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Abstract

The science of volcanology advances disproportionately during exception-
ally large or well-observed eruptions. The 2018 eruption of Kı̄lauea Volcano
(Hawai‘i) was its most impactful in centuries, involving an outpouring of
more than one cubic kilometer of basalt, a magnitude 7 flank earthquake, and
the volcano’s largest summit collapse since at least the nineteenth century.
Eruptive activity was documented in detail, yielding new insights into large
caldera-rift eruptions; the geometry of a shallow magma storage-transport
system and its interaction with rift zone tectonics; mechanisms of basaltic
tephra-producing explosions; caldera collapse mechanics; and the dynam-
ics of fissure eruptions and high-volume lava flows. Insights are broadly
applicable to a range of volcanic systems and should reduce risk from future
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Rift zone:
near-vertical planar
zone that
accommodates
extension of a volcano
and facilitates lateral
magma transport to its
flanks

Caldera: large-scale
volcanic depression
caused by downdrop of
fault-bounded blocks
associated with
evacuation of
underlying magma

East Rift Zone
(ERZ): Kı̄lauea’s rift
zone structure to the
east of the summit
(∼125 km long
including its
submarine portion)

Dike: used herein to
refer to a steeply
dipping planar magma
body

Olivine: the dominant
mineral phase in most
Hawaiian lavas,
(Mg,Fe)2SiO4

eruptions. Multidisciplinary collaboration will be required to fully leverage the diversity of
monitoring data to address many of the most important outstanding questions.

■ Unprecedented observations of a caldera collapse and coupled rift zone eruption yield new
opportunities for advancing volcano science.

■ Magma flow to a low-elevation rift zone vent triggered quasi-periodic step-like collapse of
a summit caldera, which pressurized the magma system and sustained the eruption.

■ Kı̄lauea’s magmatic-tectonic system is tightly interconnected over tens of kilometers, with
complex feedback mechanisms and interrelated hazards over widely varying time scales.

■ The eruption revealed magma stored in diverse locations, volumes, and compositions, not
only beneath the summit but also within the volcano’s most active rift zone.

1. INTRODUCTION

Kı̄lauea is one of the world’s most active and closely monitored volcanoes. Its 2018 eruption was
its largest and most impactful in 200 years, and one of the most costly volcanic disasters in US
history (Williams et al. 2020). The detail and breadth of monitoring observations, spanning the
volcanic system from summit to rift zone vents 40 km distant, were unprecedented for an eruption
of this scale. Of the handful of caldera collapses observed on Earth in the last century, Kı̄lauea’s is
by far the best documented.

Monitoring data were used during the eruption to infer and communicate hazards to the public
(Neal et al. 2019, Neal & Anderson 2020) and now present what may be a once-in-a-generation
opportunity to improve understanding of Kı̄lauea Volcano, with broad implications for basaltic
volcanism, summit-rift eruptions, ocean island volcanoes, and caldera collapses—in keeping with
a long tradition in which Kı̄lauea has served as a natural laboratory for developing volcanological
techniques and theories (Tilling et al. 2014, Garcia 2015).

In this review, after providing a brief introduction to Kı̄lauea and the 2018 eruption sequence,
we summarize the main findings from the first five years of research efforts, describe how the
eruption has informed and changed our ideas, discuss open questions, and identify avenues for
future work. Our focus is on the magmatic-tectonic system, as characterized by a synthesis of di-
verse interdisciplinary observations, and we touch only briefly on monitoring techniques, hazards,
and human and environmental impacts. However, we present some references on these topics in
Supplemental Text Section 1.

1.1. Kı̄lauea Volcano

Kı̄lauea (Figure 1) is the youngest subaerial volcano produced by the Hawaiian hot spot. Kı̄lauea
comprises a basaltic shield indented by a summit caldera, an East Rift Zone (ERZ), and a
Southwest Rift Zone (SWRZ). Magma is supplied to the volcano from an inferred upwelling
mantle plume (Wolfe et al. 2009) and moves sublaterally from the summit storage system into
the rift zones. In the half-century before 2018, most of Kı̄lauea’s eruptions occurred along the
ERZ. It is thought that the ERZ consists of a semicontinuous largely molten core at ∼3–5+ km
depth overlain by solidified dikes, lava flows, and subordinate pyroclastic debris, and underlain
by an olivine-rich crystal mush with low (<5%) melt fraction and a ductile rheology (e.g., Ryan
1988, Clague & Denlinger 1994, Johnson 1995). A weak, subhorizontal basal detachment fault
(décollement) at a depth of ∼8 km below sea level, dipping slightly landward, separates the
volcanic edifice from the underlying Cretaceous seafloor (Hill & Zucca 1987). Gravitational
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stress on the edifice and intrusions of magma in the rift zones and summit facilitate slip on the
décollement, which is resisted by frictional stresses (Denlinger & Flinders 2022). As a result, the
south flank of the volcano, seaward of the rift zones, is mobile (Denlinger & Morgan 2014).

Kı̄lauea is renowned for effusive lava eruptions, but summit collapses and explosive activity
are also common. Geologic interpretations suggest a summit-wide collapse at ca. 200 BCE and
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Lower ERZ (LERZ):
portion of the East
Rift Zone beyond
30 km downrift

Halema‘uma‘u crater
reservoir (HCR):
the shallow summit
magma storage
reservoir, thought to
be centered at
∼1–2 km depth; also
referred to as the
subcaldera reservoir

South caldera
reservoir (SCR): the
deeper crustal summit
magma storage system,
estimated at 3–6 km
depth

Middle ERZ
(MERZ): portion of
the East Rift Zone
from ∼8 to ∼30 km
downrift

Slow slip event
(SSE): temporary
(usually minutes- to
days-long) acceleration
of slip of a fault plane
that is much slower
than an earthquake but
faster than the
generally continuous
rate of background
fault creep

Fissure: an elongate
fracture or crack from
which lava erupts,
typically fed by a dike

Figure 1 (Figure appears on preceding page)

Eruption maps and photos, with selected monitoring stations (cf. Shiro et al. 2021). (a) Kı̄lauea Volcano with schematic magma flow
path from summit to vent. The approximate slip plane of the ∼Mw7 décollement earthquake is shown [some studies also favor a
component of onshore rupture (Kehoe et al. 2019)]; purple arrows show approximate coseismic flank slip directions at a different scale.
Three- and four-letter codes (e.g., NUPM) indicate monitoring stations. (b) Schematic cross section of panel a. Panels a and b adapted
from Anderson et al. (2019) (US Geological Survey; public domain). (c) Summit, showing post-2018 topography. The approximate
centroid of the HCR is noted with an “X,” and the approximate region of the SCR is noted with a dashed line, which should not be
interpreted as representing reservoir geometry or size. (d) Lower ERZ eruption with lava flows and deltas (Zoeller et al. 2020, Soule
et al. 2021). (e) US Geological Survey eruption photographs (public domain). Abbreviations: ERZ, East Rift Zone; GNSS, Global
Navigation Satellite System; HCR, Halema‘uma‘u crater reservoir; SCR, south caldera reservoir.

another at ca. 1500 CE that created the modern caldera (Holcomb 1987, Swanson et al. 2014).
Both of these collapses took place soon after the eruption of large basaltic flow fields, and both
were followed by periods of dominantly explosive volcanism—the first lasting ∼1,200 years and
the second >300 years (Swanson et al. 2014). The modern caldera has been modified by smaller
cycles of refilling and collapse, particularly in the nineteenth century, believed to be triggered
by magma flow to the rift zones (Supplemental Text Section 2). Before 2018, the most recent
lower ERZ (LERZ) intrusions and eruptions occurred in 1955 (88-day eruption) and 1960
(36-day eruption), both erupting on the order of 100 million cubic meters. Neither, however, led
to large-scale summit collapse.

Modern monitoring data suggest the presence of two primary magma storage reservoirs at the
summit: one centered at ∼1–2 km depth in the southwestern sector of the 1500 CE caldera near
Halema‘uma‘u crater [the Halema‘uma‘u crater reservoir (HCR); also referred to herein as the
subcaldera reservoir] and a deeper, less well-characterized reservoir to the south [the south caldera
reservoir (SCR)] (e.g., Poland et al. 2014). The relation between the reservoirs is ambiguous, and
changes in their internal pressures appear to be correlated and anticorrelated over different time
periods (e.g., Poland et al. 2021b, Crozier & Karlstrom 2022). Discrete magma storage zones
also exist at shallow depth along the ERZ (∼3 km or less)—typically thought to be residual from
previous intrusions—and magma storage may also occur significantly in the deep rift below its
molten core (e.g., Wright & Fiske 1971, Delaney et al. 1990, Wright & Klein 2014).

From 1983 to 2018, summit-supplied magma erupted semicontinuously from vents at or near
Pu‘u‘ō‘ō in the middle ERZ (MERZ), 20 km from the summit, fed by magma that first passed
through the summit system (Heliker & Mattox 2003, Garcia et al. 2021). The near-rift portion
of the décollement creeped (slipped) aseismically at a steady ∼25 cm/year (Chen et al. 2019),
punctuated by periodic slow slip events (SSEs) (Montgomery-Brown et al. 2015). At the summit,
a lava lake formed in a new crater in Halema‘uma‘u in 2008 and grew through the onset of the
2018 eruption to an area of 50,000 m2 (Patrick et al. 2021). The lake was fed directly by the HCR,
and variations inmagma pressure caused changes in its height as well as flow activity near Pu‘u‘ō‘ō,
permitting the lake to be used as a reservoir pressure gauge (e.g., Anderson et al. 2015, Patrick et al.
2019b). Kı̄lauea’s 2018 eruption was therefore staged in the dynamic context of a well-connected
summit and rift system that had been active for decades.

1.2. A Brief Summary of the 2018 Eruption

On April 30, 2018 [day 0; Stage 1; Figure 2; all times are Hawaiian Standard Time (HST)],
a fissure opened on the flank of Pu‘u‘ō‘ō, and the floor of the cone collapsed as magma began
flowing rapidly downrift into the LERZ (Neal et al. 2019, Poland et al. 2021a). On May 3 (day 3),
lava began erupting in the Leilani Estates subdivision 20 km downrift of Pu‘u‘ō‘ō and 40 km from
the summit. The next day, a moment magnitude (Mw) ∼7 earthquake—the largest on the island
in 43 years—occurred on Kı̄lauea’s basal décollement.
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Figure 2

Primary eruption stages. Stage 1 (April 30 to May 15): LERZ intrusion, viscous lava flows, and pre-collapse summit drainage. Stage 2
(May 16 to 27): small-scale caldera collapse and increasing flow activity; more primitive lavas. Stage 3 (May 28 to August 3): high-rate
collapse and eruption. Stage 4 (August 4 to September 5): post-collapse and minor lava effusion. Eruption day computed relative to
April 30 (day 0). A number of chronologies have previously been proposed; this one aligns closely with Gansecki et al. (2019) but is
modified slightly to capture major changes approximately concurrent in the summit and ERZ. Abbreviations: ERZ, East Rift Zone;
LERZ, lower East Rift Zone.

Over the next two weeks, as the intrusion continued to widen and lengthen, a series of
24 fissures opened in the LERZ, producing lava fountains and small flows. Consequent evacu-
ation of magma from the summit led to ground subsidence and cracking, withdrawal of the lava
lake, and in mid-May (Stage 2) the onset of episodic (quasi-periodic) step-like caldera collapse,
which triggered ejection of ash and ballistics from the vent. In the LERZ, more vigorous and
destructive flows reached the ocean during this time. In late May (Stage 3) the surface expres-
sion of summit collapse began to broaden and the LERZ eruption focused at fissure 8 (which
ultimately produced the Ahu‘ailā‘au tephra cone). Through June and July, lava flows from fissure
8 destroyed several subdivisions, and the summit caldera grew to a volume of ∼0.83 km3 and
maximum depth of >500 m. Caldera collapse and most LERZ lava effusion ended abruptly in
early August (days 94–96), although sporadic, weak venting of gas and lava continued for another
month (Stage 4). Neal et al. (2019) presented a summary of these events.

The 2018 eruption was documented using in situ monitoring networks, remote-sensing plat-
forms, and intensive field investigations, including the extensive use of unoccupied aircraft systems
and rapid (daily) field sampling and chemical analyses of erupted lavas (e.g., Gansecki et al. 2019,
Lundgren et al. 2019, Neal et al. 2019, James et al. 2020, Shiro et al. 2021). Selected eruption
photos are shown in Supplemental Figures 1–3.

2. OBSERVATIONS AND MAIN FINDINGS

The diversity of observations and their high spatial and temporal density have served as the
foundation for a wealth of studies, which we summarize in this section.

2.1. An Eruption Decades in the Making

Globally, the processes leading to large volcanic eruptions have rarely been documented, but
Kı̄lauea’s dense monitoring network offers a rare opportunity to assess the factors contributing
to the 2018 eruption (Patrick et al. 2020). In this section we address the mechanism(s) that al-
lowed stored magma to begin moving at high rates downrift into the LERZ for the first time
in nearly 60 years, triggering the eruption. In later sections we address the question of why the
eruption was so large.

The most important factor contributing to the 2018 eruption may have been long-term prim-
ing of the ERZ. Gravity-driven slip of Kı̄lauea’s south flank along the décollement (Denlinger &
Flinders 2022) gradually builds tensional stress across the rift zone, reducing the magma pressure
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Magma supply rate
(MSR): the rate at
which magma is
supplied to Kı̄lauea

required for downrift intrusions.Over the four decades preceding 2018, quasi-steady seaward flank
motion at Kı̄lauea led to periodic intrusions in the upper and middle ERZ that occurred after the
accumulation of ∼1–5 MPa of across-rift tensional stress (Montgomery-Brown & Miklius 2020).
In the LERZ, décollement slip rates are lower and intrusions less frequent, but similar tensionmay
have accumulated between the most recent 1955/1960 intrusions and 2018 (Montgomery-Brown
& Miklius 2020).

Other factors may also have served to weaken the rift zone, including magma storage in the
MERZ associated with the sustained Pu‘u‘ō‘ō eruption, moderate décollement earthquakes, and
long-termmagma leakage into the LERZ (Flinders et al. 2020a,Patrick et al. 2020,Pietruszka et al.
2021). Farquharson & Amelung (2020) also argued that extreme rainfall in 2018 increased pore
pressure and weakened host rock, but interpretations of rainfall data have been controversial, and
the resulting stress changes near Pu‘u‘ō‘ō would have been very small compared to those induced
by magma pressure changes (Poland et al. 2022, Mourey et al. 2023a).

Increasing magma pressure also provided more force to drive intrusions. Pressure in the sum-
mit reservoirs had gradually increased for years and was likely at its highest level in two decades
(pressure in the SCR had particularly increased during the five years preceding the eruption)
(Patrick et al. 2020, Crozier & Karlstrom 2022, Poland et al. 2022) (Figure 3a). After late 2017,
earthquake fault orientations indicated changing stresses in the summit and ERZ (Lin & Shearer
2021). Pressurization accelerated in March 2018 and again in mid-April: Lava lakes at Pu‘u‘ō‘ō
and the summit rose by tens of meters (Neal et al. 2019, Patrick et al. 2020, Poland et al. 2022),
earthquake rates increased (Cui et al. 2021), and seismic velocities—indicative of rock stressing and
damage—underwent spatiotemporally complex changes (e.g., Olivier et al. 2019, Feng et al. 2020,
Flinders et al. 2020a, Lin & Shearer 2021) (Figure 3b). Nonetheless, large shallow magma pres-
sures were precluded by the open lava lake vents at the summit and Pu‘u‘ō‘ō (Anderson et al. 2019).

The cause of pre-eruptive pressurization remains uncertain, and more than one process may
have played a role. During Kı̄lauea’s Pu‘u‘ō‘ō eruption, changes in magma pressure were caused
by imbalances between magma supply rate (MSR) and eruption rate (Patrick et al. 2019a). An in-
crease in MSR may be suggested by higher rates of lower-mid crustal earthquakes after late 2017
(Flinders et al. 2020a, Patrick et al. 2020, Cui et al. 2021) and higher rates of mantle earthquakes
southwest of Kı̄lauea (Pāhala region) after 2015 (Burgess & Roman 2021). Influxes of primitive
melt may also be suggested by high 3He/4He ratios observed in the LERZ eight months be-
fore the eruption (McMurtry et al. 2019) and the presence of primitive olivine in 2018-erupted
lava (Gansecki et al. 2019; Mourey et al. 2023a,b). However, the relation between these observa-
tions and MSR remains ambiguous, and some models of geophysical data do not indicate unusual
changes in shallow magma temperature or volatile content in the months preceding the eruption
(Crozier & Karlstrom 2022). More directly, waning lava effusion and MERZ SO2 emission rates
in early 2018 (Kern et al. 2020) suggest a backup in the magma system near Pu‘u‘ō‘ō, as had pre-
ceded some previous ERZ intrusions at Kı̄lauea (Orr et al. 2015, Patrick et al. 2019a). The backup
may have been caused by a restriction in the eruptive conduit (Patrick et al. 2020), with an increase
in magma density and viscosity in the ERZ related to degassing through the summit lava lake as
a possible contributing factor (Lerner et al. 2021).

2.2. Rift Zone Intrusion and Eruption

2.2.1. Intrusion and décollement earthquake. Kı̄lauea’s rift zone magmatic-tectonic system
is tightly coupled (Figure 4). Injection of magma into the ERZ can promote décollement slip
manifested by large, damaging earthquakes [e.g., the 1975 Mw7.7 event (Ando 1979)] or smaller
SSEs (Montgomery-Brown et al. 2015), while décollement slip promotes both the initiation and
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(a) Twenty years of data spanning the eruption. Shown are caldera-radial GNSS ground displacements, 2009–2018 summit lava lake
elevation from Patrick et al. (2019d) (“X” denotes last observation), bulk rock MgO through May 1, 2018 [some outliers excluded (R.L.
Lee et al. data release in progress) with temperatures computed using relations in Helz & Thornber (1987), and M > 1.5 Hawaiian
Volcano Observatory catalog earthquakes in the Pāhala region at >25 km depth. Arrows denoted “ERZ” and “S” indicate ERZ
intrusions and/or eruptions and summit eruption onsets, respectively (excluding 2018). Correlation between GNSS and lake surface
elevation over this long period is affected by other magma reservoirs and possibly long-term changes in lava density (Patrick et al.
2019b, Crozier & Karlstrom 2022). After 2012, MgO remained largely steady as a balance between supply of new magma to the summit
reservoirs and output of cooling magma to the ERZ was broadly attained. (b) Approximately 4 months preceding the eruption. (Top)
Summit lava lake elevation and GNSS-measured distance across the ERZ at Pu‘u‘ō‘ō. Variations in lava lake elevation were caused
chiefly by pressure cycles in the HCR (Anderson et al. 2015), as shown in the inset, which compares lava lake elevation to ground tilt at
station UWD. (Bottom) M > 1 summit earthquakes, with notable swarms denoted by gray gradient arrows. UWEV, JCUZ, and PUOC
are monitoring station names (see Figure 1). Abbreviations: ERZ, East Rift Zone; GNSS, Global Navigation Satellite System; HCR,
Halema‘uma‘u crater reservoir.

growth of rift zone intrusions (Montgomery-Brown et al. 2015). The complex interplay between
gravitational, magmatic, and frictional forces revealed during and after the 2018 eruption yields
new insights into these closely coupled physical processes that govern much of Kı̄lauea’s activity
(Supplemental Text Section 3).

The LERZ intrusion began with the collapse of Pu‘u‘ō‘ō and was indicated by downrift prop-
agation of earthquake hypocenters at a velocity that decreased over 1–2 days before stalling at a
distance of ∼20 km (Lengliné et al. 2021, Townsend & Huang 2022), accompanied by as much
as ∼30 cm of MERZ subsidence near Pu‘u‘ō‘ō (Figures 5 and 6; Supplemental Figure 4).
MERZ volume loss extended both uprift and downrift of Pu‘u‘ō‘ō and continued at a decaying rate
throughout the eruption; models suggest a volume loss of ∼0.05 km3 by day 17 (Neal et al. 2019)
(subsurface volume changes are summarized in Supplemental Text Section 5). Downrift, the
LERZ extended, but the summit did not begin to subside significantly until ∼2–3 days after the
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Schematic cross section of the ERZ (not to scale). (a) Coupling between the seaward-sliding flank and the rift zone magma system sets
up a feedback process encouraging cycles of décollement slip and magma intrusion. Panel a adapted from Montgomery-Brown et al.
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magma pressure (b) and rift-normal stresses (c), demonstrating how rift opening and flank sliding processes encourage one another. The
absolute scales on these models vary significantly, so only general senses of compression or tension are presented. Abbreviations: ERZ,
East Rift Zone; LERZ, lower East Rift Zone.

collapse of Pu‘u‘ō‘ō. These observations accord with downrift (and possibly downward) growth of
a dike-like (tabular) intrusion fed by a shallow depressurizing magma storage zone near Pu‘u‘ō‘ō
(Chen et al. 2019, Neal et al. 2019, Kundu et al. 2020, Lengliné et al. 2021) and only later sup-
plied at high rate from the summit (Townsend & Huang 2022). The intrusion propagated several
kilometers farther downrift on days 9–10, feeding new fissures (Neal et al. 2019), and continued
opening rapidly through day 18. After this time, greatly reduced rates of deformation and earth-
quakes in the LERZ indicated a stable, open conduit system. Downrift magma transport likely
occurred somewhere between ∼2 and 4 km depth, as suggested by preliminary models of geode-
tic data as well as CO2 recorded in a relatively undegassed pumice sample (Neal et al. 2019, Lerner
et al. 2021). The LERZ intrusion volume was ∼0.1 km3, and its maximum opening was of order
4 m (Neal et al. 2019).

At 12:32 PM on May 4, following the first phase of downrift magma propagation, the 2018
∼Mw7 earthquake struck. Seismic, geodetic, and tsunami data suggest as much as 2–3+m of low-
angle thrust faulting mostly at a low rupture speed of ∼1–2 km/s (consistent with weak, altered
sediments at the basal décollement) at ∼5–8+ km depth along the décollement, perpendicular
to shore, in an arcuate pattern offshore of the south flank (Figure 1) in a similar location as an
Mw7.7 earthquake in 1975 (Bai et al. 2018, Lay et al. 2018, Liu et al. 2018, Chen et al. 2019,
Kehoe et al. 2019,Neal et al. 2019, Kundu et al. 2020, Lin et al. 2020,Wei et al. 2022). Portions of
Kı̄lauea’s subaerial south flank moved as much as 0.7 m seaward (Neal et al. 2019). The coseismic
rupture patch likely extended into a region of the décollement that hosts SSEs, indicating that
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Figure 5

InSAR images showing total distance changes between the ground and an orbiting Sentinel-1 satellite, recorded at an oblique angle
(34°). The color scale differs between panels; gray indicates no data. Black vectors and filled circles indicate horizontal GNSS
displacements and GNSS displacements projected into the satellite line of sight, respectively. Large red arrows denote a conceptual
primary magma flow path. (a) Withdrawal of magma from the MERZ to the LERZ before the onset of summit subsidence during the
first two days of the eruption (relatively minor pre-eruptive deformation is also included). (b) Days 7–13, showing rapid draining of the
summit and continued inflation of the LERZ (shown in more detail in Neal et al. 2019). The inset shows rewrapped data from
Anderson et al. (2019); each color fringe represents 2.8 cm of ground motion. (c) Days 7–97, showing subsidence of the summit and
MERZ. Maximum summit subsidence of >1 m and >500 m inside and outside of the new caldera, respectively, is obscured due to
decorrelation and unwrapping challenges; see Supplemental Figure 5. LERZ deformations are not visible due to decorrelation.
(d) The post-eruptive period, showing inflation of the MERZ and simultaneous subsidence and uplift in different parts of the summit
region. Abbreviations: GNSS, Global Navigation Satellite System; InSAR, interferometric synthetic aperture radar; LERZ, lower East
Rift Zone; MERZ, middle East Rift Zone.

fault sections may slip with diverse behaviors (Supplemental Figure 6) (Kehoe et al. 2019, Lin
et al. 2020). The US Geological Survey (USGS) and Global Centroid Moment Tensor Project
used broadband seismic data to infer thrust faulting on a ∼20 degree-dipping fault plane with a
magnitude of Mw6.9 (Neal et al. 2019), but other studies that also use geodetic and tsunami data
suggest shallower dip angles of 2.5–7.5 degrees—more consistent with the décollement (Hill &
Zucca 1987)—and preferred magnitudes ranging from 7.1 to 7.2 (e.g., Bai et al. 2018, Lay et al.
2018, Chen et al. 2019, Lin et al. 2020). Splay fault activation may explain some of the variation
in estimated dip angles and also an observed 40-cm tsunami (Bai et al. 2018, Lin et al. 2020). In
this review we refer to the event as ∼Mw7 but consider this value approximate.

The earthquake resulted from several related processes. In the years before 2018, long-term slip
on the creeping portion of the décollement—with possible contribution from stresses imparted by
increasedmagma storage in the summit and rift—gradually increasedCoulomb stress on its locked
portion (Chen et al. 2019, Kundu et al. 2020) (Figure 4b). In 2018, rapid migration of magma
from the MERZ to the LERZ further stressed the décollement, finally triggering the earthquake
(Chen et al. 2019,Kundu et al. 2020).The earthquake released 20–35 years of accumulated stress—
inadequate to account for the entire period from the 1975 Mw7.7 earthquake (Chen et al. 2019).
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GNSS: Global
Navigation Satellite
System

Observations are consistent with ideas that only small stress changes are required for bi-directional
triggering between flank slip and rift intrusions (Montgomery-Brown et al. 2015).

The earthquake produced tensile stress changes of as much as 0.4 MPa in the rift system
(Kundu et al. 2020), which may have aided magma transport downrift (Neal et al. 2019)—possibly
explaining, in part, increases in rates of ground deformation and lava lake withdrawal at the
summit around the time of the ∼Mw7 earthquake (Anderson et al. 2019). Reduction of magma
pressure during the eruption, in turn, reversed secular (long-term) southward motion of south
flank Global Navigation Satellite System (GNSS) stations, while gravitational forces continued
to move the flank eastward (Denlinger & Flinders 2022). Observations are consistent with slip
on a weak décollement driven by both magmatic and gravitational forces, and a hot viscoelastic
deeper rift below 2 km (Denlinger & Flinders 2022).
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Bulk rock: the
composition of
erupted material
determined by
physically crushing
and homogenizing
glass and minerals
before analysis

MgO: measure of the
magnesium content of
glass or whole rock,
which can be used to
track magma
differentiation (lower
Mg = more
differentiated) and to
infer eruptive
temperatures

Evolved magma:
a magma that has
undergone extensive
differentiation (usually
MgO < 6.5 wt%),
often found in rift
zones at Kı̄lauea

Figure 6 (Figure appears on preceding page)

Select co-eruptive time series. (a) Summit, showing seismic velocity change, cumulative seismic moment, subsidence of caldera blocks
in high-rate GNSS data, cyclic ground deformation recorded outside the caldera [tiltmeter UWD; long-term tilt is not representative
of all stations (Anderson & Johanson 2022)], gradual subsidence in the south caldera region, tephra plume heights during May, caldera
volume, SO2 emissions, and hourly earthquake counts. (b) MERZ, showing ground tilt cycles at station JKA (highpass-filtered; black dots
indicate summit collapse times), long-term rift contraction (offset on May 4 caused by ∼Mw7 earthquake), and SO2 emissions, which
are poorly characterized for most of July (the large value in early August is also not well understood). (c) LERZ, showing intrusion
(dike) opening on the north channels of two GNSS stations (WAPM through day 29 and then NANT; dots are daily solutions, and dense
points are high-rate solutions), eruption rate (bars are time averages), SO2 emissions, the viscosity and geochemistry of erupted lava (cf.
Gansecki et al. 2019), flow field area, and daily earthquake counts. Values of MgO are derived from bulk rock ED-XRF and WD-XRF,
and temperatures represent an upper bound. Data are from Elias et al. (2018), Gansecki et al. (2019), Lundgren et al. (2019), Patrick
et al. (2019d), Shelly & Thelen (2019), Kern et al. (2020), Soldati et al. (2021), Hotovec-Ellis et al. (2022), Hawaiian Volcano
Observatory earthquake catalog, and NOAA NEXRAD (https://www.ncdc.noaa.gov/nexradinv/) with processing by Ryan Cahalan as
in Cahalan et al. (2023). For uncertainties in data, see the source publications. Three- and four-letter codes (e.g., CALS) indicate
monitoring station names (see Figure 1). Abbreviations: ED-XRF, energy dispersive x-ray fluorescence; GNSS, Global Navigation
Satellite System; LERZ, lower East Rift Zone; MERZ, middle East Rift Zone; WD-XRF, wavelength dispersive x-ray fluorescence.

2.2.2. Fissures, fountains, and lava flows. A century-long study of Hawaiian eruptions
has been fundamental to volcanologists’ understanding of fissures and lava flows worldwide
(Cashman & Mangan 2014). Intensive monitoring of the 2018 eruption adds importantly to
this body of knowledge and sheds new light on the volcano’s interconnected summit-rift magma
system.

Lavas erupted in 2018 varied systematically in composition and over a wider range (bulk rock
MgO = 2.5–8.5 wt%) than most previous Kı̄lauea eruptions (Figures 6c and 7). The first flows
erupted (Stage 1; <1 vol% of 2018 flows) were composed of cool, highly evolved, high-Ti basalt
with low-Fo olivine (4–5 wt% MgO; <Fo80; ∼1,100°C) and were some of the most evolved to
have erupted in recent centuries at Kı̄lauea (Gansecki et al. 2019). Late Stage 1 lava flows were
less evolved (∼6 wt% MgO) and transitional between early Stage 1 and Stage 2. Stage 2 lava
flows (3–7 vol% of 2018 flows) were more mafic and hotter (7–8 wt% MgO; ∼1,130°C), while
during Stage 3 (>92 vol% of 2018 lavas), bulk magma compositions, phenocryst assemblages,
and temperatures stabilized at values (7–9 wt%MgO; 1,150°C) only slightly higher than those of
recent lava erupted at the summit and Pu‘u‘ō‘ō (Gansecki et al. 2019, Pietruszka et al. 2021). The
compositional evolution follows patterns of LERZ eruptive sequences in 1840, 1955, and 1960
(e.g.,Wright & Fiske 1971, Helz &Wright 1992,Wright & Helz 1996) and appears to have been
caused by the early eruption of LERZ-stored (and possibly some MERZ-stored) magmas that
had undergone differentiation and were subsequently flushed and/or bypassed by more primitive
magma from uprift (Gansecki et al. 2019, Lerner et al. 2021, Wieser et al. 2021, Mourey et al.
2022, Wieser et al. 2022).

In concert with compositional variations, the viscosities of erupted lava varied by more than
three orders of magnitude (Roman et al. 2021, Soldati et al. 2021), exerting an important control
on eruption rate, dynamics, and hazard. The transition to more primitive and less viscous lava was
associated with increased effusion rates, faster-moving and farther-reaching flows, and the cessa-
tion of mild Stage 1 explosive activity (Gansecki et al. 2019, Dietterich et al. 2021, Soldati et al.
2021,Wieser et al. 2021). Particularly notable was the eruption of andesitic/icelanditic bulk com-
position lava (2.5–4 wt% MgO; ∼1030–1080°C) from portions of fissure 17, including episodic
Strombolian-like explosions likely caused in part by the high viscosity and water content (∼2 wt%)
of erupting lava (Dietterich et al. 2021, Soldati et al. 2021, Thelen et al. 2022,Wieser et al. 2022).
Roman et al. (2021) also argued that changes in magma viscosity during 2018 caused variations
in rift-perpendicular stresses and rotations in earthquake fault planes, suggesting a novel future
monitoring technique.
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88.5%) or mol fraction
(e.g., 0.885); high-Fo
olivine (e.g., >87%)
forms in primitive
magmas, whereas
low-Fo olivine (e.g.,
<82%) forms in more
evolved magmas
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Figure 7

Geochemical characteristics of LERZ eruption products. (a) Bulk rock TiO2 versus K2O, distinguishing magmas that have fractionated
Fe-Ti oxides (andesite) from those that did not (mafic and evolved basalts), illustrating the evolution of magma mixing between the
three main end members involved in the eruption. Colors (with trends indicated by black arrows) show changes in magma composition
during the first month; gray symbols show compositions from recent historical eruptions. Panel a adapted from Gansecki et al. (2019);
reprinted with permission from AAAS. (b) Olivine core (top) and rim (bottom) forsterite compositional evolution as a proxy for magma
differentiation. Data are from Gansecki et al. (2019), Lerner et al. (2021), Wieser et al. (2021), and Mourey et al. (2022). Black dots
show individual samples, gray-shaded regions (violins) show population statistics with truncation at 5% and 95% values, and black
bars show kernel density estimates. Samples erupted within a few days of each other are grouped together into one population. Purple
boxes show Pu‘u‘ō‘ō and Halema‘uma‘u representative olivine compositions for comparison (Mourey et al. 2022). After ∼3 weeks,
LERZ olivine cores—which preserve information about their magma of origin—often show bimodal distributions with both a high Fo
(>87 mol%) component thought to indicate primitive magma and a moderate Fo (80–85 mol%) component thought to indicate
summit magma. Olivine rims—which preserve information about their final host magma—clustered around the same range
(80–82 mol%) after week 3, suggesting most crystals were forming rims at or near melt-olivine equilibrium with the large volume of
summit-derived, mafic basalt. Temperatures are calculated from olivine compositions from Mourey et al. (2023a). Abbreviations: ERZ,
East Rift Zone; LERZ, lower East Rift Zone.

The eruption provided an unusual opportunity to closely observe the birth of a fissure erup-
tion and a range of mildly explosive activity.Variations in Strombolian andHawaiian eruptive style
were governed by melt viscosity, mass flux, and coupling between exsolved volatiles and magma
and were modulated at very shallow depths (<100 m) (Houghton et al. 2021,Walker et al. 2023).
Throughout the eruption, fissure 8 produced ∼30- to 80-m-high fountains in which adiabatic
expansion of gas in the plume triggered secondary brittle fragmentation of clasts (Namiki et al.
2021). For most of Stage 3, these fountains supplied a stable lava channel with near-vent veloc-
ities at times exceeding 15 m/s, high Reynolds and Froude numbers flow, transitional turbulent
behavior, and standing waves (e.g., Patrick et al. 2019c, Dietterich et al. 2022). The channel mini-
mized flow-field expansion and efficiently transported lava over large distances [∼85% of the bulk
flow volume was emplaced >8 km from the vent (Dietterich et al. 2021)], with most flow-field ex-
pansion occurring primarily on the distal coastal plain, where low slopes contributed to channel
diversions and secondary extrusions along the flow margins. Observations highlight the impor-
tance of capturing effusion-rate variations for effective hazard forecasting and provide a natural
laboratory for testing and developing lava flow fluid dynamical theory and propagation models
(e.g., deGraffenried et al. 2021, Dietterich et al. 2022).
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Magma
differentiation: the
process of chemical
and mineralogical
evolution of magmas
as they crystallize

Primitive magma:
magma that has
undergone little
differentiation,
typically with a high
MgO content (usually
>12 wt%) and
temperature

Reynolds number:
the ratio of inertial to
viscous forces in a fluid
and a measure of the
tendency of flow to be
turbulent

Froude number:
the ratio of inertial to
gravitational forces in
a fluid

Effusion rates at fissure 8 varied cyclically in at least two ways. First, minute-scale pulsing
activity may reflect a shallow gas-driven process or pressure oscillations in a deformable conduit
(Patrick et al. 2019c, Piombo & Dragoni 2021). Second, summit caldera collapse events 40 km
uprift were followed by surge-like pressure pulses in the ERZ (Patrick et al. 2019c), evident as
ground deformation transients along the ERZ and, at the vent, rapid increases in effusion rate and
seismic and infrasonic tremor amplitudes (Patrick et al. 2019c, Lyons et al. 2021, Thelen et al.
2022). Surges began at the vent within 20 min of summit collapses, but eruption rates continued
to rise for∼2–4 h before gradually decaying (Patrick et al. 2019c, Lyons et al. 2021). Post-collapse
changes in seismic velocities in the LERZ have been attributed to the surges as well as structural
weakening of rock related to seismic shaking (Wu et al. 2020). Surges demonstrate that important
changes in hazard and eruption style can be triggered by events tens of kilometers distant and also
serve as unique impulse-response tests of the magma system (Section 3.2.1).

A total of 0.9–1.4 km3 of lava [dense-rock-equivalent (DRE)] was erupted in 2018 (Dietterich
et al. 2021, Soule et al. 2021), representing roughly a decade’s worth of average magma supply
to the volcano. More than half was emplaced as submarine lava deltas, which in places exceed
200 m in thickness (Dietterich et al. 2021, Soule et al. 2021). The average fissure 8 eruption
rate of 250 m3/s is two orders of magnitude higher than typical MSRs to Kı̄lauea, indicating
that eruption dynamics were not governed by mantle supply [for comparison, average Pu‘u‘ō‘ō
eruption rates were ∼2–6 m3/s (Orr et al. 2015)].

Prodigious gas emissions accompanied the LERZ eruption, with SO2 emission rates exceeding
100 kt/day (Kern et al. 2020) [during 2014–2017 Kı̄lauea’s average emission rates were 5.1 kt/day,
mostly from the summit (Elias et al. 2018)]. LERZ CO2/SO2 ratios of ∼0.3 are consistent with
loss of relatively insoluble CO2 at the summit, and relatively soluble SO2 at the vent, as in prior
years (Kern et al. 2020). The eruption produced 7–14 Mt of SO2 (and 0.5–2.8 Mt CO2), making it
one of the largest volcanic SO2 sources of the past two decades (Kern et al. 2020). Together with
petrologic constraints on magmatic sulfur content (e.g., Lerner et al. 2021), SO2 emissions imply
the eruption of 1.1–2.3 km3 of lava (DRE, at 68% confidence), similar to but generally higher
than estimates based on emplaced lava flow volumes (Kern et al. 2020, Dietterich et al. 2021).

2.3. Summit Eruption and Collapse

Magma evacuation from the summit toward the ERZ caused subsidence, withdrawal of the lava
lake, ground cracking, and slip on faults in the Koa‘e fault system south of the caldera (Wang et al.
2019). Step-like caldera collapse occurred around Halema‘uma‘u crater, while gradually declining
ground subsidence was observed in the south caldera region (inferences for magma storage are
discussed in Section 3.1).

2.3.1. Magmawithdrawal and the onset of caldera collapse. During Stage 1, the summit sub-
sided at up to∼10 cm/day and the lava lake drained in its vent at∼50m/day (Anderson et al. 2019)
(Figures 5 and 6a; Supplemental Figure 7).These observations offer unprecedented insight into
shallow magma storage and the buildup to a caldera collapse.

Many of the insights into the 2018 eruption were derived from the summit lava lake and
demonstrate the scientific value of instrumenting active lava lake systems around the world. The
lake’s volumetric draining rate varied as a function of vent geometry, but its surface fell at a nearly
constant rate—reflecting static equilibrium between the lake and the HCR (Anderson et al. 2019,
Patrick et al. 2019d). The rate of lake withdrawal implies that the reservoir was depressurizing at
∼1.25 MPa/day, which (given reasonable initial reservoir pressure) was too high to be sustained
for more than a few weeks. Thus, caldera collapse must have served to increase pressure in the
reservoir and thereby sustain the months-long eruption (Anderson et al. 2019). Jointly modeling
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Very long period
(VLP): seismic waves
with energy
concentrated at
periods above ∼2 s

lava lake and geodetic data also offers a rare opportunity to resolve both the geometry and total
volume of the HCR (Section 3.1).

As the lava lake drained, summit infrasonic and seismic tremor steadily increased (Soubestre
et al. 2021, Thelen et al. 2022), and destabilized vent walls frequently collapsed, resulting in
chaotic flow dynamics, spattering, and small explosions (Section 2.3.3). As occurred over the
previous decade, rockfalls and other perturbations triggered multiple seismically detectable
modes of magma resonance of the lake-conduit-reservoir system, which evolved as the lake
drained and yielded insights into system properties and storage/transport geometries (Dawson &
Chouet 2014, Liang & Dunham 2020, Crozier & Karlstrom 2021, Soubestre et al. 2021).

By day 9, the lake surface had fallen >300 m and vanished at the bottom of an empty, roughly
cylindrical, 11.5-million-m3 vent. Vent geometry was captured in detail using structure-from-
motion imagery (Patrick et al. 2019d) and, when combined with gravity changes recorded while
the lake drained (some of the largest ever recorded at a volcano by continuous measurements),
provided a rare opportunity to constrain the in situ density of a lava lake [∼1700 kg/m3 in its
upper ∼200 m (Poland et al. 2021a)]. Density was higher than over the previous decade, possibly
due to gradual outgassing of summit magma (Poland et al. 2021a).

A major question in volcanology has long been the critical volume and pressure thresholds at
which magma reservoirs fail and calderas begin to collapse. Anderson et al. (2019) combined lava
lake and geodetic data to estimate that episodic reservoir failure began on day 16 after withdrawal
of<4% of storedmagma had reduced reservoir pressure by∼17MPa and induced a shear stress of
8–13MPa on ring faults [some small, early-stage fault slip may have begun sooner (Supplemental
Text Section 4.1)]. These results suggest that calderas may begin to form after relatively little
magma is withdrawn (Anderson et al. 2019).

2.3.2. Mechanics and dynamics of caldera collapse. Collapse calderas form when large-scale
magma evacuation causes foundering of reservoir roof rock, producing some of Earth’s largest
and most hazardous eruptions. Yet, only a handful of collapses have been observed historically—
notably during basaltic eruptions at Fernandina, Miyakejima, Bárdarbunga, and Piton de la
Fournaise volcanoes (e.g., Simkin & Howard 1970, Kumagai et al. 2001, Michon et al. 2009,
Gudmundsson et al. 2016). Historical basaltic collapses appear to have been driven by lateral
magma withdrawal, and geophysical data indicate that nearly all evolved episodically, but obser-
vations from most are limited and many of the governing physical processes have been poorly
understood.

Kı̄lauea’s 2018 caldera (Figure 8) grew through a series of 62 periodic approximately day-long
cycles (mean recurrence interval of 1.3 d), each punctuated by abrupt seconds-long subsidence
(collapse) of rock above the subcaldera magma reservoir (Figures 6a and 9). The first 12 collapses
(Stage 2 of the eruption) were associated with localized vent enlargement within Halema‘uma‘u
crater (Anderson et al. 2019) and were coincident with abrupt, ramp-like, upward-and-outward
centimeter-scale motion of the volcano’s summit away from the vent over 10–30 s; atmospheric
rarefactions attributable to ground subsidence within the growing vent (collapse pit) itself; radia-
tion of very long period (VLP) seismic energy equivalent to ∼Mw5 earthquakes (Supplemental
Figure 8); and ejection of tephra (Neal et al. 2019,Flinders et al. 2020b,Tepp et al. 2020,Anderson
& Johanson 2022,Thelen et al. 2022). Some similar but smaller geophysical signals were observed
previously at Kı̄lauea’s summit during the 2008–2018 lava lake era and in the days immediately
preceding the onset of collapse (Lai et al. 2021, Poland et al. 2021b, Thelen et al. 2022).

Broad-scale surface collapse began with the thirteenth event (Stage 3) and subsequently pro-
ceeded in the form of meters-scale subsidence of semicoherent surface blocks surrounding a
central rubbly collapse pit and separated by a growing network of faults and scarps. These changes
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Figure 8

Rendered perspective views to the north-northeast across Kı̄lauea’s summit (a) before collapse (2009) and (b) after collapse (August 11,
2018) derived from digital elevation models. Insets show vertical-perspective shaded relief maps. (c) East-west cross sections passing
through blue dots (pre-collapse) and red dots (post-collapse), with New York’s Empire State Building (440 m) for approximate scale.
Panel c adapted from Neal et al. (2019) (US Geological Survey; public domain). Abbreviation: USGS HVO, US Geological Survey
Hawaiian Volcano Observatory.

were reflected in seismic velocity changes of >8% (Hotovec-Ellis et al. 2022). The seismic and
geodetic signature of Stage 3 collapses was markedly larger than during Stage 2, and included
ground displacements of up to 20 cm outside of the caldera over <10 s, and increased high-
frequency seismic shaking. Post-collapse deformation pulses and surges in eruption rate were
observed during this time in the LERZ. Tephra emissions rapidly declined, but infrasound rar-
efactions continued. Between abrupt collapses, the ground around the caldera moved inward and
downward at a slowing rate, but rates of caldera block subsidence and volcano-tectonic (VT) earth-
quakes increased together before often reaching a steady state (Tepp et al. 2020, Anderson &
Johanson 2022,Wang et al. 2023) (Figure 9).

The surface morphology of the caldera evolved greatly throughout the eruption, and changes
in geophysical signals were observed—notably around events 19–20 and 55 (Tepp et al. 2020,
Anderson & Johanson 2022), likely related to changes in fault geometry—but the basic geophys-
ical character of the collapses remained similar. Their highly repetitive nature indicates a stable
(recoverable) process (Neal et al. 2019, Tepp et al. 2020, Anderson & Johanson 2022, Thelen
et al. 2022) and was utilized for timing field visits during the eruption. The largest fault block
(∼1.5 km2) became fully mobile around day 55 after an arcuate fault propagated through the
eastern portion of the 1500 CE caldera floor (Figure 1c), and subsequently the surface area of
collapse grew only modestly, implying that ring faults were well developed during this time.

The caldera’s volume grew at a long-term average of 12–13 million m3/day throughout much
of Stage 3, reaching a final volume of ∼825 million m3 (Neal et al. 2019) (Figure 8)—smaller
than most estimates of erupted volume. Nearly 2,000 M3+ VT earthquakes were cataloged
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beneath the summit, along with tens of thousands of smaller events, mostly at <2.5 km depth in
a complex distribution of clusters that align closely with the eastern peripheral surface fault but
do not clearly outline a complete ring fault structure (Shelly & Thelen 2019, Hotovec-Ellis et al.
2022) (Figure 10). Additional information on caldera collapse observations and interpretations
is presented in Supplemental Text Section 4, and a table of collapse events is presented in
Supplemental Table 1 and Supplemental Data Set 1.
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Figure 9 (Figure appears on preceding page)

One month of caldera collapse cycles recorded at the summit (a–c) and rift (d,e) with conceptual model ( f ). (a) Hourly seismic moment
release rate from the USGS Hawaiian Volcano Observatory catalog (Hotovec-Ellis et al. 2022). Gray numbers show the collapse event
sequence. (b) Highpass-filtered caldera-radial ground tilt at station SDH located outside of the caldera and vertical displacement of a
GNSS station (CALS) located on a caldera block. Declining intercollapse deformation rates at most tilt and GNSS stations outside of
the caldera are well fit with an exponential function with 0.5-d decay time (Anderson & Johanson 2022). The inset shows intercollapse
(i) and co-collapse (c) subsidence at CALS more clearly. (c) Relative seismic velocity change at the summit (Hotovec-Ellis et al. 2022).
(d) Highpass-filtered northward ground tilt at a station ( JKA) located in the LERZ ∼30 km from the summit. (e) Median-filtered
infrasound energy at the near-vent FIS8 array (Lyons et al. 2021) and bulk eruption rate (Patrick et al. 2019c). Surges are more evident
near the end of the eruption but also appeared in June. ( f ) Simple conceptual model of Stage 3 collapse (ring faults were less complete
during Stage 2, and the reservoir vented to the atmosphere). Panels b and f adapted from Anderson & Johanson (2022) (US Geological
Survey; public domain). Monitoring station locations are shown in Figure 1. Abbreviations: GNSS, Global Navigation Satellite
System; LERZ, lower East Rift Zone.
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Geophysical data for (a) the first 12 and (b) the last 31 collapses. Vectors show stacked (averaged) co-collapse GNSS displacements,
ground tilt (excluding station SMC), and VLP seismic particle motions (Lai et al. 2021, Anderson & Johanson 2022). Three- and
four-letter codes (e.g., UWEV) indicate monitoring station names (see Figure 1); only stations located away from collapsing caldera
blocks are shown. Near-field seismometers clipped during the latter collapses and are not shown. Dots show relocated earthquakes
between collapses from Shelly & Thelen (2019). Almost all summit seismicity was located within the 1500 CE caldera. Background
digital elevation models show pre-collapse topography (panel a, 2009) and post-collapse topography (panel b, 2018). Red circles show
approximate Halema‘uma‘u reservoir geometry inferred by Anderson et al. (2019). Cross sections show earthquakes collapsed onto an
east-west plane with depth relative to ∼1,100 m asl, and east-versus-vertical GNSS displacements and VLP motions (some vectors
truncated). Supplemental Movies show animations. Abbreviations: GNSS, Global Navigation Satellite System; VLP, very long period.
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To first order, observations are consistent with a simple conceptual model first proposed for
historical basaltic collapses and further developed for Kı̄lauea (e.g., Simkin & Howard 1970,
Kumagai et al. 2001). Magma outflow to the ERZ gradually depressurized the subcaldera magma
reservoir (HCR), reducing support for roof rock. The rock eventually failed along ring faults
(blind faults during Stage 2 and throughgoing during Stage 3), permitting a piston-like mass (or
masses) to abruptly subside downward, pressurizing the magma, and stabilizing the roof block.
Over the subsequent hours to days, magma outflow gradually reduced reservoir pressure and
eventually the roof rock failed again, beginning a new cycle. This conceptual model was used to
inform hazards assessments during the eruption (Neal & Anderson 2020), but few models existed
at the time to quantitatively relate collapse processes with observations.

Observations from 2018 now yield an opportunity to quantitatively investigate the mecha-
nism, geometry, and physical properties of the collapse and subcaldera reservoir. Point-source
moment tensor inversions of co-collapse VLP seismic data are consistent with pressure increase
in a shallow source together with slip along steeply dipping faults (Lai et al. 2021, Soubestre
et al. 2021). Physics-based models—which better capture collapse processes—indicate that a
combination of slip on ring faults, ramp-like reservoir pressurization, and momentum changes of
the roof block and reservoir magma can explain most features of co-collapse geodetic and seismic
observations (Segall et al. 2019, 2020; Wang et al. 2022). Models suggest that Stage 2 and 3
collapses increased reservoir pressure by roughly 0.5 MPa and 2–3 MPa, respectively, but require
assumptions about reservoir geometry (Segall et al. 2020, Anderson & Johanson 2022, Wang
et al. 2022). These pressure changes may explain the post-collapse ejection of tephra plumes,
rift zone surges (Section 3.2.1), upward-and-outward displacement of the ground around the
caldera, release of VLP seismic energy, and (together with shaking-induced host rock damage)
temporary increases in summit seismic velocities of >1% during the first 4–5 h after collapses
(Wu et al. 2020, Hotovec-Ellis et al. 2022). Collapse-induced increases in reservoir pressure
did not, however, fully recover loss during the pre-collapse period, implying residual frictional
strength on ring faults (Anderson et al. 2019, Anderson & Johanson 2022).

Between episodic collapses, subsidence and contraction of the broader summit region can be
attributed chiefly to magma evacuation from the HCR and imply a near-complete reduction of
excess eruptive (driving) pressure during each cycle (Anderson & Johanson 2022, Segall et al.
2022). Concurrent creep on ring faults may explain caldera block subsidence and VT seismicity
between collapses (Tepp 2021,Wang et al. 2023); models suggest spatially heterogeneous frictional
properties and possibly a viscous rock rheology above the reservoir (Wang et al. 2023). In contrast,
VT earthquakes located away from ring faults may have been generated by another mechanism,
such as shear and closure of cracks related to reservoir depressurization (Shelly & Thelen 2019).
The dominance of VT earthquakes in the eastern portion of the caldera may also suggest an
asymmetrical process, in which co-collapse slip was concentrated in the northwestern portion of
the caldera while ring faults to the southeast slipped both between and during collapses (Shelly
& Thelen 2019, Lai et al. 2021); GNSS data, however, place limits on any asymmetry (Wang
et al. 2023).Regardless, preexisting structures—including the lava lake vent, hydrothermal features
(Soubestre et al. 2021), and older caldera faults—almost certainly played an important role in
the evolution of collapse. In some areas, for instance, collapse may have utilized faults formed
during the much larger collapse in 1500 CE, whereas fault slip along the eastern sector cut a thick
sequence of lava flows filling that older caldera.

Dynamical piston-like collapse models that invoke rate-dependent ring fault friction and
pressure-dependent magma outflow can predict cycles of collapses (Roman & Lundgren 2021,
Segall & Anderson 2021). These models demonstrate that vent elevation plays a critical role in
the onset of caldera collapse and that collapse events sustain large eruptions. The models can also
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be used to constrain reservoir volumes (Section 3.1) and frictional properties of the ring faults,
with important implications for understanding earthquakes in nonvolcanic settings. However, the
role of the SCR in the 2018 collapse process has been debated, and some other kinds of models
have utilized dike-like reservoir geometries and argued that collapse-induced volatile resorption
was important during Stage 2 (Soubestre et al. 2021).

2.3.3. Tephra explosions. The geologic and historical records at Kı̄lauea include numerous
tephra-forming eruptions (explosions), including lethal events in 1790 and 1924. Their mecha-
nisms have been debated and are probably varied (e.g., Houghton et al. 2011, Orr et al. 2013,
Fiske et al. 2019), but a steam-blast interpretation by Stearns (1925) (Supplemental Figure 9)
has been widely accepted for explosions that occurred in 1924.

Several mechanisms produced tephra emissions and explosions at Kı̄lauea’s summit in 2018.
First, as the lava lake drained, destabilized conduit walls collapsed onto its surface, producing small
explosions and juvenile-rich tephra—similar to many events over the preceding decade (Carey
et al. 2012, Orr et al. 2013). The largest, on May 9 (day 9), ejected ∼230 m3 of material, consist-
ing of about 5% wallrock clasts and 95% pumice lapilli, bombs, and glassy ash. Tephra was also
produced by weak background venting, punctuated by periods of more vigorous activity likely
triggered in part by rockfalls into the collapsing conduit, that continued into early June after the
demise of the lava lake.

Ofmore concern in 2018 was the possibility that phreatic or phreatomagmatic explosions could
occur as summit magma drained toward the elevation of the water table, allowing groundwater to
penetrate cooling conduit walls (Neal&Anderson 2020), as Stearns (1925) had suggested for 1924.
[Indeed, the nearby presence of groundwater was later confirmed by the formation of a water lake
in the post-2018 caldera (Section 2.4).] Beginning shortly after the lava lake disappeared, a series
of explosions ejected ballistic wallrock blocks several tens of centimeters across (Supplemental
Figure 10) and sent ash plumes as high as 8 km above the vent (Figure 6a). These explosions
were the largest at the volcano since 1924, and ash fell at least 50 km downwind. Isopachs of the
cumulative 2018 tephra deposit indicate a total volume of at least 4.2 × 105 m3 (a tiny fraction
of the erupted lava volume), with predominant dispersal by trade winds toward the southwest,
thinning from 5 cm proximally to <2 mm at 6 km from the vent (S. Isgett, unpublished map).

In one of the most surprising outcomes of the 2018 eruption, however, it was recognized that
observations did not support a mechanism for these events involving external water (steam) (Neal
& Anderson 2020). First, tephra plumes appeared visually at the caldera floor ∼20–30 s after the
start of each early-stage collapse event (Crozier et al. 2018). Second, post-lava-lake ash consisted
overwhelmingly of wallrock material, with fresh glassy components sparse or, more generally,
absent. Although some deposits locally contain accretionary lapilli and vesicles, they are incon-
sistently distributed crosswind and downwind and likely record rainfall contemporaneous with
ashfall. Finally, SO2 emission rates during this period were generally similar to pre-2018 values,
except for a fortuitous measurement following a collapse event on May 23 that was two to three
times higher (Kern et al. 2020) (Figure 6)—inconsistent with scrubbing of SO2 by groundwater
or steam.

These explosions are now thought to be closely related to failure of the shallowmagma system.
As caldera collapse events abruptly increased magma system pressure, previously exsolved gases
were forced upward through the rubble-filled conduit, filtering out juvenile material and entrain-
ing fragmented wallrock (Neal et al. 2019, Shelly & Thelen 2019, Kern et al. 2020) (Figure 11).
Plume simulations driven by collapse-induced reservoir pressurization can reproduce observed
heights and ascent times, and indicate that plumes were buoyancy dominated and strongly affected
by wind (Crozier et al. 2018). These results are consistent with calculations that groundwater
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Proposed conceptual model for collapse-induced explosions [sometimes called collapse/explosions (Neal
et al. 2019, Neal & Anderson 2020)] at Kı̄lauea in 2018. Removal of magma from the reservoir caused the
lava lake to subside and the conduit to partially collapse. Reduction in magma pressure eventually caused
host rock failure, which abruptly intruded into the reservoir, increasing its pressure and forcing exsolved
volatiles upward through the rubbly conduit, entraining tephra. Figure adapted from an illustration of the
Stearns (1925) conceptual model in Mastin et al. (1999) (US Geological Survey; public domain).

would have been prevented from directly interacting with magma by the preheated rock around
the conduit (Hsieh & Ingebritsen 2019).More complete collapse of the vent, as well as a receding
magma surface, reduced and ultimately blocked tephra and gas emissions around the Stage 2–3
transition (Neal & Anderson 2020).

2.4. End of the Eruption and the Post-2018 Period

By July 2018, despite some gradual, long-term reductions in deformation rates, SO2 emission
rates, and lava eruption rates (Kern et al. 2020, Dietterich et al. 2021, Anderson & Johanson
2022), the eruption appeared to have entered a stable regime and there were no indications at
the time that it was nearing its end (Neal & Anderson 2020, Tepp et al. 2020). Yet, the summit
collapse on August 2 (day 94) would prove to be the last. Within days, earthquake rates had
dropped by two orders of magnitude (Wei et al. 2022), eruption rates had dwindled to near zero,
and the eruption was effectively over. Understanding these processes is of obvious importance
for better characterizing hazards during future eruptions.

One obvious possibility—that the summit ran out of eruptible magma—appears to be ruled out
by a caldera volume that was smaller than the inferred HCR (Anderson et al. 2019) and by post-
2018 observations indicating remnant magma in that reservoir (Supplemental Text Section 6).
The relative stability of the collapse cycles also suggests that the system could have supportedmore
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collapses (e.g., Roman & Lundgren 2021). Low eruptive driving pressure inferred in some studies
(Anderson & Johanson 2022, Segall et al. 2022) implies that the eruption was sustained (perhaps
tenuously) by summit collapses; if correct, any interruption to the summit collapse process (e.g.,
a stuck piston) could have terminated the eruption—an event that would have been difficult or
impossible to forecast. Pressure in the SCR had also gradually declined for weeks, and although its
role in driving the eruption remains debated, Roman & Lundgren (2021) suggested that pressure
eventually became too low to keep its connection with the HCR open. Magma connections may
also have been severed by the summit collapses themselves, or by a structural failure along the
magma flow path.

The long-term response (recovery) of the volcanic system will further elucidate changes
wrought by the 2018 eruption. Through the time of writing, the post-2018 period has included
the formation of Kı̄lauea’s first summit water lake in written history, reinflation of the summit and
ERZ storage systems, high rates of south flank motion, months-long dominantly effusive summit
eruptions (Supplemental Figure 11), a dramatic increase in the rate of deep Pāhala earthquakes
[beginning about a year after the eruption (Wilding et al. 2023)], and the first eruption at neigh-
boring Mauna Loa in 38 years. Kı̄lauea’s post-2018 eruptions appear to be fed from the shallow
HCR and may suggest refill with similar but slightly more mafic (primitive) magma, supporting
the notion that the 2018 collapse significantly disrupted magma pathways but did not fundamen-
tally alter the basic structure of the reservoir (Lynn & Swanson 2022). The post-eruptive period
is discussed more fully in Supplemental Text Section 6.

3. SYNTHESIS AND INFERENCES

3.1. Magma Storage

The volumes and locations of stored magma govern eruptive activity and hazard, but they are
poorly known at most of Earth’s volcanoes. The diversity of observations captured during and
following the large-scale, rapid draining of Kı̄lauea’s summit-rift magma system provides one of
the best opportunities for resolving magma storage beneath any volcano.

At the summit, geodetic data indicate that magma was withdrawn chiefly from the HCR and
the SCR (Anderson et al. 2019, Roman & Lundgren 2021, Anderson & Johanson 2022), and
petrologic data (Section 3.2.2) are consistent with these ideas. However, despite decades of study,
the SCR has remained very poorly understood, while the HCR has been interpreted variously as
a roughly equant body or a set of intersecting dike- and/or sill-like magma bodies, and estimates
of its volume have varied over two orders of magnitude (e.g., Baker & Amelung 2012, Dawson &
Chouet 2014, Poland et al. 2014, Anderson et al. 2015, Pietruszka et al. 2015).

Joint inversion of lava lake elevation and geodetic data can be used to resolve the geometry of
the subcaldera reservoir (HCR). Inversions during the pre-collapse period (Stage 1) are consistent
with steady depressurization of magma in a spheroidal, slightly prolate, vertical reservoir located
just east of the former Halema‘uma‘u crater, centered at a depth of ∼2 km (Anderson et al. 2019).
Globally, magma reservoir volumes are challenging to estimate, but 2018 data yield a pre-collapse
volume of 2.5–7.2 km3 (at 68% confidence) (Anderson et al. 2019), consistent with estimates from
physics-based caldera collapse models [roughly 1–10 km3 (Roman & Lundgren 2021, Segall &
Anderson 2021,Wang et al. 2022)]. The geophysically inferred reservoir geometry agrees closely
with the surface expression of the 2018 collapse and implies that the caldera roof block was rela-
tively thin and wide, affecting both the onset and style of collapse (Anderson et al. 2019). These
results are inconsistent with very small reservoir volumes suggested by some previous geochemi-
cal studies [<0.2 km3 (Pietruszka et al. 2015)] unless the melt-dominated, circulating core of the
reservoir is much smaller than the overall volume (Pietruszka et al. 2015, Garcia et al. 2021)—an
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idea that would also need to be reconciled with the much larger caldera volume. Models suggest
HCRmagma compressibilities of roughly 2× 1010 to 20× 1010 Pa−1, consistent with the presence
of an exsolved bubble phase (Segall et al. 2020, Anderson & Johanson 2022).

Other data sets suggest additional geometrical complexity. VT earthquakes lie mostly but
not entirely outside the inferred pre-collapse reservoir and do not clearly delineate a spheroidal
aseismic zone (Shelly & Thelen 2019). VLP seismic data recorded in 2018 have been interpreted
in the context of both spheroidal and dike-like reservoir models, and also tend to favor modestly
shallower sources (Crozier et al. 2018, Liang & Dunham 2020, Crozier & Karlstrom 2021,
Lai et al. 2021, Soubestre et al. 2021). Generally, geodetic data and caldera geometry probably
cannot rule out storage in a network of tabular bodies rather than a more contiguous spheroidal
geometry. However, the stability of summit lava bulk MgO content (7–7.5 wt%) and eruption
temperatures over most of the 2008–2018 lava lake’s life (Thornber et al. 2015, Lynn 2022)
(Figure 3; Supplemental Figure 12) indicate that the HCR must be thermally insulating,
spatially continuous, and large enough to allow compositional buffering as the summit reservoirs
were continuously tapped by the ERZ (Pu‘u‘ō‘ō) transport system. The regularity of the collapse
sequence might also be difficult to explain with a highly irregular subcaldera reservoir.

Relatively little work has yet been done using 2018 data to resolve the SCR. Co- and post-
eruptive geodetic data have been modeled using both spherical and sill-like reservoir geometries,
respectively, at∼3–4 km depth (Roman&Lundgren 2021,Wang et al. 2021), resulting in a poorly
resolved volume of perhaps tens of km3 (Roman & Lundgren 2021).

In the ERZ, stored magma can serve as the source for subsequent intrusions and can affect
eruption dynamics, but the geometries, compositions, and longevity of such bodies have previ-
ously been poorly known. The 2018 eruption revealed a large, rift-aligned storage zone extending
kilometers along the MERZ.Co- and post-eruptive surface deformation can be explained by con-
traction and expansion, respectively, of tabular (dike-like) or other rift-parallel bodies extending
both uprift and downrift from Pu‘u‘ō‘ō at shallow depths (mostly <3 km) (Chen et al. 2019, Neal
et al. 2019, Kundu et al. 2020, Wang et al. 2021) (Figure 5d). The spatial scale and magnitude of
deformation observed during the first 2–3 days of the eruption require a relatively large quantity
of highly mobile magma and imply that a barrier to downrift flow existed near Pu‘u‘ō‘ō in the years
before 2018 (Patrick et al. 2020).The presence ofmagma storage in theMERZ is also suggested by
the delay between the onset of downrift magma propagation and summit subsidence (Townsend
& Huang 2022) and observations of collapse-induced pressure surges in the rift (next section).

In the LERZ, the compositions of Stage 1 and 2 lava (Figure 7a) can be explained by the
presence of a complex, variably fractionatedmagma body or bodies∼2 kmbeneath the vents, likely
remaining from the 1955/1960 intrusions.This melt was tapped, remobilized, and gradually mixed
with and brought to the surface by magma from the 2018 intrusion (Gansecki et al. 2019,Wieser
et al. 2022). As activity focused at fissure 8, most LERZ-stored magmas had already been flushed
out by newly arrived magma from uprift (Gansecki et al. 2019,Wieser et al. 2022) (Section 3.2.2).

The question of magma storage in the deep rift zone has not yet been addressed in detail using
2018 data, although melt inclusion barometry indicates that erupted lavas were generally sourced
from <5 km depth (in contrast to eruptions in 1959 and 1960, for instance) (Lerner et al. 2021,
Wieser et al. 2021).

3.2. The Coupled Summit-Rift Magma Transport System

Volcano and eruption dynamics are governed in large part by the transmission of pressure changes
that drive the flow of magma. Geophysical, field, gas emissions, and petrological/geochemical
observations over previous decades at Kı̄lauea revealed that pressure changes propagated rapidly
between the HCR and MERZ, and that the HCR and lava lake were continuously tapped by the
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transport system to Pu‘u‘ō‘ō (either directly or via the SCR) (e.g., Thornber et al. 2015, Patrick
et al. 2019a). Yet, the geometry of this connection—and particularly the role of the SCR—has
remained enigmatic, impairing efforts to interpret data and assess changing hazards at the volcano.

3.2.1. Driving pressure, caldera collapse, and the Halema‘uma‘u–East Rift Zone connec-
tion. Abundant evidence from 2018 relates pressure in the HCR with pressure at the LERZ
eruptive vents, further elucidating a tightly coupled system.

Post-collapse pressure surges along the length of the ERZ, analogous to water hammers in
pipes, were a key discovery (Patrick et al. 2019c, Sigmundsson 2019) (Section 2.2.2; Figure 9).
Collapses served as impulsive perturbations of the entire shallow magma system, with variations
in eruption rate and ground deformation as observed outputs. Following ideas developed during
the Pu‘u‘ō‘ō eruption (Montagna & Gonnermann 2013, Haney et al. 2016), the delay between
collapses and peak eruption rates (∼2–4 h) appears to reflect a time-dependent balancing of pres-
sure along the magma path between the HCR and the vent, in which magma flowed through
an intermediary storage zone in the ERZ (or possibly the SCR) and/or an elastic-walled dike
(Patrick et al. 2019c, Segall et al. 2022). A tripling of eruption rate during surges in 2018 implies
that excess magma pressure (to which eruption rate was proportional) driving the eruption was
low: likely <1–2 MPa at the end of each collapse cycle (Anderson & Johanson 2022, Segall et al.
2022).

Changes in lava lake surface elevation further support the notion of a low eruptive driving
pressure and a tightly coupled summit rift system. In the days before the eruption began, the
surface of Kı̄lauea’s lava lake was 800 m above the elevation of the eventual LERZ vent, implying
∼20 MPa of potential excess pressure to drive an eruption 40 km distant. Magma pressure at that
time was efficiently propagated through the well-established MERZ conduit as far as Pu‘u‘ō‘ō
(20 km), evidenced by a small lava pond only ∼170 m lower than the summit lava lake (Patrick
et al. 2019a, 2020). After the 2018 eruption began, pressure in the HCR fell by ∼17 MPa during
Stage 1 (Section 2.3.1), leaving just ∼3 MPa of excess pressure at the onset of caldera collapse
(Anderson et al. 2019, Segall et al. 2022). Thus, excess driving pressure at the summit must
have been low throughout the eruption and caldera collapse must have served to maintain this
pressure. The role of the SCR in driving the eruption, however, remains unclear (Section 3.2.3).

Magma flow rates indicate an increasingly tight HCR-vent connection as the eruption pro-
gressed. During Stage 1, geophysically estimated magma evacuation rates from the HCR were
much higher than eruption rates [∼35–70 m3/s versus ∼7 m3/s (Anderson et al. 2019, Dietterich
et al. 2021)] as magma pathways evolved and the LERZ intrusion grew. These rates increased and
became more similar as the eruption progressed, and both decreased dramatically after the last
collapse event. The onset of caldera collapse (Stage 2) was also nearly coincident with the cessa-
tion of the LERZ dike opening and the eruption of more primitive lava at high rates from LERZ
fissures (Figure 6c), hinting at a close physical relation between summit and rift.

Caldera collapse increased reservoir pressure through release of the gravitational potential en-
ergy of the roof block, which drove large volumes of magma out of the summit (e.g., Druitt &
Sparks 1984, Gudmundsson 2015, Roman & Lundgren 2021, Segall & Anderson 2021). The on-
set of caldera collapse thus represents a critical turning point in an eruption, theoretically allowing
mobilization of nearly all eruptible subcaldera magma (for a given vent height) (Anderson et al.
2019, Roman & Lundgren 2021, Segall & Anderson 2021). In this way, Kı̄lauea’s 2018 eruption
continued for months in what may have been a delicate balance between withdrawal-induced
reservoir depressurization and collapse-induced repressurization.This process resulted in erupted
volumes an order of magnitude larger than those observed historically from vents at comparable
elevations that did not trigger summit collapse (Epp et al. 1983) (Figure 12).
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Figure 12

Mean vent elevation versus erupted volume for Kı̄lauea eruptions from 1955 to 2018 (excluding the 35-year-long Pu‘u‘ō‘ō eruption)
with linear fit (blue line; excluding 1969, 1972, and 2018). Outliers in 1969 and 1972 were related to the long-lived Maunaulu eruption,
which was more strongly influenced by magma resupply. Data from Epp et al. (1983) and Dietterich et al. (2021). Abbreviation: ERZ,
East Rift Zone.

3.2.2. Origin of the 2018 lavas. The close pressure coupling described above does not neces-
sarily require physical advection of magma all the way from summit to vent. Early 2018 lavas were
likely sourced from remobilized ERZmagma, but the source of the more voluminous Stage 3 lava
has been debated.

Several lines of evidence suggest that Stage 3 lavas were sourced from primitive magmas that
passed through the summit reservoir system not long before the eruption. First, Stage 3 lavas
exhibit broad geochemical similarities with pre-2018 summit lavas (Gansecki et al. 2019). Second,
Stage 3 lavas contain high-Fo (>Fo87) olivine (Gansecki et al. 2019, Lerner et al. 2021, Wieser
et al. 2021, Mourey et al. 2022), which formed in primitive melts (MgO > 12 wt%, T > 1,300°C)
(Figure 7) and had not been seen in high abundance at Kı̄lauea since 1974 (Vinet &Higgins 2010,
Lynn et al. 2017, Lynn & Swanson 2022). Wieser et al. (2019) proposed that high-Fo olivine was
stored in a crystal mush below the summit over decadal timescales prior to remobilization in 2018.
However, Mourey et al. (2023b) argued that element diffusion during high temperature storage
for more than a few years would likely have erased the high-Fo signal and imparted deformation
structures to the olivine that were not observed (Gansecki et al. 2019)—indicating rather that the
olivine entered the summit or ERZ in primitive melts a few months to years before eruption,
consistent with diffusion chronometry timescales (Mourey et al. 2022). Finally, trapping depths
estimated from erupted melt inclusions are consistent with crystallization in storage reservoirs at
the summit (low-Fo olivine at ∼1–3 km in the HCR and high-Fo olivine at 3–5 km in the SCR)
(Lerner et al. 2021, Wieser et al. 2021) (Supplemental Figure 13). Although 1–5 km depths
are also consistent with storage in the rift zone, low sulfur concentrations and isotopically light
δ34S signatures found in melt inclusions indicate degassing and recycling during convection and
drainback in the 2008–2018 summit lava lake (Lerner et al. 2021). Trapping depths can also be
reconciled with deep-derived primitive melt if crystallization of high-Fo olivine occurred while
the melts circulated in the SCR.

Alternatively, Pietruszka et al. (2021) proposed that Stage 3 lavas were sourced not from the
summit but from magma stored in the ERZ downrift of Pu‘u‘ō‘ō that mixed with summit-derived
magma over the decade preceding the 2018 eruption. These ideas are based on observations that
Stage 3 basalts have relatively high K2O and TiO2 at a given MgO value, high Nb/Y ratios, and
low CaO/TiO2 and Sr/Zr ratios compared to pre-2018 Pu‘u‘ō‘ō and summit lava lake lavas. An
ERZ source for the Stage 3 lavas requires the accumulation of large quantities of magma in the rift
zone and implies that summit magma replaced rift-stored magma rather than erupting in 2018.
However, distinguishing parent magmas based on subtle geochemical differences is challenging,
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Conceptual model of Kı̄lauea’s summit and ERZ. The figure is vertically exaggerated. (a) Cross section showing magma migration
during the 2018 eruption. Panel a adapted from Poland et al. (2014) and Gansecki et al. (2019); reprinted with permission from AAAS.
(b) Several proposed connection geometries between the summit reservoirs and the ERZ. Abbreviations: ERZ, East Rift Zone; HCR,
Halema‘uma‘u crater reservoir; SCR, south caldera reservoir.

and it is not clear how this model can explain the presence of high-Fo olivine in Stage 3 lavas
(Mourey et al. 2022).

3.2.3. The enigmatic summit-rift magma transport pathway and role of the south caldera
reservoir. Before 2018, two general models for the summit-rift magma system had emerged:
the 0-model (gamma), in which the ERZ is connected to the summit storage system through
the HCR, and the Y-model, in which it is connected through the SCR (Cervelli & Miklius 2003;
Poland et al. 2014, 2021b) (Figure 13). The 2018 eruption raised new questions and provided
numerous, sometimes apparently contradictory, clues.

As described in Section 3.2.1, pressure changes in the HCR were closely related to changes in
the rift zone. Indeed,models of geodetic and seismic data during the first days of magma intrusion
into the LERZ (Townsend & Huang 2022) and geodetic data during the post-eruptive period
(Wang et al. 2021) both suggest that the HCR was directly and efficiently coupled with the rift
zone (probably via an ERZ reservoir), whereas the SCR-rift connection was weak or possibly
nonexistent. Some caldera collapse models are also consistent with a direct HCR-vent connection
(Segall & Anderson 2021, Anderson & Johanson 2022).

In contrast, Roman & Lundgren (2021) argued that the HCR was connected to the rift zone
through the SCR (Y-model), although based on part on a geodetic station (UWD) that may not
have been representative of pressure in the magma system (Anderson & Johanson 2022). Wieser
et al. (2021) also proposed that low-Fo olivine HCR magma may have drained into the SCR and
mixed with its high-Fo cargo before continuing into the ERZ. However, entrapment depths are
broadly consistent with both the reservoirs (Lerner et al. 2021, Wieser et al. 2021), making this
distinction difficult.

Post-eruptive geodetic data have been interpreted in the context of a relatively strong con-
nection between the two reservoirs, but gradually decaying rates of ground subsidence related to
the SCR were not evidently affected by the summit collapse and continued for at least 300 days
after the end of the eruption, whereas magma began accumulating in the HCR region beginning
∼100 days after the end of collapse (Poland et al. 2019, Wang et al. 2021, Anderson & Johanson
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2022). Qualitatively, these observations may suggest rather that reservoirs were only poorly
coupled with one another, and possibly that the SCR was a passive participant in 2018, with its
magma perhaps entering the deep rift zone but not erupting.

Most likely, simple existing models do not adequately account for the complexity of the summit
magma system nor magma transport through a heterogeneous rift zone containing strong spatial
variations in melt fraction. However, Denlinger (2019) showed that a three-dimensional multi-
phase porous flow model can predict evolving co- and post-eruptive deformations, and implies an
ophiolite-like rift zone structure with pressure changes occurring at >2 km depth. Studies of this
kind represent an important step beyond the simple models typically used to interpret geodetic
data and a physically consistent way to couple evolving summit and rift pressures and flow rates.

3.3. Placing 2018 in the Broader Context of Kı̄lauea’s Past

In a conceptual model for the long-term growth of Kı̄lauea, gradual accumulation of magma
pressure, coupled with gravitational stress and rift zone intrusions, drives slow seaward flank
motion away from Kı̄lauea’s buttressed north flank, stressing the décollement. Large flank
displacements release this stress, open the rift zone(s), and depressurize the magma system, which
may result in large-scale summit collapse and/or explosions. Eruptions may become smaller
and less frequent in subsequent years, but magma pressure gradually recovers and gravitational
stress accumulates, eventually resulting in another slip event. In this way, the volcano grows
through coupled, possibly periodic, cyclical magmatic-tectonic processes, and slip on the basal
décollement accommodates the volcano’s growth (Dieterich 1988, Denlinger & Morgan 2014,
Montgomery-Brown & Miklius 2020).

In broad strokes, events of 2018 appear consistent with this general model. Yet, while previous
summit lowerings at Kı̄lauea (a nongenetic term for significant subsidence or collapse events) are
believed to have been triggered by magma withdrawal from summit reservoirs to feed rift zone
intrusions and/or eruptions (Supplemental Text Section 2)—and are thus controlled in part by
rift zone tectonics—they have also occurred in the absence of known large flank earthquakes [e.g.,
1840 (Wright & Klein 2014)] and may be controlled in part by reductions in magma supply rate
(Swanson et al. 2014). Thus, the relation between summit lowering events, rift zone tectonics, and
magma supply is likely complex.

An important question is to what extent lowerings affect the connectivity and stability of
Kı̄lauea’s magma storage and supply system. Geochemical variations in tephras and lavas erupted
over the last 500+ years indicate that these impacts can be significant (Lynn & Swanson 2022).
Low-Fo olivine (e.g., <Fo82) and low-MgO glasses (e.g., <7.0 wt%) that preceded significant
lowering events (e.g., 1500, possibly 1790, and 1924) reflect a system in which incoming mafic
melts are buffered in a relatively large, mature, and stable reservoir. After lowering events, high-
Fo olivine (e.g.,>Fo87) and high-MgO glasses (e.g.,>9.0 wt%) reflect either a disrupted reservoir
system in which incoming primitive mantle melts do not undergo significant evolution prior to
eruption or a period of low magma supply in which large reservoirs are slow to recover.

This pattern was repeated in the years prior to and after the 2018 eruption. Between 2008 and
2018, summit lavas were dominated by low-Fo olivine (e.g., Thornber et al. 2015, Lynn 2022),
while lava erupted from the LERZ in 2018 and the summit in 2020 and 2021 contained a signifi-
cant proportion of high-Fo olivine (e.g., Lerner et al. 2021,Wieser et al. 2021,Lynn 2022,Mourey
et al. 2022) (Supplemental Text Section 6). These relatively abrupt changes in olivine major
element chemistry indicate that the summit collapse perturbed the reservoir system—perhaps
through advective stirring—and enabled the high-Fo olivine to escape the reservoir.However, the
overall compositions of post-2018 lavas was similar to that of pre-2018 lavas (Lynn 2022), suggest-
ing that magma storage and transport pathways were disrupted but not fundamentally changed.
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Major summit collapses in ca. 200 BCE and ca. 1500 CE were closely related to transitions
from dominantly effusive to explosive eruption styles that lasted for centuries (Swanson et al.
2014). The 2018 collapse was much smaller than these events, and was probably more similar to
(although larger than) the summit lowerings common in the nineteenth century, which did not
result in fundamental changes in Kı̄lauea’s eruption style (Wright & Klein 2014). To date, there is
also no evidence of a general transition from effusive to intrusive behavior as occurred following
the 1975 south flank earthquake (Cayol et al. 2000).

4. SUMMARY, OPEN QUESTIONS, AND OUTLOOK

In this section we summarize findings, highlighting points of particular interest and outstanding
questions. We also suggest some possible avenues of future research.

4.1. Summary of Key Findings

Major volcanic eruptions are often preceded by significant unrest and a rapid buildup to failure,
typically driven by magma system pressurization or the migration of magma to shallow depths. In
contrast, unrest in the months preceding the 2018 eruption was minor compared with the scale of
the eruption, and pressure in the subcaldera magma reservoir (HCR) was not much higher than
lithostatic (dike propagation may occur at lower pressures), with the caveat that pressure in the
SCR is largely unknown.Rather, the stage was set for Kı̄lauea’s 2018 eruption by the accumulation
of decades of gravity-induced opening stress on the rift zone as well as gradual magma pressur-
ization due to the accumulation of stored magma. The system was then brought more rapidly to
failure by only a modest backup in the shallow ERZ magma system and, possibly, an increase in
magma supply to the volcano.

Intrusion of magma into Kı̄lauea’s LERZ triggered a large (∼Mw7) décollement earthquake,
which released stress accumulated in the offshore portion of the décollement by gravitational creep
and previous intrusions into the ERZ. The earthquake in turn appears to have promoted magma
flow and further opening of the intrusion.Downrift flow drainedmagma first from theMERZ and
shortly thereafter the summit. The low elevation of the eruptive vents—and possibly rift opening
due to the décollement earthquake—permitted more complete draining of the summit system,
leading to the onset of caldera collapse as roof rock began to subside into the HCR. The eruption
demonstrated that caldera collapses at basaltic shield volcanoes may begin after withdrawal of only
a few percent of stored magma.

Detailed observations of caldera collapse at Kı̄lauea are globally unique and have enabled a
leap forward in understanding. During collapse, reservoir roof rock subsided episodically into the
subcaldera reservoir (HCR) under the force of gravity, pressurizing it, ejecting tephra, driving out
magma, and causing pressure and eruption-rate surges at the vent 40 km distant. Magma pres-
sure driving the eruption (above magmastatic) was very low between the HCR and vent. Thus, it
appears that collapse-induced reservoir pressurization sustained the eruption—and therefore that
the onset of caldera collapse represents a critical threshold in a large eruption sequence. Observed
tephra explosions were not driven by magma-water interactions, as expected from widely accepted
conceptual models, but rather primarily by vent and caldera collapse processes. This suggests a
reevaluation of Kı̄lauea’s 1924 explosions and increases the recognition that basaltic shield vol-
cano collapses can result in hazardous explosive activity through a variety of mechanisms (other
possible hazards include seismic shaking and the generation of tsunamis).

The volume and intensity of the eruption and summit collapse are reflections of the hydraulic
connection between the summit and rift zone and the driving influence of caldera collapse. The
eruption illustrated a magmatic-tectonic system that is tightly interconnected, with (often cyclic)
complex feedback mechanisms and consequently interrelated hazards over tens of kilometers and
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over timescales spanning minutes to decades. The rate of magma supply to Kı̄lauea during the
eruption was roughly two orders of magnitude lower than the eruption rate and did not control the
evolution of the eruption. Rather, both summit- and rift-driven processes including caldera col-
lapse, changes in rift zone magma viscosity, and the evolving intrusion geometry played important
governing roles. Although details of the physical connection between summit magma reservoirs
and the rift zone remain ambiguous, it is likely more complex than previously envisioned.

Kı̄lauea’s 2018 eruption was driven by a complex mix of cascading physical processes, but
gravity played a particularly important role, affecting many parts of the volcano: in long-term
stress accumulation on the décollement, as potential energy (magmatic head) between the summit
and rift zone, and in subsidence of the caldera blocks that drove the eruption. The potential en-
ergy driving these processes was supplied by the ascent of magma into the volcano over previous
decades and centuries. Eruptions like the one in 2018 rebalance the system, converting potential
energy into décollement slip, rift zone opening, and movement of magma tens of kilometers from
the summit.

Extensive draining of the magma system revealed in new detail magma stored in numerous
parts of the volcano in diverse volumes and compositions. At the summit, the caldera collapsed
into several cubic kilometers of compressible magma stored at shallow depth, revealing its ge-
ometry and volume as never before. Magma storage bodies in the ERZ are larger and contain
more potentially mobile magma than generally understood, and their existence adds to evidence
that silicic magmas may be common at basaltic volcanoes (e.g., Wieser et al. 2022) and play an
important role in controlling eruption rate and hazard, in part through their influence on the
composition of erupted lava.

The 2018 eruption confirms and further elucidates ideas about how shield volcanoes like
Kı̄lauea grow and evolve. Despite its historical significance, the eruption was much smaller than
caldera-forming collapses that have heralded transitions to dominantly explosive eras of volcanism
at the volcano in past centuries. Eruptions similar to that in 2018 have happened numerous times
in Kı̄lauea’s past and will happen again.

In many ways, the 2018 collapse was remarkably similar to historical collapses at other basaltic
volcanoes, including triggering by low-elevation rift zone intrusions (some, as at Bárdarbunga, also
propagating tens of kilometers) and cycles of abrupt summit collapse accompanied by inflationary
ground deformation and release of VLP seismic energy (e.g., Michon et al. 2011, Gudmundsson
et al. 2016). A pattern begins to emerge of a class of eruptions more common than previously
recognized (e.g., Sigmundsson 2019) in which sublateral magma flow to low elevations efficiently
drains summit reservoirs, triggering episodic caldera collapse, which in turn drives magma out-
flow, sustaining eruptions. Because these kinds of eruptions can efficiently move large volumes of
magma large distances in relatively short periods of time, they represent a significant hazard even
tens of kilometers from volcanic summits (Sigmundsson 2019).

4.2. Open Questions and Avenues for Future Work

Here we present 10 open questions that we view as particularly important and, we hope,
amenable to future progress. New questions will arise with further work, and many new mysteries
presumably await.

1. Did changes in magma supply rate (MSR) precede and/or follow the 2018 eruption, and if so, what
was the causal mechanism? The possibility of an increase in MSR remains circumstantial but
intriguing (see, for instance, the rate of Pāhala earthquakes in Figure 3a) and could portend
amore active system in the future.Resolving changes inMSRmay improve our understand-
ing of the governing physical controls and, perhaps, magma supply paths (e.g., Dvorak &
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Dzurisin 1993). Efforts to better understand the relation betweenMSR and potential proxy
observations such as earthquake rates, high-Fo olivine, 3He/4He ratios, and CO2 emissions
(currently not well constrained at Kı̄lauea) are warranted; MSR may also be constrained
using post-2018 geodetic and eruption rate data together with mass-balance models.

2. What is the role of décollement earthquakes in promoting rift opening, large eruptions, and summit
collapses? Historically, rift zone intrusions and summit draining events have often—but not
always—been closely associated with flank slip events. How (or even if ) the 2018 ∼Mw7
earthquake facilitated magma transport and/or storage in the rift zone, sustaining the erup-
tion and promoting collapse, remains unclear. Analysis of historical eruptions may prove
illustrative, better elucidating the complex interactions that appear to give rise to quasi-
periodic magmatic-tectonic cycles at Kı̄lauea, and helping to resolve the roles of magma
supply,magma pressure, gravity, and even stress imparted by neighboringMauna Loa.Clues
may also be found at other global rift zone volcanoes, some of which similarly show strongly
correlated magma-flank interactions (e.g., Krafla and Etna), and some of which do not (e.g.,
Ambrym).

3. How do basaltic calderas collapse, and what are the inferences for magma storage and nonvolcanic
earthquakes? Observations of episodic collapse at Kı̄lauea are surprisingly consistent with
simple models, yet the growth and geometrical complexity of faulting throughout the col-
lapse sequence (including its influence on geophysical data), the role of preexisting geologic
structures and heterogeneous fault properties, slip nucleation and acceleration, inelastic de-
formation of the subsiding blocks, creeping intercollapse subsidence, and the interaction
between the subsiding roof blocks and the magma reservoir are all only crudely understood.
Detailed analysis of extensive visual imagery should resolve the morphological evolution
of the caldera in detail, permitting comparison with subsurface processes as inferred from
geophysical data. Collapse models utilizing particle-based approaches (e.g., Holohan et al.
2015, Mullet et al. 2023) or three-dimensional dynamic and quasi-dynamic rupture and
collapse cycle simulations may predict the spatiotemporal evolution of fault slip and reser-
voir pressure. These models may be related with seismic waveforms and high-rate geodetic
data, yielding insight into faulting, subcaldera magma storage, and the internal structural
evolution of the caldera. Comparing Kı̄lauea with other basaltic collapses will help sep-
arate universal driving physics from volcano-specific geometries and material properties.
Progress should improve scientists’ ability to understand and forecast the onset and evolu-
tion of caldera collapses, while insights into fault friction and earthquake mechanics should
have important implications for understanding nonvolcanic earthquakes as well.

4. How can lessons from the 2018 collapse be applied to other eruptions?The conditions under which
caldera collapses begin and evolve are influenced by myriad factors including the physical
properties of the subcaldera magma system (e.g., maturity, compressibility, geometry) and
the roof rock (e.g., preexisting structures). These conditions can vary greatly between vol-
canoes and even over time at the same volcano, so it is perhaps surprising that all (or nearly
all) historical basaltic caldera collapses evolved episodically rather than continuously. Com-
parison with past events at Kı̄lauea—furthered by new studies to better elucidate collapse
(lowering) cycles over Kı̄lauea’s past 2,500 years—will be useful to ascertain, for instance,
why summit collapses have beenmore frequent during some periods, and why low-elevation
LERZ intrusions and eruptions in 1955 and 1960 did not result inmajor summit failure [tec-
tonic effects (question 2) and Kı̄lauea’s 2008–2018 lava lake were likely important]. Finally,
an important long-term goal will be to determine how lessons learned from basaltic col-
lapses may or may not be applied to explosive silicic caldera-forming eruptions, which can
be some of Earth’s most hazardous natural phenomena.
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5. How complex is the geometry of magma storage beneath Kı̄lauea’s summit, and how does magma
enter the ERZ?Our conception of Kı̄lauea’s summit magma storage system is shaped in part
by reliance on geometrically simple deformation and seismic source models, the limitations
of which have been highlighted by the remarkable data collected in 2018. The basic phys-
ical properties of the SCR remain unclear, along with the reservoir’s role in triggering and
supplying the 2018 eruption. Furthermore, the physical connections between the summit
storage reservoirs and the ERZ remain one of the great outstanding questions of Kı̄lauea’s
magma plumbing system. We expect many new insights in the coming years through the
development of geodetic models and physics-based magma flow models that utilize the dif-
ferent spatiotemporal deformation patterns of the two reservoirs, include more complex
source geometries, and couple magma withdrawal with rift zone magma flow and eruption.
Improved characterization of ERZ magma surges may also elucidate details of summit-rift
zone connectivity as well as flow in the rift zone (next question).

6. How does magma accumulate and flow in the rift zones? The mechanisms and durations over
whichmagma storage zones in the ERZ form and fail (permitting downrift flow); their com-
positions and physical characteristics, volumes, depths (including the possibility of storage
in the deep rift); and their relation to the long-lived eruption at Pu‘u‘ō‘ō all remain unclear.
The delay between the Pu‘u‘ō‘ō collapse and onset of summit deflation, the delay between
caldera collapse events and eruption surges, and draining and subsequent refilling of the
MERZ offer many clues into rift zone storage geometries and physical properties (e.g.,
melt fractions). Changes in deformation rates should also help to separate the role of mag-
matic and gravitational forces in flank slip, and an improved post-2018 monitoring network
may better detect any magma flow into the LERZ. Models based on the physics of magma
flow—including those that account for the porous flow of magma through a crystal mush—
can utilize diverse observations and be used to constrain volumes, physical properties, and
connectivities.

7. How were summit explosions produced by caldera collapse?Tephra emissions are common during
basaltic collapses, and explosive activity is common at Kı̄lauea—yet closely observed explo-
sions at shield volcanoes are rare. The 2018 eruption yielded a rich library of plume photos
and videos that remains largely untapped, together with weather radar data, related geo-
physical signals, and tephra samples. These observations have only begun to be exploited
and may shed light on the shallow magma system, the mechanisms by which caldera col-
lapses explosively eject tephra, and contribute more generally to efforts to model volcanic
tephra plumes.

8. How did summit-driven and rift-driven processes interact to control and ultimately end the eruption?
The physical mechanisms relating changes in caldera collapse with changes in the LERZ
eruption (magma composition and eruption rates) are not understood. Furthermore, de-
spite abundant monitoring data, the end of the 2018 eruption was unexpected. A careful
search for subtle changes in monitoring data—such as the geophysical signals produced by
the repetitive summit collapse events—may yet reveal precursory changes. An improved
understanding of the role of the SCR in driving the eruption is also required (question 5)
in order to fully understand its end.

9. How did the 2018 eruption change Kı̄lauea, and how do Hawaiian volcanoes interact with one
another?The long-term effects of the 2018 eruption are not yet clear and could conceivably
include increases inMSR, changes in flank tectonics, and changes in rift zonemagma storage
and downrift flow in the post-Pu‘u‘ō‘ō ERZ (a related question is when and where eruptions
will once again resume in the ERZ). It also remains unclear how 2018 may have manifested
on other major structures at Kı̄lauea, such as the SWRZ. Hazard managers will also need
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to contend with the possibility of a more active Mauna Loa, which experienced heightened
unrest following 2018 and erupted in 2022 after a 38-year repose. Efforts to resolve any
changes before they manifest as eruptive activity are important for providing actionable
hazard forecasts and should help better resolve the physical processes by which Hawai‘i’s
volcanoes and geologic structures are coupled.

10. Can large caldera-rift eruptions and associated hazards be effectively forecast? Ultimately, a pri-
mary goal of volcanology is to forecast the onset, style, duration, and volume of eruptions.
In 2018, volcanologists correctly anticipated a change in the ongoing Pu‘u‘ō‘ō eruption but
not the scale of subsequent events, despite observations of similar past activity at Kı̄lauea
and other basaltic volcanoes. Connecting short-term monitoring data with insights from
long-term activity and from global eruptions is thus a challenge, as is anticipating the com-
plex cascading physical processes thatmay occur during an eruption.Nonetheless, improved
understanding of Kı̄lauea’s magmatic-tectonic system hints at a future in which models and
monitoring data are coupled to track the stress state of the volcano’s flanks together with
changes in magma pressure that push the system toward failure, yielding an evolving prob-
abilistic assessment of hazard. Improved understanding of periodicity in magmatic-tectonic
activity, changes in MSR, silent magma injection into the rift zones, and the role of long-
lived MERZ eruptions in promoting rift failure would improve these efforts. Improved
caldera collapse models may also someday be employed to track an evolving collapse se-
quence, foretelling individual collapse events and/or the cessation of the eruption. Finally,
while volcanologists had success in 2018 assessing and forecasting hazards using a variety
of methods, including expert elicitation and lava flow models, much more work is needed
to improve our ability to quantitatively forecast possible hazards during large rift-caldera
eruptions, including those from related hazards such as ground shaking and tsunamis. The
2018 eruption also reinforced the challenges associated with quantifying and communicat-
ing uncertainties in these potential outcomes to the public, suggesting new efforts at the
interface of volcanology, statistics, and communications.

4.3. Final Thoughts

The 2018 eruption of Kı̄lauea Volcano offered an unprecedented opportunity to witness and study
volcanic processes occurring in concert along a 40-km-long volcanic segment, elucidating in re-
markable detail processes that occur widely at Earth’s volcanoes. This watershed event will have
an outsized influence on our understanding of global basaltic volcanism and associated hazards.

Nonetheless, Kı̄lauea’s 2018 eruption was but one of several recent basaltic eruptions of
consequence. These include rift-driven basaltic caldera collapses at Miyakejima, Piton de la
Fournaise, and Bárdarbunga (Nakada et al. 2005, Michon et al. 2007, Gudmundsson et al. 2016);
intrusions and lava lake drainage at Ambrym andNyiragongo (Shreve et al. 2019, Smittarello et al.
2022); and months-long eruptions at Fagradalsfjall and La Palma, which, as at Kı̄lauea, permitted
the implementation of numerous observational techniques (Bindeman et al. 2022, Wadsworth
et al. 2022). Together, these eruptions have substantially improved understanding of basaltic
volcanism.

Kı̄lauea’s 2018 eruption inspired efforts to improve the institutional capacity of the USGS to
respond to major volcanic eruptions (Williams et al. 2020), contributed to improved communica-
tions within the volcanological community, and brought new resources to bear on understanding
the volcano. The National Science Foundation (NSF)-funded CONVERSE initiative arose in
part from the 2018 eruption to better coordinate critical data collection efforts and maximize
scientific returns during eruptions (Fischer et al. 2021), and has already borne fruit during several
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post-2018 Hawaiian eruptions (Cooper et al. 2023). The US Congress also allocated disaster
supplemental funding to enhance monitoring of Hawaiian volcanoes and support new research
projects. These efforts should help to usher in a new era of cooperative volcanology at Kı̄lauea
and other volcanoes.

The basic conceptual model of Kı̄lauea—developed and refined over more than a century of
intensive research into Hawaiian volcanism (e.g., Eaton & Murata 1960, Tilling & Dvorak 1993,
Ryan 1988, Poland et al. 2014)—stood up remarkably well to the test of 2018. Indeed, it is per-
haps surprising how unsurprising the 2018 eruption was in many ways. Yet, volcanological puzzles
abound, a wealth of observational data remain largely untapped, and a new generation of sophis-
ticated models are only beginning to be developed and employed. We expect that many of the
scientific conclusions presented in this review will require extensive revision by work conducted
in the coming years.

Finally, although the 2018 eruption of Kı̄lauea was exceptionally well documented by historical
standards, similarly detailed observations are likely to become increasingly common during future
eruptions around the world. In this sense, the 2018 eruption may herald a new era of volcanol-
ogy in which eruptions are recorded in a wide variety of local and remote field, geophysical, and
petrological data sets.These observations should support a new generation of detailed analysis and
modeling efforts but will require interdisciplinary scientific coordination across disciplines, insti-
tutes, and international boundaries.We anticipate that well-recorded eruptions, such as at Kı̄lauea
in 2018, will motivate enduring collaborations that leverage collective skills of the broader sci-
ence community, driving leaps in our ability to understand volcanic systems and forecast hazards
throughout the twenty-first century.
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