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Abstract

The 2018 rift eruption of Kilauea Volcano presents a superb opportunity to decipher the underlying role of magmatic pro-
cesses on the behavior and hazards of basaltic volcanoes. Here, we examine the petrogenetic history of the most MgO-rich
lavas (~7.7-8.7 wt.%) from the voluminous (> 0.8 km?) main phase of this eruption on the volcano’s lower East Rift Zone
(LERZ). Our results show that these lavas are compositionally homogeneous, but distinct from recent samples of the Pu‘u
‘0“0 eruption on the middle ERZ (MERZ) and the summit lava lake within Halema‘uma‘u pit crater. The MgO-rich 2018
LERZ lavas have relatively high K,O and TiO, abundances at a given MgO value, high Nb/Y ratios, and low CaO/TiO, and
Sr/Zr ratios. These observations preclude a simple hypothesis that the collapse of the caldera in 2018 forced magma from the
summit reservoir to erupt directly on the LERZ. Instead, the distinctive chemistry of the MgO-rich 2018 LERZ lavas supports
a new model of mixing between three components: (1) olivine-controlled magma, derived from the summit reservoir via Pu‘u
‘0°0, (2) differentiated magma similar to the earliest lavas from the 2018 rift eruption, and (3) olivine. The differentiated
magma was stored within the ERZ since the 1960s. The summit-derived magma (~91-95%) accumulated downrift of Pu‘u
‘0“0 and mixed with the differentiated magma (~5-9%) over~ 10 years prior to 2018. This process created a large (> 0.8
km?®) magma body within the MERZ that was the direct source of the MgO-rich 2018 LERZ lavas. The magma that was
removed from the summit reservoir during the 2018 caldera collapse (up to~0.8 km®) remains within the ERZ, along with any
leftover magma from the Pu‘u ‘O‘0 and 2018 rift eruptions. The summit reservoir has likely been replenished with magma
based on recent lava lake activity within Halema‘uma‘u from December 2020 to May 2021. Thus, Kilauea’s plumbing system
from the summit to the LERZ may now be flush with magma and primed for a new era of frequent and/or large eruptions.
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Introduction

The major hazards of frequently active basaltic volcanoes
include rapid and large effusions of lava (e.g., Rhodes
1988; Thordarson and Self, 1993; Clague et al. 1999),
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violent explosive eruptions (e.g., Fiske et al. 2009; Swanson
et al. 2012; Michon et al. 2013; Ort et al. 2016), major
earthquakes (e.g., Tilling et al. 1976; Bjarnason et al.
1993; Liu et al. 2018; Chen et al. 2019), and summit or
caldera collapse (e.g., Simkin and Howard, 1970; Dvorak
1992; Staudacher et al. 2009). Key aspects of these hazards
may be controlled by the enigmatic processes that operate
within a volcano’s deep magmatic plumbing system (e.g.,
Pietruszka and Garcia 1999; Sides et al. 2014; Swanson
et al. 2014; Pietruszka et al. 2015; Lynn et al. 2017), such as
the delivery of new batches of mafic, volatile-rich magma
from the mantle, or dynamic changes in the size, location,
and interconnectedness of magma bodies. A spectacular and
destructive rift eruption occurred at Kilauea Volcano in mid-
2018 (Fig. 1) with the most vigorous, short-duration effusion
of lava (> 0.8 km? over~3 mo.) in the volcano’s ~200-year
historical record (Neal et al. 2019; Patrick et al. 2020).
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Fig.1 Map of recent lava flows along the lower East Rift Zone
(LERZ) of Kilauea Volcano (top). Lava flow boundaries, modified
from the maps of Trusdell et al. (2005) and Neal et al. (2019), are
keyed to the date of eruption and superimposed on a digital elevation
map of the volcano. The locations of the 2018 LERZ eruptive fissures
from Neal et al. (2019) are shown as gray circles except for fissure 17
and the main fissure 8 (red circles). The locations of Halema‘uma‘u
lava lake (“H”), Pu‘u ‘O‘6 vent (“P”), and fissure 8 (“8”) are indi-
cated by the yellow stars (bottom)

The 2018 rift eruption coincided with a major (~ 0.8 km?)
summit caldera collapse (Anderson et al. 2019), a M6.9
earthquake beneath the volcano’s south flank (Liu et al.
2018; Chen et al. 2019), and the end of two sustained
eruptions: (1) the ~35-year-long eruption at Pu‘u ‘O‘0 on
the volcano’s East Rift Zone (ERZ) and (2) the ~ 10-year-
long summit lava lake within Halema‘uma‘u pit crater. The
2018 rift eruption produced an unusually large range in lava
chemistry (Gansecki et al. 2019), including small amounts
of basaltic andesite or andesite (~2-4 wt.% MgO) and
differentiated basalt (~4-7 wt.% MgO), and large amounts
of relatively MgO-rich basalt (~7-9 wt.%). Thus, Kilauea’s
2018 rift eruption presents a superb opportunity to decipher
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the underlying role of magmatic processes on the behavior
and hazards of basaltic volcanoes.

A preliminary model has emerged from the first studies
of the events at Kilauea in 2018. Immediately prior to the
2018 rift eruption, the volcano’s plumbing system (Fig. 2)
was pressurized with magma from the summit to the middle
ERZ (MERZ), the summit lava lake had recently overflowed
onto the floor of Halema‘uma‘u, and the Hawaiian Volcano
Observatory (HVO) had issued multiple warnings that
a new vent might open near Pu‘u ‘O‘6 (Neal et al. 2019).
This situation soon changed dramatically (e.g., Anderson
et al. 2019; Neal et al. 2019; Patrick et al. 2019a): (1) the
floor of Pu‘u ‘00 crater collapsed on April 30 and a dike
propagated from the MERZ near Pu‘u ‘O*0 to the lower ERZ
(LERZ), (2) the active lava lake within Halema‘uma‘u began
to withdraw on May 1 as the summit deflated, and (3) the new
LERZ eruption began on May 3 from fissures located ~20 km
downrift of Pu‘u ‘O°0 within the Leilani Estates subdivision.
The early differentiated lavas that erupted on the LERZ may
simply represent leftover magma from a nearby eruption
in 1955 that was rapidly flushed out of the rift zone as it
mixed with the intruding dike (Gansecki et al. 2019). This
hotter, MgO-rich dike magma (represented by the majority
of the lava that erupted on the LERZ) was thought to have
been supplied directly from Kilauea’s summit reservoir (e.g.,
Gansecki et al. 2019; Neal et al. 2019; Patrick et al. 2020;
Wieser et al. 2021; Lerner et al. 2021), which (prior to 2018)
comprised (1) a~2-4-km-deep body beneath the southern
rim of the caldera, called the “South Caldera” (SC) magma
body, and (2) a <2-km-deep body beneath the eastern rim
of Halema‘uma‘u (HMM), called the HMM magma body
(e.g., Fiske and Kinoshita 1969; Poland et al. 2014; Anderson
et al. 2015; Pietruszka et al. 2015; Bemelmans et al. 2021).
Collapse of the summit region during the 2018 rift eruption
may have forced cooler magma from the shallow HMM body
to mix with hotter, deeper magma (up to ~ 13-14 wt.% MgO)
within the summit reservoir (e.g., the SC body), or possibly, a
deeper portion of the ERZ, prior to transport down the ERZ
(Gansecki et al. 2019). A pressure connection between the
summit reservoir and the LERZ over ~40 km is required by
the repeated eruptive surges from the main vent on the LERZ
that began within minutes of each episodic caldera collapse
event (Patrick et al. 2019a). In detail, however, the nature of
the magmatic connection between the summit reservoir and
the LERZ in 2018 is poorly understood. Direct links from
both the HMM (Neal et al. 2019) and SC (Gansecki et al.
2019; Wieser et al. 2021) magma bodies to the LERZ have
been proposed.

Here, we present a new model (Fig. 2) for the magmatic
processes that contributed to the 2018 rift eruption using
X-ray fluorescence (XRF) measurements of lava and tephra
chemistry. The samples used in our study were collected
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Fig.2 Schematic cross sections of the magmatic plumbing system
of Kilauea Volcano during the Pu‘u ‘O‘0 eruption (Poland et al.
2014; Pietruszka et al. 2018) from (a) 1983 to 2008 and (b) 2008
to early 2018, just prior to the start of the 2018 rift eruption. A pri-
mary conduit delivered mantle-derived magma to the volcano’s sum-
mit reservoir, which comprised two magma bodies: the shallower
Halema‘uma‘u (HMM) body and the deeper South Caldera (SC)
body. The gray area surrounding the SC body marks the volcano’s
aseismic region (Klein et al. 1987). From 2008 to early 2018, an
active lava lake within Halema‘uma‘u was supplied from the HMM
body (itself connected to the SC body), and a dike transported magma

from (1) the “last gasp” of the Pu‘u ‘O°0 eruption in May
2018, (2) Halema‘uma‘u lava lake in 2016 and 2017, and (3)
each of the phases of the 2018 rift eruption. These results are
compared to the chemistry of lavas from the entire ~ 35-year
history of the Pu‘u ‘O‘0 eruption (Garcia et al. 1989, 1992,
1996, 2000, 2021; Marske et al. 2008; Greene et al. 2013;
Walker et al. 2019) and older historical Kilauea eruptions
(Pietruszka and Garcia 1999; Garcia et al. 2003; Pietruszka
et al. 2018). All of these samples were analyzed in the same
XRF laboratory. The goals of our study are to (1) estab-
lish the petrogenetic history and origin of the MgO-rich
lavas from the 2018 rift eruption, (2) infer the evolution of
Kilauea’s magmatic plumbing system before and during the
2018 rift eruption, and (3) briefly discuss the implications
of our results for the future behavior and hazards of Kilauea
Volcano.

from the SC body to Pu‘u ‘O‘0 on the East Rift Zone (ERZ). The
Pu‘u ‘O‘0 vent was underlain by a small (~0.05 km® pocket of
magma (Shamberger and Garcia 2007). Short-lived eruptions uprift
of Pu‘u ‘O°0 in January 1997 and March 2011 tapped a component of
differentiated magma that was stored within the ERZ since the 1960s
(yellow patches). Our new model in (b) posits that a large amount
of summit-derived magma accumulated downrift of Pu‘u ‘O‘
over~10 years and mixed with a small amount of stored 1960s-era
magma [shown in (a)] to create a homogeneous hybrid magma that
erupted directly on the LERZ in 2018

Sampling and analytical methods

The 2018 rift eruption involved 24 fissures on the LERZ
(Fig. 1); all but one (“17,” the easternmost vent) were
aligned in a single ~ 6.8-km-long trend (Neal et al.
2019). The eruption was divided into three phases
based on changes in its behavior and lava chemistry
[see Gansecki et al. (2019) and Neal et al. (2019) for
the details that are summarized here]. Small amounts
of differentiated basalt (<7 wt.% MgO) erupted during
phase 1 (subdivided as “early,” phase 1E, from May
3t0 9, and “late,” phase 1L, from May 12 to 18). The
most differentiated lava yet known from Kilauea (except
for an accidentally drilled dacite; Teplow et al. 2009),
a compositionally heterogeneous basaltic andesite to
andesite (~ 55-60 wt.% SiO,), erupted from fissure 17
(May 13-25, and considered a separate part of phase
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1L). We analyzed five samples from phase 1E and four
samples from phase 1L (including three from fissure
17). The eruption rate increased during phase 2 (May
17 to 27) and the lava rapidly became richer in MgO
(up to ~8 wt.%). During phase 3 (May 28 to August 4),
the eruption focused at fissure 8 with the rapid (50-200
m?>/s) and voluminous (> 0.8 km?) effusion of relatively
homogeneous, MgO-rich lava (~7-9 wt.%). We ana-
lyzed four samples from phase 2 (two from fissure 8)
and 17 samples that span the entirety of phase 3 (all
from fissure 8). Additionally, the “last gasp” sample of
lava from Pu‘u ‘O‘0 (erupted on May 1, 2018) and two
samples from Halema‘uma‘u lava lake (one overflow
onto the floor of the crater in January 2016 and one
sample of tephra from April 2017) were analyzed. The
2017 tephra was limited in volume, and thus, not ana-
lyzed for trace element abundances.

All of the samples (n=33) were collected near the
active vents by HVO scientists and volunteers, and rapidly
quenched to inhibit post-eruptive crystallization either in
the air for spatter (S) samples or with water for most of the
flow (F) samples. Mineral modes for a subset of the samples
(n=10) from the 2018 rift eruption were determined by
point counting (n=500 each, excluding vesicles) under a
petrographic microscope (Supplementary Table S1). The
major and trace element abundances of the samples and
reference materials (Supplementary Table S2) were measured
by XRF at the University of Massachusetts (UM) using
the methods of Rhodes and Vollinger (2004). A new XRF
instrument (a Panalytical Zetium Ultimate) was calibrated
and used to determine the major element abundances of the
samples. A comparison of reference materials (BHVO-2 and
K1919) analyzed on the new XRF instrument during this
study with previous measurements (Pietruszka et al. 2013,
2018) indicates that the major element abundances agree
within ~0.5-1% relative for SiO,, Al,05, and CaO;~2% for
Fe, 05, MgO, TiO,, and K,0;~4% for P,Os; and~11-12%
for MnO and Na,O. The eruption date and location of each
sample is provided in Supplementary Table S2. To avoid
potential complications from interlaboratory bias and the use
of both wavelength- and energy-dispersive XRF instruments
by Gansecki et al. (2019), we show only data collected using
wavelength-dispersive XRF at UM on the figures. However,
the observations and interpretations of Gansecki et al. (2019)
for the 2018 rift eruption are described in the following
discussion of our new results.

Results
Lavas from the 2018 rift eruption range widely in com-

position (Fig. 3a) from the basaltic andesite to andesite
(~2.3-3.4 wt.% MgO in this study) at fissure 17 to the
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relatively MgO-rich basalt that dominated phase 3 at fis-
sure 8 (~7.7 to 8.7 wt.%). The phase 1 early (~4.6-4.9
wt.% MgO) and late (~5.8 wt.% for one sample, exclud-
ing those from fissure 17) lavas are differentiated (defined
as <7 wt.% MgO due to fractionation beyond olivine
control; Wright 1971; Wright and Fiske 1971). The phase
1E samples are virtually aphyric with only sparse (<2
vol.%) microphenocrysts (0.1-0.5 mm) of plagioclase and
clinopyroxene, whereas the phase 1L sample also has rare
(<1 vol.%) phenocrysts (> 0.5 mm) of these minerals.
Plagioclase crystals with sieve textures are present in the
phase 1 samples (Fig. 4a), indicating crystal-melt disequi-
librium. IIlmenite was observed in the phase 1E lavas by
Gansecki et al. (2019). The MgO contents of the phase
2 lavas (~7.0-8.1 wt.%) are lower (on average) than the
phase 3 lavas (Fig. 3a). The phase 2 and 3 lavas from fis-
sure 8 are richer in MgO (~7.5 to 8.7 wt.%) than the final
sample of the Pu‘u ‘O‘0 eruption from May 2018 (~6.9
wt.%) and the two samples from Halema‘uma‘u lava lake
in 2016 and 2017 (~7.4 and 7.0 wt.%, respectively). The
phase 2 and early phase 3 samples (until mid-June) have
(1) phenocrysts and microphenocrysts of olivine, clinopy-
roxene, and plagioclase (variable amounts, but up to~ 1-4
vol.% of each mineral), (2) rare (~ 1 vol.%) open-textured
gabbro crystal clots (Fig. 4b—c), and/or (3) sieve-textured
plagioclase crystals (Fig. 4d). Olivine is the dominant phe-
nocryst and microphenocryst for most of the subsequent
phase 3 samples (Fig. 4e—f). These later samples lack gab-
bro crystal clots or signs of plagioclase disequilibrium.
The modal abundances of olivine in the phase 3 samples
do not correlate with their MgO contents.

The differentiated lavas from phase 1 of the 2018 rift
eruption have more variable and much higher abundances of
incompatible elements (e.g., K,0), lower CaO/TiO, ratios,
and higher Nb/Y ratios than the lavas from phases 2 and 3 or
recent lavas from Pu‘u ‘O‘0 and Halema‘uma‘u (Fig. 3b—d).
In contrast, the phase 2 and 3 lavas are relatively homoge-
neous in composition and broadly similar to recent lavas
from Pu‘u ‘O‘0 and Halema‘uma‘u. However, the MgO-nor-
malized (i.e., fractionation-corrected to 10 wt.% MgO) K,O
(Fig. 3e) and TiO, (not shown) abundances of the phase 2
and 3 lavas from fissure 8 are significantly higher than recent
lavas from Pu‘u ‘O‘0 and Halema‘uma‘u, a difference that
was previously noted by Gansecki et al. (2019). These dif-
ferences in lava chemistry extend to CaO/TiO, (which shows
a small, but systematic, fluctuation) and Nb/Y (Fig. 3f-g).

Discussion
The first studies of the 2018 rift eruption suggested that

the phase 2 and 3 lavas from fissure 8 (hereafter called the
“MgO-rich 2018 LERZ lavas”) were supplied directly from
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Kilauea’s summit reservoir to the LERZ (e.g., Gansecki
et al. 2019; Neal et al. 2019; Patrick et al. 2020; Wieser
et al. 2021; Lerner et al. 2021). In this discussion, we criti-
cally evaluate this preliminary model in four steps using lava
chemistry. First, the distinctive chemistry of the MgO-rich
2018 LERZ lavas is described, and their petrogenetic history
is deciphered. Second, an alternative two-stage model that
involves (1) magma mixing within the ERZ over ~ 10 years
prior to the 2018 rift eruption followed by (2) olivine accu-
mulation shortly before or during the eruption is proposed.
Third, the potential end-member magmas that mixed to
create the homogeneous hybrid magma that erupted on the
LERZ in 2018 are identified. Fourth, the location (down-
rift of Pu‘u ‘O‘6) and size (> 0.8 km?) of the ERZ magma
body that directly supplied the 2018 rift eruption is inferred
(Fig. 2). Finally, the broader implications of our results for

Days since May 3, 2018

the future behavior and hazards of Kilauea Volcano are
briefly explored.

The distinctive chemistry of the MgO-rich 2018 LERZ
lavas

The distinctive chemistry of the MgO-rich 2018 LERZ lavas
is well illustrated by comparison with the temporal evolu-
tion of lavas from the Pu‘u ‘O‘0 eruption since 1985 (i.e.,
after the end of the early period of magma mixing within the
ERZ; Garcia et al. 1989, 1992). Specifically, the MgO-rich
2018 LERZ lavas have (1) higher MgO contents (~7.5-8.7
wt.%; Fig. 5a) than most Pu‘u ‘O‘0 lavas from the last dec-
ade (e.g.,~6.5 to 7.8 wt.% since March 2011) and (2) lower
CaO/TiO, ratios (Fig. 5b) than nearly all samples from the
main episodes of the Pu‘u ‘O°0 eruption (excluding the early
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Fig.4 Photomicrographs of lava samples from the 2018 rift eruption
of Kilauea Volcano. Examples from phase 1E (a), phase 2 (b), and
phase 3 (c—f) of the eruption are discussed in the text. Images (c) and
(f) were taken in cross-polarized light. Abbreviations: olivine (Oliv);
plagioclase (Plag); clinopyroxene (Cpx); glass (Gl); fissure number (F)

mixing-dominated lavas that erupted prior to February 1985,
and the two brief uprift eruptions of stored, differentiated
magma in January 1997 and March 2011 that are not shown
on Fig. 5). The MgO-rich 2018 LERZ lavas also have MgO-
normalized TiO, abundances (Fig. 5c¢) that are (1) higher
than recent Pu‘u ‘O*0 lavas but (2) similar to Pu‘u ‘O‘0 sam-
ples from the mid-1980s to mid-1990s. The relatively high
Nb/Y ratios (~0.56 on average) of the MgO-rich 2018 LERZ
lavas (Fig. 3g) seem to continue (and extend) the recent
temporal increase in Nb/Y from a minimum of ~0.49 in the
early 2000s to ~0.54 in 2018 (Fig. 5d). A higher Nb/Y ratio
of ~0.56 was last observed in Pu‘u ‘O‘6 samples from the
late 1980s to early 1990s. The MgO-rich 2018 LERZ lavas
are similarly distinct from the 2016 and 2017 Halema‘uma‘u
samples, which are similar to contemporaneous Pu‘u ‘O‘0
lavas (Fig. 5).

Recent Pu‘u ‘O°0 lavas from 2011 to 2018 (including the
“last gasp” sample from May 2018) and Halema‘uma‘u sam-
ples from 2016 and 2017 likely represent the chemistry of
magma within Kilauea’s summit reservoir prior to the 2018
rift eruption. These lavas plot along trends of magmatic dif-
ferentiation from a common parental magma (Fig. 6) that
was calculated from recent olivine-controlled Pu‘u ‘O‘0
samples as described in the caption to Fig. 6. A subset of
Pu‘u ‘O‘0 samples with unusually low TiO, abundances
(Fig. 6a), high Al,O; (Fig. 6b) and CaO (Fig. 6¢) abun-
dances, and high CaO/TiO, ratios (Fig. 6d) that accumulated
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small open-textured gabbro crystal clots (shown by dashed
red fields on Fig. 6) do not plot along the differentiation
trends. These anomalous samples are not discussed fur-
ther or shown on other figures [see Garcia et al. (2021) for
more information]. The MgO-rich 2018 LERZ lavas plot
within the differentiation trends only for Al,O;. Notably,
the TiO, abundances of these lavas at a given MgO value
are significantly higher than recent lavas from Pu‘u ‘O‘0
and Halema‘uma‘u and, instead, overlap with samples from
the earliest part of the Pu‘u ‘O‘0 eruption (mid-1980s to
mid-1990s). This is consistent with their relatively high
MgO-normalized TiO, abundances (Fig. 5¢). These obser-
vations indicate that the MgO-rich 2018 LERZ lavas cannot
be derived from the same parental magma as recent lavas
from Pu‘u ‘O°0 and Halema‘uma‘u by variable amounts of
differentiation. Thus, their distinctive chemistry precludes
the simple hypothesis that the collapse of the caldera in 2018
forced magma from the summit reservoir to erupt directly
on the LERZ (e.g., Gansecki et al. 2019; Neal et al. 2019;
Patrick et al. 2020; Wieser et al. 2021; Lerner et al. 2021).
An alternative hypothesis posits that the caldera collapse
forced cooler magma from the shallow portion of the summit
reservoir (beneath Halema‘uma‘u) to mix with hotter, deeper
magma in the summit reservoir or, possibly, a deeper portion
of the ERZ, prior to transport of the mixed magma down the
ERZ (Gansecki et al. 2019). The chemistry of these deeper
magmas is unknown. In this scenario, however, the higher
abundances of incompatible elements in the MgO-rich 2018
LERZ lavas (e.g., TiO,) might record the involvement of
a new, compositionally distinct batch of olivine-controlled
magma from the mantle. This idea of mixing with a hot,
deep magma batch might also explain (1) the relatively high
Nb/Y ratios of the MgO-rich 2018 LERZ lavas (Fig. 3g),
which seem to continue (and extend) the temporal trend of
increasing Nb/Y that is defined by recent Pu‘u ‘O‘0 samples
(Fig. 5d), and (2) the heterogeneous olivine population in the
MgO-rich 2018 LERZ lavas, including crystals with Fogg g9
cores that must have formed in equilibrium with a rela-
tively primitive (~13-14 wt.% MgO) melt (Gansecki et al.
2019). However, the low CaO/TiO, ratios of the MgO-rich
2018 LERZ lavas compared to nearly all olivine-controlled
Pu‘u ‘O‘0 samples (Fig. 5b) are inconsistent with the idea
of mixing between two magmas that never differentiated
beyond olivine control. Furthermore, the CaO abundances
(Fig. 6¢) and CaO/TiO, ratios (Fig. 6d) of the MgO-rich
2018 LERZ lavas are lower at a given MgO value than the
predicted trends of magmatic differentiation for recent Pu‘u
‘O°0 or Halema‘uma‘u lavas. These observations suggest
that the MgO-rich 2018 LERZ lavas include at least one
component of magma that fractionated clinopyroxene + pla-
gioclase. This differentiated magma would be expected to
have a relatively low CaO abundance and CaO/TiO, ratio
and relatively high abundances of incompatible elements.
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Fig.5 Temporal variations in lava chemistry at Kilauea since 1985.
Samples from fissure 8 of the 2018 rift eruption (phases 2 and 3) and
recent samples from Halema‘uma‘u (2016 and 2017) and Pu‘u ‘O‘0
(2018) are compared to the main episodes of the Pu‘u ‘O‘0 eruption
from 1985 to 2018. Data from Supplementary Table S2 (large sym-
bols) are compared with literature data (small symbols) for the Pu‘u
‘O‘0 eruption (Garcia et al. 1992, 1996, 2000, 2021; Marske et al.
2008; Greene et al. 2013). Pu‘u ‘O‘0 samples from the early mixing-
dominated episodes prior to February 1985 and the two uprift erup-
tions of differentiated magma in January 1997 and March 2011 are
not shown. Thus, these plots emphasize the temporal variations in
the MgO abundances of Pu‘u ‘O‘0 lavas (a), and the composition of
the parental magma delivered to Pu‘u ‘O‘0 from the summit reser-

Thus, the distinctive chemistry of the MgO-rich 2018
LERZ lavas—with their high MgO (Fig. 3a), TiO, (Fig. 5¢),
and K,O (Fig. 3e) abundances, and low CaO/TiO, ratios
(Fig. 5b) compared to recent Pu‘u ‘O‘0 or Halema‘uma‘u

I
1990 1995 2000 2005 2010 2015
Eruption date

voir (b—-d) for comparison with the recent samples from Pu‘u ‘O‘0,
Halema‘uma‘u, and the LERZ (fissure 8). The MgO-normalized
TiO, abundances of the samples (c¢) were calculated as described in
the caption to Fig. 3. Samples with <7.0 wt.% MgO are also excluded
from (b) to avoid the effect of differentiation beyond olivine control
on the CaO/TiO, ratios of the lavas. Additionally, a subset of recent
Pu‘u ‘O‘0 samples with unusually low TiO, abundances, high Al,05
and CaO abundances, and high CaO/TiO, ratios that accumulated
small open-textured gabbro crystal clots are not shown (see the cap-
tion to Fig. 6 for more details). Element abundances are in wt.%.
Ratios of major or trace elements are in proportions of wt.% or ppm,
respectively. The 2SD error bar for Nb/Y is shown; the other error
bars are smaller than the size of the symbols

samples—is probably unrelated to the involvement of a new,
hotter, deeper summit-derived magma.

Instead, we explore the hypothesis that these chemi-
cal signatures are related to magma mixing within
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the ERZ prior to the 2018 rift eruption. This mixing
process (Fig. 2) involved a large amount of summit-
derived magma that accumulated downrift of Pu‘u ‘00
over ~ 10 years and a small amount of differentiated, rift-
stored magma from the 1960s. Two other potential mod-
els for the distinctive chemistry of the MgO-rich 2018
LERZ lavas—related to (1) rapid, syn-eruptive cooling
and differentiation of contemporaneous summit-derived
magma during its transport down the ERZ in 2018 (to
create a low CaO/TiO, ratio) or (2) the eruption of an
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older, high-TiO, Pu‘u ‘O‘0 magma (purple and blue fields
on Fig. 6a) that was stored and differentiated within the
ERZ for ~20-30 years—are considered and rejected in
the Supplementary Information.

Evidence for two stages of mixing
The distinctive chemistry of the MgO-rich 2018 LERZ

lavas can be explained by mixing between three compo-
nents (Fig. 7): (1) recent magma derived from the summit
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«Fig. 6 MgO variation diagrams for samples of lava from fissure 8
of the 2018 rift eruption of Kilauea Volcano (phases 2 and 3), and
recent samples from Halema‘uma‘u (2016 and 2017) and Pu‘u ‘O‘0
(2018) with trends of magmatic differentiation from recent Pu‘u ‘O‘0
parental magmas. Data from Supplementary Table S2 (symbols) are
compared with literature data for the main episodes of the Pu‘u ‘O‘0
eruption (fields) from 1985 to 2018 (see the caption to Fig. 5 for data
sources). A subset of recent lava samples from Pu‘u ‘O‘0 since 2011
have unusually low TiO, abundances (a), high Al,O; (b) and CaO
(c) abundances, and high CaO/TiO, ratios (d). These signatures are
thought to be related to the accumulation of small open-textured gab-
bro crystal clots at shallow levels of the magmatic plumbing system
and/or during the eruption and flow of the lava. Accordingly, Pu‘u
‘00 samples with CaO/TiO,>4.75 are enclosed by the dashed red
fields and excluded from subsequent figures and discussion. Fields
for Pu‘u ‘O°0 samples prior to March 2011 are omitted from (b-d).
The compositional range of recent Kilauea parental magmas (red
boxes) was estimated by adding small amounts of equilibrium oli-
vine to olivine-controlled Pu‘u ‘O‘0 lava samples (red fields) from
2015 (April 23, 2015, and June 16, 2015) and 2016 (April 14, 2016)
until the MgO content of the mixture reached 10 wt.% (see the cap-
tion to Fig. 3 for the method). These 2015 and 2016 parental magmas
were used as starting compositions for MELTS modeling (Ghiorso
and Sack 1995; Gualda et al. 2012) to produce a range of differenti-
ated magmas shown in the white trends. For each parental magma,
the MELTS model parameters were 0.2 wt.% H,O, and four combi-
nations of two redox conditions (QFM or QFM-1) and two pressures
(0.5 and 1.0 kbar). The crystals that formed during each increment
of cooling (1 °C) were assumed to fractionate from the residual melt.
The parental magma in (a) lies off the scale of the plot. All values are
in wt.%. The 2SD error bars are smaller than the size of the symbols

reservoir, (2) differentiated, rift-stored magma similar to the
phase 1E lavas from 2018 (i.e., the differentiated magma
component), and (3) olivine. Magma similar to the basal-
tic andesites and andesites that erupted from fissure 17 can
be excluded as a mixing component because their TiO,
abundances are far too low due to the fractionation of Fe-Ti
oxides (brown arrow on Fig. 7a). The phase 1L lava probably
represents an intermediate hybrid magma (Gansecki et al.
2019) and is not considered further. In contrast, the phase 1E
lavas represent a potential mixing end member. They have
Al,0; abundances (Fig. 7b) that are similar to recent summit
or Pu‘u ‘O‘0 samples (at a lower MgO content), but much
higher TiO, (Fig. 7a) and lower CaO (Fig. 7c) abundances,
and much lower CaO/TiO, ratios (Fig. 7d).

The major element variations of the MgO-rich 2018
LERZ lavas require two stages of mixing: (1) initial two-
component magma mixing to create a relatively homogene-
ous hybrid magma followed by (2) the addition of variable
amounts of olivine. This process is illustrated (Fig. 7) using
the “last gasp” Pu‘u ‘O‘0 sample from May 2018 to repre-
sent magma derived from the summit reservoir, but many
other recent Pu‘u ‘O°0 lavas (red fields) and the April 2017
sample from Halema‘uma‘u lava lake are suitable choices.
First, the summit-derived magma is mixed with the aver-
age composition of the phase 1E lavas to create a hybrid
magma (green bars along the mixing trends on Fig. 7). The

range in mixing proportions is calculated to match the CaO/
TiO, ratios of the MgO-rich 2018 LERZ lavas from phase
3 (~4.32-4.45), since this parameter is virtually invariant
during the fractionation or accumulation of olivine. A total
of ~91-95 wt.% summit-derived magma and ~ 5-9 wt.% dif-
ferentiated phase 1E magma is required if either the May
2018 Pu‘u ‘O‘6 sample or April 2017 Halema‘uma‘u sam-
ple is used for the calculation because they have similar
CaO/TiO, ratios. This mixing process will create a hybrid
magma with a higher TiO, abundance (Fig. 7a), and lower
CaO abundance (Fig. 7c) and CaO/TiO, ratio (Fig. 7d) than
the summit-derived magma, with little change in Al,O;
(Fig. 7b). Second, a variable amount of olivine is added to
increase the MgO content of the hybrid magma and match
the range in the chemistry of the MgO-rich 2018 LERZ lavas
from phase 3 (green fields for Fo82 to Fo88 on Fig. 7). A
total of ~2-6 wt.% olivine accumulation is required. Sam-
ples of lava from fissure 8 during phase 3 of the 2018 rift
eruption (June to August) contain up to~3 vol.% olivine
phenocrysts and ~6 vol.% olivine microphenocrysts on a
vesicle-free basis (Supplementary Table S1). This two-stage
mixing model is attractive because it explains the distinc-
tive chemistry of the MgO-rich 2018 LERZ lavas by mixing
three components (two lavas and a heterogeneous olivine
population) that were observed to erupt at Kilauea. In this
scenario, the high-Fo olivine crystals in the MgO-rich 2018
LERZ lavas (Gansecki et al. 2019; Wieser et al. 2021) likely
accumulated shortly before or during the eruption, which is
a common magmatic process within Kilauea’s summit res-
ervoir (Garcia et al. 2003; Wieser et al. 2019) and ERZ (e.g.,
Clague et al. 1995; Vinet and Higgins 2010; Tuohy et al.
2016). The viability of this model is further demonstrated
by the low residuals for the two-stage mixing calculation on
a sample-by-sample basis (Supplementary Table S3).
There are two lines of evidence to support the idea that
the first stage of magma mixing occurred prior to the 2018
rift eruption. First, the MgO-rich 2018 LERZ lavas from
phase 3 are relatively homogeneous (Fig. 3) with a total
variation of only ~2-3% (relative) in MgO-normalized
K,O (Fig. 3e) and TiO, (Fig. 5c), CaO/TiO, (Fig. 3f),
and Nb/Y (Fig. 3g). The limited variation in the chemi-
cal parameters that are insensitive to olivine accumula-
tion or fractionation—despite the large differences in the
composition of the (inferred) magma mixing end mem-
bers (Fig. 7)—indicates that the MgO-rich 2018 LERZ
lavas were well mixed prior to eruption. The alternative
hypothesis—syn-eruptive homogenization of > 0.8 km® of
magma within the ERZ—would require a delicate (and
unlikely) balance in the mixing proportions of the sum-
mit-derived (~91-95 wt.%) and rift-stored (~5-9 wt.%)
magmas on the time scale of the 2018 rift eruption itself
(i.e.,~2 months for phase 3). This is especially difficult
given the narrow (~2-3 m) width of the conduit that fed
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Pu‘u ‘O°0 from the summit reservoir (Patrick et al. 2019b).  of this point is further illustrated by contrast with the
Second, the dominant compositional variations of MgO-  mixing trends for episode 1 lavas from the Pu‘u ‘O‘0

rich 2018 LERZ lavas (e.g., ~ 13% relative range in MgO  eruption in January 1983 (gray fields on Fig. 7), which
due to the accumulation of olivine) are orthogonal to the = were interpreted to result from a “hydraulic plunger” as
trend expected for mixing between recent summit-derived ~ summit-derived magma intruded the ERZ and forced two
magma and the phase 1E magma (Fig. 7). The importance  differentiated, rift-stored magmas to mix and erupt (Garcia
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«Fig. 7 Two-stage mixing model for the lavas from phase 3 of the
2018 rift eruption of Kilauea Volcano. The plots show MgO vs. a
TiO,, b Al,05, ¢ CaO, and d CaO/TiO, for samples from phase 1
(early and late) and fissure 8 (phases 2 and 3) of the 2018 rift erup-
tion and recent samples from Halema‘uma‘u (2016 and 2017) and
Pu‘u ‘O°0 (2018). These data from Supplementary Table S2 (sym-
bols, except the crosses) are compared with (1) literature data for four
samples (crosses) from the MERZ (September 1977, sample 1-54
from episode 1 of the Pu‘u ‘O°0 eruption in 1983, the average of sam-
ples from episode 54 of the Pu‘u ‘O‘0 eruption in 1997, and the aver-
age of the more differentiated group of samples from episode 59 of
the Pu‘u ‘O‘6 eruption in 2011) and (2) Pu‘u ‘O°0 lavas (fields) from
episode 1 and March 2011 to May 2018. The literature data sources
are listed in the caption to Fig. 5, except for the samples from epi-
sodes 54 and 59 (Walker et al. 2019). The first stage of magma mix-
ing is shown between the May 2018 “last gasp” Pu‘u ‘O‘0 lava and
the average of the phase 1E samples from the 2018 rift eruption. The
range in the proportions of these two magmas is calculated to match
the minimum (~4.32) and maximum (~4.45) CaO/TiO, ratios of the
lavas from phase 3 of the 2018 rift eruption (dark blue circles). The
small gray circles show 10 wt.% increments of magma mixing. The
second stage of olivine accumulation (green fields) was calculated by
adding Fo82 or Fo88 (in bulk) to these hybrid magmas. This range is
based on Gansecki et al. (2019): (1) Fo82 is the average of all meas-
ured olivine cores from phase 3 of the 2018 rift eruption and (2) Fo88
is the average subset of these olivine cores with >Fo87. The dashed
green lines show 1 wt.% increments of Fo88 addition. Element abun-
dances are in wt.%. Ratios of major elements are in proportions of
wt.%. The 2SD error bars are smaller than the size of the symbols

et al. 1989). Evidence for syn-eruptive magma mixing in
2018 is observed in the phase 1 and early phase 2 lavas
(Gansecki et al. 2019), excluding those from fissure 17
(Fig. 7a), based on (1) the temporal trends in lava chem-
istry during the first~20 days of the eruption (e.g., left
panels on Fig. 3) and (2) the intermediate position of the
phase 1L sample on the mixing trends (Fig. 7). However,
the amount of lava affected by this syn-eruptive mixing
likely represents a small fraction of the total lava output
in 2018, which mostly (~92-96%) erupted during phase 3
(Gansecki et al. 2019).

Mixing with differentiated 1960s-era magma
in the ERZ

The temporal evolution in Nb/Y for historical Kilauea sum-
mit and rift lavas (Fig. 8a) can be used to identify the differ-
entiated magma component and confirm an ERZ location for
the first stage of mixing. The Nb/Y ratios of Kilauea lavas
increased from the early to mid-twentieth century (gray to
green squares on Fig. 8b, respectively) and reached a maxi-
mum value after the collapse of Halema‘uma‘u lava lake in
1924 (Pietruszka and Garcia 1999; Garcia et al. 2003), and
then decreased to a minimum value during the Pu‘u ‘O‘0
eruption, early in the first decade of the twenty-first century
(Greene et al. 2013). Subsequently, the Nb/Y ratios of Pu‘u
‘O‘0 (Garcia et al. 2021) and Halema‘uma‘u lavas increased
slightly (Fig. 5d). The phase 1E lavas from the 2018 rift

eruption have much higher Nb/Y ratios than (1) recent sam-
ples from Halema‘uma‘u (since 2016), (2) the main epi-
sodes of Pu‘u ‘00 eruption (since 1988), and (3) summit
and ERZ lavas from the 1970s and 1980s that are thought
to be derived directly from the SC magma body of the sum-
mit reservoir (Pietruszka et al. 2015; 2018). In contrast, the
Nb/Y ratios of the phase 1E lavas are similar to summit and
ERZ lavas from the 1960s. This was the last time since the
late nineteenth century that the summit reservoir is known to
have contained magma with an average Nb/Y ratio of ~0.68
(Pietruszka and Garcia 1999; Garcia et al. 2003). These
observations suggest that the phase 1E magma was derived
from the summit reservoir in the 1960s and stored in the
ERZ until 2018. Over a period of ~50—60 years, this magma
differentiated beyond olivine control to~4.8 wt.% MgO
(Fig. 7) and low CaO/TiO, (Fig. 8c) and St/Zr (Fig. 8d)
ratios due to fractionation of clinopyroxene and plagioclase
(and minor Fe-Ti oxides to raise its K,0O/TiO, ratio; Fig. 8b).

The high Nb/Y ratios of the phase 1E lavas must be
related to their original parental magma composition from
the 1960s, rather than crystal fractionation of clinopyrox-
ene, plagioclase, or Fe-Ti oxides (see the Supplementary
Information for a detailed justification). Briefly, clinopy-
roxene fractionation is the only process that can potentially
increase the Nb/Y ratio of the residual melt; neither plagio-
clase (not shown) nor Fe-Ti oxide (Fig. 8b) fractionation
will significantly affect this ratio. The maximum effect of
clinopyroxene fractionation on the Nb/Y (~0.08) and K,0/
TiO, (£0.01) ratios—illustrated for an average parental
magma from the 1960s (gray bar trend on Fig. 8b)—is too
small to create the phase 1E magma with~4.8 wt.% MgO
by differentiation of a parental magma similar to recent Pu‘u
‘0“0 or Halema‘uma‘u lavas. In fact, the magnitude of such
fractionation is likely smaller than the calculated maximum
based on a comparison with the differentiated ERZ lavas
from 1977 (~ 5.4 wt.% MgO) and sample 1-54 from episode
1 of the Pu‘u ‘O‘0 eruption in 1983 (~ 6.1 wt.% MgO). Each
of these samples have Pb and Sr isotope ratios that closely
match summit and rift lavas from the 1960s (Pietruszka
et al. 2018). Thus, they are probably remnants of magma
that intruded the ERZ from the summit reservoir at that
time (with subsequent storage and differentiation for ~ 14
and 19 years, respectively). The Nb/Y ratios of the differ-
entiated 1977 and 1983 lavas plot well within the range of
the 1960s summit and rift lavas (Fig. 8a), indicating that
clinopyroxene fractionation had only a minor effect on Nb/Y
down to at least~5.4 wt.% MgO.

The composition of the phase 1E lavas—and specifically,
the association of their relatively high Nb/Y ratios with
1960s summit and rift lavas—suggests that the first stage
of magma mixing prior to the 2018 rift eruption occurred
within the ERZ, rather than the summit reservoir. The
summit reservoir is an unlikely long-term storage location
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«Fig. 8 Variations in olivine-incompatible major and trace element
ratios for Kilauea lavas. The temporal evolution in Nb/Y for key sum-
mit and rift lavas since the mid-twentieth century is shown in (a). The
Nb/Y ratios of these samples and summit lavas from 1917 to 1921
are plotted against K,0O/TiO, in (b). Plots of Nb/Y vs. CaO/TiO, and
St/Zr for lavas from the 2018 rift eruption and recent samples from
Halema‘uma‘u (2016 and 2017) and Pu‘u ‘O‘c (2018) are shown
in (c¢) and (d). Data from Supplementary Table S2 are compared
with literature data, as follows. Data sources for Pu‘u ‘O‘c lavas
are listed in the caption to Fig. 7. Samples from the main episodes
of this eruption (dark gray field) are plotted starting in 1988—when
the final amount of 1982-era magma was flushed from the volcano’s
summit reservoir (Pietruszka et al. 2018)—to emphasize the tempo-
ral changes in the composition of the parental magma delivered to
Kilauea. The data for the historical summit and other rift lavas are
from Garcia et al. (2003) and Pietruszka et al. (2018), respectively.
The historical summit lavas in (a) and (b) from 1971, 1974, and 1982
include only samples that are inferred to have erupted from the SC
magma body (Fig. 2) of the summit reservoir (Pietruszka et al. 2015).
Similarly, three rift-stored lavas from the early parts of the two phases
of the Mauna Ulu UERZ eruption from 1969 to 1971 and 1972 to
1974 are excluded (Pietruszka et al. 2018). These choices were made
to emphasize the changes in parental magma composition at Kilauea,
rather than the temporal delay in the eruption of lava with a given
Nb/Y or K,O/TiO, ratio due to its storage time in the HMM magma
body of the summit reservoir (Fig. 2) or the UERZ. The maximum
possible effect of ~22 wt.% clinopyroxene fractionation on the Nb/Y
and K,0O/TiO, ratio of an average 1960s-era summit magma (gray
bar) is shown in (b). See the Supplementary Information for details.
Fractionation of Fe-Ti oxides would increase the K,O/TiO, ratio of a
magma in the direction of the gray arrow in (b). A total of ~0.8 wt.%
ilmenite fractionation would explain the average K,0/TiO, difference
between the 1960s summit lavas and phase 1E lavas from the 2018
rift eruption. Magma mixing trends are shown in (¢) and (d) between
the May 2018 “last gasp” Pu‘u ‘O‘0 lava and the average of the phase
1E lavas from the 2018 rift eruption. The small gray circles show 10
wt.% increments of magma mixing. The inset in (b) expands the area
within the dashed gray box to highlight the small compositional dif-
ference between the MgO-rich 2018 LERZ lavas and recent samples
from Pu‘u ‘O°0 and Halema‘uma‘u. Ratios of major or trace elements
are in proportions of wt.% or ppm, respectively. The 2SD error bar
for Nb/Y and Sr/Zr is shown; the other error bars are smaller than the
size of the symbols

because it was extensively flushed with mantle-derived
magma since the 1960s (Pietruszka et al. 2015, 2018) via
sustained eruptions on the upper ERZ (UERZ) at Mauna Ulu
from 1969 to 1974 and the MERZ at Pu‘u ‘O°0 from 1983 to
2017. The ERZ is the most likely location within Kilauea’s
plumbing system that could have stored a significant amount
of 1960s-era magma for ~ 50—60 years and allowed for pro-
longed magma accumulation and mixing prior to the 2018
rift eruption. A series of intrusions from the summit res-
ervoir to the ERZ in the 1960s (Wright and Klein 2014)
is thought to have left behind a relatively large amount of
magma to serve as a prominent mixing component in sub-
sequent rift lavas based on high-precision Pb and Sr isotope
ratios (Pietruszka et al. 2018). The isotopic signature of this
1960s-era magma was observed as a mixing component in
the Mauna Ulu eruption and as the dominant component
in MERZ eruptions from 1977 and episode 1 of the Pu‘u

‘O°0 eruption in 1983. Samples of differentiated lava from
episodes 54 (January 1997) and 59 (March 2011) of the Pu‘u
‘00 eruption near Napau Crater (Fig. 2), each with an aver-
age of ~6.2 wt.% MgO, have relatively high Nb/Y (Fig. 8a)
and K,O/TiO, (Fig. 8b) ratios that plot within the range
of summit lavas from the 1960s (only the low-MgO end
member from episode 59 is shown). These Napau eruptions
are thought to have tapped compositionally heterogeneous
pods of decades-old magma (rather than a single, homoge-
neous body of stored magma) that cooled and differentiated
beneath the ERZ at depths of ~2-3 km, and for episode 59 in
March 2011, mixed with contemporaneous MgO-rich Pu‘u
‘O°‘0 magma (Walker et al. 2019). In summary, the Pb and
Sr isotope ratios (Pietruszka et al. 2018) and/or chemistry
(e.g., Nb/Y) of rift lavas from 1977, 1983, 1997, and 2011
suggest that differentiated 1960s-era magma was still avail-
able within the MERZ (prior to 2018) to serve as a mixing
component for the MgO-rich 2018 LERZ lavas.

Ratios of olivine-incompatible elements in the MgO-rich
2018 LERZ lavas are consistent with this mixing scenario.
Summit lavas from the 1960s had high Nb/Y ratios (~0.68
on average), and high CaO/TiO, (Fig. 8c) and Sr/Zr (Fig. 8d)
ratios that are characteristic of olivine-controlled Kilauea
magma. The latter two parameters are lower for the differ-
entiated MERZ lavas from 1977 to 2011 (not shown), and
especially, the phase 1E lavas from the 2018 rift eruption.
The decrease in CaO/TiO, is caused by the fractionation
of clinopyroxene + plagioclase, whereas the decrease in
St/Zr is caused by plagioclase fractionation (because Sr is
compatible and Zr is highly incompatible in plagioclase).
The MgO-rich 2018 LERZ lavas have relatively high Nb/Y
ratios and low CaO/TiO, and Sr/Zr ratios compared to recent
samples from Pu‘u ‘O‘0 or Halema‘uma‘u. These chemical
signatures can be explained by mixing between a rift-stored,
1960s-era magma that fractionated both clinopyroxene and
plagioclase (now represented by the phase 1E lavas) and the
“last gasp” Pu‘u ‘O‘0 sample (in agreement with the major
element abundances shown on Fig. 7). The mixing model
(Supplementary Table S3) gives low residuals for the Nb/Y
and Sr/Zr ratios of the MgO-rich 2018 LERZ lavas on a
sample-by-sample basis.

Location and size of the ERZ magma body

The distinctive chemistry of the MgO-rich 2018 LERZ
lavas requires a different location for magma mixing prior
to the 2018 rift eruption than the summit reservoir or the
ERZ conduit between the summit reservoir and Pu‘u ‘O‘0
(Fig. 2). The most likely location was within the MERZ
at a depth of ~2—4 km, just downrift of Pu‘u ‘O‘0 (dashed
blue box on Fig. 9a) because (1) the locus of deformation
(Neal et al. 2019) and seismicity (Lengliné et al. 2021) for
the dike propagation in 2018 initiated near Pu‘u ‘O‘6 and
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then moved ~20 km downrift into the LERZ and (2) the CO,
entrapment depths of olivine-hosted melt inclusions in the
MgO-rich 2018 LERZ lavas are nearly all <5 km (Wieser
et al. 2021; Lerner et al. 2021). Alternate locations, such
as a deeper portion of the ERZ down to~ 10 km (Delaney
et al. 1990; Lin et al. 2014) and a greater length of such deep
magma accumulation from the UERZ to the LERZ, can-
not be completely ruled out. However, the relatively low S
content of the magma from phase 3 of the 2018 rift eruption
suggests that it was degassed via Halema‘uma‘u lava lake
from 2008 to 2018 (Fig. 2) and recycled into the shallow
plumbing system (Lerner et al. 2021). Lerner et al. (2021)
suggest that much of this degassed magma remained within
the summit reservoir or the ERZ uprift of Pu‘u ‘O°0, but
it may have also intruded the ERZ downrift of Pu‘u ‘O°0.

The compositional homogeneity of the MgO-rich 2018
LERZ lavas suggests that the first stage of mixing occurred
in a magma body that was larger than the lava volume
erupted from fissure 8 during phase 3. Estimates for the vol-
ume of the entire eruption (mostly during phase 3) are ~0.8
km?® (Neal et al. 2019), 0.9—1.4 km? (Dietterich et al. 2021),
and ~2.3 km® (Kern et al. 2020). Olivine crystals in the
MgO-rich 2018 LERZ lavas with relatively high Fo con-
tents (> 81.5) mostly crystallized, and trapped their CO,, at
depths of ~2—4 km (Wieser et al. 2021; Lerner et al. 2021).
If this range is assumed to represent the vertical extent of a
dike-shaped magma body, the ~0.8-2.3 km? of lava implies
a minimum width of ~40-100 m for a~ 10-km-long dike
(Fig. 9a) or~80-200 m for a~5-km-long dike. Efficient
magma mixing (Fig. 7) and homogenization (Fig. 3) prior
to the 2018 rift eruption would be favored by a shorter, wider
dike.

A large amount of magma must have accumu-
lated within the ERZ prior to 2018. The mixing model
requires ~91-95 wt.% recent summit-derived magma
(via Pu‘u ‘O0), which corresponds to ~0.7-2.1 km? of
MgO-rich magma based on the estimated range in the
volume of lava from the 2018 rift eruption (Neal et al.
2019; Kern et al. 2020; Dietterich et al. 2021). It would
take ~ 5-40 years to accumulate this volume if ~ 50% of the
magma that intruded the ERZ at a supply rate of ~0.1-0.3
km3/yr (Dvorak and Dzurisin 1993; Poland et al. 2012;
Anderson and Poland 2016) during the Pu‘u ‘O‘6 eruption
remained beneath the surface. For comparison, Dvorak
and Dzurisin (1993) estimated that ~40% of the magma
that intruded the ERZ over the three decades since ~ 1960
never erupted. A time scale of ~ 10 years for the accu-
mulation of this magma would be consistent with (1) the
observation from major (Fig. 7) and trace (Fig. 8) ele-
ments that Pu‘u ‘O‘0 or Halema‘uma‘u lavas erupted from
2011 to 2018 represent a suitable mixing end member for
the MgO-rich 2018 LERZ lavas (although slightly older
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summit-derived magma cannot be completely ruled out)
and (2) the inferred process of shallow magma degassing
and recycling via Halema‘uma‘u lava lake from 2008 to
2018 (Lerner et al. 2021). Independent evidence from
ground deformation may support the idea that magma was
able to leak downrift of Pu‘u ‘06 prior to the 2018 rift
eruption (Patrick et al. 2020), including (1) the inflation
of the MERZ since ~2012 and (2) a gradual large-scale
displacement of the south flank of the volcano (~8 cm/yr).

Petrogenetic model for the 2018 rift eruption
and implications for volcanic behavior

Our new interpretation of the magmatic evolution of
Kilauea’s plumbing system prior to (Fig. 2) and during
(Fig. 9) the 2018 rift eruption is illustrated using a series
of schematic cross sections. From ~2008 to 2018, olivine-
controlled magma from the summit reservoir supplied two
simultaneous eruptions (Poland et al. 2014). Magma from
the deeper SC body fed the Pu‘u ‘O‘6 eruption, whereas
magma from the shallower HMM body (itself connected
to the SC body) fed the lava lake within Halema‘uma‘u
(Fig. 9a). The eruption of differentiated lavas with relatively
high Nb/Y ratios (Fig. 8a) on the MERZ in 1977 (near the
future location of Pu‘u ‘O‘0) and during the Pu‘u ‘O‘0 erup-
tion (1983, 1997, and 2011, near Napau Crater) indicates
that leftover 1960s-era magma was still present within the
ERZ prior to 2018 (yellow patches of magma on Fig. 2).
This differentiated 1960s-era magma was likely also stored
within the ERZ downrift of Pu‘u ‘O‘0 (Fig. 9a). The rate of
magma delivery from the summit reservoir to the ERZ may
have been greater than the rate of eruption prior to 2018
(Anderson and Poland 2016), allowing a large amount of
summit-derived magma to accumulate within the MERZ and
mix with a small amount of differentiated 1960s-era magma
(dashed blue box on Fig. 9a). This ~ 10-year process cre-
ated a large body of relatively homogeneous hybrid magma
(>0.8 km?) with a chemical signature that was distinct from
recent Kilauea summit and Pu‘u ‘O‘0 lavas. Propagation
of this magma body as a dike from the MERZ near Pu‘u
‘0“0 to the LERZ in May 2018 (Fig. 9b) may have caused a
small amount of syn-eruptive mixing with 1960s-era magma
and, thus, created the intermediate hybrid magma (dashed
green box on Fig. 9b) that erupted during phase 1L. The
first lava to reach the surface on the LERZ during phase 1E
was differentiated magma from the 1960s (Fig. 9b), whereas
the basaltic andesite to andesite of the easternmost fissure
17 may have been stored beneath the LERZ since the 1955
eruption (Gansecki et al. 2019). The small amount of phase
1 magma (1E followed by 1L) was rapidly flushed from the
ERZ by the large intruding dike. The magma within this
dike accumulated variable amounts of compositionally



Bulletin of Volcanology (2021) 83: 59

Page 150f 18 59

| UERZ | MERZ | LERZ
,—Halemau‘ma‘u lava lake PuL ‘O Heiheiahulu Kapoho
i i
i : = _1955
Summit-derived magma ] ' magma?
(a) Phase 3 mixing —1 1960s-era magma Early 2018
Fissure 17
Phase 1E /
= I
) 1 e
) )
teees
Phase 1L mixing |\/|ay 2018
Fissure 8
Phase 3
Jun. to Aug. 2018

Fig.9 The magmatic evolution of Kilauea Volcano illustrated using
a series of schematic cross sections: (a) early 2018, just prior to the
start of the 2018 rift eruption, (b) May 2018, during phase 1 of the

heterogeneous olivine crystals during its rapid and vigor-
ous transport down the ERZ. This two-stage mixture of two
magmas plus olivine became the direct source of the MgO-
rich 2018 LERZ lavas that erupted from fissure 8 during
phases 2 and 3 of the 2018 rift eruption (Fig. 9¢). The erup-
tion ceased before any contemporaneous magma from either
the summit reservoir or Pu‘u ‘O‘0 reached the surface on
the LERZ.

This petrogenetic model has implications for the future
behavior and potential hazards of Kilauea Volcano. Our inter-
pretations suggest that a large body of magma (>0.8 km®) must
have accumulated within Kilauea’s ERZ prior to 2018, most
likely within the MERZ downrift of Pu‘u ‘O‘0. This magma
body (1) grew cryptically on a time scale of ~ 10 years during
the longest rift eruption (~ 35 years) and the only sustained
(~ 10 years) dual summit-rift eruption in the recorded history
of this volcano and (2) accumulated in a portion of the ERZ
that was previously intruded by a substantial amount of sum-
mit-derived magma in the 1960s. There is no evidence from
the chemistry of the MgO-rich 2018 LERZ lavas that magma
from the summit reservoir erupted directly on the LERZ in
2018, despite the strong summit-rift hydraulic connection
over ~40 km (Patrick et al. 2019a). This implies that (1) most

2018 rift eruption, and (c¢) June to August 2018, during phase 3 of the
2018 rift eruption. See the text for details

or all of the magma that was removed from the summit res-
ervoir during the caldera collapse in 2018 (up to~0.8 km?;
Anderson et al. 2019), and any leftover Pu‘u ‘O‘0 magma,
remains within the ERZ and (2) a significant portion of the
magma that erupted from fissure 8 on the LERZ in 2018 may
yet remain beneath the surface. In addition, the summit reser-
voir has likely been replenished with magma based on recent
lava lake activity within Halema‘uma‘u from December 2020
to May 2021. Thus, Kilauea’s plumbing system from the sum-
mit to the LERZ may now be flush with magma and primed for
a new era of frequent and/or large eruptions, despite a major
caldera collapse and voluminous rift eruption in 2018, and
subsequent ~ 2-year eruptive pause. We predict that samples
from future ERZ eruptions over a period of years to decades
will preserve the chemical signatures (wholly or as mixing
end members) of both the MgO-rich 2018 LERZ lavas and
the recent (pre-2018) lava that erupted from Pu‘u ‘O°0 and
Halema‘uma‘u. A time-series analysis of the changes in lava
chemistry at Kilauea using high-precision Pb and Sr isotope
ratios (Pietruszka et al. 2015, 2018)—via the 2018 rift erup-
tion, the 2020-2021 Halema‘uma‘u lava lake, and future erup-
tions—will be required to determine if the dynamic changes to
the volcano’s magmatic plumbing system prior to (Fig. 2) or
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during (Fig. 9) the 2018 rift eruption were ultimately driven
by the delivery of a new magma batch from the mantle to a
volcanic edifice that already held an unusually large amount
of stored magma (Anderson et al. 2019; Patrick et al. 2020).
This information will help to determine if Kilauea is entering
anew volcanic cycle of infrequent explosive summit eruptions
or continuing its decades-long pattern of nearly continuous
effusive activity (Swanson et al. 2014). There is still much to
be learned about Kilauea, one of the world’s best understood
and most active basaltic volcanoes (Tilling and Dvorak 1993).

Conclusions

The chemical variations of the MgO-rich lavas from
Kilauea’s 2018 rift eruption reveal the following insights
into the magmatic processes and potential hazards of this
frequently active basaltic volcano:

1. The MgO-rich 2018 LERZ lavas are compositionally
distinct from recent Pu‘u ‘O‘0 lavas, including the
“last gasp” sample from May 2018, and lavas from
Halema‘uma‘u in 2016 and 2017. The MgO-rich 2018
LERZ lavas have relatively high K,O and TiO, abun-
dances at a given MgO value, high Nb/Y ratios, and low
CaO/TiO, and Sr/Zr ratios. These observations preclude
a simple hypothesis that the collapse of the caldera in
2018 forced magma from the summit reservoir to erupt
directly on the LERZ.

2. The distinctive chemistry of the MgO-rich 2018 LERZ
lavas can be explained by mixing between three com-
ponents that were observed to erupt at Kilauea: (1)
olivine-controlled magma, derived from the summit
reservoir via Pu‘u ‘O‘0, (2) differentiated magma simi-
lar to the phase 1E lavas from the 2018 rift eruption,
and (3) olivine. The differentiated magma was stored
within the ERZ since the 1960s. The summit-derived
magma (~91-95%) accumulated downrift of Pu‘u ‘O‘0
and mixed with the differentiated magma (~5-9%)
over ~ 10 years prior to 2018.

3. The MgO-rich 2018 LERZ lavas are compositionally
homogeneous with only ~1 wt.% total range in MgO,
and ~2-3% relative variation in MgO-normalized K,O
and TiO,, CaO/TiO,, and Nb/Y. The limited variation
in the chemical parameters that are insensitive to olivine
accumulation or fractionation—despite the large differ-
ences in the (inferred) composition of the magma mixing
end members—indicates that the MgO-rich 2018 LERZ
lavas were well mixed prior to eruption.

4. This mixing process created a large (>0.8 km?), relatively
homogeneous magma body within the MERZ (downrift
of Pu‘u ‘O°0) at a depth of ~2—4 km that was the direct
source of the MgO-rich 2018 LERZ lavas.
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5. The magma that was removed from the summit reservoir
during the caldera collapse in 2018 (up to~0.8 km?)
remains within the ERZ, along with any leftover magma
from the Pu‘u ‘O*6 and 2018 rift eruptions. The summit
reservoir has likely been replenished with magma based
on recent lava lake activity within Halema‘uma‘u from
December 2020 to May 2021. Thus, Kilauea’s plumbing
system from the summit to the LERZ may now be flush
with magma and primed for a new era of frequent and/
or large eruptions.

In summary, our detailed study of the petrogenetic his-
tory of the MgO-rich 2018 LERZ lavas shows that the
size, location, and interconnectedness of shallow magma
bodies at Kilauea changed dynamically on a time scale
of only ~ 10 years during simultaneous eruptions at Pu‘u
‘O‘0 and Halema‘uma‘u. A geochemical and isotopic
time-series analysis of lavas from recent past and future
Kilauea eruptions will help to decipher the underlying role
of deeper magmatic processes—such as the delivery of
new batches of mafic magma from the mantle—on the
eruptive behavior and hazards of this frequently active
volcano.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-021-01470-3.
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