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Abstract. The southern Mozambique Channel (20-30°S) receives a range of atmospheric influences, from
desert dust and fire emissions through to industrial, mining and agricultural emissions, emitted from both Mada-
gascar and southeastern Africa. Our study characterises the trace element composition of aerosols collected
between the south of Madagascar and Durban, South Africa during the low dust season. Dust deposition fluxes
(40263 mgm~2 yr— 1), calculated based on Al measurement in aerosols, fell within the lower range of modelled
fluxes estimates, confirming the absence of major dust or fire events during the study. While prevailing air-masses
affecting our samples were modelled to originate from long-range particulate transport over the Southern Ocean,
a holistic understanding of our sample composition could only be obtained when accounting for sporadic aeo-
lian inputs from the two local landmasses. Notably, we found surprising high levels of Cr (4 +2ngm~3) and Cd
(0.0240.01 ngm~3) in the atmosphere over the southern Channel which could be, at least in part, attributed to
emissions from mining (chromite and gold, respectively) and smelting activities (Cu, Zn and Cd co-emission)
on both neighbouring landmasses. Our results emphasise the difficulty to track such specific and overlooked
atmospheric sources in the absence of known atmospheric tracers. We also stress the need for multi-elemental
studies and encourage the use of detailed (cluster) air-mass transport model analysis in regions dominated by the
long-range atmospheric transport as complex atmospheric circulation and minor (sporadic) inputs from terrestrial
air-masses may have disproportionate impact on the atmospheric composition.

tems (Paytan et al., 2009; Thiagarajan et al., 2024; Zhou et

Atmospheric transport and deposition of trace elements play
a key role in shaping marine biogeochemical cycles. In
particular, iron (Fe) delivered via dust inputs can stimu-
late primary productivity in nutrient-limited oceanic regions,
thereby modulating the marine carbon cycle (Mendez et al.,
2010). Conversely, aeolian deposition can also introduce po-
tentially toxic elements such as cadmium (Cd), copper (Cu),
lead (Pb) and zinc (Zn), emitted from urban and industrial
areas, which can be deleterious for coastal marine ecosys-

al., 2021). Determining the relative contribution of these var-
ious sources, as well as their chemical composition is thus
essential to assess their ecological impact.

The southern Mozambique Channel (defined between 20—
30° S in this study) lies between two landmasses, namely the
island of Madagascar to the east and the southeastern coast
of Africa (including, South Africa and Mozambique) to the
west. Both landmasses are characterised by arid to semi-arid
landscapes which are increasingly prone to droughts (Bari-
malala et al., 2024; Mahlalela et al., 2020; Rigden et al.,
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2024) and wildfires (Frappier-Brinton and Lehman, 2022;
Richardson et al., 2022; Swap et al., 2002, 2003). The dry
season runs from May to October and corresponds to the
most favourable period for dust entrainment into the atmo-
sphere and long-range transport towards open ocean areas
(Bhattachan et al., 2012; Ginoux et al., 2012).

Earth system models and satellite observations consis-
tently identify the Namib Desert, the Etosha basin in
Namibia, the Kalahari Desert in Botswana as well as lo-
cal ephemeral rivers (Bhattachan et al., 2015) as major dust
sources in Southern Africa. Seasonally, these sources con-
tribute significantly to dust deposition across sub-tropical
(25-40° S) latitudes of the southwest Indian Ocean (Gili et
al., 2022; Jickells et al., 2005; Li et al., 2008). In addi-
tion, during the dry season, savannah fires in southern Africa
emit large plumes of nutrient-rich smoke, forming a “river
of smoke” that can extend eastwards across the Mozambique
Channel and even reach western Australia (Ranaivombola et
al., 2025; Swap et al., 2002, 2003). Recently, southern Africa
iron-rich dust has been linked to the formation of unusually
large phytoplankton blooms in the southern Mozambique
Channel south of Madagascar (Gittings et al. 2024). More lo-
cally, atmospheric transport from Madagascar has also been
demonstrated across the Mozambique Channel during the
dry season (Kumar et al., 2014).

From the 21st century on, intensification of land use, in-
cluding agriculture, mining, transport and urbanization, has
resulted in the doubling of dust emissions from southern
Africa and Madagascar Island (Hooper and Marx, 2018). In
addition, South Africa is the 7th largest coal-producing and
coal-consuming country in the world. The production (min-
ing) and use of coal, be it for industries, energy production
or for domestic burning, results in emissions of airborne haz-
ardous volatile particles (such as lead, Pb, cadmium, Cd, or
mercury, Hg) threatening both the environment and human
health (Wang, 2023; Zerizghi et al., 2022). For example, the
activity of thermal power plants located to the east of South
Africa, showed a four to five folds rise over the last decade
owing to the increased demand of power generation (Mo-
rosele and Langerman, 2020; Zerizghi et al., 2022). (Mo-
rosele and Langerman, 2020; Zerizghi et al., 2022)Similarly,
both southern African countries and Madagascar have also
recently experienced a steep increase in vehicle numbers,
enhancing the vehicular and road emissions (Department of
Transport, 2017; limi, 2023).

These anthropogenic activities emit not only nutrients but
also toxic trace metals. Their finer particle size and emis-
sion processes can result in greater solubility upon deposi-
tion, making them potentially more bio-accessible (or more
toxic) to micro-organisms than mineral dust (Sholkovitz et
al., 2009). Mining and industrial hotspots, in the Highveld
region of South Africa and near the cities of Richards Bay
and Durban (South Africa) and Maputo (Mozambique) fur-
ther contribute to the atmospheric burden of trace metals in
the region.
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Despite the diversity and intensity of surrounding natu-
ral and anthropogenic aeolian sources, no study to date has
characterized the chemical composition of aerosols over the
southern Mozambique Channel. Here, we present the first
analysis of the atmospheric composition of trace elements,
including aluminium (Al), Cd, chromium (Cr), copper (Cu),
iron (Fe), nickel (Ni), Pb, titanium (Ti), vanadium (V), and
zinc (Zn), based on aerosol samples collected during the late
austral autumn (April-May) 2022 over the southern Mozam-
bique Channel. Our objective is to provide an initial assess-
ment of the chemical variability and source signatures of at-
mospheric inputs to this understudied marine system.

2 Materials and Methods

2.1 Aerosol collection during the RESILIENCE
campaign

The RESILIENCE (fRonts, EddieS and marlne Life in the
wEstern iNdian oCEan) campaign took place aboard the R/V
Marion Dufresne II in the austral autumn 2022 with the aim
to better understand small scale oceanic interactions between
physics and biology within Mozambique Channel eddies and
rings (Penven et al., 2025; Ternon et al., 2022). The cruise de-
parted Reunion Island on the 19 April 2022 to explore the
central Mozambique Channel and sail along the southeast
coast of South Africa to arrive in Durban on the 3 May 2022.

Collection of atmospheric total suspended particles was
undertaken using acid-cleaned Whatman 41 filters (Cutter et
al., 2017; Morton et al., 2013) and a high-volume air sampler
(TE-5170, Tisch Environmental, flow rate: 1.08 m3 min_l).
The aerosol sampler, installed on the upper viewing deck of
the ship, roughly 18 m above the sea level, enabled the col-
lection of ten 47 mm filters simultaneously. Sampling was
only undertaken when the ship was underway and under
front winds (290-70° relative to the ship’s position) to pre-
vent contamination from the ship’s smokestack. Filter holder
preparation and retrieval were undertaken under a laminar
flow hood placed inside a “clean bubble” laboratory in the
ship. Filters were collected every 24 h, placed in clean petri
dishes using plastic tweezers and stored frozen in double
sealed bags until further analysis in the land-based labora-
tory. Two filter blank samples, consisting of acid washed
Whatman 41 which were not brought to the field, were used
for blank correction as described in Sect. 2.2. The indicative
location of aerosol sampling transects is displayed in Fig. 1
and the Supplement Table S1 provides a log-sheet of all 10
aerosol samples collected, including collection dates and as-
sociated ship’s coordinates.

2.2 Aerosol trace element analysis

Laboratory work was carried out in a positive pressured class
6 clean room, in an HEPA-filtered class 5 laminar flow hood
wearing clean garments and nitrile gloves and following
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Figure 1. Location of the 10 aerosol samples, numbered A1-A10, collected during the RESILIENCE cruise in the Southern Mozambique
Channel. The inset world map indicates the location of this study (yellow rectangle) together with the location of previous field studies
(symbols) reporting atmospheric trace element concentrations in the direct vicinity of our study region (triangle: Witt et al., 2006, circle: Witt

et al., 2010, star: Chester et al., 1991).

GEOTRACES “Cookbook” procedures (Cutter et al., 2017).
All chemicals used were ultra-high purity grade solutions. To
assess the soluble (Sx) and total (Tx) concentrations of each
target metal (“X”’) in aerosols, sampled filters were processed
through a sequential leaching protocol modified from Perron
et al. (2020).

Measurements of Al, Cd, Cr, Cu, Fe, Ni, Pb, Ti, V and Zn
are discussed in this study.

Briefly, aerosol samples were thawed at room temperature.
Each filter was placed in a centrifuge tube, soaked for 2h
in 10mL of ammonium acetate (1.4 M, pH4.7) then cen-
trifuged at 4200 rpm for 3 min. The operationally defined
soluble fraction of metal in aerosols, Sy, was quantified in
a SmL aliquot of the leachate solution following evapora-
tion of the acetate buffer and redissolution of the residue into
0.15 M nitric acid (HNO3). The residual 5 mL of leachate to-
gether with the filter were evaporated to dryness and digested
using a mixture of concentrated hydrofluoric acid (14 M, HF,
0.25mL) and HNO3 (15M, 1 mL) for 12h at 120 °C. Fol-
lowing another round of HNO3; (5mL, 7 M) digestion and
evaporation, the refractory fraction of metal in aerosols was
quantified from a 5 mL HNO3 (0.3 M) aliquot. Metal concen-
trations in aerosol leachates were determined by Sector Field
Inductively Coupled Plasma Mass Spectrometer (SF-ICP-
MS, Element XR) at the Pdle Spectrométrie Ocean (Brest,
France). Indium (In, 10ngg~!) was added as an internal
standard in the analysed leachates to correct for potential
instrumental drift during analysis. The average procedural
blank was subtracted from the trace element mass measured
in each leachate. The sum of measurements obtained in the
two steps of the protocol defines the total fraction of trace
metals in aerosols, Ty (Perron et al., 2020).

https://doi.org/10.5194/acp-26-6391-2026

The digestion and analysis of two reference materials,
namely the Arizona Test Dust (< 3 um, Powder Technolo-
gies Inc®) and the Bureau of Reference plankton certified
reference material (BCR-414) alongside the samples pro-
vided satisfactory recovery for all trace metals presented in
this study (see Supplement Table S2). Blank contributions
to the sample measured concentrations were calculated for
each leaching step and are displayed in the Supplement Ta-
ble S3. The refractory fraction of metal in aerosol was, for
some samples, below blank levels. These measurements, for
which Ty only corresponds to Sy concentration in aerosols
(see Table S4), are flagged in red in Tables and are excluded
from subsequent calculations.

Concentrations of metals in aerosols are expressed in
nanogram of metal “X” per cubic meter of air filtered
(ngm~3). Aerosol fractional solubility is calculated as the ra-
tio of soluble-to-total metal concentration (Sy /Tx) in a sam-
ple expressed as a percentage.

2.3 Dust deposition flux estimate

Aluminium content measured in the collected aerosols was
used to estimate lithogenic (dust) deposition flux (Fpyst) in
our study region.

Dust deposition was estimated assuming a prevailing
crustal origin of Al and using the relative abundance of the
metal, [Al]ycc, in the upper continental crust (UCC) ac-
cording to McLennan (2001). Based on assumptions made
in previous studies (Baker et al., 2016; Marsay et al., 2022),
a constant deposition velocity (Vy4) of 1.2cm s~ (or Vg =
1036.8 md~!) was used to calculate Fpyg following Eq. (1):

Atmos. Chem. Phys., 26, 6391-6406, 2026
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Tar x Vd
[AIJUCC
where T is the total Al concentration measured in aerosols,
and [Al]lycc = 8.04 % w/w (McLennan, 2001).

The resulting Fpug flux was expressed in mgm~2 yr~! by
multiplying the daily flux by 365d. As particle dry deposi-
tion velocity is sensitive to the particle size, the relative hu-
midity, and wind speed, this parameter cannot be accurately
calculated for each sampling period investigated. Hence, we
acknowledge that uncertainty is associated with the use of a
constant deposition velocity which was previously estimated
to range by a factor of 2-3 (Duce et al., 1991; Marsay et al.,
2022).

Due to Al showing 100 % solubility in the two lowest trace
element mass loading samples A2 and A7 (suggesting sig-
nificant influence from anthropogenic emissions), these two
samples were excluded from the determination of Fpyg in
our study.

FDust = 365 (1)

2.4 Tracking the source of metal in aerosols
2.4.1 Air-mass back-trajectories

Air-mass back-trajectories (AMBT) were calculated for each
aerosol sample mid-sampling location to assess potential
atmospheric source influence. The HYSPLIT model (Air
Resources Laboratory, NOAA, Stein et al., 2015) was run
using R packages “Splitr” (Iannone, 2016) and “openair”
(Carslaw and Ropkins, 2012) and Global Forecast System
(GFS 0.25° x 0.25°) meteorological data. AMBT were cal-
culated 7 d back and at a height of 10 m above the sea level.
Cluster analysis was used to assess the proportion of ma-
jor air-masses arriving at 3 key locations in our study re-
gion. Trajectories were run every 3 h over the duration of the
voyage at each of the 3 locations for cluster analysis. This
analysis enabled to model the influence of less prevailing air-
masses of terrestrial origin, which can have disproportionate
influence on the particulate loading of marine aerosol sam-
ples and their elemental composition.

2.4.2 Enrichment factors

Enrichment factor (EF) is a common tool used to estimate
the relative contribution of lithogenic versus anthropogenic
source contained for each aerosol metal investigated. EFs
were calculated as the ratio of total metal “X”-to-Al con-
centration measured in aerosols compared to the same ratio
in the upper continental crust (UCC), following Eq. (2):

;—X aerosol
Al

EF(X) = T Uec

@

Aluminium crustal content (Al, 8.04 % w/w, McLennan,
2001) was chosen as a reference in this study due to its re-
ported prevailing lithogenic origin.
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A threshold value of 10 was chosen, above which metal
content in aerosols is deemed “enriched” by anthropogenic
inputs (Shelley et al., 2015). Such threshold must be suf-
ficiently high to account for natural variability across dust
sources worldwide and natural fractionation processes oc-
curring during the production, emission and transport of
aerosols (Hird et al., 2024; Reimann and de Caritat, 2005). A
minor and insignificant contribution of anthropogenic emis-
sions can never be completely ruled out as it can be one of
many factors resulting in the increase in one element’s EF
over the expected crustal value of 1.

2.4.3 Statistical analysis

Pearson’s correlation test was performed to test for linear
relationship between the total atmospheric concentration of
paired trace elements. Supplement Fig. S3 summarizes the
correlation factor calculated between each pair of elements
as well as their degree of significance (p-value). In our study,
Pearson’s r correlation factors were defined as very strong
when ranging 0.8—-1.0 (Strzelec et al., 2020), with a signifi-
cant correlation set for p-value <0.01.

3 Results

3.1 Prevailing atmospheric transport during the
RESILIENCE campaign

Typical single back-trajectory analysis of prevailing air-
masses arriving at 10m altitude at the mid-sampling time and
location of each sample collected during the RESILIENCE
campaign are presented in the Supplement Fig. S1. Such sin-
gle trajectory analysis often highlighted a prevailing air-mass
origin from long-range transport over the Southern Ocean,
obscuring potential inputs from the two major landmasses
present in our study region.

Since model observations suggest a decrease in atmo-
spheric loading at lower latitude (< 25° S) in our study region
(Flamant et al., 2022; Gili et al., 2022; Jickells et al., 2005; Li
et al., 2008; Neff and Bertler, 2015), we divided our samples
into three groups according to their locations (north vs south
of 25°S and proximity to the two landmasses). Additional
cluster analysis (Fig. 2) was computed for the 2 groups of
samples in order to account for the influence from less dom-
inant yet higher loading terrestrial air-mass.

Group I and Group III consisted of aerosol samples col-
lected south of 25°S, with the former sample group being
collected at proximity to Madagascar (A1-A2, Fig. 2a and
b) and the latter, at proximity to southern Africa (A9-A10,
Fig. 2e and f). While Group I showed an influence from
coastal air-masses originating from Madagascar (represented
by the green, red and blue clusters in the Fig. 2a and b), which
accounted for up to 69 % of the total incoming air-masses,
Group III seemed to receive no influence from the island at
all (Fig. 2e and f).

https://doi.org/10.5194/acp-26-6391-2026
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Group 1II included samples A3-AS8, collected at the cen-
tre of the Channel, north to 25°S, within a small sampling
perimeter. Group II was characterised by a prevailing at-
mospheric influence from long-range transport of westerly
winds across the Southern Ocean (accounting for up to 86 %
of the incoming air-masses as represented by the red, or-
ange, purple and green clusters in Fig. 2c and d). Sporadic
terrestrial inputs from inland Madagascar Island were also
observed in Group II aerosols, contributing 14 % of the total
incoming air-masses (blue cluster on the Fig. 2c and d).

A more detailed characterisation of individual air-mass
trajectories composing each cluster (Fig. 2b, d, f) also em-
phasised additional influence of coastal Madagascar air-
masses on Group I aerosols (represented by the red and or-
ange clusters) which could be overlooked when solely ac-
counting for the coarse cluster analysis outputs (Fig. 2a, c,
d). Similarly, in the detailed cluster analysis (Fig. 2b, d, f),
atmospheric inputs from southern Africa cannot be ruled out
in any aerosol group.

3.2 Total aeolian trace element loading over the
southern Mozambique Channel

Trace element concentrations measured in individual
aerosols collected in our study and total trace element
mass loading data, defined as the sum of all 10 tar-
get element concentrations are reported in Table 1. The
trace element total mass loading in aerosols ranged
from 5.0 to 87ng m~3, with decreasing metal contents
in samples in the following order: A6 > A8 > A3 > A9 >
Al > A4 > A5> A10 > A7 > A2. Interestingly, the trace el-
ement total mass loading measured in aerosols in our study
showed a high spatial variability with no hotspot for aeo-
lian dust deposition identified and a seemingly random dis-
tribution of high and low total mass loading across the sam-
pling region, regardless of the sample clusters defined above
(aerosol sample Groups I, IT and III).

Amongst the target metals, 99 % of the trace element to-
tal mass loading in our samples was comprised of Al, Cr,
Cu, Fe, Ti, and Zn. These elements are subsequently referred
to as “major” trace elements as opposed to “minor” trace ele-
ments, which contributed less than remaining 1 % of the total
metal loading in aerosols (i.e., Cd, Ni, Pb, and V).

Trace element concentrations quantified in RESILIENCE
aerosol samples ranged across four orders of magnitude,
from a few picograms to tens of nanograms per cubic
meter of air. Amongst major trace elements, the median
concentration of Al (16+11ng m~—3) was at least 4 times
greater than that of other major elements. Median concen-
trations of Cr (4 &2ngm™>) were slightly higher than that
of Fe 3+£2ng m~3) and Zn (3+3 ng m~3) while smaller
concentrations were found for Ti (I £1ng m~3) and Cu
(0.5+£0.4ngm™3) across the range of samples collected
over the southern Mozambique Channel. Amongst minor
trace elements, Ni was the most abundant element (me-
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dian: 60 & 44 pgm™3), followed by Pb (28 £ 25 pgm~3), Cd
(17 14pgm™3), V (9+7pgm3).

Samples A2 and A7 stood out due to their overall low trace
element content. In these aerosols, a number of analysed
trace elements were only found in a soluble form (except for
Cr, Cu and Ni in A2 and for Cr, Cu, Fe, Ti and Pb in A7) and
the total trace element mass loadings were lower than that
of other aerosol samples. Soluble trace element contribution
to individual aerosol samples is displayed in the Supplement
Table S4.

Figure 3 offers a visual representation of the relative pro-
portion of major and minor total trace elements measured in
each aerosol sample collected over the Mozambique Chan-
nel. As a major trace element in this study, Al constituted
over half of the total trace element loading (46 %—66 %) in
most aerosol samples collected except for A7 (35 %) and A2
(5 %). Higher Al abundance was found in samples with the
highest total metal loading (A8 > A6 > A3). Variable Fe and
Ti content were found across aerosol samples with gener-
ally low relative Fe abundance compared to expected crustal
average (UCC), except for Al and A9. Contrastingly, high
abundances were found for Cr, Cu and Zn, from 1 to 3 orders
of magnitude higher than the average UCC. In particular, low
total trace elements loading samples (A2, A7, A10 and AS)
displayed extremely high Cr content, composing 33 % up to
87 % of the sample total trace element mass loading (Fig. 3).
Amongst the minor elements, high relative abundances in
Cd and Ni were found, which contributed 0.01 %-0.3 % and
0.08 %—0.4 % of the total trace element mass loading, respec-
tively. Relative Pb content (0.01 %—-0.1 % of the total trace
element mass loading) in RESILIENCE aerosols was higher
than in the average UCC, especially in A1, A2, A7 and A9.

3.3 Tracking sources of trace metal in aerosols from the
southern Mozambique Channel

Enrichment factors were calculated to assess the contribu-
tion from non-lithogenic sources to individual trace elements
measured in aerosols collected over the southern Mozam-
bique Channel (Fig. 4 and Supplement Fig. S2), except for
samples A2 and A7 where they could not be determined as
the Al content in the refractory phase was below the detection
limit.

Amongst major elements, EFs close to 1 were found for Fe
(median: 0.4) which indicated a prevailing lithogenic origin
for Fe in all our aerosol samples (Fig. 4). More variable EFs
were calculated for Ti (median: 1.9); although values below
the threshold of 10 also indicated a crustal origin for Ti in
aerosols across the southern Mozambique Channel. Enrich-
ment factors between 45 and 630 were found for Cu (median:
72) and Zn (median: 239), suggesting a significant and likely
prevailing anthropogenic origin of Cu and Zn in all aerosols
collected in our study, except for A10. For these two ele-
ments, however, aerosol sample A10 was characterised by
much lower EF values of 16 and 26, highlighting a different

Atmos. Chem. Phys., 26, 6391-6406, 2026
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Figure 2. Seven day back-trajectory cluster analysis for the 5 prevailing air-masses arriving at 10 m height at the middle location of each
aerosol sample Group. Panels (a), (c) and (e) represent the “coarse” cluster analysis including the contribution of each air-mass to the global
atmospheric transport while panels (b), (d) and (f) represent a “detailed” analysis including each air-mass trajectory and its associated cluster
(colour code).

Table 1. Total concentration of “major” (Al, Cr, Cu, Fe, Zn, and Ti) and “minor” (Cd, Ni, Pb, and V) trace elements measured in aerosol
samples (A1-A10) over the southern Mozambique Channel. Median and median absolute deviation (MAD) values are indicated in the last
column. The sum of all 10 target element concentrations is displayed as the trace element total mass loading (TE loading).

Al A2 A3 A4 A5 A6 A7 A8 A9 Al10 Median+MAD
Major trace elements, ng m~3
Al 21.6  0.2* 35.8 11.5 8.5 55.9 3.0* 546 22.1 9.2 16£11
Cr 0.1 43 5.1 3.8 5.9 0.5 35 04 0.1 5.0 4+2
Cu 14 02 0.8 03 03 0.8 0.2 1.0 1.6 0.04 05+0.4
Fe 100 LQ 3.6 2.1 0.8 9.9 0.8 7.5 8.6 1.1 3£2
Ti 03 LQ 34 0.7 0.9 7.9 0.3 3.1 43 LQ 11
Zn 3.1*  0.2* 8.5% 64 05 11.8* 0.8* 15.4*%  2.8* 0.2 3+3
Minor trace elements, pg m~3
Cd 21.3*  2.4*  141.8* 550 134 172.3* 8.1* 233.7* 46 9.7 17+£14
Ni 609 3.8 102.5 90.6 205 199.8 13.5* 2102 583 14.8 60 + 44
Pb 342  3.0* 548 226 35 70.3 7.0 833 382 1.8 28 £25
v 199 LQ 12.1 36 62 272 3.7* 219 202 34 9+7
TE loading, 36.7 5.0 57.5 250 17.0 87.3 8.7 825 39.6 15.6

-3

ngm

* Soluble trace metal concentrations for which the refractory metal fraction was below procedural blank value. “LQ” represents soluble trace metal
concentrations which are below the analytical limit of quantification (defined as 10x standard deviation of the analytical blank).

Atmos. Chem. Phys., 26, 6391-6406, 2026 https://doi.org/10.5194/acp-26-6391-2026
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Figure 3. Relative proportion (%) of total trace elements measured in aerosols (A1-A10) over the southern Mozambique Channel. The
outer (inner) circle represents major (minor) trace elements composing over 99 % (less than 1 %) of the total trace element mass loading in
individual samples. Samples are ordered according to decreasing total metal mass loading (A6 > Ax > A2). The relative composition of the
average UCC (McLennan, 2001) when accounting for the same metals is shown for comparison.

10000
A1 w=mA3 A4 —A5 AB A8 e===f9 —A10

1000

100

EF

0.1

0.01

Fe Ti Cu Cr Zn \") Ni Pb Cd

Major elements Minor elements

Figure 4. Enrichment factors calculated for each trace element measured in individual aerosol samples collected over the southern Mozam-
bique Channel. The thickness of the line is proportional to the total metal loading in aerosols. The horizontal red line indicates the significant
enrichment threshold value of 10 used in this study.
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or less pronounced (yet prevailing) anthropogenic influence
on this sample. Contrasting enrichment was obtained for Cr
(median: 138), with EF values lower than 10 calculated for
high total trace element mass loading samples (A1, A6, A8,
and A9) and severe enrichment ranging 138-672 found in
low trace element total mass loading samples (A4, A5, and
A10) as well as in A3 (Fig. 4). This indicates that, while
natural sources dominate the Cr content in high total trace
element loading samples, with no or small (insignificant) an-
thropogenic inputs suggested, human-derived Cr emissions
are likely to predominate the Cr content in low total trace
element loading samples.

Amongst minor elements, V, Ni and Pb showed EFs lower
than 10, with median values of 0.4, 5.2 and 7.2, respec-
tively (Fig. 4). This indicated a prevailing crustal origin for
the three metals in most aerosol samples (Reimann and de
Caritat, 2005). While minor contribution from anthropogenic
sources cannot be completely ruled out in the case of Ni
and Pb, we consider this input insignificant with respect to
the crustal contribution. Sample A4 represents one excep-
tion for which Ni enrichment exceed the threshold of 10
(EFN; = 14), highlighting non-negligible inputs from anthro-
pogenic sources in this sample. Extremely high enrichments
were found for Cd (median: 2529) in all samples, with a par-
ticularly high median EF¢q value of 3248 calculated for sam-
ples of Group II (A3-AS8), collected north of 25°S in the
centre of the Channel when compared to Group I (A1) and
Group III samples (A9 and A10) which showed a median
EFcq of 809.

4 Discussion

4.1 Dust deposition fluxes

The range of annual dust deposition flux calculated during
the RESILIENCE cruise (40-263 mgm™2 yr™!) falls within
the low end of Fp,g reported by Earth System Models (ESM)
(0-788 mgm~—2 yr~!) in the same 20-30° S area of the south-
ern Mozambique Channel (Table 2). While ESM account
for a yearly average Fpys, our lower estimate is consistent
with our study taking place at the beginning of the dry sea-
son (April-May), before the main dust and fire events which
commonly occur from May to October on both Madagascar
Island and the southern African continent (Archibald et al.,
2010; Bhattachan et al., 2012; Ginoux et al., 2012). In addi-
tion, high precipitations associated with both the flood events
in the Kwa-Zulu Natal region of South Africa in mid-April
2022 (Radio France, 2022) and the Jasmine tropical storm on
the western coast of Madagascar in late April 2022 (Meteo
France, 2022), could result in reduced dust entrainment in the
atmosphere, in turn contributing to lower fluxes calculated
during our study period. While we observe a large variability
in our Fpyg estimates, the consistency between our values
and the mean annual dust deposition fluxes reported by ESM
in the 20-30° S region of the southern Mozambique Chan-
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nel could imply either (1) a limited year-to-year variability
in dust deposition over the southern Mozambique Channel
or (2) a poor constraint on Fpyg estimates by ESM due to
a paucity of data. These global models vary in spatial and
temporal resolution and use different satellite and ground-
based observations to validate their outputs which result in
a large range of dust deposition fluxes reported by different
modelling studies (references in Table 2). For example, Wa-
gener et al. (2008) used a global model output forced to fit the
data obtained from two oceanographic campaigns, including
around the Kerguelen Island plateau. A result from using lim-
ited observational data points to force the model seem to be
an underestimate of atmospheric dust deposition at proxim-
ity from the emission sources on land. Additional field ob-
servations such those provided in our study and the use of
new high-resolution satellite observation would help refining
model outputs in this drastically under sampled study region
where small-scale emission sources may prevail.

Our field-based mean Fpyug estimates are consistent with
southern Africa being a smaller dust source to the ocean
south of 20°S (Kok et al., 2021; Li et al., 2008) compared
to other provinces downwind of Australian dust sources
(328 mg m~2 yr’]; Hird et al., 2024) or that off the coast of
South America (200—-1200 mg m~2 yr~!; Menzel Barraqueta
et al., 2019). Model outputs displayed in Table 2 emphasise
the south-eastwards transport of dust sources from the border
junction of Namibia, Botswana and South Africa, across the
African continent and into the southern Indian Ocean. Such
atmospheric dust path is suggested to mostly reach latitudes
south of 25 or 30°S as depicted by high average Fpyg of
550 mgm~2 yr~! reported in March during a seagoing cam-
paign along the 32° S parallel between 30 and 40° E (Grand
et al., 2015). Studies also report a decreasing influence (of
a factor 2-3) of southern African dust sources as we move
north of 25° S into the southern Mozambique Channel (Fla-
mant et al., 2022; Gili et al., 2022; Jickells et al., 2005; Li et
al., 2008; Neff and Bertler, 2015; Piketh et al., 2002). Higher
Fpyst estimates south of 25° S were not observed in our study
where, on the contrary, 1.7 times increase in the mean Fpyg
in Group II aerosol samples (Table 2) further emphasises the
absence of the southern Africa dust outflow signature at the
time of our study. According to HYSPLIT AMBT analysis,
the prevailing atmospheric transport influencing our samples
originated from the transport of westerly air-masses over the
Southern Ocean, with sporadic passage over Madagascar Is-
land and/or southern Africa that would provide most of the
particulate loading in our samples. It is possible that, outside
the local dust season (May-October), the south-eastwards
transport of dust from major southern African sources may
be absent or restricted to latitudes higher than 30°S and
therefore cannot be considered as a source of dust to the
Mozambique Channel. Our results corroborate findings by
Freiman and Piketh (2003) that, despite 27 % of the south-
ern Africa atmospheric circulation reaches the Indian Ocean
during the austral autumn, this air-mass is largely transported

https://doi.org/10.5194/acp-26-6391-2026



M. M. G. Perron et al.: Late autumn aerosol trace element composition 6399

<R v
glz] |%¢
Q|9 ¢ Q
8 |
=S =
BN

>

=

5]

e}

2

72

=

[

~| e o ©
Qs S
S| 8 Ll
Q| g oo
- | =8 MS
8|5

s}

=

k=]

=

<

=

>

ke

—~ —
2|8 =%
S| a0
=4 4
= |8
3(\]

St

Q

=

5]

50

=

o

158-236
158-788

(southern Mozambique Channel, bold font), compared to fluxes reported by models in the southern Mozambique Channel region. Sample A2 and A7 were excluded from Fpygt
b Li et al. (2008)
1979-1998

Table 2. Median and median absolute deviation of the dust deposition fluxes (Fpyst (A1), mg m~2 yr_l) calculated based on Al concentrations measured in RESILIENCE aerosols

i~ N oS o
AR S S
. S| = [\
1% < - [
o SNIR= o o
= L2
E | = |8
3 T | =
A
[} Q
s |3
£ |5
1%2] <
2
=
=%
£ lzlal |&9
3} <8 -+
= 2| N 'H_‘
g A oS
o i3 O —
= —
= >
o |3
[
= |z
ENE
on Sl
()
=
£ g
g >
2 g
= =t %)
8 El8 | »
a 'E' = v o
— E |l awn
= ERR= |
Q o= < (=]
= A |- [aQ A
Q

https://doi.org/10.5194/acp-26-6391-2026

a Jickells et al. (2005), ® Li et al. (2008), © Wagener et al. (2008), ¢ Xu and Weber (2021) © Westberry et al. (2023), * Values reported south of 30° S.

to the south of our study region (Freiman and Piketh, 2003).
This conclusion highlights the important role of seasonality
when comparing field-based measurements of dust fluxes to
yearly average model estimates.

4.2 Tracking potential sources of trace elements in
aerosols

AMBT analysis suggested a few recent (< 7 d) inputs of ter-
restrial air-masses (from South Africa and/or Madagascar
Island) to the southern Mozambique Channel atmospheric
loading. The trace element composition in our aerosols was
tentatively used to identify specific local sources to the atmo-
sphere coming from both neighbouring landmasses.

Overall, average atmospheric trace element concentrations
measured in this study were similar (Al, Cu, and Ti) or lower
(Fe, Ni, Pb and V) than data reported for marine air-masses
over the southern Indian Ocean (Table 3, Chester et al., 1991;
Ge et al., 2024). This finding reinforced our AMBT analy-
sis showing a predominant influence from long-range atmo-
spheric transport of westerly winds from across the Southern
Ocean (Fig. 2). However, sporadic inputs of lithogenic Al,
Fe, Ni, Pb, Ti and V (EF < 10, Fig. 4) and anthropogenic Cu
(EFcy = 72, Fig. 4) emissions from Madagascar and from
southern Africa cannot be ruled out given the proximity of
both landmasses and the extensive and increasing anthro-
pogenic activity they hold (including copper mining and
smelting activity in South Africa and Zambia, Makgetla et
al., 2019; Nex and Kinnaird, 2019; Sikamo, 2016). Indeed,
the more detailed analysis of air-mass back trajectory trans-
port shows, for all 3 sample groups, instances (at least one
air-mass) of air-mass crossing the southern African continent
then travelling over the ocean before reaching our sampling
position. Such a diluted atmospheric signal observed in our
study is consistent with the southern Africa atmospheric re-
circulation pathway previously highlighted by Freiman and
Piketh (2002). Higher concentrations of anthropogenic Zn
(EFz, = 239, Fig. 4) in our samples resembled concentra-
tions reported downwind of anthropogenic emission sources
in the southwestern Indian Ocean (Witt et al., 2006, 2010).
Major sources of anthropogenic Zn to the atmosphere in-
clude coal combustion, non-ferrous metal smelting and non-
exhaust traffic emissions (Schleicher and Weiss, 2023; Wei
et al., 2025). While no specific source could be pinpointed in
our study using chemical fingerprinting or air-mass trajectory
analysis, a large extent of coalfields in the eastern and north-
ern regions of South Africa (Hancox and Gotz, 2014; Nundze
et al., 2024) could be a source of Zn to the southern Mozam-
bique Channel north of 25° S (Group II aerosols), where Zn
enrichment is overall 3 times higher than in Group I and
Group III samples (except for sample AS). Indeed, air-mass
trajectory analysis show existing trajectories (Fig. 2 green
line for group II and red line for group III samples), passing
near the southernmost coalfield regions. While the coalfields
located to the northeast of South Africa do not appear as clear
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Table 3. Comparison of the average total trace element concentration (pmol m~3) measured in all aerosols collected over the southern
Mozambique Channel (this study) with existing ship-board aerosol trace element measurements in the surrounding region (locations shown

in Fig. 1).
southern @ Southern Indian  © Tropical (open) ¢ North of d Offshore
Mozambique (open) Ocean Indian Ocean Reunion Durban
Channel, Island (coast)
this study
season  April (early dry) November (wet) May (dry) November (wet) March (wet)
site —25°8S, 38°E —30°S, 65°E —8°S,45°E —15°S,60°E  —32°S, 32°E
Al 822+ 753 772 815 1200 300-3600
Cu 10+9 68 3 30 20-75
Cr 55+44 9 3 7
Fe 80+73 484 286 200 1500
Ti 44 £ 54 39
Zn 76 +82 29 6 100 200
Cd 0.6+£0.8 0.1 0.05 0.09 0.2
Ni 1£1 9 2 10 18-53
Pb 0.2+0.1 0.9 1 3 1-6
\Y% 02+02 1 1 0.8

2 Ge et al. (2024), ® Chester et al. (1991), © Witt et al. (2010), 9 Witt et al. (2006).

sources in the air-mass trajectory analysis (Fig. 2), these tra-
jectories only represent clustered samples trajectories and do
not represent the exact trajectories for air-masses included
in each individual aerosol sample collected. Solid coal com-
bustion is also widely used for cooking and heating, in a vast
majority of Malagasy households (Dasgupta et al., 2013) as
well as in South Africa townships (Balmer, 2007), although
the magnitude of emissions linked to such practises remains
uncertain (Keita et al., 2021; Marais and Wiedinmyer, 2016).

Another source of Zn to the north of our study region could
originate from metal smelting activities. Unlike Group I and
IIT aerosol samples, a very strong and significant (p<0.01)
correlation between Zn, Cd and Cu was found in our Group
I samples (Fig. S3) similar to previously reported near
smelter facilities (Kasongo et al., 2024; Taylor et al., 2010).
In addition, industrial combustion of coal was previously
associated with Pb-containing easily transported fine parti-
cles while smelters tend to release coarse particle-bound Pb
which are easier to mitigate at the source and less likely to
undergo long-range aeolian transport (Zhang et al., 2024).
In our study, small concentrations and insignificant enrich-
ments (EF < 10) of Pb in aerosols collected across the south-
ern Mozambique Channel tend to support the role of smelter
emissions as a source of atmospheric Zn, Cu and Cd rather
than coal combustion emissions. Our results are in line with
a modelling study by Ito and Miyakawa (2023) showing that
emissions from metal production (smelting) is a major, and
often overlooked, source of labile trace elements to the at-
mosphere over the Mozambique Channel, especially in fall
when dust and pyrogenic sources are low.
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Most trace elements measured in Group II aerosols
showed very strong and significant (p-value < 0.01) corre-
lation to Al, except for Cr and Ti (Supplement Fig. S3).
Such a widespread correlation between lithogenic and an-
thropogenic elements highlights the complex atmospheric in-
fluence in our study region as depicted by our air-mass tra-
jectory analysis (Fig. 2). In aerosols collected south of 25° S
(sample Groups I and III), less significant correlations were
found between trace elements investigated (Fig. S3). This
further highlight the difficulty of identifying a specific source
of trace elements in aerosols collected in our study region in
the absence of specific chemical tracers.

4.3 A remaining challenge: fingerprinting mining
emissions in aerosols

Amongst all trace elements measured in this study, atmo-
spheric Cr and Cd measurements in aerosols collected over
the southern Mozambique Channel stood out, with concen-
trations 6—18 times and 3-12 times higher than that pre-
viously reported in the surrounding region (Table 3), re-
spectively. Such elevated metal loadings were likely asso-
ciated with anthropogenic emissions as indicated by high
median enrichment factors (EFc; = 138 and EFcq = 3248,
Fig. 4) and suggested the prevalence of anthropogenic aeo-
lian sources of Cr and Cd originating from the neighbour-
ing land-masses to the southern Mozambique Channel rather
than from long-range atmospheric transport.

A negative correlation between Cr and Cd in our aerosol
samples (Fig. S3) suggests that two distinct sources influence
the atmospheric loading of these elements over the Mozam-
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Table 4. Total atmospheric trace element concentration ratios (g/g) used in previous studies to trace specific anthropogenic sources in
aerosols and their respective values in samples collected over the southern Mozambique Channel (this study). A2 was excluded due to
extreme Fe and Cr solubility (100 %) in this sample, which potentially bias the ratios displayed. Bold font indicates values from this study

which are similar to the reported literature values.

Variable Source Reported Al A3 A4 A5 A6 A7 A8 A9  Al0
values
Cr/Fe b Chromite 1.5-29 0.013 1.4 1.8 74 0.053 43 0.051 0.014 4.5
mining
EFcq(/re) © Gold <18800 763 14107 9291 5990 6242 3538 11117 190 3084
mining

2 Grieco et al. (2014), © Kleynhans et al. (2023), © Maseki et al. (2017).

bique Channel. High atmospheric loading in Cd and Cr in
our samples may raise some concern as the two metals are
known pollutants with acute toxicity to both humans (Csav-
ina et al., 2012; Ericson et al., 2008) and ecosystems (Athar
and Ahmad, 2002). More specifically, high soluble fractions
of Cr measured in aerosol samples A7-A10 (Supplement Ta-
ble S4) collected on the western part of the southern Mozam-
bique Channel, may indicate a predominance of Cr(VI) in the
atmosphere which is carcinogenic (Swietlik et al., 2011).

Widespread Cd enrichment was observed throughout our
sampling region, with an average 4.6 times increase in EFcq
values in Group II aerosols (A3-A8, Fig. 4) compared to
aerosols collected south of 25°S (sample Groups I and III).
As suggested in Sect. 4.2, Cd emissions from smelting activ-
ities have previously been linked to elevated aerosol enrich-
ment (EFcqg( a1 >1000) over the Atlantic Ocean (Shelley et
al., 2015). In addition, extreme Cd enrichments relative to Fe
(EFcq(/Fe)) up to 18800 were also reported in dust samples
collected around gold mine tailing storage facilities in the
South African Witwatersrand Basin (Maseki et al., 2017). In
our study, Cd enrichment factors relative to Fe exceeded 763
in nearly all our aerosol samples, except in A9. A further
10-fold increase in the median enrichment factor of Cd rel-
ative to Fe (EFcq/re = 7766, Table 4) was found in aerosols
from Group II compared to those of Group I and Group III
(EFcq/re = 763, Table 4), potentially suggesting a contribu-
tion from gold mining activities in South Africa or in Mada-
gascar to the Cd atmospheric loading in the southern Mozam-
bique Channel to the north of 25°S. Notably, elevated Cd
concentrations have also previously been reported in squids,
a known bioaccumulating species, in waters around Reunion
Island (to the east of our study region), although the source
of Cd in that study remained unidentified (Annasawmy et al.,
2022).

Concerning Cr enrichments were observed in samples
containing lower total metal mass loading (A4, AS, and
A10) as well as in A3 (Figs. 3 and 4). Elevated atmospheric
Cr(VI) concentrations were previously associated with emis-
sions from the ferrochrome industry in the Bushveld Ig-
neous complex, South Africa (Venter et al., 2017). However,
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Venter and colleagues (2017) report a co-enrichment in Cr
and Fe in aerosols which we do not observe in our sam-
ples. South Africa also holds 72 %—80 % of the world’s vi-
able chromite ore reserves (Coetzee et al., 2020). Chromite
rocks mined in Madagascar (Grieco et al., 2014) and South
Africa (Kleynhans et al., 2023) have typical Cr/Fe ratios of
1.5-2.9, which largely exceeds the Cr/Fe ratio of 0.0024 in
the average UCC (McLennan, 2001). Similar or higher Cr/Fe
ratios (> 1.4) were found in our samples A3, A4, A5, A7 and
A10), indicating that Cr mining emissions might be a major
contributor to the aeolian Cr loading in the southern Mozam-
bique Channel north of 25°S (A3-A8) and close to South
African coastlines (A10). While chromite mines are mostly
concentrated in the north of Madagascar and in the Bushveld
Igneous complex in South Africa, HYSPLIT AMBT analy-
ses associated with our samples only rarely (Madagascar) or
never (Bushveld) crossed these sources (Supplement Figs. 2
and S1). It is possible that our ABMT analyses does not com-
prise all air-masses influencing our samples and that minor
atmospheric inputs from high loading terrestrial air-masses
remain overlooked. In addition, other unidentified source of
Cr may be influencing the atmospheric loading in our study
region. For example, in Richards Bay, South Africa, dis-
charges from the industrial sector were linked to significant
enrichment in Cr, and to a lesser extent in Cd and Cu in local
sediment samples collected in the harbour (Izegaegbe et al.,
2023). Chromium enrichment was also previously reported
in airborne particulates associated with coal mines (Dubey et
al., 2012), which could also be a source in our study region.
On Madagascar Island, chromium contamination of soil and
water streams were also reported as a result of tannery and
textile wastewater (Rasoazanany et al., 2007). Overall, our
results highlight the difficulty in tracking aerosol trace ele-
ment source in aerosols in the absence of specific tracers.

5 Conclusions
The sub-equatorial region of southern Africa drastically suf-

fers from climate change, with temperatures rising above the
global average and increasing frequency of extreme weather
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events (e.g., droughts, floods, cyclones, fires). This region
is also affected by rapid urbanization and industrialisation
of lands (Scholes et al., 2015). Such a variety of natu-
ral and anthropogenic influences most likely contribute to
the atmospheric composition of the region, introducing both
(bio)essential and toxic elements into the atmosphere. This
study provides chemical characterisation of the trace ele-
ment composition in aerosols collected over the southern
Mozambique Channel (20-30° S) during the austral autumn
2022, when dust deposition and fire occurrence are both
low (Archibald et al., 2010; Bhattachan et al., 2012; Gi-
noux et al., 2012). We report a complex atmospheric circu-
lation in the region. Indeed, while 7 d single air-mass back-
trajectory computed for each sample suggested a prevailing
long-range transport of aerosols by westerly winds at lati-
tudes > 25°S, a full understanding of the sources influenc-
ing the trace element loading over the southern Mozambique
Channel could not be achieved without accounting for less
prevailing and sporadic inputs from neighbouring sources in
southern Africa and on Madagascar (through detailed clus-
ter analysis). Our observation stresses the need to investigate
the full complexity of atmospheric circulation (beyond sin-
gle prevailing air-mass analysis) as less frequent, terrestrial
air-masses can have disproportionate impact on the partic-
ulate loading (and trace element composition) of aerosols
in low deposition marine region across the Southern Hemi-
sphere. Atmospheric metal concentrations measured in our
samples were similar (Al, Cu, and Ti) or smaller (Fe, Ni,
Pb and V) than concentrations previously reported in ma-
rine air-masses downwind of Southern Hemisphere emis-
sion sources. This confirmed that our study occurred during
the low deposition season and that concentrations presented
for the above-mentioned trace elements can be considered
as background (low end) aeolian concentrations. Trace el-
ements commonly associated with crustal sources (Al, Fe,
Ti) showed no significant enrichments relative to the aver-
aged UCC (EF < 10) neither did Ni, Pb, and V despite the
three metals being sometimes related to human emissions in
other studies. High concentrations of Zn (and elevated Cu
enrichment factor) in aerosols were associated with anthro-
pogenic emissions which could include coal combustion and
smelting. Concentrations of Cd and Cr in our aerosol sam-
ples were 3—18 times higher than those reported in the lit-
erature near our study region and were associated with high
Cr and extremely high Cd enrichments compared to the aver-
age UCC. Further analysis of atmospheric sources using ele-
mental ratios in individual aerosol samples suggested inputs
from mining activities (chromite: Cr, gold: Cd) to the atmo-
sphere, especially in the central Channel between 20-25° S
and close to the southern coastline of South Africa. While
the atmospheric sources pointed out in our study are likely
to run over the full year, time-series analysis of the identified
chemical tracers’ atmospheric loading is necessary to con-
firm such hypothesis. Our study emphasises the difficulty in
tracking specific sources of atmospheric trace elements over
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marine regions due to the lack of defined atmospheric tracers
for specific sources such as smelting and mining for example.
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