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Abstract Basaltic fissure eruptions emit volatile and environmentally reactive gases and particulate matter
(PM) into the lower troposphere (e.g., SO,, HCI, and HF in the gas phase; Se, As, Pb as complexes in the PM
phase). Lava flows from fissure eruptions can be spatially extensive, but the composition and fluxes of their
emissions are poorly characterized compared to those from main vent(s). Using uncrewed aircraft systems-
mounted (drone) samplers and ground-based remote Fourier Transform Infrared Spectroscopy, we investigated
the down-flow compositional evolution of emissions from active lava flows during the Fagradalsfjall 2021—
2023 eruptions. The calculated fluxes of volatile trace metals from lava flows are considerable relative to both
main vent degassing and anthropogenic fluxes in Iceland. We demonstrate a fractionation in major gas
emissions with decreasing S/halogen ratio down-flow. This S-Cl fractionation is reflected in the trace element
degassing profile, where the abundance of predominantly sulfur-complexing elements (e.g., Se, Te, As, Pb)
decreases more rapidly in down-flow emissions relative to elements complexing as chlorides (e.g., Cu, Rb, Cs),
oxides (e.g., La, Ce) and hydroxides (e.g., Fe, Mg, Al, Ti). Using thermochemical modeling, we explain this
relationship through temperature and composition dependent element speciation as the lava flow ages and cools.
As a result, some chloride-complexing elements (such as Cu) become relatively more abundant in emissions
further down-flow, compared to emissions from the main vent or more proximal lava flows. This variability in
down-flow element fluxes suggests that the output of metals to the environment may change depending on lava
flow age and thermal evolution.

Plain Language Summary Lava flows, such as those formed during the recent eruptions in Iceland
(2021-2023), emit gases, particles and droplets to the atmosphere. These include an array of different metals,
some of which may be harmful to the environment and human health. In this study, we use drone-mounted
equipment and a remote-sensing spectrometer to collect samples and the measure gases and particles above lava
flows at increasing distances from the vent. Some elements that predominantly bond with sulfur tend to diminish
in abundance as the lava flow ages, while those elements that predominantly bond with chloride increase in
abundance with increasing distance from the vent. By modeling how elements preferentially bond together at
different temperatures, we can explain how different elements behave when emitted from increasingly colder
lava flows. Overall, the quantity of metals emitted from lava flows during the Fagradalsfjall eruption is equal to
or greater than emissions from human-related activity in Iceland during 2021.

1. Introduction

Volcanic emissions from effusive basaltic fissure eruptions consist of major gases (H,O, SO,, H,S, CO,, HCI,
HF) and particulate matter (PM), including an array of metal and metalloid trace elements (Symonds et al., 1987,
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Zoller et al., 1983). Some of these elements, such as As, Cd, Cr, Pb, Se, Tl, and W, are classified as “metal
pollutants” (World Health Organization, 2007) and thus, are both an environmental and air quality hazard for
exposed communities (Stewart et al., 2021). During intense and prolonged activity, the eruptive outgassing of
trace metal and metalloid elements can be comparable to anthropogenic emission fluxes from entire regions and
countries (Ilyinskaya et al., 2021). Metal and metalloid elements are released during magma degassing directly
into the atmosphere, either as free gases, or more commonly, complexed with major gas species to form oxides,
halides (such as chlorides or fluorides), sulfides, sulfates, hydrides, or hydroxides (Mandon et al., 2019; Moune
etal., 2010; Symonds et al., 1992; Zelenski et al., 2021). Upon outgassing at the air interface, metal and metalloid
bearing gases are rapidly partitioned into a particulate phase (defined in this paper as particulate matter (PM))
either via desublimation (gas-to-particle conversion), droplet condensation (Symonds et al., 1987), or scavenging
of metal and metalloid elements by aerosols and ash (Moune et al., 2006). The composition and total emission flux
of metal and metalloid elements are controlled by several factors, including melt composition, oxygen fugacity
(fO,), and the thermodynamic properties of metal/metalloid-containing compounds (Churakov et al., 2000;
Symonds et al., 1987; Symonds & Reed, 1993; Williams-Jones & Heinrich, 2005). Melt composition is a primary
control both on the concentrations of metals themselves, as well as on the availability of key ligand-forming
elements (S, O, H, Cl, F), which are critical to metal speciation and emission (Hinkley et al., 1994; Symonds
et al., 1992; Zelenski et al., 2021). Gas emissions from hotspot basaltic eruptions such as from Kilauea (Hawai'i)
and Holuhraun 2014-2015 (Iceland) are generally lower in Cl relative to eruptions in arc settings, reflecting the
more limited availability of the Cl ligand due to the absence of a recycled slab component (Allard et al., 2016;
Edmonds et al., 2018; Gauthier et al., 2016; Mandon et al., 2019; Mather et al., 2012). Hotspot settings are
generally associated with lower metal fluxes and a higher relative abundance of sulfur-complexing elements such
as Se, Te, and Cd, although few studies have investigated this in the context of rift-dominated systems such as the
Reykjanes Peninsula (Edmonds et al., 2018; Zelenski et al., 2013).

Degassing from the main volcanic vent(s) has been the primary focus of previous investigations (Ilyinskaya
etal., 2017; Mandon et al., 2019; Mason et al., 2021; Mather et al., 2012), and yet basaltic eruptions also generate
extensive lava flows, which can be an additional source of gas and PM emissions (e.g., Thordarson & Self, 2003)
Toutain et al. (1990) found that down-flow sublimate mineral assemblages at Piton de la Fournaise volcano were
dominated by chlorides and fluorides but lacked sulfides, sulfates, or oxides, which were most likely degassed
closer to the vent. They did not link this to individual trace element behavior, however, and instead suggested that
the distribution of elements depends on temperature and element volatility, with the more volatile elements such
as Rb, Cs, Se, Pb and TI being associated with deposits from lower-temperature flows. Previous approaches have
defined metal volatility using either an emanation coefficient (e,) describing the extent to which an element is
released in the gas phase (Edmonds et al., 2018; Pennisi et al., 1988) or an enrichment factor (EF) describing the
degree to which an element is enriched in the volcanic gas and non-silicate aerosol phase relative to silicate
material (Aiuppa et al., 2003; Mandon et al., 2019; Moune et al., 2010). Moderate to highly volatile elements are
defined as having &, > 0.05% (Rubin, 1997) and include elements such as Te, Se, Cd, Pb, As, Ag, and Sn, whilst
more refractory elements include those such as Fe, Ce, La, Ca, and Mg, which have ¢, < 0.001%. Recent advances
in sampling and analytical approaches have prompted renewed study of down-flow degassing evolution, with
analysis of individual trace element evolution, and simultaneous gas measurements at increasing distances down-
flow. Quantification of the magnitude of metal and metalloid emissions from lava flows, relative to main vent
degassing and anthropogenic emissions, is also important for understanding their relative contribution to potential
tropospheric air quality and environmental hazards. This knowledge is particularly important if lava flows extend
kilometers away from the main eruptive vent towards population centers, exacerbating the likelihood of ground-
based exposure to volcanic pollutants such as SO,, PM less than 2.5 um (PM, 5), PM less than 10 pm (PM,,) and
metal and metalloid elements (e.g., Pb, As, Cd) emitted from lava flows.

In this study, we used filter packs mounted on uncrewed aircraft systems (UAS) and Fourier Transform Infrared
Spectroscopy (FTIR) to investigate the at-crater and down-flow emission of gases and trace elements during the
2021-2023 Fagradalsfjall eruptions on the Reykjanes Peninsula. Combined with equilibrium thermochemical
modeling, we demonstrate that element speciation, which shows a dependence on lava temperature, is a key
control on degassing behavior and down-flow fractionation in trace element emissions. Finally, we quantify the
respective fluxes of volatile trace elements from at-crater and lava flow sources, showing that they both equal or
exceed Icelandic anthropogenic emissions in 2021 during periods of active eruptive activity.
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Figure 1. Map of sampling locations. (a) Overview of lava flow extent for the three eruptions included in this study, red
triangles show the locations of active vents. Diamonds show filter pack sampling locations, with darker colors showing at-
vent samples and lighter colors showing samples collected above actively degassing lava flows. (b) Fagradalsfjall 2021—
SFP3, SFP4, SFP8, and SFP12 were collected on separate days with lava samples (SFP3 and SFP8) at 300 and 750 m from
their concurrently active vents (SFP4 and SFP12, respectively). (c) Meradalir 2022—LW17 was collected 150 m from the
vent above a perched lava pond. LW1 and LW2 were both collected above the main active vent. (d) Litli-Hratur 2023—
LHFP3 and LHFP4 were collected on the same day at 1.4 and 1 km from the vent (LFP8), respectively, with LHFP9 collected
subsequently at 250 m from the vent.
2. Geological Context
2.1. The Fagradalsfjall Eruptions 2021-2023
The three eruptions included in this study (2021 Geldingadalir, 2022 Meradalir and 2023 Litli Hrdtur) occurred
within the Fagradalsfjall volcanic system, which is one of six volcanic systems in the Reykjanes Volcanic Zone on
the Reykjanes Peninsula (See Figure 1 and Einarsson & Sigurgeirsson, 2019). Prior to the eruption in 2021, the
Fagradalsfjall system had been dormant for 6,000 years, while the wider peninsula had 800 years of quiescence.
The 2022 and 2023 eruptions migrated progressively NE compared to the location of the 2021 eruption, although
all fissures had a similar NE-SW strike and were located within ~5 km of each other.
2.1.1. Geldingadalir 2021 Eruption
Following a 14-month period of seismic unrest (Barsotti et al., 2023), the 2021 Fagradalsfjall eruption began on
the 19th March (Halldérsson et al., 2022; Sigmundsson et al., 2022). The eruption continued for 6 months and
WAINMAN ET AL. 30f22
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progressed through four stages of activity (stages defined by Barsotti et al., 2023; Pedersen et al., 2022). The
earliest stage (Phase I: 19th March—5th April) was characterized by effusive activity from a single vent, followed
by the opening of additional vents (including vents 2, 3, and 5 from which gas emissions were measured with
FTIR, see Section 3.3 below) during Phase II (5th April-27th April). The composition of the lava changed
significantly during the first 50 days of the eruption (between Phase I and Phase II) from a depleted low K,O/TiO,
composition to one that was more enriched, with a higher K,O/TiO, ratio (Hallddrsson et al., 2022). During Phase
III (27th April-28th June) activity was again concentrated to a single vent before the intensity of activity
decreased during Phase IV (28 June—18 September) and lava effusion from the main vent became cyclical. All
phases of activity were associated with the emission of a plume of gas (Pfeffer et al., 2024) and PM from the main
vent(s) as well as lava flows extending several kilometers from the main crater(s). The mean lava thickness for the
eruption exceeded 30 m, covering 4.8 km? with a bulk volume of 150 + 3 x 10° m* (Pedersen et al., 2022). The
mean bulk effusion rate varied between phases of the eruption, ranging from 1 to 8 m*/s in March—April and
increasing to 9-13 m*/s in May—September (Pedersen et al., 2022). Volcanic plume samples presented in this
work were collected on 23rd March 2021 (SFP3 and SFP4, Phase I) and 6th April 2021 (SFP8 and SFP12), Phase
II). Figure 1 shows lava flow and sample location maps.

2.1.2. Meradalir 2022 Eruption

On 3rd August 2022 an eruption began at Meradalir, ~1 km to the NE of the previous eruption site on the
Reykjanes Peninsula. After the initial fissure opening, activity became localized to a single vent, which was active
until 21st August 2022. The effusion rate was initially 32 m*/s during the first hours of the eruption, then waned to
an average of 11 m*/s between 4th and 13th August and decreased further to 3—4 m?/s between 13th and 15th
August (Gunnarson et al., 2023). Lava flows between 5 and 15 m thick extended up to 2 km into the Meradalir
valley, although they were less laterally extensive than flows formed in the 2021 eruption, with a perched lava
pond of 20-40 m thickness forming around the active crater. One lava flow sample was collected above a visibly
degassing vent on the edge of the lava pond on 19th August 2022 (LW17) and two above vent samples were
collected (LW1 and LW2) on 16th August 2022—see Figure 1 and Table 1.

2.1.3. Litli-Hratur 2023 Eruption

On 10th July 2023 an eruption started near Litli-Hrttur ~2 km to the NE of the 2022 Meradalir eruption and
continued until 5th August 2023. Multiple eruption fissures stretched over 1 km with an initial effusion rate of up
to 50 m>/s during the first day of the eruption (Global Volcanism Program, 2023). The fissure quickly reduced to
form a single active cone with an average effusion rate of 9—13 m>/s for the first several weeks of the eruption,
before decreasing to 3-4 m*/s by early August (Global Volcanism Program, 2023). Lava flowed generally
southwards, laterally extending toward the lava from the Meradalir 2022 eruption, although several crater rim
collapses led to lava flowing toward the north and west of the crater. Extensive wildfires were also generated
where lava flows ignited moss that covered much of the landscape in this region. Three samples were collected
above laterally extending lava flows on 13th July 2023 (LHFP3 and LHFP4) and 19th July 2023 (LHFP9) and
above the active vent on 19th July 2023 (LHFPS); see also Figure 1 and Table 1. Samples in 2023 were collected
upwind of nearby wildfires to minimize contamination of the filters by wildfire pollution.

3. Sampling and Analytical Methods
3.1. Filter Pack Sampling

Filter packs mounted on UAS (DJI Matrice 600 Pro in 2021, DJI Matrice 300 RTK in 2022 and 2023, see
Supporting Information S1 for full drone set up) were used to collect in situ samples of gases and aerosol PM
above degassing lava flows. Total sampling duration ranged from 15 to 70 min, although due to UAS battery life
limitations, most samples were the cumulation of multiple flights to the same location (see Table 1). The UAS
hovered as close as vertically possible (~20-60 m) above the lava surface where lava outgassing was visible,
limited by the heat from the lava flows. Samples were collected at a range of distances from the main vent, from
200 m to 1.4 km down-flow across the three sampling years. A Multi-GAS instrument from the University of
Palermo (Aiuppa et al., 2005; Liu et al., 2020, the same unit type used in Burton et al., 2023) was co-located on the
drone for simultaneous time-series measurements of SO, concentrations (time resolution 1 Hz). The Multi-GAS
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Table 1

Overview of Sampling Measurements Collected in This Study

Filter packs

Sample ID Sampling date Lava flow style Distance from vent (m) Plume volume pumped (L) Filter pack set up Number of flights On-board MultiGAS

SFP3 23/03/2021  Lava (Linear) 300 149 3G + PM 2 Yes
SFP4 23/03/2021  At-crater <100 117 3G + PM 1 Yes
SFP8 06/04/2021  Lava (Linear) 800 171 PM Only 3 Yes
SFP12 13/04/2021 At-crater <100 493 PM Only 4 Yes
LWI1 16/08/2022  At-crater <100 830 3G + PM 3 Yes
Lw2 16/08/2022  At-crater <100 176 3G + PM 1 Yes
LW17 21/08/2022  Lava (Ponded) 150 248 PM Only 1 Yes
LHFP3 13/07/2023  Lava (Linear) 1,400 5277 3G + PM 3 No
LHFP4 13/07/2023  Lava (Linear) 1,000 548" PM Only 3 No
LHFP8 19/07/2023  At-crater <100 514 PM Only 2 Yes
LHFP9 19/07/2023 Lava (Linear) 250 52.3 3G + PM 2 Yes
FTIR

Source name Date Measurement Type Description Range from source (m)
5A 4/14/2021 At-crater SA center top vent 154 £3
S5A 4/14/2021 At-crater 5A right top vent 152 +3
5B 4/14/2021 At-crater 5B left wall vent 1552
5B-L 4/14/2021 Lava (Linear) 5B bottom where lava running out 143 £ 3
5A-L 4/14/2021 Lava (Linear) 5A main outflow 129 £ 3
5AB-M 4/14/2021 Lava (Linear) 5A and 5B merging lava rivers 103 £3
3-L 4/14/2021 Lava (Linear) top of new lava river left side of 3 161 £ 4
B 3/23/2021 At-crater main vent intermittent lava spatters 187 = 11
A 3/23/2021 At-crater 2nd vent 175+ 4
D 3/23/2021 Lava (Linear) fast flowing lava channel end margin 280 = 12
E 3/23/2021 Lava (Linear) high speed lava channel 195 =2
C 3/23/2021 Lava (Linear) lava flow right side of cone 277 = 8

Note. Sheet S2 in Data Set S1 has an expanded version of filter pack sample metadata and Sheet S6 in Data Set S1 has expanded FTIR metadata. Raw MultiGAS files are
included in Sheets S14-16 in Data Set S1. *Simultaneous Multi-GAS data was not collected on two flights in 2023; hence, no in-plume correction has been applied.
Plume volume and plume sample duration therefore refer to total volume and total sample duration. PM Only = single PTFE filter loading in filter pack.
3G + PM = PTFE filter on first stage with three gas filters on subsequent stages.

contains SO, and H,S electrochemical sensors (T3ST/F-TD2G-1A and T3H-TC4E-1A; both City Technology)
and is calibrated for 0 to 200 ppmv and O to 50 ppmv, respectively—see Liu et al. (2020).

Mounted filter packs consisting of four stages were used in two different configurations: either containing just one
filter for PM collection (PM Filter specifications: Whatman™ WTP polytetrafluoroethylene (PTFE) 47-mm
diameter, pore size 1.0 pm) or with an additional 3 filters loaded behind the first PM filter for gas collection
(Gas Filter Specifications: Whatman™ Quantitative Filter Papers, Ashless, Grade 41, 55-mm diameter (2021)
and 47-mm diameter (2022), Millipore 47-mm diameter absorbent pads (2023)). The filters for gas collection
were impregnated (5% K,CO; + 1% glycerol in 2021, 5% KOH + 1% glycerol in 2022 and 2023) shortly prior to
use (Ilyinskaya et al., 2017; Mason et al., 2021). Base treatment of gas filters allows for the capture of acidic gases
such as SO,, HCI, and HF by reaction and conversion to their anions SO427, SO327, Cl™, and F. Gas filters were
considered saturated if >10% of total SO,>~ was present on the final gas filter stage (as defined by Mason
etal., 2021). All gas filters collected in 2021 were saturated, and thus we decided to use KOH rather than K,CO;
impregnation for the gas filters in 2022 and 2023. Gas filters in 2022 and 2023 did not saturate despite being
exposed to comparable SO, concentrations across similar flight durations. Airflow through the filter pack was

WAINMAN ET AL.

5of22

85UB017 SUOWILLIOD dA TR0 3|qeal|dde ay) Ag pausnoh ae Sl VO ‘38N JO S3INJ 10y ARl 8UlUQ AB|IM UO (SUORIPUOD-PUe-SLLLIB) WD A3 1M Aleig 1 Pul|uo//Sd1Y) SUORIPUOD Pue SW | 8U} 835 *[5202/T0/90] uo ARiqiauliuo A1 159 L Ad 228TT00DY202/620T OT/10p/wod A3 | im Ateid et |uo'sgndnBe//sdny wouy papeojumod ‘2T ‘¥20Z ‘L20252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011822

generated using an SKC Leland Legacy pump also mounted on the UAS (see Table 1 and Data Set S1 for in-
dividual sample flow rates). The flow rate was set to the highest value that the pump was able to sustain (6-13 L/
min). The highest sustained flow rate varied according to which filter set up was used (i.e., 1 or 4 filters loaded)
and was also sensitive to the curvature of the connective tubing between the pump and filter when mounting the
equipment on the drone. Immediately after sampling, filter packs were sealed using Parafilm to prevent particle
loss and contamination during transport.

Time-averaged in-plume SO, concentrations were calculated using the co-collected Multi-GAS SO, timeseries,
excluding data <0.5 ppmv (the baseline between in-plume peaks in SO,) within the known flight-time window.
Mason et al. (2021) and Edwards et al. (2024) use background thresholds of 1 ppmv and 1.3 ppmv, respectively.
Using alternative baselines of 0 and 1 ppmv resulted in a difference of less than 1% in our corrected in-plume
flight times. The time averaged SO, concentrations should be viewed as minimum values as some in-plume
measurements were made when SO, concentrations were above the maximum detection limit of the sensor
(saturation occurred at ~220 ppmv, % of time above Multi-GAS saturation recorded in Data Set S1). The total
time filter packs spent inside the aerosol plume (defined as SO, > 0.5 ppmv) was used to correct for the total
plume volume sampled by the filter packs.

3.2. Extraction and Compositional Analysis

The samples were handled in a class-10000 clean lab environment at the Institute of Earth Sciences, University of
Iceland and the School of Earth and Environment, University of Leeds. Gas and PM filters were extracted
following an established procedure (Ilyinskaya et al., 2021; Mason et al., 2021). All filters were cut into quarters
and transferred to acid-cleaned 50 ml centrifuge tubes using acid-cleaned metal-free scissors and tweezers prior to
the extraction process.

Gas filters were leached in 20 ml Milli-Q (>18.2 MOhm, MQ) water and 250 pl H,O, (to oxidize collected sulfur
species to sulfate) and then shaken for 20 min. 1.5 ml from these solutions was pipetted for anion concentration
measurements by ion chromatography (IC) at the Department of Geography, University of Leeds (on Thermo
Dionex ICS5000) and Institute of Earth Sciences, University of Iceland (on Thermo Dionex 1CS2000).

Material collected on PM filters was extracted using a two-stage sequential leaching method (Ilyinskaya
et al., 2021; Mason et al., 2021). The water-soluble PM fraction was first extracted in 20 ml MQ water +200 pl
propan-2-ol (to reduce the hydrophobicity of the PM filters), shaken and placed in a sonic bath (20 min each),
before being centrifuged at 3,000 rpm for 20 min. 10 ml of the solution was then pipetted to 15 ml acid-clean tubes
for analysis by ICP-MS/MS (Agilent 8800), with another 1.5 ml pipetted for IC analysis (as described for the gas
filters above). The remaining solution and filters were transferred to an acid-cleaned 22 ml PFA vial. 5 ml UPA
grade concentrated HNO; was added to the PFA beaker and samples were dried on a hot plate at 55°C. 1 ml UPA
grade concentrated HNO; and 1 ml UPA grade concentrated HF were pipetted to the solid residue and refluxed for
3 hr at 110°C with lids on the PFA beakers. The lids were then removed and the samples dried at 55°C. 10 ml UPA
grade concentrated HNO; was then pipetted to the solid residue and refluxed on a hot plate at 90—100°C for 3 hr.
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 55°C and 0.5 ml UPA grade concentrated HNO; was
pipetted to the final solid residue and refluxed at 90-100°C for 1 hr to get the sample back into solution. 10 ml MQ
was pipetted into the PFA beakers and then transferred to an acid-cleaned sample tube for analysis by ICP-
MS/MS.

PM filter samples and blanks were analyzed for major and trace elements by ICP-MS/MS in the School of
Environment, Earth and Ecosystem Sciences at the Open University, UK. Field, lab, and filter blanks were used to
quantify the level of contamination at all stages of the sampling and extraction process and were found to be
negligible (see Figure S3 in Supporting Information S1 for blank comparison). Synthetic calibration standards
were doped with the same solution matrix as samples in order to eliminate ionization effects (particularly with
samples containing propan-2-ol). Ionization effects were monitored by running an on-line internal standard
throughout all measurement sessions. Elements were analyzed using a triple quad set up with different collision
gas modes (no gas, O,, and NH;) to minimize polyatomic and isobaric interferences. This allows for lower
detection limits and improved accuracy across the range of elements analyzed.
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Using ground mass major and trace element compositions from each of the three eruption years as representative
silicate ash compositions (see Section 3.4 for details of groundmass analysis), a weighted ash fraction (WAF)
calculation (Aiuppa et al., 2003) was also performed for filter pack trace element concentrations in this study. The
WAF calculation assumes that the concentration of volatile element A on the filter is derived from two volcanic
components - silicate ash and non-silicate aerosol - and was performed as a check on the relative contribution of
silicate ash and dust to overall element concentrations on the filters (see Data Set S1 for full details of the
calculation). Across all samples, the proportion of ash X, on the filter by weight was <1 x 107> (Table S1 in
Supporting Information S1). Given the very small contribution of silicate ash, we use non-ash corrected element
concentrations in the main body of this work to allow for inclusion of a greater array of trace elements. Figure S7
in Supporting Information S1 shows a comparison of non-ash-corrected and ash-corrected data with minimal
differences in element concentrations across all samples.

3.3. Gas Composition Retrieved From FTIR Spectra

Selected gas ratios (SO,/HCI, SO,/HF, HCI/HF, mol/mol) and gas composition data (SO,, HCI, HF, H,O, CO,,
mol%) were obtained using open-path Fourier Transform Infrared FTIR spectra throughout the 2021 Fagra-
dalsfjall eruption. Data included in this study were collected on 23rd March (vent measurements previously
reported in Halldérsson et al. (2022) and 14th April 2021 (which are the most closely aligned with our aerosol
samples) from within 300 m of vents 2, 3, and 5 (overview of measurements performed in Table 1, major gas data
reported in Table 2). The open-path spectra were collected with a MIDAC FTIR spectrometer equipped with a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector and 3-inch Newtonian telescope with a
10 mrad field of view. Interferograms and single beam spectra were collected at 0.5 cm™" resolution approxi-
mately every 2 s. Examples of collected spectra from the same eruption on a different day are shown in Scott
et al. (2023). The column amount of gases contributing to the measured spectra was determined using the
Reference Forward Model (Dudhia, 2017) to simulate absorptions of target volcanic and atmospheric gas mol-
ecules in a specified spectral range using line parameters taken from the HITRAN database (Rothman
et al., 1998). The model uses a two-layer atmosphere species reflecting a short path through a warm plume
containing volcanic gas species and cooler ambient air for the rest of the path between the spectrometer and
infrared source (Burton et al., 2007). The volcanic gas temperature was set between 450 and 400 K for the vent
measurements and between 320 and 350 K for the lava flow measurements, using the temperature-dependent
vl + 3 feature at 2450-2550 cm™" to estimate gas temperature (La Spina et al., 2015; Smekens et al., 2024).
This temperature range reflects the rapid cooling of the volcanic gas as it mixed with the atmosphere. The cal-
culations were conducted using the FTIR FIT software (Burton et al., 2007). The wavebands selected for retrieval
were 2,020-2,150 (for CO,, H,0), 2,450-2,650 (SO,), 2,600-3,100 (HCI), and 4,000-4,100 cm™" (HF). Gas
ratios (SO,/HCI, SO,/HF, and HCI/HF) were obtained for each measurement by averaging retrieved column
amounts for a given data set (e.g., the mean and SD of SO, molecules cm™ divided by HCl molecules cm™2). To
calculate gas composition (mol %), corrections for ambient air, H,0O, and CO, column amounts were performed
by linear regression and subtracting the y-intercept from the retrieved column amounts. Gas ratios for at-vent and
above flow measurements are reported in Table 2 and gas compositions, used for thermochemical modeling input,
are reported in Sheet S6 in Data Set S1.

3.4. Groundmass Major and Trace Element Composition

Matrix glass samples from all three eruption years were analyzed for major and trace elements via JEOL JXA-
8230 SuperProbe electron probe micro-analyzer (EPMA) at the Institute of Earth Sciences, University of Ice-
land and LA-ICP-MS/MS (Agilent 8800) at the Open University using analytical techniques outlined in Jenner
and O’Neill (2012) for trace elements. Ag analysis was done by line scan on matrix glasses with the same
approach as described in Wieser et al. (2020) for Se analysis in melt inclusions. The ZrO interference correction
was done as described in Reekie et al. (2019), with reference material analyses for Ag from Jenner et al. (2015).
These analyses were undertaken to determine the ash composition for each eruption (see Sheets S9 and S10 in
Data Set S1).

3.5. Liquid-Only Thermometry

Liquid-only thermometry was performed using Thermobar (Wieser et al., 2022), using the major element con-
centrations from samples for all three eruption years (for details of major and trace element analysis see

WAINMAN ET AL.

7 of 22

U801 SUOWILLIOD BANIER.D) 3|cfeoldde a4} A PeUIAOB a2 311 YO ‘B8N JO Sa|NJ 10} Aeiq T aUIIUO AB|IA UO (SUIO IPUOD-PUE-SLLBIWIOD"AB | I ARG PUI|UO//ScY) SLOIPUOD PUe SWie 1 au) 885 *[5202/10/90] Uo AreiqiTauliuo A|1M 89 L Ad ZZ8TT00DY202/620T OT/10p/wo0 A im Akelqjpul|uo'sqndnbe;/sdny WwoJy papeojumoq ‘ZT ‘20z ‘£2025eST



~I1
A""l Geochemistry, Geophysics, Geosystems 10.1029/2024GC011822
AND SPACE SCIENCES
Table 2
Overview of Gas Ratios Measured Using FTIR and MultiGAS At-Vent and Above Lava Flows
SO,/HCl1 SO,/HF H,S/SO,

Date of measurement Measurement type Figure 2 ID mol/mol mol/mol mol/mol

FTIR—this study
4/14/2021 Crater 5A 23.3 52.5 -
4/14/2021 Crater 5A 23.0 76.7 -
4/14/2021 Crater 5B 14.8 37.0 -
4/14/2021 Above flow SB-L 12.6 322 -
4/14/2021 Above flow SA-L 11.3 24.3 -
4/14/2021 Above flow 5AB-M 10.0 23.3 -
4/14/2021 Above flow 3-L 10.0 20.0 -
3/23/2021 Crater B 75.0 125.0 -
3/23/2021 Crater A 114.0 228.0 -
3/23/2021 Above flow D 22.4 55.3 -
3/23/2021 Above flow E 14.4 18.7 -
3/23/2021 Above flow C 11.6 29.5 -

FTIR—Halldorsson et al. (2022)
23/3/2021 Crater - 65.3 261.0 -
25/3/2021 Crater - 59.2 98.7 -
25/3/2021 Crater - 67.8 169.5 -
25/3/2021 Crater - 75.4 125.7 -
31/3/2021 Crater - 30.9 72.0 -
31/3/2021 Crater - 332 39.8 -
31/3/2021 Crater - 31.9 55.8 -
5/4/2021 Crater - 49.7 139.2 -
5/4/2021 Crater - 45.4 63.6 -
5/4/2021 Crater - 48.8 113.9 -
5/4/2021 Crater - 51.6 137.7 -

MultiGAS—this study
23/03/2021 Above flow 300 m from vent - - 0.15
13/04/2021 Crater - - - 0.29
23/03/2021 Crater - - - 0.00
16/08/2022 Crater - - - 0.23
16/08/2022 Crater - - - 0.19
19/07/2023 Above flow 250 m from vent - - 0.21

Note. Changes in SO,/Halogen ratios down-flow are shown in Figure 2. Data from Halldérsson et al. (2022) is included for
comparison between at-vent FTIR measurements. For both data sets SO,/Halogen ratios fall within the same order of
magnitude and show similar ranges between measurements. SO,/HCI on the 14th April in notably lower than previous
measurements (both in this study and in Halldérsson et al., 2022) reflecting the changing lava composition between Phase I
and Phase II of the 2021 eruption. FTIR measurements reported in this study are split by sampling date and ordered by
increasing distance from vent (all within ~300 m).

Supporting Information S1). Calculations were performed using Equations (15) and (22) from Putrika (2008),
Equation (6a) from Sugawara (2000), and Helz and Thornber (1987). For the 2021 eruption, the calculated
temperatures ranged from 1164°C to 1193°C, 1164°C to1185°C in 2022, and 1162°C to 1187°C in 2023 (£30°C,
See Table S2 in Supporting Information S1). No liquid only thermometry has been calibrated specifically for
Iceland and thus multiple globally calibrated thermometers were used to assess the sensitivity of calculated
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temperatures to the chosen thermometer. Temperatures were consistent within error of one another across all
samples and equations (See Table S2 in Supporting Information S1). The samples used were either airfall tephra
or quenched lava samples collected close to the active fissure or vent and thus constrain a minimum eruptive
temperature of 1180°C + 30°C (used as the input for HSC thermochemical modeling below).

3.6. Thermochemical Modeling

The Gibbs free energy minimization (GEM) module of HSC chemistry (version 9.9.2, Outotec Research Oy,
Finland) was used to model equilibrium gas phase element speciation in the lava flow emissions. Model inputs are
major and trace species gas concentrations (kmol), pressure, temperature and the phases expected in the aerosol
plume (see Symonds & Reed, 1993, Gerlach, 2004, Martin et al., 2006 for detailed description of the model and
Mason et al., 2021, Mandon et al., 2019 for more recent applications). Trace element speciation in the aerosol
emissions of a degassing lava flow was modeled under the following conditions: major gas concentrations (e.g.,
S0O,, CO,, H,0, H,S, HCI, HF) were derived from FTIR measurements collected on 14th April 2021 (sample SA
for at-crater and sample SAB-M for lava conditions in Figure 4), trace element concentrations from FP sample
SFP3 (collected above lava flow) and SFP4 (collected at-crater), 1 bar pressure, and temperature range of 400—
1200°C to investigate the temperature dependence of element speciation. See Sheet S7 in Data Set S1 for all input
conditions and Sheet S8 in Data Set S1 for the full modeled output list of species expected in the plume.

Species modeled in this study are limited to the gas phase to investigate element speciation at the point of emission
at the lava-air interface, and therefore the role of speciation behavior in the relative volatilization of different trace
metals from lava flows as they cool and age down-flow. Gas phase-only modeling was also performed by Mason
et al. (2021), and Mandon et al. (2019). As such, similarly limiting our modeling to the gas phase allows for
comparison of metal and metalloid speciation between rift dominated (Fagradalsfjall, this study) hotspot
(Hawai'i; Mason et al., 2021) and arc (Yasur, Mandon et al., 2019) settings, respectively.

Mason et al., 2021 previously investigated the effects of mixing with the atmosphere on element speciation
behavior by increasing the amount of oxygen inputted into their model over a series of steps to account for an
increasingly dilute plume. They found that once a “compositional discontinuity” (around 15 mol% air) was
reached, the speciation behavior of certain elements may be altered (i.e., from a sulfide to a chloride). We choose
not to include post-emission mixing with air in our modeling approach as the focus of this study is to investigate
the relationship between the emission behavior of different elements in thermally and compositionally evolving
flows and the speciation of those elements at the point at which they are emitted. The concentration of a given
element measured on the filter is not affected by the speciation of that element when it is collected (i.e., Zn is
measured as Zn irrespective of being ZnS or ZnCl). This means that post-emission changes in speciation (due to
mixing with external air) do not affect our comparison between element speciation at emission (from modeling
results) and relative behavior in down-flow emissions (collected via filter pack sampling. We do account for
increased oxidation of the lava down-flow, however, by increasing the SO,/H,S ratio between vent and lava in our
model inputs.

In Section 4.1, modeling is performed over the 400—1200°C temperature range, where the decrease in temperature
reflects cooling of the lava (i.e., a lower emission source temperature) rather than the cooling of a single packet of
gaseous plume due to mixing with ambient air. Modeling was performed down to the 400°C to account for the
widest range of cooling of the lava flows. Nonetheless, crystallization of basaltic glass occurs in air at ~840°C
(Burkhard, 2005) with the glass transition occurring at ~730°C (Ryan & Sammis, 1981). Below 700°C, the flows
will therefore be almost completely solidified. Fractures in the lava flow may facilitate continued outgassing,
although the magnitude of emissions from nearly solidified lava flows is likely to be much lower than from fully
molten moving flows. The effect of this degree of cooling on the emission of trace elements remains uncertain, for
example, the extent to which trace elements can diffuse through the remaining melt and be outgassed from nearly
solidified lava flows.

4. Results
4.1. At-Vent and Down-Flow Degassing of Major Gas Species

As shown in Figure 2, FTIR measurements, from both crater and lava flow emissions, reveal a decrease in SO,/
halogen gas ratios with increasing distance from the crater during the 2021 eruption. These measurements were
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Figure 2. FTIR measurements collected within 300 m of source at-vent and adjacent lava flow locations during the 2021 eruption. Panel (a) shows annotated photograph
of vent 2 (23/03/21). Panel (b) shows annotated photographs of vent 5 (14/04/21). Panels (c) and (d) show SO,/halogen gas ratios in mol/mol, with lava flow
measurements ordered on the x-axis by increasing the distance from vent. Green squares show SO,/HCl ratios and purple squares show SO,/HF, both of which are lower
in lava flow measurements compared to main vent degassing and decrease as lava flow distance from the active vent increases.

performed at two active craters and several down-flow locations close to the active craters, as detailed in an-
notations on Figure 2 and Sheet S4 in Data Set S1). In Figure 2, measurements from degassing lava flows are
ordered by increasing distance from their respective vents, although there was some potential mixing between
lava flows from the multiple craters that were active in close proximity during sampling. For both data sets, SO,/
HCI and SO,/HF molar ratios are higher at-vent compared to lava flow measurements (see Table 2). On 23rd
March 2021, the average at-vent SO,/HCI ratio was 93 = 18 mol/mol, whilst the average SO,/HF ratio was
216 £ 50 mol/mol. On 14th April, these ratios were significantly lower, with an average SO,/HCl of 20 £ 4 mol/
mol and SO,/HF of 55 + 18 mol/mol. Both data sets show a decrease in SO,/halogen ratios along flow, with the
most distal SO,/HCI and SO,/HF ratios decreasing to ~10 mol/mol and ~20 mol/mol, respectively. Figure 2
shows that HCI/HF also decreases with increasing distance from the vent (gray squares), suggesting a relative
increase in HF outgassing in the more distal lava flows. Since all FTIR measurements were collected above
relatively young lava flows within 300 m of an active vent, it remains unclear to what extent SO,/halogen ratios
would continue to decrease (if at all) in older and more evolved flows.

4.2. Trace Element Emissions

During ICP-MS analysis, 57 elements were measured above detection limits on PM filter samples. At-crater
concentrations ranged from >1 X 107> g/m® for elements such as Mg, Ca, K, Al, Na, Fe, and Se, between
1x 107 and 1 x 1077 g/m® for Ba, Ti, Mn, Ni, Cu, Zn, As, Sn, Pb, Cd, Te, and Ge, and <1 x 10~ g/m? for Li, Cr,
Co, Sb, Cs, T, Ag, and the REE (Sheet S3 in Data Set S1). Element concentrations in samples collected above
outgassing lavas [X],,,, Were normalized to element concentrations in at-crater samples [X],_craer tO COmMpare
relative down-flow depletion in trace element emissions between samples and eruption years. Trace elements
showed a range of relative depletion rates and behaviors (as discussed further in Section 4.2 below. Te, Se, As, Pb,
and Sn consistently showed the highest relative depletion in lava outgassing compared to at-crater emissions, with
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concentrations in the most distal lava FP samples being up to three orders of magnitude lower than in at-vent
emissions. More moderate rates of down-flow depletion are shown by other elements, including Mn, Cu, Rb,
Cs, as well as Ag, Zn, and Cd, which are up to one order of magnitude less abundant in down-flow emissions
compared to at-vent element concentrations. La, Ce, Mg, Fe, Ti, and Al show the lowest relative rates of depletion
down-flow, with comparable element concentrations between at-vent and lava flow emissions.

5. Discussion

We now explore further the behavior of selected elements, considered representative of the range of element
volatilities and speciation behaviors, through thermochemical modeling and discuss our observations in the
context of the degassing behavior of major gases (SO,, HCI, HF). We propose a mechanism where element
speciation plays a dominant role in controlling the down-flow fractionation in trace element emissions from
outgassing lava flows, where the speciation behavior of some elements is dependent on the age and thermal
evolution of the lava.

5.1. Trace Element Speciation Under Lava Flow Conditions

As lava flows are exposed to ambient surface temperatures, they undergo cooling and crystallization. Using at-
crater major gas and trace element input conditions (outlined in Section 3.6 and Sheet 7 in Data Set S1), element
equilibrium speciation was modeled across the 1200°C—400°C temperature range to simulate post-eruptive
cooling of the lava (Cashman et al., 1999) and investigate subsequent changes in element speciation due to
decreasing lava temperature (Figure 3). Liquid thermometry constraints from quenched lava and tephra samples
provided a minimum eruptive temperature of 1180°C % 30°C. As shown in Figure 3, at this temperature, with at-
vent major gas and trace element input conditions, the resultant groups of gaseous complexes are: sulfides (Se, Te,
As, Pb, Sn), chlorides (Cs, Rb, Cu, Ce), hydroxides (Mn, Fe, Al, Ti, Mg), oxides (La), and elemental forms (Ag,
Zn, Cd). Nonetheless, uncertainties in trace element and major gas input conditions are reflected in the ther-
mochemical modeling output, particularly the temperatures at which speciation transitions occur. The sensitivities
of modeled speciation behavior to major gas and trace element input conditions are investigated below; however,
the temperature dependent speciation transitions modeled here should be considered as approximate constraints
on transition temperatures.

As shown in Figure 3, the refractory elements Ti and Al complex predominantly as hydroxides across the whole
temperature range. By contrast, Fe and Mg complex as hydroxides at higher temperatures but transition to
predominant chloride species under lower temperature conditions. La and Ce transition from oxide to chloride
complexing behavior with decreasing temperature, with a further transition at lower temperatures to include an
additional fluoride component. Similar chloride-to-fluoride transition is also seen for elements Cs, Al, Mg, and
Rb with decreasing temperatures. Cu remains complexed as a chloride across the whole modeled temperature
range. Only three elements, Ag, Cd, and Zn, show elemental speciation behavior, although all have a greater
chloride component at lower temperatures. The remaining elements, Pb, Sn, As, Se, and Te predominantly
complex as sulfides across the modeled temperature range, although Pb and Sn show a transition to chloride-
complexing behavior at lower temperatures. By contrast, As shows a higher temperature transition with
increasing oxide component under higher temperature conditions.

In addition to cooling, lava flow gas emissions also undergo compositional changes as they age due to crystal-
lization and associated enrichment of incompatible elements in the residual melts. This includes decreasing SO,/
halogen ratios with increasing distance from the crater (shown with FTIR measurements in Figure 2) as well as
becoming increasingly oxidized as the lava reacts with air down-flow (Lerner et al., 2021). Multi-GAS mea-
surements were used to constrain approximate SO,/H,S ratios (where SO,/H,S reflects the ratio between the
oxidized species SO, and the more reduced species H,S) for at-vent and lava flow emissions. At-vent emissions
had alower SO,/H,S ratio ~6.6 and whilst emissions sampled above the lava had a higher SO,/H,S ratio of ~12.1
reflecting increased oxidation down flow (see Sheet S5 in Data Set S1). To account for variations in gas
composition, thermochemical speciation modeling was repeated at 1180°C under both at-crater (higher SO,/HCI,
lower SO,/H,S) and lava flow (lower SO,/HCI, higher SO,/H,S) gas input conditions. Trace element inputs from
at-crater (SFP4) and lava (SFP3) filter pack samples were also used to account for down-flow changes in element
chemistry. The minimum temperature input was set to 1180°C £ 30°C based on liquid thermometry constraints
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Figure 3. Equilibrium element speciation modeling between 400°C and 1200°C. Input trace element and major gas compositions are from the 2021 at-crater FP sample
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(SFP4) and FTIR vent measurements, input conditions are outlined in full in Sheet S7 (Data Set S1).
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Figure 4. Element Speciation at 1180°C (based on liquid thermometry temperature constraints) under at-crater and lava flow conditions. Input SO,/HCI ratios were

constrained from FTIR (SO,/HCI

crater

= 23 mol/mol, SO,/HCl,,,, = 11.3 mol/mol), and input SO,/H,S from MultiGAS data (H,S/SO, ., = 0.29 mol/mol, H,S/

SO5}4va = 0.15 mol/mol). Modeling was performed using the Gibbs free energy minimization module of HSC Chemistry. Trace element and concentration inputs from
lava flow filter pack (SFP3) and at-crater filter pack (SFP4) from 2021 eruption.

and held constant across both crater and lava inputs to deconvolve the effects of decreasing lava temperature
(modeled above) from the effects of changing composition.

As shown in Figure 4, speciation groupings (by mol%) are broadly similar under both at-crater and lava flow
conditions at 1180°C. Only elements As and Te show a difference in their speciation behaviors; complexing
dominantly sulfides under at-vent conditions to predominantly complexing as oxides (As) and elementally (Te),
respectively, under lava flow conditions. Minor changes in speciation behavior are also observed for Mg, Fe, Ce,
Rb, Ag, and Pb in the form of a small increase (<10%) in the proportion of chloride-complexed species under lava
flow trace element and major gas input conditions. This shift from sulfide to chloride speciation most likely
reflects the decreasing availability of the S*~ ligand (lost to degassing) and relative increase in the availability of
the CI™ ligand as the lava evolves compositionally down-flow, which is reflected in the decreasing SO,/HCl ratio
with distance from vent (Figure 2). Several elements, such as Mg, Al, and Ce, also have a slightly greater fluoride
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Figure 5. Trace element emission evolution along degassing lava flows at the 2021, 2022, and 2023 Fagradalsfjall eruptions. (a) Geldingadalir 2021 eruption and Litli-
Hritur 2023 eruption. (b) Meradalir 2022 eruption, Y-axis shows the lava flow [A],,,, concentration (ug/m? air pumped) normalized to the source concentration [A],yer
at discrete distances sampled along the lava flow ranging from 200 m to 1.4 km (3 samples in 2021, 2 in 2022, and 4 in 2023). The concentrations shown in this figure are
non-ash corrected in order to include the more refractory elements such as Fe, Mg, and Ti, although the ash corrected version is shown in Figure S5 in Supporting
Information S1. The proportion of ash on the filters X, is <1 X 1073 across all samples used in this study and thus, as shown in Figure S5 in Supporting Information S1,
the ash correction has negligible impact on element concentrations. Lava flows in 2021 and 2023 were extending laterally and thus relative distance from vent also
reflects relative flow age within each sampling year. The down-flow sample in 2022 was collected above a degassing vent within a ponded lava field, and thus the close
distance to vent is not necessarily representative of a younger sample age. Element coloring in this figure reflects major speciation behavior modeled for lava flow
conditions at 1180°C, where yellow are the S-complexing elements, pink the elemental, green Cl-complexing, and blue the hydroxide and oxide complexing elements

(see Figure 4).

component when modeled using lava flow compositional inputs (trace elements and gases), although overall the
proportion of fluoride-complexed species for these elements remains minor relative to the chloride and oxide-
complexed component. The increased prevalence of a fluoride complexed component also likely reflects a
relative increase in the availability of the F~ ligand with increasing distance down-flow, shown by decreasing
HCI/HF with increasing distance from vent (Figure 2). Further compositional changes in older, more evolved lava
flows than captured by our measurements and modeling may drive continued progression toward increasing
chloride and fluoride speciation.

Overall, the speciation behaviors identified here in the Fagradalsfjall emissions (both under lava and at-crater
conditions) are consistent with previous modeling work for the Fissure 8 plume during the Kilauea 2018 erup-
tion (Hawai'), with nearly identical complexing behavior across the array of trace elements common to both
studies (Mason et al., 2021). Given the similarities in plume chemistry between the Fagradalsfjall 2021 and
Kilauea 2018 eruptions, it is therefore expected that these similar input chemistries would result in similar model
output speciation results Nonetheless, differences in element speciation behavior are seen when compared to
modeling performed with inputs from arc setting volcanoes. For example, Zn and Pb show elemental and sulfide
speciation, respectively, in both the Fagradalsfjall and Kilauea plumes, but predominantly show chloride
speciation in similar modeling work for the Yasur volcanic plume (Mandon et al., 2019). We propose this dif-
ference can be explained based on the relative availability of $*~ and C1~ ligands. High SO,/HCI mass ratios were
measured in gas emissions from Fagradalsfjall in 2021 (25-40; this study) and Kilauea 2018 (32-35; Mason
et al., 2021), reflecting the absence of a Cl-rich recycled slab component seen at subduction zone volcanoes such
as Yasur (SO,/HCI mass ratio = 5.6-12.8; Mandon et al., 2019), where the Cl~ ligand is more abundant.
Together, this difference in speciation and gas composition highlights the importance of the S2- ligand for metal
transport in rift-dominated settings, as has already been identified at hotspot basaltic volcanoes such as Kilauea
(Mason et al., 2021).

5.2. Down-Flow Evolution of Trace Element Emissions

Figure 5 shows element concentrations in FP samples collected above outgassing lava flows at different distances
from the crater, normalized to at-crater element concentrations. Data sets have been grouped by those collected
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above laterally extending, visibly flowing, red-hot lava (Panel a—all samples in 2021 and 2023) and those
collected above a single vent in a ponded, stagnant lava field (Panel b; 2022). See Figure S3 in Supporting In-
formation S1 for examples of lava flow conditions.

Across all three eruptions, the sulfur-complexing elements (as defined by modeling in Section 4.1) Se, Te, As, Pb,
and Sn (shown in yellow) deplete more rapidly relative to chloride (green), elemental (pink) and oxide/hydroxide
(blue) complexing elements with increasing distance from the source crater. For emissions above red-hot lava
flows, sulfur-complexing elements are up three orders of magnitude lower in concentration than in at-vent
emissions within 1 km down-flow, whilst the concentrations of chloride complexing elements are only one or-
der of magnitude less than in crater emissions at the same distance. For samples collected above the ponded lava
field in 2022, the sulfur-complexing elements show a similar degree of depletion to those samples at ~1 km
distance in 2023 despite being much more proximal to the vent. The relative behavior of chloride-, oxide-, and
hydroxide-complexing elements, however, shows a greater dependence on lava flow style. For example, chloride-
complexing elements Mn, Cu, Rb, and Cs show a relative depletion compared to refractory elements in 2021 and
2023 emissions (above red-hot lava flows) but a relative enrichment compared to the same refectory elements in
2022 where the lava field was ponded. The refractory elements (e.g., La, Ce, Mg, Fe, Ti, Al, shown in blue,
Figure 5) show minimal down-flow depletion above the red-hot lava flows in 2021 and 2023, but are depleted by
up to an order of magnitude in emissions sampled above the ponded lava vent in 2022.

An overall down-flow fractionation between S and CI can be seen both in the behavior of sulfur and chloride-
complexing elements in filter pack samples (Figure 5) and in the decreasing SO,/halogen ratios with
increasing distance down-flow (Figure 2) observed in FTIR measurements. Filter pack samples collected during
the Holuhraun 2014-2015 eruption showed a reduction in S/Cl and S/F ratios from the syn-eruptive gas plume
(analogous to our at-vent samples) to the post-eruptive gas phase (lava flow), which was explained by Rayleigh
distillation and decreasing availability of S in the crystallizing magma (Sigmarsson et al., 2020). Aiuppa (2009)
similarly concludes that lower SO,/HCI and SO,/HF ratios are characteristic of the late stages of volcanic
degassing, where the higher melt solubilities of the halogens mean they are less likely to enter the gas phase
relative to S. Observations of SO, and HCI gas fluxes during the 2008-2009 eruption of Mt Etna and adjacent
periods of quiescence suggest that halogen degassing is driven by prolonged shallow crystallization, whilst S is
lost more rapidly from the melt (La Spina et al., 2023).

Toutain et al. (1990) observed a similar fractionation in S-CI and S-F specifically in degassing lava flows on Piton
de la Fornaise, with an absence of sulfides or sulfates further down-flow, leaving sublimates instead dominated by
chloride and fluoride species. This can be seen in Figure 5 (denoted by bolder dashed lines), where S(PM) de-
creases much more rapidly in down-flow emissions relative to C1(PM) and F(PM) in both 2021 and 2023 samples.
The more rapid depletion of sulfur-complexing elements down-flow compared to other complexes most likely
reflects earlier upstream sulfur degassing where the rapid volatilization and emission of sulfur-complexing el-
ements close to the vent leaves them in low abundances in the silicate melt with little left to degas down-flow.
Both FTIR and trace element concentrations show the highest rate of depletion in S and sulfur-complexing el-
ements within a few hundred meters of the vent, with the rate of depletion then plateauing in the more distal lava
flow samples. However, the higher solubilities of Cl and F in the silicate melt mean that their degassing is delayed
and they remain in greater abundance in the down-flow region (following the accepted sequence of volatile
solubility S < Cl < F in basaltic melt; Carroll & Webster, 1994). Consequently, chloride- and fluoride-
complexing elements continue to degas even in the most distal regions of lava flows. Sigmarsson et al. (2020)
and Toutain et al. (1990) also report a decrease in HCI/HF with increasing distance down flow, which is similarly
seen in our FTIR data (in Figure 2). Nonetheless, there is no indication of a coincident increase in the volatili-
zation and emission of fluoride-complexing elements (such as Al, Cs, Ce, Rb) in the most distal regions down-
flow. This can be explained by speciation modeling under a more evolved lava flow composition (Figure 4),
which shows that although the relative importance of fluoride complexes does increase compared to main vent
emissions, fluorides still remain a minor component compared to chlorides and hydroxides in overall element
complexing behavior. Even with an increase in F degassing down-flow the impact on trace element emissions
would therefore still be limited. The limited role of F degassing may reflect the young ages of the lava flows that
were sampled, and so under more evolved lava flow conditions (older and more degassed), it is possible that
relatively greater emission of fluoride complexing elements such as Ce, Al, Rb, and Cs could be observed with
increasing distance down-flow.

WAINMAN ET AL.

15 of 22

9SUSD| SLOLUWIOD BAIER.D 3|qed ! dde au Ag pausenob a1e s3Il O B8N JO 3|1 10} Aeud173U1IUO 8|1 UO (SUOIIPUOD-PUEB-SWLBI /W0 A8 | 1M Ase1q 1 BU1 UO//SHNY) SUORIPUOD PUe SR L 34} 39S *[G202/T0/90] uo ARidiaulluo AB|IM ‘1S3 Ad 228TT00DY20e/620T OT/I0p/wod™Ad| 1M Atelqputjuo'sgndnfe//:sdny wouy papeojumod ‘2T ‘¥Z0Z ‘LZ02SZST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011822

Toutain et al. (1990) previously identified a down-flow fractionation in trace elements based on element relative
volatility, rather than speciation, where volatile elements such as Rb, Cs, Se, Pb, and TI were detected in low-
temperature deposits, but refractory elements (such as Fe, Mg, Ti, Ce) were not detected. This result was
attributed to the refractory elements not being volatized down-flow at lower temperatures. Figure S6 (Supporting
Information S1) shows Figure 5 with elements colored by emanation coefficient rather than speciation behavior
(description of emanation coefficient calculation in Supporting Information S1, and coefficients included in Sheet
S13 in Data Set S1). Element emission behavior down-flow shows a strong correlation with element emanation
coefficients, although this is unsurprising given the strong link between speciation and volatility (i.e., sulfides and
chlorides are relatively more volatile than oxides and hydroxides). The effects of the volatility fractionation can
also be seen in the filter pack sample from 2022 (ponded lava field), where the relative depletion in down-flow
emissions between chloride and oxide/hydroxide elements is reversed relative to samples in 2021 and 2023 (see
Figure 5), with the chloride group of elements showing relative enrichment compared to oxide/hydroxide ele-
ments in 2022. Sample collection in 2021 and 2023 occurred above red-hot lava flowing laterally away from the
vent, whereas the 2022 sample was collected above an isolated degassing vent that had been present within the
ponded lava field for at least 3 days, with no incandescent lava visible. The 2022 sample therefore likely rep-
resents degassing from the oldest and most evolved lava flow across the three eruptions that we sampled. As the
lava flow cools, the extent to which the most refractory elements (e.g., Fe, Mg, Ti, La) are able to be volatilized
decreases, whilst the more volatile halogen gases (and F- and Cl-complexed elements with them) continue to be
volatized to a greater extent at lower temperatures (volatility fractionation; identified in Toutain et al., 1990).
Nonetheless, volatility alone cannot explain element behavior in 2022. Elements Ce, Ag, Cu, Rb, and Cs all show
similar rates of depletion in downflow emissions; however, they have a wide range of emanation coefficients (Ce
being the most refractory; e = 3.2E-05, and Ag being the most volatile; € = 0.5). Instead the commonality across
that group of elements is their speciation behavior and predominantly complexing as chloride species (as shown
by modeling in Figures 3 and 4 above).

As shown in Figure 5, Ce and Ag also show notably variable behavior across the different eruption years, which
have varied lava flow styles. In 2021 and 2023 (red-hot lava flows), Ce behaves similarly to the other oxide/
hydroxide-complexed elements, whilst in 2022 ponded lava flow emissions, Ce tracks more closely with chloride
complexing elements such as Rb and Cs. Considering the temperature dependence shown by Ce speciation
behavior (Figure 3), this potentially reflects a transition from Ce complexing as an oxide to chloride being the
dominant species as the lava flow cools. When modeled under lava flow rather than crater conditions (Figure 4),
the relative importance of chloride/fluoride speciation also increases for Ce, and thus the later volatilization of C1
and F may further contribute to increased emission of Ce in an older and compositionally more evolved flow. Ag
also shows variable depletion depending on lava flow style, behaving similarly to the elementally complexed Zn
in 2021 and 2023, but then tracking much more closely with the chloride complexing elements Cu and Rb above
the ponded lava field in 2022. As with Ce, Ag also undergoes a speciation transition towards a more dominant
chloride component at lower temperatures (see equilibrium speciation modeling in Figure 3). Given that the vent
within the ponded lava field had been present for several days and did not show visibly incandescent lava, it is
reasonable that this sample represents emissions from a colder and more degassed lava. Lava flow age can
therefore be linked to the thermal evolution and composition of gas emissions, which, as shown by thermo-
chemical modeling, are both key controls on trace element speciation and emission behavior in outgassing lava
flows.

Overall, several transitions in lava outgassing composition are observed within our Fagradalsfjall data set. These
are outlined schematically in Figure 6 and include: (a) predominant degassing of SO, and sulfur-complexing
elements at-vent; (b) a rapid drop off in S emissions as lava flows age and cool, leaving more distal emissions
governed by chloride and oxide/hydroxide degassing; (c) continued cooling means the volatilization of refractory
elements also decreases, leaving the most evolved lava flow outgassing dominated by Cl-gases and volatile
chloride-complexed elements. (d) increasing F/Cl ratios down-flow (also observed by Toutain et al., 1990;
Sigmarsson et al., 2020) suggest there is the potential that even colder and more evolved lava flow emissions may
be dominated by the outgassing of fluoride-complexed elements (such as Rb, Mg, Al Cs, and Ce at lower
temperatures).

The compositional evolution of lava flow emissions from the S-dominated degassing near-vent to an increasingly
Cl- and F-dominated regime down-flow, has implications for different trace metal exposure hazard, which we
suggest may vary depending on lava flow age and thermal evolution. Emissions from the youngest lava flows are
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Figure 6. Schematic diagram of the observed and modeled transitions in the gas and trace element composition of lava flow outgassing emissions. Phases 1, 2, and 3 were
observed in trace element and major gas behavior in this study. At-vent emissions were also dominated by Phase 1. Phase 4 was inferred from speciation modeling and
increasing HF/HCI ratios down-flow (supported by similar observations in Toutain et al., 1990; Sigmarsson et al., 2020). 90% of total volcanic SO, was emitted at the
vent, as calculated below based on lava degassing data from Pfeffer et al. (2024). Atmospheric lofting and long-range transport of elements (up to 50 km) in the main
vent plume were reported by Ilyinskaya et al. (2021) for the 2018 Kilauea eruption (Hawai'i).

likely dominated by trace metals such as Se, Sn, Te, Pb, and As, whilst further down-flow the emission trace metal
profile is dominated by elements such as Cs, Rb, Cu, Zn, and Ce.

5.3. Trace Element Fluxes

The relative fluxes of trace elements from lava flows are more poorly constrained compared to at-vent emissions,
and yet could have important implications for understanding the potential contribution of lava flow outgassing to
overall volcanic emissions, environmental loading, and air quality impacts. Trace element fluxes cannot be
measured directly but can be estimated by combining element X/SO, ratios with independent measurements of
SO, flux:

X
Xiux = SO —. 1
flux Dflux * SO2 ( )

where Xj,, and SO,gq,, are the flux of element X and SO,, respectively, and X/SO, is the concentration ratio of
element X and SO, derived from filter pack and Multi-GAS measurements. SO, fluxes were taken from DOAS
traverse measurements during the 2021 eruption (Pfeffer et al., 2024) across the two periods most closely aligned
with our sampling dates (i.e., the 21/03 and 24/03 span the time window in which our sampling on the 23/03 took
place). The minimum and maximum SO, fluxes were used to calculate upper and lower bound estimates for trace
element emission fluxes and were between 11-99 kg/s SO, flux between 21st and 24th March 2021, and between
21-97 kg/s SO, flux between 13th and 17th April 2021 (from Pfeffer et al., 2024).

Groundmass glass (GG) and melt inclusion (MI) data reported in Pfeffer et al. (2024) were used to estimate the
relative proportions of at-vent and lava flow degassing in 2021, assuming that total volcanic SO, flux is derived
predominantly from at-vent degassing but with an additional lava outgassing component. MI and GG data are
from quenched lava and air fall tephra samples collected during the 2021 eruption (see Pfeffer et al., 2024 for full
methodology). To calculate the relative proportion of at-vent outgassing, we use a bulk approach which subtracts
the average S content of tephra groundmass glass (120 ppm) from the average S content of the undegassed melt
inclusions (960 ppm) divided by the average S content of the undegassed melt inclusions (960 ppm) to get an at-
vent degassing proportion of 88% (£2%—1SD). The relative proportion of lava flow degassing was then
approximated by subtracting the minimum S content of lava sample groundmass glass (40 ppm) from the average
S content of the tephra groundmass glass (120 ppm) and divided by the average S content of the undegassed melt
inclusions (960 ppm). This constrains a relative lava degassing proportion of ~8% (+4%—1SD), although it does
not account for the effects of fractional crystallization down-flow. The proportion of total degassing comprised of
vent and lava sources was therefore taken forward as 90% vent degassing and 10% lava outgassing when
calculating the relative emissions of trace elements from vent and lava below.

The calculated emission rates of selected volatile and potentially toxic trace metals (Cr, Ni, Cu, As, Se, Pb, and
Cd) from volcanic sources during the 2021 Fagradalsfjall eruption are comparable to or greater than equivalent
annual average anthropogenic emissions in Iceland during 2021 (Figure 7; black bars). The elements shown in
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Figure 7. Emission flux estimates from volcanic sources at the Fagradalsfjall 2021 eruption and anthropogenic emissions in Iceland 2021 (Environment Agency of
Iceland, 2023). Volcanic emissions are divided into main vent and lava flow estimates, where, based on petrological estimates, lava flow emissions account for ~10% of
total SO, flux. Trace element fluxes were calculated by combining independent DOAS SO, flux estimates and [X]/[SO,] ratios from filter pack samples SFP3 (300 m)
and SFP8 (800 m)—[X]/[SO,] data reported in Sheet S11 in Data Set S1. Also shown is a comparison of Icelandic volcanic emission fluxes with fluxes from other global
basaltic eruptions. Holuhraun 2014-2015 data from Gauthier et al. (2016). Kilauea 2008 and 2018 data from Ilyinskaya et al. (2021). X/SO, and emission flux data for a
wider selection of elements and gases are included in Sheet S11 in Data Set S1.

Figure 7 were chosen as they are identified as metal pollutants in Iceland (Environment Agency of Iceland, 2023).
Across all seven elements, main vent volcanic emission fluxes (gray bars) were estimated using both upper
(90 kg/s SO,) and lower (10 kg/s SO,) SO, fluxes. During the period of active eruptive activity, the emission rates
(in kg/s) of several elements, such as Cr, Ni, Cu, and Pb, in the main vent volcanic are comparable in magnitude to
anthropogenic emissions, whilst for elements (As, Se, and Cd), volcanic emissions are two to three orders of
magnitude greater than those from anthropogenic sources during the 2021 eruption.

Trace element fluxes from lava flows were also calculated using 10% of the total volcanic SO, flux (from DOAS)
at both an upper (10 kg/s) and lower estimate (1 kg/s). These lava flow SO, fluxes were then combined with
element [X]/[SO,] ratios from one proximal vent (SFP3—300 m) and one more distal (SFP8—800 m) FP sample
to estimate element emission rates. Lava flow emissions of Cr, Ni, and Pb are up to an order of magnitude lower
than main vent and anthropogenic emissions for the lower bound SO, flux but remain comparable in magnitude
under higher SO, fluxes. For elements such as As, Se, and Cd, lava flow emissions remain up to two orders of
magnitude greater than anthropogenic fluxes, even with the lower SO, flux estimate. However, fluxes remain
lower than emissions from the main volcanic vent.

The exception to these observations is Cu, where the estimated flux from the most distal lava flow sample exceeds
those from both the main vent and the more proximal lava flow sample. The higher [Cu]/[SO,] ratio most likely
reflects the more prolonged degassing of chlorides (as Cu predominantly complexes with CI) relative to sulfide
degassing down-flow. The effects of element speciation behavior and the transition toward a more chloride
dominated degassing profile in more evolved lavas can similarly be seen in Ni, Pb, and Cd, where the more distal
lava flow has a higher estimated emission flux of these elements for a given SO, flux. Nonetheless, SO, degassing
does rapidly drop off as lava flows evolve further from the vent. Therefore, whilst lava flow emission fluxes have
been calculated using the same upper and lower SO, bounds, the more distal lava flow likely sits at the lower end
of the estimated SO, fluxes, whereas the more proximal sample is closer to the upper bound SO, flux. As such,
although greater for a given SO, flux, the actual down-flow trace element emission of Cl-complexing elements in
more distal lava flows may not exceed that of the more proximal lava flow emissions. By contrast, the sulfur-
complexing elements (Se, Cd, As) show either greater trace element emission fluxes in the more proximal
lava flow sample or a much smaller difference between the proximal and distal samples. The percentage decrease
in element emissions was calculated between the more proximal (300 m from vent, upper bound of 10 kg/s SO,)
and more distal (800 m from vent, lower bound of 1 kg/s SO,) lava flows for 2021 (Sheet 12 in Data Set S1).
Between 300 and 800 m from the vent, element fluxes decreased to a highly variable extent, between 5% (Nd) and
almost 100% (Zn, Ca, Mo). The sulfur-complexing elements such as Se, Te, Cd, and As showed some of the
greatest decrease in emissions (between 94% and 86% decrease), whilst chloride complexing elements such as Cu,
Rb, and Cs decreased to a lesser extent (between 13%—58%). Fractionation in element emissions is therefore
occurring proximally to the vent, with the rapid reduction in sulfur-complexing elements (~90% reduction)
occurring between 300 and 800 m, whilst the reduction in chloride complexing element fluxes occurs more
gradually, with emissions of these elements persisting further down-flow.
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Compared to anthropogenic activity, which generally leads to continuous emission output, emissions from
volcanic activity cease or are greatly reduced during periods of quiescence. Assessing the significance of volcanic
emissions within Iceland compared with anthropogenic emissions therefore requires consideration of the time-
frame over which emissions are being released. Volcanic sources are most significant over timescales of eruptive
activity, which are typically weeks or months depending on the eruption. Volcanic activity on the Reykjanes
Peninsula has become more frequent over the past 4 years, with eight eruptions occurring between March 2021
and March 2024. The relative importance of volcanic emissions to the atmosphere, on both a regional and national
scale, has therefore increased. Compared to global anthropogenic emissions of trace metals, Icelandic national
sector emissions are however relatively low, with global fluxes being dominated by China, India, Russia, and the
US (Zhu et al., 2020). Emission fluxes from the Fagradalsfjall 2021 eruption were comparable to those from the
Kilauea 2008 (Ilyinskaya et al., 2021) and Holuhraun 2014-2015 eruptions (Gauthier et al., 2016) although much
lower than emission fluxes calculated for the Kilauea 2018 eruption (Ilyinskaya et al., 2021).

During the 2018 Kilauea eruption (Hawai'l) and 2021 Tajogaite eruption (Cumbre Vieja, La Palma), lava flows
progressed toward, and reached, populated areas. Emissions from outgassing lava flows therefore potentially
increased population exposure to volcanic pollutants even when the main plume from the volcanic vent was not
grounding in that area (BBC News, 2021; National Park Service, 2021). Compared to emissions from the main
volcanic vent, which are generally concentrated from a single point source, emissions from degassing lava flows
occur dispersed over a much greater area and so are more dilute as well as less thermally buoyant than the main
vent plume. Trace elements emitted from degassing lava flows are therefore more likely to be concentrated at
ground-level and dispersed more locally (10 s m) than those emitted in the main vent plume (10 s km—see
Ilyinskaya et al., 2021). Whilst this study focused on relatively young lava flows which degassed during ongoing
periods of eruptive activity, lava flows may continue to degas for weeks and months following an eruption and
thus present a prolonged risk to air quality and environmental exposure to heavy metals (Simmons et al., 2017).
The most recent Sundhnikur 2023-2024 eruptions on the Reykjanes peninsula have also occurred with much
higher initial effusion rates (over 1200 m*/s in the first few hours) and in closer proximity to people working
(including the workers building the lava barriers which has even included scraping cooled lava to be used as fill
material in the barriers) compared to the Fagradalsfjall 2021-2023 eruptions. The ongoing frequency at which
eruptions are now occurring on the peninsula (weeks-months), leading to repeated emission of fresh lava flows,
means there is greater potential for localized environmental metal pollution (e.g., in hydrological reservoirs).

6. Conclusions

Using UAS-mounted samplers, we collected particulate matter (PM) and gas samples above outgassing lava
flows at increasing distances from the source during the Fagradalsfjall 2021-2023 eruptions. We find that the
composition of emissions from degassing lava flows evolves as the flow ages and cools:

o Near-vent emissions have high SO,/halogen ratios and are dominated by the outgassing of S-complexing trace
elements such as Se, Te, Pb, As, and Sn, where speciation groupings were defined from thermochemical
modeling.

¢ S degassing rapidly decreases as lava flows age and cool, accompanied by progressively reducing SO,/
halogen ratios. Outgassing is dominated by chloride (Cs, Cu, Mn, Rb), oxide (Ce, La), and hydroxide (Mg, Ti,
Fe, Al) complexed elements.

o Decreasing lava temperatures result in reduced volatilization of the most refractory elements as well as
resulting in a transition in speciation behavior in some elements, such as Ag and Ce. The most distal lava flow
emissions are therefore dominated by CI degassing and Cl-complexed elements.

¢ According to our modeling and previous measurements, the most evolved (oldest, coolest) lava flows tran-
sition further to being dominated by fluoride degassing, with increasing F/Cl ratios down-flow and increased
emission of fluoride-complexed elements (Rb, Cs, Al) as inferred from speciation modeling. This remains a
hypothesis to be tested for these recent Icelandic eruptions.

Overall, these results evidence that the hazard posed by trace metal emissions, particularly in terms of potential
public exposure, is not constant and instead depends strongly on lava age and thermal evolution. Estimated fluxes
of volatile trace metals from degassing lava flows were shown to be only an order of magnitude less than those
from main vent degassing and for a selection of environmentally polluting elements greater than or equal to
anthropogenic fluxes in Iceland. This finding highlights the importance of considering lava flow outgassing in
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total volcanic emissions budgets for basaltic eruptions, where their contribution may have previously been dis-
regarded. The Sundhniikur 2023-2024 eruptions, which remain ongoing at the time of writing, continue to impact
the environment. Protracted degassing from the regular and voluminous lava flows leads to localized contami-
nation by metal pollutants, which is particularly hazardous given the proximity of flow emplacement to sub-
stantial population centers on the Reykjanes peninsula.
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