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Abstract :

Atmospheric deposition of trace metals of natural or anthropogenic origin is an important input of
micronutrients to the surface ocean. However, understanding its direct impact on oceanic element cycles
is challenging due to scarce data, coupled to diverse aerosol sources and variable solubilities. Here, we
present a dataset that combines Ni, Zn and Pb isotopes for samples from the Moroccan and Senegalese
coasts and in the high latitude North Atlantic Ocean. We combine the new with published data for other
circum-North Atlantic sources to assess the processes that determine the isotope signatures in different
types of aerosols. We then use open marine aerosol data to investigate the impact of these signatures in
the open ocean. Isotope analyses were conducted on bulk aerosols (>20 um), on their ultra-high-purity
water leachates, and on rainwaters. Aerosols characterized by crustal elemental abundances have
isotope compositions similar to Saharan mineral dust. Mixing with anthropogenic aerosols from
Europe/North Africa results in lower 206Pb/207Pb and 208Pb/207Pb values for the Eastern North Atlantic
region. Higher 206Pb/207Pb at a given 208Pb/207Pb, observed near the Canadian margin and
occasionally at the Senegalese coast, points to anthropogenic inputs from North America. Based on
trends in the aerosol data (e.g., 966ZnJMC-Lyon versus 206Pb/207Pb, 60NiSRM986 versus Ni/V), we
identify several anthropogenic sources of Zn and Ni. The 866ZnJMC-Lyon of low-temperature pollution
(e.g., non-exhaust traffic emission) appears to be around —0.1%o to 0.2%., while leachate 666ZnJMC-Lyon
as low as -0.21%o indicates contributions from high-temperature combustion or smelting processes.
Among aerosols with good correlations between Ni and V, 860NiSRM986 > 0.40%o. traces Ni contributions
from oil combustion. Other Ni-enriched sources, possibly originating from laterite or sulfide, show relatively
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low 660NiSRM986 (as low as —0.85%.) and low V/Ni. Generally, aerosol sources for Zn are consistent
throughout the North Atlantic, while Ni can be highly heterogenous. Combining the new data with literature
elemental data, ratios of soluble Zn/Pb in anthropogenic aerosols are 1-100 times surface ocean ratios,
suggesting that the low 666ZnJMC-Lyon observed in anthropogenic aerosol can be key in controlling the
upper ocean Zn isotope composition. These aerosols have, however, much less significance for surface
ocean Ni.
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1. Introduction

Trace metals (TMs), including nickel and zinc (Ni and Zn), are essential
micronutrients for marine phytoplankton because of their requirement by
metalloenzymes (Sunda, 1988; Morel and Price, 2003). An important source of these
TMs to the ocean is via dry (aerosol: dust, soil, ash) and wet (precipitation: rain, fog,
snow) atmospheric deposition (e.g., Hamilton et al., 2022). Natural mineral dust is
one of the main components of atmospheric aerosols (Jickels et al., 2005), but it is
relatively insoluble in seawater (Mahowald et al., 2018). In contrast, though
anthropogenic activities and natural pyrogenic processes /~ q., wildfire) produce less
aerosol, their trace metal inventory is more solub'z, .o that they may supply
proportionally more bioavailable TMs to the surf-ce ucean (e.g., Ito et al., 2019;
Hamilton et al., 2022; Konig et al., 2022). Thei~fore, disentangling the atmospheric
TM sources of different natural and anthrzipogenic origins is important to better
quantify the soluble (and bioavailable) fractiun of TMs deposited from atmosphere
into the surface ocean, and to impru ‘e our understanding of their anthropogenically
influenced biogeochemical cycling.

The Ni and Zn stable iscicpe compositions (5°°Nisrmess and 8%°Znmciyon =
variations in ®*Ni/*®Ni and %.21/°“Zn ratios expressed as parts per thousand deviations
from the NIST SRM 98¢ and JMC Lyon standards, respectively) are powerful in
discriminating differ :nu ~ources and processes at play in the ocean. A shift towards
light Zn isotope sign.otures in the dissolved pool is observed within the upper ocean,
north of the Southern Ocean (e.g., Conway and John, 2014; John et al., 2018;
Lemaitre et al., 2020a). Debate continues concerning the origin of this light Zn
isotope signal, which could be due either to scavenging removal of heavy isotopes
(John and Conway, 2014; Weber et al., 2018) or to external input of a light isotope
signature (Lemaitre et al., 2020a; Liao et al., 2020, 2021). A better constraint on the
866ZnJMC_Ly0n signatures of atmospheric depositions is required to resolve this problem.
The 66°NiSRM986 distribution in the surface ocean is mainly controlled by biological
uptake along with water mass mixing (e.g., Archer et al., 2020; Yang et al., 2021;

Lemaitre et al., 2022). However, the potential impact from atmosphere deposition on



surface Ni cycling is not quantified due to a lack of aerosol data.

Distinctly low 8°°Znuc.1yon Values (as low as -0.73%o) are produced in controlled
industrial emissions (Mattielli et al., 2009) compared to mineral dust (average of
0.24%o; Dong et al., 2013; Schleicher et al., 2020; Zhang et al., 2022), while coal and
biomass burning produce aerosols with much higher SE‘E‘ZnLyon (up to 0.8%o;
Schleicher and Weiss, 2023). Low 8%Znjc.yon is observed for marine aerosols
(Dong et al., 2013; Little et al., 2014; Liao et al., 2020, 2021; Packman et al., 2022)
and, interestingly, is found in seawater and in marine particles (Lemaitre et al., 2020a;
Liao et al., 2020, 2021). The 8®Nisrmoss of crude oil (0.4 to 9.75%o; Ventura et al.,
2015), one of the most important anthropogenic Ni z2ticcs to the atmosphere, is
distinctly higher than most lithogenic materials, suh as rocks and soils (-0.33%o to
0.32%o0; Gueguen et al., 2013; Gall et al., 2017; T atié et al., 2015), laterite ores (-0.61%o
to 0.32%o; Rati¢ et al., 2016, 2018) and ~:~gmatic sulfides (-1.04%o to -0.10%o;
Hofmann et al., 2014). Mixing between c¢*' comnbustion-derived and lithogenic Ni has
been suggested to explain the §°°Nig, ~1c.6 range (0.05%o to 0.56%o) of acrosols in the
South China Sea (Takano et al., 2020).

All of the above informatiur comes from very few studies: aerosol data are still
very scarce for Zn and a.most non-existent for Ni. Thus, although different
‘endmembers’ have been Jenined in terms of their Zn and Ni isotope composition,
challenges remain in (ae. titying the impact from specific sources on dissolved surface
ocean inventories, e.necially in regions with multiple aerosol sources such as the
North Atlantic. In this ocean basin, lead (Pb) has been used to study anthropogenic
inputs more than in any other (e.g., Boyle et al., 2014). Anthropogenic inputs of Pb
from North America and Europe/Africa show distinct isotope ratios (*°*Pb/*’Pb and
208p/207ph) compared to natural inputs from the Saharan desert (e.g., Komarek et al.,
2008; Boyle et al., 2014; Bridgestock et al., 2016, 2018). Combining Pb with Ni and
Zn isotope analyses, and further elemental ratios, will therefore help in constraining
the origin of Ni and Zn in aerosols and ocean waters.

Here we present data for the Ni, Zn and Pb isotope compositions in bulk aerosols

(>20 um), gentle leachates, and in rainwaters, all collected off the Moroccan (EPURE)



and Senegalese (AWA) coasts and in the higher latitude open North Atlantic Ocean
(GEOVIDE). Though the coastal samples (AWA and EPURE) are geographically
restricted, they are representative of some key processes that define source isotope
signatures, and, including Pb isotope data, provide a near source characterization of
the aerosol end-members that can be transported into the oceanic region. We also
compile published constraints on the isotope compositions of aerosols from other
sources around the North Atlantic. The new and compiled data were then compared
with those from GEOVIDE, as well as previous data from the equatorial and eastern
Atlantic, to better understand the compositional vari=tio,.~ in the atmosphere
throughout the North Atlantic. Finally, the isotope 2n..uositions of the soluble
fractions were compared with surface seawater 0 understand how atmospheric

deposition affects the surface ocean.

2. Material and methods
2.1. Study areas and sample collect."n

The aerosol (>20 pum) and ran :vaters were collected from three different regions.
Two sets were collected clo.e 1y the Sahara Desert and surrounding cities,
representing both natural a4 anthropogenic dust sources (AWA and EPURE),
whereas a third was collecteu in the open high-latitude North Atlantic (GEOVIDE)
(Fig. 1; Tables S1, ST, 52).

The GEOVIDE cruise (GEOTRACES section GA01; 15 May-30 June 2014, R/V
Pourquoi Pas?) departed from Lisbon (Portugal), sailed to the Greenland shelf, and
ended in St John's (Newfoundland, Canada; Fig. 1a). Station records, satellite imagery,
positive matrix factorization and air mass back trajectory simulations suggest a
mixture of airborne particles (i.e., aerosol from Africa, Europe, North America,
Iceland and sea salt), affected by seasonal cycles and higher pollutant contributions
closer to the European and North American continents (Prospero et al., 2012; Shelley
etal., 2017, 2018). Both wet (precipitation) and dry (aerosol) deposition samples were
collected, with sampling details given in Shelley et al. (2017). In brief, for aerosol

samples, air was pulled through 47 mm diameter Whatman 41 (W41, 20 um pore size)



ashless filter discs at approximately 1.2 m*min (134 cm/s face velocity) using a
high-volume aerosol sampler (~1 m*min; model TE 5171, Tisch Environmental). To
avoid contamination from sea spray and the ship’s exhaust stack, aerosol samplers
were placed on the ship’s flying bridge and were sector (+ 60° from the bow) and
wind speed (> 0.9 m/s) controlled, using an anemometer and a vane attached to a 3m
pole mounted on the railings near the aerosol sampler. The aerosol filters were frozen
directly after collection and stored at -20°C. Precipitation samples (rainwaters) were
collected on an event basis using a Teflon precipitation sampler, and rainwaters were
acidified onboard to 0.024 M HCI (Ultrapur, Merck). The rei.tively low Al loadings
(1 to 30 ng per m*® of air) in GEOVIDE aerosols sugozzts +inited influence from the
Sahara at the time of sampling, and wet deposition accuunts for an important part of
the total (wet + dry) TM deposition (Shelley et ai. 20..7).

The AWA project (Fig. 1c, d) consizi~a of three different cruises off the
Senegalese coast: UPSEN-2 (AWA-U), E'>*O~U (AWA-E) took place in spring 2013
(23 February- 2 March and 7-19 h'arcn; Fig. 1c; R/V Antea); AWA (AWA-A) in
spring 2014 (4-14 March, Fig. 1d; 2/V Thalassa). Aerosols from this area are thought
to be composed of a mixture of 5 iharan mineral dust and urban pollutants (Petzold et
al., 2011). Naidja et al. (20.2) have also suggested that soil dust, biomass burning,
diesel-powered vehicles >nu industrial activities can be important sources of
atmospheric particle, n. Africa, and may hence be important sources of TMs in
aerosols collected du.ing the AWA project. Similar sampling approaches as described
above for GEOVIDE have been used to collect dry deposition samples. The aerosol
optical depth data (AOD data; http://aeronet.gsfc.nasa.gov) suggest higher dust
loadings during sampling periods in 2014 than in 2013 (Fig. 1c and 1d), but no
significant differences were observed in atmospheric Al loadings between UPSEN-2/
ECOAO (200 to 6000 ng/m®) and AWA (70 to 4000 ng/m°) cruises (Table S1).

The EPURE project sampled aerosols 100 — 800 m inland from the Moroccan
coast, up wind of Agadir and Dakhla (Fig. 1e). The Agadir site (EPURE-AQ) is
located close to an important industrial area, including crude oil refineries,

phosphate-based fertilizer manufacturing and power plants (Rodriguez et al., 2011). In



contrast, the Dakhla site (EPURE-Dak) is located further south and generally displays
greatest aerosol contributions from mineral dusts (Shelley et al., 2016). Samples were
collected from March 2015 to March 2016 using a low-volume sampler manufactured
in-house. Wind speed (> 0.9 m/s) and sector were monitored to minimize the
sampling of local emissions. The high Al loadings (15 to 6000 ng/m®) observed during
EPURE suggest significant impact of the Saharan dust plume (Shelley et al., 2016).

2.2. Sample processing and elemental analyses

Elemental contents of bulk aerosol samples, their ul*a-;:igh-purity (UHP, 18.2
MQ/cm resistivity, pH~5.5) water leachates, and rainwz*er .vere obtained at LEMAR
(France) and have been discussed in detail in pre':‘ous publications (Shelley et al.,
2016, 2017, 2018). The new isotope analyses i, thi: study were performed at ETH
Zurich on aliquots of sample stock solutions == summarized below.

As detailed in Shelley et al. (2016, 21117, the WA41 filter discs were digested for
bulk aerosol analyses in a 5:1 mixtui > of concentrated HNO3 and HF (v/v, ~14 M and
~24 M, respectively, Ultrapur, >4erck), refluxing at 150°C. After evaporation,
concentrated HNO3 was added .c b eak down fluoride salts. The residues were then
dissolved in 0.4 M HNO;3; '~r UHP water leaching experiments, 100 mL of UHP
water was rapidly passed .*rough an aerosol-covered W41 filter disc, placed above a
GN-6 Metrical backiny fiiter (cellulose esters, < 0.45 um). The leachate was then
acidified to 0.024 M ‘pH~1.7) with HCI (Ultrapur, Merck). Rainwater samples were
shaken vigorously, and approximately 2 ml of sample was pipetted, evaporated and
dissolved in 04 M HNOs;. These solutions were analyzed by
high-resolution-inductively coupled plasma mass spectrometry (HR-ICP-MS;
Element 2, Thermo-Fisher). A 1 ppb indium solution was used as internal standard for
drift correction. Details of the analyses of blanks and certified reference materials
(including a dust reference material LKSD-1) are reported in Table S1 of Shelley et al.
(2017). The elemental contents of bulk aerosols were converted into elemental
concentrations per volume of air (atmospheric loadings, e.g. ng element per m® of air)

using the respective sampled air volumes.



For the purposes of this study (i.e., the analysis of Pb, Zn and Ni isotopes),
elemental concentrations of the chosen solutions, including bulk aerosol digests from
AWA and EPURE, water leachates from AWA and GEOVIDE, and rainwater from
GEOVIDE, were re-measured by HR-ICP-MS (Element XR, Thermo-Fisher) at ETH
Zurich. Similar elemental ratios were determined, suggesting no significant changes
during storage (Tables S1, S2 and S3). Furthermore, Na was also analyzed to trace the
potential impact of sea salt (e.g., Marsay et al., 2022). The potential contribution of
sea salt to observed Pb, Zn and Ni amounts is less than 0.01% and is thus ignored here
(Table S1). The enrichment factor (EF) compared to cri'<tai 2lemental abundances

was determined as:

EF = ([Element] / [Al]) aerosot / ([Elements] / {Al] ucc (Eq. 1)

where the upper continental crust (UCC; concentrations are from Rudnick and Gao
(2014). The molar ratios of VV/Ni w~re also calculated (see Tables S1-3). Turnover
times with respect to atmospheric deposition are calculated for both the western and
eastern sections of the GEOVID:Z wrensect (boundary at 30°W, as suggested in Shelley
etal., 2017):

Turnover time = | £, |mixed layer X [D€Pth]mixed tayer / [FIUX]Jtotar (Eq.2)

Turnover time is defined as the integrated dissolved Zn concentration in the mixed
layer (Lemaitre et al., 2020a) divided by the total soluble Zn deposition flux (leachate
+ rainwater samples; Shelley et al., 2017, 2018).

2.3. Isotope analyses

For Zn and Ni isotopes, a distinction was made between samples characterized
by Zn/Ni concentration ratios between 0.25 and 4, and by Zn/Ni ratios >4 or <0.25.
This is because a narrow range of sample/spike ratios is required in analyte solutions.

For samples with Zn/Ni concentration ratios between 0.25 and 4, *zn-*Zn and



*INi-°Ni double spikes were added to the same aliquot to yield sample/spike
elemental ratios of 0.5-2. After a 48-h equilibration period, the solutions were first
passed through an anion exchange column (AGMP-1 resin, Bio-Rad), separating Zn
from Ni and most of the matrix (Archer et al., 2004; Vance et al., 2016; Wang et al.,
2019). Zinc was further purified on a second identical column. The impure Ni-matrix
fractions were passed through a Nobias-chelate PAl resin bed (Hitachi High
Technologies) to remove matrix cations, principally Na, Mg and Ca (Wang et al., 2019;
Archer et al., 2020), followed by a AG50W-X8 resin (Bio-Rad) and Re resin
(Eichrom) columns to remove residual Fe, Al, and Ti (} ittic et al., 2020). A final
Nobias column was performed to guarantee completz nuiification of Ni fractions
(Little et al., 2020; Sun et al., 2021). The same pro-eaure, but with separate sample
aliquots for Zn and Ni was applied for samples \'ith Zn/Ni concentration ratios >4 or
<0.25. The blanks of the chemical procedurez ~re less than 2 ng for Zn and 0.5 ng for
Ni, compared to sample sizes of ~100 r: for Zn and 20 to 50 ng for Ni. Reported
isotope ratios were not corrected foi *hese small blank contributions (< 2% for Zn, <
2.5% for Ni).

For Pb isotope analysis, stpariue aliquots were evaporated and re-dissolved in
1M HBr. This step was repra.~d three times before isolating Pb on an anion exchange
column (AG1-X8 resin, C'n-Rad) using mixed HBr-HNO; solutions (Lugmair and
Galer, 1992). The tca Ylank of this chemical procedure is less than 20 pg for Pb,
compared to sample quantities of ~10 ng. Reported Pb isotope ratios were also not
corrected for these minor blank contributions < 0.2 %.

The pure Pb, Ni and Zn fractions were analyzed for their isotope ratios using a
Thermo-Finnigan Neptune Plus multi-collector inductively-coupled-plasma mass
spectrometer (MC-ICP-MS) in low resolution mode at ETH Zurich. Samples were
dissolved in 0.5-1 ml 0.3 M HNO; and introduced via a Savillex C-Flow PFA
nebulizer (50 pl/min) attached to an Aridus Il desolvator. For Zn and Ni, double spike
methods were used to correct for instrumental mass bias and any isotope fractionation
induced during column chemistry (Bermin et al., 2006; Cameron et al., 2009, 2014).

For Zn analysis, ®Ni and mass 68.5 were monitored to correct minute interferences



from ®Ni on ®Zn and from doubly charged Ba. The primary ETH-AA Zn standard
was used during Zn isotope measurements, and the results are reported relative to the
JMC-Lyon standard based on a well constrained °°Zn difference between the two

standards of 0.28%o (Archer et al., 2017) as follows:

8%°Znmc-1yon = [(°Zn 1 ¥ZN)sampte / (°ZN 1 %*Zn)eri1.an — 1] % 1000 + 0.28 (%o)
(Eg.3)

The long-term reproducibility of Zn isotope analysis was ascessed based on seven
years of repeat analyses of the secondary IRMM-27u2 standard, which vyields
8%Znjmc-Lyon = 0.30 £ 0.06%o (2SD; n = 795). Thi- is ientical to values previously
published: 8%°Zn yon=0.28 + 0.02 %o (Archer et ..’ , 21 17).

For Ni, *°Fe and °"Fe were measured to 2rtect minute interferences from *°Fe on
*8Ni. Nickel isotope compositions are repcrteu in delta notation relative to the primary

NIST SRM 986 standard as follows:

8% Nisrmoss = [(°Ni / *®Ni)sampte + ("In1 / ®°Ni)nist srm g — 11 % 1000 (%o) (Eq. 4)

The long-term reproduci.iliny for Ni isotope analysis was monitored by repeat
analyses of the secordai  standards NOD A1l (66ONiSRM986 =1.04 £ 0.08 %0; 2SD; n =
372) and NOD P1 (0"’ Nisgmogs = 0.34 + 0.08%o; 2SD; n = 440). The obtained isotope
compositions are consistent with the literature: 8Nisrmoss = +1.03 = 0.06 %o for
NOD A1 and 8®°Nisgmoss = +0.36 + 0.07 %o for NOD P1 (Gueguen et al., 2013).
Internal errors of the instrumental analyses, propagated through the double spike
algebra, are given in Table S1 to S3. The uncertainties on Zn and Ni isotope
compositions shown on all figures are either the internal or the long-term error,
whichever is larger. Three samples have been processed and analyzed as procedural
duplicates. The differences between the duplicates were 0 — 0.02%o for §°°Zn and 0.02
— 0.12%o for 8%°Ni, consistent with the reproducibility of pure isotope standards (Table

S1 and S3). As part of the GEOTRACES intercalibration exercise, our laboratory has



demonstrated agreement for Zn and Ni isotope compositions with GEOTRACES
stations (SAFE D1 and D2) (Zhao et al., 2014; Sieber et al., 2020) and USGS
standard reference materials (NOD Al and P1) (Little et al., 2020, Sun et al., 2021).

For Pb isotope analysis, samples and the Pb standard NIST SRM 981 were doped
with Tl standard NIST SRM 997 to yield a Pb/TI ratio of ~4:1. All solutions were run
at ~20ppb Pb in 0.3 M HNOs. Instrumental mass bias was corrected using Tl as
described in Sufke et al. (2019). On a session-by-session basis, the 2> T1/?T] ratios of
the NIST 997 TI standard was adjusted so that the averange mass bias corrected Pb
isotope ratios of NIST SRM 981 matched the published crmpasitions of Baker et al.
(2004). The external uncertainties were estimatez wuosed on replicate mass
spectrometric sample analyses and whole procedur~| aupticates, and are 77 ppm for
206pp204ph 108 ppm for 2°’Pb/2%*Pb, 133 ppm fc - 2% >b/?*Pb, 37 ppm for 2°%®Pb/*’Pb
and 27 ppm for 2°°Pb/*’Pb (Tables S1 and S2}.

3. Results
3.1. The eastern North Atlantic ccastal region
3.1.1. Bulk aerosols

Bulk aerosol data are .vom the Senegalese (AWA) and Moroccan (EPURE)
coasts (Fig. 1). We first uce =Fs to characterize the degree of enrichment of a TM
relative to the UCC. "-ou~ samples from EPURE-Dak (orange diamonds) have EFs ~ 1
for Pb (Fig. 2a), 21 (Fig. 3a) and Ni (Fig. 4a), suggesting that these samples are
strongly influenced by a natural atmospheric source, such as Saharan mineral dusts.
Other bulk samples from the AWA and EPURE projects are characterized by much
higher EFs, reaching ~ 300, 110 and 20 for Pb, Zn and Ni respectively. This large
range of EFs indicates variable anthropogenic TM contributions, which often
dominate over natural sources.

The 2®°Pb/?’Pb and 2®Pb/?°’Pb ratios of bulk aerosol samples from AWA range
from 1.1480 to 1.1706 and from 2.4276 to 2.4403, overlapping with the range of
EPURE samples (1.1519 - 1.1860, 2.4304 - 2.4814). The four EPURE-Dak samples
with EFp, ~ 1, display higher 2°°Pb/*’Pb (from 1.1706 to 1.1860) and 2*®Pb/*’Pb



ratios (from 2.4562 to 2.4814) than other bulk samples with EFp, > 5 (Fig. 2a). Most
of the samples are correlated in *°Pb/?°’Pb versus *®Pb/?°’Ph space (r = 0.95, p-value
< 0.01), but several AWA samples (U7, E10, A5 and A9) lie significantly above this
correlation, towards relative enrichment in *°Pb (Fig. 2 and S1).

No significant differences in 8%°Znjuc.1yon Were determined between AWA and
EPURE, with ranges from -0.09%o to 0.17%o and -0.12%o to 0.22%o, respectively (Fig.
3a). The mineral dust dominated EPURE-Dak samples, with EFz, ~ 1, show
8GGZnJMC-Ly0n values that are among the highest of all aerosol samples (0.18%o to
0.22%o, Fig. 3a).

The ®Nisrmess Values range from -0.18%o to 0.42%~ 7o AWA-E&U (2013) and
from -0.40%o to 0.58%0 for EPURE bulk aerosol sampies (Fig. 4). Most of these
samples display a strong correlation between Ni and V loadings (r = 0.98, p-value <
0.01; Fig. 5d). AWA-A (2014) samples, Fcwvever, deviate from this relationship
towards higher Ni (Fig. 5d). This results i disunctly low V/Ni ratios at relatively low
8 Nisrmoss (-0.19%0 to 0.31%o, Fia. 4b). The 6°Nisgmoss values of the four
EPURE-Dak samples, with EFy; ~ 1, range from -0.17%o to 0.05%. (Fig. 4a), and lie

in the middle of the range observe 1 1ur more Ni enriched samples.

3.1.2. Water leachates

Water leachates n.-ely access the most anthropogenically-influenced aerosol
fractions, given the . tter’s higher solubility (Mahowald et al., 2018). The leachates
from AWA have among the lowest observed Pb isotope ratios (*°°Pb/?°’Pb ratios from
1.1463 to 1.1553 and “®*Pb/?°’Pb ratios ranging from 2.4255 to 2.4320, Fig. 2), and
variable §°°Znymc.Lyon, ranging from -0.21%o to 0.13%o (Fig. 3). The §*°Nisgmogs Values
of the AWA leachates are separated into two groups. One group shows very high
values (0.64%o to 0.83%o) while the other is similar to soil samples and characterized

by distinctly low V/Ni ratios (-0.12%o to 0%o, V/Ni < 0.5; Fig. 4).

3.2. The higher latitude North Atlantic region

3.2.1. Water leachates



GEOVIDE leachates are more homogeneous in 8°°Znuc-1yon (-0.07%o to 0.03%o;
Fig. 3) than the coastal regions of the eastern North Atlantic. These isotope
compositions are generally lighter compared to mineral dust (average of 0.24%o; Dong

et al., 2013; Schleicher et al., 2020).

3.2.2. Rainwaters

Rainwater samples all come from the GEOVIDE transect. The 8%°Znvc-iyon
range from -0.11%o to 0.19%. (Fig. 3). One sample collected near the Canadian coast
(geor-10) was analyzed for Pb isotopes and has a high 2°°Ph/<""®h ratio (1.1650). One
sample collected near Portugal (geor-3) was analyzer *n i isotopes and shows a

much lower 8®Nisrmoss (-0.85%o0) than other atmosgeric samples.

4. Discussion

The coastal North African aerc:ol uata we present here is from a
geographically-restricted area. How.\7e’, these data further characterize Ni and Zn
isotope compositions associatea with quite general natural and anthropogenic
processes leading to aerosol picduiction, adding to a scarce database on aerosol
sources, and using metal enichment factors to help deconvolve multiple processes
and sources. Furthermore, v the discussion below we combine the stable metal
isotope with Pb isotr,pe 1ata, allowing us to add a traceable source dimension to the
discussion. We also ~ombine the new data with literature data, to get as general a
picture as is currently possible of circum-North Atlantic natural and anthropogenic
aerosol sources. We then assess the open ocean data in the context of this picture,

integrating three different isotope tracers as well as elemental ratios.

4.1. Identifying potential aerosol sources

Natural aerosol sources can be identified using aerosol samples with relative
elemental abundances close to the UCC (EF ~ 1). Anthropogenic aerosol sources, on
the other hand, can be characterized using bulk aerosols with high enrichment factors

(EFs > 10; Shelley et al., 2016, 2017) and the chemistry of water leachates, given the



high solubility of aerosols of anthropogenic origin (Mahowald et al., 2018). We
combine EFs, specific elemental ratios and Pb isotope compositions to identify
anthropogenic sources of Ni and Zn. To do so, we first discuss the origin of Pb, which
has been the subject of many earlier studies, in the analyzed bulk aerosols and in

leachates.

4.1.1. Source identification for the eastern North Atlantic coasts
4.1.1.1. Pb isotope evidence for contributions from easterly and westerly winds
Aerosols with crustal elemental abundances (EF ~ ., represented by four
EPURE-Dak samples, orange diamonds, Fig. 2a) have r>laively high 2°Pb/?’Pb and
208p/297ph ratios. Similar but higher Pb isotope val -es 1ave previously been reported
for Saharan mineral dust (*°Pb/%’Pb ratios: 2196 to 1.2212, *®Pb/?’Ph ratios:
2.4804 to 2.5138; Abouchami et al., 2013 C<nleicher et al., 2020). In contrast to
mineral dust, the Pb-enriched bulk aerocnls and leachates from AWA and EPURE
have low 2°°Pb/?’’Pb and 2°°Pb/**’Pb -atis, as low as 1.145 and 2.245, consistent with
previous observations on aerosol 1cachates (Bollhdfer and Rosman, 2001; Witt et al.,
2006; Kumar et al., 2014; Bridyestcck et al., 2016; Kumar et al., 2018). Most AWA
and EPURE aerosols from the eastern North Atlantic Ocean show Pb isotope
compositions that are co.sisent with mixing between Saharan mineral dust and
anthropogenic emiss’ons supplied through easterly winds (blue shaded area in Fig. 2b).
However, a tendency towards slightly higher 2°Pb/?°’Pb ratios is observed for some
aerosol samples, in particular for AWA-U7, -E10, -A5 and -A9 from the Senegalese
coast (Fig. 2 and S1). The wind back trajectory analyses (by HYSPLIT, GDAS data
set; Stein et al., 2015) at these locations during sampling indicate wind directions
from the northwest (Fig. S1), tentatively suggesting potential aerosol contributions
from North America transported by westerly winds (green shaded area in Fig. 2b;

Bollhdfer and Rosman, 2001; Noble et al., 2015).

4.1.1.2. Contributions of Saharan mineral dust to Zn and Ni budgets

Mineral dust influenced aerosols from EPURE-Dak (EF ~ 1, high *®Pb/*’Pb and



2%pp/*"Ph ratios, Fig. 2a) have moderate 8°°Znmc.yon (~ 0.2%o, Fig. 3a) and
8 Nisrmoss (-0.2%0 to 0.1%o, Fig. 4a), consistent with mineral dust/soil isotope
compositions reported in the literature (8662nJMC.Ly0n of 0%o to 0.4%o, Schleicher et al.,
2020; 8 Nisrmoss Of -0.33%o to 0.32%o, Estrade et al., 2015; Rati¢ et al., 2015, 2018;
Wau et al., 2022). Saharan dust activity is highly variable, moving with the position of
the seasonally migrating intertropical convergence zone (ITCZ) and determined by
the strength of the trade winds, with generally higher dust loadings during summer
and winter periods (e.g., Ben-Ami et al., 2012). In the EPURE time series, the mineral
dust fingerprint is best seen in December in Dakhla (orA~ne diamonds in Fig. S2),
when atmospheric Al is at its maximum. The Eastz: ,“.dantic is the area most
significantly affected by Saharan dust, whose infl* ence is mainly dispersed across
lower latitude regions (e.g., < 30°N; Jickles et ai 20)5). Enrichment factors close to
1 for Ni, Zn and Pb, with high atmospheric .* ! foadings for aerosol samples under a
North African source regime, suggest tha. anthropogenic aerosol contributions
become less significant compared tc mi.ieral dust with strong dust activity (high Al;
Figs. 5a, b, ¢). The Saharan mincral dust impact becomes less significant in high
latitude regions (e.g., GEOVIDF.; >helley et al., 2017) and areas under a North
American source regime (e y., western part of GA03, US-GEOTRACES cruise in the
equatorial North Atlantic; Shelley et al., 2015), implying spatial heterogeneity in the
North Atlantic (Figs. oa, 9, ).

4.1.1.3. Zn isotope evidence for industrial and traffic emissions

The Zn-enriched bulk aerosol samples and leachates, characterized by low Pb
isotope ratios, display 8°°Znuc.yon from -0.21%o to 0.17%o (Fig. 3). This range
overlaps with non-exhaust traffic emissions (e.g., tires and brakes) that also show
moderate SBBZnJMC-Lyon (-0.1%0 to 0.6%0, mean value at 0.16%0; Dong et al., 2017;
Souto-Oliveira et al., 2018; Schleicher et al., 2020; Jeong et al., 2022; Schleicher and
Weiss, 2023). This potential source is further supported by data from a recent study of
an Irish peatland, in which urban pollution (mainly traffic) resulted in a trend towards

a similar Zn isotopic end-member after 1980 (Fig. 3b; Rosca et al., 2019). Other



anthropogenic sources with a moderate SGGZnJMC-Lyon range include road dust and
furniture, construction (Souto-Oliveira et al., 2018, 2019), raw ore materials and their
purified products, health products (John et al., 2007), and/or fertilizers (Chen et al.,
2008). Thus, it is also probable that these low-temperature emissions from
surrounding urban areas make significant contributions to the eastern North Atlantic
coasts.

Lower 8°°Znjmc.-Lyon, as low as -0.21%o, beyond the range of the above-described
intermediate isotopic end-member (Fig. 3), suggests contributions from combustion
sources from high-temperature evaporation (5°°Znywc.ye. as 'ow as -0.73%o, mean
value at -0.18%o; Schleicher et al., 2020), including = 'e.Sc waste incineration and
industrial smelting processes (e.g., Cloquet et al., 206; iviattielli et al., 2009; Shiel et
al., 2010; Gelly et al., 2019). The overall modera:> to ow SGGZnJMC-Lyon of our samples
(-0.21%0 to 0.22%0) indicate that coal and *omass burning are not major aerosol
sources in the coastal eastern North At!~ntic, which should result in much higher

aerosol 8°°Znymc.yon up to 0.80%o (Schlecher and Weiss, 2023).

4.1.1.4. Ni isotope evidence for ¢l combustion and lithogenic particles

Nickel isotope compns.tions and V/Ni ratios in Ni-enriched bulk aerosols and
leachates are used to disunquish anthropogenic Ni sources (Fig. 4). Except for the
mineral dust, no oth:r «na-member is clearly identified in relationships between Ni
and Pb or Zn isotop>s, suggesting different anthropogenic sources or fractionation
mechanisms between Ni and Zn or Pb. Most aerosols from the coastal eastern North
Atlantic (excluding AWA-A, Fig. 5d) are characterized by a good Ni-V correlation (r
= 0.98, p-value < 0.01; Fig. 5d) and high §°*°Nisrmegs in bulk sample and leachates (>
0.4%o, Fig. 4a). Both these features indicate an impact of crude oil (SBONiSRMggg =0.42%o
to 0.75%o; Ventura et al., 2015; Takano et al., 2021), in agreement with previous
studies showing that shipping exhausts are an important Ni source (Becagli et al.,
2012; Baker and Jickells, 2017). Most bulk EPURE-Ag samples (yellow pentagons in
Fig. 4) show some contributions from a crude oil end-member, which can be

explained by the proximity of Agadir to oil refineries (Rodriguez et al., 2011).



The other Ni-enriched end-member is represented by bulk samples and leachates
of AWA-A, showing distinctly low V/Ni (as low as 0.2) and 5*°Nisrmgss as low as
-0.18%o (Fig. 4). These isotope signatures are consistent with rocks/soils and laterite
ores (8 Nisrmoss = -0.61%0 to 0.32%o; Ratié et al., 2016, 2018). Laterite is an
important Ni-enriched terrestrial weathering product and can be used as raw material
for industrial production of Ni (Ratié et al., 2016). The low 2°°Pb/**’Pb ratios (1.1533
— 1.1637) of these samples may also support their anthropogenic origin (Table S1).
Meanwhile, the higher aerosol optical depth (AOD) values during AWA-A (2014)
imply higher dust loadings than during AWA-E&U in ?71. (Fig. 1c, d). Aeolian
erosion of Ni-enriched soils (e.g., laterite) and/or =u..ssion due to industrial
processing of (lateritic) ores may account for thic enu-member, but this inference
needs to be further investigated with more data.

Lastly, it is also possible that therc are other, as yet unidentified, Ni
end-members controlling aerosol sample: Fuir example, sample Ag40 from Agadir
displays relatively low 8%°Nisgmoss at -0.40%o, with different V-Ni relationships
compared to AWA-A samples (Fiy 4b). The origin of this sample remains unclear.
Overall, the observation indicates h'yhly heterogeneous Ni isotopic end-members in

the atmosphere.

4.1.2. Source identifica.‘on for the higher latitude North Atlantic region

Here only one 1o inwater sample, GEOVIDE-geor-10, located near the Canadian
coast was analyzed for Pb isotopes, whose wind back trajectory analysis suggests
contributions from North America (Shelley et al., 2016). The high 2*°Pb/*’Pb
compared to the correlation observed at the eastern North Atlantic coast is consistent
with a main contribution from westerlies (Fig. 2b).

The SBBZnJMC-Lyon variations for GEOVIDE leachates and rainwaters are from
-0.11%o0 to 0.19%o (Fig. 3). The similarly moderate to low 8*°Znyc.yon as for the
AWA and EPURE samples suggest contributions mainly from metal industrial and
traffic emissions, without significant impact from coal or biomass burning (e.g.,

Schleicher and Weiss, 2023).



A much lower 5®°Nisrmess than anywhere else has been observed in rain from
Portugal (rainwater sample GEOVIDE-geor-3, -0.85%0), suggesting highly
heterogeneous local Ni sources. This low 8°°Nisrmsss probably cannot be produced by
evaporation like Zn isotopes, given its high boiling point (2913°C; Ratié et al., 2016).
The low 5®°Nisrmess may be linked to magmatic sulfides (-1.04%o to -0.10%o;
Gueguen et al., 2013; Hofmann et al., 2014), resulting from industrial processing of
sulfide ores, or unconstrained high latitude dust sources (Fig. 4). Mixing towards an
end-member with §*Nisgrmoss as low as -0.6%o has also been observed in snows from

Japan, but its origin remains unclear (Fig. 4; Takano et al., ?0z2).

4.2. Spatial aerosol source variations in the Nortk Atiantic Ocean

Moderate to low 8%°Znjc.yon Values (< 0.6:5%) were observed among our
samples (-0.21%o to 0.22%o) and for other cerosols/leachates in the open Eastern
Atlantic (-0.14%o to 0.54%o; Dong et al. 2013; Little et al., 2014; Packman et al.,
2022), as well as PM2 5 and PMjg ae, seis in London (-0.29%. to 0.33%.; Dong et al.,
2017), Barcelona (-0.83%o to -0.4”%o; Ochoa Gonzalez et al.; 2016) and S&o Paulo
(-1.36%0 to 0.18%0; Souto-Oliveira et al., 2019), suggesting little isotopic contrast
between different Zn pollutiv source regimes (Fig. 3a). Therefore, traffic and metal
industrial emission woulu be expected as the main anthropogenic Zn source to
aerosols throughout tiie | 'orth Atlantic, characterized by light Zn isotope signals.

On the other hai.1, Ni shows significant local heterogeneity. The good correlation
between Ni and V for aerosols and their leachates from GEOVIDE, AWA (excluding
AWA-A) and EPURE is consistent with mixing towards an oil combustion
end-member in the North Atlantic (r = 0.98, p-value < 0.01; 5d). However, GAO3
samples, collected under a North American source regime, yield higher Ni/V ratios at
low V loadings, producing a second trend in Ni vs V (Fig. 5d). This observation might
suggest variable crude oil compositions, yet their 8 Nisgrwmoss should be similarly high
(> 0.4%o) for the oil burning end-member (Ventura et al., 2015; Takano et al., 2021).
Moreover, local rain samples from Portugal can be quite different in 8®°Nisgmoss,

whose origin and potential impact remains to be further investigated.



4.3. The impacts of atmospheric deposition on surface seawater
4.3.1. Impacts on Pb in the surface North Atlantic Ocean

Deposition of anthropogenic aerosols is an important source of Pb to the surface
ocean (e.g., Boyle et al., 2014), and we here assess the impact on Zn and Ni and their
isotopes with reference to the better-studied Pb system. As noted in section 4.1.1, the
Pb isotope ratios of AWA and EPURE aerosols from the eastern North Atlantic Ocean
mainly reflect mixing between Saharan mineral dust and anthropogenic emissions
from Europe and Africa (Fig. 2b). The natural Saharan minei ! dust endmember can
be estimated using average literature data (*°*Pb/?’Pb = 1 2202; 2%8Pb/*°’Ph = 2.5055;
n = 12; Abouchami et al., 2013; Schleicher et al., 2C0). Tne AWA leachates permit an
estimation of the Pb isotope composition of th: amropogenic aerosol endmember
supplied by easterly winds from Europe and *.frica (mean ratios of the AWA leachates
for 2°°Pb/’Pb = 1.1509; 2®Pb/*’Pb = 2.4.48; n = 6), although some previous
observations may indicate that even .~wr ratios could be chosen (e.g., Bollhtfer and
Rosman, 2001). Some of the recent surface seawater samples from the Eastern
Atlantic are also consistent wit't "nixing between these two end-members, with
mineral dust Pb contribution. frorm ~ 10% to ~ 50% (Noble et al., 2015; Bridgestock
et al., 2016, 2018; Zurbri ! e. al., 2018). Contributions from the westerlies result in
higher ®®Pb/?’Pb i'1 acrosols and seawater, deviating from the mixing line and
exceeding the range <f values measured in our study (Noble et al., 2015; Bridgestock
et al., 2016, 2018; Zurbrick et al., 2018). Contributions to Pb that are 10-50% from
mineral dust is broadly consistent with other estimates suggesting that 30-50% of Pb

in surface waters comes from natural sources (Bridgestock et al., 2016).

4.3.2. Atmospheric deposition as an important source of isotopically light Zn to
the surface ocean

Bulk aerosol data highlight a strong relationship between the natural logarithms
of EFsof Zn and Pb (r = 0.87, p-value < 0.01; Fig. 6a), suggesting coupled transport

in the atmosphere. However, Zn solubility tends to be greater than that of Pb (Shelley



et al., 2018). Indeed, aerosol leachates and rainwaters with lower AIl/Pb ratios
generally display similar to much higher Zn/Pb ratios compared to Saharan dust and
UCC, implying that soluble Zn is equally or preferentially released compared to Pb
from anthropogenic aerosols (Fig. 6c). Furthermore, soluble Zn/Pb molar ratios in
both leachates and rainwaters are > 10, often much higher than that of surface
seawater (Fig. 6¢), suggesting that the impact of atmospheric soluble depositions
derived from anthropogenic aerosol must be even more significant for surface ocean
Zn than it is for Pb.

As both aerosol/rainwater and seawater data are av~ila.'e for GEOVIDE, we
estimate the turnover times of Zn in the surface ocean r2'au e to atmospheric soluble
depositions along the GEOVIDE transect (see E. . for details of calculation).
Turnover times are 79 — 194 days for the west rn ¢action and 2 — 51 days for the
eastern section (boundary at 30°W, as sugozcted in Shelley et al., 2017). The short
turnover time associated with atmospheric Zn supply confirms that aerosol deposition
is an important source of Zn in the s.rface. A direct comparison of SGGZnJMC-Lyon
among GEOVIDE water leachaw~ rainwaters and mixed-layer seawater samples
shows that similar compositions t’ aunospheric depositions are observed in the mixed
layer of the western section vhile slightly lower SGGZnJMC-Lyon are observed for the
eastern side (Fig. 7). Thic awfference may be related to higher vertical particulate
export fluxes for the casi=rn side (Fig. 7; Lemaitre et al., 2020b), possibly resulting in
removal of heavy .Zn isotopes (John and Conway, 2014). Alternatively, aerosol
particles with lower 66GZnJMC-Ly0n might occur in size fractions < 20 um, which was
not collected by W41 filters in our study (Shelley et al., 2017).

The Zn-enriched global deep ocean has a rather homogeneous SGGZnJMC-Lyon of
0.46 = 0.13%0 (2SD, n = 312; Lemaitre et al., 2020a). In contrast, the highly depleted
upper 100 m is strongly skewed towards light isotope compositions (Fig. 8a, data
sources in caption), with 205 values out of 328 having SGGZnJMC_Lyon lower than the
deep ocean range (< 0.33%o), and with only 18 values out of 328 having 8%Zn higher
than the deep ocean range (SBBZnJMC_LyOn > 0.59%0). The data in Fig. 8 highlight the

likely importance of anthropogenic Zn in controlling upper ocean Zn abundances, as



proposed by Lemaitre et al. (2020a) and Liao et al. (2020). Whether such a source can
explain the full range of upper ocean light isotope compositions depends on whether
the end-member is taken to be the 8°°Znyuc.iyon found in aerosols from oceanic
regions (-0.21% to 0.54%; data sources in caption of Fig. 8a) or the values from those
collected in urban areas (-1.36% to 1.01%.; data sources in caption of Fig. 8a). Further
observational and modelling work will be required to properly quantify the potential

role of aerosols for oceanic Zn and its isotopes.

4.3.3. Relatively limited impact on Ni cycling in the surf~ce >cean

The enrichment factors of Ni in bulk aerosols are zai.2.ally lower than those of
Pb (and Zn), suggesting less significant contributior+ fru.i1 anthropogenic Ni (Fig. 6b).
The positive correlation between the logarithm. of : oluble Ni/Pb and Al/Pb molar
ratios (r = 0.62, p-value < 0.01) also sugoscts that both natural and anthropogenic
aerosols contribute to soluble Ni fractior: (Fiy. 6d). Specifically, the soluble Ni/Pb
derived from oil combustion, a majc. ar.nropogenic Ni source in the atmosphere (e.g.,
Pacyna and Pacyna, 2001), is cluo= to two orders of magnitude lower than that of
Saharan dust and surface seavvaier (Fig. 6d), suggesting that the impact of
atmospheric soluble depositich from anthropogenic aerosol is much less significant
for surface ocean Ni thai it «s for Pb (and Zn). Consistent with this, the range of
surface ocean seawater (1.40%o0 to 1.74%o) is higher and distinct from aerosol

SGONiSRMgge (-0.85%o0 .7 0.83%o; data sources in caption of Fig. 8b).

5. Conclusion

In this study, we have presented new Zn, Ni and Pb isotope data from bulk
aerosols, their leachates, and rainwaters collected off the Moroccan and Senegalese
coasts (EPURE and AWA projects respectively), and in the higher latitude open North
Atlantic Ocean (GEOVIDE project). Combining radiogenic Pb isotopes, stable metal
isotope analyses, elemental ratios and elemental enrichment factors (EFs, relative to
element/Al ratios of the continental crust) allow the identification of natural and

anthropogenic aerosol sources, and add to the limited number of studies seeking to



fingerprint potential processes and sources for open ocean aerosols.

High dust activity off the African coast results in high atmospheric Al loadings,
EF ~ 1 and low dust solubility, with isotope compositions similar to Saharan dust
(high 2°°Pb/**’Pb and 2°®Pb/*"Ph, moderate *°Znyyon of ~ 0.2%0 and ®Nisgmoss of -0.2%o
to 0.1%0). Conversely, anthropogenic aerosols are characterized by EFs > 10, greater
solubility, low Pb isotope ratios and specific Zn and Ni isotope compositions
depending on the anthropogenic source (see below).

Generally, low 2®°Pb/*’Pb and 2°®Pb/**’Pb ratios are observed in the eastern
North Atlantic, suggesting mixing of Saharan dust with a~thicnogenic aerosols from
Europe/North Africa supplied by easterly winds. !'iyicr 2®Pb/?’Pb than the
correlation defined by most of the data suggests ar:hropugenic aerosol contributions
from North America, which is observed near the Cai adian coast and occasionally in
the Eastern Atlantic. Aerosol Zn isotope ~umpositions point to anthropogenic
contributions possibly from traffic and mewl industrial emissions, whereby the
high-temperature evaporation cause Xistinctly lower aerosol SGGZnJMC-Lyon (as low as
-0.21%o) than the average crustal v.'ue. The influence of oil combustion on aerosol Ni
is widespread and recognized in r :lauvely high §°°Nisrmoss values (> 0.4%o) and good
correlations between Ni anu V concentrations. Highly heterogenous 5Nisrmoss iS
observed for other non-o.! aithropogenic sources, whose origins are not yet fully
defined.

The fact that so..'ble Zn/Pb ratios in anthropogenic aerosols range between 1 and
100 times those of the surface ocean, suggests an anthropogenic impact on surface
ocean Zn that is as big or bigger than for Pb. Thus, the release of isotopically light Zn
from anthropogenically sourced aerosol may be a key factor in determining the light
Zn isotope compositions in surface seawater. However, lower 8®°Znciyon iS
observed in the oceanic mixed layer than has yet been found in aerosols and
rainwaters sampled over the ocean. This could imply that other factors control Zn
isotopes in the surface ocean, or that the currently very limited sampling of oceanic
aerosol is not representative. The direct impact of atmospheric input on Ni cycling in

the surface ocean is insignificant, revealed by the very different 66°NiSRM986 measured



in aerosols/rainwater versus seawater.

Though our study has added to the data for Zn and Ni isotopes in marine
aerosols, these datasets are still very small. The problem of data scarcity is
particularly important given the significant heterogeneity in source signatures. We
suggest that the coupling of a source tracer, such as Pb isotopes, to metal isotopes that
respond more to process, is going to be crucial in understanding this source
heterogeneity. In addition, such an approach allows using metal/Pb ratios to place
quantitative constraints on the magnitude of the depositional flux of metals to the
surface ocean. Quantitative observations along these lines **in, however, also need to
be coupled to atmospheric transport models, as wel' »s :iodels of surface ocean
elemental cycling between particulates and the ac''eou> phase, in order to reach a
more complete understanding of the importance <f na ural and anthropogenic aerosols

on upper ocean systematics of metals, such a< Zri, and their isotopes.
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Figure 1. Sample locations in this study: (a) overview, (. GEOVIDE project (GEOTRACES
GAO1 section); (c, d) AWA project including the cruiscs AWA (AWA-A, in red), ECOAO
(AWA-E, in green) and UPSEN-2 (AWA-U, in y-n}' (e) EPURE project. The overview map

0.206

in (a) was produced using Ocean Data Vie*** 1 e background colors in panels (b) to (e) show
aerosol optical depth (550 nm) average.' rver the time period of the expedition, and were
produced using the Giovanni online 'ata system (http:// aeronet.gsfc.nasa.gov), NASA GES

DISC70 with mean daily data from thz [ “ODIS instrument on board the Terra satellite.
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Figure 2. (a) 2°Pb/*’Pb ver- i1s A./Pb ratios (bottom x-axis) and Pb enrichment factors (top
x-axis, with the upper centine Mal crust, UCC, shown by the dashed black line) and (b) Pb
triple isotope plot of & :rosol, UHP water leachate, rainwater and seawater data for the North
Atlantic. Anthropoger..~ aerosols derived from North and Central America are delineated by
the green shaded area, with recent US aerosols in grey (Bollhofer et al., 2001; Noble et al.,
2015); anthropogenic aerosols from North Africa and Europe are shown by the blue shaded
area (Bollhofer et al., 2001; Bridgestock et al., 2016); Saharan mineral dust is shown by the
orange shaded area (Abouchami et al., 2013; Schleicher et al., 2020). Recent surface seawater
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et al., 2018). A calculated mixing trajectory between the AWA UHP water leachates and
average Saharan mineral dust (see section 4.1. for more information) is shown as the black

line. Error bars are smaller than the size of the symbols.
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by the dashed blar. lii.™) =nd (b) *°Pb/*’Pb for aerosol, UHP water leachate and rainwater
samples. Isotope comrsitions of aerosol endmembers are shown in the top part of (a)
(Schleicher et al., 2020). Literature data for both Zn and Pb isotope compositions for an Irish
peatland (bog) (Rosca et al., 2019) and anthropogenic end-members from London (LD)
(Ochoa Gonzalez et al., 2016; Dong et al., 2017) and S&o Paulo (SP) (Souto-Oliveira et al.,
2018, 2019) are shown in (b). The black arrow represents a city pollution trend (mainly traffic)
in the post-1980 bog record. The dashed arrow in (a) represents the lower boundary of the
intermediate Zn isotopic end-member defined in previous work (-0.10%0 to 0.60%o;
Schleicher et al., 2020; Schleicher and Weiss, 2023). The dashed arrow in (b) represents

potential contribution from the westerlies, with relatively higher 2°Pb.
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Figure 4. 8®Nigrmess V2rsu~ (@) Al/Ni ratios and (b) V/Ni ratios for aerosol, UHP water
leachate and rainw..=r _.~mles. Isotope compositions of different potential Ni aerosol sources
are shown in the top p.rt of (a) (rocks and soils from Gueguen et al., 2013; Estrade et al.,
2015; Ratié et al., 2015, 2016, 2018; magmatic sulfide from Gueguen et al., 2013; Hofman et
al., 2014; laterite from Ratié et al., 2015, 2018; crude oil from Ventura et al., 2015). Literature
data for wet deposition from Japan (Mt. Kajigmori and Uji City) are shown in (b) (Takano et
al., 2021). The dashed double-headed arrow in (a) represents the boundary of the crude-oil
end-member, represented by 5% Nisrmoss higher than 0.4%o (Ventura et al., 2015; Takano et al.,
2020, 2021).



Figure 5:

10° 10°
v
a (a) v WY (b)
v Y v Y ° v ‘:
X v Yv v A
Yy v w 0 & % A v w rid
104 v7 v v ¢ oo s 10°] 44V a2 of®
v AA:‘YQOVQO&OO 8 4 A has wWIVY O?{ﬁ% o
A A
g AV AGH, .<><§> @ﬁ@ S 4 A <<>>.<> S OO
ITh A A,y %Oé OQ&O&" . ™ v ® &5 <§>;> CCIEDN
Rl 2008 Jo gone oo © oV, 20 O g
v M OO o ag” o
L ] $ O<Q> o © [ ] o 0&6 @8 S%
v © v
M YT vy v v '9' vy
L ‘50
1[]”_______________________________?_O__o_ 10‘7._-_-_-_-__-_-_-_-_________-__-_Q-Q-OQ!
10° 10 10° 10° 10° 10' 10* 10°
3
Al (ng/m%) Al (ng/m?)
10°
Bulk aerosol Leach es
. ORI Ty e g0 o @
-Dal
vvj @ @ AWAESU A GEOVIDE $° o &
v B AWA-A ‘ Lithogenic matg[igjg__ ,,,,,,,,
. v'¥% & 10" Lf‘ BEOVIDE . (AWAA2DT4) o
10%5 vy :meﬁaaa. TR pd
4 " vy o o = .
3 s N Ad Y v hd ® . A -E’ 107 v B i " o
o] wnt ¢ e c A @
ah % el &©@ ~ 10" {Anow. endmember? rs f@
Ry & veo | B P gt
: sgiines | 2 R
© &+ Oy ® @@ﬁ e 107 4 af 0il combustion
5 ¢ Kgﬁ;f)" 4 (Leachates of AWA-E&U and GEOVIDE)
LU il ¢ OB 1 RN
T T T <>| 107 T T T T
10° 10' 10* 10° 10% 10" 10° 10'
3 3
Al (ng/m®) V (ng/m’)

Figure 5. Correlations between atmosphe”.. A 'nadings and (a) EFpp, (b) EFz,, (c) EFy;, and

between (d) Ni and V concentrations in ~:rosols. The elemental data for the samples from

GEOVIDE, AWA and EPURE are froi.. Shelley et al. (2016, 2017, 2018), those for the GA03

aerosols (US-GEOTRACES) from S.:e’le s et al. (2015).
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Figure 6. Comparisons of bulk aerosol er..*b.nent factors (EF) between (a) Zn and Pb, and (b) Ni
and Pb, as well as molar ratios for su. 'ble (¢) Zn/Pb and Al/Pb, and (d) Ni/Pb and Al/Pb. Bulk
aerosol and leachate data for GAO3 ¢ e ., ~m Shelley et al. (2015, 2018). The black dashed lines in

(@) and (b) represent the least squ re. 'inear regressions. The light blue and grey areas indicate the

95% confidence and predictio.. intervals, respectively. The dotted lines represent the 1:1 line. The

orange Sahara dust end-m¢mber n (c) and (d) is constrained by leachates significantly influenced

by Saharan dust in Sh:lley et al. (2018). The large light blue rectangles in (c) and (d) show

compositions of surface ~eawater in the North Atlantic (Conway and John, 2014; Hatta et al., 2015;

Noble et al., 2015; Menzel Barraqueta et al., 2018; Zubrick et al., 2018; Lemaitre et al., 2020,

2022).
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Figure 7. A comparison of 6GGZnJMC_Ly0n between wate.” ‘eachates, rainwater and the surface
ocean mixed layer for the GEOVIDE transect. T.ie data for the mixed layer are from Lemaitre
et al. (2020a). The dotted line near the top of “Ye aiagram indicates the boundary between the
eastern and western sections (30°W), as efi ied by Shelley et al. (2017) for the calculation of
atmospheric deposition fluxes. The 'ight blue arrows represent the total soluble deposition
fluxes from Shelley et al. (2017). T'e 27n export fluxes at the equilibrium depth of ***Th-?**U

system are from Lemaitre et al. /2c”0w).
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Figure 8. Measured isotope coripos tions of (a) Zn and (b) Ni for the oceanic regions studied
here and in the literature (for ~n: Dong et al., 2013; Little et al., 2014; Liao et al., 2020, 2021,
and for Ni: Takano et al., 2021,, 2021) compared to data for mineral dust (in orange for Zn:
Schleicher et al., 202C . un an aerosol (in black for Zn: Cloquet et al., 2006; Gonzalez et al.,
2016; Dong et al., 201, Souto-Oliveira et al., 2018, 2019; Schleicher et al., 2020; Jeong and
Ra, 2021; Schleicher and Weiss, 2023) and surface ocean (in blue for Zn: Conway and John,
2014; Zhao et al., 2014; Conway and John, 2015; John et al., 2018; Vance et al., 2019; Wang
et al., 2019; Liao et al., 2020; Lemaitre et al., 2020a; Sieber et al., 2020; and for Ni: Cameron
et al., 2014; Takano et al., 2017; Wang et al., 2019; Archer et al., 2020; Yang et al., 2021,
Lemaitre et al., 2022). The light blue bars show the range for the 100 m upper seawater

isotope data, with the deep seawater average shown in dark blue.
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Highlights

e Impacts from Saharan dust, and high-T and low-T anthropogenic emissions can be
identified with Zn-Pb isotopes;

¢ Nickel isotopes indicate contributions from oil combustion and lithogenic particles;

e The release of isotopically light Zn from anthropogenically sourced aerosol may be a
key factor in determining the low &%¢Zn in surface seawater;

o These aerosols may be less significant for surface ocear. i+’



