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Stable iron isotopic composition of atmospheric aerosols: An
overview
Yuantao Wang 1,5, Libin Wu1,5, Wei Hu 1, Weijun Li 2, Zongbo Shi 3, Roy M. Harrison 3,4 and Pingqing Fu1✉

Atmospheric particulate matter (PM) has a significant impact on both the natural environment and human health. Iron is one of the
most abundant elements in the earth’s crust, playing an important role in geochemical processes, and is also an important trace
component in atmospheric PM. In recent years, with the rapid development of non-traditional (metal) stable isotope technologies,
new solutions and methods for the source apportionments of heavy metal elements have been put forward. Stable iron isotope
analysis has become an effective tool to trace iron in atmospheric particles. This review paper briefly summarizes the recent
progress of atmospheric iron isotope geochemistry. We show that some of the major natural and anthropogenic PM sources have
different iron isotopic compositions. A Bayesian isotopic mixing model MixSIAR was used to quantitatively re-evaluate the
contributions of different sources to iron in both urban and marine aerosols based on iron isotopic data in the literature. The results
highlight the value of stable iron isotope analyses as an effective tool in the source apportionment of atmospheric aerosols.

npj Climate and Atmospheric Science            (2022) 5:75 ; https://doi.org/10.1038/s41612-022-00299-7

INTRODUCTION
In the last several decades, growing attention has been paid to the
severe and persistent haze pollution, due to its negative effect on
air quality1, visibility2, human health3,4, and climate5–7. This
environmental problem is mainly caused by anthropogenic
emissions during rapid urbanization and industrialization, espe-
cially in developing countries8,9. Trace metals are important
components of atmospheric particles, potentially contributing to
chemical reactions in the atmosphere, and thus affect atmospheric
pollution and climate. Once deposited on the surface ocean, trace
metals such as iron, magnesium, and copper can serve as
micronutrients to stimulate biological productivity10. Those trace
metal-containing particles can be originated from natural sources
including mineral dust, volcanic ash, wildfires, and anthropogenic
sources including biomass burning, fossil fuel combustion,
metallurgical production, and industrial emissions11,12. Once
emitted into the atmosphere, these airborne particles can be
transported and dispersed in air and finally removed by dry or wet
deposition processes.
As one of the most abundant heavy metal elements in the

earth’s crust, iron is ubiquitous in both terrestrial and aquatic
ecosystems, and is utilized in numerous physiological functions
such as photosynthesis, biosynthesis, respiration, and fixation of
nutrients13. The utilization of iron is thought to have an impact on
the Earth system by affecting iron biogeochemical cycles14,15,
particularly for marine productivity. In remote marine ecosystems
such as the subarctic, equatorial and Southern Oceans, which are
called high-nutrient, low chlorophyll regions today, the phyto-
plankton community tends to be limited by iron16. Numerous in-
situ iron fertilization experiments15,17 confirmed that the increased
iron supply would promote the fixation of macronutrients such as
nitrogen and phosphorus, so as to increase primary productivity18

and decrease carbon dioxide concentration19. Besides, iron is
critical to the human body for Fe(II)-bearing haemoglobin in the

blood, Fe(III) ferritin in the liver and the kidneys, or serving as an
enzyme cofactor20. However, it has been acknowledged that
excessive biomedical exposure to iron oxide nanoparticles would
induce cytotoxicity, developmental toxicity, neurotoxicity and
gene damage21. Moreover, iron-bearing nanoparticles could cause
cardiovascular and respiratory diseases and have been found in
the human brain, serum and pleural effusion through ambient
pollution exposure22,23.
Various reservoirs such as margin sediments24, rivers, ground-

water, icebergs25, sub-glacial runoff, and glacial flour dust26 have
been presented as external iron nutrient sources to the marine
surface, but few of them are accessible to remote regions. Another
important iron supply originates from magma and hydrothermal
activities in the deep crust, but it is rapidly precipitated at depth
and lost by subduction and has a limited impact on the surface
ocean27. Differently, aeolian dust has long been considered an
important iron supply to the surface ocean28–30. In modern
systems, atmospheric particles are classified into two origins,
namely natural and anthropogenic sources31. Natural sources
include mineral dust, sea spray, wildfires, volcanoes, and biogenic
emissions. For example, mineral dust dominantly originated from
deserts, semi-arid regions, dry lake beds or channels where large
amounts of alluvial sediment are accumulated as a result of annual
scarce rainfall32. Sometimes, human-induced droughts and
changes in land use can also increase mineral dust entrainment33.
Natural sources are generally of large particle size and mostly
settle back to the surface by gravity (dry deposition). By contrast,
anthropogenic iron sources, including industrial manufacturing,
traffic emissions, fossil fuel combustion and biomass burning
(wood or crop residues burning by agricultural or household
activities) are mainly produced by pyrogenic processes. Those
primary aerosols, from either natural or anthropogenic sources,
are generally ranging from 1 nm to 100 μm in diameter31. The
residence time of those particles in the atmosphere ranges from
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hours to weeks, depending on the particles’ properties and the
removal effectiveness34,35. The particle sizes of anthropogenically
sourced particles rarely exceed 2.5 μm36. An exception to this is
brake wear particles of which about 50% by mass exceed 2.5 μm37.
Fine particles are generally characterized by a longer lifetimes and
are often transported for several hundred or even thousand
kilometres beyond the continental shelf38.
The spatiotemporal variations in iron fertilization from atmo-

spheric deposition are dependent on total iron loadings as well as
iron solubility. Iron solubility typically ranges from <0.1% to almost
80% in atmospheric aerosols, but <0.5% in primary soil dust39.
Atmospheric particles are systematically removed by preferential
deposition mechanisms, leaving the particles with larger surface-
to-volume values that are more soluble40. However, a modelling
study indicated that this process is not significant and cannot
explain the large increase in observed iron solubility from source
regions to the remote ocean41. The iron solubility in atmospheric
particles can increase via mineralogical transformation42, photo-
chemical redox processes43,44, acidification in wet aerosol45–47,
and organic complexation43,48,49.
Previous studies have indicated the importance of dissolved

(bioavailable) iron from mineral dust on a global scale50. However,
the supply of pyrogenic-sourced iron particles to the surface
oceans may have been underestimated51–54. The soluble iron
deposition from anthropogenic sources has increased as a result
of continuing human perturbation over the Anthropocene55,56,
with an estimation of from 0.05 to 0.07 Tg yr−1 in the preindustrial
era to 0.11–0.12 Tg yr−1 in the present day57. Moreover, a number
of field and modelling studies have suggested that iron in at least
some of the anthropogenic and combustion processes has a
higher fractional Fe solubility (bioavailability)46,57–64. This has been
evidenced by direct observation of either high fractional soluble
iron in polluted aerosols or enhanced iron solubility when
associated with anthropogenic emissions46,58,60,62,65. Hence, pyro-
genic iron sources may contribute a considerable amount of
soluble iron in aerosols although pyrogenic iron is less abundant
compared with natural dust iron62,64,66–69.
Nevertheless, it is difficult to ascertain whether the soluble iron

is directly attributed to the anthropogenic component, or has
been enhanced by complex atmospheric processing70,71 or
climate change72. For example, a measurement of iron solubility
of ice-core dust in the Last Glacial Maximum (26,000–21,000 years
before the present) varied between 1% and 42%, indicating that
high iron solubilities are not purely a result of the presence of
anthropogenic iron73. Our knowledge of soluble iron flux is limited
by a large uncertainty on source contributions due to the lack of
observational constraints. More recently, Zhu et al. applied
receptor modelling to apportion the sources of dissolved Fe in a
megacity for the first time74. However, there is very limited
information on the sources of dissolved and total iron in
atmospheric aerosols, particularly in the remote atmosphere.
Stable isotopes of volatile elements referred to as ‘traditional

isotopes’ (carbon, hydrogen, oxygen, nitrogen, and sulfur), are
generally characterized by large isotope mass differences and thus
can be detected with pronounced isotopic variations in environ-
mental samples75,76. Thus, traditional stable isotopes (e.g., δ13C,
δ15N, δ18O) have been successfully applied as tracers for
apportioning potential sources of contaminants in various
environmental studies77, such as plant ecology78, diet reconstruc-
tion79,80 and air pollutants81,82. Specifically, they have shown great
performance in distinguishing aerosol sources and formation
processes in the atmosphere82–85. This relies on the fact that
isotope fractionations vary in different physical and chemical
processes, resulting in a diversity of isotopic compositions in
different isotope reservoirs. Stable isotopes can be used as
signatures in both processes and sources in the environmental
systems86,87. Process tracking relies on the understanding and
quantification that iron isotopic compositions are altered when

affected by transformation processes, such as redox reactions88,89,
complexation90, acid leaching91, evaporation92 and biological
uptake93. Source tracing is based on stable isotope mass balance
and multiple sources with different isotopic signatures contribut-
ing to a mixing reservoir. The relative contributions from involved
endmembers to a sample can be quantified by mixing calcula-
tions87. That is

Y ¼
X

pkμk (1)

where Y stands for isotopic compositions of the mixture, which
has k possible sources; μk describes the mean isotope value for
source k (after considering the isotope fractionation), and pk is the
proportional contribution of source k to the total amount
(∑pk= 1). Source tracing has been applied in several metal stable
isotope systems both in mass-dependent fractionation (MDF) and
mass-independent fractionation (MIF) signatures94,95, showing the
potential in discriminating endmembers involved in mixing
sources.
While the precise analyses of traditional stable isotopes are

available by gas-source spectrometers, further progress for heavier
elements, especially metal stable isotopes, has been restricted due
to a lack of methodological improvements for years. Owning to
the advances in isotope analytical instruments, particularly the
multi-collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) since the 2000s, high precision analyses for a wide
range of heavy metal isotopes are accessible now96,97. Analytical
improvements make it possible to distinguish subtle variations
between anthropogenic and natural samples, which can be
further utilized as ‘fingerprint information’ for deducing inorganic
contaminant behaviour through environmental processes. A wide
range of heavy metal stable isotopes such as zinc, mercury, silver,
and potassium have shown extensive applications in various
environmental media98–101. Specifically, non-traditional stable
isotopes including lead and strontium102–104, silicon105,106, mer-
cury107–109, zinc, and copper110, have been shown to be effective
tracers in determining sources of airborne contaminants and
further atmospheric processes.
Tracking the sources of atmospheric particles precisely is a

prerequisite for air pollution control. To access the environmental
risks and to provide solutions for environmental metal pollution,
understanding the sources, speciation, transformation and bioa-
vailability of heavy metals is essential. Source identification and
quantification are regarded as important goals for future research
on comprehensively understanding the nature of nutrient delivery
to the open ocean. Here, we review recent progress in the
application of iron isotopes in atmospheric particulate matter. We
firstly provided information on the analytical procedures and
isotopic compositions of endmember iron sources, and then
review the applications of stable iron isotopes in source
apportionment. Furthermore, future perspectives of iron isotopes
are also discussed.

STABLE FE ISOTOPIC COMPOSITIONS AND ANALYTICAL
TECHNOLOGY
Basic concepts of iron stable isotopes
In the last several decades, iron isotopes have been widely utilized
in studies of geological processes including high-temperature
geochemistry, crust-mantle evolution, magmatic differentiation,
hydrothermal processes and cosmochemistry111. Scientists have
performed many applications of iron isotopes as signatures in
redox and biogeochemical cycles112,113, river systems114 and
terrestrial ecosystems115 such as paddy soil116,117. Considering the
important role of iron in biological processes in the human body,
the iron isotope has been applied as a reliable pathological
signature and is becoming a powerful indicator in medical
diagnosis20,22,118,119.

Y. Wang et al.

2

npj Climate and Atmospheric Science (2022)    75 Published in partnership with CECCR at King Abdulaziz University

1
2
3
4
5
6
7
8
9
0
()
:,;



Natural variations in non-traditional stable isotopes are
generally very small, and hence are commonly reported as delta
notation (δ) in unit of per mil (‰) with the ratio relative to an
international standard. Iron has four stable isotopes, 54Fe, 56Fe,
57Fe, and 58Fe, with natural abundances of 5.84, 91.76, 2.12, and
0.28 atom%, respectively. Most studies have focused on the two
most abundant isotopes, and reported isotopic compositions as
δ56Fe, with a deviation of 56Fe/54Fe ratio relative to geological
standards. Some studies have also reported 57Fe/54Fe as δ57Fe,
but seldom reported δ58Fe because 58Fe is a scarce isotope.
Isotopic variations are mostly reported relative to the IRMM-014
standard, although some geologists use average igneous rocks
as the standard to define deviations (i.e., average δ56Fe value of
15 terrestrial igneous rocks and 5 high-Ti lunar basalts,
δ56FeIRMM-014= δ56Feigneous rocks+ 0.09‰)120. Here, we will
consider only δ56Fe, and discuss iron isotopes relative to the
IRMM-014 standard as follows:

δ56=54 Fe ‰ð Þ ¼ 56Fe= 54Fe
� �

sample=
56Fe= 54Fe

� �
IRMM�014 � 1

h i
� 1000

(2)

For those δ57Fe ratios reported, data have been converted to
equivalent δ56Fe by assuming δ56Fe ≈ 0.66 × δ57Fe based on the
mass-dependent fractionation relationship121.

Analysis of iron isotopes
A careful chemical purification process is essential for accurate
isotope analysis. Nowadays, mature pre-treatment methods for
iron isotopes have been established, but mainly focusing on rocks
and solid samples. Beard et al. reported the first value of iron
isotopic compositions of airborne particulate matter122. Here, we
summarize the basic approach for pre-treatment protocols
including acid digestion and ion exchange chromatography.
The separation and purification usually start with acid digestion

with mixed acids in a closed perfluoroalkoxy alkanes (PFA) vial
with all equipment cleaned before usage. Firstly, approximately 1/
40–1/20 (3–6 cm2) of a filter is decomposed and transferred into a
Teflon beaker to be digested by acids (the acid compositions
depend on the properties of the samples). Secondly, the solution
is evaporated nearly to dryness at 120 °C. In order to make sure
that insoluble components are solubilised, and the Fe is in a ferric
state, the solution is usually cycled through several digestion and

evaporation procedures. After that, the solution is taken up in acid
for passages on the chromatographic column and then followed
by analytical measurements. See Supplementary Note 1 for
methods of ion exchange chromatography and instrumentation.

IRON ISOTOPIC COMPOSITION OF ATMOSPHERIC IRON
SOURCES
Natural sources
Natural sources including volcanic ash, terrestrial dust, sea spray,
and wild biomass burning can produce a large amount of
atmospheric particulate matter, contributing to a natural back-
ground of iron-containing aerosols. In this section, we summarize
the reported δ56Fe ratios of natural iron repositories (Fig. 1, see
Supplementary Table 1 for details).

Volcanic ash and terrestrial dust. There has been no report on iron
isotopes of volcanic ash. Some volcanic rocks are characterized by
isotope ratios ranging from −0.24‰ to 0.3‰123,124, and hence it is
possible that volcanic emissions have comparative or lower δ56Fe
ratios than that of the basalt or rhyolite. A number of studies
revealed that iron isotopic compositions of terrestrial components
such as sediments, topsoil, loess, and desert dust are nearly identical
to those of the igneous rocks, implying a relatively constant isotope
characteristic of detrital materials on the earth’s surface under
modern oxidation conditions. Beard et al.125 investigated iron
isotopic compositions of 46 igneous rocks, showing an average
isotope value of 0.09 ± 0.10‰ (2 SD) from the different geological
background, which is almost identical to the continental crust
(0.07 ± 0.03‰, 2SD, converted to equivalent δ56FeIRMM014) reported
by Poitrasson126. On a global scale, aeolian dust is measured with a
near-crustal endmember value of 0.09 ± 0.10‰ (2 SD). This is
constrained by isotope ratios of aerosols (0.08 ± 0.08‰, 1SD) from
the pioneering work of Beard et al.122. Marine aerosols under the
influence of Saharan flux showed similar isotope ratios,
0.04 ± 0.05‰ (1SD) in Barbados127 and 0.08–0.10‰ in Bermuda128.

Sea spray. Sea spray aerosol (SSA) is generated from the ocean
surface, with particle sizes ranging from <10 nm to several
millimeters129. The annual global production of SSA is estimated
to be 1013 kg, with ~32% from the Northern Hemisphere130.
Additionally, airborne volcanic ash emitted along the Pacific Rim
and from hot spots is a potentially underestimated iron source to
the atmosphere131. It fertilizes the ocean and contributes to large
phytoplankton blooms132,133. Surface seawater is generally found
with δ56Fe ratios for dissolved Fe of up to 0.73‰ in the North
Atlantic134. This can be explained by the influence of aerosol
deposition from the Saharan dust plume134 and the preferential
biological uptake of lighter Fe135. However, it was revealed that
δ56Fe ratios for dissolved Fe can be as low as −0.65‰ in the North
Pacific Ocean, where the anthropogenic deposition may play a
vital role in isotopic alteration of the surface seawater. However,
no δ56Fe data are available concerned directly with SSA. Further
studies are necessary to clarify these findings.

Natural biomass burning. There are various biomass burning
types, such as wild (forest, savanna, grassland) fires, wood or straw
combustion as fuels, and agricultural crop residue burning136,137.
Here, we mainly focus on natural processes. In most cases,
biomass burning is a kind of point source that can increase
atmospheric iron concentrations on a regional scale but has been
considered an important bioavailable iron source to the oceans
owing to its high iron solubility63. Some higher plants (including
dicots, non-grass monocots and grass species) may originally have
δ56Fe values from −1.64‰ to 0.17‰138, and biomass burning ash
is hence expected with a relatively low δ56Fe signature. For
example, Mead et al.128 suggested that biomass burning plumes

Fig. 1 Iron isotopic variations (δ56Fe, by reference to the IRMM-
014 standard, shown as shadow bar) of natural and anthropo-
genic (pyrogenic) aerosol sources. Natural sources include igneous
rocks125, soils148,162, loess163,164, river water114,124, sea water52,134,165,
and higher plants138. Anthropogenic (pyrogenic) sources include
metallic brake dust143, vehicle exhaust141, solid waste incinera-
tion141,146, coal fly ash128,146, biomass burning140, and steel
manufacturing142,147.
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were responsible for negative δ56Fe ratios (≤−0.5‰) collected in
fine particles from Bermuda marine aerosols, although there was
no direct evidence. However, the δ56Fe values of burning plumes
are not purely indicative of biomass burning aerosols because soil-
derived particles have been observed in outfield burning
events48,139. The existence of soil components can be attributed
to the suspension of dust that had been deposited onto the
vegetation, or the uplift of the burned soil surface driven by
turbulence created by the fire35. Soil dust can largely influence
burning emissions due to its higher content of Fe than that in
plants. The isotopic signals from biomass burning ash are low and
hence are likely to be obscured by a large amount of soil
suspension. Furthermore, the combustion output of biomass
burning largely depends on the surface circumstances, such as
biomass species, the density of vegetation and soil properties.
Therefore, the isotope characteristics of wild biomass burning
aerosols can differ among various plants, soil components and
burning conditions.

Anthropogenic sources
Iron isotopes can be used as fingerprints for anthropogenic
sources (combustion and industrial activities) because iron can be
highly fractionated during pyrogenic processes. However, data on
δ56Fe of those emissions remain limited. Pyrogenic iron sources
include (1) biomass burning events (In this section, we mainly
focus on human-induced processes), (2) road traffic emissions
such as automobile exhaust and abrasion of metallic brake pads,
(3) municipal solid waste incinerator (MSWI) and coal fly ash, and
(4) industrial activities such as metallurgical processes and other
miscellaneous emissions.

Biomass burning events. A recent study provided the first insight
into δ56Fe values of a field reed burning event in Japan140. The
results indicated that the δ56Fe ratios of fine particles (0.39–
0.69 μm) collected during the event were from −0.61‰ to
−0.36‰, higher than those (δ56Fe=−1.06 ± 0.12‰ and
δ56Fe=−1.26 ± 0.13‰, 2SD) before and after the event, thereby
suggesting the influence of soil-derived Fe in burning plumes. A
further experiment was conducted to reduce the soil suspension
interference, indicating no clear iron fractionation signals during
the open biomass burning event.
In the reed burning event, the combustion temperature was

estimated to be approximately 300–500 °C140, which is lower than
those of anthropogenic combustion processes such as automobile
exhaust and steel metallurgy141,142. Hence, it is unclear whether a
sufficient amount of iron can be fractionated during the biomass
burning processes. However, the amount of fractionated iron
isotopes is not only impacted by combustion temperature, but
also by other factors, such as vapour pressure, iron species, and
other coexistent elements92. Both laboratory experiments and
field observations on different burning circumstances are worth
the effort to clarify whether isotope fractionation of Fe in a
burning event is distinct enough to be observed, so as to verify
the values of iron isotopes as biomass burning aerosol tracers.

Road traffic emissions. It has been shown that iron can be highly
fractionated during the combustion of gasoline or light diesel
oil141. Specifically, isotopically light δ56Fe values of bulk aerosols
(−3.2–0.3‰) were observed in a road tunnel at Hiroshima, Japan,
which was lower than that of the local terrestrial dust
(0.18 ± 0.22‰, 2SD) or commercial gasoline (0.28 ± 0.13‰, 2SD).
The isotope values of aerosols in the tunnel exhibited a clear size
dependence. For example, 91% of Fe was found in coarse particles
larger than 1.1 μm with δ56Fe values from −0.1‰ to 0.3‰. Fine
particles <1.1 μm originated mainly from vehicle exhaust and were
characterized with δ56Fe values as low as −3.2‰. Moreover,
Majestic et al.143 found that δ56Fe ratios of both fine and coarse

particles (0.12–0.22‰) collected in a parking garage were most
likely attributed to the abrasion of metallic brake pads (average=
0.18‰), further indicating that the extremely low δ56Fe ratios
observed in the road tunnel can be attributed to the combustion
of fossil fuel.

Incinerator use. Previous studies have investigated chemical
and mineralogical characterization of MSWI residues144,145,
showing that metals with low volatility such as iron mainly
remain in the bottom ashes during incineration. Small iron
particles are formed as (hydr)oxides, and carried over by flue
gas through the furnace. MSWI residues were reported with
comparable δ56Fe values, ranging from −0.10‰ to
0.10‰141,146. However, distinguishable isotopic variation was
detected between bottom ash (δ56Fe=−0.34 ± 0.14‰, 2SD)
and fly ash (δ56Fe=−1.97 ± 0.18‰, 2SD) collected at the
incinerator if extracted by HCl solutions141. The results of Kurisu
et al.141 indicated that only a small amount of iron was
evaporated during incineration, and finally incorporated into
the total suspended particles (TSP, δ56Fe=−0.66 ± 0.09‰,
2SD). The iron isotopic compositions of coal fly ash were from
0.05‰ to 0.75‰128,146, implying that not all anthropogenic
(pyrogenic) processes may release light δ56Fe values.

Industrial manufacturing. Flament et al. investigated iron
isotopic compositions of TSP from a steel plant in France,
Europe147. The isotope ratios were found slightly decreased
from sintering (a mixing state at high temperature, consisting of
ore, coke and additives, 0.53‰ ≤ δ56Fe ≤ 0.80‰) to steelworks
emissions (δ56Fe= 0.08 ± 0.24‰, 1SD). However, there was no
significant iron isotope fractionation occurring during metal-
lurgical processes, because δ56Fe ratios of raw ore materials
(−0.16‰ to 1.19‰) were found similar to steelworks emissions
(0.08–0.80‰). In contrast, according to a recent study, the
temperature (1000–2000 °C) during metallurgical processes was
expected to be high enough for isotope fractionation142. Fine
particles (0.39–1.3 μm) were found to yield lower δ56Fe values
(−3.53‰ to −0.37‰) during evaporation, quite different from
those of the coarse particles (≥1.3 μm, −0.42‰ to 0.33‰) and
ore components (δ56Fe=−0.27 ± 0.13‰, 2SD). Given that
δ56Fe can be calculated by a combination of two end-
members with different iron isotope values, Kurisu et al.
suggested a value from −4.7‰ (by calculation) to −3.9‰ (by
observation) as the isotopic signature for evaporated iron from
a steel plant142, which is the lowest δ56Fe from anthropogenic
sources that was ever estimated140–142,148. The difference in
δ56Fe values for steel plant emissions in the aforementioned
studies is likely attributed to the manufacturing technologies
and diverse ore materials across different regions. One recent
case study on steelworks has also shown that much of the
emitted PM arises from the transfer of ores and dust from site
roads149. More investigations are needed to verify the use of
iron isotopes as indicators for metalworking emissions.

APPLICATION OF IRON ISOTOPES TO TRACE SOURCES IN
AEROSOLS
Stable isotopic compositions of aerosol iron have been investi-
gated on various spatial and temporal scales, but most of them
were studied for marine aerosols in the Northern Hemisphere
(Fig. 2 and Supplementary Table 2). If iron isotopic compositions
differ between pyrogenic (anthropogenic and combustion) and
natural sources, stable isotopes are potential tracers to constrain
source contributions and are used as a tool in apportioning
atmospheric iron.
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Size-segregated isotope ratios as an indicator of iron sources
In early studies, little or no isotopic variations were detected in
terrestrial and marine aerosols122,127,147,150. This is because atmo-
spheric aerosols can be affected by a variety of iron sources from
both natural and anthropogenic processes, of which the isotopic
fingerprints in variable size fractions can sometimes be over-
lapped and mixed. However, in view of the fact that anthro-
pogenic activities are likely to yield finer particles with lower δ56Fe
values than natural sources, it is possible to distinguish anthro-
pogenic sourced iron with light isotopic signals from the
ubiquitous soil dust background. Thus, isotopic fingerprints can
be partially separated from each other by using size-segregated
aerosol sampling methods.

Urban aerosols. The first iron isotopic assessment of size-
segregated suburban aerosols was conducted near Phoenix, USA
for atmospheric particles with an aerodynamic diameter ≤ 2.5 μm
(PM2.5) and 10 μm (PM10)150. The δ56Fe ratios in PM2.5 (−0.55‰ to
−0.22‰) were substantially lower than those in PM10 (−0.23‰ to
0.04‰). Further evidence identified the spatiotemporal source
patterns in fine particles, while coarse particles mainly originated
from crustal dust. Another size-segregated iron isotopic measure-
ment of urban aerosols was performed in Hiroshima, a coastal city
in Japan148. Aerosols were separated into seven size fractions,
providing a better insight into size distributions of iron isotopic
compositions. The iron isotope ratios were measured as low as
−1.59‰ in particles in the size range of 0.39–0.69 μm collected in
spring, while summer aerosols showed lower ratios of −2.01‰ in
the same size range. Assuming that the samples were numerically
divided into two fractions of particles, i.e., finer and coarser than
1.5 μm, the isotope values of fine particles showed a very negative
value of −2.01‰ to −0.57‰. By contrast, in coarse particles, the
isotope ratios ranged from 0.04 ± 0.07‰ (1SD) to 0.30 ± 0.07‰
(1SD), which are almost identical to the crustal sources. These two

size-segregated isotopic measurements demonstrated a different
source distribution of atmospheric iron between fine and coarse
particles, implying the potential of using δ56Fe values as
signatures in tracing multiple iron sources. Noteworthily, a recent
study reported δ56Fe values of airborne Fe-bearing magnetic
particulate matter (MPs, a frequent component of PM2.5, is not
only formed naturally but also can be released from human
activities) in PM2.5 and PM>2.5 during sandstorm episodes in
Beijing, China151. The isotopic compositions of Fe in MPs were
0.10–0.19‰ in PM>2.5 collected during a sandstorm, which was
identical to the natural crustal composition. By contrast, the δ56Fe
ratios of MPs in PM2.5 were −0.49‰ to −0.10‰ and −0.70‰ to
−0.44‰ in the sandstorm and non-sandstorm periods, respec-
tively. The heterogeneous δ56Fe values of MPs in PM2.5 were most
likely attributable to anthropogenic emissions with light Fe
isotopic compositions, even during the sandstorm period151.

Marine aerosols. Marine aerosols are characterized by a mixture
of both natural and anthropogenic emissions from long-range
transport. Several observations of iron isotopic compositions have
been conducted in the North Atlantic, an ideal place for studying
iron aerosol sources. During most of the time in summer, a large
influx of crustal dust (mostly from North Africa) is transported to
the North Atlantic, while for the rest of the time, various non-
crustal sources such as biomass burning and oil fly ash might
contribute more71,128. A recent study of TSP collected from the
North Atlantic Ocean has described an iron isotopic shift along the
cruise71. The aerosol samples were separated into three groups
based on cruises that were mostly influenced by air masses from
Europe, Sahara, or North America. The results indicated that
aerosols mostly impacted by the Saharan plume were identified
with an average δ56Fe ratio of 0.12 ± 0.03‰ (1SD). In European
and North American air masses-dominated aerosols, however, the
δ56Fe ratios were determined to be −0.04 ± 0.03‰ (1SD) and

Fig. 2 Iron isotopic compositions (δ56Fe for total Fe) of urban and marine aerosols in the literature. Urban aerosol studies include Phoenix,
America150, Dunkirk, France147, and Hiroshima, Japan148. Marine aerosol studies include Northwest Pacific148,152, Western Equatorial Pacific155,
and North Atlantic71,127,128. For the average δ56Fe data on the graph, measurement accuracy is shown as 1 standard deviation (1 SD).
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−0.16 ± 0.06‰ (1SD), respectively. This can be explained by the
fact that samples collected close to North Africa were character-
ized by a higher amount of dust, thus displaying a near-crustal
isotopic signature. The isotopically negative signature in non-
Saharan-dominated samples is associated with anthropogenic
emissions. Another year-round observation in Bermuda evaluated
iron isotope characteristics in size-segregated samples, providing
further evidence of non-crustal iron sources in marine aerosols128.
Fifty-three coarse particle (>2.5 μm) samples collected in Bermuda
were found to be isotopically comparable, with an average value
of 0.10 ± 0.11‰ (2SD). While in the corresponding 52 fine particles
(≤2.5 μm) samples, iron isotope ratios showed a seasonal pattern,
with a wide variation from −0.46‰ to 0.16‰. The negative δ56Fe
ratios in fine particles presumably indicate an important non-
crustal iron source, most likely from biomass burning or other
anthropogenic emissions via long-distance transport offshore
from North America.
In some cases, marine aerosols were characterized by an

isotopic background of natural sources. However, many observa-
tions have demonstrated the impact of anthropogenic distur-
bance on the remote ocean, e.g., in the Northwest Pacific52,152.
This has been evidenced by the observation of an extremely low
δ56Fe ratio of −0.65‰ in surface seawater from the North Pacific
Ocean, which is ascribed to a preferential long-range transport of
anthropogenic emissions with finer particle sizes than the natural
dust. In particular, marine aerosols near East Asia are characterized
by more human-related emissions than crustal materials. For
example, marine aerosols near the Japanese coast exhibited δ56Fe
ratios from −2.16‰ to −0.45‰ in PM2.5 samples, lower than
those of the PM>2.5 samples from −0.24‰ to 0.10‰148,152. These
are the lightest δ56Fe values that were ever detected for total Fe
collected in marine aerosols.

Dissolved iron isotope ratios as an indicator of anthropogenic
emissions
The aforementioned observations are indicative of the presence of
isotopically negative δ56Fe signatures in both urban and marine
aerosols, showing that iron isotopes can be helpful to distinguish
anthropogenic emissions from natural components. However,
isotopically negative signatures of anthropogenic iron can some-
times be masked in isotope ratio analysis, making it difficult for
source identification even via size-segregated measurements. One
feasible solution to this barrier is to extract dissolved iron by
means of water (also referred to as rainwater or seawater)
dissolution. Previous studies have indicated that combustion iron
is more prone to be preferentially dissolved46,57–63. Hence,
pyrogenic and combustion-sourced iron with low δ56Fe signals
can be amplified due to the preferential dissolution152.
For example, the δ56Fe values for dissolved Fe measured in size-

segregated urban aerosol samples from Hiroshima showed an
isotopic variation from −2.58‰ to 0.47‰ in March and from
−3.91‰ to −0.24‰ in August148. These isotope ratios obtained
via extraction by simulated rainwater were lower than those of the
total phase characterized with δ56Fe ratios from −1.59‰ to
0.23‰ and from −2.01‰ to 0.30‰ in March and August,
respectively. It is notable that the δ56Fe value for dissolved Fe of
−3.91‰ observed in the 0.39 μm fraction during August is the
lightest isotopic signature that was ever found in aerosols. Isotope
ratios of dissolved iron from marine aerosols were also reported in
the North Atlantic Ocean71 and the Northwest Pacific152.
Compared with the δ56Fe value for total Fe of North American
and European air masses collected in the North Atlantic
mentioned above (mean δ56Fe=−0.12 ± 0.06‰, 1SD), the δ56Fe
value for water-dissolved Fe was −0.80‰ to −1.60‰ (mean
−0.91‰), showing even lighter ratios of −1.45‰ in seawater-
dissolved phases. For marine aerosols in the Northwest Pacific,
which were collected near the Japanese coast and impacted by

many air masses from East Asia, dissolved Fe was showing lower
δ56Fe ratios of −0.27‰ (PM2.5), −1.14‰ (PM>2.5) and −2.23‰
(PM>2.5) than those of the total Fe (0.10‰, −0.47‰ and −0.45‰,
respectively). These lower δ56Fe values in dissolved Fe fractions
are mostly attributed to the preferential dissolution of anthro-
pogenic components with low isotopic features152, giving further
evidence of low δ56Fe signals of soluble Fe as an indicator of
anthropogenic and combustion emissions.

Possible reasons for remarkably high and low isotope ratios in
aerosols
In the aforementioned studies, negative δ56Fe signatures from
marine aerosols were likely to be anthropogenically originated
from the land, or from local pollution such as shipboard emission
plumes153,154. However, previous observations of remarkably low
δ56Fe ratios of total Fe in fine particles observed in the North
Atlantic128 (as low as −0.46‰) and Northwest Pacific152 (as low as
−2.16‰) implied that isotope ratios in the remote ocean were
likely to be associated with secondary fractionation during the
atmospheric transport because no materials with low δ56Fe ratios
were found as potential contributory factors.
Furthermore, remarkably high ratios were observed in the

Northwest Pacific152. It was found that marine aerosols impacted
by eastern and northern Pacific air masses were showing higher
δ56Fe ratios than the typical crustal values, even reaching as high
as 0.43‰ in both fine (PM2.5) and coarse (PM>2.5) particles152.
Heavier-than-crustal δ56Fe ratios (PM>1, from 0.27‰ to 0.38‰, 2
SD) were also observed in marine aerosols from the western
equatorial Pacific, where anthropogenic pollution is really
limited152,155. As far as we learn, these isotopic signals are not
likely to be originated from mineral dust or anthropogenic
emissions. Kurisu et al. have discussed possible explanations for
such high δ56Fe values152, which could be attributed to (i) the
presence of SSA or (ii) the change in δ56Fe ratios during the
transport of dust aerosols. It is likely that SSA could be responsible
for the increase of δ56Fe ratios in remote ocean aerosols as we
discuss in Sect. 3.1.
Overall, isotopic compositions of aerosols not only depend on

primary signals of iron sources but also are related to secondary
isotope fractionations. This may happen during photochemical
reactions, acidification process or even ligand complexation of the
particles during long-range atmospheric transport. However,
detailed mechanisms controlling the isotope fractionation of iron
in the atmosphere are far from being fully understood.

EVALUATING CONTRIBUTIONS OF IRON SOURCES USING
ISOTOPE MIXING MODEL MIXSIAR
Stable iron isotopes have been applied in calculation134,156 and
modelling71 studies in both surface ocean and atmosphere
environments to estimate contributions of different iron sources.
Kurisu et al.132 recently estimated the contributions from natural
and combustion Fe to size-segregated marine aerosols by using a
two-endmember mixing equation and an atmospheric chemical
transport model. However, studies on quantitative source
apportionment of iron in both urban and marine aerosols are
limited. Here we conduct a mass balance calculation based on
previously reported data of selected δ56Fe endmembers of iron
sources and aerosol samples (Supplementary Table 3). By using
the Bayesian–Markov chain Monte Carlo (MCMC) simulation
method MixSIAR, we re-evaluate the contributions of major iron
sources for urban and marine atmospheres.

Source apportionment methods
Isotope mixing model. The MixSIAR model is a Bayesian Markov
chain Monte Carlo (MCMC) simulation method, established under
a Bayesian statistical framework and implemented as an open-
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source R package. More details about the model have been
reported in the previous studies157,158. The Bayesian mixing model
was initially created in the studies of ecology and biology, e.g.,
food-web analysis159, to assess the contribution of a predator's
diet from different prey. Recently, it has been successfully applied
to quantify the proportional contributions from different sources
to atmospheric pollutants81,82.
By using stable isotopes, the Bayesian model can help to

determine the probability distributions of sources in a mixture and
the contribution uncertainties of multiple sources. In each run of
the MixSIAR model, respective mean and standard deviation
parameters of anthropogenic and natural δ56Fe endmembers,
corresponding with every δ56Fe value of fine or coarse fraction
aerosol samples, were loaded. The model will generate a
likelihood of iron source attribution and scaled posterior density
based on the provided data. See Supplementary Note 2 for more
details of the model operation procedures.

Determination of iron sources. As indicated by HYSPLIT backward
trajectories and enrichment factors (EFs) analysis, aerosols in
Hiroshima were greatly impacted by aeolian dust from Asia148. The
existence of a large amount of Na+ indicated SSA in a coastal city.
The concentration of metal elements (Ni, Zn, and Pb) in both the
March and August samples suggested a large contribution of
anthropogenic activities such as fossil fuel combustion or metal
production to urban aerosols. However, although previous studies
have demonstrated large contributions from biomass burning or
volcanic ash to atmospheric iron, they are not included in our
calculations since there was neither an ambient burning event nor
a large-scale volcanic eruption during the observation period. To
be brief, terrestrial dust and sea spray were considered dominant
natural sources in all calculations. In urban aerosols, we adopt
fossil fuel combustion and steel plant emissions as major
anthropogenic sources. By contrast in marine aerosols, in light
of a continuous background delivery of offshore anthropogenic-
derived flux, we directly choose a representative end member of
fossil fuel combustion as an isotopic signature for evaporated iron
sources.

Natural and anthropogenic δ56Fe endmembers. We choose the
crustal δ56Fe value of 0.09 ± 0.10‰ (2SD) for typical dust
endmember in all marine calculations. This value can be supported
by the identical observations on δ56Fe values of coarse mode
particles in the North Atlantic (average 0.04–0.12‰)71,127,128 and
Hiroshima (0.04–0.30‰)148. It should be pointed out that,
according to studies by Kurisu et al., the isotopic signature of local
weathered granite (δ56Fe= 0.18 ± 0.22‰, 2SD) is considered a
better choice and hence applied as aeolian dust endmember in the
calculations of Hiroshima141,148. The δ56Fe values of SSA are directly
substituted by the mean of δ56Fe values from ocean surface water.
In specific, an average δ56Fe value of 0.42 ± 0.17‰ (1SD) is applied
in model calculations for marine aerosols in the North Atlantic,
which is determined by isotopic data of 13 surface water (2m)
samples collected during the USGT North Atlantic cruises134. An
average δ56Fe=−0.25 ± 0.26‰ (1SD), determined by 9 North
Pacific Ocean surface (10–15m) samples taken along the latitudinal
transect at 158°W from 25°N to 42°N52, was applied in Hiroshima
and Northwest Pacific aerosols (Supplementary Table 3).
It should be mentioned that the model results are closely related

to the choice of anthropogenic end members involved in
calculations. For example, Conway et al.71 conducted a two-
component isotope mixing calculation of atmospheric Fe by using
an assumed anthropogenic endmember of −1.6‰. They showed
that the dissolved Fe in marine aerosols is contributed 50–100%
from anthropogenic sources and suggested an underestimation of
the contribution from such sources in model results. Recent work
carried out a similar study using an endmember from −3.9‰ to
−4.7‰ as combustion Fe, showing that the proportion of

combustion Fe in marine aerosols reaches as high as 51% and
20% in fine and bulk particles, respectively152. One barrier to source
apportionment in aerosols is that it is difficult to determine the
evaporation fingerprints of anthropogenic emissions. This is
because those fine particles collected from near-source environ-
ments also contain some natural dust. Hence, the anthropogenic
endmembers are possibly lower than the observed δ56Fe ratios
collected in fine-mode particles. This has been suggested by a
calculated δ56Fe value of −4.7‰, rather than −3.53‰ observed in
fine-mode aerosols, proposed as the representative δ56Fe end-
member of steel plant emissions142. However, the δ56Fe values of
anthropogenic emissions were rarely reported. Available data
include δ56Fe of automobile exhaust (from −3.2‰ to 0.3‰) in a
road tunnel, and ambient outflow from a steel plant (from −3.53‰
to 0.33‰)141,142, as mentioned in Section 3.2. In these near-source
cases, we assume that no isotope fractionation was occurring from
emissions to sampled aerosols. In our analysis, to reduce the
uncertainty caused by the selection of δ56Fe endmembers, we
tentatively propose an endmember decided by ultra-fine particles
from automobile exhaust (−3.2‰ to −0.3‰) as fossil fuel
combustion141, and a recommended evaporation δ56Fe value from
−4.7‰ to −3.9‰ as steel manufacturing142 (Supplementary Table
3).

Model calculation results
For the case of urban aerosols in Hiroshima, see Supplementary
Fig. 1 for posterior estimates of proportional contributions of iron
sources. The results demonstrated a similar source distribution in
urban aerosols between March and August (Fig. 3, Supplementary
Table 4). Aeolian dust contributed slightly more in March (26.3% in
PM1.5 and 82.2% in PM>1.5) than that in August (21.7% in PM1.5 and
74.0% in PM>1.5), which could be easily explained by the impact of
Asian dust outbreaks during the spring. It should be noticed that
the contribution of anthropogenic sources is quite different in fine
and coarse particles (PM1.5) in both seasons. Steel plant and fossil
fuel combustion accounted together for 4.6–6.9% in PM>1.5, but
reached up to 46.7% in PM1.5 in August samples.
For the case of marine aerosols, see Supplementary Fig. 2 for

posterior estimates of proportional contributions of iron
sources. In the North Atlantic (Fig. 3, Supplementary Table 5),
aeolian dust had a remarkable impact, with a contribution of
53.5%, 46.5% and 42.4% in air masses from Sahara, Europe, and
North America, respectively. Seaspray emissions and fossil fuel
combustion contributed 36.2–38.9% and 7.9–21.4% in marine
aerosols, respectively. Of most interest was the increasing
anthropogenic (representative of fossil fuel combustion) con-
tributions in the order of Saharan (7.9%), European (14.7%) and
North American (21.4%) air masses, which implied a hetero-
geneity of anthropogenic disturbance in the North Atlantic
atmosphere. In the Northwest Pacific (Fig. 3, Supplementary
Table 5), the results of bulk particles indicated that terrestrial
dust, sea spray emission, and fossil fuel combustion were 28.7%,
47.9% and 23.5% in the source distribution, respectively.
Specifically, fine particles (PM2.5) were thought to include a
large contribution from sea spray (38.1%) and anthropogenic
emissions (50.4%). By contrast in coarse (PM>2.5) particles,
terrestrial dust was the dominant contribution reaching up to
75.7%, while anthropogenic emissions transported from East
Asia only contributed 5.5%. Here, our calculation results were
similar to one previous work using a two-endmember mixing
model which suggested that the combustion Fe to total Fe in
the Northwest Pacific was respectively estimated to be 50% and
6% in PM2.5 and PM>2.5

152.
In order to obtain a detailed insight into iron source

apportionment in variable size fractions, we further calculated
the size-segregated urban aerosol samples in Hiroshima. Posterior
estimates of proportional contributions of iron sources can be
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found in Supplementary Figs. 3 and 4 for March and August
samples, respectively. The results indicated a distinct size-
segregated pattern of iron source distributions in both sampling
periods (Fig. 4, Supplementary Table 6). Specifically, anthropo-
genic sources of the steel plant and fossil fuel combustion reached
a peak in the <1.3 μm size mode, contributing from 26% to 57% in
March and 24–64% in August, respectively. It is well acknowl-
edged that fractionated iron is more likely condensed into tiny
particles, and eventually incorporated into the fly ash. By contrast
in the >1.3 μm size mode, terrestrial dust was the dominant iron
source (~60%), while anthropogenic emissions only contributed
<17%.
According to our model calculations, iron source distributions in

aerosols were distinctly different in Hiroshima, the Northwest
Pacific and the North Atlantic. The results indicated that East Asian
air masses were much perturbed by anthropogenic emissions148,
while the North Atlantic aerosols were dominant by natural
sources such as aeolian dust and sea spray71. We also showed that
anthropogenic iron sources were more likely to condense in fine
particles, while natural sources contributed largely to the
coarse mode.

SUMMARY AND FUTURE PERSPECTIVES
In this review paper, we briefly summarize the recent progress of
atmospheric iron isotope geochemistry, including the isotope
characteristics of major sources of atmospheric iron, with
emphasis on its application in the source apportionment of
atmospheric pollutants (Fig. 5). Iron isotopes were used as source
tracers to apportion atmospheric iron by means of a Bayesian
stable isotope mixing model MixSIAR combined with reported
isotopic data. We re-evaluate the contributions of natural and
anthropogenic iron sources to urban and marine aerosols
according to the previous literature, putting forward a source
apportionment in a size-segregated aerosol. Our results demon-
strate the potential usage of iron isotopes for both qualitative
identification and quantitative calculation. However, the source
tracing in natural systems is often complicated due to several
barriers, for instance: (1) multiple sources of atmospheric particles,
(2) unknown or overlapping isotopic signatures of mixing
endmembers, (3) changes in isotopic signatures during atmo-
spheric transport, and (4) uncertainties in mathematical models.
Future work should consider:

1. High-quality pre-treatment of aerosol samples is required for
the precise measurements of heavy metal stable isotopes.
Hence, avoidance of contamination is a key requirement.
Specifically, effective analytical performance would not be
achieved without sufficient sample mass, because metal
elements are primarily generated from the Earth’s surface
with a relatively low concentration in the atmosphere.
Currently, chemical pre-treatment protocols for iron isotope
analysis were initially established for measuring geological
samples (i.e., rocks,). More effort should be made to develop
a more timesaving, and suitable pre-treatment method for
aerosol samples.

2. In order to avoid misinterpretation of isotopic fingerprints, a
comprehensive and in-depth investigation of fractionation
mechanisms during atmospheric processes is required. The
isotopic fingerprints of iron sources are not only character-
ized by origins but also related to physicochemical changes
that potentially occur during transport. Thus, the identifica-
tion signals can be blurred and ultimately can mislead the
source interpretation. However, the specific mechanisms of
these processes are complex in the environment and are
poorly known. Although it is not easy to draw a clear
conclusion at present, clarifying the mechanisms by which
iron isotopic compositions are changed can help to under-
stand atmospheric transport processes and identify sources
of iron. To address these issues, more effort should be made
to evaluate the impact of atmospheric processes (e.g.,
photochemical reactions and acidifications) on isotope
fractionation during the transport of Fe.

3. Isotope measurements of a wider range of iron sources are
needed to establish a comprehensive database for isotope
characteristics. A better understanding of the source
apportionment can be limited by a lack of isotopic
signatures and recognition of potential sources. As a matter
of fact, the isotopic signals of iron sources are hetero-
geneous and are not sufficiently covered by a typical
isotope value most of the time. Some potential sources
share a similar range of isotope values, and thus cannot be
distinguished in the source apportionment. When the
isotopic signals of a single-isotope are overlapped, the use
of multi-isotope analyses, either from the same element106

or from others160, is a potential solution to such obstacles in
the future.

Fig. 3 Iron source apportionment results (mean ± standard deviation) based on model calculations with iron isotope ratios of different
size particles from urban and marine aerosols. Source apportionment results in a Hiroshima, b North Atlantic and Northwest Pacific. Marine
aerosols are classified according to the dominant impact of air masses71,152. For the Northwest Pacific, bulk particles are referred to coarse
(PM>2.5)+ fine (PM2.5) fractions. Original data of Hiroshima, Northwest Pacific and North Atlantic is from Kurisu et al.148,152. and Conway et al.71,
respectively. See Supplementary Tables 4–6 for model calculation uncertainties of the results.
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4. More attention should be paid to the source apportionment
by the use of different mathematical models. Here we
applied a Bayesian isotope mixing model MixSIAR with
stable iron isotopes to quantitatively calculate the contribu-
tion of different iron sources. The method can be applied in
different background aerosols, to verify its practicality in a
wider range of regions, although the reliability of the results

needs further verification, which calls for further develop-
ment of effective models.

5. Metal stable isotopes such as δ56Fe could serve as valuable
references to identify sources of atmospheric aerosols. It is
necessary to conduct such studies in developing countries
such as China and India, where air pollution161 is largely
caused by rapid industrialization.

Fig. 4 Iron source apportionment results based on model calculations with iron isotope ratios of size-segregated aerosols in Hiroshima,
Japan. Stacked bars show the results of a March and b August aerosol samples, respectively. Original data of Hiroshima size-segregated
aerosol samples are from Kurisu et al.148.

Fig. 5 Graphical illustration of the emission from natural and anthropogenic sources to atmospheric iron. The δ56Fe values of iron sources,
including surface sea water52,134, terrestrial dust125, burning event140, steel manufacturing142,147, coal fly ash128,146, solid waste
incineration141,146 and exhausted gasoline141, are according to published literature (There are no data for volcanic ash and wild fires, etc.).
Iron isotopic variations in both fine and coarse particles in marine71,127,128,148,152,155 and urban aerosols147,148,150 are also listed.
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Successful studies of iron stable isotopes in the atmosphere
have shed light on their valuable use in source apportionment,
providing significant insights into the biogeochemical cycles of
iron at the land–ocean–atmosphere interfaces. Undoubtedly,
metal stable isotope analyses have emerged as a powerful tool
in both source tracing and elucidating biogeochemical cycles of
trace elements such as Fe, Cu, Zn, Mg, and Hg. Our understanding
of the application of metal stable isotopes in atmospheric
chemistry remains in an early stage and is still incomplete, with
many questions remaining open for future studies.
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