hemisphere spring, when
the EUC is located at shallower depths. Its salinity matches well with
other literature values for the salinity of this current, suggesting that
Sample 67 is indeed from the EUC (Fig. 3; Table 1; Da-Allada et al.,
2017; Metcalf et al., 1962). Its Pb isotope composition (?°8pb/207pp =
2.445 and 2°°Pb/207pp = 1.168) is intermediate between the composi-
tions of samples 52-54 and Sample 65, in accord with previous work
suggesting that the EUC is formed from the sSEC and cSEC (via the NBC;
Stramma and Schott, 1999).

Sample 66 (2.8°S, 28.9°W) is located between the EUC and the cSEC.
Surprisingly, its Pb isotope composition is distinct from both neigh-
bouring currents, but very similar to the sSEC samples. Bridgestock et al.
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(2016) reported a comparable result of 208pp 207py = 2.4429 and
206p,/207pp — 1.1651 for a sample collected 20 days before Sample 66
(on 05/03/2011) at 3.31°S, 25.49°W, as part of the GEOTRACES section
GA06. The GA06 sampling location has a salinity that is intermediate
between those of samples 67 and 65, and higher compared to Sample 66
(Table 1). However, since no temperature data is available for Sample
66, only a speculative explanation can be provided. One possibility is
that the two locations were on the trajectory of an equatorial eddy or a
tropical instability wave travelling westward (Aguedjou et al., 2019;
Chelton et al., 2011; de Decco et al., 2018), which could carry an
atypical Pb isotope composition to this location. Indeed, Paul et al.
(2015b) previously showed that the Pb isotope signal of mesoscale
eddies is trackable in the South Atlantic Ocean.

Overall, the Pb distribution in the equatorial zone appears to be
controlled mostly by surface currents, which transport Pb that was
previously deposited both in the South Atlantic and in the equatorial
region of the North Atlantic, rather than by direct atmospheric deposi-
tion, and thus primarily shows an “inherited” signature. This interpre-
tation is supported by the timescale of surface current movement for the
SEC, as its flow speed varies between 10 and 30 cm s~1 (Peterson and
Stramma, 1991). As such, it takes between 4 and 12 months for a water
parcel to travel from east to west in the equatorial South Atlantic, which
is less than the residence time of Pb in surface waters (2-3 years; Bacon
et al., 1976; Kadko et al., 2020; Nozaki et al., 1976).

4.1.2. Subtropical zone

Samples from the subtropical zone were collected at latitudes coin-
ciding with the highly populated and urbanised coastal cities of Brazil (i.
e., Rio de Janeiro, Sao Paulo, Belo Horizonte, Porto Alegre), as well as
Buenos Aires and Montevideo. The latter cities are located on the shores
of the Rio de la Plata estuary (Fig. 2), which very likely acquires an
urban Pb isotope signature from surface run-off as well as industrial and
municipal waste discharges. Most Pb is effectively scavenged by parti-
cles in estuaries, reducing the flux of dissolved riverine Pb to the oceans
(Cindric et al., 2015; Dai and Martin, 1995; Marsan et al., 2014). On the
other hand, isotope exchange between dissolved and particulate Pb at
the land-ocean boundary has been recently shown to occur without
considerable effects on Pb concentrations (Chen et al., 2023). Consid-
ering the large distance of approximately 1000 km between the coast
and all sampling locations (Fig. 1), the lack of evidence for changes in
salinity along the cruise transect (Table 1), and the effective scavenging
of Pb in estuaries, it is unlikely that the Rio de la Plata is a significant
direct source of Pb to the surface waters of the subtropical zone.

Having ruled out a major control by fluvial Pb sources, we therefore
focus on potential atmospheric Pb sources to the subtropical zone. South
American sources with known Pb isotope compositions include urban
dust and aerosols from Sao Paulo and Buenos Aires (Aily, 2001; Babinski
et al., 2003; Bollhofer and Rosman, 2000; Gioia et al., 2010, 2017;
Khondoker et al., 2018; Souto-Oliveira et al., 2018), which reflect
mainly industrial activities and urban traffic (i.e. fuels, road dust,
including brake and tyre wear and road surface abrasion), as well as
Patagonian dust (Khondoker et al., 2018). There is a substantial range in
Pb isotope compositions of aerosols and dust from Sao Paulo (e.g.
208pp,/207ph = 2.355-2.464 and 2°°Pb/2’Pb = 1.149-1.328, Gioia
et al, 2017; 208pp,207py 2.412-2.482 and 2°°Pb/?’Pb
1.143-1.272, Aily, 2001). However, here we choose to use the signature
of the main sources of Pb, specifically aerosols and road dust, that
capture the main contributions of traffic pollution from ‘urban Brazil’
(Bollhofer and Rosman, 2000; Gioia et al., 2017; Khondoker et al., 2018;
Fig. 5).

All sampling stations within the subtropical zone are located in an
area of high precipitation in the central western South Atlantic related to
the SACZ (Fig. 2). In such a setting, we expect that any atmospheric Pb
that is carried east or south-east from these urban areas to the western
South Atlantic will be efficiently washed out by precipitation, thereby
entering the surface ocean through wet deposition. Indeed, all samples
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collected in the subtropical zone have Pb isotope compositions that are
consistent with sources from ‘urban Brazil’ (Fig. 5). In addition, the
mean Pb concentration of samples from the subtropical zone (19.9 +
2.1 pmol/kg, n = 8, 1SD) is 24 % higher than the Pb concentration of the
southernmost samples from the equatorial zone (16.1 + 0.3 pmol/kg, n
= 3, 1SD; Fig. 4). The latter samples were collected in the sSEC, which
feeds into the Brazil Current, from which the subtropical zone samples
were collected, so this increase in Pb concentrations also attests to the
addition of Pb inputs from land.

Air mass back trajectories generated using the HYSPLIT Trajectory
Model for the subtropical zone show variable oceanic paths, reflecting
the complex atmospheric circulation in the South Atlantic basin
(Fig. S2). The northern section of the subtropical zone appears to be
mainly subject to atmospheric transport that follows purely oceanic
pathways from the east, with a similar pattern to that observed for most
of the equatorial zone. However, some more northerly or westerly air
mass trajectories originate over inland Brazil, which indicates that at-
mospheric transport from land is a possible source. In fact, although the
general atmospheric circulation patterns suggest that winds blow mainly
onshore in the industrialised areas of Rio de Janeiro, Sao Paulo, Belo
Horizonte, Porto Alegre, Montevideo, and Buenos Aires (Fig. 2), west-
erly wind anomalies are observed in this region during austral summer
months in relation to the SACZ and the South American Monsoon System
(SAMS; Carvalho et al., 2004; Jones and Carvalho, 2002). Meanwhile,
the southernmost latitudes of the subtropical zone have back trajectories
that pass over the southern tip of South America, extending back to the
Pacific Ocean and in some cases as far as Antarctica. Therefore, it is also
possible that dust from Patagonia could reach these surface waters and
mix with the signature of urban South American sources. However,
based on the Pb isotope composition of the samples, Patagonian dust
cannot be the predominant source of Pb to the subtropical surface waters
(Fig. 5).

The Pb isotope compositions of the surface water samples in the
subtropical zone match well with anthropogenic inputs from the Sao
Paulo metropolitan area (i.e., ‘urban Brazil’ in Fig. 5), which is on the
trajectory identified by wind patterns and HYSPLIT simulations
(Fig. S2). These findings support that the direct deposition of atmo-
spheric Pb transported from land is the predominant source of Pb to the
subtropical zone of the western South Atlantic Ocean. Since the Pb
isotope compositions of samples from Buenos Aires are not very different
from those of Sao Paulo, and since the wind patterns also do not exclude
it, Buenos Aires cannot be ruled out as an additional source. The pre-
dominance of direct atmospheric anthropogenic inputs over an
“inherited” Pb signal is also supported by the higher Pb concentrations
of surface waters in the subtropical zone compared to the equatorial and
subantarctic zones. This conclusion is also in accord with the fairly
uniform Pb isotope composition observed for the surface seawater of the
subtropical zone (2°Pb/2%7Pb = 2.438 + 0.003 and 2°°Pb/2%7Pb =
1.170 + 0.005, 2 SD, n = 8), which is compatible with ‘urban Brazil’
sources, whereas a predominance of “inherited” Pb from the Brazil
Current would result in a Pb isotope composition more similar to that of
the equatorial zone (Fig. 5).

Overall, the similar Pb isotope compositions of seawater samples and
anthropogenic/urban sources of South America, as well as wind pat-
terns, air mass back trajectories, and the elevated Pb concentrations,
indicate that South American urban and industrial emissions are the
dominant source of Pb to the surface ocean of the subtropical zone.

4.1.3. Subantarctic zone

The subantarctic zone at 40-60°S is located between the Subtropical
and Subantarctic Fronts and is subject to strong westerly winds. Here,
the most prominent potential sources of Pb include urban and industrial
emissions from South America, as well as mineral dust from Patagonia
(Fig. 2). Of the three zones analysed, the subantarctic zone has the
highest dust deposition fluxes of up to 10 g m~2 yr~!, which suggests
that mineral dust signatures might be more discernible in surface water
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samples from this region (Kok et al., 2021). Based on our data, surface
seawater of the subantarctic zone has the lowest mean Pb concentration
(12.6 + 2.2 pmol/kg, n = 8, 1 SD) and the most variable Pb isotope
composition of the three zones, with 2°®Pb/2%7Pb varying between 2.433
and 2.445, and 2°°Pb/2%Pb between 1.161 and 1.185 (Figs. 4, 5). This
variability in Pb isotope composition combined with low Pb concen-
trations, which would make the isotopic signature of seawater more
susceptible to local Pb additions with differing isotopic compositions,
suggests that mixing of Pb from different sources and the removal of Pb
by scavenging could both play an important role in this region (Fig. 5).

All samples collected in the subantarctic zone have Pb isotope
compositions that overlap with South American urban sources, either
coinciding with the ‘urban Brazil’ signature, or potentially reflecting a
mixture of ‘urban Brazil’, ‘urban Argentina’, and ‘natural Patagonia’
sources (Fig. 5). Samples 4 and 5, which were collected at the same
location for dissolved and total dissolvable Pb samples (and are there-
fore considered to be the same), show isotope compositions that differ
from those of the other subantarctic zone samples (i.e. elevated
206ph,/207ph ratios), making those the only samples well within the
‘urban Brazil’ field (Fig. 5). In particular, they differ significatively from
Sample 16, which was collected using the ultra-clean CTD approxi-
mately 17 km to the east and only 5 h later. Temperature and salinity
data do not suggest the presence of different water masses between
Samples 4 and 5 and Sample 16 (Table 1; Fig. S3). Furthermore, Cd, Fe,
and Mn concentrations show good agreement between the locations
(GEOTRACES Intermediate Data Product Group, 2021; Middag et al.,
2015; van Hulten et al., 2017; Xie et al., 2015). However, Sample 5
shows a significantly elevated Al concentration of 5.2 nmol/kg (Fig. S4).
It is important to note here that samples collected for different elements
were stored in different sample bottles and sampled at slightly different
times. Therefore, we suggest that the similar Pb, Cd, and Fe concentra-
tions of samples 4, 5, and 16 argue against contamination as a source for
the different Pb isotope signatures, and instead we suggest a different
environmental source for Samples 4 and 5.

The dominant winds in the subantarctic zone are westerlies (Fig. 2),
but air mass back trajectories generated with the HYSPLIT Trajectory
Model for the subantarctic zone show some variability. Particle trajec-
tories crossed land at different latitudes, but predominantly over the
southern region of South America, coinciding with Patagonia (Fig. S5).
In the seven days before deposition, some particles traversed Southern
Argentina, where several oil production sites are located (Curia et al.,
2018), before traversing parts of the South Pacific and Southern Ocean.
Given this range of pathways, a wide range of atmospheric sources
should be considered, including anthropogenic emissions from South
America and natural dust from Patagonia. In addition to the trajectory
simulations, the general atmospheric circulation patterns (Fig. 2) also
support the proposal that both mineral dust from Patagonia and
anthropogenic Pb from South American sources could have influenced
Pb isotopes in the subantarctic zone of the western South Atlantic Ocean
(Fig. 5).

The vast majority (95 %) of mineral dust generated in South America
is from Patagonia (Johnson et al., 2010), which in turn is predominantly
deposited in the southern section of the South Atlantic Ocean between
30 and 60°S (Jickells et al., 2005; Kok et al., 2021). Dust production
varies seasonally and can occur in discrete events (Gaiero et al., 2003;
Gasso and Stein, 2007). In terms of Pb isotopes, Patagonian dust has high
208ph,/297ph and 2°°Pb/2YPb ratios of 2.469 + 0.013 and 1.195 +
0.013, respectively (2 SD, n = 29; Khondoker et al., 2018; Fig. 5). These
values are higher than those determined for any of our seawater sam-
ples, which points to mixing between South American anthropogenic Pb
from Southern Argentina, where several oil fields are located, and nat-
ural Patagonian Pb from higher latitudes. However, the lack of pub-
lished data on the Pb isotope composition of Argentinian oil field sources
only allows for a speculative interpretation at present, and future studies
are needed to confirm this.

Lead concentrations are lower in the surface waters of the
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subantarctic zone than in the subtropical zone (Fig. 4). As dissolution
rates of natural atmospheric particles are up to 100 times slower than
those of anthropogenic-sourced Pb (Bridgestock et al., 2016; Hsu et al.,
2005), the reduced anthropogenic contribution to atmospheric particles
in this region could help to explain the lower surface water Pb con-
centrations in the subantarctic zone. Moreover, Pb solubility decreases
with increasing dust loads (Benaltabet et al., 2020; Guerzoni et al., 1999;
Hsu et al., 2005). In addition, higher terrigenous particle loads, as well
as higher rates of biogenic particle production in the subantarctic zone,
as reflected in higher fluorescence values (Xie et al., 2015), are likely to
contribute to higher scavenging rates for Pb in the surface ocean
(Cochran et al., 1990). The high rates of biogenic particle production in
the subantarctic zone are caused by mixing at the Subtropical Front
(40°S, Fig. 1) between oligotrophic, warm (>20 °C), and saline (>34.5)
surface waters of the central South Atlantic and the cooler (<11 °C),
fresher (<34.0), nutrient-rich surface waters of the Antarctic Circum-
polar Current (Table 1).The strong scavenging activity is also supported
by the agreement between lower Pb concentrations and lower Al con-
centrations in surface waters in this region (Middag et al., 2015).

In summary, the Pb concentrations and isotope compositions, air
mass back trajectories, and dust deposition fluxes support the conclusion
that Pb is supplied to the subantarctic zone by direct atmospheric
deposition, from both anthropogenic emissions and natural Patagonian
dust sources. The lower Pb concentrations observed in the subantarctic
zone can be explained by the lower solubility of naturally sourced Pb
compared to anthropogenic Pb and by the stronger scavenging of Pb in
this region.

4.2. Anthropogenic and natural Pb in the South Atlantic Ocean: temporal
changes and mass balance

Lead concentrations and isotope compositions in the South Atlantic
Ocean can be attributed to different predominant sources of Pb, which
vary spatially according to the different oceanographic and atmospheric
regimes. When compared to literature data, our new results can also be
used to investigate the temporal evolution of the Pb isotope signature in
the surface waters of the western South Atlantic, and hence changes in
those source contributions through time.

4.2.1. Decline in surface water Pb concentrations from 1990 to 2011

Analyses of seawater samples collected at similar latitudes and lon-
gitudes in the 1990s show a similar pattern of Pb concentrations to those
presented here, with Pb concentrations highest in the subtropical zone,
followed by the equatorial zone, and lowest in the subantarctic zone
(Helmers and Rutgers van der Loeff, 1993; Alleman et al., 2001a; Fig. 4).
In all three zones, mean Pb concentrations in March 2011 were lower
than or equal to those of 1990 and 1996. In detail, Pb concentrations in
the surface waters of the equatorial zone in November 1990 (17.8 + 2.8
pmol/kg, 1 SD, n = 28; Alleman et al., 2001a; Helmers and Rutgers van
der Loeff, 1993) were essentially identical to those observed in March
2011 in this study (17.8 &+ 1.9 pmol/kg, 1 SD, n = 6; Fig. 6). The more
variable Pb concentrations of the subantarctic zone in November 1990
define a mean (14.8 + 8.3 pmol/kg, 1 SD, n = 11; Helmers and Rutgers
van der Loeff, 1993) that is slightly elevated compared to the mean
observed in March 2011 (12.6 + 2.2 pmol/kg; 1 SD, n = 8; Fig. 6).
However, due to the large variability in Pb concentrations in the 1990
dataset, both values are statistically identical (p > 0.05, t-test). The
largest deviations between historical and more recent Pb concentrations
are observed for the subtropical zone (Fig. 6). In detail, the Pb concen-
trations from November 1990 define a distinctly elevated mean (32.7 +
18.4 pmol/kg, 1 SD, n = 32; Helmers and Rutgers van der Loeff, 1993
Alleman et al., 2001a) compared to the March 2011 data (19.9 + 2.1
pmol/kg, 1 SD, n = 8), although both datasets are again statistically
identical (p > 0.05, t-test) due to the highly variable historical Pb
concentrations.

When combining the historical data of all three zones, they define a
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Fig. 6. Average Pb concentrations of surface water
from the equatorial, subtropical, and subantarctic
zones of the western South Atlantic in the 1990s
(Helmers and Rutgers van der Loeff, 1993; Alleman
et al., 2001b) and 2011 (this study). For each dataset,
the light blue lines represent the median, shaded
boxes extend from the first quartile to the third
quartile, whilst whiskers extend from the box by 1.5x
the interquartile range, encompassing all data points
that are not ‘outliers’; open circles are ‘outliers’. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

1990s 2011 1990s 2011

mean Pb concentration for the surface western South Atlantic Ocean that
was 34 % lower in March 2011 (16.7 + 3.8 pmol/kg, 1 SD, n = 22) than
in the 1990s (25.2 + 18.1 pmol/kg, 1 SD, n = 71; Helmers and Rutgers
van der Loeff, 1993; Alleman et al., 2001a). Notably, the historical and
March 2011 means are statistically different (p < 0.05, t-test) when the
larger datasets, which are obtained by combining data from all three
zones, are compared. However, the observed change is predominantly
driven by the temporal decrease in the Pb concentrations of the sub-
tropical zone, which is most strongly impacted by South American
anthropogenic and urban inputs. This finding supports the hypothesis
that national policies of South American countries to ban the use of
tetraethyl lead in gasoline led to a decrease in anthropogenic Pb inputs
from South America. Brazil completely phased out leaded petrol in 1991
(Eichler et al., 2015) and Argentina did so by 1996 (Lovei, 1996), whilst
Uruguay and Chile continued using leaded petrol until 2004 and 2005,
respectively (Manay et al., 2008; Queirolo et al., 2010; Eichler et al.,
2015). Compared to the 34 % decrease in the mean Pb concentration of
surface waters of the western South Atlantic Ocean between 1990 and
2011, the western North Atlantic experienced an 80 % decrease in the
mean Pb concentration of surface waters between 1970 and 2000, as
inferred from seawater data (Boyle et al., 2014) and coral records off
Bermuda (Kelly et al., 2009), mainly due to the greater historical
anthropogenic Pb loading in that region, and possibly due to the longer
timescale of comparison.

4.2.2. Shift in surface water Pb isotope compositions from 1990 to 2011
The Pb isotope data available for the South Atlantic surface waters,
together with the potential natural and anthropogenic sources, can be
used to interrogate whether the inferred 34 % decline in South Atlantic
surface water mean Pb concentrations is consistent with lower emissions
of anthropogenic Pb and the phasing out of leaded gasoline. For this
purpose, we use a simple isotope mass balance model (Table S6) since
most natural and anthropogenic South American Pb sources have
isotope compositions that can be used to define two distinct endmem-
bers (Fig. 5): (i) an anthropogenic endmember with 206pp, /207pp = 1,150
+ 0.007 and 2%8Pb/2%7Pb = 2.415 =+ 0.007, which approximates the Pb
isotope signature of urban and industrial eastern South American
sources as defined by a mixture of the lowest 2°°Pb/2%’Pb and
208p}, /207p} ratios observed for Buenos Aires and ‘urban Brazil’; and (ii)
a natural endmember with 2°°Pb/2%7pb 1.210 + 0.007 and
208pp,/207ph = 2.480 =+ 0.007, which represents the average Pb isotope

1990s

11

2011

signature of Patagonian and North African mineral dust. The quoted
uncertainties on those endmember values account for both variability in
the compositions of the anthropogenic and natural Pb sources and
changes in source relevance with latitude (i.e., North Africa is most
relevant for the equatorial zone due to water mixing between surface
currents north and south of the equator, Brazil for the subtropical zone,
and Argentina for the subantarctic zone). To calculate the percentage of
natural and anthropogenic Pb in each sample, the data points in the
206py, /207pp ys 298ph,/207pp space which did not plot exactly on the
mixing line (y = 0.923x — 1.079, where y is 2°°Pb/2%’Pb and x is
208pp,,/207ph) were projected onto it.

Based on the inferred endmember compositions, the Pb isotope
compositions of the South Atlantic surface waters collected in 2011
indicate that 25-47 % of the Pb present in the samples is of a natural
origin across the South Atlantic, with a mean contribution of 36 + 6 %
(1 SD, n = 22; Fig. 5, Table S6). This estimate demonstrates that the Pb
inventory of surface waters in the western South Atlantic Ocean is still
dominated by anthropogenic sources, but that the natural Pb signal is
stronger than it was in 1996. Indeed, using the same calculation, natural
Pb accounted for only 24 + 4 % of the Pb found in surface seawater from
the equatorial and subtropical western South Atlantic in 1996 (1 SD, n =
11; Fig. 5; Alleman et al., 2001b). This temporal shift towards a more
natural Pb isotope signature is statistically significant (p < 0.05, t-test),
and is in accord with the decrease in leaded gasoline emissions, as
countries bordering the South Atlantic Ocean phased out its use. The
increase in the relative abundance of natural Pb between the 1990s and
2011 is also observed when including the two previously defined end-
members in a concentration mass balance calculation, which shows that
natural Pb accounts for 38 % and anthropogenic Pb for 62 % of the total
Pb concentration in 2011, in line with the results obtained from the
isotopic mass balance (see note in SI).

Our estimate for the contributions of natural versus anthropogenic
Pb to South Atlantic surface waters is similar to a recent estimate for the
low-latitude North Atlantic Ocean. In detail, Bridgestock et al. (2016)
found that natural Pb accounts for 30-50 % of the total Pb present in
tropical North Atlantic surface waters. The similar range in relative
abundance of natural Pb appears to be a surprising result, since histor-
ical Pb concentrations were less elevated by anthropogenic emissions in
South Atlantic surface waters (peak values of 118 pmol/kg in 1990;
Helmers and Rutgers van der Loeff, 1993) than in the North Atlantic
Ocean (peak values of ~250 pmol/kg in 1970; Kelly et al., 2009). This
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difference reflects the much larger historical emissions of Pb from
American and European pollution sources in the Northern Hemisphere,
compared to those from countries bordering the South Atlantic Ocean
(Pacyna and Pacyna, 2001). However, the North Atlantic also receives
an input of 194 Tg yr~ ! of mineral dust from Africa, whilst the South
Atlantic receives <10 % of this mass flux from South America (Jickells
et al., 2005). As a result, mixing calculations to determine the relative
proportions of natural versus anthropogenic Pb inputs to both regions
yield similar changes over time. As for the North Atlantic Ocean, the
South Atlantic has seen a return of natural Pb to surface waters since the
1990s, providing evidence for the success of environmental policies that
have progressively banned the use of leaded gasoline over the past 50
years. Nevertheless, even though leaded gasoline has now been banned
worldwide, more than half of the Pb in the surface waters of the western
South Atlantic Ocean is still of anthropogenic origin, indicating that
efforts are still required to minimise other sources of anthropogenic Pb
pollution, such as coal combustion. Additionally, we suspect that Pb
from past emissions could be recycled and remobilised in terrestrial
environments and contribute to anthropogenic Pb inputs to surface
water via atmospheric deposition of dust and aerosols. Future studies are
needed to confirm the significance of such a source of anthropogenic Pb
to the surface ocean.

5. Conclusions

Lead concentration and isotope composition data are presented for
23 surface seawater samples collected in March 2011 during Leg 3 of the
GEOTRACES GAO2 cruise. Based on regional surface hydrography, the
western South Atlantic Ocean was divided into three different oceano-
graphic regimes and the sources of Pb to each zone were identified. The
equatorial zone, extending between 0 and 20°S, was characterised by a
strong signal of “inherited” marine Pb advected by the surface and
subsurface equatorial currents, with a limited Northern Hemisphere
signal from atmospheric aerosols at latitudes close to the equator. The
main source of Pb to the subtropical zone, between 20° and 40°S, was
urban pollution from South American cities such as Sao Paulo. Finally,
the subantarctic zone, between 40° and 60°S, had the most variable Pb
isotope compositions, suggesting a mixed origin of Pb, including both
anthropogenic sources from South America and natural dust sources
from Patagonia.

Mean Pb concentrations in the surface waters of the western South
Atlantic Ocean decreased by 34 % between the 1990s and 2011, in line
with a shift in Pb isotopes towards compositions that are less dominated
by urban and industrial Pb sources. In detail, the Pb isotope composi-
tions of samples collected in 2011 suggests that, on average, natural Pb
sources contributed 36 + 6 % of the Pb present in western South Atlantic
surface waters, compared to 24 + 4 % in 1996. This shift towards a more
natural Pb isotope signal provides evidence for the positive effect of
environmental and health policies that banned the use of leaded gaso-
line in South America since the 1990s. However, it is notable that
anthropogenic Pb still dominates the budget of total dissolvable Pb in
western South Atlantic surface waters, which indicates that other
sources of pollution need to be minimised to further restore the natural
biogeochemical cycle of Pb in the ocean.
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Discussion of sample contamination for Sample 21b and Sample 3

As described in the main text, each sample was collected in two separate 1 L bottles,
aliquots ‘a’ and ‘b’. Lead concentrations were determined for each bottle independently. The
concentrations determined for Sample 21 were consistently different (21a: 16.9 £+ 0.3 pmol/kg,
1 SD,n=2;21b: 24.5+ 1.2 pmol/kg, 1 SD, n = 2), suggesting that bottle 21b is likely to have
been contaminated. Contaminant Pb could have been introduced by the lack of adequate bottle
cleaning, or if dust would have entered the bottle during sample transfer or subsampling.
Therefore, the two bottles were processed as separate samples for the determination of Pb
isotope compositions. Sample 21a yielded >°Pb/?’Pb = 1.171, whilst Sample 21b was found
to have 2°°Pb/2’Pb = 1.136. It is the latter ratio (bottle 21b), which is clearly inconsistent with
all other samples analysed. Therefore, sample 21b was excluded from the dataset and further
discussion.

Sample 3 was found to have an unusually high Pb concentration of 36.7 + 5.3 pmol/kg
(1 SD, n = 2). This is significantly different from the mean of all samples (17.5 = 5.6 pmol/kg
1 SD, n = 23) and contrasts with samples located close by (i.e. ~12 pmol/kg). In addition, the
206pb/294Ph and 2°7Pb/?%*Pb ratios of Sample 3 are anomalously high compared to the rest of the
samples from the subantarctic zone. All these observations point to contamination of sample

3, which was subsequently excluded from the dataset and further discussion.

Details of concentration mass balance calculation

Based on the results presented in the main text, we observe a 34% reduction in Pb
concentrations between the 1990s and 2011. Using a purely isotopic mass balance approach
between two endmembers, we show in section 4.2.2 that the mean fraction of natural Pb
increased from 24% to 36% between 1996 and 2011. Here, we provide a different line of
evidence for this isotopic shift using a simple concentration mass balance approach and the
same two isotopic endmembers presented in the text.

Given Ci990s 1ot = 25.2 pmol/kg (total mean Pb concentration in 1990 and 1996) and
C2011 1ot = 16.7 pmol/kg (total mean Pb concentration in March 2011), and based on the
relative contribution of the anthropogenic (75%) and natural (25%) endmembers in 1996, it
follows that:

C1990s_anth = C1990s tot ¥ 0.75 =25.2 * 0.75 = 18.7 pmol/kg

C1990s_nat = C1990s_tot — C1990s anth = 6.3 pmol/kg



Assuming that the concentration of natural Pb remained roughly constant through time
(C2011 nat = C1990s nat = 6.3 pmol/kg), as the processes driving the natural supply of Pb are not
expected to change over the time scales in question, the concentration of anthropogenic Pb in
March 2011 is calculated as follows:

C2011 anth = C2011_tot — C2011 nat = 16.7 — 6.3 = 10.4 pmol/kg

The total Pb concentration in seawater is lower in March 2011 than in the 1990s. Therefore,
the mass balance indicates that C2011_anth accounts for 62% of Czo11_ttand that Cao11 nat
accounts for 38% of Cao11 tot . This estimate is in very good agreement with the one obtained
using isotopic mass balance between the anthropogenic and the natural endmembers in March

2011 (i.e. 64% anthropogenic Pb and 36% natural Pb).
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Figure S1. Seven-day back trajectories generated for particles ending at 10 m height on
26/03/2011. Trajectories were calculated using the NOAA HYSPLIT Model on an evenly
spaced grid between 0°-10°S and 40°-20°W, in the equatorial zone.
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Figure S2. Seven-day back trajectories generated for particles ending at 10 m height on
15/03/2011. Trajectories were calculated using the NOAA HYSPLIT Model on an evenly
spaced grid between 20°-38°S and 42°-32°W, in the subtropical zone.
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Figure S3. Lead isotope composition versus temperature and salinity for the South Atlantic
Ocean surface water samples of this study. These plots indicate that there is no difference in
the water mass properties between Samples 4 and 5 and Sample 16.
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Figure S4. Latitudinal variations in Al concentrations for ultra clean CTD and Fish samples
collected in the same locations as the Pb samples during the GEOTRACES GAO2 cruise
(GEOTRACES Intermediate Data Product Group, 2021; Middag et al., 2015).
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Figure S5. Seven-day back trajectories generated for particles ending at 10 m height on
08/03/2011. Trajectories were calculated using the NOAA HYSPLIT Model on an evenly
spaced grid between 40-52°S and 54-40°W, in the subantarctic zone.
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Figure S6. Sampling locations of March 2011 and historical data. Historical samples were
collected in 1990 as part of the ANT/IX expedition (Helmers & Rutger van der Loeff, 1993),
and in 1996 as part of the IOC III cruise (Alleman et al., 2001a; Alleman et. al, 2001b).



Tables

Table S1. Anion exchange procedure for the separation of Pb from
seawater for isotope composition measurements. The procedure was
followed using 100 pl AG1X8 100-200 mesh resin in shrink-fit

Teflon tubing.

Eluent Volume Purpose

0.1 M HNO:; 3x3.0ml Resin cleaning

2 M HBr(-0.01 M HF)? 2x0.1ml Resin equilibration
2 M HBr(-0.01 M HF)? ~5ml Load sample

2 M HBr(-0.01 M HF)? 2x0.1ml Elute matrix

0.2 M HBr-0.5 M HNOs* 2 x0.5ml Elute matrix

0.03 M HBr-0.5 M HNO3 0.2 ml Elute matrix

0.03 M HBr-0.5 M HNO3 2x1.5ml Elute Pb

@ The HF is omitted in the second column chemistry stage.
® Note that this step is a modification to the procedure of Paul et al.

(2015a).

Table S2. Anion exchange procedure for the separation of Pb from
seawater for concentration measurements. The procedure was
followed using 20 ul AG1X8 100-200 mesh resin in shrink-fit

Teflon tubing.

Eluent Volume Purpose

0.1 M HNO; 3x1.0ml Resin cleaning

0.5 M HBr-0.2 M HNO;3 2x0.1 ml Resin equilibration
0.5 M HBr-0.2 M HNO;3 2x1.0ml Load sample

0.5 M HBr-0.2 M HNO;3 2x0.3ml Elute matrix

0.03 M HBr-0.5 M HNO3 1.0 ml Elute Pb




Table S3. Lead isotope data for the SRM NIST 981.

Sample Resistor n*  Mass Pb W6ph204PD + 2 207pp/2%4Pp + 2 SDP 208pp/204Pp + 2 206ph/2Y7Pb + 2 208pp/27Pp + 2
SDP SDP SDP SDP

(V) (ng)

This study

NIST SRM 981 102 15 2 16.944 <+ 8 15.499 8 36727 + 20 1.09326 =+ 15 23697 =

2 SD relative (ppm)© 495 535 532 138 118

2 SE typical (ppm)¢ 200 200 200 40 40

NIST SRM 981 102 11 10 16.944 <+ 3 15.501 2 36731 + 7 1.09306 + 6 2.3696 £

2 SD relative (ppm)© 152 153 203 59 69

2 SE typical (ppm)? 70 80 90 20 20

NIST SRM 981 literature values

Galer and Abouchami (1998)¢ 60 ~10 16941 + 2 15.496 2 36.722 4 1.0932 2.3697

Paul et al. (2015a)f 1ot 2 16943 + 16 15.496 15 36.716 + 38 1.09334 2.3694

2 SD relative (ppm)© 920 970 1050

2 SE typical (ppm)? 500 500 550

Wilson et al. (2017)" 10" 47 2 16.941 + 8 15.495 9 36717 + 22 1.09332 2.3696

2 SD relative (ppm)*© 490 567 598

2 SE typical (ppm)¢ 212 226 245

# Number of individual sample aliquots analysed for Pb isotope composition.

® 2 x standard deviation of data from n separate runs. Indicates long term, external reproducibility.
¢ 2 x standard deviation of data from n separate runs in ppm. Indicates long term, external reproducibility.

d Typical 2 x standard error of the mean in ppm. Indicates the within-run precision of the data and is based on individual runs.

¢ TIMS using triple spike method.
fTIMS using double spike method.



Table S4. Lead isotope data for the GEOTRACES intercalibration sample GSP.

206Pb/204Pb +2 207Pb/204Pb +2 208Pb/204Pb +2 206Pb/207Pb +2 208Pb/207Pb +2

Sample Resistor n*  Mass Pb SDP SDP SDP SDY SDP

(D) (ng)
This study
GSP (seawater) 102 4 ~11 18.072 + 7 15.601 =+ 4 38.183 + 10 1.15844 =+ 14  2.4475 +
2 SD relative (ppm)© 394 269 260 119 108
2 SE typical (ppm)¢ 150 150 160 30 20
GSP (seawater) literature values
Griffiths et al. (2020) - Nobias® 102 9 35 18.075 + 10 15.604 =+ 7 38.192 + 23 1.1584 + 3 2.4476 +
2 SD relative (ppm)* 530 450 600 280 230
Griffiths et al. (2020) - Coprecipitation® 102 7 3.8 18.076 = 7 15.605 =+ 9 38.194 + 9 1.1584 + 3 2.4476 +
2 SD relative (ppm)* 360 310 240 220 50

? Number of individual sample aliquots analysed for Pb isotope composition.
b2 x standard deviation of data from n separate runs. Indicates long term, external reproducibility.

¢ 2 x standard deviation of data from n separate runs in ppm. Indicates long term, external reproducibility.
dTypical 2 x standard error of the mean in ppm. Indicates the within-run precision of the data and is based on individual runs.

¢ Double spike mass bias correction.



Table S5. Sample numbers, sampling date and time, and GEOTRACES cast identifiers for all
samples in this study. Samples in italic were disregarded in the discussion due to possible
contamination.

Sample Sample information
Date Time GEOTRACES
(UTC) Cast ID
Subantarctic zone
1 06.3.2011 02:00 FISH 1-1
2 06.3.2011 19:20 02 01 UCC
3 07.3.2011 11:00 FISH 1-5
4 07.3.2011 22:00 FISH 1-9
5 07.3.2011 22:00 FISH_1-9*
16 08.3.2011 03:00 03_01_UCC
17 09.3.2011 03:00 04 01 UCC
18 09.3.2011 22:00 FISH 1-20
19 10.3.2011 22:00 FISH 2-2
Subtropical zone
20 12.3.2011 00:30 FISH 2-7
21a 12.3.2011 00:30 FISH 2-7*
21b 12.3.2011 00:30 FISH 2-7*
33 13.3.2011 09:00 FISH 2-14
34 14.3.2011 14:00 FISH 2-21
35 15.3.2011 11:00 FISH_3-1
36 15.3.2011 19:15 FISH 3-4
37 16.3.2011 11:00 FISH_3-7
50 18.3.2011 08:30 FISH 3-18
Equatorial zone
52 21.3.2011 20:00 FISH 4-3
53 22.3.2011 16:00 FISH 4-7
54 23.3.2011 05:00 FISH 4-12
65 24.3.2011 20:00 16 _02_UCC
66 25.3.2011 16:30 FISH _5-2
67 27.3.2011 13:00 18 01 UCC

*Filtered sample



Table S6. Projected 2°*Pb/2°’Pb and 2°Pb/?°’Pb ratios for each sample, based on projection
onto the mixing line between the anthropogenic and natural endmembers used for the mass
balance calculation, and relative contribution of natural Pb as calculated from the linear mixing
model.

Sample 208pp/2'7 Ph (projected) 206pp/297 Ph (projected) Natural Pb (%)
Subantarctic zone
1 2.4312 1.1650 25%
2 2.4304 1.1643 24%
4 2.4454 1.1781 47%
5 2.4446 1.1774 46%
16 2.4412 1.1743 40%
17 2.4436 1.1765 44%
18 2.4376 1.1709 35%
19 2.4409 1.1740 40%
Subtropical zone
20 2.4381 1.1714 36%
2la 2.4393 1.1725 37%
33 2.4378 1.1711 35%
34 2.4383 1.1716 36%
35 2.4361 1.1695 32%
36 2.4367 1.1701 33%
37 2.4384 1.1717 36%
50 2.4329 1.1666 28%
Equatorial zone
52 2.4356 1.1691 32%
53 2.4361 1.1696 32%
54 2.4363 1.1698 33%
65 2.4418 1.1749 41%
66 2.4366 1.1700 33%

67 2.4398 1.1730 38%
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