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Rapid metal pollutant deposition from the volcanic
plume of Kīlauea, Hawai’i
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Long-lived basaltic volcanic eruptions are a globally important source of environmentally

reactive, volatile metal pollutant elements such as selenium, cadmium and lead. The 2018

eruption of Kīlauea, Hawai’i produced exceptionally high discharge of metal pollutants, and

was an unprecedented opportunity to track them from vent to deposition. Here we show,

through geochemical sampling of the plume that volatile metal pollutants were depleted in

the plume up to 100 times faster than refractory species, such as magnesium and iron. We

propose that this rapid wet deposition of complexes containing reactive and potentially toxic

volatile metal pollutants may disproportionately impact localised areas close to the vent. We

infer that the relationship between volatility and solubility is an important control on the

atmospheric behaviour of elements. We suggest that assessment of hazards from volcanic

emissions should account for heterogeneous plume depletion of metal pollutants.
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More than 29 million people live within 10 km of active
volcanoes, and around 800 million live within 100 km1

(2011 population data), where they may be exposed to
environmental and air pollution hazards from gas- and
particulate-rich emissions. Throughout this work we will refer to
volcanic ‘emissions’, and unless otherwise stated our intended
meaning is gas and particulate (including ash) emissions. Effusive
basaltic eruptions can emit gas and particulate matter (PM) into
the lower troposphere, elevating pollutant concentrations at
ground level. Sustained emissions from such eruptions can last
months (e.g. Holuhraun 2014–20152,3, Kīlauea 20184,5), to dec-
ades (e.g. Masaya 1993–present6, Kīlauea 1983–20187); to
potentially hundreds or thousands of years during the eruption of
flood basalts in Earth’s geological past8. Alongside major gas
species (e.g. H2O, SO2, CO2 etc.) and ash9, basaltic volcanoes emit
volatile trace metals and metalloids, many of which are collec-
tively classified as ‘metal pollutants’ by environmental and health
protection agencies (e.g. Cu, Zn, As, Pb, Se)10–12. Emission rates
of metal pollutants during periods of intense degassing can be
comparable to total anthropogenic fluxes from populous indus-
trialised countries (Fig. 1). Metal pollutants can cause harm, in
particular through chronic or frequent exposure to contaminated
water and food, and/or by inhalation13–15.

In addition to factors such as the tectonic setting, magma
composition and the bulk gas emission rate of an eruption16,
emission rates of volcanogenic metal pollutants depend strongly
on element-specific volatility16–18 which is a measure of the extent
to which an element partitions from the melt into the gas phase.
The volatility of metals and metalloids during magmatic degassing
has been studied at several volcanoes worldwide (e.g. 2,6,18–24)
leading to wide recognition that volatile elements such as Se, As,
Te and Re are emitted as gases from high-temperature volcanic
vents. Volatility depends on a range of pre-eruptive parameters
such as magma temperature, pressure, oxidation state, and the
concentration of other volatiles16. It can be described using

emanation coefficients: ε ¼ ½X�i � ½X�f
� �

=½X�i: In this study, ½X�i
and ½X�f are defined as the concentration of element X in the
magma just prior to syn-eruptive degassing, and the final degassed
concentration of element X in the magma, respectively (originally
defined by Lambert et al.25). Emanation coefficients can be
expressed as either a fraction or a percentage. Here, we define
‘volatile’ elements as those with ε ≥ 10−3 %; and ‘refractory’ as

those with ε < 10−3 %, using data presented in Mason et al.26. As
magmatic gases cool and oxidise after emission, these trace gases
condense rapidly into solid or aqueous PM27 and may also adsorb
to the surface of ash (e.g. 28).

Previous studies of the dispersal of volcanogenic metals have
shown accumulation of metal pollutants in soils, rain, snow, and
plants in the immediate vicinity (within ~10 km) of active vol-
canic vents19,29–32, and have detected their presence in airborne
PM3,33 or adsorbed to ash34 10–1000 s of km downwind. How-
ever, detailed studies of downwind changes in concentrations of
toxic and/or environmentally reactive metal pollutants (e.g. Se,
As, Cd, and Pb) are rare. Compared to more abundant volca-
nogenic elements such as sulphur, much remains unknown
regarding the details of the atmospheric dispersion, lifetimes, and
deposition rates of metal pollutants, and also their impacts on air
quality, the environment, and health35–37. This study seeks to
examine the progressive changes in metal pollutant load during a
large basaltic fissure eruption, the 2018 Lower East Rift Zone
eruption of Kīlauea volcano, following the plume in the lower
troposphere from the active vent to more than 200 km distance.

Kīlauea volcano on the Island of Hawai’i erupted near-
continuously between 1983 and 20187, degrading air quality
(operationally monitored pollutants: SO2 gas and PM2.5—PM
≤2.5 µm diameter) across much of the island38 (Fig. 2), and
resulting in damage to agriculture and infrastructure by acid
rain39. Negative health impacts have also been reported in the
exposed communities40,41. The most significant and recent
escalation of Kīlauea’s activity took place between May and
August 2018 when the locus of lava effusion shifted to Leilani
Estates, a populated area in the south-east of the island4 (Fig. 3).
The shift in eruption location was accompanied by an increase in
both eruptive rate4 and SO2 emission rate, which sometimes
exceeded 200 kt day−1 5. Over the course of the 2018 eruptive
episode an estimated 7.1–13.6 Mt SO2 was released5. The plume
was transported in the lower troposphere due to the low altitude
of the emission source (<200 m above sea level) and the pre-
dominantly effusive nature of the eruption. During the summer
months, in which all of our atmospheric sampling was carried
out, east-northeast trade winds dominate the wind field over the
Island of Hawai’i. Orographic lifting of persistent east-northeast
winds gives rise to high mean rainfall on Hawai’i’s windward
mountain slopes (i.e. the ‘Hilo side’, Fig. 3), and low rainfall

Fig. 1 Comparison of volcanic (coloured) and total anthropogenic (grayscale) emission rates of selected metal pollutants. Volcanic sources shown are
basaltic volcanoes with ash-poor emissions. Note that metals are typically measured during a single period of (often elevated) activity and so represent a
snapshot of activity rather than long-term averages. The legend should be read down each column and then across. Data sources: volcanoes2,6,22–24,26

(described in full in Supplementary Methods 1 and Supplementary Table 1); Europe84; China85; USA12. Metal pollutant emission rates from Kīlauea in 2018
are shown as two data bars: the darker red bar is calculated using an SO2 emission rate of 39 ± 11 kt day−1 26, as measured during our campaign, and the
pale pink bar is calculated using the maximum SO2 emission rate during the eruption (~200 kt day−1 5) to demonstrate the potential maximum trace
element emission rates during the 2018 eruption, assuming that X/SO2 ratios remained approximately constant. Error bars represent the full range of
emission rates, where the upper and lower limits are calculated using maximum and minimum values (of X/SO2 ratios and SO2 emission rate),
respectively. No error/uncertainty estimates are available for the anthropogenic emission data. Where bars are not visible, a measurement for this element
is not available.
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prevails in leeward lowlands (i.e. the ‘Kona side’, Fig. 3) and on
the upper slopes of the highest mountains (Supplementary Fig. 1
from the Rainfall Atlas of Hawai’i)42.

We collected direct samples of Kīlauea’s gas and PM in July
2018 (Table 1, Methods M1–M5) to assess the dispersion of trace
elements and quantify their depletion rates from the volcanic
source into the far-field (up to ~240 km downwind). Near-source
samples were collected at the main eruptive vent (‘Fissure 8’) at
ground level, and just above it (<300 m above ground level using
an Unoccupied Aircraft System (UAS)) and are presented in
Mason et al.26,43. A time-series of far-field samples (typically
48–72 h time resolution) was collected in six locations on Hawai’i

Island (Fig. 3). The eruptive activity ended in early August 2018
and the emissions dropped to some of the lowest levels since
19834. In June–July 2019, we repeated the field campaign to
sample the local atmosphere unperturbed by the volcanic activity
(Table 1). The field campaigns were designed to capture the
composition of the volcanic plume and the background atmo-
sphere at, or near ground level, where populations are exposed.
The characteristics of the plume may have been different at
higher altitudes in the atmosphere, due to vertical stratification of
the plume in the troposphere; in particular, SO2 and other gas
species have been observed to separate from PM44. Therefore, the
plume sampled downwind is unlikely to represent the bulk plume
composition integrated through the troposphere. Due to the high
condensation temperatures of metal-pollutant bearing complexes,
it is reasonable to assume that most metal pollutants will be
transported as PM when detected at downwind stations45. Thus,
except where indicated otherwise, all elements are discussed based
on their measurements in PM (as opposed to in the gas phase),
and where relevant in our discussion, we note the impact any
potential plume stratification may have on our results.

We show the influence of volcanic emissions on the local
composition of the atmosphere and identify significant variability
in the atmospheric lifetimes of different volcanogenic species,
including metal pollutants. We demonstrate that the dispersion
patterns and environmental impacts of volcanogenic metal
emissions do not necessarily match those of more abundant
elements such as sulphur. We provide an improved under-
standing of the atmospheric lifetime of environmentally reactive
trace elements in volcanic emissions from Kīlauea, and we believe
our results can assist the generation of first-order dispersion maps
and population exposure assessments for volcanogenic metal
pollutants. These results could also be used to inform our
understanding of tropospheric basaltic eruptions, and associated
hazards, elsewhere.

Results and discussion
Local atmospheric change during the eruption. Under trade
wind conditions, which were dominant during the 2018 eruption
of Kīlauea (and the background sampling campaign in 2019), the
plume was youngest and least chemically mature at the eruption
site (‘Fissure 8’); and was oldest on the island’s west side (‘Kona
side’), where local wind circulation returned the plume onshore
(Fig. 3, Methods M6). The time-dependent chemical maturity of
the plume is represented in Fig. 3 as mass fraction of sulphur (XS)
in the gas phase (as measured in filter packs, see Methods M2).
More than 90% of sulphur degassed is typically emitted as sul-
phur dioxide gas (SO2)46,47 and converts to sulphate PM (SO4

2−,
typically speciated as sulphuric acid and/or a sulphate salt) at a
rate that depends on multiple parameters including relative
humidity, ambient temperature, solar flux, and interactions with
other particulates48. The S conversion rate (also sometimes called
an SO2 loss rate) is important for estimating downwind abun-
dances of SO2 gas and SO4

2− PM for air quality forecasts, hazard
assessments, and the effects of volcanic eruptions on the atmo-
sphere’s radiative balance. This conversion rate in volcanic
plumes has been found to be highly variable49 and spans at least
three orders of magnitude for Kīlauea50. The calculation and
comparison of S conversion rates in volcanic plumes is subject to
significant uncertainties and caveats, and a full discussion of these
is beyond the scope of this work. Therefore, here we provide only
a qualitative description of the changes in S speciation we
observed along the plume path (we include a quantification of the
S conversion rate, with full uncertainties and caveats explained, in
Supplementary Methods 2). In the ~3 h of plume transport
between Fissure 8 and Volcano village we would expect any SO2

Fig. 2 The effects of volcanic emissions on the appearance of the local
atmosphere in Hawai’i. a Kīlauea 2018 eruption plume near-source
(residential buildings for scale). The plume condenses rapidly after
emission and the fallout of plume components begins close to the active
vent, with a typical appearance of a fog-like cloud. Photo: Harry Durgin.
b Volcanic plume of Kīlauea 2018 in the far-field (looking ~N from Mauna
Loa towards Mauna Kea), manifesting as a ground-hugging haze locally
known as ‘vog’. Photo: Evgenia Ilyinskaya/USGS. c The same view as in
(b) showing a vog-free atmosphere in 2019, a year after Kīlauea stopped
erupting. Photo: Evgenia Ilyinskaya/USGS.
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loss to be minimal51. However, at Volcano village, while con-
centrations of SO2 gas and sulphate are both much lower than at-
source (assumed to be caused by dilution of the plume by
background atmosphere), SO2 gas concentrations have decreased
much more than sulphate (80% versus 10% of source con-
centration, respectively). This may be due to vertical stratification
of S species in the plume44—if SO2 is transported at higher
altitudes than sulphate, we might expect SO2 to be less con-
centrated at ground-level sampling stations. Beyond Volcano
village SO2 concentrations continue to decrease consistently, but
from Pāhala onwards, sulphate concentrations begin to increase
as processes of sulphur conversion increase the proportion of S
present as sulphate in the plume (Fig. 3).

The importance of volcanic emissions as a source of both
sulphur and metal pollutants in the Hawaiian atmosphere (in gas
and PM) was recognised during the 1983–2018 activity of
Kīlauea19,38,40,47. We found that metal pollutant concentrations
(Supplementary Data 1) were typically 1–3 orders of magnitude
higher in plume-impacted areas in 2018 compared to the
volcanically-unperturbed background atmosphere in 2019 (Sup-
plementary Data 2; Fig. 3). An important exception is particulate
chlorine (measured as Cl-), which did not show a significant
difference between 2018 and 2019 in the far-field areas. This is
attributed to its high concentrations (as marine aerosol) in the
background Hawaiian atmosphere (sea-spray sample reported in
Supplementary Data 2), which may overwhelm the relatively
small amounts of volcanic Cl degassing at Kīlauea52.

The concentration of metal pollutants decreased in the plume-
impacted areas with distance from source (Fig. 3), from Volcano

village (~40 km downwind) through to Kailua-Kona (~240 km
downwind). However, while Pāhala, Ocean View and Kailua-
Kona were consistently impacted by the grounding volcanic
plume under trade wind conditions, Volcano village received only
occasional exposure to the plume (Supplementary Fig. 2 shows a
time-series of SO2 concentrations measured at the Volcano village
sampling site, supported by back-trajectory calculations Methods
M6). These plume advection events at Volcano village typically
lasted for a few hours at a time. Due to this, in only one sample
was the PM composition significantly above the 2019 back-
ground, and therefore we consider only this sample in our
analysis (Methods M7, Supplementary Data 1, Supplementary
Data 2). Over the course of the 2018 eruption, it is possible that
the communities in Pāhala, Ocean View and Kailua-Kona were
exposed to higher cumulative concentrations of metal pollutants
than Volcano village, due to more sustained exposure.

Volcanic emissions increased the concentrations of certain
metal pollutants (e.g. Se, As, Fe) in the far-field populated areas
on Hawai’i (~1000–12,000 residents per community)38 to levels
comparable to populous cities (~2–8 million per city53) on the
mainland USA (reported in PM2.5 size fraction54; Fig. 4). There
are some important differences in the relative concentrations of
pollutants in the volcanogenic and urban PM, which likely reflect
the significant differences in their typical formation mechanisms,
i.e. high-temperature magmatic gas condensation (volcanic)55,
versus urban anthropogenic activities such as fuel combustion56.
For example, volcanogenic PM is particularly enriched in Se
compared to urban PM, in agreement with the high volatility and
volcanic emission rate of this pollutant (Fig. 1). Concentrations of

Fig. 3 The chemical evolution of the Kīlauea’s volcanic plume in 2018. a Island of Hawai’i with the typical volcanic plume dispersion pattern and average
plume age (hours). Fraction of sulphur (XS) in the gas phase is shown here as a proxy for the plume’s chemical maturity at variable distances from source.
For Pāhala, the XS value should be viewed as an approximation due to saturation of the gas samples (Methods M2). The plume dispersion pattern and the
map’s spatial domain are based on the operational volcanic air pollution forecast in Hawaii (VMAP) for 23 July 2018 and is representative of typical trade
wind conditions which dominated during the eruption. The inset map in the top right shows the location of the Leilani sampling station close to Fissure 8.
The red outline shows the final extent of lava flows at the end of the eruption in early August 2018 (adapted from Neal et al.4). The yellow area shows the
typical plume transport direction from Fissure 8 during our campaign (indicative only). Sampling sites: F8 – Fissure 8 (lava flows shown in red); V – Volcano
village, PH – Pāhala, OV – Ocean View, K – Kailua-Kona, ML – Mauna Loa Observatory, L – Leilani. Elevation of each sampling site is given in metres above
sea level. Plume age calculations in Methods M6. b Comparison of PM concentrations (µg m−3) of sulphate, chloride, and metal pollutants during the
eruption (2018) and during background conditions (2019). Error bars represent the standard deviation on n samples for each element (n given for each
sampling location in grey bar at the bottom of the figure). The average sampling time (in hours) at each location is also given here (t(h)). At-source F8
concentrations of volatile elements (Se, Zn, Cu, As Cd, Pb) were 1–3 orders of magnitude higher than in the far-field (up to ten times higher for refractory
Al and Fe) and are not shown on this figure but can be found in Mason et al.26,43. All data are from filter packs; sulphate and chloride presented here is that
measured by ion chromatography (Methods M4).

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00146-2

4 COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:78 | https://doi.org/10.1038/s43247-021-00146-2 | www.nature.com/commsenv

www.nature.com/commsenv


As, Fe, Al, Mn, and Cu were at comparable levels between
Hawai’i and some US cities. Zn and Pb are lower in Hawai’i, as
these elements are typically dominated by vehicle fuel emissions
in urban areas56,57.

A subset of airborne metal pollutants was measured on Hawai’i
in 2002–200540 in similar locations to our study (sampled in 2-
week time averages)—Ocean View and Pāhala areas (reported
together in the original study) and Kailua-Kona (Fig. 4). During
that period, Kīlauea’s SO2 emission rate was 1–2 orders of
magnitude lower than in 2018 (average 2 kt day−1 40 versus
50–200 kt day−1 4,5). As shown by Mason et al.26, the metal
pollutant/SO2 ratio in Kīlauea’s emissions is relatively consistent
between eruption periods, thus we infer that the metal emission
rate would have been 1–2 orders of magnitude lower in
2002–2005 than in 2018. While the limited number of reported
elements from 2002 to 2005 precludes a detailed analysis, we note
that the airborne pollutant concentrations are perhaps higher
than expected compared to 2018 based on the difference in metal
emission rates between the two time periods. Several factors could
contribute to this. Firstly, the non-volcanic atmospheric pollution
levels may have changed. This is particularly plausible for Pb,
which decreased in atmospheric concentrations in the USA by
98% between 1980 and 2014, primarily due to a reduction in the
use of leaded gasoline12,57. Secondly, the location of the active
volcanic vent has changed between the two time periods, with the
main emission source moving ~15 km eastwards in 2018, i.e.
further away from these sampling sites, as well as to lower
elevation (by ~500 m). However, this increase is relatively small
compared to the average plume path distance to the three sites

(90, 160 and 240 km, respectively, in 2018). Thus, it is unlikely to
fully account for the relatively small difference in the observed
pollutant concentrations between 2002–2005 and 2018. Thirdly, it
is possible that the atmospheric lifetime of volcanogenic
pollutants does not scale linearly with their emission rate and
distance from source, i.e. there is a mechanism that depletes some
elements from volcanic plumes faster than others—we explore the
potential mechanisms for this in the following sections.

We also present the size-distributions of volcanogenic PM,
which are strongly related to element-specific volatility and
mechanisms of particle formation (Fig. 5)58. Size-distributions are
important when considering atmospheric lifetimes, as particle
diameter has a strong effect on dry sedimentation/deposition
rates. However, as well as sedimentation in the absence of
precipitation (dry deposition), PM can be removed from volcanic
plumes through scavenging by hydrometeors, e.g. cloud droplets
and rain (wet deposition), where PM composition and solubility
plays an important role55. The relative importance of these two
modes of deposition depends on a combination of in-plume and
ambient factors, especially atmospheric water availability59,60.

At-source (Fissure 8), volatile species including sulphur and
chlorine (measured as SO4

2- and Cl- respectively in PM) are
found almost exclusively in the finest resolved PM size fraction
(diameter, D < 0.25 µm), while refractory elements are found in
coarser size fractions (D > 2.5 µm)26. The contrasting size
distributions of volatile versus refractory elements is generally
preserved as the plume is advected away from the source,
although both refractory and volatile elements become progres-
sively more prevalent in the coarsest size fractions. Tb and Ho

Table 1 Summary of in-situ samples.

Site name (latitude and longitude) Sampling dates Type and number of samples Sampling duration of
each sample

Fissure 826

(19.4627°N, 154.9091°W)
24, 29, 31 July 2018 1 × UAS-mounted filter pack

1 × UAS-mounted cascade
impactor
2 × ground-based filter pack

UAS: 34–35 min
Ground: 16–99min

Vicinity of Fissure 8 (post-eruption; 19.466°N,
154.916°W)

1–2 July 2019 1 × filter pack 24 h

Leilani Estates (non-evacuated area; 19.463250°N,
154.921972°W)

26 July–1 Aug 2018 3 × filter pack
2 × cascade impactor

48 h

25–29 June 2019 1 × filter pack 110 h
Kailua-Kona (19.50965°N, 155.913°W) 18–31 July 2018 6 × filter pack

3 × cascade impactor
48–72 h

25 June–3 July 2019 2 × filter pack
1 × cascade impactor

84–102 h

Ocean View (19.11727°N, 155.778°W) 18–31 July 2018 6 × filter pack
5 × cascade impactor

92–100 h

25 June–3 July 2019 2 × filter pack
1 × cascade impactor

88–97 h

Pāhala (19.20383°N, 155.480124°W) 18–31 July 2018 6 × filter pack
4 × cascade impactor

48–72 h

25 June–3 July 2019 2 × filter packs
1 × cascade impactor

92–93 h

Volcano village (19.426093°N, 155.238896°W) 23, 25, 27–31 July 2018 4 × filter pack
2 × cascade impactor

1 × 1 h
1 × 4 h
2 × 48 h

25 June–3 July 2019 2 × filter pack
1 × cascade impactor

88–99 h

Mauna Loa (19.539°N, 155.578°W) 25–31 July 2018 3 × filter pack 48 h
25 June–3 July 2019 1 × filter pack 200 h

Mackenzie State Recreation Area (sea-spray) (19.439°
N,154.863°W)

30 June 2019 1 × filter pack 5 h

Sampling and analytical procedures in Methods M1–M3. Compositional data of far-field data in43 and Supplementary Data 1 and Supplementary Data 2. Compositional data of source vent (Fissure 8)
samples reported in26,43.
UAS Unoccupied Aircraft System.
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were found in the finest size fraction at Kailua-Kona but were
above detection limits in only one sample, so we refrain from
making conclusions about this apparent change. Chlorine PM
concentrations and dominant size bin increase rapidly with
distance from the active vent (Fig. 5, Fig. 6). This is likely caused
by increasing downwind influence of Cl-bearing aerosol of
marine origin, abundant in the background Hawaiian lower
troposphere as evidenced by samples collected in 2019 (Fig. 3 and
Supplementary Data 2).

We use the measured concentrations of water- versus acid-
based filter extractions (Methods M5) to determine the at-source
and far-field water-solubility of refractory and volatile elements.
At-source, the volatile elements are more water-soluble than
refractory elements (Fig. 5), with the exception of Bi. As shown by
a previous study on Kīlauea’s emissions in 200819, Bi becomes
water-soluble when extracted using weak environmental acids.
Therefore, it is likely that Bi is more soluble under natural
conditions in the volcanic plume than is captured by our
extraction method. In the far-field, the general difference between
volatile (higher water solubility) and refractory elements (lower
water solubility) is preserved. However, the water-solubility of
refractory elements increases in the aged plume as seen at the
Ocean View and Kailua-Kona sites. We attribute this to an
increase in sulphuric acid concentration through sulphur gas-to-
particle conversion as the plume matures chemically (Methods
M5 and Fig. 6). Particles are likely to be progressively leached by
the acid, resulting in a water-soluble surface layer of elements61.
We note that this increase in refractory element solubility does
not appear in data at Pāhala—we suggest that this may be due to

the relatively dry conditions encountered between between
Volcano village and Pāhala (e.g. the Ka‘ū Desert) which may
limit production of leaching acids. However, further work would
be required to assess this hypothesis comprehensively.

The contrasting size distribution and water-solubility patterns
of refractory versus volatile elements may be explained by
the differences in their PM formation mechanisms. In low-
explosivity volcanic emissions, refractory elements predominantly
derive from small silicate tephra particles (~1–100 µm), which
become airborne through mechanical fragmentation of magma,
and subsequent quenching, near the magma/atmosphere
interface62,63. Volatile elements associated with volcanic gases
form PM by gas-to-particle conversion, resulting in fine particle
sizes62,63. This is supported by an independent observation
reported in Mason et al.26 at Kīlauea in 2018: nearly 100% of the
mass of refractory elements was found to be associated with
silicate ash (‘weighted ash fraction’), compared with 0.001–5% for
volatile elements. The importance of PM formation mechanisms
and water solubility for the in-plume lifetimes of metal pollutants
is explored further in the following sections.

Potential sources of variability in local atmospheric composi-
tions. The broad spatial coverage of our sampling locations
revealed markedly different rates of compositional change along
different sections of the plume path:

● Between the emission source (Fissure 8) and the first
downwind sampling site (Volcano village, average plume
path distance and age of 40 km and 3 h, respectively), the

Fig. 4 Comparison of volcanogenic and anthropogenic metal pollutant concentrations. Average mass concentrations (µg m−3) of selected metal
pollutants in PM2.5 (particulate matter with a diameter <2.5 µm) in populated areas on the Island of Hawai’i during the 2018 eruption, during a period of
lower volcanic emissions 2002–2005 (Zn, Cu, Pb, Fe only)40, and in populous cities on mainland USA 2004–200554. Elements shown here are those
reported from the cities54, and those above detection limits on Hawai’i in 2018. Cadmium is not reported in the cities by the same network54, but it is likely
that PM dominated by a volcanic source will be relatively high in this pollutant compared to anthropogenic pollution (Fig. 1). Our 2018 Pāhala, Ocean View
and Kailua-Kona data shown here are all cascade impactor totals to allow closer comparison with the other data sets, which also use impactors.
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concentration of all elements decreased by around one order
of magnitude or more. We denote this rapid initial change as
x in Fig. 6 and Fig. 7. We note than during stage x, while
measured refractory element concentrations in the local
atmosphere decreased to 6–18% of their concentration at-
source, volatile element concentrations decreased to an even
greater extent – to 0.1–1.6% of their concentration at-source.

● Between Volcano village and the three subsequent downwind
sites (plume path distance: 90, 160 and 240 km, and plume
age: 6, 11 and 19 h, respectively), the concentrations of all
elements decreased more slowly (~50% decrease over an
equivalent distance to x). We denote this slower change as x’
in Fig. 6 and Fig. 7. Over this distance, refractory and volatile
element concentrations in the atmosphere decrease at
comparable rates (as denoted by rate constant k in Fig. 8).

We next consider possible atmospheric processes both at-
source and downwind that could provide mechanisms for these
observed differences along the plume path.

Firstly, any variability of the composition of gas and particulate
emissions at-source could affect the compositions we measure at
downwind stations. However, the consistent SO2 emission rates
during July–August 20185 suggest that trace metal emission rates
would also have remained relatively stable during this time
period, and the long sampling periods we used at downwind

stations (~48–72 h) are likely to have averaged-out any short-
term source variability.

A major process occurring from the point of emission onwards
is the dilution of volcanic emissions by background air, which
begins near-instantaneously in all types of eruptions64,65. The
background atmosphere contains particulates and gases of non-
volcanic sources, at much lower concentrations and with different
relative abundances of refractory and volatile elements to that
found in Kīlauea’s volcanic plume (Supplementary Data 2). A
high level of dilution by the background atmosphere may
therefore fractionate element abundances downwind relative to
the volcanic source. Acting in isolation, this mechanism would
yield a consistent background dilution factor for all elements.
Using a mixing model of the at-source volcanic emission (2018
data26) and the local volcanic-free background (2019 data, this
study) we investigated the predicted decrease in element
concentrations over two different plume path distances (x and
x’ on Fig. 6; mixing model in Fig. 7). The model considers
elements found exclusively in the PM phase at ambient atmo-
spheric conditions to exclude the effects of gas-to-particle
conversion processes (i.e. S and Cl were not included in the
model, Fig. 7).

● We first consider the initial, rapid decrease (x in Fig. 6)
observed between the emission source and the first far-field

Fig. 5 Size-resolved composition, water-solubility and weighted ash fractions of PM at different sampling locations. (No size-resolved data from
Volcano village available during plume advection events). Elements shown on the figure are those above detection limits in size-resolved samples at Fissure
826. The elements’ mass concentration in each size fraction (with particle diameter denoted as D) is shown as % of total mass concentration measured in
the bulk particulate matter (PM). Water-solubility (blue circles) is shown as % fraction of the bulk PM, and is calculated as outlined in Methods M4.
Weighted ash fractions (WAFs; red squares) are shown as percentages and calculated as outlined in Mason et al.26. Error bars for WAF and water
solubility are standard deviations of multiple samples at each location. Sulphur and chlorine were measured only in water-soluble sample extractions so no
water-solubility data is available for them. Sulphur (PM) presented here is that measured by ion chromatography (Methods M4). The size-resolved data is
not corrected for 2019 background concentrations.
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sampling site, Volcano village (plume path distance 0–40 km
from source, ~3 h of atmospheric transport). For this we
model a mixture of the at-source emission composition at
Fissure 8 in 2018, and the 2019 Volcano village background
atmospheric composition. The composition of the plume
measured at Volcano village could not be reproduced by a
consistent dilution factor for all elements (Fig. 7; mismatch
between model and observed concentrations highlighted in
red). The refractory elements required dilution by 60%
background, while the volatile elements required dilution
from 95 to >99% background.

● Second, we consider the observed slower decrease between
Volcano village and Kailua-Kona (x’ on Fig. 6), which is the
furthest far-field site (plume path distance 40–240 km from
source, ~19 h of atmospheric transport, Fig. 6). For this, we
model a mixture of the atmospheric composition measured at
Volcano village in 2018 with the 2019 background atmo-
spheric composition at Kailua-Kona. The complete composi-
tion of the plume in Kailua-Kona could be reproduced by a
comparable background dilution factor for all elements
(90–92%; Fig. 7). This suggests that mixing with background
atmosphere is likely the dominant mechanism for the
decrease in element concentrations from Volcano village
onwards.

The less substantial depletion of refractory elements compared
to the volatile elements between Fissure 8 and Volcano village
could also have been caused by the plume mixing with other

source(s) of these elements in the initial 3 h of plume transport.
For all the data presented here, unless otherwise indicated, the
contribution from sources not related to the 2018 eruptive activity
was quantified and subtracted from the 2018 samples using
samples collected in the same locations during a non-eruptive
period in 2019 (Supplementary Data 1, Supplementary Data 2).
Therefore, background sources are unlikely to be able to explain
the trend of the downwind fractionation. An additional atmo-
spheric source in 2018, rich in refractory elements, could have
been ash26 from Kīlauea’s summit crater, which produced
periodic small explosions concurrent with the Fissure 8
eruption66. However, based on the following lines of evidence
we concluded that addition of ash was unlikely to be contributing
to concentrations measured downwind. Back-trajectory plume
dispersion simulations showed a low likelihood of ash contribu-
tion from Kīlauea’s summit mixing into the sample collected in
Volcano village as the summit was upwind of Fissure 8 and
Volcano village during this period, which was also typical for
most of the 2018 eruption (Methods M6, Supplementary Data 4).
The simulations also showed that samples collected at subsequent
sampling sites, Pāhala, Ocean View and Kailua-Kona may have
received ash from Kīlauea’s summit. However, there is no
significant enrichment in refractory and volatile elements at these
stations compared to Volcano village, suggesting that any
contribution of summit ash was also relatively small. Proximal
to the source and further downwind, ash-volatile interactions
could affect the volcanic contribution to local atmospheric

Fig. 6 Decrease in element PM mass concentration associated with plume atmospheric transport away from source, expressed here as plume age. The
average concentration at each sampling site (six samples each for Pāhala, Ocean View and Kailua-Kona; one sample only for Volcano village, FP_07_01,
during advection event) is normalised to the at-source F8 concentration (UAS sample26) for ease of visual comparison. Elements are coloured by their
emanation coefficient, as calculated in Mason et al.26, and are joined between different sampling stations by lines of the same colour. (x) and (x’) are
descriptive (qualitative) lines, to highlight the dramatically different depletion rates between Fissure 8 and Volcano village, versus Volcano village and the
other further downwind stations. (x) denotes a rapid decrease and large fractionation in element concentration between F8 and Volcano. (x’) denotes a
slower decrease in element concentration and negligible fractionation from Volcano to Kailua-Kona (this is described in more detail in the main text and
explored further in Fig. 7). The elements shown are those with concentrations above detection limits and above atmospheric background levels at F8 and at
least 3 far-field sampling sites. Sulphur and chlorine are the only elements to increase in PM concentration with distance between Volcano village and
Kailua-Kona through sulphur gas-to-PM conversion, and likely addition from downwind Cl-bearing sources (e.g. sea-spray), respectively. Only rare earth
elements (REEs) La and Ce are shown here for clarity, however the other REEs plot in the same area as other refractory (purple) elements. Sulphate and
chloride (PM) presented here is that measured by ion chromatography (Methods M4).
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compositions that we measured. Adsorption of volatile-bearing
particles or gases onto the surfaces of ash particles has been
reported in plumes from explosive eruptions (e.g. 28). However,
we expect these processes to be limited in the Fissure 8 plume
given the low abundance of ash produced. This was evidenced by
visual observations of the plume during our campaign, as well as
optical observations and modelling of the 2018 plume, which
suggest a low to moderate contribution from volcanic ash5.
Further, this mechanism, in which refractory and volatile
element-bearing particles/gases are coupled, cannot not provide
an explanation for the 1–3 orders of magnitude faster depletion
rate of volatile elements versus refractory elements between
Fissure 8 and Volcano village (Fig. 6).

We therefore conclude that there is another, previously
unrecognised mechanism operating in the plume that preferen-
tially depletes volatile elements within the first 3 h of plume
transport after emission (Fig. 6, Fig. 8). We propose that element-
specific volatility, and the speciation and therefore solubility of
volcanic particulates plays an important role in determining
depletion rates of refractory versus volatile elements in Kīlauea’s
volcanic plume, and we discuss this mechanism in the following
sections.

Rapid early deposition of volatile metal pollutants. Element-
specific volatility is known to be an important control on particle-
phase speciation at-source. This has been shown for a range of
volcanic plumes18–21,67,68, including Kīlauea during an earlier
eruption period in 200819. When volcanic emissions are at
magmatic, or near-magmatic temperatures (~1000 °C), thermo-
dynamic data shows that volatile elements are largely present in
the gas phase (e.g. 6). However, during cooling, oxidation and
quenching of the magmatic gases as they mix with the local
atmosphere, trace gases condense rapidly into non-silicate parti-
culates in the plume45. Particle-phase speciation is controlled by
the composition, temperature and oxygen fugacity conditions of
the magmatic gas-air mixture18,20,21,67–69, and speciation deter-
mines the water-solubility of particulates19. Refractory elements
are found predominantly in small silicate ash particles62,63; or
oxide compounds formed by gas-to-particle conversion at high
temperatures18,20,21,67–69. During the initial cooling of magmatic
gases as they mix with background air, but before the oxygen
fugacity (fO2) increases to the extent that reduced phases are not
able to form69, gas-to-particle conversion of chalcophile (i.e.
‘sulphur-loving’) volatile element-bearing gases leads to the
condensation of sulphide phases18,20,21,67–69. Progressive mixing

Fig. 7 Mixing models of volcanic and background PM concentrations of elements to reproduce concentrations measured during the 2018 eruption.
a To reproduce the plume composition measured in Volcano village in 2018 (solid black line with open black squares), we mixed the plume composition at-
source (Fissure 8) with Volcano village 2019 background atmosphere (‘bg’) to create the blue to black mixing lines. The mismatch between the model and
the observed concentrations is highlighted (pale red). Concentrations of Tb, Tm, La were below detection limits in 2019 at Volcano village and assumed to
be 0 in the mixing model. b To reproduce the plume composition measured in Kailua-Kona in 2018 (solid black line with open black squares), we mixed the
plume composition in Volcano village in 2018 with the Kailua-Kona 2019 background atmosphere to create the blue to black mixing lines. Concentrations
of Tm and La were below detection limits in 2019 at Kailua-Kona and assumed to be 0 in the mixing model. Elements in both figures are arranged in order
of increased depletion rate at Volcano. Pb, Se and In were below detection limits in 2018 at Volcano village and are excluded from the mixing model. Re and
Bi were not measured in 2019. Full compositional data for 2018 and 2019 in43 and Supplementary Data 1 and Supplementary Data 2, respectively.
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with background air causes a further drop in temperature and a
rise in fO2, forming higher proportions of volatile element-
bearing oxide and halide salt phases (Fig. 8)18,20,21,67–69. Particles
can undergo subsequent speciation change at ambient or near-
ambient temperatures, e.g. with sulphuric acid displacing halides
to form a higher proportion of volatile element-bearing sulphate
salts70. The difference in particle-phase speciation of refractory
versus volatile elements is supported by the contrasting size dis-
tributions of the two groups (Fig. 5).

Elements complexing with chloride, sulphate and sulfide are
more readily soluble in water than oxides, and silicates19,61,71

(Fig. 5), which we propose explains the observed fractionation in
the plume lifetimes of volatile and refractory elements, respec-
tively. The water-solubility of particles is an important factor for
controlling in-cloud wet scavenging rates60,72 and wet deposition
rates73,74 in and from volcanic plumes, respectively. Soluble
particles in accumulation (0.1–1.0 µm diameter) and coarse
modes (>1.0 µm diameter) are scavenged more efficiently by
liquid cloud droplets than insoluble particles in the same size
fractions60,72. We suggest that the observed lack of preferential
depletion of volatile over refractory elements between Ocean
View and Kailua-Kona (Fig. 8) may be explained in part by the
progressively smaller differences in water-solubility between these
groups of elements (Fig. 5), caused by changes in speciation, and
in turn leading to more comparable rates of in-cloud scavenging
and wet deposition in the plume further downwind. We note that
this change in water solubility is not evident until after Pāhala and
suggest that this may be due to dryer atmospheric conditions
between Volcano village and Pāhala, as discussed above. We also
note that within the volatile elements, there is at least an order of
magnitude variability in their depletion rate between Fissure 8
and Volcano village. We propose that this could also relate to
differences in the speciation, and therefore solubility of complexes
bearing these elements in Kīlauea’s volcanic plume downwind
from the source. Understanding these mechanisms would require
modelling of the complex low temperature chemistry within the

plume during downwind transport, which is beyond the scope of
the current study.

Tropospheric volcanic plumes can become an environment
with efficient in-cloud scavenging and wet deposition due to the
high abundance of magmatic water vapour (~80% by gas volume
in Kīlauea’s rift zone eruptions75) and ~100% relative humidity,
observed as a rapid condensation of droplets after emission
(Fig. 2). In 2018, there was anecdotal evidence from communities
in the Leilani Estates and surrounding areas, that rainfall was
higher than in previous years, as shown in community rainfall
data in Supplementary Fig. 3 (CoCoRaHS data). In addition, the
high relative humidity and high dew point, the atmospheric
temperature below which water condenses, of the background
atmosphere in Hawai’i (average ~73%, depending on elevation
and time of day, and ~17 °C, respectively; from NCEI-ASOS data)
will enhance these processes for Kīlauea’s plumes. Further, due to
orographic lifting of the persistent east-northeast trade winds,
some of the highest mean rainfall typically occurs over the ‘Hilo
side’ of the Island of Hawai’i, including the region between and
including Leilani Estates and Volcano village (up to around 6000
mm per year; Supplementary Fig. 1 from the Rainfall Atlas of
Hawai’i)42. In contrast, substantially less rain falls over the plume
path between Volcano village and the stations further downwind
(up to around 3000 mm per year over Pāhala, Ocean View and
Kailua-Kona, Supplementary Fig. 1).

The combination of the high-water content of the volcanic gas
emissions, the high relative humidity of the background atmo-
sphere in Hawai’i, and these orographic rain effects, creates an
ideal environment for high degrees of wet deposition along the
plume path between Fissure 8 and Volcano village. Differences in
local tropospheric temperature, humidity and precipitation may
lead to substantial changes in the rate at which metal pollutants
are deposited from volcanic plumes. This should be further
considered when simulating the dispersion of volcanogenic
pollutants at different volcanoes, especially in low- versus high-
latitude volcanic environments (e.g. Hawai’i versus Iceland). It

Fig. 8 Depletion rate of element PM concentrations in Kīlauea’s plume, emanation coefficients (ε). The elements shown are those with concentrations
above detection limits and above atmospheric background levels at-source and at least 3 far-field sampling sites, and elements are coloured by emanation
coefficient. The rapid initial depletion rate (x on Figs. 6 and 7) is quantified using the ratio of the mass concentration at-source (plume age 0 h, C0) and the
first downwind sampling site (C2.8, plume age 2.8 h). Error bars for C0/C2.8 are propagated errors (Supplementary Data 3).The initial depletion rate of
volatile elements (ε≥ 10−3 %) is 3–100 times faster than for refractory elements (ε < 10−3). The slower depletion rate (x’ on Figs. 6 and 7) between the
subsequent downwind sampling sites (Volcano village to Kailua-Kona, plume age 2.8–19 h) is expressed as the exponential depletion rate constant k and is
similar for all elements. Error bars for k are the 95% confidence bounds of the exponential fit function. C2.8 was below detection limits for Pb, Se and In due
to a relatively low sampling volume and is predicted by extrapolating the exponential curve fitted through Pāhala, Ocean View and Kailua-Kona. Depletion
rate calculations are described in Methods M7; and ε values, errors and calculation methods can be found in Mason et al.26. The broad typical speciation of
refractory versus volatile elements is labelled at the top of the figure18,20,21,67–69.
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should also be considered when assessing hazards from eruptions
at different locations on the Island of Hawai’i itself—plumes from
Kīlauea summit eruptions may not be subject to the same extent
of wet deposition due to the natural pattern of rainfall over the
island (Supplementary Fig. 1).

Implications: exposure to metal pollutants in populations and
the environment. Our results have important implications for
environmental and health impacts of volcanic emissions. Eight of
the 12 volatile, rapidly-deposited elements (Zn, Cu, As, Pb, Se, Cl,
Cd, S) are classified by environmental agencies as metal pollu-
tants, in contrast to only 2–3 out of 20 detected refractory ele-
ments (Fe, Mn and by some agencies, Al)11,12. Therefore, the
preferential rapid deposition of volatile elements places dis-
proportionate environmental pressures on the populated areas in
the vicinity of the active vent and, in turn, reduces the impacts on
far-field communities. The preferential deposition mechanism
may explain why the metal pollutant concentrations in the far-
field communities of Pāhala, Ocean View and Kailua-Kona were
not orders of magnitude higher in 2018 compared to 2002–2005
(Fig. 4) despite the relative increase in their emission rate. The
high water-solubility of volatile metal pollutant-bearing particles,
such as those from the 2018 eruption of Kīlauea, (Fig. 9) makes
them labile in the environment, increasing their potential impacts
and toxicity. Volatile metals and metalloids in natural volcanic
emissions display comparable water-solubility to anthropogenic
emissions, such as those associated with urban environments and
fuel combustion (Fig. 9). In contrast, more refractory elements in
volcanic emissions, such as Mg and Fe, display water-solubility
intermediate between anthropogenic sources and desert dust.
Volcanic emissions may be an underestimated source of volatile
metal pollutants in environmental and population exposure
assessments, not only due to the high emission rates over long
periods of time (Fig. 1), but also due to the high environmental
availability of important pollutants (Fig. 5) and the effects of local
atmospheric conditions and rainfall on their deposition.

Further, metal and metalloid pollutants (e.g. As, Cd, Pb and Se)
deplete faster from Kīlauea’s volcanic plume than more widely
studied species such as sulphur (Fig. 6). We therefore suggest that,
in future studies of the atmospheric dispersal of volcanic gas and

particulate emissions, both at Kīlauea and at other volcanoes
worldwide, metal and metalloid pollutants should be studied
independently. These metal/metalloid pollutants may potentially
cause environmental build-up and chronic exposure in different
areas to those identified as polluted based other commonly
monitored volcanic pollutants.

There are tens, and potentially hundreds of actively degassing
basaltic volcanoes worldwide, some with communities living very
close to their degassing vents (e.g. ~2 km at Masaya in Nicaragua,
one of the highest volcanic emitters of metal pollutants; Fig. 1). In
recent years, links have been made between exposure to
volcanogenic metal pollutants and a high incidence of certain
diseases in communities living around volcanoes, such as thyroid
cancer76 and multiple sclerosis77. The potential environmental
and health impacts of rapid near-vent deposition of metal
pollutants should be investigated in more detail, both as a matter
of urgency and as part of routine monitoring, in areas
surrounding persistently degassing volcanoes, particularly in
communities that rely on rain catchment systems for household
water supplies, as is the case on many volcanic islands like
Hawai’i.

Methods
M1. Field campaign design. During the eruption campaign in July 2018, we
sampled gas and PM near-source (as reported in Mason et al.26) in the plume of the
main active vent of Kīlauea (‘Fissure 8’); and at a network of far-field stations
(Table 1 and Fig. 3). The sampling was repeated in June–July 2019 at the same sites,
using the same instrumentation allowing characterisation of the background
atmospheric composition and non-volcanic pollution sources, during a period of
no eruptive activity and negligible volcanic emissions. In 2019, we also collected a
sample at the ocean shore of Mackenzie State Recreation Area (19.438703;
−154.863279; 10 m a.s.l.), as sea-spray is one of the key non-volcanic PM sources
on the Island of Hawai’i.

Near-source sampling set-up and instrumentation is described in Mason et al.26

The far-field sampling locations (latitudes and longitudes in Table 1) were co-
located with:

● Hawaii State Department of Health air quality stations in Kailua-Kona, Ocean
View, and Pāhala;

● a pre-existing SO2 monitoring station in Volcano village owned by University
of Hawaii;

● an eruption-response Environment Protection Agency SO2 monitoring station
in a non-evacuated part of Leilani Estates (Alapai Street South); and

● at Mauna Loa NOAA observatory.

The stations were visited, and sample collectors changed every 2–3 days in 2018
to give ~48–72 h time resolution. In Volcano village, in addition to the 48 h
samples, 2 short-interval samples (1 and 4 h duration, respectively) were collected
when the volcanic plume was being advected directly to this location (as detected
by the SO2 sensor at this location; Table 1, Supplementary Fig. 2). The populated
areas selected as sampling sites are small communities (1000–12,000 people) with
low population densities of 20–100 residents km−2 38 and assumed relatively low
levels of anthropogenic pollution.

During the non-eruptive period in 2019, the atmospheric concentrations of
aerosol and gas were significantly lower (as indicated by the Hawaii State
Department of Health air quality monitoring of PM2.5 and SO2). The sampling
time was increased to 4 days in order to maximise the sampled mass and the
chance of exceeding the analytical detection limits for trace elements. At Mauna
Loa, the sampling time was increased to 9 days due to the very low local
concentrations78 (Table 1).

M2. Filter packs. Filter pack samplers were used to collect simultaneous samples
of gas and bulk PM. We followed a well-established technique79 previously used in
multiple volcanological studies (for example3,19). The filter packs comprised of one
particle filter followed by 2–4 base-treated gas filters in an all-Teflon cartridge.

Gas filters (Whatman Quantitative Filter Papers, Ashless, Grade 41, 55 mm
diameter) were pre-soaked with a 0.1 M K2CO3 (+glycerol) and dried ~1 week
before use in the field. This base treatment of the gas filters captures acidic gases
(e.g. SO2, HF and HCl). For some samples, the last gas filter in the filter pack
contained >10% of the total captured gas concentration—this is evidence that the
gas filters had become saturated. The saturated samples are identified in
Supplementary Data 5. Gas concentrations in the saturated samples represented a
minimum value and should not be used for calculating gas-to-PM ratios. Note that
concentrations in the PM phase are not affected (cannot be saturated) and
therefore these samples are still valid for analysing the PM phase. The SO2

concentrations in non-saturated samples generally agreed well (<10% difference)

Fig. 9 Comparison of water solubility of volcanogenic and non-
volcanogenic PM. Water-solubility (fraction of total measured mass) of
selected refractory and volatile volcanogenic elements compared to their
water-solubility in particulates from other natural and anthropogenic
sources. The elements shown here were selected based on data availability
for other PM sources56.
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with that measured by the co-located Department of Health reference-grade air
quality instruments.

The particle filter collects bulk (non size-resolved) PM. The particle filter used
was Whatman PTFE 47mm diameter, pore size 0.8 µm. The filters were pre-
washed with UPA grade nitric acid before use on the 2019 campaign. The filters
were not pre-washed before the 2018 campaign due to a rapid mobilisation. Field
and lab filter blanks were used to quantify the level of contamination due to the
absence of acid wash. The contamination was found to be negligible in most
samples due to the high sampled concentrations in the eruption-affected
atmosphere in 2018. Air flow through the filter pack was generated using an
external 12 V pump (Charles Austin Capex) running at ~20 l min−1. The flow rate
was measured at the start and end of each sampling period. The uncertainty
introduced by variations in the flow rate, and by the accuracy of the flow meter are
10%. Immediately after sampling, the filter pack was closed by Parafilm to prevent
particle loss and contamination. Filters were later transferred into individual
polypropylene bags (2 layers) using metal-free tweezers and gloves.

M3. Cascade impactors. Cascade impactors size and collect particles through
inertial impaction onto a series of stages. A filter is placed onto each stage to collect
the PM. We used a 5-stage SKC Inc. Sioutas impactor with Whatman and Zefluor
PTFE filters (25 mm diameter on stages 1–4 and 37 mm diameter on stage 5,
0.2 µm pore size). Filters were acid washed following the same procedure as
described above for filter packs. The Sioutas impactor resolves 5 size fractions
between >2.5 µm and >0.25 µm at a flow rate of 9 l min−1. Air flow is created by an
external pump with inbuilt battery (SKC Leland Legacy). The pumps had been
calibrated prior to both campaigns by the manufacturer, with reported accuracy in
flow rate of 5%.

M4. Sample extraction procedures. 2018: Pre-sampling treatment and post-
sampling extraction of gas and PTFE filters was carried out in class-10000 clean
labs in the Department of Earth Sciences at the University of Cambridge, UK.
Drying down of extraction solutions was made in a class-100 laminar flow cabinet.

2019: Pre-sampling treatment and post-sampling extraction of gas and PTFE
filters was carried out in class-10000 clean labs, under class-100 laminar hood in
the School of Earth and Environment at the University of Leeds, UK.

All filters were cut into quarters using acid-cleaned metal-free scissors and
tweezers prior to the extraction process. Laboratory procedural blanks were
analysed for each sample treatment and extraction stage. A total of 28 field and lab
blanks representing all variations of sampling and extraction method were
subjected to the same procedure as the samples.

Gas filters were transferred to acid-cleaned 50 ml centrifuge tubes using acid-
cleaned metal-free tweezers and exposed to a solution of ultrapure Milli-Q water
(>18.2 MΩ, MQ, 20 ml) and peroxide (250 µl). The tubes were then shaken for
30 min. 2 × 2 ml were pipetted from these solutions for measurements of pH and
anion concentrations by ion chromatography (IC), respectively. Blank filters and
field blanks (i.e. filters transported into the field and inserted into the instruments
in an identical manner to samples but not attached to a pump) were also analysed
and found to be negligible compared to the measured values.

A two-stage sequential leaching method was employed to assess the solubility of
particle phases on the PM filters using previously reported procedures19. Steps 1–2
below are designed to extract the water-soluble fraction of the particle matter which
typically include sulphate and halide salts in volcanic particle matter. Steps 3–6 are
designed to extract the poorly soluble and water-insoluble fractions, which typically
includes sulfides, carbonates, oxides and silicates. As with the gas filters, blank
filters and field blanks were also analysed and found to be negligible compared to
the measured values.

1. PTFE filters were transferred to acid-cleaned 50 ml metal-free centrifuge
tubes using acid-cleaned metal-free tweezers. 20 ml of MQ and trace
element grade propanol (to alleviate PTFE hydrophobicity) were added to
all tubes. Samples were then shaken for 30 min and centrifuged at 3000 rpm
for 15 min to separate the water-insoluble particles. 2 × 2 ml were pipetted
from these solutions for measurements of pH and anion concentrations by
IC, respectively. Every 10th sample was analysed twice on the IC.

2. 10 ml of remaining MQ solution was pipetted to acid-cleaned 15 ml metal-
free centrifuge tube for analysis by inductively coupled plasma mass
spectrometry (ICP-MS)/optical emission spectroscopy (ICP-OES). The
sample was stored in a fridge between extraction and analysis.

3. Remaining MQ solution and filters were transferred to an acid-cleaned
22 ml PFA (Savillex) beaker. The filters were handled with acid-cleaned
metal-free tweezers. 5 ml UPA grade concentrated HNO3 added to the PFA
beaker and samples dried on a hot plate at 90 °C.

4. 1 ml concentrated distilled HNO3 and 1ml UPA grade concentrated HF was
pipetted to the solid residue and refluxed for 3 h at 120 °C with lids on the
PFA beakers. The lids were then removed, and samples dried at 90 °C.

5. 10 ml UPA grade concentrated HNO3 was pipetted to the solid residue
and refluxed on a hot plate at 120 °C for 3 h. Filters were then
removed from the beakers using acid-cleaned metal-free tweezers and
stored in original 50 ml centrifuge tubes. The solution was then dried down
at 90 °C.

6. 0.5 ml UPA grade concentrated HNO3 was pipetted to the final solid residue
and refluxed at 120 °C for 1 h to get the sample back into solution. 10 ml
MQ pipetted into the PFA beakers and then transferred to an acid-cleaned
sample tube for analysis by ICP-MS/ICP-OES (final sample volume 10.5 ml,
3.5% HNO3 solution).

M5. Compositional analysis. All samples (gas and PTFE filters) were analysed for
anions (SO4

2–, F–, Cl–) on Thermo Dionex ion chromatograph system in School of
Geography, University of Leeds, UK.

2018 PTFE filter samples and PTFE blanks were analysed for major and trace
elements by ICP-MS (Thermo iCAP Qc ICP-MS) and/or ICP-OES (Thermo iCAP
7400 ICP-OES) in School of Earth and Environment, University of Leeds, UK. All
major elements were measured by ICPMS, with the exception of Mg, Ca, K, Ba, Sr,
Al, P, Na, S, Fe, which were measured by ICP-OES.

2019 PTFE filter samples and PTFE blanks were analysed for major and trace
elements by ICP-MS (Agilent 8800 ICP-MS/MS) in School of Environment, Earth
and Ecosystem Sciences at the Open University, UK. Bi and In were not analysed in
2019 due to methodology limitations (they are used as internal standards). Prior to
the 2019 analysis, a subset of volcanic PM samples was analysed on both University
of Leeds and Open University instruments to ensure that the 2018 and 2019 results
were comparable.

Uncertainties in the compositional data were calculated using error
propagation26 and are included in Supplementary Data 3.

M6. Back-trajectory plume dispersion simulations. A time-reversed model was
used to estimate the age and travel-distance of the plume at each site where direct
samples were collected 18–31 July 2018. Full results are tabulated in Supplementary
Data 4.

The Hybrid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT80) was used to create the back-trajectories necessary for these estimates.
As a Lagrangian particle dispersion model, HYSPLIT simulates paths that parcels
of air traverse. HYSPLIT uses meteorological inputs from a numerical weather
prediction to simulate atmospheric transport processes. A random component
simulates the stochastic effects of turbulence.

The back-trajectories rely on accurate meteorological simulations of the wind
field. Complex terrain in a tropical, marine environment means a variety of
mesoscale meteorological processes substantially impact the weather over the
Hawaiian islands81. It is necessary to simulate these processes in any attempt to
estimate the plume age and cumulative distance travelled.

To characterise the important meteorological processes that impact the
Hawaiian Islands, a customised version of the Weather Research and Forecasting –
Advanced Research (WRF-ARW) model was used. The WRF-ARW creates the
driving meteorological fields used for the HYSPLIT back-trajectory runs. Details of
the configuration of WRF-ARW and HYSPLIT known collectively as the ‘vog
model’ are described in previous works82,83. These runs were made at 900 m
resolution. These runs differ from the vog model run in real-time at the University
of Hawai’i in only one respect. Instead of being run in forecast mode, the vog
model is run in reverse-time mode to create back-trajectories.

These back-trajectories were initiated from the direct sampling sites of Kailua-
Kona, Ocean View, Pāhala, and Volcano village every 6 h and ran backwards for 24
h (Supplementary Fig. 4). This duration was selected based on the amount of time
it took Lagrangian particles to reach the furthest site (Kailua-Kona) when the vog
model was run in forecast mode. The results were analysed for whether the
Lagrangian particles could originate from two emission sources: the erupting and
highly gas-rich Fissure 8 vent; and Kīlauea summit crater which produced no
significant gas but periodic small ash explosions. Trajectories that originated within
a 3 km radius of the emission source were used to calculate the average plume age
for each sample. The cumulative distance each Lagrangian particle travelled from
source to sample is averaged to estimate the travel-distance (Supplementary
Data 4).

M7. Calculation of elements’ plume lifetimes. The objective of this study was to
investigate the source-to-far field evolution of the volcanic plume with a focus on
element in-plume lifetimes. For calculations of sulphur conversion rate, and
elements-specific depletion rates, we selected a subset of samples from 2018 which
were significantly impacted by the volcanic plume, as described below. Samples
from 2019 were used for subtracting the non-volcanic background composition
from all of the selected 2018 samples.

Results for all near-source samples (n= 5) are reported by Mason et al.26,43.
Selection of representative near-source samples was done according to the
following considerations. Two of the ground-based filter pack samples and one
UAS filter pack sample became saturated with respect to the base-treated gas filters
and were therefore unusable for determining the total concentration of elements
found both in the gas and PM (however, PM concentrations can still be used).
There was a good agreement in element mass ratios between the filter pack samples
(agreement within an order of magnitude or less)26. The mass concentrations in
the UAS sample were higher than in the ground-based samples by a factor of 9 ± 5.
For calculating depletion rates, we consider the UAS sample to be the most
representative of the at-source plume composition as it is the least diluted sample.
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Selection of representative far-field samples was done according to the following
considerations. Typical trade wind conditions persisted during the period of data
collection in 2018. This meant that Pāhala, Ocean View and Kailua-Kona were
almost always impacted by the grounding volcanic plume with little variation
between individual samples collected during our campaign (Supplementary
Data 1); this was typical for the whole 2018 eruption period as confirmed using
back-trajectory plume dispersion analysis (M4) and Hawaii State Department of
Health operational monitoring of SO2 and PM2.5 co-located with our sampling
sites38. All collected filter pack samples were used for the analysis (6 samples from
each location). At these three sites, the concentrations of all analysed elements/ions
were significantly higher in 2018 compared to 2019 (Fig. 3).

Volcano village received the plume periodically, confirmed by the same
dispersion simulations and operational monitoring. The sample collected on
23 July 2018 in Volcano village represented an event where a highly concentrated
plume being advected directly from the eruption site (Supplementary Fig. 2) and
was selected as a representative sample for this analysis. For the remainder of the
field campaign, Volcano village atmosphere was dominated by the background
atmosphere (including no or minor plume component); these samples were
excluded from depletion rate calculations.

Leilani sampling site was located several blocks from the active volcanic vent
but was out of the plume’s prevalent path and there was no significant difference
between 2018 and 2019 levels (Fig. 3); this site is excluded from depletion rate
calculations.

The plume path distance to Mauna Loa sampling site was highly irregular
(either reaching the site directly in a few hours, or after circumnavigating the island
in over 24 h, M4). The relatively coarse time resolution of our sampling (48 h) did
not allow us to discriminate between the composition of a relatively young versus a
relatively mature plume composition in the Mauna Loa samples; they are therefore
excluded from depletion rate calculations.

The elements for which plume depletion rates were calculated are those which
had concentrations above detection limits and above atmospheric background
levels in the samples collected at-source and at least 3 far-field sampling sites.

The depletion of elements’ mass concentration was observed to proceed at two
distinct rates: (i) initial and very rapid depletion between the source (Fissure 8) and
the first downwind sampling site (Volcano village, average plume age ~3 h); (ii) a
slower depletion between Volcano village and the subsequent downwind sampling
sites, Pāhala, Ocean View and Kailua-Kona (average plume age ~3–19 h).

(i) The initial and rapid depletion rate of each element in the first 3 h after
emission was expressed as the mass ratio between the source and Volcano
village. As we only have two sampling locations, it was not justifiable to fit a
depletion rate curve.

(ii) The subsequent and slower depletion rate between 3 and 19 h (4 sampling
sites) was modelled by an exponential curve: Ct=C0*ekt.

where C0 is the initial concentration at-source (time= 0), Ct is the
concentration at time t (expressed here in seconds), and k is the depletion rate
constant. Time t is the average plume age for each sampling location, calculated as
per M4. The exponential fit was weighted for each location based on the number of
samples collected there. Error margins were set as 95% confidence intervals of the
exponential fit.

Data availability
The authors declare that all data supporting the findings of this study are available within
the paper and in Supplementary Data 1–5. Observational data of gas and PM
composition (Supplementary Data 1, 2 and 5) have also been deposited in The Centre for
Environmental Data Analysis (CEDA)43 with the https://doi.org/10.5285/
656204c257144708a641507c78187aaa. Other data (Supplementary Data 3 and 4) were
calculated using the methods outlined in this paper.
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