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Estimation of the soluble-element hazard from inhaled ash

In vitro leaching
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Abstract

Freshly erupted volcanic ash contains a range hbko elements, some of which can generate
harmful effects in living cells and are considengotentially toxic elements (PTEs). This work
investigates the leaching dynamics of ash-assacRildEs in order to optimize a method for volcanic
ash respiratory hazard assessment. Using thramer{sinaffected by precipitation) ash samples, we
guantify the release of PTEs (Al, Cd, Co, Cr, Ca, Mn, Ni, Pb, V, Zn) and major cations typical of
ash leachates (Mg, Na, Ca, K) in multiple simuldted fluid (SLF) preparations and under varying
experimental parameters (contact time and solitiquad ratio). Data are compared to a standard
water leach (WL) to ascertain whether the WL camuged as a simple proxy for SLF leaching. The
main findings are: PTE concentrations reach stestale dissolution by 24 h, and a relatively short
contact time (10 min) approximates maximum dissoftPTE dissolution is comparatively stable at
low solid to liquid ratios (1:100 to 1:1000); inslon of commonly used macromolecules has
element-specific effects, and addition of a lungeamtant has little impact on extraction efficiency
These observations indicate that a WL can be useapproximate lung bioaccessible PTES in an
eruption response situation. This is a useful ste@rds standardizing vitro methods to determine

the soluble-element hazard from inhaled ash.

Keywords:. volcanic ash, simulated lung fluid, leaching, paily toxic elementsin vitro method,

hazard assessment
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1 Introduction

Some elements present in particulate matter, asdh, Cd, Fe, Ni, Pb and V, can generate harmful
effects in living cells €.g, oxidative stress) and, therefore, are considpogdntially toxic elements
(PTEs) (Chen and Lippmann, 2009; Wallenborn et 2009). Release of PTEs in the lung
environment has been strongly linked with the tibxiof particles and associated adverse health
effects (Utembe et al., 2015; Misra et al., 20 aracterising the presence of these soluble specie

is thus a primary concern when assessing respjratalth hazards.

Freshly erupted volcanic ash contains a range lobko compounds that are leached upon contact
with water or body fluids. They predominantly catsif mixed sulphate and halide salts, which are
emplaced by gas-ash interactions in the volcaniempl and various processes throughout ash
transportation and deposition, leading to a vaeiament abundances on an ash surface (Stewart et
al., 2020; Ayris et al., 2015; Witham et al., 200%he principal method used to quantify species
adsorbed onto ash particles is leaching (Stewaat. e2020). Leachate analyses show that, although
an array of cations and anions are readily moli]iee most abundant soluble elements are usually
Ca, Na and K, followed by Al, Mg, Fe and Cu, and thost common minor elements (defined as < 5
mg/kg ash) are Ni and Zn (Ayris and Delmelle, 20T2je release of these elements may result in the
contamination of water bodies and soils with pagnmpactsto human and animal health in ash-

affected areas (Stewart et al., 2020; Witham eRab5).

As a common hazard assessment strategy, leachiting siwnulated lung fluid (SLF) is used to
investigate the lung bioaccessibility of PTEs fowide range of inhalable materiaks.g, Martin et

al., 2018; Dean et al., 2017; Wiseman and Zer@oi4; Wolf et al., 2011; Plumlee and Morman,
2011; Gray et al., 2010; Colombo et al., 2008; Tmgret al., 2005). SLFs are solutions that comprise
of a mixture of physiologically relevant constitielectrolytes and organic molecules) represgntin
the conditions in different compartments of the humespiratory system. Acellular vitro studies
are easily implemented and can provide a quickcarst-effective alternative to cellular vitro and

in vivo studies. Although leaching experiments do notadpce the complex processes that occur in
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the human body and, thus, the health relevanceot&endirectly extrapolated from the results (Boisa
et al., 2014; Kastury et al., 2017), they providi#rst-order understanding of the release of PTES i

the lung environment.

The most commonly used SLF is known as Gamble'stisal. It is a near-neutral (pH 7.4) solution
consisting of cations (NaK*, C&*, Mg®") and anions (HCQ CI, HPQ?, SQ?) at concentrations
representative of those measured in lung liningdfliGamble, 1967), with acetate 4£40,) and
citrate (HCs0;%) substituting for macromolecules such as proteilipids, despite having different
biochemical functionalities. There are now varyfogmulations of the original Gamble’s solution,
though modifications are often presented withowlemr explanation(Kastury et al., 2017). These
modified solutions include organic compounds thatrapresentative of anions and functional groups
in the lung lining fluid €.g, albumin, mucin, citrate, glycine, cysteine, gthtane, lactate, pyruvate,
etc.), which can act as chelating agents towarésip metals or metalloids of interest and may
promote dissolution of otherwise insoluble compau(@aboche et al., 2011; Pelfréne et al., 2017), as
well as lung surfactante (g, dipalmitoylphosphatidylcholine; DPPC), which danrease wettability

of particles, improve contact between leachant raethls, and prevent aggregation (Caboche et al.,
2011; Pelfréne et al., 2017). Such modificationd &a the complexity of the solution and hinder
comparison among studies, particularly because iftygacts of these modifications on overall

leaching dynamics are not understood.

The viability of an SLF method to assess volcastt laas not yet been specifically tested. In cohtras
to the highly polluted geological materials thag asually of interest for lung bioaccessibilitydigs
(e.g, mine waste, soils, urban dust; Kastury et all,72®Plumlee and Morman, 2011), volcanic ash
contains very low concentrations of PTEs (Stewarle 2020), particularly where speciation is a
primary concern for toxicity (As, Cd, Cr, Hg, Pbe)SHowever, ash has an abundance of generally
non-toxic elements like Ca, Na, S and CI (Ayris @wmelle, 2012). Since some of these ions are
already present in SLF in substantial quantities,eéther components of the SLF recipe or as
impurities in the reagents, this can cause sig@ation or poor precision during measuremerds (

high background values). This can then cause diffés in determining concentrations leached from

3
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the ash, especially for minor elements, includifge®, because of the necessity of making large
dilutions of the sample matrix. Thus, there iseacineed to test different parameters of a SLF oaeth

for volcanic ash to establish their influence opapnt PTE bioaccessibility.

There is no consensus on leaching parameters ésuektraction time and solid to liquid ratio (S:L))
appropriate for the inhalation pathway on whichbttse a method for ash (Kastury et al., 2017).
Recommendations for a SLF leachate method apptiegblicanic ash were an outcome of expert
discussions hosted by the International VolcanialtheHazard Network (IVHHN) (Stewart et al.,
2013), but the method was not fully tested. Thaefthese recommendations were not included in
the IVHHN protocol for the rapid assessment of hdzdrom leachable elements in ashfall (Stewart
et al., 2020). This was mainly because testinghaf 2013 protocol faced the aforementioned
difficulties associated with measurement of low PTéncentrations from ash in typical SLF
solutions. Additionally, there was the concern thatSLF method may not be readily spun up for
eruption response work because of the number apeiner of analytical-grade reagents required for
SLF preparation. Rapid analysis and disseminatioresults is the key intention of this method,
which sits within a broader IVHHN protocol to ralyichssess health-relevant physicochemical and
toxicological characteristics of volcanic ash (éadslie at www.ivhhn.org). This leachate protocol
currently includes a general-purpose deionised \{2ler leach (WL) that is appropriate for assessing
the impacts of ashfall on water resources, sualriaking water supplies, and a ‘simple gastricclea
that is intended to estimate the bioaccessibldifraof PTEs in the event of ash ingestion by husnan
or livestock (Stewart et al., 2020). An SLF metlvaas not yet developed to a point where inclusion

would provide timely data during an eruption resgmn

To date, only three studies have addressed leaohivgcanic ash in SLF. In the first, Damby (2012)
investigated which minerals dissolve and the tygfesecondary minerals that might precipitate in the
lung following inhalation of volcanic ash using gaes from five different volcanoes (Colima,
Merapi, Mt. St. Helens, Santiaguito and Unzen)eA# four-week incubation of samples in SLF at 37
°C, a loss in mass, attributed to glass dissoluticas noted among all samples, but no new mineral

precipitation was observed using X-ray diffractionthe second study, Tomasek et al. (2019) leached

4
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synthetic ash laden with sulphate salts in water dgtermined that the majority of salts dissolved
within 10 minutes. Using the resulting water-leaoncentrations, saturation in SLF was simulated by
reaction-path modelling. The SLF was under-satdratesulphate salts (CagMNaSO, and MgSQ),
suggesting that no new phases were being formedhengredominant salt deposits found on ash
surfaces would dissolve in lung fluid, likely pritw cellular uptake. In a recent study, Baronelet a
(2020) quantified the soluble element burden otanic ash samples from Etna volcano in water and
SLF according to the initial recommendations bywat¢ et al. (2013). They found that the

concentrations of elements released in SLF arerltdvee those measured in water.

The primary objective of this study is to develombustin vitro method to assess the release of PTEs
from ash in the lung environment to evaluate thealdiof volcanic eruptions to public health. Given
the scarcity of past ash leaching studies on whichase such a method, and the general lack of
studies reporting comparative efficiencies of ergsSLF approaches, this work establishes the effec
of different SLF compositions and extraction partarse(ash to leachant ratio and extraction time) on
the leaching efficiency of PTEs. This is a critiémbt step in the development of a standardised
method for health hazard assessment and inclustbrotiner, existing IVHHN ash analysis protocols
as the lung lining fluid is the first interface thahaled materials come into contact with in the
airways. A second objective of this work was to pane element leaching efficiency in SLF and DI
water (.e., IVHHN'’s general-purpose WL). Toxicology studief marticulate matter indicate that
water-soluble elements may be associated with &fkects in the lungs (Oller et al., 2009; Costd an
Dreher, 1997), and that their release into watey difer from their release into an SLF (Caboche et
al., 2011; Pelfréne et al., 2017). Hence, the mteseperiments were designed to ascertain whether
WL could be used as a proxy for SLF leaching otaalc ash. DI water is the most common leachant
for ash studies (Stewart et al., 2020) due to itevavailability. Its use for rapid respiratory hed
assessment would bolster data comparability witvipus assessments, and eliminate the need to
perform multiple leachate analyses on a samplechwiire often difficult to obtain in sufficient

amounts.
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2 Materialsand Methods

2.1 Volcanic ash samples

For this study, three ash samples from recent nalaaruptions were selectetigble 1). The samples

were collected fresh (unaffected by precipitation surface weathering) from ashfall deposits
according to IVHHN ash collection recommendatioStegvart et al., 2020) and stored into self-
sealing plastic bags. The SLF leaching experimEsgstion 2.3 were carried out in batch conditions
on bulk volcanic ash, which had not been oven drieach sample was homogenized by gently

rotating in a sealed container before taking asarbple for leaching experiments.

Table 1 Sample and collection information for the volcaagt samples used in this study.

Eruption Collection ] )
Volcano Country Magma type Collection location
date date
Basalt to Vinangangwe, West
Ambae Vanuatu 17/03/2018 17/03/2018
trachybasatt Ambae
Kilauea USA 10-28/05/2018 Bagalt 28/05/2018 Kai Desert, Hawali'i

Whakaari/White
island New Zealand 27/04/2016 Andesite 28/04/2016 North rim of the crater
slan

Moussallam et al. (2019)Neal et al. (2019)Mayer et al. (2015).

The sample selection was based on available masstta number of different leaching parameters,
and because samples were previously characterisethdir water-leachable element content. All
three ash samples have relatively high leachabileasdrations. Element concentrations (in mg/kg dry
weight ash) were determined by WL for 1 h at adsadi liquid ratio of 1:100 (Damby et al., 2018;
Stewart C., unpublished) using a standardised pobtny Stewart et al. (2020). These concentrations
were normalized to mean concentrations reporteal ghobal dataset on water-extractable elements
from volcanic ash (Ayris and Delmelle, 201Ejd. 1, Appendix A). All three samples have abundant
soluble major elements (> 5 mg/L global mean cotraton), particularly the ash from
Whaakari/White Island volcano. Water-soluble minetements (< 5 mg/L global mean

concentration), except for Cu, are present in log@rcentrations than global means and some were
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below detection limits (BDL) in Ambae andilKuea ash (hamely Co in Ambae, Zn ifdea, Cd,
Cr, Pb and V in both). These 1 h WL data are coeghavith the concentrations determined in the
present study using the same ash to leachant (fati@0) for 24 h WL and SLF at different time

points inSection 3.4.

1000.000
Major elements Minor elements
100.000 - A
5 . .
- Y [ ]
& 100004 4 2 . &
£ = 4 .
Q & - ] 4
O 1.000 @ e
o [ | oW
o A
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| .
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Al Ca Fe K Mg Mn Na Cd Co Cr Cu Ni Pb V 2Zn

Figure 1 Water-extractable major (> 5 mg/L) and minor (n§/L) element abundances in analysed
ash samples (black circlesMhaakari/White Island, red square&mbae, green triangleskilauea)
normalized to global mean values (Ayris and Delme012). Elements not shown were below

detection limit (Appendix A).

2.2 Selection of leaching parameters

The recommendations for ash leaching in SLF pralidg the expert working group convened by
IVHHN to standardize the leachate protocols areraks a starting point for our SLF testing (Stewart
et al., 2013). These include an SLF based on Gasrdgéution (Table 2), a contact time of 24 h and a
1:100 ash (mass) to leachant (volume) ratio. Inftflewing sections, we summarise the parameter

modifications tested in this study.
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2.2.1 Leachant

In general, the dissolution rate of elements isatkel by their solubility in different media.§, water

or SLF) which is predominantly controlled by the phid composition of the solution (Kastury et al.,
2017; Misra et al.,, 2012). Earlier studies argubdt tsimple leachants, such as water, are not
‘physiologically based’ and, thus, are not repréatdre of pulmonary exposure (reviewed in Kastury
et al. (2017)). It is thought that a WL may undé&mate the lung bioaccessibility of metal

components due to the absence of organic compounds.

In addition to deionized water, we used four déf@rSLF solutions of a near-neutral pH, all with th
same base composition (SEable 2). This range of solution compositions allows deti@ation of the
effects of inclusion, or exclusion, of commonly ds@olecules (glycine, citrate) and a surfactant
(DPPC) to deduce whether they are essential commperier assessing the ash hazard. For these

experiments, the 24 h time-point and 1:100 solidiad (S:L) ratio were set as constant.

2.2.2 Extraction time

To be relevant for inhalation exposures, the sampiction timen vitro should be representative of
the residence time of particles in the lung. Thidifficult to constrain as particle removal depeiod

the deposition site within the lungs and clearaneehanisms involved (mucociliary transport, uptake
by phagocytic cellsin situ dissolution, etc.). These processes operate oortlex of hours to days
and months (Bailey et al., 2007; Morgan et al.,£20Behr et al., 1990). It has also been argued that
the short-term toxic effect of particles that reledons at a fast rate could be identical to tltudsbe
dissolved ions (Studer et al., 2010), whereasp#uticles that release ions at a slow rate, theee |
greater likelihood that the particles will be thause of the observed adverse effects (Oberdérster,

2000).

The contact times used in previous lung bioacciisgibtudies on non-volcanic material vary greatly
ranging from 5 min to 1 year (Kastury et al.,, 2Q1wjth most studies using 24 h. Reported

timeframes in ash-water leachate studies range fronmn to 2 years (Stewart et al., 2020). A shorter
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duration timepoint is supported by previous work \aicanic ash leachate studies. Ash leachate
studies using water demonstrated that the majofigurfaces phases were dissolved within the first
10-15 minutes (Olsson et al., 2013; Duggen et28lQ7), and most sulphate salts were dissolved

within 10 minutes (Toma3ek et al., 2019).

To determine how extraction varies over a relewaneframe for volcanic ash in SLF, we tested

contact times of 10 min, 1 h, 4 h, 24 h and 484dtheas a separate experiment. The 24 h time-point
was kept as a constant parameter for the S:L eatbleachant composition tests. This is the time-
point at which the measured concentrations oflathents became approximately stable and provides

a direct comparison with cellular toxicity testsislhcommonly use 24 h exposures.

2.2.3 Solid to liquid ratios

The mass of particles that deposits in the lureg, particle loading) following inhalation is variabl
and largely dependent on ambient particle conceonisy size distribution and personal exposure. To
determinein vitro S:L ratios relevant for real human exposure, weutated the potential particle
loading following a single ash exposure. We asslifi®®b particle deposition and a daily inhaled air
volume of 25 M, corresponding to a healthy, moderately-activat@iDRP, 1994), for airborne ash
concentrations of 0.02 and 1 md/meported as minimum and maximum daily averagesh
literature (Searl et al., 2002). Using 20 mL as ttital volume of lung lining fluid (Macklin, 1955),
when ambient concentrations of ash are low (0.0&mM)ghe S:L ratio would correspond to 1:4000,
whereas when ambient concentrations are high (infp@/would be 1:800. In case of an exposure to
higher ambient concentrations, which could be arpeed during ash clean-up activitiesg, 10

mg/nT) (Searl et al., 2002), the ratio could be evegdaand equate to 1:80.

The S:L ratios used in lung bioaccessibility stadie date range from 1:20 to 1:50000, with the
majority of studies using ratios < 1:100 (Kastutyak, 2017), whereas ash-water leachate studies us
ratios from 1:5 to 1:1000 (Stewart et al., 202MeTratios tested in this study (1:10, 1:20, 1:100,

1:500, 1:1000) reflect this wide range, accountorgexperimental/analytical constraints, and inelud
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the existing IVHHN recommended ratios of 1:20 artD0 (Stewart et al., 2020). The 1:100 ratio was

selected as a constant in the time-series andngalgachant composition tests.

2.2.4 Other method parameters

Other parameters that may affect extraction anc ltirect relevance to the respiratory system but
were not specifically tested in the framework a$ tstudy are temperature and particle size. Whereas
most SLF studies incubate particles at 37 °C ttiaaye body temperature (Kastury et al., 2017), we
performed the extractions at room temperature (@% &s a system to maintain the elevated
temperature and agitate the samples simultaneausdy not available. This was justified through
preliminary experiments that compared extractiodsatC and 37 °C (without agitation) and resulted
in little difference in leaching efficiencyufipublished dafa Therefore, we leached all samples at

room temperature to reduce experimental complexity.

Considering that the focus of the current exergiss on the methodological parameters affecting
bioaccessibility rather than sample properties,clweose to perform the extractions on bulk (un-
sieved) ash samples. Isolation of respirable (sulord material from bulk ash, in amounts sufficient
for leachate analysis, is time-consuming and oftgoractical. The percentage of sub-4 pm particles
also varies greatly among samples, depending osatimple collection distance from the vent and the
magnitude and explosivity of the eruption, butypitally < 17 % (Horwell, 2007; Horwell and
Baxter, 2006). This is the case for sub-10 um @edias well, which are generally used in lung
bioaccessibility assessment studies (Kastury et2817). While it is assumed that analysis of the
respirable fraction may be more predictive of rbalaccessibility, and is likely to give higher
concentration values than those of bulk extractiunes to higher particle surface area, it is notaghv

possible to demonstrate the size effect in isafatiom other properties (Misra et al., 2012).

2.3 Leaching experiments

Assay parameters evaluated ($@ble 3) included composition of the leachant, contacetemd ash
to leachant (S:L) ratio to determine their influeran the leaching efficiency éble 3). Each test was

performed in triplicateDepending on the experiment, different amountssbfvaere weighed into 50-

10
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252

mL polypropylene centrifuge tubes and correspongiigmes of leachant were added. Samples were
then agitated on a platform (horizontal) shaker6@trpm at room temperature throughout the
extraction duration. Subsequently, samples werdrifigged for 5 min at 3392 >g and filtered
through 0.45 um cellulose acetate membrane fil{fgf8/R Chemicals, Belgium) into 15 mL
polypropylene tubes using syringe filtration. Leatels were acidified with concentrated nitric acid

(HNQOs) and stored at 4 °C until analysis.

In order to keep the background concentrations kdimeagents used to prepare the SLBb{e 2)
were of analytical gradeAfalaR® NORMAPUR® purchased from VWR Chemicals (Belgium). The
solutions were prepared in deionized water (Miffi:@esistivity of 18.2 M2). The pH of the solution

was adjusted to 7.40 + 0.05 using concentrateddaydioric acid (HCI).

Table 2 Composition of the simulated lung fluid (SLF) dmas used in this study (se&tection
2.2.1). Base composition (SLF1) is after Stewart e{2013), and modifications are to include lung

surfactant (DPPC; SLF2) and to remove citrate (§Ld¥3glycine (SLF4). All concentrations are as

mg/L.

SLF1 SLF2 SLF3 SLF4
NacCl 6400 6400 6400 6400
CaCb.2H,0 255 255 255 255
Na,HPO, 150 150 150 150
NaHCG, 2700 2700 2700 2700
NH,CI 118 118 118 118

MgCl,.6H,0 212 212 212 212
N&S0,.10H,0 | 179 179 179 179

Na; citrate.2HO | 160 160 - 160
Glycine 190 190 190 -
DPPC* (0.01%) | - 100 - -

*DPPC = 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine

Table 3 Experimental parameters: leachant, extraction timg S:L ratio. Each test was performed in
triplicate.

SLF1 SLF2 SLF3 SLF4 WL*

11
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10 min | 1:100

1h 1:100

4h 1:100
1:10
1:20

24h 1:100 1:100 1:100 1:100 1:100

1:500

1:1000

48 h 1:100

*WL = water leach, using deionized water (Milli¥Qresistivity of 18.2 2, pH 7.95 +0.05)

24 Traceedementsanalysis

We analysed a large suite of PTEs (Al, Cd, Co,&r, Fe, Mn, Ni, Pb, V, Zn) and cations that are
the main constituents of ash surface coatingd’(G&', Mg™, K*). All element concentrations were
measured using high resolution inductively couglema mass spectrometry (HR-ICP-MS; Thermo
Finnigan Element Il) at the facilities of the Antal, Environmental and Geochemistry group of the
Vrije Universiteit Brussels. Calibration curvestbe selected elements were made from dilutions of
an acidified multi-element stock solution (ICP-M&liBration standard 2, VWR Chemicals, Belgium)
and single element standards (Cerfijpdi000 ppm, Merck, Belgium), with Rh103 as internal
standard. The procedural blanks and experimentaples were diluted 10-fold in 2 % HNG®olution
prior to the analysis. Operational parametersiated in the Appendix BT{ables B.1 andB.2). The
limits of quantification (LOQs) were calculated &d$old standard deviation of the mean elemental
concentration measured in the leachates of proakBlanks which underwent the whole extraction

procedure Table 4).

Table 4 Limits of quantification (LOQ) for selected elemerih pg/L obtained by HR-ICP-MS in
deionized water (DI) and SLF solutions, calculated three times the SD for the mean of n=8

procedural blanks for SLF1 and n=3 for DI, SLF2FSland SLF4.

12



DI SLF1 SLF2 SLF3 SLF4
Na | 100 94831 506282 412779 425928

Ca |5 1340 7445 6320 6451
Mg | 0.7 634 3471 2824 2752
K 1.3 5.4 35 51 204
Al |25 31.3 3.4 3.7 14.1
Fe | 1.2 3.3 10.9 2.6 1.2

Mn | 0.06 1.10 0.27 0.12 0.11
Cu [ 011 0.21 0.11 0.13 0.08
Cd | 0.003 0.008 0.004 0.007 0.009
Co | 0.006 0.005 0.010 0.005 0.002
Cr | 023 0.30 0.26 0.27 0.25
Ni | 0.24 0.33 0.28 0.26 0.26
\Y 0.006 0.027 0.009 0.004 0.008
Pb | 0.008 0.116 0.027 0.019 0.030
Zn | 084 10.77 1.59 1.00 1.32

270

271 25 Dataprocessing and statistical analysis

272  Graphical representation and statistical analybith® data were performed using GraphPad Prism
273 (version 8.3.0;GraphPad Software San Diego, CA). Statistical significance betwedifferent
274  experimental parameters was determined using awageanalysis of variance (ANOVA) with
275 subsequent Tukey’s tests. The alpha value wast €20%. In the figures, significant differences are
276 denoted by lowercase letters; for all parametets thie same letter, the difference between the mean
277 is not statistically significantp(> 0.05), whereas, for parameters with a diffetetter, the difference

278 s statistically significant < 0.05).
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3 Reaults

3.1 Influence of leachant composition on PTE release

The results of ash extraction in four preparatiohSLF (SLF1-SLF4) are shown fRig. 2 (major
elements) anéFig. 3 (minor elements). All extractions were for 24 hlat00. Across the four SLFs
tested, there were notable differences in measocoadentrations that were consistent for all ash
samples: Al, FeHig. 2) and Cr Fig. 3) were all found BDL in SLF3; Cu was significan{ly < 0.05)
lower in SLF4 Fig. 3); Mg was significantly § < 0.05) lower in SLF2, but was otherwise equivalen
(p > 0.05) across all leachantsg. 2); Ca and K were higher in SLFBif. 2). The concentration of
leached Cd was the saneX 0.05) in all SLFsKig. 3). There were no differences in concentrations
of K (Fig. 2) and minor elements determined in SLF1 and SIFg. B). While low levels of Pb and
Zn were leached in water (Appendix C), their cotia@ions were BDL in all SLFs. The substantial

component of Na in SLF solution§dble 4) prevents the accurate quantification of Na (AmerT).

Regarding the extraction behaviour among the tlsraples, some exceptions could be observed
across the different leachants. The concentratiodirowas largely comparable in different SLFs for
Whaakari/White Island and Ambae ash but showedfgignt (p < 0.05) differences in #auea ash
(Fig. 2). Although following the same qualitative pattéon all samples, the concentration of Fe was
not statistically different > 0.05) across all SLFs for Whaakari/White Islamhereas it was
significantly different p < 0.05) across all SLFs for Ambae andlakiea ash Kig. 2). While
concentrations of Cu and Ni were statistically gglent in SLF1-SLF3 in Ambae andilKuea ash,
this was not the case in leachates of Whaakari@Mbland ashHig. 3). Leaching of V was similar
for Whaakari/White Island andil@uea ash, with lower concentrations in SLF3, intast to Ambae
ash where the concentrations were equivalent aetbS&Fs Fig. 3). Concentrations of Co indicated

different magnitudes of leaching across all sam(ies 3).
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Figure 2 Major element concentrations (> 5 mg/kg, global meancentration) in three ash samples

(black —Whaakari/White Island, red Ambae, green Kilauea) obtained through the extractions in

four different simulated lung fluids (24 h, 1:100.5 Data are reported as mg element per kg of ash
dry weight and represented as the mean of thrdieatss for each sample. Error bars are the stdndar
error of the mean. Lowercase letters indicate aifstgnt difference [§ < 0.05) between the mean

concentrations of leachants for each ash sample.
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310 Figure 3 Minor element concentrations (< 5 mg/kg, global meancentration) in three ash samples

311 (black —Whaakari/White Island, red Ambae, green Kilauea) obtained through the extractions in

312 four different simulated lung fluids (24 h, 1:100.5 Data are reported as mg element per kg of ash
313 dry weight and represented as the mean of thrdieatss for each sample. Error bars are the stdndar
314 error of the mean. Lowercase letters indicate aifsegnt difference § < 0.05) between the mean

315 concentrations of leachants for each ash sample.
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3.2 Influence of extraction timeon PTE release

Release of PTEs in SLF was tracked over five timtervals, from 10 min to 48 h. Overall, the
concentration of individual elements over differénte intervals varied among the different samples.
Only Mg concentrations remaining constgmt>(0.05) across all measured time-points in allgam
(Fig. 4). Except for Fe in Ambae ash, the time-seriesMlof~e and Mn were largely consistent with
their highest concentrations recorded after thdiainil0 min leaching period, after which
concentrations decreased by the 4 h time-pointthed remained stable, as seen from the little
difference p > 0.05) between concentrations at 4 h, 24 h and @8e-points Fig. 4). This trend was
the most prominent for Whaakari/White Island asdchates and could also be observed for leached
Cd, Co, Cr and Ni, whereas their concentrationseeveenstant over time in Ambae an@ldtiea ash
(Fig. 5). Similar behaviour in Whaakari/White Island washibited for Cu and V, whereas their
concentrations slightly increased by the 48 h tpuoay in Ambae and Kauea ashKig. 5). Leached
Ca and K showed a similar qualitative pattern, wathdecrease at 1 h compared to the initial

concentration at 10 min then followed by an inceeaser time FFig. 4).
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Figure 4 Major element concentrations (> 5 mg/kg, globahmeoncentration) in three ash samples
(Whaakari — black, Ambae — redjl&uea — green) obtained through the extractions wagying

time-points (for 1:100 S:L in SLF1). Data are rdpdras mg element per kg of ash dry weight and
represented as the mean of three replicates fdr smmple. Error bars are the standard error of the

mean. Where error bars are not visible, they a®tlean the size of the symbol.
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338 Figure 5 Minor element concentrations (< 5 mg/kg, globabmeoncentration) in three ash samples
339 (Whaakari — black, Ambae — redjl&uea — green) obtained through the extractions vagying

340 time-points (for 1:100 S:L in SLF1). Data are répdras mg element per kg of ash dry weight and
341 represented as the mean of three replicates fdr smmple. Error bars are the standard error of the

342 mean. Where error bars are not visible, they a®tlean the size of the symbol.
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3.3 Influenceof the ash to leachant ratio on PTE release

Five S:L ratios, ranging from 1:10 to 1:1000, wased to assess the influence of ash to leachamt rat
on the PTE dissolution from ash in SLF. Among thierent tested ratios, concentrations of Mg were
found to be stable in all sampleBid. 6). Concentrations at the two lowest S:L ratios,00:%nd
1:1000, showed no significant differences X 0.05) for Cd, Cr, Cu, Mg, Mn and Ni across all
samples, whereas K was lower or BDL in these ratis an overall trend, recorded element
concentrations increased with decreasing samptérigdor Al, Co, Cr, Cu, Fe, Mn and V, and were
largely independent of S:L ratios in a range 1:19@:1000 for Ambae andilduea ash, with the
exceptions observed in Whakaari/White Island lesshavhich generally had higher concentrations
for these elements. For Whakaari/White Island #stre was a drop in concentration at 1:20 and/or
1:100 for Al, Co, Fe and Mn. This was the caseddras well, which was found to be constant in all

S:L ratios for Ambae andilauea sampled={g. 7). Ni concentrations varied across different sample

(Fig. 7).
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357 Figure 6 Major element concentrations (> 5 mg/kg, globabmeoncentration) in three ash samples

358 (Whaakari/White Island — blackhmbae — redKilauea — green) obtained through the extractions in
359 varying ash to leachant (S:L) ratios (24 h in SLEIjta are reported as mg element per kg of ash dry
360 weight and represented as the mean of three regdidar each sample. Error bars are the standard
361 error of the mean. Lowercase letters indicate aifsignt difference § < 0.05) between the mean

362 concentrations of leachants for each ash sample.
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Figure 7 Minor element concentrations (< 5 mg/kg, globabmeoncentration) in three ash samples
(Whaakari/White Island — blacldimbae — redK1ilauea — green) obtained through the extractions in
varying ash to leachant (S:L) ratios (24 h in SLEIgta are reported as mg element per kg of ash dry
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concentrations of leachants for each ash sample.
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3.4 Comparison of DI water and SLF leach
A comparison of the concentrations determined amaard WL after 1 h (from Damby et al. (2018)
and Stewart C. (unpublished)) and 24 h, and SL&dhléor 10 min, 1 h and 24 h (at 1:100 and 1:1000

S/L) is shown irFig. 8 (major elements) anéig. 9 (minor elements).

The results demonstrate that most of the watehsolalements in the analysed ash samples were
found in similar or higher concentrations at 2arn those measured in 1 h WL, with the exception
of K and Cr from Whaakari/White Island ash, and @4, Mn and Fe from #auea ash, which were

higher in the 1 h WLKig. 8).

The overall trends indicated that the SLF1 leacbedcentrations of major elements were either
comparable to, or significantlyp (< 0.05) lower than, those in the 1 h and 24 h With only Mg
concentrations being the same across the comparadptersKig. 8). The concentrations of minor
elements in SLF1 leachates were either comparahtleet WL or were higher than the 1 h WL, but
lower than the 24 h WLHjg. 9), except for V, which was significantly & 0.05) lower or BDL in the

WL.
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385 Figure 8 Major element concentrations (> 5 mg/kg, globahmeoncentration) in three ash samples

384

386 obtained through the extractions in water (WL) &id-1 over varying time-points. All data are for
387 S:L 1:100, except SLF1 at 24 h denoted with a @amwhich was extracted at S:L 1:1000. Data are
388 reported as mg element per kg of ash dry weightraptesented as the mean of three replicates for
389 each sample, except for WL at 1 h (n=1). Error lzaesthe standard error of the mean. Lowercase
390 letters indicate a significant difference € 0.05) between the mean concentrations of leashat

391 each ash sample.
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Figure 9 Minor element concentrations (< 5 mg/kg, globaameoncentration) in three ash samples
obtained through the extractions in water (WL) &id-1 over varying time-points. All data are for
S:L 1:100, except SLF1 at 24 h denoted with a @)amwhich was extracted at S:L 1:1000. Data are
reported as mg element per kg of ash dry weightraptesented as the mean of three replicates for
each sample, except for WL at 1 h (n=1). Error lzaesthe standard error of the mean. Lowercase
letters indicate a significant difference € 0.05) between the mean concentrations of leashat
each ash sample.
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4 Discussion

4.1 Influence of leaching parameterson release of elements from volcanic ash

The results demonstrate the influence of operatiomaditions on the measured PTE concentrations
in SLF. In most cases, changing the parametersahagquivalent effect across all samples, which

allowed for an overview of the direct impact of leawethod parameter.

The affect of specific compounds in the solubilsatof certain elements in SLF was clearly
demonstrated. The observed differences in theseleBPTEs among the four SLF compositions used
(Fig. 2 andFig. 3) can likely be attributed to differences in theiobilities and tendencies to form
soluble complexes with organic components presettte tested SLF solution$ gble 2). This was
shown for glycine, a component of SLF1-SLF3, wHikbly formed soluble complexes with CEig.

3). Similarly, Al, Cr and Fe have high affinitiesrfthe citrate ion and were not as efficiently reksh

in SLF3 in the absence of citratéig. 2 andFig. 3). Furthermore, =there was little difference in
leachate concentrations between SLF1 and SLF2gstigg that inclusion of lung surfactant (DPPC)
in SLF imparts limited impact on extraction of PTEssociated with volcanic askig. 3). The
relevance of including DPPC in an SLF has beenatepy highlighted in the literature (see review
by Kastury et al., 2017), mostly due to it being tfiominant component of the lung surfactant by
mass and its ability to promote dissolution efficig. While it was shown that DPPC increases the
bioaccessibility of certain elements,g, Pb, Zn and Sr (Boisa et al., 2014; Caboche eralll;
Pelfréne et al., 2017), it has also been repottatl the addition of DPPC results in no significant

changes to bioaccessibility (Pelfréne et al., 2017)

The concentrations of PTEs in the leachates intithe-series experiment§ig. 4 andFig. 5) follow

three general trajectories up to 24 h, when mo& Edncentrations reach a plateau: increasing, flat,
or decreasing. Whereas increasing concentratianbeaxplained by prolonged release, and a stable
concentration explained by rapid dissolution, aréase in concentration requires sequestering of

previously leached elements, which decreases dleéidn that remains in the solution over time. This
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425 decrease for some elements is possibly a consegudrformation of new, insoluble phases and/or
426 adsorption onto the particles. Such formation o n@soluble complexes or, alternatively, lack of
427  dissociation of soluble complexes, can be facdiday the neutral pH of the SLF solution (Pelfréhe
428 al., 2017; Schaider et al., 2007; Marschner e2806). These processes may be also associated with
429 the differences in PTE extraction in varying S:tiags. The results indicated that PTE concentrations
430 in SLF1 were largely independent of ratio in thaga 1:100 to 1:1000 at 24 Ri¢. 6 andFig. 7),

431 except for Whakaari/White Island ash, where theceatrations were higher in 1:1000 (and 1:500)
432 than 1:100 for some elements (Al, Fe, Cr, Cu, Vis possible that, in this case, the saturatidecef

433 was reduced due to lower particle mass loadingersolution during the extraction.

434  Overall, it could be seen that some element reteaseSLF changed with the different substrate

435 (sample), but the observed leaching behavioursideeilsummarised as follows:

436 1) The concentrations of Mg measured in the SLF leashaere the most stable across the
437 different experiments in all samples;

438 2) The dissolution of Ni in SLF was the least affectgdvariation in test parameters among

439 analysed PTEs and samples;

440 3) The other elements showed different sensitivitieshanges in test parameters and exhibited
441 variability among the three ash samples, with thengest effects observed for Al, Fe and

442 Mn.

443  Any sample-specific deviations from these broac@f are likely due to the differences in ash
444  leachable burderF(g. 1, Table 1), including the state in which PTEs are boundni &sh particles

445  (Wolf et al., 2011).

446 4.2 Comparison of SLF and water leach
447  Our results showed that leachants of similar neaitral pH with different complexity in their
448 chemical composition affect the release patternsl@hents from volcanic askif. 8 andFig. 9).

449  The solubilisation potential of SLF solutions wastularly noticeable for V, which increased over
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time in SLF1 and was measured in all SLF leach@&es 3) yet found in significantlyf < 0.05)

lower concentrations (or was BDL) in the WL at arid 24 hfig. 9).

Comparison of WL and SLF data demonstrates thanttial release of major elements in SLF1 at 10
min is, to some extent, comparable to that in WL atig. 8), while minor PTE concentrations are
higher in 10 min SLF1 than in 1 h WL, and more &amto those measured in 24 h WEid. 9). In
some cases, for the 24 h time-point, it seemstti@dWL overestimates the amounts extractable in
SLF, but this apparent lower leaching efficiencySafF relative to earlier time-points in SLF1 and
WL, in general, is likely a consequence of solutieaching saturation state. This may be explained
by progressive dissolution of less soluble surfalz@ses and/or dissolution of the ash grains, winch,
the case of the WL, does not result in solutiorursdibn, as seen from the differences in PTE

concentrations between the 1 h and 24 h WL.

In summary, the results showed that:

1) The concentrations of Mg measured in the leach{§l#:sand SLF) were the most stable in all
samples;

2) The dissolution of V in SLF was found to be morécednt than in WL regardless of the
sample;

3) The WL reflects the SLF-soluble PTEs for shortantaot times, except for Cu, Co and Ni in

some samples.

4.3 SLF analytical challenges

Although we successfully characterised the leachigigaviour of most of the analysed elements in
SLF, determining the concentration of Na yieldedmoesults (Appendix C). These results are
probably due to the initial levels of Na in the Sédiutions Table 2), so the measured concentrations
are likely to be less reliable since they are galhesimilar to those in the blanks: WL concenivat

for Na from the 3 samples are 8.1-67.3 mg/L (Apferit), whereas the limits of quantification for
Na are approximately 100-500 mg/Lgble 4). Pb and Zn were BDL in the SLF leachates, even

though they were measured in the VL[ 1). The finding of minor elements BDL of the methmat
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present in WL likely results from the solution bgitoo dilute for quantification, or because the

concentrations measured in samples are, agaisjriolar to, or lower than, the blank concentration.

We note, though, that WL concentrations of Pb andw&re comparatively low in our samples

relative to other ash sample§ig. 1). Therefore, we cannot comment in detail on whethe
solubilization of these elements would increasepriésent in higher concentrations, or whether
previously observed increases from other matewal® specific to the sample matrix. The mean and
median concentrations of soluble elements in aghganerally found at the lower end of their

reported ranges (Ayris and Delmelle, 2012), bid fiossible that other ash types might exhibit éigh

PTE concentrations than those analysed here. Tingeraf PTEs investigated in this study are
generally the most abundant in ash (Ayris and DmM2012), and are also commonly analysed in
lung bioaccessibility studies (Kastury et al., 20PTumlee et al., 2003). Other elements usually
present in ash leachates, such as As, Ba, Li, M0,S§ Sr, were not considered here and their

leaching behaviour in SLF is yet to be investigated

4.4 Implicationsfor the ash hazard assessment
Based on our experiments, an overview of posstelesstowards operationalizing an SLF method for

ash leaching is given below:

1) Leachant composition. While previous SLF studies have excluded use ofpholipids such as
DPPC without justification or explanation, here elearly show that non-inclusion in a modified
Gamble’s solution (SLF1Table 2) is a reasonable SLF modification when determining
bioaccessible concentrations of elements from vatcash. More profound effects on extraction
efficiency were noted for some of the analysed el in the absence of citrate (SLF3) or
glycine (SLF4), confirming the postulation by Stetvet al. (2020) that omission of these key
organic compounds could lead to potential undaredion of the real bioaccessibility of PTEs.

2) Extraction time. While the release of elements is time-dependentshvesv that ash-associated
PTEs may approximate maximum dissolution in an remvhent resembling lung lining fluid

(Fig. 5) in the first 10 minutes of leaching. Thereforeem® though ash particles may reside in the
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lung for extended periods of time, our data suggiest a short contact time (up to 4 h) will
adequately estimate the upper limit of PTE release,a longer extraction perio@.§, 24 h)
would be necessary for research considering tradgtstate of bioaccessible PTEs. While still
not too time-consuming for aim vitro extraction procedure, 24 h extraction would reflide
availability of more slowly soluble compounds. Thisuld also allow comparison with published
SLF dissolution data and acute toxicity dagay( Toma3ek et al., 2019).

3) S.L ratio. We show that PTE dissolution in SLF is relativetgide at our lower S:L ratios (1:100
through 1:1000), but at ratios 1:500 and 1:1000r¢ipeatability is lower (Appendix C) and there
is increased risk of introducing potential erroteedo small abundances of some elemeats, (
Cd, Cr, Pb, Zn), as a consequence of large sanipteod. Therefore, 1:100 could be adopted as
an optimal ratio. This ensures sufficient volumeledchant for the subsequent analysis, while
using a minimal amount of ash to produce relial@adin this way, impracticable scaling up with

lower ratios, which require large volumes of Sld=avoided as well.

Considering the challenges with the method appiinadutlined in this paper, and for the mentioned
practical reasons, the SLF leach may be diffiauliniplement and include on a routine basis within
the standardised IVHHN leachates protocol for rapadard assessment (Stewart et al., 2020). Our
results showed that the WL largely reflects the Sbkible element concentrations for shorter contact
times. This suggests that the general-purpose Wilddoe considered a suitable analogue for SLF
and used as a conservative estimate of solubleecelsmfor the purposes of rapid respiratory hazard
assessment from leachable elements, while ackngimigdhat some elements may be underreported
(e.g, Cu, Ni, V). The WL is much easier to implementlaboratories, thus offering a practical
approach to assessing the potential lung bioadesBITEs from ash, especially in time-sensitive
situations during volcanic crises. Further, presioapid ash hazard assessments have used a WL
(e.g, Damby et al., 2017, 2013; Horwell et al., 201R),continued use of a WL allows data to be
comparable with past case studies. However, gikkerobserved differences between WL and SLF,
SLF leach should still be a preferred method fdaitkd investigations of PTEs of specific concearn t

respiratory health outside of a response situation.
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5 Conclusions

This study aimed to understand the leaching dyramfid®TESs from volcanic ash to inform a choice

of parameters for aim vitro protocol to estimate the soluble-element hazawthfnhaled ash. The

release of PTEs was evaluated in varying formutatiof SLF and under varying experimental

conditions, and compared to a standardized waaehléStewart et al., 2020). Our findings show that:

Release of elements in SLF is affected by changessay parameters, including S:L ratio,
extraction time and solution composition;

The differences among ash samples are elementfispeadicating the role of ash
composition in PTE bioaccessibility;

The addition of lung surfactant (DPPC) is not neaes when assessing bioaccessible
concentrations of elements in volcanic ash;

Some major elements (Ca, Na) are less reliablytgieghthan minor elements, likely due to
their initial, high concentrations in SLF;

The elements found as the most sensitive to chaingest parameters are Al, Fe and Mn,
whereas the least affected were Ni and Mg;

SLF is more efficient than WL in extracting V, talso Cu and Ni over shorter time periods
(=1h);

A WL may be used as a conservative estimate of luoaccessibility in a response situation.

This study provides a useful step in the develognoéra leachate protocol which could form a

standard method for volcanic ash respiratory hazamdlysis. Future application would allow

acquisition of leachate composition data that canniore easily compared to that of other ash

characterisation studies, and it will foster thevedlepment of a global database of information

relevant for informing volcanic health hazard fregachable elements (Stewart et al., 2020).
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6 Abbreviations

BDL
DI
DPPC

HR-ICP-MS
IVHHN
LOQ

PTE
SLF
S:L

WL

below detection limit

deionized water

dipalmitoylphosphatidylcholine

high resolution inductively coupled pizs mass spectrometry
International Volcanic Health Hazard Networ
limit of quantification

potentially toxic element
simulated lung fluid
solid (mass) to liquid (volume) ratio

water leach

7 Supplementary Material

Appendix A: Water-leachable element content ofsshples

Appendix B: Instrumental parameters

Appendix C: Experimental data
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Table A.1 Water-extractable element concentrations (in pg/kg or mg/kg dry weight ash) from samples
used in the study, determined by water leach for 1 h at 1:100 solid to liquid ratio (Damby et al., 2018;
Stewart C., unpublished) and the mean concentrations reported in the global dataset on water-
extractable elements from volcanic ash (Ayris and Delmelle, 2012).

Wf:/i\tlgéll;l;?l[jl{ Ambae! Kilauea? Gmlgsgg
Hg/kg
Cd 0.06 BDL BDL 57
Co 4.2 BDL 1.81 204
Cr 5.4 BDL BDL 100
Ni 7.3 1 6.06 516
Pb 0.1 BDL BDL 139
\% 0.8 BDL BDL 91
Zn 9.3 2.7 BDL 4013
mg/kg
Al 2297 59 620 63
Ca 30062 1022 19900 2172
Cu 16 28 13 6
Fe 809 3 3170 24
K 512 104 148 76
Mg 2721 1493 4210 349
Mn 78 31 115 22
Na 6254 808 972 407

IStewart C. (unpublished data); 2Damby et al. (2018); Ayris and Delmelle (2012).
BDL = below detection limit.



Table B.1 Instrumental parameters of the ICP-MS used for trace element analysis.

Instrument ELEMENT2 Thermo Finnigan

Forward power 1,350 W

Reflected power <2W

Nebuliser Concentric

Solution uptake rate 0.4 mL min! (pumped)

Spray chamber Cyclonic

Sampling and skimmer cones Ni (Thermo Finnigan)

Sample gas flow 1to 1.5L min?

Cool argon flow rate 16 L mint

Auxiliary argon flow rate 1.0 L min*

Torch Capacitive decoupling Pt shield torch

RF frequency 27.12 Mhz

Sensitivity 1 x 106 cps per 1 ng mL* 5In (in Low Resolution)

Autosampler ESI SC 3 Fast

Take-up time 15s

Wash time 10s

Number of acquisition 6 (3 runs and 2 pass)

Isotopes in LR Cd111, Cd114, Pb208
Rh103(IS)

Mass window LR 150% for each isotope

Search window LR 150% for each isotope

Samples per peak LR 20

Integration window LR 80% for each isotope

Isotopes in MR AlI27, V51, Cr52, Mn55, Fe56, Co59, Ni60, Cu63, Zn66
Rh103(1S)

Mass window MR 125%

Search window MR 80%

Samples per peak MR 20

Integration window MR 80%

Scan type E scan for each isotope

Integration type Average for each isotope



Table B.2 Instrumental parameters of the ICP-MS used for major cations analysis.

Instrument

Forward power
Reflected power
Nebuliser

Solution uptake rate
Spray chamber

Sampling and skimmer cones

Sample gas flow
Cool argon flow rate

Auxiliary argon flow rate

Torch
RF frequency
Sensitivity

Autosampler

Take-up time

Wash time

Number of acquisition
Isotopes in HR

Mass window HR
Search window HR
Samples per peak HR
Integration window HR
Scan type

Integration type

ELEMENT2 Thermo Finnigan
1,350 W

<2W

Concentric

0.4 mL min? (pumped)
Cyclonic

Ni (Thermo Finnigan)

1to 1.5L min?

16 L min't

1.0 L min?

Capacitive decoupling Pt shield torch
27.12 Mhz

1 x 108 cps per 1 ng mL* 15In (in Low
Resolution)

ESI SC 3 Fast

15s

10s

6 (3 runs and 2 pass)

Na23, Mg26, K39, Ca44
Rh103(1S)

125%

60%

20

60%

E scan for each isotope
Average for each isotope
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WL (24h) 6533 6662 7001 6732 242 3.59 1015 1007 826 949 107 11.26 787 823 812 807 18 229 Mean SD RSD % Mean SD RSD% Mean SD RSD%
SLF11:100 24h 1252 18519 19970 13247 10413 78.61 11635 1917 3462 5671 5222 92.08 BDL 11360 8208 9784 2229 22.78 10402 4150 39.90 5279 5587  105.83 5058 5226  103.33
SLF2 BDL BDL BDL = = = BDL BDL BDL = = = BDL BDL BDL = = =
SLF3 11339 14135 18542 14672 3631 24.75 9334 15474 9565 11458 3480 30.37 8697 11339 8078 9371 1732 18.48 Time Whaakari Ambae Kilauea
SLF4 10404 1265 9199 6956 4965 71.38 BDL 3038 BDL 3038 = = BDL BDL 269 269 = = Mean SD RSD % Mean SD RSD% Mean SD RSD%
10 min BDL 2941 8979 5960 4270 71.64 BDL 18810 8175 13493 7520 55.74 11132 BDL BDL 11132 - - 11159 4550 40.78 9535 7208 75.60 8806 3444 39.11
1h 11327 6907 4005 7413 3687 49.74 1790 7314 BDL 4552 3906 85.81 BDL BDL BDL = = =
4h 6342 14786 14721 11950 4856 40.64 5612 BDL 1586 3599 2847 79.10 15296 7638 8864 10599 4113 38.81
48 h 12239 22207 BDL 17223 7048 40.92 21081 13353 26644 20359 6675 32.79 3707 BDL BDL 3707 = =
Cd White Island Ambae Kilauea
Rep 1 Rep 2 Rep 3 Mean SD RSD % Rep 1 Rep 2 Rep 3 Mean SD RSD % Rep 1 Rep 2 Rep 3 Mean SD RSD % Cd Whaakari Ambae Kilauea
1:10 0.08 0.08 0.07 0.08 0.01 7.53 BDL BDL BDL = = = 0.01 0.01 0.01 0.01 0.00 0.00 S:iL Mean SD RSD % Mean SD RSD% Mean SD RSD%
1:20 0.05 0.05 0.05 0.05 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 BDL 0.01 0.00 0.00 0.05 0.02 42.94 0.02 0.01 50.09 0.02 0.01 47.88
1:500 0.06 0.06 0.05 0.06 0.01 10.19 0.01 0.02 0.02 0.02 0.01 34.64 0.03 0.03 BDL 0.03 0.00 0.00
1:1000 0.06 0.04 0.02 0.04 0.02 50.00 BDL 0.04 0.02 0.03 0.01 47.14 0.02 BDL 0.02 0.02 0.00 0.00 Leachant Whaakari Ambae Kilauea
WL (24h) 0.07 0.09 0.08 0.08 0.01 12.50 0.03 0.02 0.02 0.02 0.01 24.74 0.04 0.04 0.03 0.04 0.01 575} Mean SD RSD % Mean SD RSD% Mean SD RSD%
SLF11:100 24h 0.02 0.02 0.02 0.02 0.00 0.00 0.01 0.02 0.01 0.01 0.01 43.30 0.02 BDL 0.02 0.02 0.01 34.64 0.03 0.03 87.60 0.01 0.01 60.98 0.02 0.01 60.86
SLF2 0.02 0.02 0.03 0.02 0.01 24.74 0.02 0.01 0.01 0.01 0.01 43.30 0.01 0.01 0.01 0.01 0.00 0.00
SLF3 0.01 0.01 0.02 0.01 0.01 43.30 0.01 0.02 0.01 0.01 0.01 43.30 BDL BDL 0.01 0.01 - - Time Whaakari Ambae Kilauea
SLF4 0.02 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.02 0.01 0.02 0.01 34.64 Mean SD RSD % Mean SD RSD% Mean SD RSD%
10 min 0.06 0.05 0.05 0.05 0.01 10.83 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.02 0.02 0.01 34.64 0.03 0.01 49.79 0.01 0.00 22.02 0.01 0.00 12.45
1h 0.04 0.03 0.03 0.03 0.01 17.32 0.02 0.02 0.01 0.02 0.01 34.64 0.01 0.01 0.02 0.01 0.01 43.30
4h 0.02 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.01 0.01 0.01 43.30

48 h 0.02 0.02 0.02 0.02 0.00 0.00 0.02 0.01 0.01 0.01 0.01 43.30 0.01 0.02 0.01 0.01 0.01 43.30



Al

1:10

1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

Cr

1:10

1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

Fe

1:10

1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

Ni

1:10

1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

Cu

1:10

1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

Rep 1
191.4
14.7
22328
2387.3
2976.1
263.4
324.7
0.9
3325
1546.6
1159.6
3326
254.4

Rep 1
0.05
0.02
3.69
3.99
417
0.45
0.55
BDL
0.55
2.58
1.84
0.29
0.58

Rep 1
183
9.0
530.0
566.9
807.5
226
202
BDL
24.7
379.2
282.6
313
233

Rep 1
185
153
17.8
17.8
202
155
16.6
17.1
11.2
17.8
16.7
157
156

Rep 1
132
152
27.2
282
32.1
211
226
256

4.0
237
23.4
22.0

Rep 2
229.1
16.9
2182.4
2351.2
3034.3
263.0
325.8
06
316.3
17211
793.2
362.2
263.2

Rep 2
0.06
0.02
3.55
3.79
415
0.46
0.56
BDL
0.50
2.98
1.10
0.33
0.59

Rep 2
24.4
111

500.6

552.2

817.5
20.8
20.1
BDL
237

467.5

147.6
35.8
243

Rep 2
18.6
14.6
17.6
17.2
203
155
16.3
17.0
10.6
17.4
16.3
16.1
15.3

Rep 2
14.2
14.1
26.2
26.8
322
20.9
219
25.2

38
245
223
225

White Island
Rep 3
180.0

18.8
2191.6
2377.3
3043.4

268.6
340.6
.72
335.3
1622.6
933.0
367.4
256.2

White Island
Rep 3
0.05
0.02
3.79
3.80
4.29
0.48
0.54
BDL
0.55
271
1.37
0.33
0.62

White Island
Rep 3
17.5
1.5
552.8
584.9
830.8
24.6
216
BDL
25.2
419.9
197.9
34.4
232

White Island
Rep 3
17.9
15.0
17.5
16.9
20.8
155
16.2
17.0
10.9
173
16.5
16.1
15.7

White Island

Rep 3
12.9
14.7
26.8
27.0
32.7
25
219
25.4
3.9
23.8
23.0
226

Mean
200.2
16.8
2202.3
2372.0
3017.9
265.0
330.4
0.9
328.1
1630.1
961.9
354.1
257.9

Mean
0.05
0.02
3.68
3.86
4.20
0.46
0.55
0.53
2.76
1.44
0.32
0.60

Mean
20.0
10.5

527.8

568.0

818.6
22.7
20.6

245
422.2
209.3

33.8

23.6

Mean
18.4
15.0
17.6
17.3
20.4
155
16.4
17.0
10.9
17.6
16.5
16.0
155

Mean
134
14.7
26.7
27.3
323
211
221
25.4

3.9
24.0
229
22.4

SD
25.7
2.0
26.8
18.6
36.5
3.1
8.9
0.3
10.2
87.5
184.9
18.7
4.6

SD
0.01
0.00
0.12
0.11
0.08
0.02
0.01

0.03
0.20
0.37
0.02
0.02

SD
38
13
26.2
16.4
11.7
1.9
0.8

0.7
44.2
68.2

23

0.6

SD
0.4
0.3
0.2
0.4
0.3
0.0
0.2
0.1
0.3
0.2
0.2
0.2
0.2

SD
0.7
0.6
0.5
0.7
0.4
0.3
0.4
0.2
0.1
0.4
0.6
0.3

RSD %
12.85
12.17

122
0.79
121
117
2.69
29.41
3.12
5.37
19.22
5.29
1.80

RSD %
10.83
0.00
3.28
2.92
1.80
3.30
1.82
5.41
7.40
26.07
7.29
3.49

RSD %
18.78
12.52

4.95
2.88
1.43
8.53
3.89
3.05
10.47
32.59
6.76
2.58

RSD %
2.04
2.24
0.89
2.38
1.56
0.16
1.26
0.32
2.80
1.09
121
1.49
1.40

RSD %
5.15
3.78
179
2.61
110
1.40
1.93
0.69
1.94
1.79
251
1.40

Rep 1
13

23
312.12%
17.5
732
6.3
205
BDL
BDL
69.1
28

28

9.9

Rep 1
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

Rep 1
05
11

14.8
BDL
43
9.0
7.9
BDL
123
38
35
43
139

Rep 1
2.1
23
2.0
2.1
25
23
23
2.2
23
2.2
22
2.2
25

Rep 1
302
309
315
319
34.8
322
328
319
26.1
30.6
306
314

Rep 2
12
2.0
7.0
14.8
74.1

7.1
115
BDL
BDL
411

23

5.3
14.4

Rep 2
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

Rep 2
0.6
11

13.4
BDL
3.9
105
8.4
BDL
121
28
33
41
135

Rep 2
22
2.1
21
19
26
23
23
2.2
24
2.2
22
2.2
22

Rep 2
30.0
29.6
329
317
36.0
318
318
335
26.4
303
30.8
316

Ambae
Rep 3 Mean
12 12
22 22
4.3 5.7
3.1 11.8
71.1 72.8
7.2 6.9
12.1 14.7
BDL =
BDL -
48.6 52.9
2.6 2.6
23 3.4
35.7 20.0

Ambae

Rep 3 Mean
BDL -

BDL =
BDL -
BDL =
BDL -
BDL =
BDL -
BDL =
BDL -
BDL =
BDL -
BDL =
BDL -
Ambae

Rep 3 Mean
0.5 0.5
1.2 A,
12.0 13.4
BDL =
a7 4.0
10.2 9.9
7.9 8.0
BDL =
12.7 12.4
25 3.0
3.4 3.4
4.0 4.1
13.1 135
Ambae

Rep 3 Mean
21 21
22 22
22 21
2.2 2.0
2.6 2.6
23 23
25 24
2.4 23
23 23
23 22
23 22
22 22
21 23
Ambae

Rep 3 Mean
30.1 30.1
30.5 30.3
31.6 32.0
32.1 31.9
35.1 35.3
32.1 32.0
333 32.6
33.4 33.0
27.1 26.5
30.6 30.5
31.2 30.8
32.0 31.7

SD
0.1
0.2

SD
0.0
0.0
14

0.3
0.8
0.3

0.3
0.7
0.1
0.1
0.4

SD
0.0
0.1
0.1
0.2
0.1
0.0
0.1
0.1
0.1
0.1
0.1
0.0
0.2

SD
0.1
0.7
0.8
0.2
0.6
0.2
0.8
0.9
0.5
0.2
0.3
0.3

RSD %
4.56
7.12
33.562
65.12

2.10

7.53
34.04
27.36
10.10
46.86
68.75

RSD %

RSD %
7.98
177

10.44
7.86
7.95
3.27
251

23.23
2.99
3.49
2.82

RSD %
0.71
3.96
4.83
8.10
3.14
0.67
4.65
4.90
241
4.02
2.76
114
8.72

RSD %
0.27
2.16
2.42
0.64
173
0.60
241
271
1.93
0.58
1.06
0.96

Rep 1
18
9.7

148.7

80.3
2223
75.1
52.1
BDL
74.1
60.8
58.3
54.9
50.9

Rep 1
BDL
0.01
0.09
0.03
0.06
0.09
0.07
BDL
0.13
0.08
0.08
0.09
0.06

Rep 1
107
104.3
1600.0
1559.1
14145
1364.7
1086.7
BDL
1459.0
1485.4
1505.4
1425.9
987.8

Rep 1
6.1
6.8
7.6
7.8
858
7.8
7.6
7.8
78
75
7.7
7.6
78

Rep 1
4.4
5.6
8.9
85

14.4

7.4
6.5
3.6
3.6
4.9
5.7

Rep 2
16
211
214.3
80.9
235.1
61.4
57.0
BDL
73.9
86.9
56.6
55.4
60.2

Rep 2
BDL
0.01
0.14
0.14
0.06
0.11
0.07
BDL
0.14
0.10
0.08
0.07
0.07

Rep 2
103
106.5
1610.4
1658.9
14385
1359.1
1142.8
BDL
1464.8
1565.4
14375
1399.7
822.8

Rep 2
6.3
7.0
8.0
7.6
9.1
7.6
8.0
7.9
8.1
7.8
75
75
7.7

Rep 2
41
5.7
9.2
9.0

147

73
6.1
3.6
4.0
4.6
5.6

Kilauea
Rep 3 Mean
1.7 1.7
20.2 17.0
70.3 144.4
67.9 76.4
230.4 229.2
61.8 66.1
55.7 54.9
BDL =
78.2 75.4
60.2 69.3
55.9 56.9
54.0 54.7
107.0 72.7

Kilauea

Rep 3 Mean
BDL -

0.02 0.01
0.07 0.10
0.03 0.07
0.06 0.06
0.09 0.10
0.07 0.07
BDL =
0.14 0.14
0.08 0.09
0.08 0.08
0.08 0.08
0.09 0.07
Kilauea
Rep 3 Mean
10.3 10.4
109.7 106.8

1585.2  1598.5
1559.3  1592.4
1406.2  1419.7
1307.1  1343.6
11046 11114

BDL =
14732  1465.7
15328  1527.9
1488.2  1477.0
1399.8  1408.5

941.5 917.4
Kilauea
Rep 3 Mean
6.3 6.2
6.9 6.9
7.6 7.7
7.6 7.7
9.2 9.1
[25] 7.6
8.1 7.9
7.6 7.8
8.0 8.0
7.7 7.7
7.8 7.7
7.7 7.6
8.0 7.8
Kilauea
Rep 3 Mean
4.5 4.3
6.0 5.8
75 8.6
8.1 8.5
14.7 14.6
7.2 7.4
7.8 75
7.3 6.6
3.9 a47
3.9 3.8
4.9 4.8
5.8 5.7

SD
0.1
6.4
72.1
73
6.5
78
25

24
15.3
12
0.7
30.1

SD

0.01
0.04
0.06
0.00
0.01
0.00

0.01
0.01
0.00
0.01
0.02

SD
0.2
2N
12.6
57.6
16.8
318
28.7

122
40.2
35.3
15.1
85.1

SD
0.1
0.1
0.3
0.1
0.2
0.2
0.3
0.1
0.2
0.2
0.2
0.1
0.2

SD
0.2
0.2
0.9
0.5
0.2
0.3
0.3
0.6
0.1
0.2
0.2
0.1

RSD % Al

5.92 S:L
37.35
49.90

9.60 Leachant
2.82
11.83
4.55

= Time
3.19
22.05
2.16
il,7242)
41.36

RSD % Cr
- S:iL
43.30
36.06
95.26 Leachant
0.00
iRYS)
0.00
= Time
4.22
13.32
0.00
12.50
20.83

RSD % Fe
217 S:iL
2.56
0.79
3.62 Leachant
118
2.36
2.58

= Time
0.49
2.63
2.39
1.07
9.28

RSD % Ni
1.93 S:iL
1.61
3.40
1.47 Leachant
2.29
214
3.33
1.83 Time
222
2.03
2.20
.71
1.95

RSD % Cu
4.41 S:iL
3.67

10.66
5.36 Leachant
1.32
3.93
3.80
9.12 Time
3.35
4.67
3.21
1.60

Whaakari
Mean Sb
1011.2 1169.8

Whaakari

Mean Sb
788.5 1253.7
Whaakari

Mean Sb
693.8 599.6
Whaakari

Mean Sb
1.61 e
Whaakari

Mean Sb
144 1.84
Whaakari

Mean Sb
1,71 1.02
Whaakari

Mean Sb
229.8 290.8
Whaakari

Mean Sb
221.6 398.0
Whaakari

Mean Sb
142.3 175.4
Whaakari

Mean Sb
16.8 1.4
Whaakari

Mean Sb
16.0 3.4
Whaakari

Mean Sb
16.2 0.9
Whaakari

Mean Sb
20.7 6.5
Whaakari

Mean Sb
21.0 10.5
Whaakari

Mean Sb
223 12

RSD %
115.68

RSD %
159.00

RSD %
86.42

RSD %
122.31

RSD %
128.30

RSD %
91.20

RSD %
126.52

RSD %
179.60

RSD %
123.20

RSD %
8.62

RSD %
21.41

RSD %
5.40

RSD %
31.52

RSD %
50.08

RSD %
5.32

Mean
55

Mean
31.4

Mean
17.2

Mean
6.2

Mean
8.6

Mean
6.8

Mean
2.4,

Mean
24

Mean
22

Mean
31.3

Mean
31.9

Mean
31.4

Ambae
Sb
4.2

Ambae
Sb
35.2

Ambae
Sb
21.2

Ambae
SD

Ambae
Sb

Ambae
Sb

Ambae
Sb
6.4

Ambae
SD
3.3

Ambae
Sb
4.7

Ambae
Sb
0.1

Ambae
SD
0.1

Ambae
SD
0.0

Ambae
SD
1.0

Ambae
SD
3.2

Ambae
Sb
0.7

RSD %
75.94

RSD %
112.10

RSD %
123.45

RSD %

RSD %

RSD %

RSD %
102.97

RSD %
38.78

RSD %
69.03

RSD %
4.29

RSD %
3.94

RSD %
1.68

RSD %
3.11

RSD %
10.18

RSD %
225

Mean
61.1

Mean
106.4

Mean
64.0

Mean
0.07

Mean
0.09

Mean
0.08

Mean
930.4

Mean
1335.1

Mean
1334.9

Mean
7.2

Mean
8.1

Mean
7.7

Mean
6.9

Mean
8.0

Mean
6.0

Kilauea
Sb
56.3

Kilauea
Sb
82.3

Kilauea
Sb
7.8

Kilauea
Sb
0.04

Kilauea
Sb
0.03

Kilauea
Sb
0.01

Kilauea
Sb
803.1

Kilauea
Sb
157.4

Kilauea
Sb
243.6

Kilauea
Sb
0.7

Kilauea
Sb
0.6

Kilauea
Sb
0.1

Kilauea
Sb
18

Kilauea
Sb
4.0

Kilauea
Sb
1)

RSD %
92.09

RSD %
77.34

RSD %
12.21

RSD %
58.02

RSD %
37.71

RSD %
10.58

RSD %
86.32

RSD %
11.79

RSD %
18.25

RSD %
9.16

RSD %
7.22

RSD %
1.00

RSD %
26.55

RSD %
50.33

RSD %
31.00



48 h
Mn

110
1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

\

110
1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

Co

110
1:20
1:500
1:1000
WL (24h)
SLF11:100 24h
SLF2
SLF3
SLF4

10 min
1h

4h

48 h

Pb
WL (24h)
zn

WL (24h)

21.4

Rep 1
81.0
66.6
69.3
71.2
82.0
31.2
34.6
31.6
35.8
58.5
49.8
32.7
29.8

Rep 1
0.01
0.12
4.72
5.07
0.86
3.29
3.15
2.80
3.47
3.09
2.90
2.83
3.55

Rep 1
10.27
6.28
8.37
8.90
10.61
2.75
3.05
3.91
2.63
7.13
5.81
2.96
272

Rep 1
0.03

Rep 1
10.1

20.8

Rep 2
81.3
64.8
66.9
69.0
82.3
30.6
33.2
32.0
34.0
61.1
43.4
33.8
29.5

Rep 2
0.02
0.12
4.46
4.97
0.90
BN
3.37
2.78
3.50
3.51
3.00
2.85
3.03

Rep 2
10.41
6.10
8.15
8.71
10.57
272
2.89
3.81
247
7.53
4.58
3.11
2.76

Rep 2
0.02

Rep 2
10.3

21.7

White Island

Rep 3
77.8
65.8
68.7
67.6
85.2
Sing
343
32.7
35.2
59.1
452
33.2
30.1

White Island

Rep 3
0.01
0.13
4.89
5.13
0.89
3.17
3.24
2.88
3.61
3.11
2,93
2.88
3.49

White Island

Rep 3
10.08
6.13
8.60
8.86
10.62
2.75
3.03
3.88
2.58
7.30
4.86
3.03
2.70

White Island

Rep 3
0.02

White Island

Rep 3
10.2

21.3

Mean
80.0
65.7
68.3
69.3
83.2
31.2
34.0
32.1
35.0
59.6
46.1
33.2
29.8

Mean
0.01
0.12
4.69
5.06
0.88
3.20
3.25
2.82
3.53
3.24
2.94
2.85
3.36

Mean
10.25
6.17
8.37
8.82
10.60
2.74
2298
3.87
2.56
7.32
5.08
3.03
273

Mean
0.03

Mean
10.2

0.5

SD

0.9
13
18
18
0.5
0.7
0.6
0.9
13
33
0.6
0.3

SD
0.01
0.01
0.22
0.08
0.02
0.08
0.11
0.05
0.07
0.24
0.05
0.03
0.28

SD
0.17
0.10
0.23
0.10
0.03
0.02
0.09
0.05
0.08
0.20
0.64
0.08
0.03

SD
0.00

SD
0.1

2.24

RSD %
2.45
1.40
1.84
2.63
212
173
2.18
179
2.55
225
7.17
1.66
1.09

RSD %
43.30
4.68
4.62
1.60
2.36
2.60
3.40
1.88
2.09
7.32
1.74
0.88
8.48

RSD %
1.62
1.56
2.69
1.14
0.25
0.63
2.92
1.33
3.20
2.74

12.68
2.47
112

RSD %
10.31

RSD %
1.37

33.1

Rep 1
16.3
17.1
28.1
29.0
30.5
24.2
255
243
25.6
26.9
252
244
25.1

Rep 1
0.08
0.10
0.21
0.16
BDL
0.15
0.15
0.14
0.15
0.03
0.03
0.07
0.17

Rep 1
0.39
0.45
0.60
0.66
0.65
0.55
0.56
0.50
0.58
0.61
0.57
0.56
0.60

Rep 1
BDL

Rep 1
22

317

Rep 2
16.3
17.0
29.2
28.9
31.8
25.0
24.7
25.0
259
26.0
25.6
244
24.1

Rep 2
0.08
0.09
0.21
0.18
BDL
0.14
0.16
0.14
0.15
0.02
0.04
0.07
0.16

Rep 2
0.38
0.42
0.61
0.51
0.68
0.56
0.56
0.51
0.59
0.56
0.56
0.56
0.53

Rep 2
BDL

Rep 2
22

313

Ambae

Rep 3
16.6
17.1
27.8
31.0
31.0
24.6
259
25.1
26.6
26.7
25.6
244
23.7

Ambae

Rep 3
0.07
0.10
0.17
0.18
BDL
0.14
0.16
0.14
0.15
0.03
0.04
0.07
0.18

Ambae

Rep 3
0.38
0.43
0.63
0.70
0.66
0.57
0.58
0.53
0.55
0.60
0.62
0.56
0.51

Ambae

Rep 3
BDL

Ambae

Rep 3

32.0

Mean
16.4
17.0
28.4
29.7
31.1
24.6
253
248
26.0
26.5
255
244
24.3

Mean
0.08
0.10
0.20
0.17
0.14
0.16
0.14
0.15
0.03
0.04
0.07
0.17

Mean
0.38
0.43
0.61
0.62
0.66
0.56
0.57
0.51
0.57
0.59
0.58
0.56
0.55

Mean

Mean
22

0.9

SD

0.1
0.8
12
0.7
0.4
0.6
0.4
0.5
0.5
0.2
0.0
0.7

SD
0.01
0.01
0.02
0.01
0.01
0.01
0.00
0.00
0.01
0.01
0.00
0.01

SD
0.01
0.02
0.02
0.10
0.02
0.01
0.01
0.02
0.02
0.03
0.03
0.00
0.05

SD

SD
0.0

2.94

RSD %
111
0.38
2.68
4.02
2.14
1.53
2.33
178
1.93
173
0.89
0.04
3.00

RSD %
7.53
5.97

11.74
6.66
4.03
3.69
0.00
0.00

21.65

15.75
0.00
5.88

RSD %
151
3.53
2.49

16.07
2.30
179
2.04
2.98
3.63
4.48
5.51
0.00
8.64

RSD %

RSD %
221

8.2

Rep 1
58.5
45.6
80.3
81.4
94.5
69.1
61.7
42.2
733
74.1
73.2
68.9
58.2

Rep 1
0.01
0.09
0.27
0.31
0.01
0.25
0.23
0.16
0.27
0.09
0.12
0.17
0.28

Rep 1
1,20,
118
2.49
254
2.85
221
2.02
1.49
228
241
2.39
224
1,25

Rep 1
BDL

Rep 1
4.8

8.3

Rep 2
60.5
45.4
82.8
84.2
96.7
67.9
65.0
42.9
75.5
75.7
70.0
68.3
54.2

Rep 2
0.01
0.09
0.31
0.33
0.01
0.25
0.25
0.20
0.28
0.09
0.12
0.15
0.28

Rep 2
1.28
1.16
2.67
2.65
291
2.20
212
153
233
254
227
224
1.90

Rep 2
BDL

Rep 2

8.6

Kilauea

Rep 3
60.2
46.8
79.7
79.2
95.0
66.0
63.5
418
75.5
76.1
71.4
68.2
59.0

Kilauea

Rep 3
0.01
0.10
0.28
0.28
0.01
0.24
0.24
0.18
0.29
0.10
0.12
0.15
0.29

Kilauea

Rep 3
.27
117
2.56
2.60
2.87
214
214
1.45
228
2.49
2.36
2.29
1,2

Kilauea

Rep 3
BDL

Kilauea

Rep 3
4.6

8.4

Mean
59.7
45.9
80.9
81.6
95.4
67.7
63.4
42.3
74.8
75.3
715
68.5
S/

Mean
0.01
0.09
0.29
0.31
0.01
0.25
0.24
0.18
0.28
0.09
0.12
0.16
0.28

Mean
.25
117
257
2.60
2.88
218
2.09
1.49
2.30
248
2.34
2.26
1,85

Mean

Mean
4.7

0.2

SD

0.7
i
25
12
16
iy
0.6
13
11
16
0.4
26

SD
0.00
0.01
0.02
0.03
0.00
0.01
0.01
0.02
0.01
0.01
0.00
0.01
0.01

SD
0.04
0.01
0.09
0.06
0.03
0.04
0.06
0.04
0.03
0.07
0.06
0.03
0.05

SD

SD
0.1

2.50

RSD % Mn
178 S:L
1.63
2.07
3.08 Leachant
1,20,

233
2.66
1.36 Time
1.68
1.43
224
0.52
4.51

RSD % Vv
0.00 S:L
6.19
7.26
8.21 Leachant
0.00
234
4.17

11.11 Time
3.57
6.19
0.00
7.37
2.04

RSD % Co
3.02 S:L
0.85
3.53
2.12 Leachant
1.06
1.73
3.07
2.68 Time
1.26
2.64
2.67
1.28
232

RSD %

RSD %
2.67

Whaakari

Mean SD
62.9 185
Whaakari

Mean SD
43.1 225
Whaakari

Mean SD
40.0 12.7
Whaakari

Mean SD
2.62 243
Whaakari

Mean SD
274 1.07
Whaakari

Mean SD
3.12 0.21
Whaakari

Mean SD
7.27 293
Whaakari

Mean SD
4.55 3.42
Whaakari

Mean SD
4.18 2.01

RSD %
29.48

RSD %
52.11

RSD %
31.84

RSD %
92.82

RSD %
38.96

RSD %
6.76

RSD %
40.25

RSD %
75.11

RSD %
48.10

Mean
23.2

Mean
26.4

Mean
25.1

Mean
0.14

Mean
0.15

Mean
0.09

Mean
0.52

Mean
0.58

Mean
0.57

Ambae

6.2

Ambae

26

Ambae

1.0

Ambae

0.05

Ambae

0.00

Ambae

0.06

Ambae

0.11

Ambae

0.05

Ambae

0.02

RSD %
26.81

RSD %
9.75

RSD %
3.79

RSD %
36.75

RSD %
3.39

RSD %
71.89

RSD %
20.77

RSD %
9.47

RSD %
3.18

Mean
67.2

Mean
68.7

Mean
68.0

Mean
0.19

Mean
0.19

Mean
0.18

Mean
1.96

Mean
219

Mean
2.24

Kilauea
SD
15.0

Kilauea
SD
19.2

Kilauea
SD
6.8

Kilauea
SD
0.13

Kilauea
SD
0.11

Kilauea
SD
0.08

Kilauea
SD
0.70

Kilauea
SD
0.50

Kilauea
SD
0.20

RSD %
22.37

RSD %
27.95

RSD %
9.98

RSD %
69.06

RSD %
56.23

RSD %
45.46

RSD %
35.75

RSD %
22.65

RSD %
8.84



Highlights

Investigation of alung fluid leachate method to assess inhal ation hazards of ash.
Element release in leachates is both method-parameter and sample dependent.
Inclusion of lung surfactant is not necessary when assessing ash leachates.

Optimal method parameters are extraction up to 24 h at 1:100 ratio.

Water leach can be used as a conservative estimate of lung bioaccessible

el ements.
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