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Sulfide saturation and resorption
modulates sulfur and metal availability
during the 2014–15 Holuhraun eruption,
Iceland

Check for updates

Emma J. Nicholson1,8 , Penny E. Wieser 2,8 , Margaret E. Hartley 3, Frances E. Jenner 4,
Barbara E. Kunz 4, Evgenia Ilyinskaya 5, Thorvaldur Thordarson6 & Marie Edmonds 7

Maficmagmasmay experience multiple stages of sulfide saturation and resorption during ascent and
differentiation. Quenched tephra erupted during the 2014–15 Holuhraun eruption preserve abundant
evidence for sulfide resorption, offering a rare opportunity to explore the sulfide life cycle from
nucleation to resorption. Specifically, we combine detailed textural and chemical analyses of sulfides
and silicate melts with geochemical models of sulfide saturation and degassing. This integrative
approach demonstrates that sulfides began nucleating in melts with ~8 wt% MgO, persisted during
fractionation to 6.5 wt% MgO, before resorbing heterogeneously in response to sulfur degassing.
Sulfides are preserved preferentially in confined geometries within and between crystals, suggesting
that kinetic effects impeded sulfur loss from the melt and maintained local sulfide saturation on
eruption. The proportion of sulfides exhibiting breakdown textures increases throughout the eruption,
coincident with decreasing magma discharge, indicating that sulfide resorption and degassing are
kinetically limited. Sulfides likely modulate the emission of sulfur and chalcophile elements to the
atmosphere and surface environment, with implications for assessing the environmental impacts and
societal hazards of basaltic fissure eruptions.

The global sulfur cycle is one of the major biogeochemical cycles that reg-
ulate Earth’s surface conditions and is linked directly to the long-term
evolution of our planet’s oxidation state and climate1,2. Volcanoes and their
magmatic roots are important components of this cycle, transporting sulfur
from the mantle into the atmosphere and oceans, controlling the recycling
efficiency of sulfur at subduction zones3–6, and sequestering sulfur in crustal
cumulates or ore deposits7–9. Sulfur is dissolved in silicate melts as sulfide
(S2−) and sulfate (S6+ in SO4

2−) species, with the proportion of each acting as
a tracer of redox-sensitive processes10–12. Sulfur is also highly volatile
and partitions strongly into magmatic fluids as SO2, H2S, SO3, and
S2 species;

13–15. The behavior of chalcophile trace elements, such as Cu, Au

and Ag, in magmatic systems is intimately tied to that of sulfur, as these
elements will partition preferentially into sulfur-rich exsolved fluids or
immiscible sulfide melts where present16.

Voluminous basaltic fissure eruptions (>1 km3) such as those occuring
in Iceland outgas prodigious quantities of sulfur and chalcophile elements,
posing an environmental hazard that is exacerbated by relatively low plume
altitudes and protracted eruption durations17–25. Tropospheric plumes from
these predominantly effusive eruptions are time-varying mixtures of mag-
matic gases and particulate matter (PM), the latter includes abundant
aerosols and variable quantities of silicate fragments (i.e., tephra). Aerosol
PM includes condensed acidic gas species, such as sulfate, fluoride and
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chloride, and tracemetals andmetalloids, such as Cu, Pb, Zn, As, Se17,18,26–29,
many of which are classified as environmental pollutants by public health
agencies17,30. Consequently, volcanic emissions may severely degrade
regional air quality18,31 and for the largest events, impact the climate32–35.
Acidic gases and volatile trace elements are highly soluble in water and
readily dissolve in precipitation, contaminating soils and water sources and
in turn, either polluting or fertilizing ecosystems36–43.

Well-constrained volcanic sulfur budgets are critical to assessing the
climatic and environmental impacts of past and present eruptions24,25,44–47

and to predicting the outgassing flux of chalcophile metals and metalloids.
Maximum dissolved sulfur concentrations in a melt are buffered by the
solubility limits of S2− and S6+. In relatively reduced magmas where S2− is
prevalent (e.g., mid-ocean ridge basalts, MORB, and ocean island basalts,
OIB), an immiscible Fe-Ni-Cu sulfide liquid will precipitate if the S2−

concentration in the melt exceeds the sulfide content at sulfide saturation
(SCSS2−, e.g.,48–51). If this sulfide phase is not resorbed during late-stage S
degassing, it manifests as globules that range in diameter from less than one
micron to several tens of microns in erupted products (e.g.,52,53). Impor-
tantly, saturation in an immiscible sulfide phase sequesters sulfur and
chalcophile elements into the sulfide liquid, limiting the mass of sulfur and
chalcophile elements available to partition into exsolved aqueous fluids54–57.
For example, while dissolved sulfur concentrations in MORB and OIB
basalts are typically on the order of 102 to 103 ppm, sulfidemelt can contain
in excess of ~30 wt% S. Similarly, sulfide liquid-silicate melt partition
coefficients exceed 400 for elements such as Cu, Ag and Te and can be even
greater for Ni and platinum group elements54,56–58. Therefore, even a small
mass percentage of sulfide in a silicate melt will scavenge a substantial
proportion of the sulfur and chalcophile element mass in the magma.
Numerous studies have documented textural evidence of sulfide breakdown
in the presence of an aqueous fluid phase at low pressures in magmatic-
volcanic systems, which may represent a mechanism to release the chal-
cophile elements to the melt-vapor system on the timescale of
eruption7,47,59–64.

On cooling frommagmatic temperatures, sulfide liquid fractionates an
Fe-richmonosulfide solid solution (MSS), that coexists with residual sulfide
melt65–69; chalcophile elements will partition between these two phases
according to their MSS-sulfide melt partition coefficients57,70,71. At lower
temperatures, residual sulfidemelt crystallizes to Cu-rich intermediate solid
solution (ISS)65,66. Further cooling drives the subsolidus recrystallization of
MSS to pyrrhotite and pentlandite and ISS to chalcopyrite and cubanite52,72.

Total eruptive sulfur yields into the atmosphere are often estimated
petrologically based on the difference between the sulfur concentration of
melt inclusions (MI) trapped in early formed crystals and degassed lavas,
multiplied by erupted mass73. Yet, sulfide globules are commonly observed
in erupted products from reducedMORBandOIBmagmas47,52,74,75. Further,
chalcophile element systematics in volcanic emissions are consistent with
sulfide-melt partitioning in some cases59,63,76. Together, these observations
suggest that sulfide saturation and, crucially, resorption of an immiscible
sulfide phase, may modulate the availability of sulfur and trace elements in
magmas in a way that is rarely accounted for in petrological calculations. If
some S in the melt has already partitioned into a sulfide phase prior to melt
inclusion entrapment, then the release of S and other trace elements back
into the melt-vapor system during the resorption of these sulfides upon
eruption will not be accounted for using traditional melt-inclusion derived
volatile budgets. Equally, early sulfide saturation followed by fractional
separation into cumulates may reduce the availability of chalcophile ele-
ments for outgassing (and ore formation) and instead sequester them in the
crust77–80. The timing of sulfide saturation relative to the onset of fluid
saturation, and the composition of that fluid, is critical to determining
whether sulfur and metals are sequestered in the crust or released, either to
the atmosphere or into ore-forming fluids61,76,81–83.

Relatively reduced mafic magmas in hotspot and MORB settings may
experiencemultiple stages of sulfide saturationand resorption in response to
changes in pressure, temperature, oxidation state and melt composition
during ascent and differentiation47,48,51,61,82,84–88. In this study, we examine

sulfide globules in pyroclasts erupted during the 2014–2015 basaltic fissure
eruption at Holuhraun, Iceland53,74,89. Among mafic eruptions from which
sulfide globules are documented, pyroclasts from the 2014 to 2015
Holuhraun eruptionpreserve a remarkable abundanceof sulfide globules, as
well as diverse sulfide textures. Given the large atmospheric sulfur loadings
produced during this and other basaltic fissure eruptions in Iceland,
understanding themechanismsbywhich immiscible sulfides nucleate, grow
and resorb at low pressures in the sub-volcanic plumbing system on the
timescales of individual eruptions is crucial for determining the availability
of sulfur and chalcophilemetals for delivery to the surface environment.We
show that tephra preserve abundant evidence for sulfide resorption “caught
in the act” before all available sulfide is exhausted, offering a rare oppor-
tunity to explore the processes that modulate the sulfide life cycle from
nucleation through to resorption.

The 2014–2015 eruption of Holuhraun
An intense seismic swarmbeginningon16August 2014marked theonsetof
a major rifting event along a 48 km-long segment of the Bárðarbunga-
Veidivotn volcanic system, Iceland, and culminated in the six-month-long
effusive event at Holuhraun (29 August 2014 to 27 February 2015, with the
exception of a short break in activity on 30 August 2014; Supplementary
Fig. 1). Geophysical, geochemical, and petrological monitoring data were
collected at high temporal and spatial resolution during this eruption,
providing holistic insights into the relationships between subsurface and
eruptive processes in near real-time37,90. The eruption at Holuhraun extru-
ded1.1–1.2 km3of basaltic lava (Dense rockequivalent,DRE;91), covering an
area of 84 km2, and was the largest effusive eruption in Iceland to date since
the Laki eruption (1783–1784 CE). Mass eruption rates peaked at 560m3/s
in September 201491, producing intense lava fountaining (occasionally
>100m in height) that diminished over the course of the eruption. Eruptive
intensity had reduced to weak lava fountaining by early October 2014 and
the eruption was purely effusive by late January 2015.

The Holuhraun eruption plume was sulfur-rich but halogen-
poor e.g.,92. Average SO2 emission rates were ~610þ310

�180 kg s
−1 (53þ27

�16 kt d
−1)

over the six months of the eruption, peaking at a daily average of
~2170þ830

�770 kg s
−1 (~187 kt d−1) on 21 September 201492. Emission rateswere

highest during the firstmonth of the eruption and declined abruptly in early
October, followed by a slower but more steady decline for the remainder of
the eruption91,92. Although remote in location (100 km from the nearest
towns), the eruption at Holuhraun caused substantial environmental
pollution18,37 and public health impacts93,94 across Iceland. The eruption
plume degraded air quality on a regional scale, exceeding hourly air quality
standards for SO2 (350 μg/m

3; European Commission) as far as Reykjavik
(250 km from the eruption site), and altered the chemistry of snow and
precipitation around Iceland37,43,95. Intermittently, gas emissions increased
ground-level SO2 and sulfate concentrations across Europe37,96,97. Post-
eruptive degassing from the cooling lava flows continued for a further three
months after extrusion ceased, but contributed <1%of the syn-eruptive SO2

release98. The 2014–15 Holuhraun eruption underlined the societal rele-
vance of sulfur and trace element emissions, especially during prolonged
fissure eruptions, and consequently the need to improve our understanding
of the magmatic processes that control plume abundances.

Results
Sample petrography and sulfide distribution
Fresh, glassy tephra samples were collected throughout the 2014–2015
Holuhraun eruption from locations close to the eruptive vent. We selected
three samples—H14,MSR291014 (MSR) and EI220115 (EI)—representing
initial, intermediate, and final eruptive phases, respectively—for the textural
and compositional analyses in this study (see Supplementary Dataset 1).
These samples are splits of those described and analysed by ref. 89 and
ref. 99. We sieved bulk tephra samples in phi intervals (φ) and mounted
lapilli from the 2 to 4mm (−1φ) and 4–8mm (−2φ) size fractions in
carbon-coated polished grain mounts. We imaged crystal-vesicle textures
and sulfidemicrostructures using scanning electronmicroscopy (SEM) and
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measured themajor, trace and volatile (S and Cl) element concentrations in
matrix glass, sulfides, and silicate mineral phases using electron probe
microanalysis (EPMA) and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). Full analytical details are described in the
Methods and Supplementary Notes 1–2.

All samples are predominantly vesicular sideromelane, with smooth
outer surfaces that are occasionally broken to expose thinquenchedmargins
and bubbly interiors. Clasts contain macrocrysts (>1mm long axis) of
plagioclase (pl), olivine (ol) and clinopyroxene (cpx); smaller micro-
phenocrysts (generally <0.5 mm) of all phases; and polymineralic crystal
clusters (plagioclase and clinopyroxene ± olivine; Figs. 1 and 2), all within a
glassy matrix.We use the term crystal cluster to avoid implying any genetic
mechanism (i.e., growth vs synneusis); however, the radial morphology is
similar to plagioclase growth textures reported from experimental and
natural samples100. Many plagioclase microphenocrysts have moderately
skeletal swallow-tail morphologies. Several larger crystal clusters (generally
300 to 600 µm in diameter) exhibit equant textures more similar to those of
cumulates (Fig. 2d).

In addition to silicate mineral phases, we find sulfides in the form of
circular (near-spherical in 3D101) to elliptical Fe-S-Cu-Ni globules that range
from ~1 µm to 43 µm in diameter. Sulfides are distributed heterogeneously
throughout clasts, but most often situated close to either microphenocrysts,
crystal clusters (of varying sizes and textures) or vesicles (Figs. 1 and 2; see
also Supplementary Figs. 2–5). We classify sulfides into five groups,
according to their spatial associations. Sulfides situated more than 10 µm
away from any crystal or vesicle (in 2D) are defined as matrix glass-hosted,
although sulfides within this category are potentially in contact with phases
occurring beneath the exposed surface. Crystal-adjacent and vesicle-
adjacent sulfide globules are those within 10 µm of any crystal surface or
vesicle wall, respectively. Within these categories, we make a distinction
between those globules near to the crystal/vesicle surfaces, and those in
contact with them. We refer to sulfide globules enclosed within mineral

phases as sulfide inclusions, unless they are contained within pockets of
trapped silicate melt (melt inclusion-hosted).

We characterized a population of 97 sulfides in one sample H14 (31
August 2014) for their spatial associations. We find that 34 sulfide globules
(35%) are close to crystals, of which 27 are in physical contact with the
crystal surface based on 2D intersections (e.g., Fig. 1c–d); this proportion
would likely be larger if we had constraints in three dimensions. Generally,
contact angles at the crystal-sulfide interface are high, ranging from 122 to
158° with a mode of 145–150° (Fig. 3). Sulfide-plagioclase and sulfide-
clinopyroxene contact angles are similar; however, attachment to plagio-
clase is farmore common.Our observations indicate that sulfide liquidwets
crystal surfaces poorly but does form attachments. Twenty-six sulfides
(27%) are associated with vesicles (e.g., Fig. 1e–f), of which 14 appear
attached to the vesicle surface (Fig. 1g). Vesicle-sulfide contact angles span a
very broad range from 58° to 180° (Fig. 3). The relative sizes of vesicles and
sulfides in vesicle-sulfide aggregates also vary; although, in most cases the
sulfide globule appears in contact with a vesicle considerably larger than
the sulfide diameter (Fig. 1h). Twenty-two sulfides (23%) are hosted within
the matrix glass with no apparent association to either bubbles or crystals,
but it is acknowledged thismay not be the case in 3D. Sulfides hostedwithin
minerals either in melt inclusions or as sulfide inclusions (e.g., Fig. 1a, b),
comprise only 15% of the total population.

We measured the size distribution of sulfide globules for sample H14
based on SEM mosaics of four lapilli cross-sections (see Methods). Cor-
rected 3D size distributions show that the sulfide number distribution is
strongly negative-skewed, with sulfides most abundant in the smallest size
classes (Fig. 4b, frommeasured 2Ddiameters shownFig. 4a). In contrast, the
sulfide volume distribution is strongly positive-skewed and dominated by
fewer, larger sulfides; ~65% of the total volume is contained within the two
largest size classes, >16 µm (Fig. 4d). The total sulfide numberdensity across
all size classes is ~600mm−3 and, when combinedwith the size distribution,
translates to a volume percent of 0.07 ± 0.03 vol% sulfides (vesicle and

Fig. 1 | Spatial distribution of sulfides in
Holuhraun tephra. a Sulfide within amelt inclusion
hosted in a clinopyroxene microphenocryst. Sulfide
inclusions are also present in olivine and
plagioclase-hosted melt inclusions. b Sulfide as an
inclusion within a clinopyroxene micro-
phenocryst; similar inclusions are also present in
plagioclase. c Sulfides near to or in contact with two-
or three-phase glomerocrysts/intergrowths of pla-
gioclase, clinopyroxene and olivine (in order of
decreasing abundance). d Sulfide within a crystal
embayment; these also occurwithin tight geometries
between touching crystals. e–g Sulfides near to or in
contact with vesicles. h Sulfides within the matrix
glass. i The proportion of sulfides in each spatial
group for sample H14 (see main text for details of
classification criteria). Abbreviated annotations
refer to sulfide (s), silicate glass (gl), plagioclase (pl),
clinopyroxene (cpx), vesicle (v),melt inclusion (MI).
Images taken from all samples.
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phenocryst-free basis). The number density, n, is related to the size, L, by an
exponential distribution (linear trend on ln(n) vs size plot; Fig. 4c), with a
slope of −133 ± 11mm−5. This slope translates to a characteristic size of
~7.5 µm (see Methods).

Sulfide textures
Sulfide globules display various exsolution textures, which we categorize
into five textural types: (1) Homogeneous, (2) Fine-grained, (3) Coarse-
grained, (4) Zoned, (5) Breakdown (Figs. 5 and 6). Criteria for types 2–4
follow those defined by ref. 52, to which we add two further categories to
represent the broader range of textures observed in these samples. Classi-
fication is based on both textural and geochemical observations. Homo-
geneous sulfides have no visible compositional variation and are generally
perfectly circular in 2D with smooth outlines. Fine-grained sulfides show
micrometric intergrowths of Fe-Ni-rich and Cu-Fe-rich domains, repre-
senting quenched MSS and ISS respectively. Globules have highly circular
cross-sectionswith smoothoutlines.Coarse-grained sulfides also exhibit Fe-
Ni-rich (MSS) and Cu-Fe-rich (ISS) intergrowths, but each of the compo-
sitional domains aremuch larger than in fine-grained sulfides (>0.5 µm and
often several µm in size) and can be readily distinguished. The outlines of
coarse-grained sulfides are generally circular, but with sub-micrometric
roughness. In some globules, complete separation of Fe-Ni-rich andCu-Fe-
rich domains has taken place. This results in a zoned texture that reflects
migration and subsequent crystallization of the residual Cu-rich sulfide
liquid remaining after MSS crystallization52. A Ni-rich phase often borders
the MSS-ISS interface or is present as flame-shaped structures within MSS
domains. Zoned sulfide globules often exhibit crenulated outlines yet retain
a circular or elliptical two-dimensional morphology. Lastly, sulfides
undergoing breakdown have highly irregular morphologies with jagged
outlines and hollow or honeycomb-like centers. Individual compositional
domains are no longer recognizable (Fig. 5f). The remaining sulfide residue
is generally Fe-rich and S-poor.

Overall, the sulfide population is dominated by Type 1 (homogeneous,
Fig. 5a) andType2 (fine-grained, Fig. 5b) textures. In sampleH14, forwhich
the greatest number of sulfideshasbeen classified for texture (n = 109), Type
1 and 2 sulfides account for 40% and 36% of the total population, respec-
tively (Fig. 5a). Only 10% of sulfides are Types 3 and 5 (coarse-grained and
breakdown, Fig. 5d, f) and 4% are Type 4 (zoned, Fig. 5e). The relative
proportions of the different sulfide textures vary between the three samples
analysed—that is, with time through the eruption (Fig. 5).Whilst only~12%
of sulfides were classified as Type 5 (breakdown) in H14 (31 August 2014),

Fig. 2 | Back-scatter electron images showing
sulfides within two- and three-phase glomer-
ocrysts of plagioclase and clinopyroxene ± olivine
(glomerocrysts typically between 300 and 600 µm
in diameter). Sulfides are often found either
attached to crystal exterior surfaces, or as inclusions
in these glomerocrysts (most commonly within
confined regions, see orange arrows for examples).
a, d Images from sampleMSR, 29October 2014, and
(b, c, e) images from sample H14, 31 August 2014.
Abbreviated annotations refer to silicate glass (gl),
plagioclase (pl), and clinopyroxene (cpx).
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Fig. 3 | Contact angles (ϴ) between sulfides and different features. a plagioclase,
(b) Clinopyroxene, (c) vesicles in silicate melts. ϴ < 90° indicates good wetting
between the sulfide liquid and either the solid or vapor surface, whilst ϴ > 90°
indicates poor wetting.ϴ = 180° indicates non-wetting. Data from all three samples.
The curve shows the smoothed probability density function.
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this proportion rose to 48% in MSR291014 (29 October 2014) and 50% in
EI220115 (22 January 2015). When recalculated to exclude those sulfides
breaking down, the relative proportions of Types 1–4 are similar between
the three samples. Notably, coarse-grained sulfides are not recorded in the
samples from the intermediate or final eruptive phases.

We find that sulfide size and texture are correlated. As the diameter of
globules increases, so does the size of compositional domains (Supple-
mentary Fig. 6). All globules less than 5 µm have a homogeneous texture,
whilst all those >20 µm have a coarse-grained or zoned texture. The size
distribution of zoned globules, expressed as the interquartile range in Deq

(see Methods), overlaps with that of coarse-grained sulfides, but extends to
larger dimensions up to the maximum observed sulfide diameter of 43 µm.
The size distribution of sulfides breaking down appears similar to that of
fine-grained globules, although their irregular morphology (Fig. 5f, Sup-
plementary Fig. 7) means that Deq is not an intuitive measure of size and
may not reflect the original diameter of the globule. Globules hosted within
matrix glass ormelt inclusions are generally <15 µm indiameter. The largest
sulfides are always observed near or in contact with crystals (Supplemen-
tary Fig. 6).

Sulfide globules are generally circular (and assumed spherical in three
dimensions) or slightly elliptical. We quantify globule shape using Form
Factor (FF; Eq. 1), a shape parameter measured from binary (thresholded)
SEM images. This parameter quantifies the difference between the peri-
meter of a sulfide globule and that of a circle of equivalent area, and is

expressed on a scale from 0 to 1 (where a perfect circle = 1):

FF ¼ 4πA

P2
ð1Þ

where P refers to the 2D perimeter of the sulfide and A refers to the 2D area
of the sulfide. FormFactor thereforeprovidesan efficient single descriptor of
globule ‘irregularity’ as it accounts for both surface roughness and
elongation102,103. We find that the FF distribution for sulfides is heavily
skewed towards high values—that is, very smooth, circular outlines—with
mode of FF = 0.7–0.8 (Supplementary Fig. 4). Nevertheless, the distribution
has a long tail to values as low as FF = 0.1, which reflects those sulfides in
various stages of breakdown: 83% of sulfides with FF < 0.3 are classified as
Type 5. FF distributions indicate, approximately, the extent of sulfide
breakdown in a sample and can be easily automated.

Exploring the relationship between sulfide textures and their spatial
distribution, we find that whilst homogeneous and fine-grained sulfides are
found in all locations, coarse-grained and zoned globules are generally only
observed adjacent to crystals (either close to or in contact with; Supple-
mentary Fig. 6). Most sulfides hosted inmelt inclusions are visibly breaking
down. We note that several melt inclusions are associated with fractured
crystals, which would promote decrepitation and degassing if the inclusion
is intersected104, although this cannot explain all examples. Alternatively,
given the irregular and often skeletal crystal morphologies it is feasible that
some melt inclusions are not isolated in three-dimensions and are instead
situated within melt re-entrants. Melt inclusions may also be experiencing
post-eruptive oxidative changes affecting sulfide stability44,105. Few Type 5
(breakdown) sulfides (<10%) are matrix glass-hosted. Importantly, these
data describe how sulfides are distributed at the time of clast quenching.
From textural data alone, we cannot assess the extent to which sulfide
resorption has already modified the original sulfide population.
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fraction, expressed as the fraction of the total sulfide volume. Data from sampleH14.

Fig. 5 | Sulfide textures through the eruption. a The proportion (%) of different
sulfide textures present within each sample analysed, where time through the
eruption increases from left to right; n = 109 (H14), 21 (MSR) and 14 (EI). See main
text for description of each textural class. backscattered electron scanning electron
microscope images showing sulfide globules representative of each textural class: (b)
Type 1, Homogeneous, (c) Type 2, Fine-grained, (d) Type 3, Coarse-grained, (e)
Type 4, Zoned, (f) Type 5, Breakdown. Colored borders on (b–f) correspond to the
colors used in (a).
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Major element sulfide compositions
Sulfide bulk compositions lie between pyrrhotite (Po) and bornite (Bnt) and
overlap for sulfides erupted at different stages of the eruption (Supple-
mentary Fig. 8). The average bulk composition based on 41 sulfides
(excluding those breaking down) across all three samples is 33.6 ± 2.4 [2σ]
wt% S, 46.6 ± 10.4 [2σ] wt% Fe, 2.4 ± 1.9 [2σ] wt% Ni, and 17.4 ± 11.1 [2σ]
wt%Cu. Individual domains in zonedsulfides span abroader compositional
range (Supplementary Fig. 8c–e), with some domains reaching Po (Fe-rich)
and approaching Bnt (Cu-rich) and the Ni-rich endmember
pentlandite (Ptl).

Major and trace element glass and mineral compositions
Matrix glass compositions are relatively tightly clustered in all major and
selected trace elements (Supplementary Figs. 9–10) and consistent with
previously published data for this eruption (6.0–6.5 wt% MgO, average
6.36 ± 0.58 wt% [2σ]53). Clasts erupted during the final stage of the
eruption have glass compositions that are slightly more evolved than
those erupted at the onset of activity, with MgO contents of 6.47 ± 0.18
[2σ] wt% for sample H14 (31 Aug 2014) and 6.04 ± 0.37 [2σ] wt% for
sample EI (22 Jan 2015). Sulfur contents in matrix glasses range from 394
to 1701 ppm (H14) and 333 to 1571 ppm (EI), with the highest sulfur
contents found in regions of glass close to crystal clusters. Mean S con-
tents in open glass away from crystals and vesicles are 468 ± 89 [2σ] ppm
and 435 ± 125 [2σ] ppm for H14 and EI, respectively, indicating com-
parable amounts of S loss through degassing (~70% if we assume an
undegassed melt S content of 1600 ppm). Sulfur concentrations in glass
confined between crystals or interstitial within crystal clusters are sub-
stantially higher and more variable, with a mean value of 1134 ± 813
[2σ] ppm across both samples combined.

Compositional profiles measured away from sulfides show that glass
sulfur concentration declines with distance from the sulfide (Fig. 7a). Sulfur
concentration gradients are most pronounced for those sulfides situated in
confined geometries; sulfur contents of up to 1792 ppm were measured
next to sulfides, which then declined in most cases to values indis-
tinguishable from sulfide-free matrix glass over distances of 30 to
50 µm (~455 ± 107 ppm, grey bar, Fig. 7). Profile gradients are shallower, or
flat, for those sulfides situated in large regions of crystal-free glass (Fig. 7b).
Although secondary fluorescence is a concern when analyses are directly
adjacent to a high-concentration material, the fact that gradients are only

seen away from sulfideswithin confined geometries and not in open regions
of glass, suggests that secondary fluorescence is not contributing here.
Further support that these profiles are not analytical artefacts comes from
the existence of concentration gradient profiles within confined geometries
without a sulfide globule present.

Average concentrations of chalcophile trace elements based on 13
analyses of matrix glasses yield 168 ± 33 [2σ] ppm Cu, 46 ± 4 [2σ] ppm Ni,
125 ± 20 [2σ] ppm Zn and 0.65 ± 0.2 [2σ] ppm Pb. Although samples are
glassy and sufficiently large regions of crystal- and vesicle-free glass could
easily be identified for ablation, tens of analyses were discarded due to
ablation of sub-micron sulfides distributed as an emulsion throughout the
matrix glass (visible as Cu and Ni spikes within the ablation signal).

Plagioclase, clinopyroxene and olivine microphenocrysts that are
adjacent to sulfides, either in direct contact with or within 10 µm of
sulfide globules or contain sulfide inclusions, have compositions between
An = 0.62 and 0.72 (median: An = 0.7, where An = Ca/(Ca+Na+K)
molar), Mg# = 0.72 and 0.82 (median: Mg# = 0.79, where Mg# =Mg/(Mg
+Fe) molar) and Fo = 0.70 and 0.81 (median: Fo = 0.77, where Fo = Mg/
(Mg + Fe) molar), respectively (Fig. 8). Sulfides are present as inclusions
or within melt inclusions in all three mineral phases, although are not
common. Mass balance indicates that sulfides were co-entrapped during
melt inclusion formation; for the sulfide shown in Fig. 1a, the melt S
concentration required to produce the observed sulfide globule after melt
inclusion entrapment (>3000 ppm) is unrealistic given the S contents of
Icelandic magmas.

Almost all plagioclase phenocrysts analysed were homogeneous in
composition from core to rim; however, three were normally zoned with
An-rich cores that transitioned sharply into a lower An rim (Fig. 8f, An =
0.76 to 0.72, 0.79 to 0.68 and 0.83 to 0.70). These zoned plagioclase crystals
contained sulfides within melt inclusions only in the outer, more evolved,
rim (Supplementary Fig. 5). Several clinopyroxenes associated with sulfides
exhibited weakly developed sector zoning, with differences in Mg# of
0.02–0.03 between sectors within the same crystal (e.g.,Mg# = 0.77 and 0.80
from one example in sample H14).

Discussion
We have presented textural and geochemical observations that together
inform our understanding of sulfide systematics during the 2014–15
Holuhraun eruption. Sulfide globules are ubiquitous in rapidly quenched

Fig. 6 | Sulfide compositions (Cu, Fe, Ni, S)
from EDS mapping, showing segregation of
Fe, S and Ni-rich domains and Cu-rich
domains. aHomogeneous;bFine-grained; (c,d)
Coarse-grained; (e, f) Zoned sulfides. Labels atop
each column represent sample ID and sulfide ID,
corresponding to those in the supporting infor-
mation. Each row is a different element. Scale
bar = 10 µm in all images.

e) H14 - S2 f) MSR -S3c) H14 - S4 d) MSR - S3a) H14 - S3

Cu

Fe

Ni

S

b) EI - S2
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tephra and exhibit variations in texture and composition in both time and
space that describe the complete life cycle of sulfide nucleation, growth,
segregation and ultimately, resorption. Here, we discuss the processes
underpinning each phase of this life cycle, model the timing of sulfide
saturation relative to crystal fractionation, and evaluate the extent to which
sulfide growth and resorption may modulate sulfur and chalcophile out-
gassing during basaltic eruptions that are sulfide-saturated at the onset of
sulfur degassing.

Modeling the onset of sulfide saturation
Several different parameterizations exist for the SCSS2− as a function of
pressure, temperature, andmelt composition. However, manymodels were
calibrated on experiments containing pureFeS liquids85, while sulfides in the
2014–15 Holuhraun tephra contain considerable quantities of Cu and Ni
(Supplementary Fig. 8). As the SCSS2− reduces with decreasing ratios of Fe/
(Fe+Ni+Cu) in the sulfide melt (Fig. 6), models neglecting the Ni and Cu
content of sulfides substantially overpredict the SCSS2− 47. We use the
SCSS2− models of Smythe et al.51 and O’Neill50 to predict the maximum
concentration of S2− that can dissolve in the melt; both models account for
the ratio of Fe to Cu and Ni in the sulfide. All sulfide saturation-related
calculations were performed in the open-source Python3 tool PySulfSat106.

To assess the onset of sulfide saturation inHoluhraun lavas,wemodel a
fractionation path reproducing the major element compositions of melt
inclusions corrected for post-entrapment crystallization89,99, whole-rock
compositions53, Holuhraun matrix glasses from ref. 53 and this study, and
glasses interpreted as older Bárðarbunga deposits107–109 using Petrolog3110

(Supplementary Fig. 9). Interestingly, the trajectories of PEC-corrected
Holuhraunmelt inclusion compositions fromHartley et al.89 and Bali et al.99

diverge at MgO contents >9 wt%, particularly with respect to CaO, Al2O3

and FeO. As only Bali et al.99 report S data from their melt inclusions, we
optimize ourmodels to fit themajor element systematics of these inclusions
to allow direct comparisons between the calculated SCSS2− andmeasured S
contents. As the starting composition for models, we use the mean major
element compositionofPEC-corrected inclusionswithMgO>10 wt%99.We
use mineral-melt models for olivine, plagioclase and clinopyroxene from
Langmuir et al.111, and set the initial melt H2O content at 0.15 wt% (fol-
lowing ref. 99). We note that melt water contents do not affect the phase
stability fields111, but they do slightly affect the SCSS2− calculated using the
model of Smythe et al.51. We set the pressure at 3.2 kbar based on melt
inclusion equilibration pressures89 and use the Petrolog3 output tempera-
ture. Models were run assuming a closed system for O2 with an initial
Fe3+/ΣFe ratio of 0.1.At themeanMgOcontent ofmatrix glasses analysed in

this study (6.3 wt%) the Fe3+/ΣFe ratio is 0.15. Although the oxidation state
of the Holuhraun melt has not been evaluated explicitly, this modeling
constraint is consistent with the range of fO2measured from other volcanic
systems in Iceland,which suggest oxidation states relative to theFMQbuffer
of −0.32 to +0.06 (Reykjanes Ridge112), +0.4 (Laki parental105), −0.4 to
+0.4 (Surtsey113) and 0.1 ± 0.5 and 0.5 ± 0.5 (Brattaskjól and Hvammsmúli
units, Eyjafjallajökull114).

The two SCSS2−models used are sensitive to sulfide composition50,51, so
this parameter must be defined at each fractionation step. While both
models have in-built functions to calculate the composition of the sulfide
liquid from the user-supplied melt composition, these compositions have
been shown to deviate substantially frommeasured sulfide compositions in
Hawaiian samples at high MgO contents47. To account for this, we ran
SCSS2− models under two scenarios. The first assumes that the Fe/(Fe+Ni
+Cu) ratio of sulfides is equal to the mean measured bulk sulfide compo-
sition (Fe/(Fe+Ni+Cu) = 0.7118) and remains constant throughout the
fractionation interval. The second scenario uses the calculated sulfide
compositions fromeachmodel, basedona specified liquid lineofdescent for
Cu and Ni produced in Petrolog3110. We modeled Ni concentrations using
initial Ni contents of 220 ppm, KOl=Melt

D;Ni using the model of ref. 115,
KClinopyroxene=Melt
D;Ni = 2.6116 and KPlag=Melt

D;Ni = 0.Wemodeled Cu concentrations
using initial Cu contents of 80 ppm, KOl=Melt

D;Cu = 0.1, KClinopyroxene=Melt
D;Cu = 0.21

and KPlag=Melt
D;Cu = 0.14117,118. These Petrolog3 models approximate the liquid

line of descent defined by LA-ICPMS glass measurements (this study) and
whole-rockmeasurements53 from the 2014–15Holuhraun eruption, as well
as glass measurements from older Bárðarbunga deposits107 (Supplementary
Fig. 9). Ideally, the Fe, Ni and Cu concentrations in the melt would be
adjusted iteratively basedon the calculated amount of sulfide formed in each
step. However, there is insufficient published Ni and Cu data to ground-
truth such an iterative approach, and our models effectively recreate
observed Ni and Cu concentrations (as measured by ICP-MS) that define
fractionation trends.

TheSCSS2−modelspredict theonset of sulfide saturationat thepointof
intersection between the modeled SCSS2− paths and a fractionation trajec-
tory for sulfur assuming no sulfide formation (e.g., incompatible behavior,
assuming initial melt S concentration was 790 ppm; Fig. 9a, b, black lines).
For fixed and calculated sulfide compositions, the SCSS2− values from both
models50,51 are remarkably similar, predicting sulfide saturation at ~8 and
~8.6 wt% MgO respectively (Fig. 9a, b). Importantly, both models capture
the prominent kink in the trajectory of melt sulfur content defined by melt
inclusions, resulting from sulfur initially behaving incompatibly during
sulfide-undersaturated fractionation and then following the trajectory of the

a b
Confined sulfides Unconfined sulfides

glass =  
455±107 [2σ]

Fig. 7 | Sulfur concentration as a function of distance from sulfide globules.
a Gradients away from sulfide globules are preserved over distances of 10–40 µm
from the melt-sulfide interfaces, where sulfides are present within confined geo-
metries within crystal clusters. b Similar gradients are not observed for sulfides

within the matrix glass. Inset images: Backscattered electron SEM images of sulfides
in Holuhraun tephra, in which the measured profile is shown by the red line: A
(sample H14, scalebar is 40 µm) and B (sample H14, scalebar is 100 µm).
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SCSS2− after the onset of sulfide saturation. The two models effectively
bracket the most S-rich melt inclusions for <8 wt% MgO.

Calculated sulfide compositions yield SCSS2− values that are slightly
lower at highMgO contents than the fixed compositionmodels (because at
high MgO the predicted Fe/(Fe+Ni+Cu) ratio in the sulfide is lower than
measured here). At <8 wt% MgO, the models are very similar, and the
calculated sulfide composition lies within 1σ of the measured sulfide com-
position (Fig. 9d).

Icelandic melts likely contain a non-negligible proportion of S6+ spe-
cies, based on the redox state of Icelandic magmas (e.g.,105,119) and EPMA
measurements of the SKαwavelength shift in Icelandic glasses120. As SCSS2−

models only account for the solubility of S2−, while EPMAmeasurements of
S in melt inclusions measure the concentration of both S2− and S6+ species,
the SCSS2−mustbe scaledupaccording toEq. 2121 before direct comparisons
can be made. For only 10% S6+, the model of Smythe et al.51 effectively
brackets the upper limit of measured S contents and predicts the onset of

Fig. 8 | Mineral equilibrium compositions during
fractional crystallization vs. appearance of sulfides
in contact with or within 10 µm of each phase.
Colored lines on (a, c, e) show equilibrium mineral
compositions calculated from the liquid composi-
tion outputted by the Petrolog3 fractional crystal-
lization model. Histograms (b, d, f) show measured
mineral compositions either in contact with or
within 10 µm of sulfide globules- the range of these
histograms are indicated as shaded colored regions
in (a), (c), and (f). Gray regions on (b, d, f) show
mineral compositions in equilibrium with matrix
glasses. Vertical gray lines on (a, c, e) indicate the
onset of sulfide saturation from SCSS modeling (see
Fig. 9 and main text) between 8 wt% MgO (fixed
sulfide composition) and 8.6 wt% MgO (model
calculated sulfide composition. Olivine equilibrium
contents in (a) calculated using the Kd model
of ref. 171 (0.3 ± 0.03, red line and dashes), model of
ref. 172 (Kd = 0.34, black line) and the melt-
composition and temperature sensitive model of
ref. 173 (blue line). The gray shaded regions in (b)
use Kd = 0.3 (ref. 172). (c–d) Calculated clinopyr-
oxene (cpx) contents in equilibriumwithmelts from
the Petrolog3 model calculated using Eqn. 35
from ref. 174 (± 0.08 error). e Calculated anorthite
(An) contents in plagioclase in equilibrium with
melts from the Petrolog3 model, using the anhy-
drous thermodynamic model of ref. 175 (solid black
line), the non-thermodynamic basaltic
model of ref. 175 (dashed black line) and eqn. E of
ref. 176 (green line). f Gray shaded regions
use ref. 175. The compositions of An-rich plagio-
clase cores are shown by the black crosses; these
three crystals contain sulfides as inclusions only in
the outer, more An-poor rim.

An-rich cores
(no sulfides)

a) b)

c) d)

e) f)

KD Roeder & Emslie, 1970

KD Putirka (2008) eq 35
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sulfide saturation at very similar MgO contents to that of O’Neill50.

SCSST ¼ SCSS2�

1� S6þP
S

� � ð2Þ

Wecalculate themass proportionof sulfide ðXsulf Þ formedusing amass
balance:

Xsulf ¼
Sinit � XmeltSSCSS

Ssulf
ð3Þ

Where Sinit is the initial amount of S at the start of the fractional crystal-
lization model (790 ppm), Xmelt is the amount of melt left during FC from
Petrolog3110, SSCSS is the calculated amount of S in a sulfide saturated melt,
and Ssulf is the average bulk sulfur concentration of sulfides (33.6 wt%).We
convert this mass fraction into a volume fraction by multiplying by the
density ratio of silicate melt (2804 kgm−3 calculated in DensityX122) and

sulfide melt (4200 kgm−3,89). In sample H14, collected early in the eruption
and exhibiting the least amount of sulfide breakdown, we measure
0.07 ± 0.03 vol% sulfide (vesicle-free basis; Fig. 4d), which lies within the 1σ
uncertainty bound predicted by SCSS2−models at ~6.5 wt%MgOassuming
a fixed sulfide composition (Fig. 9c).

Sulfides erupted in the 2014–2015Holuhraun event are enriched inCu
compared to reported sulfide compositions from other MORB or OIB
settings and are consistent with relatively late-stage sulfide saturation after
substantial olivine fractionation53,123. Observations of sulfides as both olivine
inclusions and within MIs in olivine (Fig. 1) suggest that sulfide saturation
was coincident with olivine crystallization. Ni is compatible in olivine, while
Cu is incompatible, so olivine fractionation drives a melt to higher Cu and
lower Ni values. Additionally, the sulfide-melt partition coefficients for Cu
and Ni exhibit opposing behavior as a function of melt MgO content54; DNi

decreases sharply as MgO drops in the melt, while DCu increases slightly.
Together, these effectsmean that the bulk compositionof sulfideswill evolve
towards more Cu-rich end members as crystallization progresses, reaching
~17 wt%Cuwhen themelt reaches<6.5 wt%MgO(Supplementary Fig. 11).

a) Fixed (measured) Sulfide

c) Fixed (measured) Sulfide

Measured 
vol % 

Fig. 9 | Sulfide Content at Sulfide Saturation (SCSS2−) for different model sce-
narios. aModels using themeanmeasured bulk sulfide composition from this study.
bModels using sulfide compositions calculated from the SCSSmodel.Melt inclusion
compositions (blue circles) are overlain fromBali et al.99, and glass compositions (red
triangles) from this study. The expected trend in S contents for fractional crystal-
lizationwithout sulfide formation is shown as a black line (calculated fromPetrolog3
outputs). cChange in volume fraction (%) sulfide as a function ofmelt MgO content

using fixed sulfide composition. The volume percent sulfide calculated in this study
is shown for comparison (light blue diamond). dModeled sulfide composition as a
function of melt MgO content. Measured sulfide compositions are shown for
comparison and show good agreement with modeled values at the observed matrix
glass composition. SCSS is modeled using the models of 51, both with and without
correction for 10% S6+ and with no correction (just S2−) using ref. 50.
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Previous studies on Icelandic melts have proposed that sulfide saturation
was reached in the melt at ~6.5 wt% MgO, based on melt inclusion data
from the 2000 Hekla eruption124 and the 2014–15 Holuhraun eruption that
is the subject of this study99. In contrast, our modeling and the prominent
change in gradient in melt inclusion S contents with decreasing MgO
(Fig. 9a) suggest that the Holuhraun melt reached sulfide saturation at a
much earlier stage of fractionation, between 8 and 8.6 wt% MgO. The dis-
crepancies in the timing of saturation may be a consequence of previous
SCSS2−models assuming equilibriumwith pure FeS sulfides, which tends to
overpredict the SCSS2− compared to models incorporating Cu-Ni-rich
sulfides. Overprediction of the SCSS2− results in a greater degree of melt
fractionation prior to sulfide saturation.

In contrast, sulfur and chalcophile trace element systematics atKīlauea,
Hawai’i suggest that sulfide saturation takes place at ~12 wt% MgO, after
only minor crystal fractionation47. The lower MgO of the onset of sulfide
saturation in Iceland relative toKīlauea likely reflects the fact that plagioclase
and clinopyroxene saturate at ~9 wt%MgO in Iceland (based on Petrolog3
models; see also125) compared to ~6.8 wt% MgO at Kīlauea126. During
olivine-only saturation (~10 wt%MgO), the SCSS2− declines towards the S
fractional crystallization trajectory (Fig. 9a). In contrast, once plagioclase
appears on the liquidus (at ~9 wt%MgO), an increase in melt FeO content
drives the SCSS2− up, pushing themelt further away from sulfide saturation.
Even once sulfide saturates, the near-parallel trajectories of the fractional
crystallization andSCSS2−modelsmeans that only a small amount of sulfide
is produced per unit ofMgO decrease, with abundant sulfides only forming
at ~6–7 wt% MgO (Fig. 9c). Differences in the onset of sulfide saturation
may also reflect differences in the major element contents of primary
magmas at Iceland and Hawai’i that result from their distinct mantle
sources, which affects not only SCSS trajectories during fractionation but
also the amount of S in primary magmas. For example, at 10wt% MgO,
Kīlauean basalts have 1200–1600 ppmS44,47, whileHoluhraunmagmas have
only ~800 ppm S99 (Fig. 9).

Crystal-sulfide systematics as an independent constraint on
sulfide saturation
Using the fractional crystallization model described above, we calculate
the equilibrium mineral compositions for olivine, clinopyroxene and
plagioclase with changing melt MgO content, for a range of the latest
liquid-melt equilibration parameterizations implemented in the Python3
package Thermobar127 (Fig. 8). We compare these equilibrium curves to
the mineral compositions of crystals associated with sulfides (either as
inclusions or in contact with), with a particular focus on predicted
mineral compositions at the onset of sulfide saturation from SCSS2−

modeling (8 to 8.6 wt% MgO using fixed and calculated sulfide com-
positions, respectively; Fig. 9).

The composition of the most primitive measured phenocrysts that host
sulfides are predicted to have appeared on the liquidus at ~8 ± 1wt% MgO
(clinopyroxene) and between 7 and 8wt% (olivine), consistent withmodeled
melt compositions at the onset of sulfide saturation or shortly after (Fig. 8).
The remaining clinopyroxene and olivine population associated with sul-
fides then record a broad crystallization interval as the melt continues to
evolve to ~6wt% MgO, overlapping with matrix glass compositions.

Plagioclase crystals associated with sulfides are relatively evolved and
are in equilibrium with liquids containing <6.5 wt% MgO (Fig. 8), almost
entirely within the range of mineral compositions in equilibrium with
matrix glass compositions. Core compositions for zoned phenocrysts
indicate that plagioclase crystallization began earlier at 7–8.5 wt% MgO,
coincident with that of clinopyroxene and olivine; however, sulfide inclu-
sions are only present within the more An-poor outer rim. The often-
skeletal morphologies and radial growth textures of plagioclase, particularly
within smaller crystal clusters, indicate relatively rapid growth under con-
ditions of strong undercooling100.

These mineral-sulfide associations describe a protracted interval of
melt evolution where sulfides were present in the melt either coincident
with, or subsequent to, the growth of clinopyroxene, plagioclase and olivine.

Hartley et al.89 show using olivine-plagioclase-augite-melt (OPAM) baro-
metry that while the carrier melt equilibrated at pressures of 2.1 ± 0.7 kbar,
the melt inclusion population equilibrated at higher pressures centered on
~3.2 kbar corresponding tomid-crustal depths (full range0.8 to 8 kbar).The
pressure interval for carrier melt equilibration translates to depths of
7.5 ± 2.5 km,which overlapswith earthquake locations inferred to represent
the dike path (6 ± 1 km128).We suggest that the polymineralic (plag-cpx±ol)
crystal clusters (Fig. 2a–e)—many of which display core compositionsmore
primitive than expected for the carrier liquid—represent disaggregated and
entrained fragments of a relatively evolved crystalmush accumulatedwithin
a crustal storage region129,130. Smaller, isolated sulfide-hosting micro-
phenocrysts may have crystallized during transport through the shallow
magmatic system and during finalmelt equilibration. The relatively evolved
mineral compositions associated with sulfides (Fig. 8), and the lack of sul-
fides within the most primitive cores of zoned macrocrysts, argue against
very early sulfide saturation and accumulation in deep crustal cumulates, in
agreement with reported temporal evolution in the crystal cargos129. While
crystals andmelts fromdeep, lower crustal storage zones~17 kmdepthwere
sampled frequently by eruptions of the Bárðarbunga-Veiðivötn system in
the earlyHolocene, petrological signatures showingupward transfer of these
cargos have been largely absent in more recently erupted products129.
Instead, since the middle-Holocene, magmas erupted in the Bárðarbunga-
Veiðivötn systemhavemainly carried evolvedmacrocrysts derived from the
mid-crust (7–13 km129).Mineral textures and compositions, combinedwith
SCSS2− modeling, suggest that the final phase of sulfide saturation prior to
the 2014–15 Holuhraun eruption was reached during melt differentiation
within upper magmatic storage regions in the mid-crust, and persisted
throughoutdike transport until theonsetof volatile saturationandpervasive
degassing during magma ascent through the upper few hundred meters of
the crust.

Sulfide nucleation and transport
The exponential sulfide size distribution (Fig. 4; similar to crystal size dis-
tributions in magmas; e.g.,131,132) is commonly linked conceptually with a
Poisson point process, where independent events occur continuously at a
constant average rate but where the exact timing of each event is random.
The exponential sulfide number density in our samples (Fig. 4) suggests that
once the melt reaches sulfide saturation, nucleation proceeds stochastically
as a continuous, random process at a relatively constant rate. Here we are
assuming that sulfide breakdown is independent of size and therefore does
not bias thefinal distributionweobserve in quenched samples. Althoughwe
cannot comment on the size of sulfides already fully resorbed, sulfides
observed in partial breakdown are generally between 5 and 15 µm (Sup-
plementary Fig. 6). If smaller sulfides were to resorb more efficiently, then
the slope of our number density distribution is a minimum and thus the
characteristic size may be smaller than our data suggest; further experi-
mental studies would be needed to explore this.

Our observations indicate that sulfides commonly wet mafic crystal
phases (particularly plagioclase), albeit at relatively high contact angles
(Figs. 1 and 3; Supplementary Fig. 3). Previous experimental and theoretical
work has suggested that magnetite and sulfide may be most important for
heterogeneous nucleation of fluid bubbles that may cause flotation7,62,133–136.
Our observations raise the intriguing possibility that silicate crystal attach-
ment may provide an effective transport mechanism for sulfide liquid
droplets—at least within the shallow magmatic system. Sessile droplet
experiments involving Fe-Cu-Ni sulfide melt on an alumina substrate yield
sulfide-oxide contact angles ofϴ = 150–180° (compared to 122–158° in our
natural samples; Fig. 3) and suggest that heterogenous nucleation of sulfides
on silicate minerals is thermodynamically unfavorable due to high inter-
facial energies136. We would argue that, although wetting crystals at high
angles, the widespread association between sulfide globules and crystal
surfaces in natural samples cannot be by chance. Constraining the extent to
which sulfide-mineral wetting behavior varies over a range of mineral and
sulfide compositions will be crucial to understanding the role of crystals in
both scavenging and transporting sulfides.
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Flotation of sulfides in the form of bubble-sulfide aggregates has been
proposed to explain how sulfides that would otherwise settle into cumulates
due to their large density contrast with silicatemeltmay be transported into
the shallow magmatic system62,137, similar to the mechanism proposed for
the flotation of magnetite133–135. We observe several sulfides attached to
vesicles, with awide range ofwetting angles, whichmay represent preserved
bubble-sulfide aggregates. However, direct contact with an exsolved vapor
phase would promote sulfide dissolution (Supplementary Fig. 7) and we
may expect that only a fraction of the original sulfide-bubble aggregates
would be preserved.

Sulfide resorption
Our data and modeling suggest that sulfide nucleation in the 2014–15
Holuhraun melt began at ~8 wt% MgO and continued until the onset of
sulfur degassing at ~6.5 wt%MgO, evidenced by an abrupt decrease inmelt
sulfur contents at constant MgO observed in matrix glasses (Fig. 9a). Par-
titioning of dissolved sulfur from the melt into an exsolved vapor phase
would drive the melt rapidly towards sulfide undersaturation. Degassing-
induced reduction of the melt138 will counteract this effect slightly by
decreasing the total solubility of sulfur as S6+ reduces to S2−, but this rela-
tively small effect is overwhelmed by themuch larger amount of S lost to the
vapor (particularly in relatively S6+-poor Icelandic magmas).

Themost striking observation froma textural perspective is the change
in the proportion of sulfides visibly breaking down throughout the eruption,
specifically between samples collected at the eruption onset (August 2014),
where <10% of visible sulfides exhibited breakdown textures, compared to
later samples (November 2014 and January 2015) where ~50% of visible
sulfides were texturally unstable. Given that the magma effusion rate
decreased throughout the eruption (i.e., from a peak effusion rate of
560 m3/s in September 2014 to <50m3/s after the first three months of the
eruption91,139), we suggest that the later erupted samples spent longer at
shallowdepths or in surface lava ponds after S degassing had begun, so there
was additional time for sulfides to break down in response to changingmelt
conditions. Given that all samples likely followed similar degassing paths,
this observation indicates that sulfide breakdown is kinetically-limited.

Sulfides appear to break down to a Fe-rich (S-poor) remnant57 (Sup-
plementary Fig. 7). Sulfide liquid reacts according to Eq. 459 in response to
changes in either fO2 or fS2 to form magnetite (Fe2O3), which has a much
lower capacity to accommodate sulfur and metals within its structure61.

3FeSðSLÞ þ 2H2Oðmelt;fluidÞ þ 2O2ðmelt;fluidÞ ! Fe3O4 þ 2H2SðfluidÞ þ SO2ðfluidÞ

ð4Þ
Sulfide exsolution textures are a size-dependent process controlled by a

balance between the amount of undercooling and the time between MSS
and ISS crystallization (52, see also Supplementary Note 3). Chalcophile
elements are therefore segregated, to varying degrees, during cooling from
magmatic temperatures (Fig. 6) according to their relative affinity for ISS
with respect toMSS, concentrating Zn, As, Cd, Sn, Sb, Ag, Te, Au, Pb andBi
in the Cu-rich ISS domains57. In contrast, Ni, Co and Re are retained in the
Fe-richMSS domains. A compelling question for futurework iswhether the
metals sequestered in sulfides are released congruently during resorption.
Some fractionation is possible if Cu-rich and Fe-rich domains break down
through different mechanisms that are not necessarily synchronous, which
may lead to a change in gas and aerosol plume chemistry.

Sulfide globules are commonly found within confined melt regions
near to or in contact with crystals; such locations include skeletal embay-
ments within individual crystals or between two radiating crystals within
crystal clusters (Fig. 1). This relationship implies either preferential
nucleation in these locations or preferential preservation. Sulfur is incom-
patible in growing silicatemineral phases and sowemay expect an enriched
boundary layer to form immediately alongside the crystal boundary, where
elevated melt S contents may induce local sulfide saturation in close
proximity to crystals growing in equilibrium with the melt. However, the
presence of sulfide globules distributed throughout the samples—

particularly within the open regions of matrix glass—argue against such
local saturation effects. Instead, we propose that kinetic effects related to
slow sulfur diffusion maintain locally elevated sulfur concentrations under
disequilibrium and promote the preservation of sulfide within confined
geometries. Similar processes were invoked to explain the elevated sulfur
contents measured in near-vent quenchedmatrix glasses erupted at Fissure
8 during the 2018 Kīlauea eruption, which are elevated above those pre-
dicted by degassing models at atmospheric pressure44.

Timescales of degassing and sulfide breakdown
Sulfur contents in glass adjacent to confined sulfide globules are elevated
(800 to 1800 ppm S; Fig. 7) relative to the mean matrix glass (455 ± 107
[2σ] ppm S; Fig. 7) and in many cases overlap with those of melt inclu-
sions at the same MgO content (1300 to 1700 ppm S; Fig. 9a). Profiles
away from confined sulfides, towards open matrix glass, show a gradual
decrease in melt S content until reaching values within error of the matrix
composition over distances of 40 to 100 µm. The diffusivity of sulfur (Ds)
in an anhydrous basaltic melt at 1170 °C and 0.1–0.5 wt% H2O is
1.3–1.6 × 10−12 m2s−1 (Eqn. 5140).

lnDs ¼ �8:21� ð27692� 651:6CH2OÞ=T ð5Þ

whereDs is inm
2 s−1 andT is inKelvin (1170 °C+ 273.1553), andCH2O is the

water content in wt%99. This relation is based on experimental data141

obtained between 1250 and 1400 °C at FMQ −3 and therefore requires
some extrapolation to the eruption temperature calculated based on glass
compositions53. Calculated S diffusion rates using Eq. 5 are orders of mag-
nitude lower thanH2O andCO2 under similar conditions. Sulfur diffusivity
(i.e., element mobility in response to a concentration gradient) will increase
with both increasing water content and fO2

140. If sulfur loss is impeded by
kinetic diffusive effects then this may delay sulfide undersaturation, such
that sulfide liquid remains in equilibrium with the melt composition until
eruption and quenching. If we approximate 1-D diffusion by:

t ≈
x2

4Ds
ð6Þ

and set Ds equal to 10−12 and 10−13 m2 s−1, this yields an approximate
timescale, t, for sulfur to diffuse over a distance (x) of 100 µm of 0.7–7 h
respectively. Timescales of ascent based on dehydration of melt inclusions
have been estimated as 0.48–19.2 h from olivine-hosted inclusions, and
0.48–600 h from plagioclase-hosted melt inclusions89. To explore potential
degassing paths which can account for observed S concentration gradients
in the framework of these timescales, we model dissolved volatile contents
and exsolvedfluid proportions using Sulfur_X142 (see SupplementaryNote 4
for degassingmodel parameters).Weuse the average composition ofmatrix
glass fromH14, assuming an initialH2Ocontent of 0.5 wt%, 1640ppmCO2,
1700 ppm S99, a model temperature of 1150 °C. The model initiates at
~370MPa (the pressure of vapor saturation). By the time the magma has
decompressed to 100MPa, ~74% of the total CO2, 1–2% of the total S and
~0.24% of the total H2O has degassed (Supplementary Fig. 12). By 10MPa,
~98% of the total CO2, 8–19% of the total S, and 5–6% of the total H2O has
been lost. These models demonstrate that S degasses slightly before H2O,
although by the time >10% of each gas species has degassed, the trajectories
are very similar. Thus, our inferred timescales of 0.7–7 h to account for
preservation of sulfur gradients spanning ~100 µm inmatrix glasses (Fig. 7)
and the presence of intact sulfides within degassing matrix glasses are
consistent with the timescales of 0.48–600 h for loss of H2O.

Elevated sulfur contents in matrix glasses from hydromagmatic
eruptions involving shallow magma-water interaction with surface or
groundwater, in both Iceland and Kīlauea, further underline how sulfur is
largely retained in themelt until lowpressures, as a consequence of relatively
late stage degassing relative to CO2, and slower diffusion rates relative to
H2O

23,24,45,75,107,120,143,144.
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Contribution of sulfide breakdown to sulfur and chalcophile
metal emissions
On resorption, sulfides can release their sulfur and chalcophile trace
element cargo back into the melt-vapor system, upon which they are
degassed according to melt-vapor partitioning, with elements parti-
tioning into the exsolved vapor phase according to their volatility47.
However, metal and metalloid trace element assemblages measured
in several volcanic plumes instead more closely reflect sulfide-melt
partitioning behavior63,76, suggesting that chalcophile elements
sequestered in an immiscible sulfide phase may modulate the emis-
sion of these elements to the atmosphere.

If we consider a representative range of sulfide volume fraction pre-
dictedby SCSSmodels at 6.5 wt%MgO, (1σ error boundsof 0.01–0.08 vol%,
equivalent to 0.02–0.12 wt%; Fig. 9c), and assume that S released from the
sulfide during late stage degassing partitions entirely into the vapor phase,
thenwemay calculate the amount of outgassed sulfur supplied theoretically
by complete sulfide resorption (Eqs. 7–9, Fig. 10a):

Sresorption ¼ Ssf ×
VsfR
100

� �
ð7Þ

where Sresorption = sulfur supplied to the melt-vapor system by sulfide
resorption (wt%), Ssf = bulk S composition in sulfide (wt%), R is the density
ratio of sulfide to silicatemelt (4200/2804 kgm−3;105,122), andVsf = volumeof
sulfide resorbed (%). We also calculate the amount of S lost from the melt
through degassing (Sdegassed, wt%) from the S content of melt inclusions
(SMI, wt%), representative of the undegassedmelt S concentration, and the S
content of matrix glass (Sglass, wt%), representative of the residual S
concentration in the melt after degassing to 1 atm:

Sdegassed ¼ SMI � Sglass ð8Þ

From these two parameters, we calculate the % contribution from
sulfide resorption to the total S flux (Fig. 10b):

Cð%Þ ¼ Sresorption
ðSresorption þ SdegassedÞ

 !
× 100 ð9Þ

Wenote that our SCSSmodels of sulfide volume%assumeno removal
(settling) of sulfides during crystallization, which seems a reasonable first-
order assumption given the agreement between modeled and measured
sulfide volume percent from the early erupted sample (Fig. 9c).

Taking the average sulfur bulk composition measured in Holuhraun
sulfides (33.6 wt%) and the total sulfur degassed from the melt (0.16
[undegassed]– 0.04 [degassed] wt%= 0.12 wt%), then resorption of 0.02
and 0.12 wt% sulfide would contribute 4% and 27% of the total sulfur
emissions, respectively. If we consider the total sulfur dioxide mass loading
over the eruption to be 9.6 ± 2.9–4.8 Tg SO2

92, then this implies that up to
~2.6 Tg SO2 may have been supplied by sulfide resorption. The mass
fraction of sulfide, both forming and resorbing, may vary in time and space
in response to changes in eruption dynamics andmagma supply.Wemodel
the potential contributions to S outgassing from sulfide breakdown over a
range of sulfide volume percent in Fig. 10, considering the 2σuncertainty on
the average sulfide bulk composition. Sulfide breakdown, even in relatively
small amounts, may therefore be a plausible mechanism to supply con-
siderable amounts of sulfur to basaltic volcanic plumes (as discussed by
Wieser et al.47 for Kīlauean eruptions).

Sulfide breakdown would also be expected to release Cu and other
chalcophile metals into the melt-vapor system (Fig. 10d). However, in
contrast to S, which is highly volatile, Cu ismuch less volatile29,145. Unless the
sulfide is in direct contact with the vapor, the partitioning behavior of Cu
between melt and exsolved fluids will determine the proportion of the total
Cu supplied by resorption that may be outgassed. From the average Cu

Fig. 10 | Elemental partitioning between sulfides
and vapor. aCalculation of the amount of sulfur from
the system released into the fluid phase (i.e., the gas
plume) as a result of sulfide resorption (assuming S is
highly volatile). For example, resorption of 0.08 vol%
sulfide is equivalent to degassing an extra 0.04 wt%
(400 ppm) S from themelt phase, The upper and lower
bounds in modeled sulfide vol% (0.02 to 0.08 vol%;
from Fig. 9c) are annotated to illustrate the potential
contribution from resorption of the entire sulfide
population. b Contribution of sulfide resorption as a
percentage of total sulfur outgassing (degassing of
initial dissolved S content in melt plus S added through
sulfide resorption). Uncertainties (dashed lines) refer
to ±2σ on the measured sulfide bulk composition. See
main text for calculations. c Concentration of copper
(Cu) in the fluid phase (emitted gas plume) supplied
by sulfide resorption, shown for a range of melt-vapor
partition coefficients and the upper and lower bounds
of sulfide volume percent. Literature values of experi-
mental vapor-melt partition coefficients (Kd) for Cu
are annotated (= 48, Guo and Audetat146; = 510, Zajacz
et al.147, = 0.0023, Zelenski et al.145); see main text for
discussion. dConceptual diagram illustrating proposed
elemental exchange between sulfide, silicate melt, and
exsolved magmatic vapor phase.
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composition measured in sulfides (17.4 wt%), resorption of 0.08 vol% sul-
fidewould supply 209ppm(0.02 wt%)Cu to themelt-vapor system.Vapor-
melt partition coefficients,Dvapor-melt, of 48 (ref. 146) and 510 (ref. 147) have
been determined experimentally for Cu, and would imply only 6 ppm and
<1 ppm (of the total 209 ppm Cu added) would remain in the melt,
respectively.However,Cu (andalsoAg) speciates stronglywith chloride and
therefore its volatility is limited by the salinity of exsolved fluids148–150. These
experiments yielding high Dvapor-melt values were performed with high
chlorine concentrations in the aqueous fluid and therefore likely over-
estimate Dvapor-melt for Cl-poor melts (e.g., Icelandic basalts,24,151). For
example, the SO2/HClmolar ratiosmeasured in the2014–15Holuhraungas
plume was 46–7992, compared to substantially lower ratios in more Cl-rich
arc volcanic plumes (e.g., 0.3–8.8 Stromboli, Italy; 1.5–2.6 Masaya, Nicar-
agua; 3–5.3 Ambrym, Vanuatu;152,153).

We model the expected Cu concentration in the fluid phase derived
from sulfide resorption for a range of Dvapor-melt values in Fig. 10c. We find
that for Dvapor-melt > 10, the proportion remaining in the melt becomes
vanishingly small, and there is very little difference in the amount released as
Dvapor-melt increases further. However, Zelenski et al.

145 present a vapor-melt
partition coefficient of 0.0023 for Cu (in rift/hotspot settings) derived
empirically from high-quality volcanic gas and whole rock compositions.
This much lower KD implies that Cu has a relatively low volatility in ocean
island basalts and therefore that much of the Cu added back into the melt-
vapor system by sulfide resorption would remain in the melt. A key inde-
pendent constraint on Dvapor-melt comes from our measured Cu con-
centrations of 161 ± 22 ppm [2σ] and 182 ± 38 ppm [2σ] in thematrix glass
of quenched pyroclasts from H14 and EI, respectively (Supplementary
Fig. 9). These values in the degassed melt are incompatible with those
predicted for high vapor-melt partitioning behavior for realistic initial Cu
contents in ocean island basalts. Based on chalcophile element systematics
in melt inclusions andmatrix glasses at Kilauea volcano (another low-H2O,
low-Cl basaltic system), Wieser et al.47 also suggest that most of the Cu
released from sulfide breakdown remains in the melt. In contrast to Cu,
outgassing of elements that have a relatively low abundance in silicatemelts
butwhich are both volatile andpartition strongly into sulfide liquids (e.g., Se
and Te) will be highly sensitive to a sulfide phase breaking down; even small
additions to the melt would be expected to produce a large change in the
amount released to the volcanic plume.

Evidence for magmatic sulfides is widespread—either in the form of
visible sulfide globules or more cryptically in trace element geochemical
records—in the eruptedproducts of basalticfissure eruptions inocean island
settings, including Réunion84, El Hierro (Canary Islands154), Mangaia (Cook
Islands155), 2011 Grímsvötn (Iceland75), Hverfjall Fires (Iceland,120), and
various eruptions at Kīlauea including 1959 Kīlauea Iki, 1969–1974Mauna
Ulu, 1955 and 1977 East Rift Zone47,156–159. However, the 2014–15 Holuh-
raun eruption appears unique in the larger abundance of sulfides preserved
withinmatrix glasses, compared to the very small number of sulfidespresent
in Kīlaueamatrix glasses47. It could be expected that eruptions where sulfide
resorption has proceeded to almost completion would yield different
degassing signatures to those where there are still numerous sulfides
remaining in the melt on eruption. Once all available sulfide is exhausted
(i.e., not isolated within intact melt inclusions), trace element outgassing
may proceed according to fluid-melt partitioning. The paucity of remaining
sulfides at Kilauea may explain why metals appear to be outgassed in pro-
portions that are poorly correlated with sulfide-melt KD values47. Similar
signatures would be expected for basaltic eruptions which are not sulfide
saturated upon eruption, perhaps because they are more oxidized, or
experienced open-system degassing, lava drainback and recycling44.

In contrast, eruptions which are sulfide saturated and possess sulfides
that continue to break down throughout the degassing interval may
experiencingbufferingof the chalcophile element contents in themelt by the
presence of sulfides, or direct transfer of metals from sulfide to fluid,
resulting in a different geochemical fingerprint versus the sulfide-free sce-
nario. It is also worth considering the effects of kinetics on degassing sig-
natures. It is well established that H, C and S are fractionated from one

another during volcanic degassing because of the vastly different diffusion
rates of these elements through themelt160. In fact, kinetic effects are vital for
extending the interval over which sulfides are resorbed during degassing,
and preserving the high S concentrations seen in erupted matrix glasses.
Kinetically-limited sulfide breakdown may establish large gradients in the
silicate melt of chalcophile elements with high sulfide-melt KDs but more
sluggishdiffusion rates.Chalcophile elements canonly bedegassedbasedon
silicate-vapor partition coefficients if all elements can diffuse to the nearest
bubble as quickly as they are degassed. Thus, emittedmetal signatures in the
presence of abundant resorbing sulfides may also be strongly modulated by
elemental diffusion rates in the silicate melt, as has been shown in
experiments161,162. Measurements of sulfide-liquid partition coefficients,
liquid-vapor partition coefficients, and elemental diffusion coefficients in
relatively reduced, H2O-poor OIB-type basaltic melts will play a key role in
future advances in understanding the complex exchange of chalcophile
elements between melt, sulfide and vapor phases during degassing.

Kinetic effects also mean that that the sulfide systematics preserved in
quenched tephra, such as those examined here, are not the end of the story.
Further degassing of sulfur and volatile trace elements takes place during (a)
lava fountaining and post-fragmentation expansion of scoria lapilli120,163–165,
and (b) lavaflow, emplacement, andslowcooling24,44,92,98,165. In Iceland,delayed
post-eruptive degassing is demonstrated clearly in petrological records; for
example, while 1185 ppmS is released at the vents, a further 140 and 155 ppm
S is degassed during lava transport and post-emplacement, respectively24.
Similarly, during the 2018 Kilauea eruption, petrological observations and
remote sensing measurements suggest that between 10 and 45% of the total
magmatic sulfur degassed during surface lavaflows44. If sulfidepreservation in
quenched tephra close to the vent is a product of slow sulfur diffusion rates,
then we may expect resorption to have progressed to completion in those
Holuhraun melts erupted effusively. A compelling hypothesis to explore is
therefore whether the emitted chalcophile trace element assemblage in the
plume varies systematically between the vent and progressive distances down
flow in a way that can be linked explicitly to the exhaustion of sulfides.

Conclusions
Sulfide saturation occurs in many magmas feeding basaltic eruptions in
ocean island and MORB settings globally, with implications for the avail-
ability of sulfur and chalcophile trace elements within silicate melts. How-
ever, textural and geochemical evidence documenting sulfide breakdown
and resorption is commonly erased or overprinted in erupted products.
Sulfide globules in rapidly quenched tephra erupted during the 2014–15
Holuhraun eruption exhibit variations in texture and composition in both
time and space that describe the complete life cycle of sulfide nucleation,
growth, segregation, and ultimately resorption, presenting a valuable
opportunity to explore sulfide breakdown, preserved in progress. By
underpinning textural and geochemical observations of sulfides, sulfide-
bearing minerals and glasses, with modeling constraints, we argue that
rapid, late-stage resorption of sulfide associated with the onset of sulfur
degassingmaymodulate the emission of sulfur and chalcophile elements to
the atmosphere and surface environment in magmas that are sulfide-
saturated at the onset of sulfur degassing.
1. Sulfide nucleation in theHoluhraunmelt began at ~8 wt%MgO,when

sulfide saturation was reached, and continued until the onset of sulfur
degassing at ~6.5 wt% MgO, whereupon partitioning of dissolved
sulfur from the melt into an exsolved vapor phase drives the melt
rapidly towards sulfide undersaturation. The gradual divergence
between fractional crystallization and sulfide content at sulfide
saturation (SCSS2−) model trajectories suggest that sulfides may not
have become abundant in the melt until <7 wt% MgO.

2. Sulfide globules are observedwithinmatrix glass, attached to the surfaces
of bubbles and crystals and, less commonly, as inclusions within
minerals. Sulfides are preserved preferentially in confined geometries
within and between crystals and crystal clusters, likely due to kinetic
effects that impede sulfur loss from the melt and maintain local sulfide
saturation on eruption. Textural associations between sulfides and
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crystals, combined with the observation that sulfide liquids appear to wet
crystal surfaces, hint that crystal attachment may be a more important
mechanism for transporting sulfides than previously thought.

3. The proportion of sulfides exhibiting breakdown textures increases
from <10% at the eruption onset (August 2014) to ~50% inNovember
2014 and January 2015.We suggest that thepreservation of sulfidemay
be, at least in part, coupled to the magma effusion rate, which reduced
throughout the eruption91,139. Later erupted samples may have spent
longer at shallowdepths, where extensive sulfur loss through degassing
had begun —so there was additional time for sulfide breakdown and
resorption to proceed.

4. Mineral-sulfide associations describe a protracted interval of melt
evolution where sulfides were present either coincident with or
subsequent to the growth of clinopyroxene, olivine, plagioclase in
equilibrium with MgO contents ~8, 7–8 and <6.5 wt% respectively.
The relatively evolved compositions of sulfide-bearing plagioclase-
clinopyroxene-olivine crystal clusters suggest crystallization during
lateralmagma transportwithin thedike,perhaps re-entrained from the
cooler dike margins.

5. Sulfide resorption, even in relatively small amounts, presents a plau-
sible mechanism to supply substantial amounts of sulfur and chalco-
phile elements to basaltic volcanic plumes. Mass balance modeling
suggests that resorption of 0.08 vol% (0.12 wt%) sulfide could account
for an additional ~0.04 wt% S and 0.01 to 0.02 wt% Cu in the melt,
which, whendegassed, would account for ~27%of the totalHoluhraun
sulfur emissions and non-negligible Cu emissions, depending on the
vapor-melt partition coefficient.

6. The speciation behavior of chalcophile elements likely has a strong
control overwhether those elements contribute to the outgassed plume
assemblage or remain in the melt upon resorption. While Cu, for
example, has a relatively low volatility in low-H2O, low-Cl tholeiitic
basalts, outgassing of elements that are highly volatile, highly
chalcophile, and have a low abundance in silicate melts (e.g., Se, Te)
are particularly sensitive to sulfide resorption; even small additions to
the melt will translate to large changes in volcanic plume concentra-
tions. However, we highlight the need for further experimental data on
trace element fluid-melt partitioning in reduced, Cl-poor systems
relevant to Kīlauea and Iceland, and on the diffusion rates of these
elements in water-poor basaltic melts.

7. Contrasting sulfide systematics between Kīlauea and Holuhraun may
reflect (a) differences in the major element contents of primary mag-
mas at Iceland and Hawai’i and therefore crystallization trajectories
during differentiation, and (b) that sulfide resorption proceeded to
near-completion in many Kīlauean melts that reached sulfide
saturation, while both textural and geochemical evidence suggest that
at Holuhraun, on eruption at the vent, it had not. Continued degassing
and slow cooling of effusive lavas may have recorded the resorption
process to completion, however. Once all available sulfide is exhausted,
trace element outgassing will proceed according to fluid-melt
partitioning, potentially masking geochemical signatures of sulfide
resorption in either erupted products or plume measurements.

Further constraints on the relative timing of sulfide nucleation, growth
and resorption are critical to our ability to reconstruct the sulfur and trace
element yields from past eruptions or to forecast anticipated yields from
future eruptions for a rangeofmagmacompositions; the latter is particularly
important for generating timely and accurate environmental hazard
assessments for trace element exposure from volcanic plumes17,18,166,167.

Methods
Textural characterization
We identified sulfides from backscattered electron (BSE) images acquired
using a FEI Quanta 650FEG scanning electron microscope (SEM) at the
University of Cambridge, operating at working distances of 13–15mm and
a 15 kV accelerating voltage. We imaged individual sulfide globules at a

magnification that yielded ~105 pixels/sulfide (at a resolution of 1024 × 798
and 10 µs integration time) to ensure that uncertainties on sulfide area and
shapemeasurements are independent of size. BSE images were thresholded
using ImageJ software (http://imagej.nih.gov/ij/) and analysed using an
open-source shape macro for ImageJ103,168.

We measured the size distribution of sulfide globules for sample H14
basedonSEMmosaics of four lapilli cross-sections.Measured2Dareaswere
converted into circular equivalent diameters (Eq. 10) assuming a spherical
globule morphology and binned into geometric size classes.

Deq ¼ 2
ffiffiffiffiffiffi
πA

p
ð10Þ

whereA is themeasured area of each sulfide. The number of sulfides in each
size class was normalized by the total vesicle- and phenocryst-freemelt area
to give the 2Dnumber density, Na (mm−2).We calculated the equivalent 3D
number density, Nv (mm−3) and population density (mm−4) using
stereological procedures embedded within CSDCorrections169; http://
www.uqac.ca/mhiggins/csdcorrections.html), assuming a spheroidal geo-
metry. The total sulfide number density (SND, mm−3) is the sum of Nv

across all size classes. Population density is expressed as ln(n) vs size (L),
where n is the slope of the cumulative Nv distribution with units of number
per size class per volume; the characteristic size (LD) of the distribution is
calculated from Eq. 11:

LD ¼ � 1
s

ð11Þ

where s is the slope of the regression. The sulfide volume distribution is
calculated by multiplying Nv for each size class by the volume of a sphere
with a diameter equal to the midpoint of the corresponding size class and
converted to sulfide volume fraction by expressing the volume within each
size class as a percentage of the total sulfide volume. The sulfide volume
percent refers to the total volume of sulfide as a percentage of the total
vesicle- and crystal-free melt volume.

Major and trace element compositions
Major,minor and volatile (S andCl) element concentrations inmatrix glass,
sulfides, and silicatemineral phases forH14,MSR and EIweremeasured on
carbon-coated polished grain mounts using a Cameca SX100 electron
microprobe (EPMA) at the University of Cambridge, UK. Full details of
analytical conditions are presented in Supplementary Note 1 and Supple-
mentary Dataset 1.

For coarse-grained and zoned sulfide globules (i.e., compositional
zones » beam diameter), we analysed the chemical composition of each
phase separately using wavelength-dispersive X-ray spectroscopy (WDS).
We then reconstructed the bulk composition of the sulfide globule by cal-
culating a weighted average based on the 2D area proportion of each sulfide
phase measured from BSE SEM images. We note that the large analytical
volume of EPMA at depth in the sample may introduce an unquantified
uncertainty to the measured composition of smaller compositional
domains. For sulfide globules with a fine-grained texture, the compositional
variation is at a scale smaller than the beam size and interaction volume.
Here, unweighted averages of one to three analysis points (depending on the
sulfide size) were used to determine bulk composition, with each analysis
representing an average composition over the incident beam area and
interaction volume. Additionally, we acquired energy-dispersive X-ray
spectroscopy (EDS) maps of sulfide globules using two 3‖60 Bruker flash
detectors (90 kcps) for acquisition times of 12–15min. Sulfide compositions
(both bulk compositions and individual domains) were determined from
EDS spectra using Esprit2.1 software and the PhiRhoZ quantification
(standardless). This approach has been shown to recreate the S-Cu-Ni-Fe
composition of sulfide standards measured by EPMA within ±5–10%47.

We analysed trace element concentrations in matrix glasses from
samples H14 and EI by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) at the School of Environment, Earth and
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EcosystemSciences at theOpenUniversity using aPhotonMachinesAnalyte
G2 193 nm excimer laser system coupled to an Agilent 8800 ICP-QQQ and
following techniques outlined in82,170; see SupplementaryNote 2 for analytical
metadata.Weused a laser spot size diameter of 50 and65 µm for all elements,
positionedmanually for each analysis to ensure no overlap with anymineral
phases or small visible sulfide globules, and a repetition rate of 10Hz and a
laser fluence of 3.63 J/cm2. Sample aerosols were transported in a He atmo-
sphere (0.9 l/min) with 5ml/minN2 added via a y-connector downstream to
increase sensitivity. The surface of the glass was pre-ablated prior to analysis
to remove surface contamination. Backgrounds weremeasured for 30 s prior
to each analysis, followed by 30 s of signal and 50 s of washout. NIST-SRM
612 reference material was used for external calibration and 29Si for internal
calibrationof trace elementdata.BCR-2Gwasusedas the secondary standard
to monitor precision and accuracy. The isobaric interference from 115Sn on
115In was corrected following the protocol outlined in Jenner and O’Neill170.

Data availability
Geochemical and textural data are provided in Supporting Dataset 1, and
archived on Zenodo (https://zenodo.org/doi/10.5281/zenodo.10471904).

Code availability
Jupyter Notebooks used for modeling are archived at Zenodo (https://
zenodo.org/doi/10.5281/zenodo.10471904), also available through GitHub
https://github.com/PennyWieser/Holuhraun_Sulfide_Resorption_
CommsEE.
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