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Abstract

Anthropogenic activities have significantly enhanced atmospheric metal inputs to the ocean, which has
potentially important consequences for marine ecosystems. This study assesses the potential of Zn and
Cu isotope compositions to distinguish between natural and anthropogenic atmospheric inputs of these
metals to the surface ocean. To this end, the isotopic compositions of Zn and Cu in aerosols collected
from the eastern tropical Atlantic Ocean on the GEOTRACES GA06 cruise are examined. Enrichment

of

factors and fractional solubility measurements indicate the presence of a significant anthropogenic

ro

component in the aerosols collected furthest from the North African dust plume for both Zn and Cu. The

-p

mean 65CuNIST SRM 976 for the fully digested aerosols is +0.07 ± 0.39 ‰ (n = 9, 2 SD), which is

re

indistinguishable from the lithogenic value, and implies that Cu isotopes are not an effective tracer of

lP

aerosol sources in this region. The mean 66ZnJMC-Lyon value for the aerosols that underwent a total
digestion is +0.17 ± 0.22 ‰ (n = 11, 2 SD). The aerosols leached with ammonium acetate have similar Zn

na

isotope compositions, with a mean of +0.15 ± 0.16 ‰ (n = 7, 2 SD). The aerosols were collected in a
region with prevalent mineral dust but, despite this, exhibit isotopically lighter Zn than lithogenic Zn

ur

with 66Zn ≈ +0.3 ‰. When coupled with the previously published Pb isotope data, the aerosols exhibit

Jo

coupled Zn-Pb isotope systematics that are indicative of mixing between mineral dust (66Zn = +0.28 ‰
and 206Pb/207Pb = 1.205) and anthropogenic emissions (66Zn = -0.22 ‰ and 206Pb/207Pb = 1.129). This
demonstrates the potential of Zn isotopes to trace atmospheric Zn inputs from anthropogenic sources
to the surface ocean.
Keywords: Aerosols; Zinc; Copper; isotopic composition; anthropogenic contribution; trace
metals
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1 Introduction
Zinc and Cu are essential micronutrients for marine algae (e.g., Moore et al., 2013). Zinc is present as a
cofactor in several key enzymes in phytoplankton, including carbonic anhydrase which catalyses the
interconversion of carbon dioxide, and alkaline phosphatase which catalyses the hydrolysis of phosphate
esters (Sunda, 1989; Vallee and Auld, 1990). Copper also has multiple biological functions, for example,
in electron transport chains for photosynthetic and respiratory processes (Lopez et al., 2019). However,

of

the free Cu2+ ion is toxic at low concentrations (Sunda, 1976; Brand et al., 1986; Paytan et al., 2009).

ro

Phytoplankton combat the toxicity of Cu(II) by releasing strong organic ligands that complex >99% of
dissolved Cu in seawater (e.g., Coale and Bruland, 1988; Moffett and Brand, 1996; Moffett and Dupont,

-p

2007).

re

There are two primary external supply routes of trace metal micronutrients to the surface ocean: via

lP

rivers (e.g., Chester and Jickells, 2012) and via the atmospheric deposition of aerosols (e.g., Duce et al.,
1991; Jickells, 1995). Both these input fluxes have been significantly enhanced by anthropogenic

na

activities (e.g., Nriagyu and Pacyna, 1988; Pacyna and Pacyna, 2001). However, distinguishing and

ur

quantifying natural and anthropogenic sources of Cu and Zn to the ocean is challenging (Little et al.,
2014; Mahowald et al., 2018). Stable isotope measurements of Zn and Cu have been vital in

Jo

comprehending their marine biogeochemical cycles and may therefore be useful in investigating their
atmospheric inputs.

Zinc has a typical ‘nutrient-type’ profile in seawater, with concentrations that are up to 1400 times
higher in the deep oceans than the surface, attributed to the impact of biological uptake and
regeneration superimposed on the physical ocean circulation (e.g., Bruland, Middag and Lohan, 2013;
Roshan et al., 2018; Weber et al., 2018). Away from sedimentary and hydrothermal Zn sources, deep
ocean Zn isotope compositions are generally homogeneous, at δ66Zn = +0.45 ± 0.14 ‰ (e.g., John and
Conway, 2014; Zhao et al., 2014; Vance et al., 2019). Zinc isotope ratios typically show a minimum in the
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sub-surface (e.g., John and Conway, 2014; Vance et al., 2019), with the exception of the Southern Ocean
(e.g., Wang et al., 2019; Sieber et al., 2020). These isotopically light sub-surface Zn isotope compositions
have been explained in terms of (a) scavenging of isotopically heavy Zn (e.g., John and Conway, 2014;
Weber et al., 2018; Liao et al., 2020), (b) the shallow remineralisation of isotopically light Zn (Samanta et
al., 2017; Vance et al., 2019), or (c) as the result of an external source of isotopically light Zn (Lemaitre et
al., 2020; Liao et al., 2020). Aerosols of anthropogenic origin are one possible source of isotopically light

of

Zn (e.g., John et al., 2007; Mattielli et al., 2009; Lemaitre et al., 2020).

ro

The vertical dissolved Cu distribution in the ocean has been described as ‘hybrid-type’, due to the

-p

combination of its role as a nutrient and its particle scavenging reactivity (Bruland et al., 2013).
Anthropogenic Cu sources increase oceanic Cu concentrations, with some models predicting reduced

re

phytoplankton growth rates in strongly Cu-contaminated regions (Moffett et al., 1997; Paytan et al.,

lP

2009; Jordi et al., 2012). The varying sensitivity of different groups of phytoplankton to Cu toxicity can
influence the ecological composition in a region (Quigg et al., 2006; Levy et al., 2007; Wang et al., 2017).

na

The deep ocean is isotopically homogeneous for Cu, with δ65Cu values of about +0.6 to +0.7 ‰ (e.g.,

ur

Thompson, Ellwood and Wille, 2013; Takano et al., 2014; Little et al., 2018; Baconnais et al., 2019).

Jo

Upper-ocean Cu isotope compositions generally show deviations towards lower δ65Cu (about +0.3 to
+0.4 ‰), which have been interpreted as reflecting the input of isotopically light particulate Cu, either
via aerosols or rivers (e.g., Takano et al., 2014; Little et al., 2018).
The eastern tropical Atlantic receives atmospheric particles from diverse natural and anthropogenic
sources. One major natural source is mineral dust from the Sahara desert (Laurent et al., 2008). Globally,
mineral dust shows some geographical variations in Zn isotope compositions, but δ66Zn values are
positive and fall near the lithogenic Zn isotope composition, of +0.28 ± 0.26 ‰ (n = 105, 2 SD; Moynier
et al., 2017). The few published Zn isotope compositions of Saharan dust exhibit δ66Zn values of +0.43 ±
0.10 ‰ (n = 6, 2 SD; Dong et al., 2013) and +0.19 ± 0.29 ‰ (n = 4, 2 SD; Schleicher et al., 2020). Mineral
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dust δ65Cu values are also similar to the lithogenic value, of +0.08 ± 0.40 ‰ (n = 42, 2 SD; Moynier et al.,
2017), with reported Saharan dust δ65Cu values of -0.24 ± 0.11 ‰ (n = 6, 2 SD; Dong et al., 2013) and 0.01 ± 0.28 ‰ (n = 4, 2 SD; Schleicher et al., 2020).
A significant proportion of atmospheric particles originate from anthropogenic activities, e.g., fossil fuel
burning, vehicular traffic, pyrometallurgical production (Nriagu and Pacyna, 1988; Pacyna and Pacyna,
2001). The predominant anthropogenic source of atmospheric Zn and Cu is non-ferrous metal

of

production, for example in Zn-Pb refineries (Nriagu, 1979; Pacyna and Pacyna, 2001; Shiel et al., 2010). It

ro

is well established that the pyrometallurgical process fractionates Zn isotopes (John et al., 2007; Shiel et

-p

al., 2010). Studies have reported that the 66Zn values of anthropogenic contaminants are lower than
the lithogenic background (Cloquet et al., 2006a; John et al., 2007; Chen et al., 2008; Mattielli et al.,

re

2009; Bigalke et al., 2010; Borrok et al., 2010; Thapalia et al., 2010; Ochoa Gonzalez et al., 2016; Souto-

lP

Oliveira et al., 2018; Gelly et al., 2019; Souto-Oliveira et al., 2019). As Cu has a higher boiling point (2595
C) than Zn (907 C), it has been posited that combustion processes, such as in smelters (1000-1150 C),

na

do not fractionate the isotopes of Cu to the same extent as is observed for Zn (Mattielli et al., 2009;

ur

Thapalia et al., 2010; Gelly et al., 2019).
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In this study, we report the Zn and Cu isotope compositions of aerosol samples from the eastern tropical
Atlantic Ocean. The solubility, enrichment factors and isotopic composition of Zn and Cu in aerosols
from the eastern tropical Atlantic Ocean are investigated in order to evaluate the utility of Zn and Cu
isotope ratios as source tracers of natural and anthropogenic aerosols. Our goal is to better constrain
the sources of aerosols and the input fluxes of Zn and Cu to the ocean in this region.
2 Methods
2.1 Samples and Study area

Eleven aerosol samples were collected in February-March 2011 during the GEOTRACES GA06 cruise in
the eastern tropical Atlantic, between -7 ºN and 17 ºN (Fig. 1). Pre-cleaned Whatman 41 cellulose fibre
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filters were used to collect the samples by high volume sampling (~1 m3 min-1), when the wind direction
ensured that the ship’s exhaust emissions did not cause contamination. Eight of the eleven samples
were collected in or very near a North African dust plume, which was situated between approximately 4
and 13 N (Bridgestock et al., 2016). Air mass back trajectories (AMBT) reveal that these eight samples
originated from North Africa (denoted NA), while the three more southerly samples (ISO-14, ISO-16, ISO19) did not encounter land in the five days prior to collection (denoted Oceanic – OC; Fig. S1;

of

Bridgestock et al., 2016; 2017).

ro

Near the equator, rapidly rising, humid air creates the low-pressure belt of the inter-tropical
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convergence zone (ITCZ), which causes intense precipitation of about 2000 mm yr-1 (Helmers and
Schrems, 1995). At the time of sampling, the ITCZ was situated at approximately 1 ºN (Schlosser et al.,

re

2014). The large volume of rain scavenges atmospheric particles and, therefore, wet deposition

lP

dominates the supply of trace metals to the surface ocean in this region of the tropical Atlantic (Church
et al., 1990; Helmers and Schrems, 1995). Trade winds transport large quantities of Saharan and Sahel

na

dust to the sampling locations (Helmers and Schrems, 1995; Goudie and Middleton, 2001). However,

ur

southward transport of desert dust in the atmosphere is effectively shielded by particle scavenging in

Jo

the ITCZ (Schlosser et al., 2014).
2.2 Materials and Methods

Sample preparation was carried out in ISO class 4 laminar flow hoods in an ISO 6 clean room at Imperial
College London using acid-cleaned Savillex PFA beakers. The acids used (HCl, HNO3, HF) were distilled in
quartz or Teflon stills whilst concentrated optima grade H2O2 and HClO4 were purchased from Fisher
Scientific. The purified water used for diluting and cleaning procedures was from a Milli-Q water
purification system (Merck Millipore; resistivity ~18.2 MΩ cm).
The digestion and leaching of the filters have been described previously (Bridgestock et al., 2016).
Briefly, the filter papers were divided into two portions; one portion underwent a total digestion, which
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involved additions of 15.6 M HNO3, 9.8 M H2O2, 11.6 M HClO4, 28 M HF, and 6 M HCl. The other portion
underwent leaching with 1.1 M ammonium acetate (pH 4.7). This leaching procedure has been used
extensively to investigate the labile fraction of Fe and other trace elements in marine aerosols (e.g.,
Bridgestock et al., 2016; Jickells et al., 2016). However, the relationship between trace element
dissolution in this medium and in seawater is unclear (Baker et al., 2016; Meskhidze et al., 2019), with
lower solubility in seawater (due to higher pH) probably offset by strong organic complexation (Campos

of

and van den Berg, 1994; Ellwood and van den Berg, 2000; Buck et al., 2012). Elemental concentrations

ro

were measured using inductively coupled plasma mass spectroscopy (ICP-MS) and inductively coupled

-p

plasma atomic emission spectroscopy (ICP-AES) at the Natural History Museum, London (Bridgestock et
al., 2016; 2017).

re

Sample solution aliquots for Zn and Cu isotope measurements were spiked with a 64Zn-67Zn double spike

lP

to achieve a molar ratio of spike to sample-derived natural Zn (S/N) of close to 1.2 (Arnold et al., 2010;
Bridgestock et al., 2014). After double spike equilibration the samples were converted to chloride form

na

and dissolved in 7 M HCl + trace H2O2. Zinc and Cu were separated from the matrix and each other using

ur

anion-exchange chromatography, following previously published methods (Maréchal, Télouk and
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Albarède, 1999; Archer and Vance, 2004; Little et al., 2014a). Once separated, Zn underwent an
additional, smaller clean-up column (Bridgestock et al., 2014) and Cu two further duplicate column
passes (Little et al., 2014a; 2019).
Further, samples of Arizona Test Dust (ATD; Powdered Technology; Vanderstraeten et al., 2020) were
digested and leached using similar procedures. Briefly, ~20 mg samples of ATD were digested in a 3:1
mixture of concentrated 28 M HF: 15.6 M HNO3, ultrasonicated and refluxed at 140 C for 24 h. The
solutions were then evaporated to incipient dryness and taken up in 1 mL 15.6 M HNO3 for refluxing at
120 C overnight. The resulting solutions were dried and treated twice more with 15.6 M HNO3. A
further three aliquots of ~20 mg of ATD were leached by immersion and agitation (5 x 2 min), in ~5 mL
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of a 1.1 M ammonium acetate solution at pH 4.7 (prepared from 13.75 mL 17 M acetic acid, 9 mL 18.1 M
aqueous NH3, MQ water) and the supernatant separated by centrifugation (4400 rpm, 10 min). The final
products were converted to chloride form and processed by ion exchange chemistry for the separation
of Zn and Cu in the same manner as the aerosol filter solutions. Finally, the USGS reference materials
BIR-1 (a basalt) and Nod-P1 (a Fe-Mn nodule) were digested and purified using the same methods to
verify the accuracy of the total procedure.

of

2.3 Zinc and Cu isotope compositions

ro

Prior to isotope ratio analysis, Cu samples were dissolved in 1 mL 15.6 M HNO3 and 0.1 mL ~10 M H2O2

-p

and refluxed at 180 C overnight and Zn samples were treated with ~300 L 15.6 M HNO3. These

re

oxidation steps are designed to remove organics introduced by the resin. Each sample was then
dissolved in 2% HNO3 to ~100 ppb total Zn and total Cu concentrations for isotopic analysis.

lP

Zinc isotope compositions were measured using a Nu Plasma HR multi-collector inductively coupled

na

plasma mass spectrometer (MC-ICP-MS). The samples were introduced via either an Aridus II or DSN100 desolvating nebuliser system and a glass expansion Micromist nebuliser (uptake rate ~100 L min-1).

ur

The MC-ICP-MS was operated in low resolution mode and each day the instrumental parameters were

Jo

adjusted to optimise the sensitivity, typically ~100 V ppm-1 for Zn. The Faraday cups were equipped with
1011 Ω resistors and simultaneously collected the ion beams of 64Zn, 66Zn, 67Zn, 68Zn, 62Ni, 137Ba2+. Prior to
each measurement (of 3 blocks of 20 x 5 s integrations), an analysis of 2% HNO3 (20 x 5 s integrations)
was performed. The 2% HNO3 acid blank ‘background’ measurement was subtracted from the sample
and standard results (Little et al., 2019).
Instrumental mass bias was corrected for the isotope ratios of Zn by the double spike technique outlined
in Arnold et al. (2010) and Bridgestock et al. (2014). The data was processed offline, including
interference corrections, following the iterative instrumental fractionation correction procedure
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described by Siebert, Nägler and Kramers (2001). The isobaric interferences from 64Ni and (136, 134, 132)Ba2+
were accounted for by monitoring 62Ni and 137Ba2+ respectively; the interference corrections were nearly
negligible with 64Ni/64Zn, 132Ba2+/66Zn, 134Ba2+/67Zn and 136Ba2+/68Zn ratios for samples of typically less
than 1x10-5 for samples. The Zn isotope compositions of samples were determined relative to bracketing
runs of IRMM-3702 Zn standard solutions, which had total Zn concentrations and S/N ratios matched to

𝑍𝑛⁄
64𝑍𝑛 )

1

𝑠𝑎𝑚𝑝𝑙𝑒

𝛿 66 𝑍𝑛 =
(

× 1000

⁄64𝑍𝑛)
𝐼𝑅𝑀𝑀−3702 )

)

re

((

−1

66𝑍𝑛
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within 10% of the samples and are reported in  notation:

lP

All Zn isotope data are reported relative to the JMC-Lyon Zn isotope standard. As the isotopic analyses
were conducted relative to IRMM-3702 Zn, a correction of +0.30 ‰ was applied following the

na

recommendation of Moynier et al. (2017) and Archer et al. (2017). Repeated analyses of the in-house

Table S1).

ur

London Zn isotope standard on multiple days of analysis yielded 66ZnJMC = +0.14 ± 0.08 (n = 23, 2 SD;

Jo

All Cu isotope analyses were performed on a Nu Plasma II MC-ICP-MS at Imperial College London.
Samples were introduced using a Peltier glass spray chamber (5 C) coupled to a glass expansion
Micromist nebuliser (uptake rate ~100 L min-1). The instrument was operated in low resolution mode
with an average sensitivity (total Cu beam) of ~25 V ppm-1. In order to correct for instrumental mass
bias, samples were doped with Ni, as described by Larner et al. (2011) and Little et al. (2019), to achieve
a 3:1 Ni:Cu (± 20%) ratio for samples and standard solutions. Tests showed that a 20% discrepancy in
Ni:Cu ratio had no impact on the corrected Cu isotope data. Each sample and standard measurement (of
60 x 5 s integrations) was preceded by a ‘background’ run (20 x 5 s integrations) of a 2% HNO3 blank

Journal Pre-proof
solution; the background signals were subsequently subtracted from the Cu (and Ni) ion beams
measured in the sample and standard runs (Little et al., 2019). This yielded raw measured 65Cu/63Cu
ratios, which were corrected online for the instrumental mass bias using the 62Ni/60Ni ratio and the
exponential law. The 65CuNIST values of the samples were determined relative to bracketing runs of the
ERM-AE633 Cu standard, as detailed by Nielsen et al. (2004) for Tl and Pb and Larner et al. (2011) for Cu
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and Ni.

All Cu isotope data are reported relative to NIST SRM 976 Cu. As the 65Cu values were acquired relative

lP

to ERM-AE633 Cu, these results were corrected by -0.01 ‰ following the recommendation of Moynier

0.08 ‰ (n = 13, 2 SD; Table S2).

na

et al. (2017). Multiple analyses of the secondary Romil Cu isotope standard yielded 65CuNIST = +0.24 ±

ur

The purified Cu fractions from the anion exchange separation must achieve a (near-) perfect yield, as Cu

Jo

isotope fractionation may occur on the resin columns; previous work has shown that the applied
procedure routinely provides essentially perfect (103%) Cu yields (Little et al., 2014). Whilst Cu yields
could not be determined for the samples of this study (due to the unknown Cu concentrations), the
mean Cu yield for column-processed reference materials was 109 ± 20% (n = 9, 2 SD).
All uncertainties on isotopic compositions are hereafter based on the long-term 2 SD reproducibility of
the Romil Cu and London Zn secondary standards, both 0.08 ‰.
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3 Results

3.1 Quality Control

The mean total procedural blank for Zn, including the total digestion and leaching procedures and anion
exchange chromatography procedures, was 3.8 ng (n = 5, 0.5–9.1 ng), less than 4% of the Zn content of
the smallest sample. Total procedural blanks for Cu were 0.18 ng (n = 4, 0.06–0.35 ng), less than 1% of

of

the Cu content of the smallest sample.

ro

Three types of filter blank were analysed to examine the blank associated with the sample collection
procedure. They can be thought of as incrementally progressing through the sampling process (as

-p

described in Baker et al., 2006 and in the Supplementary Text). Briefly, ‘filter blanks’ undergo the filter

re

pre-cleaning procedure. A ‘cassette blank’ is pre-cleaned and placed inside the air sampling unit without

lP

exposure to the air. Finally, ‘exposure blanks’ are pre-cleaned, placed in the sampling unit and exposed
to the air, but without the sampler unit (i.e., the motor) turned on. Filters representing each of the three

na

types of sampling blank underwent the same leaching and total digestion procedures as the samples.

ur

Zinc concentrations in the total digest exposure blanks exceed Zn concentrations in several of the real
samples and are typically considered an overestimation of the sampling blank (discussed in Baker et al.,

Jo

2006). For further discussion of the representativeness of exposure blanks, please see the
Supplementary Text. Our best estimate for the total digest Zn blank is, therefore, the mean of the filter
blank and cassette blank, giving 512 ng per filter (n = 2, 459 and 565 ng) and an average Zn isotope
composition of +0.10 ‰ (n = 2, +0.04 and +0.16 ‰; Table 1). The cassette blank leachate solution
yielded 2123 ng of Zn, far higher than the corresponding total digest value of 565 ng (Table 1). This blank
is a clear outlier and is omitted. The remaining three leachate solutions (one filter blank, two exposure
blanks) had much smaller quantities of Zn, at 574 ng, 161 ng and 232 ng respectively (Table 1). We take
the filter blank as a conservative estimate of the leachate Zn blank (574 ng, 66Zn = +0.02 ‰). The mean
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digest and leachate Zn blank values (512 and 574 ng per filter, respectively) were used to blank subtract
the total digest and leachate concentration data presented in Table 2. Respective blank contributions
are presented in Table S3. Blank-corrected sample Zn isotope compositions (Table S3) are all within
analytical uncertainty (± 0.08 ‰) of uncorrected values, and are therefore considered insignificant, and
Zn isotope compositions are reported uncorrected in Table 2. Note, the ISO-8 leachate sample has the
largest blank contribution, at 52%, because this sample contains the lowest Zn concentration (a factor

of

three lower than any other sample); therefore, the 66Zn value for the ISO-8 leachate should be

ro

considered with caution.

-p

For Cu, sampling blanks were estimated as the average of two filter blanks, an exposure blank and a
cassette blank, yielding a value of 66 ng per filter for the total digest (range 37 to 122 ng per filter; Table

re

1) and 27 ng per filter for the leachate (range 15 to 40 ng per filter; Table 1). For all aerosol samples,

lP

other than ISO-11 total digest and leachate, the blank contributions are less than 6% (with an average of
2%, Table S3). The ISO-11 total digest and leachate samples have blank contributions of 12% and 18%,

na

respectively. Aerosol sample Cu concentrations are blank-corrected in Table 2. The Cu concentrations of

ur

filter blanks were not analysed, so blank corrections were not possible for the isotope data;

contribution.

Jo

nevertheless, any blank correction is expected to be insignificant given the minor sampling blank

3.2 Atmospheric Zn and Cu concentrations and aerosol isotopic compositions
Atmospheric concentrations (ng metal/m3 of air) were calculated using the mass measured on the filter
(ng), the exposure time (min) and the sampling rate (1 m3 min-1). Atmospheric Zn concentrations in the
total digests range from 0.78 to 10.03 ng m-3 and 0.29 to 4.50 ng m-3 in the leachates. Atmospheric Cu
concentrations in the total digests range from 0.28 to 4.23 ng m-3 and 0.11 to 1.40 ng m-3 in the
leachates (Table 2, Figs. 2, 3).
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Total digest 66Zn values range from -0.02 to +0.41 ‰ and 65Cu values exhibit a larger variability from 0.34 to +0.26 ‰ (Table 2, Figs. 2, 3). Leachate samples present a range in Zn isotope compositions of
0.00 to +0.25 ‰ and the two leachate Cu isotope compositions are +0.03 and +0.27 ‰ (Table 2, Figs. 2,
3).
The leachate and total digest aerosol isotopic compositions for both Zn and Cu are isotopically
indistinguishable. The mean 66Zn values for the leachates and total digests are +0.15 ± 0.16 ‰ (n = 7)

of

and +0.17 ± 0.22 ‰ (n = 11) respectively. The average isotopic composition of Cu in the total digests and

ro

leachates are also similar, at +0.07 ± 0.39 ‰ (n = 9) for the total digests and +0.27 ‰ and +0.03 ‰ for

-p

the leachates, but as only two leachate samples were analysed the 65Cu comparison is less robust.
Systematic isotopic differences are observed between the total digest and leachate Zn and Cu isotope

re

compositions for the Arizona Test Dust (ATD; Table 3; Vanderstraeten et al., 2020). Total digests yield an

lP

average 66Zn value of +0.29 ‰ (n = 3, range +0.27 to +0.33 ‰) and 65Cu value of +0.21 ‰ (n = 3, range
+0.19 to +0.22 ‰), Table S4 reports the ATD data relative to previously published bulk values,

na

suggesting some heterogeneity between batches. By comparison to total digest values, ATD leachates

ur

are isotopically heavy, with an average 66Zn value of +0.50 ‰ (n = 3, range +0.47 to +0.52 ‰) and 65Cu

Jo

of +0.62 ‰ (n = 3, range +0.58 to +0.65 ‰). Explaining this phenomenon would require detailed
compositional analysis of ATD. We note, however, that both Zn and Cu in ATD are poorly soluble, with
release of only 16% and 8%, respectively of the total elemental budgets (eqn. 4, section 4.1.1). The low
solubility and the isotopically heavy leachates suggest that a minor labile phase is solubilised by the
leaching procedure, while the major part of the ATD Zn and Cu budgets are present in silicate/ oxide
minerals, which are only attacked by the total digestion procedure.
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4 Discussion

4.1 Examining the extent of anthropogenic metal contributions to tropical Atlantic aerosols

4.1.1 Enrichment factors and fractional solubility
Enrichment factors (EF) are a first-order means to assess the extent of non-crustal inputs to an aerosol
sample (Zoller et al., 1974). The studied element X to Al ratio in the sample is divided by the same ratio

3
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measured in upper continental crust (UCC; values from Rudnick and Gao, 2003).
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The trace element of interest (X) is compared to Al because the vast majority of Al in the atmosphere is
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derived from crustal sources (Lantzy and Mackenzie, 1979). An enrichment factor greater than 1 signifies

lP

enrichment with non-crustal sources. However, due to uncertainty in how well the chosen UCC
reference ratio represents that of the mineral dust in the sample, a value >10 is generally considered to

na

confidently indicate a non-crustal source (e.g., Lantzy and Mackenzie, 1979; Chester, 1993; Gao et al.,
2002; Tositti et al., 2014; Ochoa Gonzalez et al., 2016). Uncertainties in EF values were calculated by

ur

error propagation using the mean filter blank concentration values of Al, Zn and Cu as the error on their
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respective concentrations, see Equation S2.
Of the eight aerosol samples that were collected in or in close proximity to the dust plume, which
originated from North Africa (NA; Fig. 1), the majority have near crustal elemental compositions,
indicated by low Zn and Cu enrichment factors of <10 (Fig. 4, Table 4). These samples likely contain a
large mineral dust contribution. The exception is ISO-25, which has elevated Zn and Cu EF values of 13
and 11, respectively (Fig. 4, Table 4). ISO-25 was sampled between latitudes 11.45 and 17.42 N,
partially in and partially out of the dust plume (Baker et al., 2020), suggesting that aerosols north of the
plume contain a more significant anthropogenic contribution.
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The three oceanic (OC) samples, ISO-14, -16 and -19, are more enriched in both Zn and Cu than the NA
samples, (Fig. 4, Table 4). This enrichment suggests a larger anthropogenic contribution to aerosols
collected south of the dust plume and, particularly, south of the ITCZ. Intense precipitation in the region
influenced by the ITCZ (estimated at 2000 mm yr-1; Helmers and Schrems, 1995) scavenges atmospheric
particles from air masses moving in a southerly direction (Schlosser et al., 2014), limiting the amount of
mineral dust from the Sahara reaching ISO-14,-16 and -19. Further, based on the negative linear

of

relationships in log10-log10 graphs of EF values for Zn, Pb and Cd versus atmospheric Al concentrations

ro

for the aerosols of this study, Bridgestock et al. (2017) infer a constant anthropogenic background,
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which is mixed with pulses of Saharan dust (Chester, 1993). The same effect is observed here for Cu (Fig.
5). The EF values determined for both Zn and Cu using alternative elements for normalisation, e.g., Sc,

re

Ti, Th, display the same systematics as the results obtained with Al normalisation (Table S5).

lP

Furthermore, the close correlation between the concentrations of Zn and Cu (Fig. S2) for the total digest
aerosol samples implies that the trace metals originate from similar sources.

na

The predominant source of Na is from the ocean (Tsyro et al., 2011) making it an effective tracer for sea

ur

spray contributions to the aerosol samples (White, 2008). The sea spray contribution was assessed by
assuming all the Na present in the aerosols derived from seawater and utilising Na, Zn and Cu seawater

Jo

concentrations of 10.76 g kg-1, 0.1 nmol kg-1 and 0.75 nmol kg-1, respectively (Millero et al., 2008). The
resultant contributions are a fraction of a percent of the total Zn and Cu present in the aerosols, and
thus sea spray is deemed a negligible source for Zn and Cu in these samples.
The atmospheric supply of soluble trace metals to the surface ocean reflects the aerosol flux, metal
concentrations, and fractional solubility. The mode of aerosol deposition, either wet or dry, is also
partially controlled by solubility, as hygroscopic particles are more likely to be incorporated into rainfall.
The predominant mode of deposition varies strongly in the eastern tropical North Atlantic driven
primarily by the seasonally-variable position of the ITCZ (Church et al., 1990; Helmers and Schrems,
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1995; Powell et al., 2015). During the GA06 cruise, rainfall associated with the ITCZ was observed
between 5.0 °S and 3.4 °N, meaning wet deposition was likely to be the dominant mode within this
zone, while dry deposition was more important in the dusty airmasses further north (Powell et al.,
2015). Trace metal solubility in wet deposition appears to be higher than in dry deposition (Powell et al.,
2015). The pH of the leachate procedure used in this study (~4.7) is closer to that of rainwater than
surface seawater (~8.1), but similar procedures have been used to estimate the bioavailable Fe content

of

of particulate matter in seawater (Bruland et al., 2001). The fractional solubility of each aerosol sample

[𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒]
× 100 4
[𝑡𝑜𝑡𝑎𝑙 𝑑𝑖𝑔𝑒𝑠𝑡]

Error propagation based on the
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𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
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is calculated as follows:

uncertainties of the atmospheric
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concentrations is used to calculate the uncertainty on the fractional solubilities (see Equation S3). The

lP

calculations yield a large range in fractional solubilities for both Zn (7–136%) and Cu (7–84%) (Table 4).
Three Zn samples have solubilities greater than 100%; i.e., the Zn concentrations of the leachate

na

solutions exceeded those of the total digest. Comparison with other elements (Al, Nd, Sc), suggests

ur

these high solubilities likely reflect sample heterogeneity rather than contamination, with the possible
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exception of ISO-11, because elevated solubilities are also observed for these other, less contamination
prone elements (Fig. S3).

The large range in fractional solubilities likely reflects the variable contributions of natural versus
anthropogenic Zn and Cu sources (e.g., Mahowald et al., 2018; Shelley et al., 2018). The solubilities of
both elements from mineral dust are typically low. For example, Zn solubility from Saharan loess
collected in Cape Verde was reported to be 11% and 16% in acidified MQ water (pH 4.7) and seawater,
respectively (Desboeufs et al., 2005; Thuróczy et al., 2010). Copper solubility of 27% was determined for
Saharan dust from Cape Verde in acidified MQ water (pH 4.7), while for Saharan dust from Bermuda it
was 1-7% in deionized water at pH 5.5 (Desboeufs et al., 2005; Sholkovitz et al., 2010). By contrast,

Journal Pre-proof
elemental solubilities reported for anthropogenic aerosols are generally higher. For example, Sholkovitz
et al. (2010) found Cu solubilities of up to 100% for anthropogenic aerosols and Desboeufs et al. (2005)
measured Zn and Cu solubilities of 99% and 98%, respectively, for fly ash from heavy fuel combustion.
Therefore, a high fractional solubility for an aerosol-bound metal is an indicator of significant
anthropogenic content (Mahowald et al., 2018). The majority of the fractional solubilities determined
for Zn and Cu in the aerosols of this study exceed the published values for Saharan dust, suggesting that
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they all contain some anthropogenic particles. The samples from outside of the North African dust

ro

plume with high enrichment factors (oceanic samples and ISO-25) have larger fractional solubilities,
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exceeding 64% for Zn and Cu, than the samples collected within the dust plume (average for Zn: 52 ±
72%, n = 7, 2 SD and average for Cu: 31 ± 50%, n = 7, 2 SD).
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To conclude, high enrichment factors and fractional solubilities indicate a significant anthropogenic

lP

component in the trace metal budgets of, in particular, the oceanic aerosol samples, collected south of
the ITCZ. In the following, the Cu or Zn isotope compositions of the aerosols are examined to constrain

na

the origins of the anthropogenic contribution.

ur

4.1.2 Examining the extent of an anthropogenic contribution using Cu isotope compositions
The mean total digest δ65Cu value, of +0.07 ± 0.39 ‰ (n = 9), is congruent with the lithogenic Cu isotope
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composition, at +0.08 ± 0.40 ‰ (n = 42; Moynier et al., 2017). Furthermore, Dong et al. (2013) and Little
et al. (2014) report δ65Cu values of -0.08 ± 0.10 ‰ (n = 6) and 0.00 ± 0.36 ‰ (n = 6) respectively for
leached Atlantic aerosols, similar to those of this study. It is notable, however, that lithogenic and
aerosol Cu isotope compositions are considerably more variable than the isotopic compositions of
chemically similar elements, such as Zn and Cd (this study; Bridgestock et al., 2017). For example, Dong
et al. (2013) report a relatively low δ65Cu value of -0.24 ± 0.11 ‰ (n = 6) for a homogenised mineral dust
sample from the Sahel region, and Takano et al. (2020) report a wide range of Cu isotope compositions
from -0.33 to +0.83 ‰ for aerosols from the North Pacific Ocean. Furthermore, no systematic

Journal Pre-proof
relationship is observed for the aerosols between Cu isotope compositions and enrichment factors
(Figure S4). In detail, ISO-14 has the highest EF coupled with a relatively heavy Cu isotope composition
of +0.24 ‰, whilst the sample with the most positive δ65Cu value (ISO-23, +0.26 ‰) has a low EF of 4.4.
Sample ISO-11 has a very low δ65Cu value of -0.34 ‰, lower than the compiled values for Saharan
mineral dust (-0.24 to +0.09 ‰, n = 5; Schleicher et al., 2020), and may thus record anthropogenic Cu
input. The dominant anthropogenic sources of Cu are from non-ferrous metal production, fossil fuel
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combustion, and non-exhaust vehicular emissions (specifically brakes; Pacyna and Pacyna, 2001;

ro

Hulskotte et al., 2007; Dong et al., 2013). Anthropogenic sources have variable Cu isotope compositions,

-p

reviewed by Schleicher et al. (2020). For example, brake pads are isotopically heavier than lithogenic Cu
(+0.3 to +0.7‰; Dong et al., 2017), while coal displays light Cu isotope compositions, from -1.35 ‰ to -

re

0.35 ‰ (Novak et al., 2016). Copper isotope fractionation during smelting activities appears to be

lP

negligible, such that the output waste has similar δ65Cu values to the feed material, which can be
isotopically light (e.g., δ65Cu = -0.5 ‰; Mihaljevič et al., 2018).
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In conclusion, both anthropogenic and natural Cu sources are isotopically variable (Schleicher et al.,

ur

2020). Hence, while anthropogenic activities are undoubtedly increasing the quantity of Cu deposited

Jo

into the ocean, with consequences for marine ecosystems (section 4.2.1), conclusive fingerprinting of
sources using Cu isotopes is not yet feasible.
4.1.3 Examining the extent of an anthropogenic contribution using Zn isotope compositions
In contrast to Cu, lithogenic Zn isotope compositions are relatively homogeneous (at about +0.3 ‰), and
the majority of potential atmospheric contaminant phases are isotopically lighter than the lithogenic Zn
isotope signature (e.g., John et al., 2007; Mattielli et al., 2009). Next, the utility of Zn isotope
compositions as a tracer of anthropogenic contributions to tropical Atlantic aerosols is evaluated.
The principal anthropogenic source of atmospheric Zn is metal production in non-ferrous refineries
(Nriagu, 1979; Pacyna and Pacyna, 2001; Shiel et al., 2010). Pyrometallurgical processes fractionate Zn
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isotopes (John et al., 2007; Shiel et al., 2010; Yin et al., 2016), because temperatures during roasting and
grilling exceed the boiling point of Zn (907 C) and partial volatilisation and condensation can induce
kinetic isotope fractionation via Rayleigh distillation (Sivry et al., 2008; Shiel et al., 2010). Mattielli et al.
(2009) measured Zn isotope ratios for particles collected both inside a Pb-Zn refinery and on deposition
plates within a 5 km radius, calculating a mean 66Zn value for refinery emissions of -0.21 ‰ (range: 0.73 to +0.21 ‰; Mattielli et al., 2009). Industrial emissions with light Zn isotope compositions have
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been further corroborated by aerosols from an industrial region near São Paulo, with a mean 66Zn of -

ro

0.33 ± 0.34 ‰ (n = 12) (Souto-Oliveira et al., 2018).
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Aside from non-ferrous refinery emissions there are several additional anthropogenic Zn sources to the
atmosphere (Fig. 6; recently reviewed by Schleicher et al., 2020). In the context of the eastern tropical
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Atlantic, relevant sources are likely those that generate fine particles with long residence times in the

lP

atmosphere, which includes all types of combustion emissions (e.g., fossil fuel burning and fires; Bauer
et al., 2004; Mahowald et al., 2018). The majority of combustion emissions have low 66Zn values of -
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0.73 to +0.21 ‰ (Schleicher et al., 2020), whilst burning of coal can create fly ash with much heavier
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Weiss, 2015).

ur

compositions (66Zn ≈ +0.8 ‰) due to the isotopically heavy coal feed material (Ochoa Gonzalez and

Traffic emissions are a significant anthropogenic source of atmospheric Zn (Souto-Oliveira et al., 2018).
Though the Atlantic sampling location is far from urban environments, the samples of this study were
collected in proximity to fishing localities and high-traffic shipping lanes frequented by tankers as well as
container and passenger ships, which travel from the South American east coast to the Mediterranean
(Johansson et al., 2017). Global shipping activity has increased four-fold since the 1950s, and currently
the particulate matter emitted by ships constitutes more than 10% of total European small particle
emissions (<2.5 m) (Wan et al., 2016). Turner et al. (2017) report very high average Zn and Cu
concentrations for waters discharged from ships by open loop scrubbers (at 136 and 60 g L-1,
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respectively). Furthermore, measurements of engine emissions from large ocean-going vessels in
operation at sea reveal ranges in Zn concentrations of 0.5–5 g/ h, depending on engine load (Agrawal et
al., 2008a; Agrawal et al., 2008b). To our knowledge, no Zn isotope data for shipping emissions have
been published to date. However, road dust collected from London and São Paulo has a mean 66Zn
value of +0.17 ± 0.19 ‰ (n = 13), and the Zn isotope compositions of aerosols collected in tunnels are
significantly lighter than road dust, by ~0.3 ‰ (Souto-Oliveira et al., 2019). These tunnel-collected
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aerosols were inferred to be isotopically light because they encompass all vehicle emissions, including

ro

isotopically light particles from fuel combustion (Souto-Oliveira et al., 2018).
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Lastly, biomass burning in Africa is a likely source of aerosols to the Atlantic Ocean, because smoke
particles mix and travel effectively with, but also independently of, desert dust (Heinold et al., 2011).
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Biomass burning is prevalent in West Africa (Van Der Werf et al., 2010). Smoke from the fires reaches

lP

high altitudes and injects the particles into the mixing layer (Labonne et al., 2007), which propagates
westwards to the Atlantic (Adams et al., 2012). Furthermore, Zn is enriched in pyrogenic emissions, and

na

fine particles in air that has been impacted by biomass burning are highly soluble (Maenhaut et al.,

ur

1996; Baker and Jickells, 2017). To our knowledge, no Zn isotope data are available for aerosols
produced by biomass burning.
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To summarise, the 66Zn values of various anthropogenic emissions span a wide range, from -0.73 ‰
(Pb-Zn refinery; Mattielli et al., 2009) to +1.9 ‰ (coal fly ash; Ochoa Gonzalez and Weiss, 2015).
However, anthropogenically sourced Zn is generally isotopically lighter than Zn from natural sources,
with anthropogenic 66Zn values predominantly between -0.4 and +0.2 ‰ (Fig. 6).
As discussed, the Atlantic aerosol samples collected outside of the North African dust plume (Oceanic
samples, plus ISO-25) generally display the highest Zn enrichment factors and higher fractional
solubilities than the North African samples collected within the plume, consistent with a larger
anthropogenic component in the former. Therefore, based on mixing between mineral dust (with 66Zn
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≈ +0.3 ‰; Schleicher et al., 2020) and one or several anthropogenic sources that are isotopically light,
aerosol samples from within the North African dust plume should be isotopically heavier than those
from outside the plume. However, the Zn isotope compositions of the dust plume samples, at +0.18 ±
0.27 ‰ (n = 7), are indistinguishable from the samples collected outside of the plume, at +0.16 ± 0.13 ‰
(n = 4). Nevertheless, all aerosol samples, except for the total digest of ISO-8 (+0.41 ‰), which has the
lowest fractional solubility (7%), are isotopically lighter than mineral dust. Hence, we suggest that the Zn
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isotope compositions of almost all aerosol samples from the eastern tropical Atlantic, not just those

ro

from outside the dust plume, are likely impacted by anthropogenic Zn contributions.
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Quantification of the anthropogenic contribution to the aerosols can be attempted by coupling the Zn
isotope data with published Pb isotope compositions for the same samples (Bridgestock et al., 2016; Fig.

re

7). Lead isotopes are a well-established tracer of anthropogenic emissions (e.g., Patterson and Settle,
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1987; Reuer and Weiss, 2002; Bridgestock et al., 2016). A cross plot of Zn and Pb isotope compositions
(Fig. 7) confirms that all the aerosol samples contain a substantial anthropogenic contribution, as the

na

samples plot on mixing lines between a lithogenic component (Bridgestock, 2015 and references

ur

therein; Moynier et al., 2017) and an endmember defined by Pb-Zn refinery emissions (Cloquet et al.,
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2006b; Mattielli et al., 2009).

The mean Zn and Pb concentrations of the upper continental crust are relatively well-established, at 67
and 17 µg g-1, respectively (Rudnick and Gao, 2003), defining a Zn/Pb ratio of 3.94 for the lithogenic
endmember. Given this, the mixing relationships shown by the data can be applied to constrain the
Zn:Pb ratio of the anthropogenic component.
Figure 7 displays three mixing lines, denoted as a, b and c, which account for Zn-Pb isotope systematics
of the aerosols. No concentration influence is applied for either endmember in curve ‘a’. The other two
mixing curves, ‘b’ and ‘c’, both employ a lithogenic component with Zn/Pb = 3.94 and assume
anthropogenic endmembers with Zn/Pb ratios of 1 and 0.09 respectively, which are in accord with
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average Zn and Pb concentrations reported for refinery emissions by Mattielli et al. (2009) and Cloquet
et al. (2006b). A lower anthropogenic Zn/Pb ratio compared to lithogenic Zn/Pb is expected because Pb
is more volatile than Zn. Mixing line ‘b’ encompasses the majority of our data (Fig. 7), suggesting that
the anthropogenic source (or combination of sources) is characterised by a Zn/Pb ratio of approximately
1. Given these assumed endmember Zn/Pb ratios (of 3.94 and 1 respectively), the position of the
samples in Fig. 7 relative to mixing line ‘b’ furthermore implies that 60–90% of the Zn and Pb in the
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aerosols is of lithogenic origin. However, this model is not a unique solution to explain the aerosol Zn-Pb

ro

isotope compositions. In particular, improved constraints on the local anthropogenic sources of Zn and
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Pb (e.g., from shipping) are desirable to enable more robust quantification of the anthropogenic
contributions.
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Overall, Zn isotope compositions appear to be an effective indicator for an anthropogenic contribution

lP

to the Zn inventory of aerosols. Our results also suggest that coupled Zn and Pb isotope data for aerosols

atmosphere.

na

have the potential to provide constraints on the sources of anthropogenic metal emissions to the

ur

4.2 Aerosols in an oceanic context
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4.2.1 Links between aerosol solubility and Cu toxicity
As discussed, a key control on the solubility of aerosols is the extent of the anthropogenic contribution.
Increasing emissions of anthropogenic aerosols will, therefore, lead to larger fluxes of generally volatile
elements, which are enriched in industrial and urban emission sources, to the ocean (Mahowald et al.,
2018). Copper emissions to the atmosphere have increased by about a factor of x15 over the past 200
years (Hong et al., 1996) and, in certain regions (e.g., West Pacific), dry deposition of Cu has increased 4fold from preindustrial levels (Paytan et al., 2009). Although Cu is an essential nutrient for
phytoplankton, elevated levels of free Cu(II) are a primary toxicant (e.g., Sunda, 1976) and toxic Cu
concentrations in surface waters (e.g., Bay of Bengal) have been modelled by Paytan et al. (2009) and
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Jordi et al. (2012). In general, higher marine Cu concentrations may be a contributing factor to the
declining phytoplankton biomass inferred for the global ocean over the past century (Boyce et al., 2010).
However, the Cu toxicity threshold is species dependent. Whilst the reproduction rates of cyanobacteria
(e.g., Synechococcus bacillaris) are reduced at Cu2+ concentrations of 10-12 M, diatoms such as
Thalassiosira oceanica are able to withstand much higher cupric ion activities of up to 10-9 M (Brand et
al., 1986). Phytoplankton combat the toxicity of Cu(II) by releasing strong organic ligands to enhance
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extracellular complexation reactions (e.g., Moffett and Brand, 1996). This organic complexation reduces

ro

Cu toxicity for the most Cu sensitive prokaryotes, whilst the ligand-bound Cu remains bioavailable for
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some eukaryotic phytoplankton (e.g., Quigg, Reinfelder and Fisher, 2006; Semeniuk et al., 2015).
Nevertheless, the varying Cu(II) resistance of different phytoplankton species implies that the ecological
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diversity of marine regions is influenced by the ambient dissolved Cu concentrations (Gustavson and

lP

Wängberg, 1995).

Although the production of organic ligands can mitigate Cu toxicity, higher Cu concentrations can

na

saturate Cu-binding ligands and exceed the toxicity threshold (Moffett et al., 1997). In the

ur

Mediterranean Sea, Jordi et al. (2012) estimated that Cu becomes toxic at a Cu deposition flux of 9.04 µg
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m-2 d-1 (10-13 M), as higher fluxes had a detrimental impact on total chlorophyll concentrations. It is
challenging to accurately estimate a mean Cu input flux to the eastern tropical Atlantic Ocean based on
the aerosol data of this study. However, combining the maximum aerosol-based atmospheric Cu
concentration (4.23 ng m-3) with a deposition velocity of 0.02 m s-1 (Jordi et al., 2012) yields a maximum
Cu deposition flux of 7.3 µg m-2 d-1. This simple calculation implies that dry deposition of Cu in the
eastern tropical Atlantic may not exceed the Cu toxicity threshold as estimated for the Mediterranean
Sea, albeit that there are significant uncertainties in estimating the potential for variable aerosol Cu
concentrations and deposition velocities. More work is needed to understand how these aspects, and
the Cu toxicity threshold, vary for different ecological regimes, including the open ocean, and to

Journal Pre-proof
determine the impact of anthropogenic aerosols on the ecological composition of diverse oceanographic
settings.
4.2.2 Aerosols: an isotopically light source of Zn to the surface ocean?
Isotopically light Zn isotope compositions are observed in many marine regions at sub-surface depths,
between 0 and 300 m. This observation is well documented by 66Zn values as low as -1.08 ‰ in the
North Atlantic (Conway and John, 2014) and -0.15 ‰ in the North East Pacific (Conway and John, 2015).
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While these signatures have been attributed to scavenging of isotopically heavy Zn by particles (e.g.,

ro

John and Conway, 2014; Weber et al., 2018; Liao et al., 2020), recent studies have suggested that they
may reflect inputs from an isotopically light, anthropogenic Zn source (Lemaitre et al., 2020; Liao et al.,
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2020). The importance of anthropogenic inputs to the oceanic internal Zn cycling is further supported by
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Liao et al. (2021) who measured relatively isotopically light 66Zn values (mean +0.12 ± 0.10 ‰, n = 18, 2

lP

SD) in aerosols in the northern South China Sea, attributed to anthropogenic sources.
The 2011 GEOTRACES GA03 cruise traversed the North Atlantic Ocean, passing near to the GA06

na

sampling locations of this study in the eastern tropical Atlantic. Conway and John (2014) reported 66Zn
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values of -0.15 ‰, -0.22 ‰ and -0.32 ‰ at depths of ~30 m for GA03 stations 12 (17.40 ºN, 24.50 ºW),
11 (17.35 ºN, 22.78 ºW) and 10 (17.35 ºN, 20.82 ºW), respectively (see Figure 1). These three stations
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are in close proximity to the sampling location of ISO-25 (+0.12 ‰). As such, aerosol samples analysed in
this study, including ISO-25, are isotopically too heavy to be directly responsible for negative 66Zn that
are observed in the sub-surface eastern tropical Atlantic Ocean. The data of this study also provide no
evidence for Zn isotope fractionation during leaching of marine aerosols. However, the aerosols only
characterise the input supplied by dry deposition, and they are therefore not wholly representative of
the integrated atmospheric 66Zn input. Further work is required to evaluate the 66Zn values of wet
versus dry deposition, and the potential for isotopic fractionation during partial solubilisation of aerosols
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in seawater (i.e., at pH 8.1), or the potential for scavenging of Zn stimulated by aerosol deposition (Liao
et al., 2020).
5 Conclusion

The atmospheric concentrations and isotopic compositions of Zn and Cu are reported for aerosol
samples from the eastern tropical Atlantic Ocean. High fractional solubilities (typically >40% for Zn and
>30% for Cu) and elemental enrichment factors (1.3–24 for Zn, and 1.1–23 for Cu) indicate significant
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anthropogenic contributions to the Zn and Cu budgets of the aerosols.
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Anthropogenic Cu in aerosols does not have a distinct Cu isotope signature. The maximum Cu inputs to
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the eastern tropical Atlantic Ocean that can be inferred from the aerosol concentrations do not exceed

re

the toxicity threshold for phytoplankton that was previously reported for the Mediterranean Sea.
Nevertheless, further work is required to better constrain the impact of atmospheric Cu inputs,

lP

particularly those supplied via wet deposition, on the ecological composition of the open ocean.

na

With regard to Zn, tropical Atlantic Ocean aerosols are almost universally isotopically lighter than
lithogenic sources. However, aerosol 66Zn values (+0.17 ± 0.22 ‰, n = 11, 2 SD) are too high to be

ur

directly responsible for the light Zn isotope compositions that have been observed for subsurface waters
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of this region. Nevertheless, they do indicate the presence of a significant anthropogenic atmospheric Zn
component even in the strongly dust-dominated equatorial Atlantic region. This anthropogenic
influence is evident from combined aerosol 66Zn and Pb isotope data, which show intermediate
compositions between a lithogenic component and an anthropogenic endmember defined by Pb-Zn
refinery emissions. To further characterise anthropogenic emissions, future studies should explore the
Zn concentrations and isotope compositions of emissions from shipping and biomass burning. Our
results demonstrate that Zn isotope compositions can be of utility for aerosol source tracing, such that
marine regions in close proximity to intense anthropogenic activity are predicted to have a pronounced
fingerprint with isotopically light Zn in the surface ocean.
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Figure 1: Map of aerosol sampling locations from the GEOTRACES GA06 section cruise (D361, February–
March 2011). The white and black marks indicate the distance the aerosols were collected over. The
semi-transparent white square represents the approximate region of the North African dust plume at
the time of collection (Bridgestock et al., 2016) and the dashed line represents the approximate location
of the ITCZ (Schlosser et al., 2014). The red circles labelled 10, 11 and 12 are station locations from the
GEOTRACES GA03 cruise (Conway and John, 2014). Schlitzer, R., Ocean Data View, http://odv.awi.de,
2016.

ur

Table 1: Filter blank results, including Zn and Cu masses per filter, and δ66Zn values
 Zn (‰)

Cassette blank total digest

565

0.04

37

Filter blank total digest(s)

459

0.16

59, 122

2219, 3767

0.28, nd

44

512

0.10

66

2123

0.14

40

574

0.02

15, 26

161, 232

0.04, 0.08

25

Jo

Zn mass (ng)

Exposure blank total digest(s)
Mean:
Cassette blank leachate
Filter blank leachate(s)
Exposure blank leachate(s)

66

Cu mass (ng)

Mean:
322
0.05
27
Values in italics are considered overestimates: see discussion in the main text and the Supplementary Text. Values
in bold are those used in blank subtraction of sample concentrations (Table 2, see also Table S3). nd = not
measured.
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Table 2: Zn and Cu concentrations and isotope compositions of aerosols collected during the GEOTRACES GA06 cruise. OC in the AMBT group (air mass back
trajectory group) refers to oceanic samples, which spent the previous five days over the ocean, and NA refers to samples originating from North Africa
Zn
Sample

AMBT group

ISO-05-2 (Total Digest)
ISO-07 (Total Digest)

-3

a

Cu
66

-3

a

65

[Zn] (ng m )

uncert

δ ZnJMC-Lyon (‰)

2 SD

[Cu] (ng m )

uncert

δ CuNIST976 (‰)

2 SD

NA
NA

7.69
5.37

0.25
0.33

0.15
0.17

0.08
0.08

2.75
2.52

0.03
0.04

-0.15
0.15

0.08
0.08

ISO-08 (Total Digest)

NA

4.02

0.26

0.41

0.08

1.44

0.04

0.08

0.08

ISO-11 (Total Digest)

NA

1.67

0.39

0.09

0.08

0.47

0.06

-0.34

ISO-12 (Total Digest)

NA

10.07

0.37

0.23

0.08

4.23

0.05

0.18

ISO-14 (Total Digest)

OC

2.70

0.16

0.15

0.08

1.09

0.02

ISO-16 (Total Digest)

OC

1.05

0.16

0.11

0.08

0.41

0.02

ISO-19 (Total Digest)

OC

4.19

0.22

0.26

0.08

2.14

0.03

ISO-21 (Total Digest)

NA

5.02

0.17

0.24

0.08

2.05

ISO-23 (Total Digest)

NA

3.03

0.17

-0.02

0.08

0.02

o
r
p

0.08

ISO-25 (Total Digest)

NA

0.78

0.11

0.12

0.08

0.02

ISO-05 (Leachate)

NA

1.26

0.24

0.25

ISO-07 (Leachate)

NA

2.29

0.34

ISO-08 (Leachate)

NA

0.29

0.15

ISO-11 (Leachate)

NA

1.97

0.44

ISO-12 (Leachate)

NA

4.50

0.40

ISO-14 (Leachate)

OC

1.82

0.17

ISO-16 (Leachate)

OC

1.42

0.19

ISO-19 (Leachate)

OC

2.68

0.24

ISO-21 (Leachate)

NA

2.62

0.19

0.21

0.08

ISO-23 (Leachate)
ISO-25 (Leachate)

NA
NA

2.44
1.05

0.19
0.13

0.14

0.08

a

Jo

n
r
u

l
a

0.13
0.00

0.08

e

r
P
1.00
0.28

0.02

0.41

0.01

0.29

0.02

0.08

0.11

0.01

0.08

0.12

0.02

0.14

0.08

1.81

0.02

0.17

0.08

0.84

0.01

0.29

0.01

1.40

0.01

0.68

0.01

0.79
0.23

0.01
0.01

0.24

f
o

0.08
0.08

0.15

0.08

0.26

0.08

0.03

0.08

0.03

0.08

0.27

0.08

uncertainties for [Zn] and [Cu] were calculated by standard error propagation methods using the filter blank and the total sample filter mass multiplied by the
resultant concentration.
2 SD is the long-term external reproducibility on the relevant secondary standard.
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Figure 2: Zn isotope compositions (66ZnJMC) plotted versus the inverse of atmospheric Zn concentrations (1/[Zn]). For
clarity, the large uncertainty (±3.3 m3 ng-1) associated with the data point with the highest 1/[Zn] value of 3.4 m3 ng-1 is
not shown.

Figure 3: Cu isotope compositions (65CuNIST) plotted versus the inverse of atmospheric Cu concentrations (1/[Cu]). For
clarity, the large uncertainty (±3.1 m3 ng-1) associated with the data point with the highest 1/[Cu] value of 8.1 m3 ng-1 is
not shown.
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Table 3: Zn and Cu isotope compositions, concentration and fractional solubilities of Arizona Test Dust (ATD)
66

δ ZnJMC-Lyon (‰) 2 SD

ATD 1 Total digest
ATD 2 Total digest
ATD 3 Total digest
ATD 4 Leachate
ATD 5 Leachate
ATD 6 Leachate

0.33
0.27
0.27
0.47
0.52
0.52

0.08
0.08
0.08
0.08
0.08
0.08

65

[Zn] (ppm)

Zn Fractional Solubility (%)

δ CuNIST (‰)

2 SD

[Cu] (ppm)

Cu Fractional Solubility (%)

111.6

13.5

7.0

15.6

0.08
0.08
0.08
0.08
0.08
0.08

37.6

114.0
15.1
17.4
17.7

0.21
0.20
0.18
0.61
0.57
0.64

39.8
2.6
3.2
3.2

8.1

2 SD is the long-term external reproducibility on the relevant secondary standard
Table 4: Zn and Cu enrichment factors and fractional solubilities plus Al concentrations
Sample

ISO-05-2 (Total Digest)
ISO-07 (Total Digest)
ISO-08 (Total Digest)
ISO-11 (Total Digest)
ISO-12 (Total Digest)
ISO-14 (Total Digest)
ISO-16 (Total Digest)
ISO-19 (Total Digest)
ISO-21 (Total Digest)
ISO-23 (Total Digest)
ISO-25 (Total Digest)
a

AMBT group

NA
NA
NA
NA
NA
OC
OC
OC
NA
NA
NA

[Al] (ng m )

5808
1935
3482
1148
3891
137
68
728
1527
667
74

Zn
EF

uncert

1.8
1.3
3.4
3.1
1.4
23.9
18.7
7.0
4.0
5.5
12.8

0.4
0.2
0.2
0.1
0.1
1.5
2.9
0.4
0.1
0.3
1.9

a

uncert

16
43
7
118
45
67
136
64
52
81
136

3
5
4
38
4
8
27
7
4
8
26

l
a

n
r
u
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Fractional Solubility (%)

r
P

b

f
o

ro

-3

EF

uncert

1.2
1.1
3.8
3.2
1.2
23.3
17.9
8.6
3.9
4.4
11.2

0.2
0.1
0.1
0.0
0.0
0.5
1.1
0.1
0.0
0.1
0.7

a

Cu

Fractional Solubility (%)

uncert

15
12
7
26
43
77
70
66
33
79
84

1
1
1
6
1
2
5
1
1
2
5

uncertainties for EF were calculated by error propagation using filter blank values and the uncorrected filter masses for Zn, Cu and Al
uncertainties for fractional solubilities were estimated by propagating the total digest and leachate aerosol concentrations and their associated errors
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Figure 4: a) Zn enrichment factors plotted against latitude b) Cu enrichment factors plotted against
latitude. Both include a grey bar indicating the latitudinal position of the North African dust plume
(Bridgestock et al., 2016)
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Figure 5: Log-log graph of the concentration of atmospheric Al plotted against enrichment factors of Zn,
Cu, Cd and Pb in the same aerosol sample set (Cd: Bridgestock et al., 2017), (Pb: Bridgestock et al.,
2016).

Figure 6: Plot of 66ZnJMC values for anthropogenic reservoirs. SP refers to the city São Paulo. Green
vertical shaded area gives range of lithogenic values for Zn +0.28 ± 0.12 ‰ from (Moynier et al., 2017).
References: 1. (Mattielli et al., 2009), 2. (Bigalke et al., 2010), 3. (Gelly et al., 2019) 4. (Souto-Oliveira et
al., 2018), 5. (Borrok et al., 2010), 6. (Novak et al., 2016), 7. (Dong et al., 2017), 8. (Thapalia et al., 2010),
9. (Cloquet et al., 2006a) 10. (Ochoa Gonzalez et al., 2016)
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1.22
1.21
1.20

Total digest North Atlantic
Leachate North Atlantic
Total digest Oceanic
Leachate Oceanic

Lithogenic

a

1.19

b

c

206

Pb/

207

Pb

1.18
1.17
1.16

of

1.15

1.13

ro

1.14

Pb-Zn reﬁnery emissions

−0.4

−0.2

0
66
δ Zn (‰)

re

1.11
−0.6

-p

1.12

0.2
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Figure 7: Aerosol Zn isotope compositions plotted against their 206Pb/207Pb isotope ratios (Bridgestock et
al. 2016). Lithogenic values obtained from Moynier et al., (2017) for Zn (+0.28 ± 0.12‰) and Bridgestock,
(2015; and references therein) for Pb (1.20504 ± 0.00458). Pb-Zn refinery emissions from Mattielli et al.,
(2009) for Zn (-0.22 ± 0.34‰) and (Cloquet et al., 2006b) for Pb (1.1289 ± 0.0022). The dashed lines
labelled ‘a’, ‘b’ and ‘c’ are different, hypothetical, mixing lines. ‘a’ assumes equal parts Zn and Pb from
the anthropogenic and lithogenic end members. ‘b’ and ‘c’ utilise a lithogenic Zn to Pb ratio of 3.94
(equivalent to UCC) and anthropogenic endmember Zn:Pb ratios of 1 for ‘b’ and 0.09 for ‘c’ (Cloquet et
al., 2006b; Mattielli et al., 2009).
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