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Abstract

Volcanic emanations from cooling basaltic lava represent a diffuse and relatively poorly
constrained source of metallic and non-metallic compounds to the Earth’s surface. These
compounds become incorporated in fumarolic minerals and redeposit at the surface of
lava flows before entering the environmental cycle. The semi-volatile and chalcophile
element selenium (Se) can be either vital or toxic to animals and humans. Thus,
understanding the pathways of Se capture and relative concentrations in fumaroles is
imperative for estimating their contributions to soils and aquifers in volcanically active
regions, with implications for animal and human health. In this study, we report Se
concentrations and Se stable isotope composition in a sample suite comprising degassed
and undegassed basalts and various fumarolic deposits (thenardite, Na-K sulfate,
gypsum, fluoride, and native sulfur) fed from degassing lava flows at Piton de la Fournaise
volcano, Réunion Island. Erupted basaltic lavas (136 - 58 ng-g™' Se) lost up to more than
half of their pre-eruptive Se due to subaerial degassing and retained a heavier isotope
composition (88276Se = 0.11 £0.17 %o, 2s.d.) compared to undegassed volcanic glass (138
ng-g' Se and 3%76Se = -0.19 +0.04 %o, 2s.e.). Fumarolic deposits that formed over a
temperature range of ~800-100°C and captured Se from the degassing lava show higher
to very high Se concentrations ranging from 0.54 ug-g-' to 1578 ug-g™! and significant Se
isotope fractionation (58976Se= +0.6 to -2.08 %o). We propose two separate models that
can explain the relative concentration and Se isotope composition of the deposits: 1) A
compound oxidation state-dependent Se incorporation into the various fumarolic minerals,
or 2) Temperature-dependent Rayleigh condensation from a cooling gas triggered by
compound saturation. The Rayleigh condensation model can entirely explain the Se
concentration and isotope composition of the fumaroles and predicts that up to 80 % of
the Se released from the lava is likely to be captured by precipitation to form solid phases
within the lava pile, most dramatically in the coldest deposits below the sublimation
temperature of SeO- (< 315 °C). In contrast, mineral-dependent isotope pathways cannot
fully explain our data, including the lighter Se isotope compositions in the more oxidized
compounds compared to more reduced ones. Such a mineralogical effect cannot be
excluded but further investigations and experimental studies are required in order to
scrutinize and invoke its role. Finally, the environmental impact of these degassing-

induced secondary products will be dependent on the relative compound water solubilities
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resulting in either Se mobilization towards aquifers or accumulation onto developing soils
and plants. Such studies could prove useful for developing risk assessments in
volcanically active regions on our planet, and for reaching a better understanding of the
global continent-ocean Se isotope budget and signature.

Key words: low-temperature volcanic emissions, fumaroles; selenium, Se isotopes; Piton

de la Fournaise; Réunion island
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1. Introduction

Selenium (Se, atomic number 34) is a chalcophile, semi-volatile and redox-sensitive non-
metal that naturally occurs in four valence states: -2, 0, +4 and +6 (Johnson and Bullen,
2004) in low- and high-temperature environments on our planet. Over the past decade,
significant progress has been made to understand the behavior of Se in terrestrial
magmatic systems, especially in conjunction with its chalcophile siblings S and Te (e.g.,
Jenner et al., 2010; Lissner et al., 2014; Edmonds and Mather, 2017; Yierpan et al., 2018;
2019; 2020). Selenium concentrations in submarine lavas of various geotectonic settings
(arc lavas, hot-spot influenced magmatism and MORB glasses) suggest a lack of Se
degassing during magmatic differentiation (e.g., Jenner et al., 2010; Jenner et al., 2015;
Lissner et al., 2014; Kurzawa et al., 2019; Yierpan et al., 2021). The observed volatility of
S compared to the negligible volatility of Se at submarine depths enable Se concentrations
and Se/S ratios to be used as estimates for the pre-eruptive S concentrations of mantle
melts (e.g., Jenner et al., 2010; 2015; Reekie et al., 2019). Near surface volcanic activities,
on the other hand, are associated with significant Se enrichment in eruption plumes and
volcanic ashes with respect to the residual volcanic rocks, which points to pronounced
subaerial Se degassing (e.g., Davidson and Powers, 1959; Crowe et al., 1987; Allard et
al., 2000; Toutain et al., 2003; Floor and Roman-Ross, 2012). Global volcanic Se
emissions are estimated to be in the range of 100 - 1800 tons per year (e.g., Mosher and
Duce, 1987; Nriagu, 1989; Mather et al., 2004), which translates to 50 - 65 % of the total
atmospheric Se concentration. On average, volcanic Se gas concentrations range
between 0.6 and 3 ug-g™’in arc settings and between 5 and 40 ug-g™' in ocean island
settings (e.g., Zelenski et al., 2021). Although the anthropogenic Se emissions are
sometimes calculated to dominate the atmospheric Se budget during more passive
volcanic periods (Wen and Carignan, 2007), exceptions exist at regional scale, such as
the island Sicily with its active stratovolcano Etna. Here, volcanic Se emissions surpass
those from anthropogenic activities and the biosphere, and constitute the main point
source of Se in the entire Mediterranean region (Calabrese et al., 2011). Overall, large
variations in Se emission budget observed not only between contrasting volcanic settings
such as subduction zones vs. OIBs (Edmonds et al., 2018), but also within one group

impede accurate assessments on global volcanic Se gas emissions.
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Advancements in mass-spectrometry with respect to Se isotope measurements
over the past 10 years allow now the characterization of samples in the ng-g”
concentration range (e.g., Kurzawa et al., 2017; Labidi et al., 2018; Varas-Reus et al.,
2019; Yierpan et al., 2020). In the context of our study, Yierpan et al. (2021) showed that
volcanic glasses formed at the Reykjanes ridge below ~250 m water depth maintain a
magmatic Se budget and isotope signature, while degassed basalts derived from
shallower levels exhibit heavier isotope compositions accompanied with lower
concentrations. This points to preferential loss of light Se isotopes in the gas phase.
Supported by a Rayleigh distillation model, the isotope systematics in the study of Yierpan
et al. (2021) strengthen the previous findings of magmatic Se volatilization in reduced form
as SeS, HxSe, and Se(0) (Zelenski et al., 2021) preferentially mobilizing lighter isotopes.
However, further mechanisms of Se degassing from volcanic activities are scarce and
relatively difficult to quantify. Poorly addressed in the surficial mass-balance are for
example, the j) Se release from passive lava-lake degassing, ij) emanations during cooling
of lava flows, and iii) fumarole activity in between main eruption events.

In general, volcanic degassing activities are known to release significant amounts
of chalcophile elements (S, Cu), heavy metals (TI, Pb, Hg) and metalloids in quantities
that can reach potentially toxic levels to humans (e.g., Rodriguez-Mercado and
Altamirano-Lozano, 2013). While the role of Se as a vital micronutrient, reproductive-,
metabolic- and antiseptic functions are widely accepted (e.g., Khatiwada and Subedi,
2021; Sunde, 2012), it is also well known that a narrow margin of 40 - 400 pg intake per
person per day can cause either Se deficiency or severe toxicity (Rayman, 2000).
Therefore, robust constraints on the magnitude of the various near-surface Se emissions
are required not only for the assessment of a more precise global inventory, but also for
the health safety of the approximately 10 % of the world population living in volcanically
active areas (Small and Naumann, 2001) and who are subjected to direct and continuous
exposure.

To contribute to a better understanding of the systematics and magnitudes of
volcanic Se release from cooling lava flows to the immediate environment, we investigate
the Se mass fractions and Se isotope compositions of a unique suite of undegassed and
degassed basaltic rocks, as well as various fumarolic products at one of the most active
volcanoes in the world, Piton de la Fournaise (PdF) (Peltier et al., 2009; Roult et al., 2012),
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Reéunion Island (Fig. 1). The fumarolic precipitates are attributed to the 1977, 2007 and
2009 volcanic eruptions and were formed over large temperature gradients (~800 to ~
100°C) on the respective lava flows, allowing a consideration of the temperature control
in the formation of these products. In detail, the following questions motivated our study:

1) What is the Se budget of fumarolic products relative to the degassed melts?

2) What are the physicochemical mechanisms and efficiency of Se transfer from

volcanic gaseous compounds to surface deposits at PdF?
3) What are the most commonly formed mineralogical phases and what is their

expected environmental impact?

2. Geological setting and sample description

Piton de la Fournaise is a basaltic shield volcano forming the southeastern part of La
Reéunion island located in the Indian Ocean (Fig. 1). Together with Mauritius, it represents
the youngest volcanic activity on the Mascarene basin, attributed to the same mantle hot-
spot that generated the Deccan Traps (Duncan et al., 1989; Lénat et al., 2001). The ca.
2632 m a.s.l. high shield volcano (Liuzzo et al., 2015) is considered one of the most active
intraplate volcanoes in the world today; its periodic activity being sometimes compared to
Kilauea on the Hawai’i Big Island (Di Muro et al., 2014). The magmatism is dominated by
basaltic lava flows with very modest gas release in intracrateric fumaroles during dormant
periods. Previous geochemical investigations of lavas and extruded mantle xenoliths from
La Réunion island concluded that the magmatic source has changed relatively little over
time (Albarede et al., 1997; Bosch et al., 2008; Pietruszka et al., 2009; Vlastélic et al.,
2009). Therefore, PdF makes an excellent example for a focused investigation of Se
fumarole degassing and capture following major active phases.

For this study, basaltic rocks and accompanying fumarolic deposits were sampled
during several field campaigns between 2007 and 2011 and comprise products from the
eruptions of April 1977, April 2007, and November 2009 (Fig. 1b). The April 2007 eruption
lasted 29 days and produced 210:10% m3 of lava at an average rate of 84 m3s™. It
represents the most voluminous eruption of the island in at least two centuries
(Staudacher et al., 2009). The November 2009 eruption was a very small event that lasted
several hours and produced 0.14:10° m® of magma at an average rate of 5.4 m3-s™'. Both

eruptions produced magmas with compositions transitional between alkali and tholeiitic
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basalts, with variable amounts of olivine phenocrysts in April 2007. Pre-eruptive magma
temperatures were estimated based on the MgO thermometer and ranged between 1174-
1196 °C in April 2007 and ca. 1155 °C in November 2009 (Gurioli et al., 2018).

Lava samples include poorly phyric and olivine-rich lavas and a glassy pumice
(REU 091204-3). From these, one of the olivine-rich samples (REU 0704-051) was
quenched in a water bucket. Short-lived fumarole deposits were collected at the outlet of
a 15-m-deep degassing skylight, at an elevation of 100 to 150 m a.s.l., on the thickest part
(ca. 68 m) of the April 2007 lava flow. This vent was repeatedly sampled while its
temperature decreased from ~400 to ~300 °C. The collected deposits were previously
characterized as aphthitalite ((K,Na)sNa(SOas)2), referred here as Na—K sulfates (Fig. 2b),
and thenardite (Na2SOa). Low-temperature deposits sampled at the surface of the same
lava flow were identified as Ca—Mg—Al—(Fe) hydroxy-fluorides, among which ralstonite
(NaxMgxAl2x(F,OH)s-H20), MgAIFs-1.5H20, or a mixture of both are the most abundant
(see Vlastélic et al., 2013). Also, a low-temperature thenardite crust (0808-292) was
collected on the 2007 lava flow at ca. 100 °C. However, as this sample occurred as an
incrustation it is very likely that it was initially formed at a higher temperature, dissolved
into water and recrystallized at ca 100 °C (Table 1). Gypsum (Ca(S04)2H-0) was sampled
from a lava cave formed as well during the April 2007 eruption. These samples were
deposited on the wall of a lava tunnel in which temperature decreased from 200 °C in
2010 to 120 °C during sampling in 2011 (Fig. 2a). Servadio (2011) estimated that between
2007 and 2011, the temperature of the April 2007 lava flow decreased from 1150 °C to
780 °C (at a depth of 15 m). Following the 2009 volcanic activity, freshly produced
thenardite powder (sample 0912-0411) was sampled in the November 2009 degassing
fractures just after the cessation of the eruption (Fig. 2c). This syn-eruptive deposit formed
just above a lava flow at an estimated temperature of ca. 800 °C, in agreement with the
thenardite stability field (400-900 °C, Stoiber and Rose, 1974). All details are provided in
Table 1. Samples investigated here were subjected to careful microscopic investigations,
trace element compositions and Pb isotope ratios by Vlastélic et al. (2013) and Re-Os
isotope compositions by Gannoun et al. (2015), who provide further details about the
samples.

3. Analytical techniques
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All measurements were performed following original methods previously established at
the Isotope Geochemistry Laboratory, University of Tubingen (Kurzawa et al., 2017,
Yierpan et al., 2018). In brief, sample powders equivalent to ~30 ng Se and ~3 ng Te were
weighed into conventional Teflon beakers, adding similar amounts of "“Se-""Se double-
spike and '?°Te single spike, respectively. The sample-spike mixtures were digested with
a 5:1 (v/v) mixture of concentrated HF to concentrated HNO3 in closed beakers on a hot-
plate at 85 °C for 48 hours. Selenium and Te were purified from sample solutions by two-
step ion-exchange chromatography. First, we employed an anion exchange column to
remove Fe and collect purified Te. Secondly, Se was purified using a cation exchange
column to remove the remaining cations.

Tellurium concentrations were determined by hydride generator quadrupole ICP-
MS on the iICAP-Qc instrument, and Se isotope abundances and elemental
concentrations were measured by hydride generation multi-collector ICP-MS on the
ThermoFisher Scientific NeptunePlus instrument of the Isotope Geochemistry Laboratory,
University of Tiibingen. Typically, currents of 0.8 - 0.9 V were obtained on mass &Se
during measurements (using an amplifier resistor of 10'" Q) for a 30 ng-mL"" Se solution,
with operating parameters similar to those reported by Kurzawa et al. (2017). A signal of
32,000 cps on mass ?Te was obtained for a Te standard solution of 0.5 ng-mL™", similar
to operating parameters reported by Yierpan et al. (2018). Selenium and Te
concentrations were determined at similar signal intensities compared to those of
standard solutions.

Selenium isotope values are expressed as 3%776Se in %o deviations from the
NIST3149 reference material throughout this study. Measurements of the inter-laboratory
standard solution MH-495 relative to NIST3149 yielded an average 5%?7Se value of -3.25
+0.07 %o (2s.d., n=25, 30 ng-mL™" solutions), indistinguishable from results of previous
studies (Kurzawa et al., 2017; Labidi et al., 2018; Konig et al., 2019; Konig et al., 2021,
Varas-Reus et al., 2019; Yierpan et al., 2019; 2020). External reproducibility on %?76Se
is conservatively expressed as 0.12 %o (2s.d.), based on replicate digests and
measurements of different samples, among which the highly heterogeneous sample
0808293 is the least reproducible (0.12 %o, n=3, 2s.d.). All samples were chemically
processed and measured together with international USGS rock reference materials
(Table 1). For 3 times digested basalt BCR-2 we obtained on average 78.6 ng-g™' Se, 2.62
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ng-g"' Te, and 3%76Senista149 = 0.12 £0.08 %o (2s.d.). These results are indistinguishable
from values obtained previously (76 +3 ng-g-' Se, 2.54 +0.08 ng-g™' Te and 3%?"5SenisT3149
= 0.23 £0.13 %0, n=10, compilation by Yierpan et al. [2020]). For one digested diabase
W2a, we obtained 103 ng-g™”' Se, 1.78 ng-g”' Te, and 8%?76Senista149 = -0.09 +0.07 %o
(2s.e.), indistinguishable from previously obtained 107 +3 ng-g™* Se, 1.71 £0.07 ng-g™' Te
and &%76Senista149 = -0.07 £0.11 %o, n=9, (Yierpan et al., 2019). Long-term analytical
reproducibility for both Se and Te concentration determination is ~3 % r.s.d. (1 s.d.; n>100,
Yierpan et al. 2019). All blanks were below detection limit.

4. Results

Along with Se elemental data and isotope ratios for basaltic and fumarolic samples (Table
1), we provide Te concentrations for future reference but keep the following description
and discussion focused on Se only. One basaltic glass shows the highest Se content (138
ng-g') compared to basalts with a crystalline matrix (poorly phyric to olivine-rich) that
range to lower Se contents (136 to 58 ng-g™'). Fumarolic samples are all enriched in Se
with concentrations ranging from 0.543 to 1578 pg-g™". In detail, Na-K sulfates show
decreasing Se contents (1.55 to 0.543 ug-g') with decreasing condensation temperatures
(400 to 325 °C). The low- and high-temperature thenardite samples show respective Se
contents of 13.6 and 1.70 ug-g™'. Gypsum, representing colder deposits (200 to 120 °C),
contain between 2.58 to 11.3 ug-g™' Se, while the Ca—Mg—Al-Fe fluorides and native sulfur
with lowest condensation temperatures (~100 °C) incorporate the highest Se mass
fraction (82.3 to 370 ug-g™" and 1578 ug-g’, respectively).

Basalt Te concentrations range between 0.12 and 0.3 ng-g”, significantly lower
than Atlantic and Pacific MORB values (~1.3 to 6.2 ng-g”', Yierpan et al., 2019, Yierpan
et al., 2020), and lower than most fumarolic deposits. The latter have highly variable Te
concentrations, with Na-K sulfates displaying the highest Te concentrations by several
orders of magnitude (285 - 589 ng-g'). High-T thenardite has a much higher Te
concentration (82 ng-g™') than the low-T equivalent (0.26 ng-g™"), followed by fluorides with
concentrations that range between 7.8 and 0.10 ng-g™!, and gypsum samples (1.6 - 0.44
ng-g™"). Tellurium concentrations for native sulfur are below the detection limit of the
method.
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Selenium concentrations in fumarolic deposits are up to four orders of magnitude
higher than in basaltic lavas. The relative degree of enrichment compared to other trace

elements is quantified by their enrichment factor (EF), defined as per [Eq. 1]:

EFX/R = (CX/CR) gas condensate / (CX/CR) lava [Eq.1]

where Cy is the concentration of element x and Cr is the concentration of the refractory
element used for normalization. Following the approach of previous studies (Vlastélic et
al., 2013; Gannoun et al., 2015), Be is used for normalization because of its low volatility
and low abundance in lavas, thereby highlighting the relative enrichment of volatile
elements. The lava sample REU 0704-04 (paroxysmal phase of April 2007) which is most
enriched in a number of volatile trace metals (Bi, Cd, In, Sn) and thus estimated to be
least degassed, is taken as reference for EF calculation (Table 1 and Fig. 2 a, b). Relative
to basaltic glass, all fumarolic deposits are enriched in Se in the order Na—K sulfates <
thenardite (average) < gypsum (average) < Ca—Mg—Al-Fe fluorides << native sulfur. Apart
from the two thenardites (one secondary and one in situ), which do not follow a specific
pattern, a clear systematic is observed between the formation temperature of fumarolic
deposits and their EF Se/Be. The coldest deposits (Ca—Mg—Al-Fe fluorides and especially
native sulfur) show the highest Se enrichments, whereas deposits formed well above the
sublimation temperature of SeO2 [~315 °C, Devillanova (2007)], are characterized by the
lowest Se enrichments (Na-K sulfates).

The 5%2/78Se of basaltic glass (-0.19 £0.04 %o 2s.e.) is within uncertainty identical
to the average value previously obtained for basaltic glasses from Atlantic and Pacific
MORBs (5%276Se= -0.16 +0.12 %o, 2s.d., n=31, Yierpan et al., 2019). Analyzed basalts
with a crystalline matrix show significantly higher 8%276Se ranging from 0.04 to 0.23 %o
(£0.17 %o, n=4, 2s.d.). These compositions are within uncertainty identical to previously
published data for subaerially erupted basaltic reference materials BHVO-2, BCR-2, BE-
N and BIR-1a (8%?7Se= 0.15 to 0.29 +0.13 %o max., 2s.d. Yierpan et al., 2020).

Fumarolic samples extend to both significantly lighter and heavier isotope values
(06%76Se= +0.6 to -2.08 %o, Fig. 2d) compared to undegassed volcanic glass. Na-K
sulfates show decreasing 8%?76Se from -0.91 to -1.46 %o with decreasing deposition

temperatures from 400 to 325 °C. A difference is also seen between the high-temperature
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thenardite powder (5%%7Se= -0.44 +0.04 %o, 2s.e.) and cooler, secondary thenardite
(0%76Se= -0.97 +0.05 %o, 2s.e.). Gypsum samples extend the trajectory to the most
negative 5%276Se values (5%%7°Se= -1.37 to -2.08 %o). This is followed by an inversion
towards least negative values (5%?76Se= -0.55 to -0.94 %., Ca—Mg—Al-Fe fluorides) to
even positive (58%76Se= +0.6 %o, native sulfur) in coldest deposits.

Altogether, the data show Se-enriched fumarole deposits complementing Se-
depleted basalts. With decreasing fumarole depositional temperatures, a tendency
towards lighter isotopic compositions is first observed. However, this trend stops with the
coldest deposits (fluorides and native sulfur), which display the highest contents and
relative Se enrichments and are accompanied by a significant isotope excursion up to

positive 5%876Se.

5. Discussion

Mineralogically distinctive fumarolic products were formed at the surface of cooling
basaltic lava flows following months after the initial effusive eruption. The fumarolic solid
products were formed at the fumarolic gas temperatures measured at the time of
sampling. Except for one secondary thenardite, the fumaroles are associated with variable
formation temperatures ranging from ~800°C to ~100°C. In the following, we address first,
the general principles of Se degassing and estimate the emanation factor (degree to which
an element is released from the melt) in different tectonic settings and for PdF volcano in
more detail, to then suggest mechanisms that can explain the formations of the individual
fumarole groups at our study site. Finally, the Se contribution of the fumarolic products to
the immediate environment as well as potential implications for human health are

addressed.

5.1 Constraints on Se volatility and emanation at Piton de la Fournaise

The degree of volatility of a certain element during a volcanic eruption depends on the
gas-melt partition coefficients, which are in turn influenced by the element speciation,
affinity for ligand formation, sulfur and chlorine content of the system (e.g., Zelenski et al.,
2021). Available studies suggest that Se, as a semi-volatile element (condensation
temperature, Tso ~ 428 °C, Wood et al., 2019), will be preferentially degassed as hydrides

(H2Se), free atoms Se(0), as well as SeS compounds in equilibrium with > ~ 1100°C hot
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silicate magma (Tetsuro, 1964; Mason et al., 2021). According to these constraints, higher
gas-melt partition coefficients (D92s-me) are expected in S-rich, reduced hotspot and rift-
related volcanism compared to more oxidized arc volcanism. Indeed, calculations made
by Zelenski et al. (2021) suggest higher Se D95t in hot-spot and rift settings (51 - 329,
average of 129) compared to more oxidized arc systems (49 - 56, average of 52).
Exceptions are observed, for example, for the subduction-related magmatism of Stromboli
(1993-1997) and Ambrym (2007-2008), where Se concentrations in their gas plumes
exceeded those of some individual intraplate volcanoes (e.g., Mason et al., 2021). From
the studies of Mason et al. (2021) and Zelenski et al. (2021) it can be deduced that the
principles and factors influencing Se degassing (and likely the calculation of it) at different
geotectonic settings (i.e., hot-spot vs. arc- influenced) require consideration of further
parameters such as the total amount of dissolved gas and lava production rate, as well as
the less monitored low-temperature degassing from effusive eruptions. Strikingly, the
systematics seem more straightforward for elements like Mo, Cu, In, W, Tl, which appear
to be consistently more enriched in basaltic gas plumes of arc-related magmatism (Mason
et al., 2021) and thus, show a clearer relationship to a specific tectonic setting.

Selenium isotope data corroborate the mechanisms of subaerial Se degassing
elaborated above. Here we report a preferential loss of lighter isotopes in the degassed
melts (58276Se = +0.17 %o, n = 4) compared to undegassed glass (5%?76Se = -0.19 %o, n =
1), which agrees with a Se volatilization in reduced form. Similar observations have also
been made through experimental studies (Kurzawa et al., 2017) and recent analyses of
variously degassed volcanic samples from the Reykjanes ridge (Yierpan et al., 2021).

The emanation coefficient (¢) is defined as the mass fraction of Se degassed.
Several strategies have been proposed to calculate € using pre-eruptive and post-eruptive
lava compositions, sometimes together with normalizing parameters such as S or Pb (for
a comparison see Lambert et al., 1985; Gauthier and Le Cloarec, 1998; Gauthier et al.,
2000; Wieser et al., 2020). Here we adapt the equation A1 of Gauthier et al. (2000) to
calculate ¢: Se volatilization of a gas in chemical equilibrium with the magma (Dgasmett),
which also includes the theoretically determined, setting-specific fraction of total gas in
the undegassed magma [Eq. 2].
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[Eq.2]

Where @ is the fraction of gas in the undegassed magma, and a ese value of 1 would
mean complete volatilization of the element. Applying an average @ of 0.008 in volatile-
poor hot-spot and rift settings, and a @ of 0.04 for volatile-rich arc settings (i.e., 0.8 % and
4 % respectively, Bureau et al., 1999; Plank et al., 2013), together with the Dge92smett
presented above, we obtain a ese in the range of 0.29 to 0.73 for hot-spot and rift settings
and between 0.67 and 0.70 for arc settings. We can now estimate the ese at PdF using
our measured Se concentration data (olivine corrected values in Table 1) and assuming
a primary melt (PM) composition of 0.2 ug-g™' Se (Collins et al., 2012). In this case, €seis
calculated in the range of 0.31 - 0.53 (= [Sepm - Senva] / Sepm), Which agrees with the
general estimate discussed above. Combining the average lava production rate (ALPR)
at PdF volcano (16-10° m3-a™!, dense rock equivalent, Roult et al., 2012) and the typical
lava density (p= 2700 kg-m) yields that between 2.7 and 4.6 tons of Se potentially
volatilize every year at this site (= Sepm - ALPR - p - €se). Deviations from this range are
expected during larger volcanic eruptions. As such, by using the dense rock equivalent
volume of degassing melt of 58-10% m3 (V2%°7) from Di Muro et al. (2014), yiels that the
high-rate eruption of April 2007 emitted between 10 and 17 tons of gaseous Se (= Sepw -
V2007 . 5 . gg¢). These values are between 100 and 1000 times higher than during the 2009

activity, which erupted at a lower rate. We conclude that significant amounts of Se escape
from the Earth’s interior during volcanic eruptions as component in aerosols (> 1000°) and
fumarolic products (~800 — 100 °C). In this study we assess the mechanism of Se
emanation and isotope fractionation during basaltic lava cooling which leads to the

formation of fumaroles.

5.2 Selenium capture in fumarolic deposits — a mineralogical control?

Fumarole minerals form by condensation through the interaction of hot gases with the cold
atmosphere or by gas-rock interactions (e.g., Stoiber and Rose, 1974; Getahun et al.,
1996). Initially degassed Se species are most likely to be reduced, however rapid

13



370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

convergence with the cold atmosphere is expected to trigger a series of oxidative
reactions. During these processes, hydrogen selenide (H>Se) can be oxidized to
elemental Se (Se®), SeO, and further to SeOs, accompanied by saturation of the
compounds favoring precipitation (Wen and Carignan, 2007). Therefore, Se concentration
and isotopic composition in fumarolic deposits can reflect the ability of gaseous Se species
to enter the various crystal networks of the minerals. Possible mineral-specific reactions
include Se® substitution for S° in native sulfur as the ionic radii and electronegativities of
the two elements are very similar. The same applies for Se2 substitution for S (Shannon,
1976). However, in other oxidation states these parameters change substantially, and
Se** substitution for S** is unlikely. Condensation of other compounds like SeF4 (102°C
boiling point) might also occur, and although Se partitioning into S-free fluoride minerals
is rather poorly constrained, it must involve chemical reactions either in the gas phase (as
SeF4 is a volatile compound) or at the surface of the precipitated mineral. In a recent
comprehensive study of fumarole deposits from Fogo volcano, Cape Verde, Silva et al.
(2019) suggested that SeF4g) condensation can be facilitated due to Se** sequestration
into oxygen pyramids.

It is thus plausible that the chemical processes (such as oxidation) involving Se
incorporation into thenardite, sulfates and potentially gypsum can be different than those
governing Se capture into fluoride and elemental sulfur minerals. In the following model,
we assume that: i) each mineral is in equilibrium with a gas with a constant isotopic
composition but at different temperatures reflecting the formation temperature of that
mineral. Isotopic effects imparted on the gas by a given mineral are assumed to not
influence other minerals, which formed from independent gas aliquots; i) all mineral
phases represent individual mineral end-members in equilibrium with the gas, meaning
that individual fractionation factors (a) will be at play. As a starting point, we assume that
i) the initial 5%276Se of the gas is relatively close to the composition of the hottest sample
(~800 °C thenardite, -0.44 %), and that /j) condensation of Se is very small, with no effect
on the Se isotope composition of the gas. The observed isotopic variation in fumaroles is
thus governed primarily by the Se oxidation state in the respective minerals: +6 in sulfates
(including thenardite and gypsum), +4 in fluorides, and O in native sulfur.

Fig. 3 shows expected or calculated individual linear relationships between the

isotopic composition of the mineral and that of the gas (A%/76Se), in accordance with the
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general theory of isotopic fractionation between two phases. Namely, A876Se (phase A -
Phase B) Varies linearly with 1/T at low temperature and 1/T2 at high temperature [Eq. 3]:

A82/76semineral-gas = 58276 Semineral - 682/76segas = 1000InA mineral-gas = A+B / T2 [Eq. 3]

Alternatively, one could address the “mineral-gas” relationship as “oxidized-reduced”
fractions. The A%/76Semineragas Variations observed for the mineral group consisting of the
most oxidized Se compounds, Se"' (thenardite, sulfates and gypsum) most likely reflect
the increase of mineral-gas isotope fractionation with decreasing T. Additionally, but not
necessarily, a kinetic effect could also be at play during the formation of the hotter phases.
This hypothesis is suggested based on the observed linear relationship between 5876Se
and temperature. The combination between significantly higher Se concentrations and Se
present as Se' in fluorides can in turn be explained through a rapid condensation from
gaseous SeOz. The smaller A%76Senineral-gas Of fluorides compared to the more oxidized
end-members sulfates and gypsum also points at the dominance of SeO. and likely Se®
species in the gas phase (Fig. 3). The latter is required to explain the extremely high Se
concentrations (up to 1.6 wt. %) in native sulfur, where a Se® — S° substitution, and thus
the simplest and most direct reaction likely facilitates the enrichment. In support of this,
the presence of Se’ in volcanic gas has been previously observed (Bichler et al., 1995).

Altogether, the preferential incorporation of variably oxidized Se species into the
crystal lattice of individual fumarolic minerals could have resulted in the observed isotope
variations. At this stage, we have to emphasize that little work has been done on oxidation
reactions, and mostly in aqueous solutions (e.g., Johnson and Beard, 1999; Johnson,
2004; Wasserman et al., 2021), and none at all exist for gas-phase reactions. The situation
becomes even more uncertain if a potential kinetic effect is coupled to one or several
oxidation reaction(s). Although simple kinetic effects tend to produce light products, some
of the individual oxidation steps within the overall reaction could, if they are able to attain
equilibrium, result in isotopically heavy products. We conclude that /) the observed light
Se isotopic composition of the sulfate minerals could reflect a kinetic isotope effect relate
to oxidation, and that ii) experimental studies could contribute to a clearer understanding
of the isotope signatures of variably oxidized fumarolic precipitates.
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5.3 Temperature-dependent Rayleigh condensation

The formation of individual fumarole minerals at certain temperatures as the lava and
gases cool down invites us to test the hypothesis of a temperature-dependent
condensation process and potential Se isotope fractionation due to this effect. This model
assumes that instead of the oxidation state, the relative near-surface stability of Se
compounds (as a function of temperature) plays a decisive role in the Se partitioning into
the fumarolic mineral phases. The condensation hypothesis can be independently
evaluated with Se stable isotopes. Although condensation can involve several reactions
between multiphasic gas and solid reservoirs, we consider a single isotopic exchange
reaction accounting for the bulk condensation process. The corresponding coefficient of

isotopic fractionation for this reaction, is defined as Eq. 4.

asig = (32/75Se)s)/ (3776Se)(q) [Eq. 4]

for both equilibrium and kinetic isotope fractionation where (s) and (g) are for the bulk solid
and bulk gas, respectively. Here, the temperature dependence of Se isotopes suggest
that equilibrium fractionation is the dominant process. This does not exclude the fact that
kinetic fractionation can be temperature dependent too, however gaseous diffusion or
evaporative effects tend to show a lack of temperature dependence (e.g., Schauble 2004).
In a similar manner as for the mineral-dependent model presented above, we assume that
all deposits derive from fractional condensation of the same high-temperature parental
gas, with an isotope composition close to the hottest thenardite (5827°Se = -0.44 %o). The

general differential equation for a Rayleigh process writes (Criss et al., 1999; Eq. 5):

dIn(8276Se)q = (asig— 1)dInf Eq. 51

where (8276Se)q is the isotope ratio of the gas and f is the mass fraction of Se remaining
in the gas phase. When asg is constant, the well-known solution of [Eq. 5] is:

(82/76Se)g = (82/76Se)i . f((ls/g_ 1) [Eq. 6]
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where (8276Se); is the initial ratio of the gas. According to Eq. 6, both gas and condensate
82Se/"6Se ratios will evolve in the same direction during the condensation process,
continuously increasing if asig < 1 and continuously decreasing if asig > 1. Consequently,
no constant asq matches the 8/76Se evolution of the deposits. Conversely, increasing the
magnitude of isotopic fractionation between the solid and gas phases as condensation
proceeds can reproduce the initial decrease and subsequent increase of 8276Se. This is
shown on the basis of two numerial integrations of Eq. 5 assuming a linear and a non-
linear relationship between f and a as a function of T (Fig. 4 a and b). For this, we used
an iterative method where the value of f is changed incrementally. This means that for
each value of f we calculate the relevant value of a (using the chosen a vs. f equation
given in figure caption), the incremental change din(f) and, using the differential Eq. 5, the
incremental change dIn(82Se/"®Se). At each step, dIn(3?Se/"®Se) is added to the preceding
value of In(82Se/"®Se). The calculation is repeated successively from f=1 to f=0 to produce
the curves shown in Fig. 4. In both scenarios, the initial gas fractionates solid deposits
enriched in the lighter Se isotope (asig< 1). The size of isotopic fractionation is very small
at high temperature but increases as temperature decreases, so that the gas accordingly
evolves toward higher 8276Se, only subtly at first, but more rapidly as condensation
proceeds. At the point where the gas 827°Se rises faster than the difference between the
two phases (A%/76Se = 1000Inas/g), the evolution of the condensates trends reverse (Fig.
4 a and b). In the absence of constraints on how as/g varies with f, the linear model (Fig.
4a) predicts that decreasing as/g linearly from 0.9995 at f=1 to 0.9940 at f=0 (as;g = 0.0055-f
+ 0.9940) matches the measured data, and yields the lightest 8276Se ratios of gypsum at
ca. 50 % Se condensation. The second model in Fig. 4b shows that a non-linear decrease
of a from 0.9995 at f=1 to 0.9970 at f=0, following the relationship asg = 0.0025-° + 0.9970
offers the best fit for the data, yielding the 5%2/7Se minimum for the gypsum (-2 %o) at ca.
30% Se condensation. The low Se concentrations in the minerals deposited between 800
and ~300°C suggest little change in f over this temperature segment, whereas at lower T,
small changes in T trigger rapid loss of Se and therefore a greater change in fand a as a
function of T. We therefore suggest that the non-linear model (Fig. 4b) likely represents a
better reflection of the reality. Both models explain the trajectory towards positive 52276Se
values in the late-stage deposits (< 315°C) where isotopic fractionation between gas and

solid increases with decreasing temperature. In detail, this temperature dependency is

17



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

also observed at a smaller scale within the Na-K sulfate samples suite, which shows
decreasing 5%?76Se (from -0.91 to -1.46 %o) and increasing Se content (from 0.54 to 1.5
ug-g') as temperatures drop from > 400 to 325°C.

The sublimation temperature of SeO. below ~315°C (Tetsuro, 1964) likely plays a
critical role in explaining the highest Se concentrations and thus near-quantitative
precipitation in the coldest products (fluorides and elementary sulfur, Fig. 4). In addition,
the return to less fractionated Se isotopes and even towards positive 5897°Se may also
be used in favor of a condensation reaction. Further support for this model comes from
the results of an earlier experiment deploying a silica tube emplaced in a crack on the roof
of a lava tunnel of Piton the la Fournaise (see Toutain et al., 1990). This experiment
allowed the investigation of Se condensation merely as a function of temperature as the
amount of oxygen is expected to remain relatively constant along the tube. The data of
Toutain et al. (1990) are plotted together with our fumarole compositions in Fig. 2c and
show an almost logarithmic increase in Se concentration with a gradual decrease in
temperature, namely the highest Se condensation in the coldest products below ~315°C.
Importantly, the chemical compositions of the silica-tube sublimates differ from the natural
fumarolic products investigated in this study, potentially hinting at a rather minor
importance of the resulting mineral phases per se. Nevertheless, the SEM images of the
sublimates in the Toutain et al. (1990) study revealed the occurrence of SeO»-rich
minerals such as chalcomenite (CuSeO3-2H20) at the cold end of the silica tube, which
was not found as individual cold (< 315°C) fumarolic deposits in this study.

5.4 A brief comparison between the two suggested models

One important criterion of the mineralogical control model, which is based on the oxidation
state of the individual Se compounds, is the assumption that the Se isotope composition
of the gas does not change during cooling. Thus, the amount of Se trapped in fumarole
deposits would need to be extremely small. While these conditions may be met for the
sulfates, thenardite and gypsum as their low Se content suggests little depletion and
fractionation of the gas, the opposite is observed for the colder, significantly more Se
enriched deposits. Also, until further experimental observations and investigations of
natural fumarolic products at other sites are available, the contrasting picture of lighter

isotope composition in the more oxidized mineral species and heavier in the more reduced

18



529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560

compounds remains unexplained. The proposed Rayleigh condensation models, on the
other hand, provide a very plausible explanation for the Se isotope signatures of
degassing lava and complementary fumarole deposits as a function of decreasing
temperature (< 800 - 100 °C). By analogy, a similar condensation model explains the Zn
isotope data at Merapi volcano (Toutain et al., 2008). It also clarifies the most dramatic
Se concentrations of the deposits formed < 315 °C in agreement with experimental
determination of SeO> sublimation temperature. According to this model, up to 80 % of
Se emanated by the cooling lava will be re-captured onto the Earth’s surface by
condensation (Fig. 4). While this model does not rule out mineral-dependent reactions, it
also shows that they are not necessarily required to explain the data. In fact, contrary to
the mineral model, the temperature-dependent model does not leave any unexplained
observations. Based on our investigation, we infer that the effect of non-linear
temperature-dependent condensation is likely the primary cause of the observed Se
fumarolic signature. However, at this point we do not rule out a modest mineralogical

control that does not disturb the observed temperature trend.

5.5 Environmental relevance of volcanic fumarole precipitates

The environmental significance of the fumaroles is determined by the mobility, i.e.,
solubility and bioavailability or accumulation of the Se-bearing compounds. Further
geochemical processes, i.e., complexation and oxidation, change in pH conditions, are
also expected to influence the Se behavior in developing soils and surrounding aquifers.
Results of experimental studies conducted under controlled conditions have shown that
selenite (SeOs%) is more stable in neutral to slightly acidic soils and under less oxic
conditions (e.g., temperate climate), while selenate (SeQ4?) will be favored by oxic and
alkaline conditions (e.g., tropical climate; Balistrieri and Chao, 1990; Fordyce, 2005;
Wijnja and Schulthess, 2000; Wu et al., 2000; Peak and Sparks, 2002). Selenate is
extremely susceptible to leaching and is considered bioavailable to plants and food crops
to a greater extent than selenite (Bitterli et al., 2010). At the same time, SeO3? capture
and retention has been observed to occur onto developing soils, especially in the
presence of poorly crystalline Al-Fe phases (e.g., John et al., 1976; Nakamaru et al., 2005,
2006; Nakamaru and Sekine, 2008). Lastly, metal selenides (e.g., ZnSe», FeSe», NiSe»)

and elemental Se potentially released to the topsoil from the reduction of selenite in the
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presence of dissolved organic carbon (Bruggeman et al., 2007) are extremely immobile
and bio-unavailable and can lead to accumulation. In this context, the fumarolic deposits
are expected to have variable primary solubilities, with sulfates, thenardites and gypsum
generally carrying a smaller amount of Se being the most soluble and gypsum being
moderately water-soluble. Fluorides and native sulfur that are extremely enriched in Se
(0.1 to 1.6 wt. %), being the least soluble phases, are expected to accumulate their Se in
soils, potentially leading to higher concentrations in plants and crops.

In the months to years following an eruption, the persisting high temperature in the
core of a lava flow will impede the penetration of rainwater through near-surface boiling
and evaporation. However, as soon as the temperature approaches < 100 °C, rainwater
infiltration can leach or even completely dissolve fumarolic deposits in a matter of weeks.
Such a scenario has been observed following the venting of a lava cave formed during
the April 2007 eruption, where the penetration of runoff rainwater dissolved nearly all
gypsum fumarolic deposits (Fig. 5). During such an event, the chemical parameters of the
rainwater (e.g., pH properties) can significantly influence the Se speciation (Fig. 6),
leading to some dramatic re-mobilization events, in extreme scenarios such as those
observed along the flanks of Mt. Etna (Calabrese et al., 2011). Furthermore, sudden
dramatic enrichments can result in unexpected Se concentration increase in the
surrounding aquifers, which can surpass the WHO recommended concentration of 10
mg-L-! (John et al., 1976).

We encountered several unknowns while attempting to establish a relative mass
balance of environmental Se contribution from the individual fumarolic products. One
major requirement will be to assess the distribution and abundance of the mineral phases,
which can only be achieved through comprehensive mapping. Such an investigation will
rely on a hyperspectral image of the lava flow with individual calibration for the different
minerals. To our knowledge, no such method has yet been designed or published. A
solution will be to tackle the environmental impact through combined investigations of Se
concentrations and isotopic compositions in soils and riverine Se. Furthermore,
distribution comparisons should be made between populated and agricultural areas, as
well as pristine locations to ensure the health safety of the humans living on and with the
volcanic landscape.
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Conclusions

The long-term activity of the Piton de la Fournaise shield volcano emanates, on average,
between 2.7 and 4.5 tons of gaseous Se per year. Selenium concentrations and isotope
compositions of undegassed and degassed lavas support the preferential Se release in
reduced form, inducing the enrichment of light isotopes in the gas phase. Secondary
fumarolic minerals (consisting of thenardites, sulfates, gypsum, fluorides and native sulfur
at this site) were formed by condensation from gas at the surface of cooling lava flows at
temperatures between ~800°C and ~100°C. Combined Se concentration- and isotope
analyses of individual fumarolic phases allowed us new insights into the mechanisms of
near-surface Se capture. Altogether, the following conclusions are drawn from this study:

(1) All fumarolic products display significantly higher Se concentrations than degassed
and undegassed lavas pointing at the environmental relevance of this Se source
in volcanic areas.

(2) Apart from native sulfur, all minerals carry a light Se isotope signature in
accordance with the composition of the gas, and complementing the heavier
isotope composition of the degassed lavas.

(3) In minerals where Se is likely to be present as oxidized species (thenardite, sulfate,
gypsum) and which were formed at temperatures ~800 to > 315°C, the most
negative 5%976Se (as low as -2.08 * 0.06 %) and lower Se concentrations of max.
13 ug-g”' are detected.

(4) Mineral species identified to incorporate less oxidized Se compounds (fluorides
and native sulfur) and which are likely precipitated below the sublimation
temperature of SeO; show less negative (fluorides, 5%276Se = -0.94 to -0.55 %o) to
positive 8%276Se (native sulfur; 8%276Se = 0.6 %o on average) and very high Se
concentrations (0.1 to 1.6 wt. %).

(5) Se concentrations and isotopic compositions of the fumaroles can be entirely
reconstructed through Rayleigh condensation mechanisms as a function of
decreasing gas temperature, i.e., increasing gaseous compound instability. Based
on isotope data, this model estimates that as much as 80 % of the melt emanated
Se is potentially captured by fumarolic phases. According to this model, no other
processes are needed to explain the observed patterns.
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(6) A phase-dependent fractionation between more oxidized and reduced Se
compounds, could tentatively explain an isotope variation, and particularly the
highest Se concentration in native sulfur, which is most likely to have occurred
through the exchange between gaseous Se0 and Se0 within the SO solid phase.
Further investigations are needed to shed more light on the isotope fractionation
mechanisms in products formed by a potential effect of kinetically induced
oxidation in gas-solid systems.

(7) Based on the available data, we conclude that a combination of modest
mineralogical and mostly T-dependent kinetical effects leads to the Se capture in
fumaroles.

(8) The environmental impact of fumarolic Se will be dependent on the oxidation state
of the compounds, with oxidized species being generally more mobile in aqueous
media than reduced ones. In this context, it is expected that most of the Se
originating from native sulfur and perhaps fluoride fumarolic deposits will
accumulate onto soils and eventually plants, while leaching of sulfates will mobilize
Se towards aquifers. Monitoring the two pools is necessary to understand the
relative fluctuation levels and potential consequences for humans and animals due
to high levels of Se.

(9) Fumarolic deposits might constitute an important end-member in the oceanic Se
mass-balance and ocean water Se isotope composition and requires careful
consideration in these calculations. Complementary studies of Se concentrations
and isotope ratios in fumarolic products at other volcanically active sites will help
expand our knowledge on the mechanisms of Se recycling from the Earth’s interior
back to its surface.
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Figure captions

Fig. 1 a) Schematic map of the Réunion island located in the SW Indian Ocean (top right
corner), highlighting the location of Piton de la Fournaise caldera; b) Map of Piton de la
Fournaise volcano showing the location of the 2007 and 2009 lava flows and the samples
of this study, as well as the native sulfur sample from the eruption of 1977 collected from

deposits on the eastern side of the flank.

Fig. 2 Relationships between a) EF Se/Be vs. formation temperature; b) EF Se/Be vs. Se
ng-g’'; ¢) Se ug-g’ vs. formation temperature of the fumarolic deposits of this study
together with silica-tube condensates data of Toutain et al. (1990); d) Se isotope
composition vs. formation temperature. Light grey shaded areas represent the
temperature range below the sublimation temperature of SeO2 (< 315 °C). For simplicity,
the average value obtained from two individual digests of the native sulfur is plotted.
Legend to all plots is shown in panel b). Bulk Silicate Earth (BSE) 8%276Se in panel d) is

from Varas-Reus et al. (2019). Uncertainty bars are smaller than the symbols.

Fig. 3 Plot of A®/76Semineral-gas) Versus temperature (108/T2 in K) where A876Semineral-gas)
= 5%2/78Semineral - 08276Segas. 08?76Segas is assumed to be constant and identical to the
value of the hottest thenardite (-0.44%o.) (dashed line). This representation assumes that
all minerals equilibrate at different temperatures with a gas of constant Se isotope
composition. The formation of sulfates (thenardite, K-Na sulfates and gypsum) over a wide
temperature range allows the T-dependency of A876Se (SeV'!- gas) to be quantified (linear
regression). The temperature control on A876Se (Se!V- gas) and A%?76Se (Se- gas)
cannot be evaluated because fluoride (Se'V) and native sulfur (S°) form only at low
temperatures. Interrupted light grey lines between gas and fluorides as well as gas and
native sulfur represent expected trends. This plot suggests a possible relationship

between A876Semineral-gas) and selenium oxidation state in minerals.
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Fig. 4. Evolution of the Se isotope composition of the gas and solid phases calculated
using numerical integrations of Eqg. 5. In both models, the initial gas is assumed to have
the same composition as the 800°C thenardite (-0.44 %0). Model a) is based on a linear
relationship between f and a as a function of T. Here, asg varies linearly from 0.9995 at f
=1100.994 atf=0 (asig= 0.0055 - f + 0.994). Model b) describes a non-linear relationship
between f and a, where asjg varies non-linearly from 0.9995 at f = 1 and 0.9970 att=0
(asig=0.0025 - f° + 0.9970). The gas curve (dashed line) is plotted versus the mass fraction
of Se remaining in the gas (f). The evolution of the solid phase (solid line) is inferred from
Osig. Because we cannot accurately estimate the Se/Se; in the individual fumarolic
minerals, we theoretically indicate their distribution in the models according to their

58276Se composition.

Fig. 5 a) Gypsum (with Cu sulfates) deposits that were sampled from the lava cave
AF1105 (eruption April 2007), and b) a close-up photo of the remaining of the same
gypsum deposits following venting of the lava cave and penetration of runoff water which
dissolved and mobilized all gypsum (and by analogy also the incorporated Se). Photos

were taken and kindly provided by A. Finizola (University of Reunion).

Fig. 6 Schematic illustration of the different stages of lava cooling and near-surface
fumarole formation in the context of Se degassing. The indicated temperature is that of
the gas fraction. Unlike S, a large fraction of Se remains soluble in high-temperature lava
flows during the syn-eruptive phase (Stage 1). The largest Se release occurs at lower
temperatures (~315 to 100°C; Stage 3). Exsolution of F during the very late stage of
crystallization promotes Se volatilization as SeF4 or SeFg . Dissolution and leaching of
fumaroles through penetrating rainwater mobilize oxidized Se into aquifers. Adsorption
onto Al-Fe phases in young soils accumulates Se. The zoom-in depiction of the cooling
lava shows the progressive formation of fumarolic deposits on top of lava flows, in caves
and within cavities of the solidified lava (microscopic scale). Sulfur deposits are shown in
bright yellow, thenardite in grey, gypsum and fluorides are shown in white-bluish colors.
Note that deviations from these colors are possible depending on the respective

incorporation of trace elements.
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Table 1. Characteristics and geochemical data of the lavas, fumarolic deposits and rock reference materials analyzed in this study

Eruption  Sample ’ Formation or MgO Se
Sample name Coordinates Material condensation Se Te 5%%763e 2s.e. Be EF see olivine-
year date o (wt. %) "
Temp. (°C) corrected
Lat. (S) Long. (E) (ng/g) (ng/g) (%o) (%o) (ng/g)
LAVAS
2007 2007/04 REU 0704-04 21°17'24" 55°47'49" Basaltic lava 1185 136 0.299 0.12 0.05 930 1.0 7.3 135
2007 2007/04 REU 0704-05-1 21°17'24" 55°47'49" Basaltic lava 1185 72 0.129 0.04 0.06 570 0.87 21 124
2007 2007/04 REU 0704-08-1 21°17'24" 55°47'49" Basaltic lava 1185 58 0.252 0.23 0.15 400 1.0 29.2 142
2009 2009/11 REU 0912-01-1 21°14'45.3" 55°43'15.6"  Basaltic lava 1155 94 0.115 0.06 0.07 1030 0.63 7.8 96
2009 2009/11  REU 0912-04-3 21°14'45.3" 55°43'15.6"  Basaltic glass 1155 138 0.277 -0.19 0.04 1050 0.90 8.3 141
FUMAROLIC DEPOSITS
2009 2009/11  REU 0912-0411 21°14'45.3" 55°43'15.6"  Thenardite 800 1698 82 -0.44 0.04 32 363
2007 2008/06 REU 0705 21°17'14.8" 55°47'34" Na-K sulfate 400 1552 453 -0.91 0.04 2760 3.8
2007 2008/10 REU 0810-281a  21°17'14.8" 55°47'34" Na-K sulfate 384 807 285 -0.94 0.07 2200 25
2007 2008/10 REU 0810-281b  21°17'14.8" 55°47'34" Na-K sulfate 384 849 332 -1.03 0.04 2200 2.6
2007 2009/11  REU 0911-201 21°17'14.8" 55°47'34" Na-K sulfate 325 543 589 -1.46 0.15 2040 1.8
2007 2010 AF 1105 G 21°17'17.1" 55°47'46.2"  Gypsum/Cu sulfate 200 2686 1.631 -1.37 0.06 209 88
2007 2011/05 AF 1105Wa 21°1717.1" 55°47'46.2"  Gypsum 120 2577 0.437 -1.94 0.12 114 155
2007 2011/05 AF 1105Wb 21°1717.1" 55°47'46.2"  Gypsum 120 11298 0.437 -2.08 0.06 114 679
2007 2008/08 REU 0808-292a  21°17'17.5" 55°47'41.2"  Thenardite 100* 13617 0.257 -0.97 0.05 140 666
2007 2008/08 REU 0808-293a  21°17'19.7" 55°47'45.8"  Ca—Mg-Al-Fe fluorides 100 119797 7.79 -0.85 0.03 550 1491
2007 2008/08 REU 0808-293b  21°17'19.7" 55°47'45.8"  Ca—Mg-Al-Fe fluorides 100 118953 7.79 -0.83 0.04 550 1481
2007 2008/08 REU 0808-293c  21°17'19.7" 55°47'45.8"  Ca—Mg-Al-Fe fluorides 100 370147 7.79 -0.94 0.07 550 4608
2007 2008/08 REU 0808-295 21°17'19.8" 55°47'46.1"  Ca—Mg-Al-Fe fluorides 100 82322 0.1 -0.55 0.07 420 1342
1977 1977/04 SR-1a 21°10'48" 55°46'48" Native sulfur 100 1.571 x 10° 0.65 0.08 <5 >2x10°
1977 1977/04 SR-1b 21°10'48" 55°46'48" Native sulfur 100 1.584 x 10° 0.55 0.05 <5 >2x10°
ROCK REFERENCE MATERIALS
BCR-2a Basailtic lava 80 2.7 0.08 0.07
BCR-2b Basaltic lava 78 2.8 0.12 0.13
BCR-2c¢ Basaltic lava 78 2.3 0.16 0.04
W-2a Diabase 103 1.8 -0.09 0.07

*Se (at MgO: 7.5 wt. %) = Se - S - (MgO - 7.5) where S is the slope of the Se vs. MgO correlation in the lavas (S = - 3.863),
and assuming an initial Se content of 200 ng-g-1 (Collins et al., 2012), as well as an initial 582/76Se of -0.30 %.o.

The data presented for native sulfur (SR-1a, and SR-1b) are two replicates based on individual digests.

* Thenardite initially formed at higher temperature but then dissolved in ageous solution and reprecipitated at ca. 100°C.
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