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Abstract
Kīlauea Volcano’s 2018 lower East Rift Zone (LERZ) eruption produced exceptionally high lava effusion rates and record-setting  SO2 emis-
sions. The eruption involved a diverse range of magmas, including primitive basalts sourced from Kīlauea’s summit reservoirs. We analyzed 
LERZ matrix glasses, melt inclusions, and host minerals to identify melt volatile contents and magma storage depths. The LERZ glasses and 
melt inclusions span nearly the entire compositional range previously recognized at Kīlauea. Melt inclusions in  Fo86-89 olivine from the main 
eruptive vent (fissure 8) underwent 70–170 °C cooling during transport in LERZ carrier melts, causing extensive post-entrapment crystal-
lization and sulfide precipitation. Many of these melt inclusions have low sulfur (400–900 ppm) even after correction for sulfide formation. 
 CO2 and  H2O vapor saturation pressures indicate shallow melt inclusion trapping depths (1–5 km), consistent with formation within Kīlauea’s 
Halemaʻumaʻu and South Caldera reservoirs. Many of these inclusions also have degassed δ34S values (− 1.5 to − 0.5‰). Collectively, these 
results indicate that some primitive melts experienced near-surface degassing before being trapped into melt inclusions. We propose that 
decades-to-centuries of repeated lava lake activity and lava drain-back during eruptions (e.g., 1959 Kīlauea Iki) recycled substantial volumes 
of degassed magma into Kīlauea’s shallow reservoir system. Degassing and magma recycling from the 2008–2018 Halemaʻumaʻu lava lake 
likely reduced the volatile contents of LERZ fissure 8 magmas, resulting in lower fountain heights compared to many prior Kīlauea eruptions. 
The eruption’s extreme  SO2 emissions were due to high lava effusion rates rather than particularly volatile-rich melts.

Keywords Degassing · Melt inclusions · Sulfur budget · δ34S · Magma recycling · Kīlauea Volcano

Introduction

The 2018 lower East Rift Zone (LERZ) eruption of Kīlauea 
Volcano (Hawaiʻi, USA) provides a notable example of how 
multidisciplinary eruption monitoring coupled with detailed 
geochemistry can revise our understanding of volcanic processes 
at Kīlauea (Gansecki et al. 2019; Neal et al. 2019). The 2018 
LERZ fissure eruption was one of Kīlauea’s largest eruptions 
in > 200 years and was well monitored and sampled by the U.S. 
Geological Survey’s Hawaiian Volcano Observatory (USGS-
HVO) (Anderson et al. 2019; Gansecki et al. 2019; Neal et al. 
2019; Patrick et al. 2019c, 2020b; Kern et al. 2020; Shiro et al. 
2021; Dietterich et al. 2021). Between May and August, fis-
sures in the LERZ erupted 0.9 to ≥ 1.4  km3 of dense rock equiva-
lent (DRE) lava (Kern et al. 2020; Dietterich et al. 2021) and 
were accompanied by record-setting  SO2 gas emissions (Kern 
et al. 2020) and a major summit caldera collapse (Anderson 
et al. 2019).
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Prior to the LERZ eruption, a remarkable dual-vent 
eruption had been occurring at Kīlauea (Patrick et  al. 
2019b). The Puʻuʻōʻō vent had been erupting on Kīlauea’s 
East Rift Zone (ERZ) since 1983, and a lava lake began 
forming within the Halemaʻumaʻu summit crater in 2008 
(Patrick et al. 2021). From 2008 to 2018, magma ascend-
ing at the volcano’s summit convectively degassed in the 
lava lake, then sank and became partially hybridized with 
stored summit and ERZ magmas while traveling ~ 20 km 
down-rift to erupt at Puʻuʻōʻō (e.g., Elias and Sutton 2012; 
Edmonds et al. 2013; Orr et al. 2015; Thornber et al. 2015; 
Patrick et al. 2019b).

In early 2018, both Puʻuʻōʻō and Kīlauea’s summit 
began pressurizing, and on April 30, a dike propagated 
from beneath Puʻuʻōʻō toward the LERZ (Neal et al. 2019; 
Montgomery-Brown et al. 2020; Patrick et al. 2020b). On 
May 3, the first of 24 fissures erupted within the LERZ 
(Patrick et al. 2020a). Early erupted lavas (phase 1) were 
mostly evolved basalts, although a small volume of unu-
sual andesite erupted more explosively from fissure 17 
(Gansecki et al. 2019). Hotter, more primitive “summit-
like” lavas began erupting on May 17–18 (phase 2), and 
lava effusion rates increased substantially (Gansecki et al. 
2019; Neal et al. 2019). On May 27–28, activity focused 
at fissure 8 (formally named Ahuʻailāʻau), which became 
the dominant vent for the remainder of the eruption (phase 
3) (Neal et al. 2019). Fissure 8 produced lava fountains 
with maximum heights of 50–80 m, and fed a fast-flowing 
lava channel that eventually traveled > 10 km to the ocean 
(Neal et al. 2019; Patrick et al. 2019c). High lava effusion 
rates in the LERZ were accompanied by draining of the 
summit lava lake and rhythmic collapse of the summit cal-
dera as magma was emptied from the summit reservoirs 
(Anderson et al. 2019). As the evacuated Halemaʻumaʻu 
lava lake conduit became filled with collapse debris,  SO2 
degassing rates at the summit decreased from a decade-long 
average of ~ 4.5 kilotons per day (kt/day) to ~ 1 kt/day by 
June, and  SO2 emissions were near instrument detection 
limits (≤ 0.05 kt/day) by September (Kern et al. 2020). On 
August 2, the summit collapses abruptly ceased, and the 
LERZ eruptive activity sharply declined on August 4–5. 
The large volume of magma erupted from LERZ fissures 
amounts to > 10 years’ worth of Kīlauea’s average magma 
supply being erupted within three months (Poland et al. 
2014; Anderson and Poland 2017; Dietterich et al. 2021).

The LERZ fissures produced hazardous lava flows and 
prodigious gas emissions that profoundly impacted com-
munities in the district of Puna. Sustained  SO2 emission 
rates of > 100 kt/day during phase 3 activity at fissure 8 
(F8) amounted to a ~ 20-fold increase in total  SO2 emis-
sions from Kīlauea (Elias and Sutton 2012; Sutton and 
Elias 2014; Elias et al. 2020; Kern et al. 2020). Under-
standing the factors that contributed to this remarkable  SO2 

output is important for constraining the eruption’s lava and 
sulfur (S) budgets (Sutton et al. 2003; Kern et al. 2020; 
Dietterich et al. 2021), and for improving our ability to 
anticipate and interpret future degassing activity and asso-
ciated hazards.

Here, we combine compositional, redox, isotopic, and 
volatile measurements of matrix glasses, melt inclusions 
(MI), and their mineral hosts from Kīlauea’s 2018 LERZ 
eruption to provide insights into magma reservoir processes 
and volatile behavior during ascent and lava emplacement. 
Our results show that sulfur concentrations in LERZ mate-
rials are highly variable due to pre-eruptive degassing, 
magma mixing, and sulfide saturation, and that many primi-
tive MI were affected by extreme post-entrapment crystal-
lization due to magma mixing. Using an updated H-C-S 
degassing model for Kīlauea, we interpret magma degassing 
behavior and the effects of  SO2 degassing on sulfur-isotope 
fractionation.  H2O-CO2 measurements in MI indicate that 
LERZ phase 3 magmas were sourced from relatively shal-
low depths. Collectively, our observations suggest that the 
recycling of shallowly degassed magma is an important 
process at Kīlauea.

Methods

We investigated rapidly cooled lava samples collected 
by USGS-HVO teams throughout the LERZ eruption 
(Gansecki et al. 2019; Lee et al. 2019). Samples include 
water-quenched molten samples from the active lava 
channel (n = 4), naturally quenched spatter and basal-
tic pumice from eruptive fissures (n = 3), and naturally 
quenched tephra from an explosive ocean entry littoral 
blast (n = 1) (Table 1, Figs. 1 and S1). These samples all 
contain matrix glass and glassy MI. We also sampled an 
air-cooled lava clast from the final lava channel over-
flow of F8 (LF8, erupted ~ August 4, 2018). The ground-
mass of this sample is mostly crystallized and large MI 
are devitrified; however, smaller MI (≤ 50 μm diameter) 
remain glassy. A subset of large devitrified MI from LF8 
were rehomogenized at 1200–1300 °C prior to analysis.

Phenocrysts were individually mounted and singly or dou-
bly polished to expose glassy MI and re-entrant melt channels 
(RE) (Figs. 2 and S2) . Interstitial melts (glass regions partially 
bounded by surrounding crystals) were similarly exposed by 
polishing mounted crystal clusters. Matrix glass was com-
monly preserved around crystal edges. Polished thin sections 
and multi-grain mounts were also made from a subset of sam-
ples, with a number of MI intersected by random sectioning. 
Major element compositions of glasses (matrix glass, MI, RE) 
and minerals were analyzed by electron probe micro-analyzer 
(EPMA). Water and  CO2 concentrations of glasses were meas-
ured by Fourier transform infrared spectroscopy (FTIR), and 
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 CO2 sequestered in MI vapor bubbles was determined by 
Raman spectroscopy. Sulfur isotopes (δ34S) in matrix glasses 
and MI were measured by secondary ion mass spectrometry 
(SIMS). Post entrapment crystallization (PEC) and Fe-diffu-
sive loss in olivine-hosted MI were corrected using Petrolog3 
(Danyushevsky and Plechov 2011). Melt inclusions are PEC-
restored to 11.5 wt% total iron  (FeOT) based on the Kīlauea 
whole-rock and glass  FeOT array (Fig. S5). Petrolog3 correc-
tions were done at a fixed oxygen fugacity (fO2) of FMQ + 0.25 
(Lerner 2020) using the olivine-melt exchange model of Beattie 
(1993), which resulted in a melt-olivine  KdFe-Mg of ~ 0.32 for 
MI restorations. Sulfide globules are present in a number of 
MI in  Fo83-89 olivine (where Fo = 100*Mg/[Mg + Fe] in molar 
fractions), and “sulfide-restored” sulfur concentrations for these 
MI were calculated by mass balance. See the Supplementary 
Materials for a complete description of analytical procedures 
and applied corrections.

Results

Petrography and compositions of minerals 
and matrix glasses

Minerals and melts erupted from the Kīlauea LERZ fissures 
are compositionally and texturally diverse (Fig. S1). Our 
study focuses primarily on erupted material from F8 during 
phase 3 of activity, which produced 90–94% of the total 
eruption volume (Dietterich et al. 2021). Magmas from the 
F8 lava channel become slightly more Mg-rich through the 

course of the eruption (Gansecki et al. 2019), with glass-Mg 
eruption temperatures increasing from ~ 1140 °C in late May 
to ~ 1150 °C in August, corresponding to equilibrium oli-
vine compositions of  Fo78 to  Fo80 (Fig. 3). Consistent with 
Gansecki et al. (2019), Mourey et al. (2019), and Wieser 
et al. (2021), we observe a diverse range of crystal cargo in 
phase 3 lavas, including both primitive and evolved olivine 
 (Fo76-89, n = 148), as well as plagioclase, clinopyroxene, and 
minor orthopyroxene. Low-Fo olivine phenocrysts are unzo-
ned and have compositions  (Fo76-80) that match F8 ground-
mass olivine and calculated matrix glass equilibrium-olivine 
compositions, indicating that  they likely formed within 
the F8 carrier melt. High-Fo olivine grains  (Fo86-89) have 
5–250 μm thick lower Mg-rims  (Fo76-81) (Gansecki et al. 
2019; this study) (Figs. 2 and S2), typically representing 
weeks to months of disequilibrium residence of high-Fo oli-
vine within a cooler melt (Mourey et al. 2019).

Early F8 lava fountaining at the onset of phase 3 produced 
abundant rapidly quenched basaltic pumice (Fig. S1d, e). 
Pumice clasts were air-quenched within seconds of eruption 
and thus record melt and volatile behavior during ascent 
and eruption without complications from post-eruptive pro-
cesses occurring in lava flows. Matrix glasses in basaltic 
pumice erupted May 28–30 (sample KE62-3293S) contain 
10.7–12.6 wt%  FeOT, 5.7–6.5 wt% MgO, and 0.5–0.6 wt% 
 K2O (n = 45). Matrix glasses are progressively depleted in 
sulfur adjacent to vesicles (100–810 ppm S) but have less 
variable chlorine (100–170 ppm Cl) (Fig. S13). Interstitial 
melt and RE contain higher sulfur (590–920 ppm S, n = 21) 
than matrix glasses, but have the same range of chlorine 

Table 1  Major chronological events of the 2018 Kīlauea LERZ eruption (italicized rows) and eruption details of samples analyzed in this study

Sample name (fissure source) or chronological event Eruption or event date Sample description or event reference

First LERZ eruptive fissures May 3, 2018 Neal et al. (2019)
KE62-3394S (fissure 9) May 5–6, 2018 Rapidly cooled spatter
KE62-3256S (fissure 17) May 18, 2018 Rapidly cooled spatter
Eruption of hotter summit/Puʻuʻōʻō-like lavas May 18, 2018 Gansecki et al. (2019); Neal et al. (2019)
First ocean entries May 19, 2018 Gansecki et al. (2019); Neal et al. (2019)
Lava effusion focuses at re-activated fissure 8 May 27–28, 2018 Gansecki et al. (2019); Neal et al. (2019)
KE62-3293S (fissure 8) May 28–30, 2018 Naturally air-quenched, freshly fallen basaltic pumice
KE62-3314F (fissure 8) July 14, 2018 Water-quenched sample from lava channel
KE62-3315F (fissure 8)  ~ July 15–16, 2018 Naturally air-/water-quenched tephra debris from tour 

boat struck by littoral blast bomb(s) offshore of 
ocean entry

KE62-3316F (fissure 8) July 20, 2018 Water-quenched sample from lava channel
KE62-3321F (fissure 8) August 1, 2018 Water-quenched sample from lava channel
LF8 (fissure 8)  ~ August 4, 2018 Naturally cooled vesicular lava with glassy rind from 

the last lava channel overflow, collected next to 
channel rim

KE62-3323F (fissure 8)  ~ August 4–5, 2018 Water-quenched sample from ‘a ‘a flow front
End of major lava effusion August 5, 2018 Gansecki et al. (2019); Neal et al. (2019)
End of eruption (last visible surface lava) September 5, 2018 Neal et al. (2019)
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(100–180 ppm Cl). S/Cl mass ratios in matrix glasses and 
RE range from 0.8–10, depending on the degree of sulfur 
degassing. Eruption temperatures of the basaltic pumice, 
calculated using the Helz and Thornber (1987) glass Mg-
thermometer, are 1130–1145 °C.

Other phase 3 samples extracted from lava flows at 
varying distances from the F8 vent are increasingly sulfur-
degassed (Fig. S11). Maximum sulfur concentrations meas-
ured in interstitial glass and RE in F8 lava flow samples are 
only ~ 600 ppm. Matrix glasses from the littoral blast sam-
ple (KE62-3315F, Fig. S1g-i), which degassed sulfur as it 
traveled > 13 km in the open lava channel, contain ≤ 80 ppm 
S (n = 11), with many analyses below instrument detec-
tion limits (~ 40 ppm S). This sample cooled to ~ 1115 °C 
and underwent more extensive groundmass crystallization 
of plagioclase, clinopyroxene, and Fe-oxides. Chlorine 

contents in residual glass of the littoral blast sample are 
160–230 ppm Cl, and S/Cl ratios of the littoral blast matrix 
glasses range from < 0.1–0.4, which indicates preferential 
degassing of sulfur compared to chlorine in the lava chan-
nel. We do not observe groundmass sulfides in any F8 phase 
3 samples, including the rapidly quenched basaltic pumice.

Analyses of additional samples from earlier stages of the 
eruption (sample KE62-3394S, an early phase 1 evolved 
basalt from fissure 9, and sample KE62-3256S, an andesite 
from fissure 17) are described more extensively in the Sup-
plementary Materials. Interstitial glasses and RE in fissure 
9 samples are sulfide-saturated (Fig. S1a-c), and contain 
520–1680 ppm S and 250–350 ppm Cl. Fissure 17 matrix 
glasses are also sulfide-saturated  (Fig. 2b) and contain 
220–590 ppm S and 900–1000 ppm Cl. No samples from 
phase 2 of the LERZ eruption were analyzed.

Fig. 1  Lava flow map of the 2018 LERZ eruption of Kīlauea, 
marked with the locations, fissure sources, and eruption dates of 
samples presented in this study. Symbol colors  are maintained 
throughout all figures. Subaerial lava flows are colored by eruption 
phase (Gansecki et al. 2019) but do not include the substantial sub-
marine deposits  (Soule et al. 2021). A total of 24 eruptive fissures 

opened during the eruption, including fissure 9 (F9) and the en-éch-
elon fissure 17 (F17). The main fissure 8 vent (F8) is marked by a 
schematic cinder cone. (inset) The Island of Hawaiʻi, with the suba-
erial extent of Kīlauea Volcano highlighted in red. Figure modified 
from Gansecki et al. (2019) with updated flow extents from Zoeller 
et al. (2020) 
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Melt inclusion textures and compositions

In F8 samples, we primarily analyzed MI in high-Fo 
 (Fo86-89) and lower-Fo olivine  (Fo77-85), but also analyzed 
some plagioclase-, clinopyroxene-, and orthopyroxene-
hosted MI. Vapor bubbles in  Fo88-89 olivine-hosted MI con-
stitute 1–8% of the total MI volume (n = 19) compared to 
0–4% of the total MI volume in  Fo80-83 olivine. These vapor 
bubbles likely formed during post-entrapment processes 
(Riker 2005; Moore et al. 2015; Tuohy et al. 2016; Wieser 
et al. 2021). The majority of MI in high-Fo olivine contain 
small spherical sulfide globules (2–10 μm diameter sulfides 
in 50–150 μm diameter MI) (Fig. 2c, d).

Entrapment temperatures from Mg-thermometry (Helz 
and Thornber 1987) of PEC-corrected MI in  Fo86-89 olivine 
are 1220–1310 °C, indicating that MI in high-Fo olivine 
experienced 70–170 °C of pre-eruptive cooling prior to, 
or during, residence in the 1140–1150 °C F8 carrier melts 
(Figs. S7 and S8). As a result, MI in high-Fo olivine under-
went extensive PEC and Fe-loss that depleted MgO and 
 FeOT concentrations after trapping (Figs. S5 and S6). In con-
trast, MI in low-Fo olivine, plagioclase, and pyroxene hosts 

experienced little to no cooling and PEC (Figs. S4–S6). PEC 
corrections in strongly undercooled MI decrease the ana-
lyzed concentrations of olivine-incompatible elements by 
30–54% (Fig. S7). Measured sulfur, chlorine, and  CO2 in 
MI also decrease during PEC corrections, but measured  H2O 
contents were left unchanged because we assume that  H2O 
equilibrates in olivine-hosted MI on timescales faster than 
PEC (see discussion in Supplementary Materials). Unless 
otherwise stated, all MI compositions discussed hereafter 
and shown in figures have been corrected for post-entrap-
ment effects.

Melt inclusion compositions (n = 84) from LERZ samples 
fall along the whole-rock and matrix glass liquid line of descent 
for Kīlauea, encompassing nearly the full major element vari-
ability of measured subaerial and submarine glasses (Fig. 4a). 
In F8 phase 3 samples, MI in high-Fo olivine (n = 51) contain 
up to 14.5 wt% MgO and 0.3–0.4 wt%  K2O, whereas MI in 
 Fo76-83 olivine (n = 22), plagioclase (n = 2), pyroxene (n = 4), and 
spinel (n = 1) contain 5.5–8.5 wt% MgO and 0.4–0.6 wt%  K2O. 
Chlorine concentrations in phase 3 MI span a relatively narrow 
range of 100–250 ppm. Two MI in a rare low-Ca plagioclase 
phenocryst (anorthite content of  An54; where An = 100*Ca/

Fig. 2  Examples of different sulfide occurrences in LERZ samples. 
(a) A  Fo86 olivine from F8 sample LF8, with a large sulfide and 
vapor bubble inclusion, along with a small amount of melt. The large 
proportion of sulfide relative to the melt indicates the sulfide was 
entrapped as a separate phase in a high temperature sulfide-saturated 
melt. (b) A phenocryst and groundmass assemblage from fissure 
17  (sample KE62-3256S), highlighting the diverse phases present 
including plagioclase, pyroxenes, apatite, Fe-oxides, and a sulfide. 

The sulfide is in contact with the groundmass glass, indicating a low 
temperature sulfide-saturated melt. (c, d)  Fo88 and  Fo89 olivine phe-
nocrysts from F8 basaltic pumice  (sample KE62-3293S) containing 
sulfide-bearing MI. The sulfides likely formed during cooling, PEC, 
and Fe-loss, and can make up substantial fractions of total S in the 
MI. (a–c) are backscattered electron images, and (d) is a microphoto-
graph in plane-polarized light
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[Ca + Na + K] in molar fractions) from the F8 basaltic pumice 
have andesitic compositions that are similar to fissure 17 glasses. 
These anomalous MI contain low MgO (1.1–1.2 wt%),  FeOT 
(6.7–7.1 wt%), and sulfur (230–350 ppm), and are enriched 
in chlorine (440–630 ppm).

Sulfur concentrations in LERZ MI are highly variable 
(350–1390 ppm S), with the highest sulfur in  Fo78-83 olivine and 
 An76 plagioclase (1390 and 1320 ppm S, respectively) (Fig. 5). 
Where present, sulfides account for 11–53% of the total sulfur in 
MI (average 29% ± 14%; ± 1σ), and the average sulfide-restored 
sulfur content of MI in high-Fo olivine is 680 ± 240 ppm S 
(± 1 s.d., 410–1200 ppm range, n = 16). Notably, the sulfide-
restored sulfur concentrations of many MI in high-Fo olivine 
are lower than sulfur concentrations of most MI in low-Fo oli-
vine, plagioclase, and pyroxene. A small subset of MI from LF8 
were heated to rehomogenize the glass and dissolve sulfides. The 
sulfur concentrations of reheated MI in  Fo87-88 olivine average 
430 ± 250 ppm S (± 1 s.d., range 160–630 ppm, n = 3), which is 
similar to 470 ± 37 ppm S (± 1 s.d., range 410–520 ppm, n = 7) 
in unheated sulfide-restored MI from the same LF8 sample; this 
similarity suggests that the sulfide mass-balance corrections 

accurately account for total sulfur contents in sulfide-bearing 
MI. Hereafter, we report sulfide-restored sulfur concentrations 
of MI, unless otherwise indicated. Sulfides were not observed 
in plagioclase- or pyroxene-hosted MI, consistent with limited 
PEC-induced sulfide saturation in these phases. Finally, sulfides 
are not present in MI hosted in  Fo88-89 olivine from the littoral 
blast sample (KE62-3315F) because it became more oxidized 
during lava transport (Lerner 2020); these sulfide-free MI con-
tain 925 ± 210 ppm S (± 1 s.d., 600–1210 ppm range, n = 8).

H2O and  CO2 contents of LERZ matrix glasses 
and melt inclusions

Melt inclusions in the basaltic pumice were rapidly quenched 
and therefore are minimally affected by post-eruptive dif-
fusive  H+ loss. Olivine- and orthopyroxene-hosted MI 
in the pumice contain 0.20–0.31 wt%  H2O (0.27 ± 0.03, 
avg. ± 1 s.d., n = 9) and represent the best estimate of pre-
eruptive  H2O content of F8 melts, at least during initial 
phase 3 lava fountaining on May 28–30.  H2O contents in 
basaltic pumice matrix glasses range from 0.05–0.33 wt% 

Fig. 3  Time series of measured olivine Fo# (circles)  during the 
course of the 2018 Kīlauea LERZ eruption. Equilibrium olivine Fo 
was calculated from matrix glasses (crosses and plus signs)  using a 
melt-olivine Mg/Fe exchange coefficient (Kd) of 0.32 for consistency 
with Petrolog3 PEC calculations after Beattie (1993). The Kd calcu-
lations assume 0.18  Fe3+/ΣFe as representative of pre-eruptive LERZ 
melt compositions and 0.30  Fe3+/ΣFe to be appropriate for the oxi-
dized littoral blast sample (Lerner 2020). The eruption dates of sam-
ples analyzed in this study have been shifted by ± 1  day for clarity. 

The left hand side of diagram shows the ranges of olivine phenocryst 
compositions and matrix glass equilibrium olivine Fo from past sum-
mit and LERZ eruptions of Kīlauea (Thornber et  al. 2015  [“T15”]; 
Tuohy et  al. 2016  [“Tu16”]; Lee et  al. 2019  [“L19”]). East Rift 
Zone (ERZ) samples are from Puʻuʻōʻō and associated fissures. 
Halemaʻumaʻu (HMM) samples are from the 2008–2018 summit lava 
lake. Smaller colored symbols are  analyses of the same main LERZ 
samples (e.g., small peach circles for KE62-3316F olivine-hosted MI) 
measured by Lee et al. (2019) and T. Shea (unpublished data; “S.”)
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(n = 12) (Figs. 6a and S15), with  H2O decreasing closer to 
vesicles. The littoral blast sample has 0.07–0.11 wt%  H2O 
in matrix glasses (n = 3), consistent with the melt having 

equilibrated to 1-atm conditions (Dixon et al. 1995) during 
subaerial transport to the coast. Olivine-hosted MI in the lit-
toral blast and LF8 lava flow samples contain 0.08–0.17 wt% 

Fig. 4  (a) CaO vs MgO, (b)  FeOT vs MgO, and (c) sulfur vs MgO for 
MI, matrix glasses, and whole-rocks from the LERZ eruption com-
pared to other Kīlauea samples. All PEC-corrected LERZ MI compo-
sitions are shown in (a) and (b), but only MI with < 5% incompatible 
element enrichments from PEC and Fe-loss are shown in (c) to avoid 
complications from post-entrapment sulfide formation. High-Mg 
LERZ  MI have compositions similar to high-Mg submarine glasses 
from the Puna Ridge (gray shaded ranges; Clague et al. 1995). Crys-
tallization and degassing paths are schematically shown with gray 
arrows. Analytical uncertainties (± 1 SE) for all elements are smaller 
than symbol sizes. Down-temperature  (decreasing MgO) sulfur con-
centration at sulfide saturation  (SCSST) values in (c) are calculated 

from Smythe et al. (2017) for conditions appropriate for most Kīlauea 
melt compositions, although  SCSST will be underestimated for par-
ticularly Fe-rich (e.g., phase 1 basalts) and/or  S6+-rich melt composi-
tions (see text for details). The fO2 of Kīlauea melts may change due 
to multiphase fractionation prior to and after the formation of Fe-
oxides (Lerner 2020) so that our  SCSST model conditions may be less 
appropriate for temperatures <  ~ 1115 °C (< ~ 5 wt% MgO). Smaller 
colored symbols are analyses of the same main LERZ samples (e.g., 
small red diamonds are for fissure 17 pyx-hosted MI) measured 
by Lee et al. (2019) and T. Shea (unpublished data; “S.”). Other data 
sources are Thornber et al. (2015), Gansecki et al. (2019), and Tuohy 
et al. (2016)
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 H2O (n = 7) and 0.10–0.27 wt%  H2O (n = 4) respectively, 
indicating varying extents of diffusive  H+ equilibration with 
the degassed external melt. Similar ranges of 0.2–0.3 wt% 
 H2O have been measured in olivine-hosted MI from F8 by 
Wieser et al. (2021).

H2O was not measured in fissure 9 or fissure 17 matrix 
glasses or MI. However, two andesitic MI in an  An54 pla-
gioclase from the F8 basaltic pumice have major element 

compositions similar to fissure 17 glasses and thus represent 
entrained crystals from evolved fissure 17-like magmas. Com-
pared to basaltic MI, these evolved MI have elevated  H2O and 
chlorine contents (0.31 and 0.55 wt%  H2O, 440 and 630 ppm 
Cl), but low sulfur (230–350 ppm S; Figs. S15 and S16).

CO2 concentrations in MI glasses were below detection 
limits (~ 50 ppm) in all F8 phase 3 samples except for two 
bubble-free MI in the basaltic pumice. These bubble-free 

Fig. 5  (a) Non-PEC corrected and (b) PEC-corrected  FeOT and sul-
fur concentrations of olivine-hosted MI from LERZ phase 3 mag-
mas erupted from F8. Symbols are colored by host Mg# (for olivine 
and pyroxenes). Symbols with green outlines are MI that contain 
sulfides; sulfide masses have not been added to MI sulfur concentra-
tions shown here. Compositional ranges of olivine-hosted MI and 
matrix glasses from Halemaʻumaʻu (HMM) and Puʻuʻōʻō (2008–
2013, Thornber et al. 2015) are shown as a gray colored field. Matrix 
glasses from F8 and from phase 1 and 2 LERZ fissures are shown as 
blue and yellow colored fields, respectively. Plagioclase- and pyrox-

ene-hosted MI from LERZ phase 1 and 2 magmas (T. Shea, unpub-
lished data) are respectively  shown as small unfilled rectangles and 
diamonds. (c)  SCSST variations with melt  FeOT and temperature, cal-
culated using the model of Smythe et  al. (2017) for Kīlauea LERZ 
F8 basaltic pumice (sample KE62-3293S) pre-eruptive  melt condi-
tions (75 MPa, 0.20  S6+/ΣS, sulfide  aFeS of 0.65; see text). The range 
of measured  F8 matrix glass temperatures and  FeOT is shown in 
black. Processes that affected sulfide saturation in particular types of 
LERZ melts and MI are schematically illustrated
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MI are hosted in  Fo81 and  Fo83 olivine and respectively 
contain 0.29 wt%  H2O and 250 ppm  CO2, and 0.27 wt% 
 H2O and 280 ppm  CO2. Vapor bubbles have been shown 
to contain 55–90% of total  CO2 in Kīlauea MI (Moore 

et al. 2015; Tuohy et al. 2016), and the extensive PEC 
in many F8 MI formed large vapor bubbles (Fig. S17) 
that sequestered the majority of  CO2 (Wieser et al. 2021). 
Consequently, even for LERZ MI that lack FTIR glass 

Fig. 6  (a)  H2O-CO2 measurements of MI and matrix glasses from 
LERZ samples. Symbols with black borders and measured  H2O 
indicate  H2O and  CO2 from FTIR and  Raman; symbols at 0 wt% 
 H2O are Raman  CO2-only measurements; symbols with red borders 
indicate  CO2 and  H2O from FTIR-only in bubble-bearing MI. The 
two bubble-free MI with FTIR-resolvable  CO2 are indicated. Vari-
ably degassed matrix glasses analyzed by FTIR are shown as crosses 
and RE and interstitial melts are shown as asterisks. Where  CO2 in 
MI  glass was below FTIR detection limits, glass concentrations of 
30 ppm  CO2 are assumed. Saturation pressure isobars are calculated 
for the average basaltic pumice matrix glass composition at 1140 °C 
(Iacono-Marziano et  al. 2012). (b) Melt inclusion  H2O-CO2 satura-
tion  pressures and corresponding entrapment  depths below the  sur-
face for LERZ samples (horizontally shifted to reduce overlap; ± 1σ 
propagated uncertainty on  CO2 concentrations). Saturation pres-
sures are temperature and composition specific (Iacono-Marziano 
et  al. 2012), resulting in some differences compared to the isobars 
in (a). Only matrix glasses with resolvable  CO2, MI with Raman-
measured vapor bubbles, and bubble-free MI measured by FTIR are 

shown. No littoral blast (KE62-3315F) samples appear in (b) because 
MI were not analyzed by Raman. Symbology for LERZ samples is 
the same as in (a) except that solitary dots indicate FTIR measure-
ments in bubble-free MI and circles with dots indicate combined 
Raman and FTIR measurements. (b, left side) Melt inclusion entrap-
ment depths from 1959 Kīlauea Iki and 1960 Kapoho samples from 
Moore et  al. (2015) and Tuohy et  al. (2016), where  CO2 in bubbles 
was, respectively, determined by Raman spectroscopy or calculated 
with a PEC and bubble formation model and experimental homog-
enization. Saturation pressures from Moore et  al. (2015) and Tuohy 
et al. (2016) MI were calculated from Iacono-Marziano et al. (2012) 
at 1250 °C assuming the average MI composition from Tuohy et al. 
(2016), including 170  ppm  CO2 in the MI glass and a PEC correc-
tion factor of 0.87 if not directly measured. Pressure to depth calcula-
tions follow the parameterization of Ryan (1987) (see Supplementary 
Materials). Estimated depths of the Halemaʻumaʻu (HMM) and South 
Caldera summit magma reservoirs are from Poland et al. (2014) and 
Anderson et al. (2019)
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measurements, the bubble-only  CO2 determinations are 
largely representative of the total  CO2 in the MI.  CO2 den-
sities in vapor bubbles within olivine-hosted MI from F8 
samples are generally low (~ 0.02–0.03 g/cm3). PEC-cor-
rected mass balance results in total calculated  CO2 concen-
trations in MI (bubble + melt) of < 50–530 ppm (n = 30) 
(Fig. 6a). One outlier MI in a basaltic pumice high-Fo 
olivine has a vapor bubble  CO2 density of 0.07 g/cm3 and 
a total MI  CO2 concentration of 1170 ppm. Propagated 
relative uncertainties in MI  CO2 concentrations range 
from ± 4–140% depending on bubble  CO2 density and 
bubble and MI size, with a median of ± 32% (1σ, n = 21). 
Small particles are present on the walls of some MI vapor 
bubbles, but Raman analyses of these presumed conden-
sates did not show evidence of these being either carbonate 
or sulfur-bearing phases (see also Wieser et al. 2021).

CO2 concentrations were below detection limits in all 
matrix glasses (n = 13) except for one analysis of interstitial 
melt in a basaltic pumice sample. In this particular intersti-
tial melt region, volatile loss was presumably reduced due to 
diffusion pathways being limited by tightly bounding crys-
tals. This interstitial melt glass contained 0.25 wt%  H2O and 
224 ppm  CO2, providing a minimum estimate for pre-erup-
tive  CO2 concentrations in F8 melts erupting in late May.

Sulfur isotopes

Basaltic pumice matrix glasses have δ34S values ranging 
from − 2.8 to + 0.3‰ (n = 10) over a range of 100–800 ppm S 
concentrations. δ34S in basaltic pumice MI ranges from − 1.2 
to + 0.5‰ in sulfur-poor inclusions (330–790 ppm S, n = 4), 
but reaches values of + 1.0 to + 1.5‰ in more sulfur-rich 
inclusions (1170–1390 ppm S, n = 2). Melt inclusions in the 
littoral blast and LF8 samples have respective δ34S ranges 
of − 0.7 to + 0.9‰ (n = 5) and − 1.6 to − 0.7‰ (n = 4), across 
respective sulfur concentration ranges of 600–1100 and 
390–640 ppm S. The collective suite of F8 glasses exhibits 
a clear relation between δ34S values and sulfur concentra-
tions, with both matrix glasses and MI becoming isotopi-
cally lighter with decreasing sulfur concentration (Fig. 9). 
Although a number of analyzed F8 MI contain sulfides, the 
total isotopic fractionation between the relatively reduced 
MI and precipitated sulfides is close to 0‰ at Kīlauea tem-
peratures and fO2 conditions (Marini et al. 2011; Labidi and 
Cartigny 2016), so that glass measurements are representa-
tive of the total MI δ34S value (Beaudry et al. 2018). Any 
effect of sulfide precipitation is predicted to be less than 
our analytical uncertainties, so we do not apply isotopic 
corrections to sulfide-bearing MI. Indeed, measured δ34S 
values and sulfide-restored total sulfur concentrations of the 
sulfide-bearing MI have the same correlation as observed in 
non-sulfide bearing MI and matrix glasses.

Down‑temperature SCSS modeling of Kīlauea melts

Sulfur content at sulfide saturation (SCSS) is the amount 
of sulfur that can be dissolved in a melt before an immis-
cible sulfide phase is exsolved. SCSS is dependent on melt 
temperature, pressure, composition (principally  FeOT), 
and sulfide composition (Wallace and Carmichael 1992; 
Jugo et al. 2010; Fortin et al. 2015; Smythe et al. 2017). 
We calculate the expected down-temperature variation 
of SCSS for Kīlauea primary melts based on matrix and 
submarine glass compositions and temperatures across the 
full range of published Kīlauea compositions (0.8–15 wt% 
MgO; 1030–1320 °C), from andesitic and dacitic glasses 
of fissure 17 to high-Mg submarine glasses of the Puna 
Ridge (Clague et al. 1995; Lee et al. 2019; this study) 
(Figs. 4, S3, and S16). Glass compositions that align with 
the overall Kīlauea glass and whole-rock MgO and  FeOT 
arrays (Fig.  4b) were chosen for representative down-
temperature SCSS calculations. Pressure is assumed to be 
75 MPa (~ 3.3 km depth), and  H2O contents are assumed 
to be 0.5 wt%  H2O for temperatures > 1140 °C and 0.3 
wt%  H2O for temperatures ≤ 1140 °C (Clague et al. 1995; 
Wallace and Anderson 1998; Edmonds et al. 2013; Sides 
et al. 2014b). We use the SCSS formulation of Smythe 
et al. (2017) and assume a sulfide composition with molar 
Fe/(Fe + Cu + Ni) ≈ 0.65  (aFeS = 0.65), which is appropriate 
for sulfides in high temperature Kīlauea magmas (Wieser 
et al. 2020). For simplicity we maintain this sulfide com-
position for all temperatures, although sulfide composi-
tion may change significantly in low temperature Kīlauea 
melts (Stone and Fleet 1991; Greaney et al. 2017). The 
SCSS model of Smythe et al. (2017) assumes only  S2− in 
the melt, but Jugo et al. (2010) show that the SCSS is 
exponentially dependent on the  S6+/ΣS proportion in the 
melt. We account for this sulfur speciation dependence 
by scaling the Smythe et al. (2017) model calculations by 
the Jugo et al. (2010) exponential  S6+/ΣS relation (Long-
pré et al. 2017; Wieser et al. 2020). This mixed  S2− and 
 S6+ solubility provides a “total SCSS”  (SCSST) estimate. 
Lerner (2020) measured 0.1–0.3  S6+/ΣS in proximally 
quenched F8 MI, and we use a constant median estimate 
of 0.2  S6+/ΣS for  SCSST calculations  here. Modeling 
 SCSST with a sulfide composition of  aFeS = 0.65 decreases 
the  SCSST by 35% compared to  aFeS = 1, and the inclusion 
of 0.2  S6+/ΣS increases the  SCSST by 25% compared to 
sulfate-free  SCSS2− calculations.

The resulting down-temperature (decreasing MgO)  SCSST 
model reproduces the upper ranges of observed sulfur concentra-
tions in Kīlauea melts fairly well (Figs. 4c and S16c). In high-MgO 
melts,  SCSST gradually decreases with decreasing temperature. 
Kīlauea melt fractionation is dominated by olivine crystallization 
until ~ 7–8 wt% MgO (1150–1175 °C) (Thornber et al. 2015), 
but at lower temperatures clinopyroxene and plagioclase join the 
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crystallizing assemblage and the  FeOT content of the melt increases 
from ~ 11.5 wt% to 15 wt% over a relatively narrow change of 
temperature. The strong dependence of sulfur solubility on  FeOT 
concentration leads to a maximum  SCSST in melt compositions 
with 3.5–5.5 wt% MgO (1080–1125 °C) where  FeOT concentra-
tions approach 15 wt%. Many phase 1 evolved basalts have these 
high-FeOT compositions (Gansecki et al. 2019), which is consistent 
with the elevated sulfur concentrations (up to 2000 ppm) measured 
in phase 1 MI and interstitial melts (Figs. 4 and 5). With further 
decreasing melt temperatures, Fe-oxides begin crystallizing and 
strongly deplete  FeOT in the melt. The combination of decreas-
ing melt temperature and  FeOT concentrations results in the steep 
decrease in  SCSST in Kīlauea melts with < 3 wt% MgO.

Discussion

Compositional diversity of LERZ melts

Combining our MI and mineral datasets with other published 
LERZ whole-rock and glass compositions (Gansecki et al. 
2019; Lee et al. 2019), we find that the diversity of mineral 
and glass compositions erupted from the 2018 LERZ fis-
sures span nearly the entire known range of Kīlauea vol-
canic products (Figs. 3, 4, and S3). Early erupted basalts 
from phases 1 and 2 involve long-stored magmas that had 
undergone substantial fractionation within the LERZ (Gan-
secki et al. 2019; Lee et al. 2019) and partially mixed with 
the more mafic magmas that erupted in phase 3 (Gansecki 
et al. 2019). The fissure 17 andesite is a result of particu-
larly high degrees of fractionation during prolonged LERZ 
storage and cooling (Gansecki et al. 2019). Two evolved MI 
with andesitic, fissure 17-like compositions have elevated 
 K2O,  H2O, and chlorine compared to basaltic MI (Figs. 6a 
and S15), and fissure 17 matrix glasses contain very high 
 K2O and chlorine (up to 2.5 wt%  K2O and 1000 ppm Cl), 
consistent with expected incompatible behavior of  K2O and 
chlorine during fractionation (Anderson 1974) (Fig. S16).

Melt inclusions in phase 3 lavas from F8 are hosted in oli-
vine with core compositions of  Fo76-89 (Fig. 3). Melt inclu-
sions in  Fo76-80 olivine that were in equilibrium with the F8 
carrier melt (1140–1150 °C) experienced little to no PEC 
(Fig. S7) and have compositions similar to plagioclase- and 
pyroxene-hosted MI. These MI in low-Fo olivine, plagioclase, 
and pyroxene (hereafter “melt-cognate” MI) have composi-
tions consistent with matrix glasses and equilibrium melt 
temperatures (1135–1145 °C) of Puʻuʻōʻō magmas erupted 
between 2012 and 2018 (Thornber et al. 2015; Gansecki et al. 
2019; Lee et al. 2019). Melt inclusions in  Fo80-82 olivine have 
compositions and equilibrium temperatures (1150–1160 °C) 
similar to tephra from the Halemaʻumaʻu summit lava lake 
(Rowe et al. 2015; Thornber et al. 2015; Gansecki et al. 2019; 
Lee et al. 2019).

High-Mg olivine  (Fo86-89) first appeared in phase 2 lavas 
on May 20, and became a significant proportion of the phe-
nocryst cargo in phase 3 magmas (Gansecki et al. 2019; 
Wieser et al. 2021; Mourey et al.  2019) (Fig. 3). Melt inclu-
sions in high-Fo olivine preserve compositions of primi-
tive Kīlauea magmas and yield calculated entrapment tem-
peratures of 1250–1310 °C. High-Fo olivine grains are in 
clear disequilibrium with the lower temperature F8 carrier 
melt. Melt inclusions within high-Fo olivine experienced 
70–170 °C of cooling either before or during residence in the 
LERZ melt, causing extensive PEC (Fig. S7). In the more 
slowly cooled lava flow sample LF8, Mg-thermometry of 
MI within high-Fo olivine indicate that these inclusions 
experienced up to 240 °C cooling prior to quenching. Melt 
inclusions in high-Fo olivine have PEC-restored MgO con-
tents of 10–14.5 wt%. Similar highly primitive PEC-restored 
compositions have been reported for other MI in high-Fo 
olivine from F8 (Wieser et al. 2021).

The high-Fo olivine in F8 magmas could not have formed 
in the lower temperature F8 carrier melt and are not neces-
sarily cogenetic with recently erupted magma at Kīlauea. 
Garcia et al. (2003) and Pietruszka et al. (2015, 2018) dem-
onstrated that Kīlauea magmas are generated from melting 
of a heterogeneous mantle source that imparts distinct iso-
topic and trace-element signatures that vary through time. 
Using  K2O/TiO2 ratios in MI and matrix glasses to assess 
potential petrogenic relations, we find that ~ 70% of MI in 
high-Fo olivine overlap the range of  K2O/TiO2 in F8 matrix 
glasses (0.17–0.22), suggesting that these primitive grains 
are likely related to recent magmatism at Kīlauea (Fig. S10). 
The ~ 30% of MI in high-Fo with anomalous  K2O/TiO2 ratios 
may be antecrysts related to prior periods of magmatism. 
However, these potential antecrystic MI have ranges of vola-
tile concentrations, entrapment depths, δ34S, and most major 
elements that mirror those of MI from our full LERZ 2018 
dataset, and thus do not strongly skew any of our datasets 
(see Supplementary Materials for further details).

The primitive glass compositions of PEC-corrected MI in 
high-Fo olivine are compositions rarely observed in subaerial 
Kīlauea eruptions (Helz et al. 2015; Thornber et al. 2015) but 
have been documented in submarine “turbidite sand” glass 
grains from the Puna Ridge (the offshore extension of the ERZ) 
(Clague et al. 1995) (Figs. 4 and S5). Previous LERZ eruptions 
also contained abundant high-Fo olivine grains with primitive 
MI, such as the 1960 Kapoho eruption (Tuohy et al. 2016). 
High-Fo olivine from higher-temperature summit reservoirs 
seems to be preferentially entrained and erupted during LERZ 
and offshore Puna Ridge eruptions (Clague et al. 1995; Tuohy 
et al. 2016), although eruptions at the summit and middle ERZ 
do occasionally contain abundant high-Fo olivine (e.g., 1959 
Kīlauea Iki, 1969–1974 Mauna Ulu [Anderson and Brown 
1993; Vinet and Higgins 2011; Sides et al. 2014b; Helz et al. 
2015, 2017; Tuohy et al. 2016]).
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Vapor saturation pressures and melt inclusion 
entrapment depths

H2O and total  CO2 measurements in MI allow estima-
tions of entrapment depths, which provide information 
on the storage depths of magmas that were tapped dur-
ing LERZ eruptions.  H2O-CO2 vapor saturation pressures 
were calculated using the composition-dependent solubility 
model from Iacono-Marziano et al. (2012), which is well 
calibrated for tholeiitic basalts. Kīlauea magmas are likely 
saturated with a  CO2-rich vapor phase throughout the crust 
(Gerlach and Graeber 1985; Gerlach 1986; Gerlach et al. 
2002; Anderson and Poland 2017), and vapor saturation 
pressures can therefore be used to calculate MI entrap-
ment depths (Anderson and Brown 1993). The rapid rate 
of  H+ diffusion through olivine (Hauri 2002; Portnyagin 
et al. 2008; Bucholz et al. 2013; Barth et al. 2019) likely 
caused olivine-hosted MI to equilibrate with the  H2O con-
tent of the bulk LERZ carrier melt during the ~ 40 km dike 
transport from summit reservoirs to the LERZ, and thus 
olivine-hosted MI may not preserve initial  H2O concentra-
tions. However, for low-H2O basalts, such as at Kīlauea, 
vapor saturation pressures are dominantly controlled by 
 CO2 contents (Fig. 6a). Consequently, any diffusive  H+-loss 
from LERZ MI has little effect on calculated entrapment 
pressures.

The majority of MI in F8 samples from late May (basal-
tic pumice KE62-3293S) and early August (lava overflow 
LF8) that contain vapor bubbles have  H2O-CO2 satura-
tion pressures of 2–100 MPa, which correspond to entrap-
ment depths of < 0.1–4.0 km beneath the surface (Fig. 6b). 
These bubble-bearing MI are mostly hosted in high-Fo 
olivine and both samples have comparable depth distribu-
tions. Wieser et al. (2021) similarly find MI entrapment 
depths of 2–5 km in bubble-bearing MI from F8 samples 
(Fig. S18). These relatively shallow entrapment depths of 
F8 MI are similar to the ~ 1–5 km entrapment depths deter-
mined by Tuohy et al. (2016) for many MI in  Fo86-89 oli-
vine from the 1959 Kīlauea Iki and 1960 Kapoho erup-
tions, which were calculated with bubble-restored  CO2.

Two MI in lower-Fo olivine  (Fo81,83) that did not con-
tain vapor bubbles both have  H2O and  CO2 concentrations 
in glass that yield vapor saturation pressures of ~ 58 MPa, 
corresponding to entrapment pressures of ~ 2.5 km. These 
depths are similar to entrapment depths of 1–3 km deter-
mined for bubble-free MI in other F8 samples measured by 
Wieser et al. (2021) (Fig. S18) and for bubble-free MI from 
1959 Kīlauea Iki measured by Anderson and Brown (1993).

One outlier MI from a basaltic pumice high-Fo olivine con-
tains an anomalously  CO2-rich vapor bubble and has a calculated 
entrapment depth of ~ 7.3 km (180 MPa). Tuohy et al. (2016) 
and Wieser et al. (2021) also observe some MI with entrapment 
depths > 5 km from the 1959 Kīlauea Iki, 1960 Kapoho, and 

2018 LERZ eruptions, but such MI are less common (Fig. 6b). 
Moore et al. (2015) find mostly similar entrapment depths 
of < 7 km for Kīlauea Iki MI, but greater entrapment depths for 
some Kapoho MI. Several other studies (Edmonds et al. 2013; 
Sides et al. 2014a, b; Moussallam et al. 2016) report MI entrap-
ment depths of mostly ≥ 1–3 km, and rarely ≥ 4–6 km for a num-
ber of Kīlauea summit eruptions including 1885, Kīlauea Iki 
1959, and Halemaʻumaʻu lava lake 2008–2010. However, these 
are minimum entrapment depths because  CO2 sequestration into 
MI vapor bubbles was not accounted for.

In summary, MI in magmas feeding the 2018 LERZ erup-
tion were dominantly trapped at shallow depths of 1–5 km 
(Wieser et al. 2021; this study), which is in notable contrast 
to the 1959 Kīlauea Iki and 1960 Kapoho eruptions that 
contained greater proportions of more deeply entrapped MI 
(Anderson and Brown 1993; Moore et al. 2015; Tuohy et al. 
2016). The shallow entrapment depths of MI in 2018 LERZ 
magmas are consistent with the geophysically determined 
extents of the Halemaʻumaʻu (1–3 km depths) and South 
Caldera reservoirs (3–5 km depths) (Poland et al. 2014; 
Anderson et al. 2019) (Figs. 6b and S18).

Sulfur variability and sulfide saturation in LERZ 
magmas

Pre‑eruptive sulfur concentrations of phase 3 melts

Constraints on pre-eruptive sulfur concentrations in F8 phase 
3 melts come from matrix glass regions that were partially iso-
lated from degassing (interstitial melts and RE) and from MI 
in minerals that likely formed within the LERZ carrier melt. 
Re-entrant melt channels in rapidly quenched F8 basaltic pum-
ice have lower sulfur concentrations (370–420 ppm S) at their 
mouths compared to RE interiors (760–920 ppm S). Interstitial 
melts in the basaltic pumice are partially shielded from diffusive 
volatile loss by surrounding crystals and contain 600–810 ppm 
S, whereas degassed matrix glass near vesicles contain as little 
as 100–200 ppm S. However, it is probable that interstitial melts 
and even RE interiors had partially degassed during ascent, and 
therefore provide minimum estimates of pre-eruptive sulfur 
concentrations.

Melt inclusions are closed systems with respect to sulfur, 
and MI in minerals cognate to F8 carrier melts  (Fo76-83 oli-
vine, plagioclase, clinopyroxene, orthopyroxene) provide the 
best estimates of pre-eruptive sulfur concentrations. These 
MI generally do not contain sulfides, consistent with their 
low degrees of post-entrapment modification. Such melt-
cognate MI in our dataset contain 400–1390 ppm S (median 
920 ppm S, n = 32). However, a number of these MI are in 
thin sections or bulk grain mounts, and therefore it is uncer-
tain whether these MI were fully sealed inclusions or are 
sectioned RE, which might have partially degassed during 
eruption. To avoid this uncertainty, we focus on 13 MI in 
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low-Fo olivine and plagioclase hosts, principally from the 
late May basaltic pumice, which were individually inter-
sected to ensure that MI were fully enclosed. These MI 
contain an average of 1110 ± 60 ppm S (2 standard errors 
[2 SE]), which we take to be the best approximation of the 
pre-eruptive sulfur concentrations in F8 phase 3 melts.

Causes of sulfur variation in LERZ melts

Sulfur concentrations in LERZ MI and matrix are highly vari-
able. Basaltic MI in F8 phase 3 samples have glass-only sulfur 
concentrations of 310–1320 ppm (not sulfide-restored, n = 80). 
Melt inclusions and interstitial glasses in evolved phase 1 basalts 
contain up to 2000 ppm S, which is greater than estimated sul-
fur concentrations of primary Kīlauea melts (1390–1600 ppm; 
Clague et al. 1995; Sides et al. 2014b; Rowe et al. 2015). Fissure 
17 andesitic melts have low sulfur (220–590 ppm) but contain 
abundant groundmass sulfides (Fig. 2). Here we discuss the roles 
of sulfide saturation, fractional crystallization, and degassing in 
producing the wide range of observed sulfur concentrations in 
Kīlauea glasses.

Sulfur degassing from Kīlauea melts is expected to be 
minimal at depths greater than ~ 200 m (see discussion 
below). Consequently, sulfur remains largely dissolved in 
melt during Kīlauea magma storage. Sulfur behaves incom-
patibly during melt cooling and crystallization, increasing 
until  SCSST is reached (Fig. 4c). Down-temperature sulfide 
saturation is apparent in low-temperature phase 1 basalts 
and fissure 17 andesites, which contain abundant sulfides in 
the groundmass and as inclusions within silicate minerals 
(Gansecki et al. 2019; this study) (Figs. 2 and S1c).

Sulfides have also been observed in other higher temperature 
Kīlauea melts (~ 6–14.5 wt% MgO, ~ 1130–1300 °C), occur-
ring as inclusions in silicate minerals and within groundmass 
glasses from the 1959 Kīlauea Iki, 1969–1974 Mauna Ulu, 1955 
and 1977 ERZ eruptions, and from some Puna Ridge subma-
rine glasses (Desborough et al. 1968; Moore et al. 1980; Helz 
and Wright 1992; Clague et al. 1995; Helz et al. 2017; Wieser 
et al. 2020). In F8 samples, some rare high-Fo olivine from F8 
contain inclusions consisting of large sulfides with minor melt 
and vapor bubbles (Figs. 2a and S1j, l). Similar textures have 
been observed in olivine from the 1969 Mauna Ulu eruption 
(Wieser et al. 2020). These large sulfides coexisting with small 
masses of trapped melts require that the sulfides were included 
as a separate immiscible melt phase (Wieser et al. 2020). Such 
sulfide-bearing inclusions generally occur as trains of small 
inclusions throughout the grain, indicating olivine crystalliza-
tion in the presence of abundant sulfide globules. Some olivine 
grains with these types of sulfide inclusions have composi-
tions ≥  Fo86, indicating olivine crystallization in sulfide-satu-
rated melts at ≥ 1220 °C. These high temperature melts would 
have  SCSST values > 1400 ppm S (at 0.2  S6+/ΣS) (Fig. 4c), 
which is similar to estimates of 1390–1600 ppm S in primary 

Kīlauea melts (Clague et al. 1995; Edmonds et al. 2013; Sides 
et al. 2014b; Rowe et al. 2015). If such high sulfur contents 
of primary Kīlauea melts were typical, magmas derived from 
closed-system cooling (i.e., cooling without sulfur-degassing) 
should become sulfide-saturated upon reaching ~ 10–14 wt% 
MgO (~ 1215–1300 °C) (Wieser et al. 2020).

However, despite LERZ F8 melts containing ~ 6–7 wt% 
MgO and occurring in a local minimum of the down-tem-
perature  SCSST trend (Fig. 4c), no sulfides were observed 
in F8 matrix glasses (Gansecki et al. 2019; P. Wieser, Uni-
versity of Cambridge, written communication; this study). 
It is possible that groundmass sulfides are absent because 
they broke down during magma ascent and sulfur degassing 
(Wieser et al. 2020). However, we do not observe sulfide 
inclusions in silicate phases that are cognate to the carrier 
melt, and our estimated pre-eruptive sulfur concentration 
in F8 melts is ~ 1110 ppm S, which is slightly below the 
calculated  SCSST for the melt composition and eruption 
temperature  (SCSST ~ 1170–1260 ppm S at 1140–1150 °C; 
Fig. 5c). These observations indicate that sulfur was previ-
ously lost from F8 source melts, otherwise sulfide satura-
tion should have occurred during cooling and crystallization. 
This conclusion has important implications for the sulfur 
budget of the LERZ eruption and for the dynamics of the 
Kīlauea magmatic system, which we discuss further below.

Post‑entrapment effects on sulfide saturation in melt 
inclusions

The residence of high-Fo olivine grains in lower tempera-
ture melts affects MI sulfide saturation in the following ways: 
(1) MI cooling decreases  SCSST, (2) diffusive Fe-loss into 
the host grain during PEC decreases  SCSST, (3) PEC and 
Fe-loss causes olivine-incompatible elements to increase in 
the MI, enriching sulfur toward  SCSST levels, and (4) redox 
equilibration of MI with the external melt can either increase 
or decrease  SCSST in the MI, depending on the relative melt 
conditions (Gaetani et al. 2012; Bucholz et al. 2013; Hartley 
et al. 2017; Lerner 2020). Fissure 8 MI within high-Fo olivine 
underwent extensive PEC and Fe-loss (Wieser et al. 2021; this 
study), which caused sulfur enrichments of 15–54% in the 
residual MI while simultaneously lowering the  SCSST due 
to decreasing MI  FeOT (from ~ 11.5 wt%  FeOT down to 4–6 
wt%  FeOT) (Fig. 5c). Additionally, Lerner (2020) shows that 
the fO2 of many LERZ MI decreased during proximal lava 
flow transport due to redox equilibration with the external 
melt, which was undergoing redox reduction via  SO2 degas-
sing. All of these factors contributed to the majority of MI 
in  Fo84-89 olivine becoming sulfide-saturated during pre- and 
syn-eruptive residence in F8 magmas (Figs. 2c, d and 5, and 
schematically illustrated in Fig. S9).

Similar observations have been made in olivine-hosted 
MI from the Laki eruption of Iceland, which became 
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sulfide-saturated through a combination of cooling, PEC, 
and MI reduction of ~ 1.2 log units fO2 due to MI equilibra-
tion with a reduced external melt (Hartley et al. 2017). These 
phenomena underscore the importance of careful petrogra-
phy during MI identification and preparation, as accurately 
determining total sulfur in PEC-affected MI requires detailed 
measurements of the sizes of the MI, sulfide globules, vapor 
bubbles, and any daughter minerals (e.g., Cr-spinel) within 
MI. This contextual information is generally lost for MI 
analyzed in thin sections or in randomly sectioned bulk 
grain mounts, and the measured sulfur concentrations in MI 
glasses could substantially underestimate total sulfur if pre-
cipitated sulfides are not accounted for.

Interestingly, sulfur concentrations are highly vari-
able even in high-Fo MI from F8 that have been carefully 
screened and corrected for sulfides (330–1210 ppm range; 
730 ± 260, avg. ± 1 s.d., n = 27). Most high-Fo MI are more 
sulfur-poor than melt-cognate MI in clinopyroxene, pla-
gioclase, and lower-Fo olivine grains (Fig. 7). Even when 
considering the large uncertainties in sulfide restorations 
(± 5% to ± 52% relative, 2σ), the low sulfide-restored sulfur 

concentrations of MI in many high-Fo olivine indicate that 
they must have formed in high temperature melts that were 
substantially sulfide-undersaturated (Fig. 4c). For reasons 
discussed more extensively below, we speculate that the 
wide range of sulfur in primitive MI is due to some primitive 
Kīlauea melts having undergone shallow sulfur-degassing 
and recycling.

Volatile degassing and sulfur‑isotopic fractionation

Kīlauea degassing model

To model H-C-S degassing at Kīlauea, we adopt the approach 
of Gerlach (1986), who developed a semi-empirical model of 
 H2O,  CO2, and sulfur degassing from Kīlauea basalts based on 
published  H2O and  CO2 solubility models and the observation 
that sulfur gas species constituted ~ 15 mol% of both  CO2-rich 
(“type I”) and  CO2-poor (“type II”) gases emitted at Kīlauea. 
We update this approach with more recent  H2O-CO2 solu-
bility data of Dixon et al. (1995) for low-pressure tholeiitic 
basalts. Primary Kīlauea magmas are hypothesized to contain 

Fig. 7  PEC-corrected sulfur 
concentrations of MI in differ-
ent host compositions. (a) Melt 
inclusion sulfur concentrations 
relative to host Mg# (olivine, 
clinopyroxene, and orthopyrox-
ene). (b) Melt inclusion sulfur 
concentrations relative to host 
An# (plagioclase). Symbols 
with pink outlines are sulfide-
restored MI sulfur concentra-
tions (± 1 SE uncertainties of 
sulfide-restoration), with verti-
cal tie lines connecting sulfide-
restored sulfur concentrations to 
the glass-only sulfur concentra-
tions. Note: no sulfides were 
present in MI from the oxidized 
littoral bomb sample (KE62-
3315F). Analytical uncertainties 
not shown (± 1 SE) are smaller 
than symbol sizes
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up to 1 wt%  CO2 (Anderson and Poland 2017; Tucker et al. 
2019), and the low  CO2 solubility in tholeiitic basalts causes 
rising Kīlauea magmas to be saturated in a  CO2-dominated 
fluid phase throughout nearly the entire crust (Gerlach 1986). 
Consequently, melts are already largely depleted in  CO2 by 
the time they ascend to the shallow levels of the Kīlauea sum-
mit reservoirs. This initial open-system behavior of melts 
slowly ascending into summit reservoirs gives rise to the 
 CO2-dominated reservoir gases that are continuously degas-
sing from small fumaroles and ground cracks in and around 
Kīlauea’s summit caldera, even during eruptive quiescence 
(Gerlach and Graeber 1985; Greenland et al. 1985; Gerlach 
1986; Gerlach et al. 2002; Elias and Sutton 2007).

The low  H2O contents of Kīlauea melts prevent substan-
tial  H2O and sulfur degassing until melts reach very shallow 
depths (Gerlach 1986; Dixon et al. 1995). A testament to the 
high solubility of sulfur in Kīlauea melts is that no anoma-
lous  SO2 or  H2S was detected in the LERZ just one day prior 
to the onset of the LERZ eruption, even as ascending dikes 
were causing incipient ground cracking (Clor et al. 2018; 

Kern et al. 2020). Closed-system degassing models (assum-
ing initial  H2O contents of 0.3–0.6 wt%) predict that the onset 
of substantial  H2O and sulfur degassing does not begin until 
melts reach ~ 100–200 m beneath the surface  (2.2–4.3 MPa) 
(details in Supplemental Materials). Assuming initial melt 
volatile concentrations from F8 melt-cognate MI (~ 265 ppm 
 CO2, 0.3 wt%  H2O, and 1110 ppm S), ~ 80% of these volatiles 
would be released in the final 100 m of magma ascent as a 
 H2O- and sulfur-dominated gas (a “type II” gas composition 
of Gerlach 1986) (Fig. 8). Assuming closed-system degassing 
during magma ascent from 2.5 km, this model predicts that 
the melt still retains 0.2 wt%  H2O, 780 ppm S, and < 1 ppm 
 CO2 at a fragmentation depth of ~ 25 m (~ 0.54 MPa; where 
gas volume/melt volume ≈ 4 [Sparks 1978; Gerlach 1986]), 
with molar gas proportions of 0.6  CO2/SO2 and 5.3  H2O/SO2 
(Fig. 8b). Post-fragmentation, ascending melt would undergo 
open-system degassing of  H2O and sulfur during lava foun-
taining and lava flow emplacement. This two-step closed- then 
open-system degassing model is consistent with the volatile 
ranges measured in variably degassed matrix glasses from 

Fig. 8  Closed-system H-C-S degassing model for Kīlauea melt 
ascent, following Gerlach (1986) and updated to use  H2O-CO2 solu-
bilities from Dixon et al. (1995). Conditions of pre-eruptive F8 melts 
are simulated here, with degassing initiating at 2.5  km depth based 
on measurements of MI from basaltic pumice erupted from F8 on 
May 28–30, 2018 (~ 265 ppm  CO2, 0.3 wt%  H2O, 1110 ppm S). (a) 
Modeled  H2O,  CO2, and sulfur remaining in the melt during ascent. 
Vertical lines indicate the initial modeled volatile concentrations in 
the melt. Substantial degassing of  H2O and sulfur occurs at < 100 m 
depths. Measured volatile concentrations in F8 basaltic pumice 

(KE62-3293S) matrix glasses and melt-cognate MI are shown at top 
and bottom of panel, respectively. (b) Exsolved vapor mass (wt% of 
total melt) and gas molar proportions during melt ascent. Average F8 
gas ratios measured by Multi-GAS (Kelly et  al. 2021) are shown at 
top of panel. Note: open-system degassing is likely at depths above 
the estimated fragmentation level (≤ 25  m; shaded gray region), 
but is not included in the model. Depth below the surface is from a 
depth-density parameterization after Ryan (1987) (see Supplementary 
Materials). Analytical uncertainties of glass measurements (2 SE) 
are ~ 15% for  H2O and  CO2, and ~ 10% for sulfur
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F8 pumice (0.05–0.33 wt%  H2O, 100–810 ppm S, < 30 ppm 
 CO2 [bdl]).

This same shallow  H2O-S degassing regime is applicable 
for the ascent of all low-H2O Kīlauea melts, including the 
2008–2018 Halemaʻumaʻu lava lake (Edmonds et al. 2013; 
Elias et al. 2020). For example, during the LERZ erup-
tion the rapid decline in  SO2 degassing at Kīlauea’s summit 
from ~ 15 kt/day in mid-May to ~ 1 kt/day by mid-June (Kern 
et al. 2020) can be explained by the infilling of the drain-
ing Halemaʻumaʻu lava lake with ≥ 100–200 m of collapse 
debris, which we hypothesize was sufficient to re-establish 
2.1–4.3 MPa of lithostatic pressure and thereby prevent 
major sulfur and  H2O degassing.

The effect of  SO2 degassing on Kīlauea melt δ34S

SO2 degassing from magmas can impart redox and isotopic 
changes to residual melts. As observed in Kīlauea samples 
(including LERZ glasses),  SO2 degassing from  S2−-dominated 
melts causes a reduction in melt fO2 (Moussallam et al. 2016; 
Helz et al. 2017; Lerner 2020). The redox difference between 
gaseous  SO2 and dissolved  S2− in the melt causes the frac-
tionation of sulfur-isotopes during degassing, where the more 
oxidized  SO2 vapor phase is isotopically heavier (Richet et al. 
1977; Miyoshi et al. 1984; Marini et al. 2011). At 1150 °C,  SO2 
vapor will have 1.5‰ to 2.2‰ higher δ34S than the equilibrium 
residual melt, depending on the proportion of  S6+ in the melt 
(calculations for 0.2 and 0.0  S6+/ΣS, respectively) (Richet et al. 
1977; Miyoshi et al. 1984). Kinetic effects related to the differ-
ent diffusivities of 32S and 34S isotopes and/or  S2− and  S6+ melt 
complexes are thought to be minimal in 1150 °C basaltic melts 
(Fiege et al. 2015).

This isotopic fractionation due to  SO2 degassing is 
observed in the positive correlation between measured δ34S 
and sulfur concentrations in LERZ F8 glasses (Fig. 9b). 
With the δ34S fractionation factors above, we construct an 
isotopic degassing model that parameterizes decreasing  S6+/
ΣS with sulfur degassing and progressive reduction of the 
melt (Fig. 9a). We assume the initial melt contains 1100 ppm 
S and has a δ34S value of 1.0‰. Following the degassing 
model presented above (Fig. 8), we model closed-system 
degassing of ~ 30% of the initial sulfur, at which point we 
assume magma fragmentation and fountaining (Sparks 1978; 
Gerlach 1986). Post-fragmentation, we assume open-system 
degassing until ~ 90% of the initial sulfur is degassed. Based 
on S-XANES measurements that document how  S6+/ΣS 
decreases with sulfur-loss in LERZ melts (Lerner 2020), we 
assume 0.2 initial  S6+/ΣS in the melt, which decreases to 0.1 
 S6+/ΣS after 30% sulfur degassing, then to 0.05  S6+/ΣS after 
50% sulfur degassing, and finally to 0.0  S6+/ΣS after 70% 
sulfur degassing. This two-stage closed- then open-system 
degassing model matches our observations well: sulfur-rich 
matrix glass δ34S compositions of + 0.2‰ are reproduced 

at ~ 40% sulfur degassing (660 ppm S remaining in the melt), 
and sulfur-poor matrix glass compositions of − 2.5‰ are 
reproduced at 82% total sulfur degassing (~200 ppm S remain-
ing in the melt) (Fig. 9a, b). After 82% sulfur degassing, the 
cumulative exsolved  SO2 gas will be 4.3‰ heavier than the 
residual degassed melt.

δ34S in Kīlauea samples was also measured by Sakai 
et al. (1982), who analyzed a range of sublimates, gases, 
and subaerial and submarine bulk lavas. They observe 
that subaerially erupted bulk lavas were largely sulfur-
degassed and isotopically light, having bulk rock concen-
trations of 30–180 ppm S and δ34S values of − 2.2 to + 0.4‰ 
(− 0.8 ± 0.8‰, avg. ± 1 s.d., n = 12). In contrast, submarine 
lavas from the Puna Ridge were less degassed and were iso-
topically heavier, having bulk rock sulfur concentrations of 
530–840 ppm S and higher δ34S values of − 0.6 to + 0.8‰ 
(+ 0.5 ± 0.6‰, avg. ± 1 s.d., n = 6). Gerlach and Thomas 
(1986) applied a Rayleigh fractionation model to the Sakai 
et al. (1982) data and predicted that Kīlauea deep reservoir 
gases would have an initial δ34S value of + 1.5‰. Despite 
differences in measurement techniques (bulk vs in situ), 
these past studies are in good agreement with our meas-
ured δ34S ranges of sulfur-degassed and undegassed glasses 
from F8 samples. We therefore conclude that low δ34S val-
ues (e.g., < 0‰) in Kīlauea melts are a robust indicator of 
sulfur-loss by  SO2 degassing.

One anomalous sulfide-bearing MI in a high-Fo olivine 
from the basaltic pumice falls off this δ34S-sulfur concentra-
tion trend. This particular MI also has a very  CO2-rich vapor 
bubble that indicates an entrapment depth of ~ 7 km, which 
is the deepest observed in our dataset. This MI is unusual in 
other ways, in that it has relatively large sulfide for the MI size 
and the glass has high  S6+/ΣS (~ 0.25) despite a relatively low 
calculated fO2 (FMQ − 0.3; Lerner 2020). In addition, one 
plagioclase-hosted  (An54) MI has anomalously high δ34S for 
its low sulfur concentration (+ 1‰, 400 ppm S). This MI has 
an andesitic composition and is likely a xenocrystic sample 
from an evolved magma pod within the LERZ. Gradual cool-
ing and crystallization during long-term LERZ storage may 
have caused this melt to have lost sulfur by sulfide saturation 
rather than by  SO2 degassing. The lack of δ34S fractionation 
during sulfide saturation at Kīlauea temperatures and fO2 con-
ditions may explain why this evolved MI retains a similar δ34S 
signature as sulfur-rich basaltic LERZ glasses.

Apart from these outliers, the relationship between sulfur 
concentration and δ34S is robust in LERZ matrix glasses 
and MI. Many MI in high-Fo olivine have low δ34S val-
ues and low sulfur concentrations, which both indicate that 
these melts had lost sulfur by  SO2 degassing prior to MI 
entrapment. Because significant  SO2 degassing at Kīlauea 
only occurs at very shallow depths, these sulfur-degassed, 
high-Fo bearing primitive melts must have experienced near-
surface pressures prior to MI formation.
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Volatile budgets of the 2018 LERZ eruption

Petrologically derived LERZ gas emissions

Maximum  SO2 emission rates from LERZ fissures reached 
600 kt/day, and sustained emission rates ≥ 100 kt/day 

occurred throughout most of June and July (Kern et al. 
2020). These  SO2 emission rates dwarfed the average ~ 4.5 
kt/day  SO2 emitted from the Halemaʻumaʻu lava lake during 
the 2008–2018 activity (Beirle et al. 2014; Elias et al. 2018a, 
2020). The cumulative  SO2 emissions for the 3-month long 
2018 eruption are estimated to be 10.2 Mt (7.1–13.6 Mt at a 

Fig. 9  (a) Closed- (black) and open-system (red) degassing models 
from the assumed LERZ F8 pre-eruptive sulfur concentrations and 
δ34S values. A mixed closed-open system degassing model (blue) 
assumes a change from closed- to open-system behavior at the point 
of fragmentation (~ 75% total H-C-S gas exsolution, where 30% the 
of initial sulfur has degassed). All models include a decreasing  S6+/
ΣS proportion in the melt during degassing (yellow), based on obser-
vations from S-XANES measurements (Lerner 2020). (b) δ34S and 
sulfur concentrations in matrix glasses and MI from F8 samples. The 
blue curve is the mixed closed- then open-system degassing path 
from panel (a). Degassed subaerial and sulfur-rich submarine bulk 

lava analyses of Sakai et  al. (1982) are shown as smaller open and 
closed symbols. The sulfur concentration and δ34S ranges of MORB 
are shown for comparison. (c) Entrapment depth vs sulfur concentra-
tions in F8 MI. Major sulfur loss from degassing should not occur 
until near surface pressures (schematically shown). (d) Entrapment 
depth vs δ34S in F8 MI. δ34S fractionation occurs during sulfur degas-
sing at shallow depths (schematically shown). Samples in (c) and (d) 
are from KE62-3293S and LF8, and are colored by host-olivine Fo 
number. Sulfur concentrations in all MI have been sulfide-restored, 
where applicable, and PEC-corrected. Analytical uncertainties not 
shown (± 1 SE) are smaller than symbol sizes
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68% confidence interval [1σ]), making the LERZ eruption 
one of the largest  SO2-emitting events of the last century 
(Kern et al. 2020). Applying the “petrologic method” to esti-
mate erupted lava volumes (e.g., Rose 1977; Devine et al. 
1984; Thordarson et al. 1996; Sharma et al. 2004; Harris 
et al. 2007), Kern et al. (2020) use the cumulative  SO2 emis-
sions and an estimated melt  SCSST concentration (1250 ppm 
S) to calculate DRE erupted lava volumes of ~ 1.7 ± 0.6  km3 
(1σ). This sulfur-based estimation of erupted lava volume is 
valuable for understanding the scale of the 2018 LERZ erup-
tion because substantial offshore lava emplacement (Soule 
et al. 2021) leaves volume estimates imperfectly constrained.

Our MI-derived estimate of pre-eruptive sulfur concen-
trations of F8 melts is ~1110 ppm S, which is lower than 
the sulfide-saturated estimate of 1250 ppm S assumed by 
Kern et al. (2020). This refined pre-eruptive sulfur estimate 
proportionately increases the required erupted DRE lava vol-
ume to 1.9 ± 0.6  km3 (± 1σ) to account for the cumulative 
10.2 ± 3.2 Mt of emitted  SO2 (± 1σ). Scaling this DRE lava 
volume with our petrologic estimates of pre-eruptive  H2O 
and  CO2 in F8 melts (~ 0.3 wt%  H2O and ~ 265 ppm  CO2 in 
late May) we calculate cumulative emissions of 10–18 Mt 

 H2O and 0.9–1.7 Mt  CO2 (2σ) from the LERZ fissures. In 
comparison, Kern et al. (2020) estimated 11–21 Mt  H2O 
and 1.5–2.8 Mt  CO2 (2σ) by scaling total  SO2 emissions 
with gas ratios measured in situ at F8 (Kelly et al. 2021). 
Given the extensive  CO2 loss from Kīlauea melts during 
crustal ascent (Gerlach 1986; Anderson and Poland 2017), 
 CO2 degassing from the LERZ fissures themselves may only 
represent 2–5% of the total  CO2 emitted from the primary 
magmas that ultimately sourced the LERZ eruption (see 
Supplementary Materials for further discussion on petro-
logic method calculations and comparisons with measured 
gas ratios). Despite the large uncertainties in  SO2 emission 
rates, lava effusion rates, and pre-eruptive sulfur concentra-
tions of LERZ melts, we share the conclusion of Kern et al. 
(2020) and Dietterich et al. (2021) that substantially more 
lava erupted from the LERZ fissures than the 0.8  km3 sum-
mit caldera collapse volume would account for.

Additionally, we calculate the time series of expected 
 SO2 emissions based on lava effusion volumes from lava 
flow mapping and UAS videos of the F8 lava channel by 
Dietterich et al. (2021) (Fig. 10; details in Supplementary 
Materials). Despite substantial petrologic uncertainties (e.g., 

Fig. 10  (a) Time series of measured  SO2 emission rates (black line 
with shaded bounds for 68 and 95% confidence bounds; Kern et  al. 
2020) and  FeOT concentrations in proximally quenched matrix 
glasses (purple crosses) during the 2018 LERZ eruption. (b) Time 
series of DRE lava effusion rates  in million  m3/day (blue line with 
shaded bounds for ± 1σ propagated uncertainties; Dietterich et  al. 
2021) and calculated melt temperature from matrix glass Mg-ther-
mometry (gold crosses).  SO2 emission rates and lava effusion rates 
are 3-measurement running means. (a) Petrologically calculated  SO2 

emission rates (red lines) are based on lava effusion rates and melt 
sulfur concentrations; the solid line assumes a pre-eruptive melt con-
centration of 1110  ppm S and the dashed lines assume lower and 
upper bounds of 900 and 1200 ppm S. Fissure 17 (F17) eruptive melt 
temperatures of 1030–1070 °C are off-scale in (b). The LERZ erup-
tion formally ended on September 5; however,  SO2 emissions and 
lava effusion after August 5 were negligible and are not shown here. 
Matrix glass compositions are from Lee et al. (2019), T. Shea (unpub-
lished data), and this study
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temporal variability of pre-eruptive melt sulfur and magma 
crystal fraction) and large uncertainties in both estimated 
lava effusion rates (± 30%, 1σ) and  SO2 emission rates, the 
petrologically reconstructed time series of  SO2 emissions 
using a constant 1110 ppm S melt concentration agrees fairly 
well with observed degassing rates (Fig. 10).

However, there are two time periods where the petrologic 
estimates diverge from observed degassing. In late May to 
mid-June, petrologic estimates of  SO2 emission rates are 
notably lower than observed values. If we assume that meas-
ured  SO2 emission rates and lava effusion rates are accurate, 
then the LERZ melts would need to contain > 2000 ppm S 
to account for the late May to mid-June  SO2 emission rates. 
Yet, F8 melts erupting during this time had  FeOT (11–13 
wt%) and melt temperatures (~ 1140 °C) that indicate that 
melt  SCSST was ~ 1200–1300 ppm S, similar to the rest of 
phase 3 melts (Figs. 4c and 5c). If the melt was sulfide-sat-
urated at these  SCSST values, the elevated  SO2 emissions in 
late May to mid-June would require 0.1–0.3 volume percent 
sulfides to have been present in the bubble-free melt and 
to have completely broken down to add to the  SO2 emis-
sions. Sulfide breakdown during ascent and degassing has 
been suggested to play a large role in sulfur degassing from 
some Kīlauea eruptions (Edmonds et al. 2018; Wieser et al. 
2020); however, we do not observe residual sulfides in any 
F8 matrix glasses nor as inclusions in minerals cognate to 
the F8 melts. Consequently, we consider it unlikely that such 
a substantial sulfide load was present in the late May to mid-
June F8 melts. Rather, we find it more probable that either 
the lava effusion rates were underestimated and/or that  SO2 
emission rates were overestimated during this period. The 
possible role of sulfides in F8 melts could be better informed 
by detailed petrographic surveys and chalcophile trace ele-
ment measurements throughout the eruption (e.g., Edmonds 
et al. 2018; Wieser et al. 2020).

In mid- to late July the petrologic estimates are slightly 
overestimated compared to the observed  SO2 emissions. 
Assuming that lava effusion rates are correct, the pre-
eruptive LERZ melt would need to contain 700–900 ppm 
S during this time to bring the petrologic estimates into 
accord with observed  SO2 emissions. Matrix glasses 
erupted in early August have pre-eruptive sulfur concen-
trations estimated from their chlorine contents (see Sup-
plementary Materials) of 750–950 ppm S, which would be 
consistent with the reduced  SO2 measurements toward the 
end of the eruption. Interestingly, the lavas erupted during 
this time included many high-Fo olivine phenocrysts and 
were ~ 10 °C hotter than earlier erupted lavas (Gansecki 
et al. 2019; Mourey et al.  2019; this study) (Figs. 3 and 
10b). Despite their primitive compositions, many MI in 
these high-Fo olivine have both low sulfur concentrations 
(sulfide-restored) and isotopically-light, degassed δ34S sig-
natures. We speculate that previously degassed primitive 

melts containing these high-Fo olivine became increas-
ingly mixed into the LERZ magma toward the end of the 
eruption, explaining why hotter, late phase 3 melts were 
more sulfur-depleted than cooler, earlier erupted phase 3 
melts.

Quantifying degassing from the fissure 8 vent vs the lava 
channel

The prodigious  SO2 degassing during the LERZ eruption 
was dominantly sourced from degassing at the F8 cinder 
cone, but substantial  SO2 was also measured downwind 
from the highly active F8 lava channel. During subaerial 
eruptions, the exsolution of  H2O and other volatiles should 
cause most sulfur to enter the vapor and degas (Gerlach 
1986; Wallace and Carmichael 1992). However, we observe 
a range of ~ 150–900 ppm S measured in matrix glasses 
and RE from the rapidly quenched basaltic pumice sam-
ples (Fig. 11). Sulfur concentrations in matrix glasses and 
RE have a clear dependence on the proximity of the glass 
to nearby vesicles (Fig. 11b), with the caveat that this is a 
2-dimensional observation for a 3-dimensional phenomenon. 
The elevated sulfur in subaerially erupted matrix glasses and 
RE interiors is evidence of disequilibrium degassing result-
ing from the relatively low diffusivity of sulfur (~  10−12  m2/s 
at 1150 °C; Behrens and Stelling 2011) and of incomplete 
degassing of  H2O and other species, which limits sulfur par-
titioning (Wallace and Carmichael 1992). Unsurprisingly, 
matrix glasses in samples from more distal locations in the 
lava channel have lower sulfur contents. Matrix glasses in 
the littoral blast sample, which traveled the full 13-km lava 
channel prior to quenching, are essentially completely sul-
fur-degassed (Figs. 11b and S11). Assuming pre-eruptive 
sulfur concentrations of 1110 ppm S, the observed range 
of 100–500 ppm S remaining in the basaltic pumice matrix 
glass shows that ~ 55–90% of the magmatic sulfur was 
degassed during ascent and eruption at F8, whereas 10–45% 
of sulfur remained in the lava and degassed during surface 
flow (Fig. 11b). These estimated proportions of sulfur degas-
sing from the F8 fissure vs the lava flow are supported by 
measurements of  SO2 emissions made during rare days of 
easterly winds, which allowed the F8 “fountain gas” and 
“channel gas” plumes to be spatially resolvable (Fig. S14a, 
b). On four separate days in June,  SO2 degassing from the 
lava channel accounted for an average of 36 ± 11% (1 s.d.) of 
the total  SO2 emissions from the LERZ eruption (Fig. S14c). 
Estimates of bulk lava densities in the proximal lava channel 
were as low as 500–1300 kg/m3, requiring that the proximal 
lava channel contained 50–82% vesicles by volume (Patrick 
et al. 2019c), which is consistent with substantial degassing 
of sulfur and  H2O occurring from the lava channel.

Our observations of incomplete sulfur degassing within 
the F8 lava fountains indicate that 1.0–4.6 Mt of the total 
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10.2 Mt  SO2 emissions may have degassed from the lava 
channel. The thermal buoyancy of the main F8 lava foun-
tain gas plume caused the emitted gases to be quickly lofted 
to elevations typically ranging from 0.5 to 1.5 km (Kern 
et  al. 2020), becoming substantially diluted in the pro-
cess. Eventually, these emissions affected large portions of 
Hawaiʻi in the form of vog (Neal et al. 2019; Kern et al. 
2020; Tang et al. 2020; Whitty et al. 2020). However, degas-
sing from the lava channel was more distributed and had less 
thermal loft, so that lava channel gases were more readily 

blown to ground level by moderate winds. The prevailing 
northeasterly trade winds caused the regions to the SSW of 
the main LERZ lava channel to be frequently inundated by 
hazardous levels of  SO2. The impact of these acidic gases on 
the downwind vegetation was obvious, causing widespread 
foliage damage and presenting a locally severe health hazard 
(Fig. 11c).

Compared to sulfur, chlorine is more soluble and dif-
fuses more quickly in basaltic melts  (Baker and Balcone-
Boissard 2009). Chlorine concentrations do not exhibit 

Fig. 11  (a) Melt re-entrant  channel (RE) within an olivine from the 
basaltic pumice, showing a decrease in sulfur concentration from 
the RE  interior to the mouth. (b) Sulfur concentration measured in 
matrix glasses (blue crosses) and RE (blue diamonds) from rapidly 
quenched basaltic pumice compared to the distance from the nearest 
vesicle. The rapidly quenched matrix glasses have lost ~ 55–90% of 
initial sulfur, compared to F8 melt inclusions (MI) in low-Fo olivine 
and plagioclase grains (blue circles) that provide the best estimate of 

pre-eruptive melt sulfur concentrations. Matrix glasses from the lit-
toral blast sample (orange crosses) have completely degassed sulfur 
during prolonged lava channel transit. The analytical sulfur detection 
limit (95% confidence) is ~ 40  ppm and analytical uncertainties (± 1 
SE) are roughly equal to symbol sizes. (c) The effect of prolonged 
 SO2 degassing from the lava channel is apparent in downwind vegeta-
tion die-offs. Photo by L. DeSmither, U.S. Geological Survey
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gradients within RE or in matrix glasses approaching vesi-
cles (Fig. S13). Chlorine and  K2O concentrations in matrix 
glasses of distally quenched lavas are higher than in proxi-
mally quenched glasses, indicating net chlorine enrichment 
during groundmass crystallization (Figs. S11 and S16) (see 
discussion in Supplemental Material).

Petrologic insights into the Kīlauea plumbing 
system from LERZ magmas

Fissure 8 magma sources

The relatively shallow entrapment depths of MI from the 
LERZ eruption (Wieser et al. 2021; this study) and numer-
ous earlier Kīlauea eruptions (Anderson and Brown 1993; 
Moore et al. 2015; Tuohy et al. 2016; Wallace 2018) pro-
vide insights into the structure of Kīlauea’s upper reservoir 
systems. Lower-Fo olivine from F8 phase 3 magmas crys-
tallized at depths ≤ 3 km (Wieser et al. 2021; this study), 
consistent with origins in the geophysically determined 
Halemaʻumaʻu reservoir (1–3 km depth beneath the summit; 
Fig. S18) (Poland et al. 2014; Anderson et al. 2019). Low-Fo 
olivine (<  Fo83) were part of the equilibrium mineral assem-
blage (± plagioclase ± clinopyroxene) of the 1140–1150 °C 
F8 phase 3 magmas, and thus the shallow crystallization 
depths of these minerals likely represent the storage condi-
tions for the majority of LERZ phase 3 magmas.

Many high-Fo olivine (≥  Fo86) from F8 magmas crystal-
lized at depths of 3–5 km (Wieser et al. 2021; this study), 
which is consistent with origins in the geophysically inferred 
South Caldera reservoir (Cervelli and Miklius 2003; Poland 
et al. 2014) (Fig. S18). These high-Fo olivine formed in 
magmas ≥ 1200 °C and are in obvious disequilibrium with 
the cooler bulk F8 carrier melt, indicating that these deeper 
storage conditions represent only a subsidiary portion of the 
total phase 3 magmas. Interestingly, a substantial number 
of MI in high-Fo olivine have shallower entrapment depths 
of < 1–2 km (Wieser et al. 2021; this study), indicating that 
some high-temperature primitive Kīlauea magmas ascended 
and trapped MI at near-surface depths (discussed below).

Increased seismicity at 5–13 km depths was observed some 
months prior to the LERZ eruption (Flinders et al. 2020; Mourey 
et al.  2019). However, the ~ 1–5 km entrapment depths of most 
MI in high-Fo olivine from F8 are inconsistent with origins in 
such deep magmas. We therefore consider the upward trans-
port of high-Fo crystals from deep crystal accumulation stor-
age zones into shallower reservoirs to be of lesser importance 
in the LERZ eruption compared to the 1959 Kīlauea Iki and 
1960 Kapoho eruptions, which both contained numerous MI 
with entrapment depths of 6 to > 10 km (Moore et al. 2015; 
Tuohy et al. 2016) (Fig. 6b). During the LERZ eruption, shal-
lowly stored primitive magma containing high-Fo olivine 
became mixed with lower temperature melts during transport 

within the summit and along the ERZ, resulting in the hybrid-
ized 1140–1150 °C phase 3 LERZ melts that erupted from F8 
(Fig. 12). High-Fo olivine grains in F8 lavas have a range of 
low-Fo rim thicknesses, including many with relatively thin rims 
that indicate entrainment within cooler magma not long before 
eruption (Mourey et al.  2019; this study). One explanation for 
the pre-eruptive preservation of the thin-rimmed high-Fo olivine 
in LERZ magmas is that these crystals were stored in relatively 
shallow, high-temperature (1250–1300 °C) melt pods within the 
summit reservoir network until shortly before eruption. Alter-
natively, the high-Fo olivine may have crystallized from older 
magmas and have been preserved for longer durations within 
cumulate piles (Wieser et al. 2019, 2021), where the low inter-
stitial melt fraction limited diffusive re-equilibration with lower-
temperature melts (e.g., Thomson and Maclennan 2013).

One analysis of interstitial matrix glass from the rap-
idly quenched basaltic pumice, which experienced limited 
degassing because of surrounding crystals, had measurable 
 CO2 (~ 220 ppm) and a calculated vapor saturation depth of 
2.2 ± 0.6 km. This provides a constraint on the shallowest depth 
that melts traveling from the summit region to the LERZ could 
have attained, which is consistent with seismicity and deforma-
tion modeling of the down-rift dike propagation from Puʻuʻōʻō 
(Neal et al. 2019). Lastly, vapor bubble  CO2 in a single clino-
pyroxene-hosted MI from fissure 9 gives an entrapment depth 
of 3.8 ± 2.0 km. This depth is consistent with pre-eruptive seis-
micity in the LERZ (Neal et al. 2019) and provides a rough 
estimate on storage depths of phase 1 evolved magma bodies 
in the LERZ.

In summary, we have roughly constrained pre-eruptive 
 CO2 contents (≥ 220–280 ppm) and pre-eruptive LERZ melt 
depths (≥ 2.2 km) from volatile measurements in matrix 
glasses and MI. Melt inclusions from the basaltic pumice 
tightly constrain the pre-eruptive  H2O contents of F8 melts 
at ~ 0.3 wt%, at least at their time of eruption in late May. 
The F8 magmas were sourced from depths of 1–5 km within 
the Halemaʻumaʻu and South Caldera reservoirs, or along 
the ERZ, with the majority of F8 magmas likely sourced 
from depths ≤ 3 km. These petrologic observations are in 
good agreement with seismicity and deformation-based 
models of summit magma extraction and dike intrusion 
depths (Anderson et al. 2019; Neal et al. 2019; Montgomery-
Brown et al. 2020), and do not require deeper origins for 
magmas feeding the LERZ eruption.

The relatively shallow LERZ F8 magma source depths 
support the hypothesis of Epp et al. (1983) that hydraulic 
head influences the style and volumes of Kīlauea eruptions 
at low elevations in the LERZ and further offshore. The 2018 
LERZ eruption occurred at an elevation of ~ 200 m above sea 
level, and the dike feeding the LERZ eruption was ~ 2–3 km 
beneath the surface in the LERZ (1.8–2.8 km below sea level 
[bsl]); the LERZ dike was thus at an elevation mostly below 
the Halemaʻumaʻu reservoir (0–2 km bsl) but comparable to 
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the upper portions of the South Caldera reservoir (2–4 km 
bsl). Magma in the Halemaʻumaʻu reservoir could there-
fore provide substantial hydraulic head to drive the LERZ 
eruption, and eruptions further offshore would amplify this 
effect. Low-elevation and offshore eruptions sourced from 
shallow Kīlauea reservoirs may thus drain large volumes of 
the summit reservoirs (Epp et al. 1983). Indeed, large lava-
draining events in the LERZ have led to summit collapses 
during a dike intrusion (and possible offshore eruption) 
in 1924, during the 1960 Kapoho eruption (Delaney and 

McTigue 1994), and witnessed dramatically during the 2018 
LERZ eruption (Anderson et al. 2019; Neal et al. 2019).

Evidence for previous degassing of fissure 8 magmas

The ranges of sulfur contents and δ34S values measured in MI 
from F8 tephras and lavas provide further insights into subsurface 
magma diversity at Kīlauea. However, to understand our observa-
tions in LERZ F8 samples, we must consider processes occurring 
within the Kīlauea plumbing system in past decades to centuries.

Fig. 12  Conceptual model of processes occurring at Kīlauea’s 
summit and East Rift Zone (ERZ) from March to August 2018. 
(a) Volatile-rich melts ascend into Kīlauea’s South Caldera and 
Halemaʻumaʻu (HMM) reservoirs, exsolving  CO2-rich gases. Con-
vecting magma at the summit lava lake degasses  SO2 and  H2O and 
then sinks to lower levels in the Halemaʻumaʻu (± South Caldera) 
reservoir, as well as entering the ERZ where it feeds the Puʻuʻōʻō 
eruption. In March to April, a constriction within the shallow 
Puʻuʻōʻō system decreases lava and gas effusion rates, however con-
tinued magma inflow into the summit and ERZ causes pressurization 
at both Puʻuʻōʻō and at the summit (blue arrows). (b) May to June: 

A dike propagates from beneath Puʻuʻōʻō to feed the LERZ erup-
tion. Magma sourced from the summit reservoirs hybridize with vari-
ous parcels of previously degassed summit magmas, as well as ERZ 
and LERZ magmas (magmas are colored and textured to respectively 
illustrate differences in temperatures and volatile contents). (c) July 
to August: The summit collapse broadens and melts sourcing F8 are 
increasingly hotter, although not more sulfur-rich. Magma is sourced 
from the deep Halemaʻumaʻu and South Caldera reservoirs, and 
includes antecrystic phenocrysts from variably degassed and primi-
tive magmas. Note the change of horizontal scale between (a) and (b, 
c)

43   Page 22 of 32 Bulletin of Volcanology (2021) 83: 43



1 3

We propose that the decade of degassing from the 
Halemaʻumaʻu lava lake may have had a significant effect 
on the volatile contents LERZ magmas. Rowe et al. (2015) 
observe that MI in olivine that erupted in 2008 from the 
Halemaʻumaʻu lava lake generally contained 900–1300 ppm 
S (and rarely up to 1400–1600 ppm S), whereas matrix 
glasses in lava lake spatter contained ~ 200 ppm S. These dif-
ferences indicated that ~ 80% of initial sulfur was degassed 
from the melt during ascent and circulation within the lava 
lake (Edmonds et al. 2013; Rowe et al. 2015). The degassed 
magma that circulated through the Halemaʻumaʻu lava lake 
from 2008–2018 is thought to have eventually erupted at 
Puʻuʻōʻō. This association is based on the observed hydrau-
lic connection between the lava lake and Puʻuʻōʻō (Patrick 
et al. 2015, 2019b, 2021), the similar  K2O and  TiO2 com-
positions of magma erupting at both locations (Thornber 
et al. 2015; Gansecki et al. 2019; Lee et al. 2019), and the 
drastic decrease in  SO2 emissions from Puʻuʻōʻō in the 
years following the onset of degassing at Halemaʻumaʻu 
(~ 2 kt/day in 2003–2008 to ≤ 0.3 kt/day in 2013–2018; 
[Elias and Sutton 2012; Sutton and Elias 2014; Elias et al. 
2018a, 2020; Kern et al. 2020]). After briefly exceeding 10 
kt/d during the onset of the summit eruption,  SO2 emis-
sions from the Halemaʻumaʻu lava lake leveled off at ~ 4.5 
kt/d from 2009–2018 (Beirle et al. 2014; Elias et al. 2018b, 
2020) (Fig. 12b); based on this decade-long average emis-
sion rate, the cumulative mass of  SO2 degassed during 
convection within the lava lake from March 2008 to May 
2018 (~ 3710 days of activity) was ~ 16.7 Mt. Assuming 
that melt entering the lava lake contained 1100–1300 ppm 
S and degassed 80% of total sulfur, and that the bubble-free 
magma contained 2% crystals (Thornber et al. 2015) and 
had a density of 2700 kg/m3, the cumulative  SO2 emissions 
require 3.0–3.6  km3 (DRE) of source magma convecting and 
degassing over the lifespan of the lava lake (time-averaged 
magma flux of 9.5–11.2  m3/s through the lava lake).

Over this same approximate timespan (July 2007 to May 
2018), only ~ 1.2  km3 of magma (DRE) was erupted from 
Puʻuʻōʻō (compiled from Orr et al. 2015 and Neal et al. 
2019). Comparing these time periods at Halemaʻumaʻu 
and Puʻuʻōʻō is somewhat imperfect due to a delay between 
magma circulating in the lava lake and erupting at Puʻuʻōʻō 
(Thornber et al. 2015; Patrick et al. 2019b). Nevertheless, 
the fundamental conclusion is that far more magma under-
went extensive degassing in the Halemaʻumaʻu lava lake 
than was erupted at Puʻuʻōʻō. Assuming that magma erupt-
ing at Puʻuʻōʻō was sourced entirely from lava lake-degassed 
magma, > 2  km3 of degassed magma was not erupted. If 
some portion of magma erupted from Puʻuʻōʻō had not 
cycled through the lava lake, then the amount of lava lake-
degassed but non-erupted magma correspondingly increases. 
The importance of the recycling of degassed magma from 
Halemaʻumaʻu lava lake has been discussed (Elias and Sutton 

2012; Edmonds et al. 2013; Patrick et al. 2019a), however 
the magnitude of this recycling has perhaps not been fully 
appreciated. This large volume of degassed, non-erupted melt 
presumably remained (and perhaps still remains post-2018) 
within the summit or upper/middle ERZ magma reservoirs 
in varying states of hybridization with non-degassed magmas 
(Fig. 12).

H2O and sulfur largely degas in tandem from Kīlauea 
melts (Gerlach 1986; Dixon et  al. 1991; Wallace and 
Anderson 1998; Edmonds et  al. 2013), so degassed 
Halemaʻumaʻu lava lake melts would be depleted in both 
sulfur and  H2O. Our estimated pre-eruptive  H2O and sulfur 
contents of LERZ F8 melts (~ 0.3 wt%  H2O, ~ 1110 ppm 
S; Wieser et al. 2021; this study) are relatively low com-
pared to volatile concentrations measured in many other 
Kīlauea summit and LERZ eruptions (e.g., 0.3–0.4 wt% 
 H2O, 1000 to ≥ 1400 ppm S in 2008–2010 Halemaʻumaʻu 
lava lake tephra; 0.4 to ≥ 0.7 wt%  H2O, 1000–1500 ppm S 
in 1959 Kīlauea Iki and 1960 Kapoho samples [Anderson 
and Brown 1993; Wallace and Anderson 1998; Edmonds 
et al. 2013; Sides et al. 2014a, b; Rowe et al. 2015; Tuohy 
et al. 2016; Helz et al. 2017; Tucker et al. 2019]). We 
hypothesize that the lower  H2O and sulfur contents of 
LERZ F8 melts are a consequence of the magma contain-
ing some degree of previously degassed melt from the 
Halemaʻumaʻu lava lake. This may explain why the LERZ 
F8 melts have sulfur concentrations below  SCSST, whereas 
many other eruptions during the twentieth century were 
sulfide-saturated (1959, 1960, 1969–1974, 1977 eruptions 
[Desborough et  al. 1968; Moore et  al. 1980; Helz and 
Wright 1992; Clague et al. 1995; Helz et al. 2017; Wieser 
et al. 2020]). Wallace and Anderson (1998) observe that 
undegassed Kīlauea melts across a range of compositions 
have an average  H2O/K2O ratio of 1.3, whereas rapidly 
quenched MI from early phase 3 basaltic pumice have  H2O/
K2O ratios of 0.6–1.0. These low  H2O/K2O ranges from 
F8 glasses are similar to MI from 1959 Kīlauea Iki and 
Puʻuʻōʻō, and to submarine glasses from the Puna Ridge 
that Wallace and Anderson (1998) proposed had expe-
rienced  H2O-loss during lava drain-back and recycling. 
Unfortunately, all MI in samples erupted between June and 
August likely experienced diffusive  H2O-loss (though not 
diffusive sulfur-loss) during lava flow transport. Thus, we 
cannot definitively constrain whether pre-eruptive melt 
 H2O varied during the course of the eruption.

Despite the extremely high gas emissions from the LERZ 
fissures, the available measurements of MI and matrix 
glasses from F8 suggest that LERZ phase 3 melts were not 
particularly volatile-rich compared to past Kīlauea erup-
tions. The relatively low F8 lava fountain heights are con-
sistent with this hypothesis. The highest lava fountains at F8 
during early phase 3 had maximum heights of ~ 80 m (Neal 
et al. 2019), whereas the 1959 Kīlauea Iki fountain heights 
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reached 600 m, the 1960 Kapoho fountain heights reached 
450 m, the 1969 Mauna Ulu fountains reached 300–540 m 
(Swanson et  al. 1979), and the 1983 Puʻuʻōʻō fountain 
heights reached 200–400 m (Richter et al. 1970; Wolfe et al. 
1987). The total volatile content of the melt strongly con-
trols lava fountain heights (Head and Wilson 1987), although 
conduit geometry and lava ponding within erupting cinder 
cones also modulate fountaining (Wilson et al. 1995). Of 
these historical eruptions, only the 2018 LERZ eruption had 
been immediately preceded by a decade of sustained lava 
lake degassing and convective magma recycling.

The recycling of degassed magmas throughout Kīlauea’s 
history

Prolonged summit lava lake activity has been common in 
Kīlauea’s recent history, with persistent lava lakes present 
throughout much of the nineteenth and early twentieth cen-
turies (1823–1894 and 1906–1924) (Ellis 1825; Wright and 
Klein 2014; Patrick et al. 2019a, 2021). Lava lakes presum-
ably also occurred during pre-historic periods of effusive 
activity (Holcomb 1987; Swanson et al. 2014). Any period 
of sustained bottom-fed lava lake activity requires melt 
convection to shallow depths, with concomitant  H2O and 
sulfur degassing (Edmonds et al. 2013). In addition, the 
drain-back of erupted lava is also relatively common during 
summit and rift zone eruptions at Kīlauea. Lava drain-back 
during the 1959 Kīlauea Iki eruption was well documented 
visually and petrologically (Richter et al. 1970; Wallace and 
Anderson 1998). Lava drain-back also occurred during the 
early phases of the Puʻuʻōʻō eruption in 1983 (Wolfe et al. 
1987) and during the 2011 Kamoamoa eruption, where 
surface lava flows poured into a nearby ground crack (Orr 
et al. 2015). Most recently, lava drain-back was documented 
during the early weeks of Kīlauea’s renewed summit erup-
tion (December 2020), where a rising lava lake inundated 
the erupting northern fissure and caused a period of lava 
drainage (USGS-HVO 2020b). Both lava lake convection 
and lava drain-back events recycle volatile-depleted melts 
back into the Kīlauea magma storage systems (Wallace and 
Anderson 1998; Edmonds et al. 2013). We therefore support 
the hypothesis originally postulated by Dixon et al. (1991), 
Clague et al. (1995), and Wallace and Anderson (1998) that 
the recycling of degassed magma is a common and impor-
tant process at Kīlauea.

The vertical mixing of degassed magma back into the 
shallow Kīlauea magmatic system is an inevitable conse-
quence of increasing melt density with volatile loss and 
cooling. However, it is unknown to what degree recycled 
partially degassed magma is re-homogenized within larger 
magma storage regions, or to what depths degassed magma 
might sink. If mixing is incomplete, multiple heterogeneous 
magma batches with variable volatile contents could exist 

within Kīlauea’s magma storage network (Fig. 12). Sulfur- 
and  H2O-poor Puna Ridge submarine lava flows that erupted 
in water depths > 1 km, where hydrostatic pressure would 
have prevented sulfur and  H2O degassing, provide strong 
evidence for the recycling of shallowly degassed magma 
batches through the Kīlauea system and ERZ (Dixon et al. 
1991). In those cases, the signature of shallow degassing 
was not completely re-homogenized by mixing, despite 
the Puna Ridge magmas traveling through the full Kīlauea 
ERZ magma transport system.

Many MI within high-Fo olivine from LERZ F8 magmas 
are also sulfur-poor (Fig. 7).  H2O-CO2 derived entrapment 
depths of some of these sulfur-poor, primitive MI are as shal-
low as < 1–2 km (Fig. 9c). These MI also have low δ34S val-
ues (Fig. 9d), consistent with the melt becoming isotopically 
light during  SO2 degassing at very low pressures (< 200 m). 
These lines of evidence indicate that at times in the past, 
highly primitive Kīlauea magmas (≥ 1200 °C) reached very 
shallow depths and underwent substantial degassing. How-
ever, convective degassing and recycling during 2008–2018 
Halemaʻumaʻu lava lake activity involved more evolved 
magma  (Fo80-83, rarely to  Fo86) (Edmonds et al. 2013; Rowe 
et al. 2015; Thornber et al. 2015) and is therefore not an 
appropriate scenario to explain our observations of degassed 
MI hosted within high-Fo olivine. A more analogous situa-
tion would be the 1959 Kīlauea Iki eruption, which involved 
the eruption and partial drain-back of variably mixed magma 
that had calculated melt temperatures up to 1200 °C and con-
tained unrimmed  Fo84-89 olivine (Anderson and Brown 1993; 
Wallace and Anderson 1998; Sides et al. 2014b; Tuohy et al. 
2016; Helz et al. 2017). Other summit and ERZ eruptions 
containing abundant high-Fo olivine have occurred through-
out Kīlauea’s history (e.g., Mauna Ulu 1969–1974 and the 
Keanakāko ‘i tephra 1500–1820 [(Vinet and Higgins 2011; 
Lynn et al. 2017]), and perhaps a number of these eruptions 
similarly involved lava drain-back or convective recycling of 
shallowly degassed primitive magmas to form the degassed 
MI we observe in high-Fo olivine from F8.

A small subset of sulfur-poor and δ34S-light MI in high-
Fo olivine have fairly high  CO2 concentrations, which indi-
cate entrapment depths of 3–5 km (see “deep recycling” 
labels in Fig. 9c, d). These measurements indicate that 
sulfur-degassed melts existed at South Caldera reservoir 
depths prior to MI entrapment. This is surprising because 
Kīlauea melts undergoing sulfur (and  H2O) degassing would 
have almost completely degassed  CO2 (Gerlach 1986). To 
produce sulfur-poor melts with high  CO2 concentrations, it 
seems necessary that sulfur- and  CO2-degassed melts sank 
to South Caldera reservoir depths and were then mixed with 
undegassed melts with  CO2-rich gas bubbles (Dixon et al. 
1991) and/or were fluxed by  CO2-rich but relatively sulfur- 
(and  H2O-) poor fluids ascending from greater depths (e.g., 
reservoir gas; Gerlach 1986). Melt inclusions forming in 
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these settings would thereby trap melts that are sulfur- (and 
 H2O-) poor but  CO2-rich and vapor-saturated at their trap-
ping depths. During subsequent magma mixing, olivine-
hosted MI would quickly re-equilibrate with external melt 
 H2O concentrations (e.g., Hauri 2002; Portnyagin et al. 
2008; Bucholz et al. 2013; Barth et al. 2019), but the origi-
nally entrapped sulfur and  CO2 concentrations in MI would 
be preserved. Pervasive  CO2 degassing occurs throughout 
the Kīlauea summit caldera during both eruptive and quies-
cent periods indicating a steady influx of deep  CO2-saturated 
magma (Gerlach et al. 2002). The fluxing of  CO2-rich vapors 
through portions of Kīlauea’s summit reservoirs should thus 
be expected.

The potential role of magma recycling in triggering 
the LERZ eruption

The cascading sequence of events that led to the LERZ erup-
tion has been well described by Patrick et al. (2020b), where 
the clogging of the Puʻuʻōʻō vent in early 2018 is identified 
as a critical precursory process that pressurized the entire 
shallow Kīlauea magma system. We build upon this hypoth-
esis and propose that the Puʻuʻōʻō blockage was the result of 
its feeder magma becoming progressively volatile-depleted 
and increasingly viscous since the onset of Halemaʻumaʻu 
lava lake degassing.

Magma circulation and degassing in the Halemaʻumaʻu 
lava lake would have caused substantial  H2O degassing 
and slight cooling of the melt (Edmonds et al. 2013), both 
of which would increase melt viscosity (Lesher and Spera 
2015). During the 10 years that the Halemaʻumaʻu lava 
lake and Puʻuʻōʻō were hydraulically connected, the mag-
mas feeding Puʻuʻōʻō contained increasing proportions of 
lava lake-degassed magma, as indicated by the progressive 
decrease in  SO2 emission rates from Puʻuʻōʻō beginning 
in 2009 (Elias and Sutton 2012; Sutton and Elias 2014) 
(Fig. 13a). In contrast, degassing from Halemaʻumaʻu 
remained relatively steady from 2009–2018, indicating 
a fairly constant magma supply into the shallow summit 
reservoir and lava lake (Elias and Sutton 2012; Beirle et al. 
2014; Elias et al. 2018a, 2020) (Fig. 13b). Although  H2O 
has not been measured in recent glasses from Puʻuʻōʻō 
(due to the lack of rapidly quenched tephra), the simi-
lar shallow degassing behavior of sulfur and  H2O (Fig. 8) 
indicates that decreasing  H2O contents of Puʻuʻōʻō melts 
would have accompanied the observed decrease in  SO2 
emissions since 2009. As magmas feeding Puʻuʻōʻō 
became increasingly composed of lava lake-degassed 
material, the viscosity of the  H2O-depleted magma would 
have increased, making the magma less able to easily 
ascend and erupt at Puʻuʻōʻō. For example, between 2008 
and 2018, decreases in Puʻuʻōʻō melt temperatures from 
1150 °C to 1140 °C (Thornber et al. 2015; Lee et al. 2019) 

and in  H2O contents from 0.4 to 0.1 wt% (estimated from 
measurements of Wallace and Anderson [1998]) would 
respectively increase melt viscosities by ~ 20% and ~ 35% 
(Lesher and Spera 2015) (note: melt density would 
increase by only ~ 1% with these temperature and composi-
tion variations). Increased crystallinity due to melt cooling 
and dehydration would further increase magma viscosi-
ties (Lesher and Spera 2015). Perhaps unrelated, but con-
spicuously timed, more  K2O- and  TiO2-rich magma com-
positions began erupting from both Halemaʻumaʻu and 
Puʻuʻōʻō in 2016–2017, with Puʻuʻōʻō magma becoming 
particularly  K2O-enriched in 2017 (Gansecki et al. 2019; 
Lee et al. 2019) (Fig. 13c, d).

We propose that some combination of a changing magma 
source and the long-term decrease in melt temperatures and 
volatile contents due to Halemaʻumaʻu lava-lake convection 
and recycling caused the viscosity of Puʻuʻōʻō magma to 
increase to the point that the conduit started clogging (Orr 
et al. 2015; Patrick et al. 2019b). This conduit constriction 
resulted in the decreased lava effusion rates and gas emis-
sions observed at Puʻuʻōʻō in early 2018 (Kern et al. 2020), 
which led to the system-wide pressurization of Kīlauea in 
March and April (Patrick et al. 2019a, 2020b; Neal et al. 
2019). This pressurization built to the point that a dike rup-
ture occurred beneath Puʻuʻōʻō, thus initiating the dramatic 
LERZ eruption sequence (Patrick et al. 2020b) (Fig. 12). 
We therefore consider the 2018 LERZ eruption to be domi-
nantly caused by a top-down process related to decreasing 
volatile contents and increasing viscosities of the magmas 
feeding Puʻuʻōʻō. In this scenario, the LERZ eruption “trig-
ger” was a decade in the making, since degassing began at 
the Halemaʻumaʻu lava lake in 2008. Seismic and geochemi-
cal evidence suggests that deep magma recharge was occur-
ring in the months to years preceding the LERZ eruption 
(Flinders et al. 2020; Mourey et al.  2019), which may have 
additionally contributed to the system’s overall pressuriza-
tion and cascading series of events (Patrick et al. 2020b). 
Future efforts to mechanically model the consequences of 
changing viscosity on lava effusion and pressurization at 
Puʻuʻōʻō would provide insights into the feasibility of the 
top-down model for the LERZ eruption trigger and whether 
deeper pressurization was additionally required to initiate 
down-rift diking.

Conclusions and applications to post‑2018 
activity

We combined major element, volatile, and δ34S measure-
ments of matrix glasses and MI from Kīlauea’s 2018 LERZ 
eruption to provide insights into a variety of subsurface and 
lava emplacement processes. The diversity of lavas, phe-
nocrysts, and glasses produced during the LERZ eruption 
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make this a particularly rich dataset for improving our under-
standing of the 2018 eruption and the overall Kīlauea mag-
matic system.

As a consequence of pre-eruptive melt diversity, post-
entrapment MI modification, and degassing during ascent 
and emplacement, sulfur contents in LERZ glasses are 
highly variable. Long-stored, lower temperature evolved 
basalts erupted in phase 1 of the LERZ activity are sig-
nificantly enriched in sulfur and chlorine (and likely  H2O) 
compared to the dominant phase 3 mafic magmas from F8. 
Fractional crystallization likely caused volatile enrichment 
(Fig. S16) and also increased  FeOT (and thereby  SCSST) 

in these early erupted melts. In phase 3 magmas from F8, 
primitive olivine  (Fo86-89) from 1220–1310 °C magmas were 
incorporated into bulk carrier melts that were 70–170 °C 
cooler (containing equilibrium  Fo78-81 olivine), which 
caused extensive PEC and Fe-loss in MI within the high-
Fo olivine. These post-entrapment modifications resulted 
in widespread vapor bubble and sulfide formation within 
MI, which respectively sequestered the majority of  CO2 and 
10–50% of total sulfur in affected MI.

An updated degassing model for Kīlauea, following the 
approach of Gerlach (1986), indicates that large scale sulfur and 
 H2O degassing only occurs at very shallow depths below the 

Fig. 13  Time series from January 2013 to May 2018 of daily aver-
aged  SO2 emissions from Puʻuʻōʻō and the Halemaʻumaʻu lava lake 
(HMM), and of Puʻuʻōʻō whole-rock  K2O and  K2O/TiO2 concentra-
tions. (a)  SO2 emission rates at Puʻuʻōʻō progressively declined after 
the onset of degassing from the summit lava lake in 2008; horizon-
tal lines and shaded regions show average  SO2 emission rates ± 1 s.d. 
from prior years. In the two months prior to the collapse of Puʻuʻōʻō 
and the onset of the LERZ eruption (vertical dashed line),  SO2 emis-
sion rates from Puʻuʻōʻō were among the lowest ever measured (see 

circled measurements in inset at top). (b)  SO2 emission rates from the 
Halemaʻumaʻu lava lake remained relatively constant from 2008 until 
after the summit collapse began during the 2018 LERZ eruption. (c, 
d)  K2O and  K2O/TiO2 of Puʻuʻōʻō whole-rock chemistry are rela-
tively independent of changing gas emissions, but changes in 2017 
(gray arrows) suggests a variation in the lava source or mixing pro-
portions < 1.5 years prior to the constriction and collapse of Puʻuʻōʻō. 
Data are from Elias and Sutton (2012), Thornber et al. (2015), Elias 
et al. (2018b, 2020), Gansecki et al. (2019), and Kern et al. (2020)
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surface (≤ 200 m), whereas  CO2 degassing occurs throughout 
the crust. Sulfur concentrations in MI do not strongly correlate 
with melt or mineral host compositions or with entrapment 
depths, indicating complex degassing and recycling histories 
prior to MI entrapment. We estimate that melts feeding the bulk 
of the LERZ lava effusion from F8 had pre-eruptive volatile 
concentrations of ~ 1110 ppm S, 0.3 wt%  H2O, and at least 
225–280 ppm  CO2. These estimates are roughly consistent 
with degassing models and measured gas ratios at F8 (Kelly 
et al. 2021). A petrologically derived time series of  SO2 emis-
sions from lava effusion rates also largely agrees with observed 
 SO2 emissions (Kern et al. 2020; Dietterich et al. 2021). Meas-
urements of sulfur in F8 glasses and of  SO2 emission rates of 
LERZ “fissure gas” and “channel gas” indicate that ~ 55–90% of 
the magmatic sulfur was degassed during ascent and eruption, 
whereas 10–45% of sulfur remained in the lava and degassed 
during surface flow. We conclude that record-setting  SO2 emis-
sion rates during this eruption are a function of the extremely 
high rates of lava effusion rather than the LERZ F8 melts being 
anomalously sulfur-rich.

SO2 degassing causes δ34S to decrease in LERZ melts 
from initial values of + 1.0 to + 1.5‰ down to − 2.5‰ in 
sulfur-degassed matrix glasses. This δ34S range is largely 
consistent with prior isotopic measurements of degassed 
subaerial and non-degassed submarine lavas (Sakai et al. 
1982) and indicates that δ34S values can be used to identify 
sulfur-degassed Kīlauea melts.

Melt inclusions in both low- and high-Fo olivine have 
entrapment depths of 1–5 km, showing that the magmas feed-
ing the LERZ F8 fissure were stored at depths consistent with 
the geophysically inferred Halemaʻumaʻu and South Caldera 
reservoirs (Poland et al. 2014; Anderson et al. 2019; Wieser 
et al. 2021); our measurements do not require the input of more 
deeply derived magmas during the LERZ eruption. Melt inclu-
sion volatile concentrations, δ34S degassing signatures, and 
vapor-bubble restored entrapment pressure estimates indicate 
that recycling of shallowly degassed magma is common at 
Kīlauea, likely due to lava lake activity and lava drain-back 
events. In particular, many MI in high-Fo LERZ olivine 
are sulfur-poor, indicating that at some point in Kīlauea’s 
past, high temperature melts had ascended to near-surface con-
ditions followed by degassing, melt densification, and sinking.

The 2018 LERZ eruption was similar to the 1960 LERZ 
eruption of Kapoho (Tuohy et al. 2016) in that both eruptions 
contained a diverse range of primitive to evolved melts and phe-
nocrysts. However, the 2018 LERZ eruption was dominantly fed 
by shallow magmas, whereas the Kapoho eruption involved a 
substantial portion of more deeply sourced magma. Despite the 
prodigious gas emissions during the 2018 LERZ activity, erupted 
melts at F8 were somewhat volatile-poor and had lower foun-
tain heights compared to Kapoho and other Kīlauea eruptions, 
presumably due to the previous decade of melt degassing and 
recycling within the Halemaʻumaʻu lava lake. We suspect that 

the decade of lava lake degassing preceding the LERZ eruption 
contributed to the constriction and pressurization of Puʻuʻōʻō, 
which ultimately ruptured and initiated the LERZ eruption.

Following the LERZ eruption, gradual inflation began at 
Kīlauea’s summit, indicating continued magma recharge into the 
remnant shallow Halemaʻumaʻu reservoir (Poland et al. 2019). 
Groundwater ingress into Kīlauea’s vastly deepened summit cal-
dera led to the growth of a water lake in 2019–2020 (Hsieh and 
Ingebritsen 2019; Ingebritsen et al. 2021). Our updated degas-
sing model indicates that the exsolution of reservoir-equilibrated 
volatiles  (CO2-rich, with 15 mol% sulfur) during magma ascent 
from South Caldera reservoir depths to the depth of the refill-
ing shallow Halemaʻumaʻu reservoir can result in 5–10% of ini-
tial sulfur degassing from the melt. We suspect that this type of 
degassing from the new magma ascending into Halemaʻumaʻu 
reservoir depths was the source of observed summit solfataras and 
high levels of sulfate in the summit lake (Nadeau et al. 2020; S. 
Peek, U.S. Geological Survey, written communication). However, 
given the high solubility of sulfur in Kīlauea melts until depths of 
< 200 m beneath the surface, and the large capacity of groundwa-
ter to scrub  SO2 (Symonds et al. 2001), precursory  SO2 emissions 
from future magma ascent to the near-surface would be challeng-
ing to observe. Indeed, the return of lava to Kīlauea’s summit in 
December 2020, in the form of a fissure eruption within the deep-
ened Halemaʻumaʻu crater, occurred with no apparent precursory 
increase in  SO2 emissions (P. Nadeau, U.S. Geological Survey, 
written communication). This renewed summit eruption (ongo-
ing as of April 2021) began with modest lava fountain heights 
(≤ 50 m, USGS-HVO 2020a), suggesting that this eruption may 
also be sourced from partially degassed melts that are related to 
magma recycling during the 2008–2018 Halemaʻumaʻu lava lake 
activity.
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