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In 2018, Kīlauea Volcano experienced its largest lower East Rift Zone (LERZ) eruption and
caldera collapse in at least 200 years. After collapse of the Pu‘u ‘Ō‘ō vent on 30 April,
magma propagated downrift. Eruptive fissures opened in the LERZ on 3 May, eventually
extending ~6.8 kilometers. A 4 May earthquake [moment magnitude (Mw) 6.9] produced
~5 meters of fault slip. Lava erupted at rates exceeding 100 cubic meters per second,
eventually covering 35.5 square kilometers. The summit magma system partially drained,
producing minor explosions and near-daily collapses releasing energy equivalent to Mw

4.7 to 5.4 earthquakes. Activity declined rapidly on 4 August. Summit collapse and
lava flow volume estimates are roughly equivalent—about 0.8 cubic kilometers. Careful
historical observation and monitoring of Kīlauea enabled successful forecasting of
hazardous events.

V
olcanic eruptions at basaltic shield vol-
canoes can threaten communities and
infrastructure with a variety of hazards,
including lava flows, gas emissions, explo-
sions, and tephra fall, as well as damaging

seismicity, ground collapse, and tsunami. Erup-
tion impacts can become global if sufficient ash
or gas are transported through the atmosphere
or if ocean-crossing tsunamis are generated.
The 2018 eruption of Kīlauea Volcano inHawai‘i
included both a summit caldera collapse and a
flank fissure eruption, a complex event observed
only a handful of times inmodern history. Other
large andwell-documented caldera-forming erup-
tions at basaltic systems worldwide have been
partially obscured [e.g., Bárðarbunga in Iceland,
which collapsed in 2014–2015, is covered by a
glacier; (1, 2)] or occurred over periods of hours to
a few days [e.g., Fernandina in 1968,Miyakejima
in 2000, and Piton de la Fournaise in 2007;
(3, 4, 5)]. Thanks to excellent accessibility and
a dense network of geological, geochemical, and
geophysical instrumentation, large datasets from
the 2018 events at Kīlaueawill prompt new scien-

tific understanding of, for example, how calderas
collapse and how caldera and rift zone systems
interact. In addition, the eruption and emergency
response underscore the value of long-term ob-
servations to the science of volcanology and to
risk mitigation.

Buildup to 2018 activity

Kīlauea Volcano (Fig. 1), on the southeast side of
the island of Hawai‘i, is supplied with mantle-
derived magma that enters the shallow magma
plumbing system below the summit caldera.
Summit area magma can be stored, erupted, or
transported laterally at shallow depth (~3 km)
up to tens of kilometers along the volcano’s rift
zones—long, narrow areas of persistent eruption
that are a hallmark of shield volcanoes. Before
30 April 2018, Kīlauea had been erupting from
two vents: (i) a lava lake within Halema‘uma‘u
crater at the summit, active since 2008 (6), and
(ii) Pu‘u ‘Ō‘ō cone and nearby vents in the East
Rift Zone (ERZ, Fig. 1), ~20 km from the summit,
active since 1983 (7–9). The summit lava lake
was characterized by emission of gas and small

amounts of ash, whereas the ERZ eruption pro-
duced ~4.4 km3 of lava over 35 years [updated
from (9)].
In mid-March 2018, tiltmeters at Pu‘u ‘Ō‘ō

began to record inflationary ground deforma-
tion that was probably due to accumulation of
magma. Previous episodes of pressurization at
Pu‘u ‘Ō‘ō resulted in the formation of new erup-
tive vents within a few kilometers, for example,
in 2007 (10), 2011 (9), and 2014 (11). The pressure
increase continued through March and April,
causing the lava pond at Pu‘u ‘Ō‘ō to rise and
prompting the Hawaiian Volcano Observatory
(HVO) to issue a warning on 17 April that a new
vent might form “either on the Pu‘u ‘Ō‘ō cone
or along adjacent areas of the East Rift Zone.”
The pressure increase eventually affected the
entire magma plumbing system, causing the
summit lava lake to rise and ultimately overflow
onto the floor ofHalema‘uma‘u crater on 21 April,
with another hazard notice issued by HVO on
24 April.

Lower ERZ eruption

At 2:15 p.m. Hawaii Standard Time (HST) on
30 April (Fig. 2), geophysical data began indi-
cating rapid changes occurring in the middle
ERZ (MERZ) magma system. Collapse of the
Pu‘u ‘Ō‘ō crater floor was followed by ground
deformation and eastward-propagating seis-
micity that indicated downrift intrusion of a
dike toward the populated lower ERZ (LERZ).
On 1 May, HVO issued a warning to residents
downrift that an eruption was possible. Seismic-
ity and ground deformation provided indications
of extensional deformation associated with a
magmatic intrusion. Ground deformation was
measured with borehole tiltmeters, real-time
Global Navigation Satellite System (GNSS), and
satellite interferometric synthetic aperture radar
(InSAR), the latter of which included an acquisi-
tion by the European Space Agency’s Sentinel-1
satellite on 2May. These data indicated that the
intrusionwas approaching the Leilani Estates sub-
division, about 20 kmdownrift fromPu‘u ‘Ō‘ō. The
first of 24 eruptive fissures opened within the sub-
division just before 5:00 p.m. HST on 3 May.
The eruptive fissures that formed during the

first week of the LERZ eruption were up to sev-
eral hundred meters long and generally short-
lived (minutes to hours), with spatter and lava
accumulating within a few tens of meters of
individual vents. The sluggish lava was of a
composition (≤5 weight % MgO) that suggested
long-term storage before eruption. It was also
chemically similar to lava erupted in the same
area in 1955 (12), implying that the magma had
been stored in the rift for decades.
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On 4 May, the largest [moment magnitude
(Mw) 6.9] earthquake on the island in 43 years
occurred beneath Kīlauea’s south flank at a
depth of ~6 km based on seismic data (Fig. 3).
Focal mechanism analysis suggests that the
earthquake was probably located on the sub-
horizontal basal décollement fault between
the volcanic pile and the preexisting seafloor
(13). Ground deformation models indicate up
to ~5m of seaward fault slip (Fig. 3) based on up
to 0.7 m of coseismic seaward displacement at
GNSS stations. The aftershock pattern was con-
sistent with our geodeticmodel, with a slip patch
extending 25 km offshore and spanning an area
of about 700 km2. The earthquakemay have been
motivated by the dike intrusion—a hypothesis
that is supported by stress models showing that
rift-zone opening promotes décollement fault
failure (14, 15). Earthquakes (usually in themag-
nitude 4 to 5 range) have also occurred during
and immediately after past Kīlauea ERZ intru-
sions [e.g., the 2007 Father’s Day intrusion, (10)].
Wemodeled Advanced LandObserving Satel-

lite 2 (ALOS-2) and Sentinel-1 interferograms

spanning the first few days of the LERZ erup-
tion and found contraction along much of the
MERZ, along with up to ~4 m of subsurface
opening in the LERZ (Fig. 3). After the onset
of eruption, we found evidence of downrift prop-
agation of the intrusion from earthquake activ-
ity and deformation. On 10May, HVO issued a
status report suggesting that more lava out-
breaks were likely, and on 12 May, a new fis-
sure opened 1.6 km downrift of the previous
eruptive activity in a location where earthquakes
had clustered in the previous 2 days. On 18 May,
hotter and less viscous lava began erupting
(movie S1), resulting in long, fast-moving lava
flows that reached the ocean on the southeast
side of the island 5 days later. This change in
eruptive character provided an indication, sup-
ported by changes in chemical composition, that
“fresh”magma derived from the summit and
MERZ was now beginning to erupt from the
LERZ fissures.
To assess changing lava hazards to now-

threatened surrounding communities, HVO
produced rapid preliminary lava flow path fore-

casts based on steepest-descent path modeling
[Fig. 4; (11, 16, 17)]. Throughout the eruption,
lava flow path simulations that utilized updated
topography were run from active flow fronts,
new fissures, and channel overflow locations,
yielding maps of likely future flow directions
(Fig. 4).
Eruptive activity resumed at fissure 8, in east-

central Leilani Estates, late on 27 May (Fig. 4),
and activity became focused therewithin 12 hours,
on 28 May. Lava fountains reached heights of
80 m and fed a rapid channelized flow that ulti-
mately entered the ocean near the eastern tip
of the island (following potential routes indi-
cated in the initial forecast, Fig. 4). SO2 emissions
climbed to more than 50,000 metric tons per
day, severely affecting air quality across the
island and reaching as far as Guam (>6000 km).
Estimated effusion rates ranged from 50 to
200 m3/s (dense-rock equivalent) during this
part of the eruption. Effusion of large amounts
of lava ended abruptly on 4 Aug 2018. On the
basis of a combination of topographic differences
and fissure 8 vent flux over time, we estimate a
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Fig. 1. Map showing the location of Kīlauea Volcano on the island of
Hawai‘i and the general geographic features of the volcano. Kīlauea
Volcano is indicated in light gray. Gray lines are roads, and dots mark the
locations of monitoring stations (geodetic, seismic, gas, or camera).
Locations of summit and Pu‘u ‘Ō‘ō eruptive vents are indicated with red

circles. The green area indicates the ERZ. The inset on the bottom right
is a magnified view of the LERZ, showing a map of LERZ lava flows
(39), with colors indicating the week during which a particular part of the
flow was active. The labels 1 to 24 indicate eruptive fissure locations
numbered according to the order of their formation.
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preliminary bulk erupted volume of ~0.8 km3 to
possibly greater than 1 km3 of lava. The volume
of the 2018 intruded dike (Fig. 3C and fig. S2)
is about 10% of the erupted volume.

Summit collapse

Summit subsidence and lava lake withdrawal
began gradually on 1 May and accelerated in
the days after theMw 6.9 earthquake (Fig. 2). The
summit lava lake level, which in previous years
rose and fell in concert with summit deformation
and adjustments in vent elevation of Pu‘u ‘Ō‘ō
(18), dropped more than 300 m and was no
longer visible from the crater rim by 10 May. In

1924, a substantial drop in lava level associated
with a LERZ intrusion was followed by explo-
sive activity that included ash emissions and
ejection of blocks onto the caldera floor (19). The
hypothesis for the 1924 explosions had been that
they resulted from groundwater mixing with the
hot rock of the recently evacuated magma con-
duit (20, 21). On the basis of this analogy, HVO
issued a warning of “the potential for explosive
eruptions in the coming weeks” on 9 May.
By 10 May, sporadic ejections of mixed juve-

nile and lithic ash reached heights of ~2000 m
above the summit eruptive vent (e.g., see Fig. 2),
accompanied by hundreds of magnitude 3 to 4

summit earthquakes per day. Most of Hawai‘i
Volcanoes National Park closed on 11 May be-
cause of the increase in seismicity and in antic-
ipation of further explosive activity. On 16May,
1 day after HVO issued a notice of the potential
for stronger explosions, the first of several small
explosive events occurred, ejecting nonjuvenile
ash that was transported southwest by the wind,
while small (<1 m) ballistic blocks landed within
a few hundred meters of the vent.
Minor explosions continued, and slope fail-

ures widened the former eruptive vent that had
contained the lava lake as summit deflation
progressed through May. From 16 to 26 May,
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Fig. 2. Timeline of Kīlauea’s 2018 eruptive activity with representative
geodetic and seismic data. On the map, triangles marked with three- and
four-letter codes (NPIT, CALS, UWD,WAPM, and NANT) are geodetic station
locations. (Top) Activity in the summit area of Kīlauea through the time
series of GNSS sites located near the initial focus of collapse (NPIT)
and farther away (CALS). Near-daily collapse events are manifested as
spikes on the UWD tiltmeter and in hourly summit-area earthquake counts.

HMM, Halema‘uma‘u crater. (Bottom) LERZ activity, where deformation
was observed by twoGNSS sites (WAPM and NANT) on the north side of the
fissures. The initial intrusion produced more than 2 m of northward
displacement at WAPM and coincided with substantial seismicity. After
a swarm of about 100 earthquakes at Pu‘u ‘Ō‘ō on 30 April to 1 May, MERZ
seismicity rates were around one to two events per hour, much less than
rates at the summit and LERZ.
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12 explosions occurred at intervals of 8 to 45 hours.
Each early event was characterized by an infla-
tionary tilt step, very-long-period (VLP) seismic
signals ofMw 4.7 to 5.1, and a small amount of
high-frequency shaking. Moment tensor inver-
sions reveal a complex source process dominated
by changes in volume rather than the slip on a
planar fault that is typical of a tectonic earth-
quake. Plume heights from small explosions
varied because of eruption intensity and atmo-
spheric conditions, with the largest reaching
about 8100 m above ground level on 17 May.
Summit SO2 emission rates increased by two
to three times and peaked during this stage of
explosive activity. This trend is not compatible
with the groundwater origin for the source of
the explosions and also calls into question the
hypothesis put forth for the 1924 activity (20–22).
Starting near the end of May, the floor of

Kīlauea caldera around Halema‘uma‘u crater
began to subside as thewalls of the crater slumped
inward (movie S2). As the vent filledwith rock-fall
rubble, the background plume of ash from the
vent greatly diminished,magmatic gas emissions

decreasedmarkedly, and ash eruption gradually
slowed. A total of 62 collapse events occurred
between May and early August. Seismic, infra-
sonic, and geodetic signals settled into a nota-
bly consistent pattern characterized byMw 5.2 to
5.4 VLP collapse events occurring almost daily,
with intervening escalating earthquake swarms
exceeding 700 earthquakes ofmagnitude≤4.0 per
day. During this phase, higher-frequency seismic
energy and strong infrasound signals accompanied
the notably consistent VLP signal originally as-
sociated with explosions, and the caldera floor
dropped several meters during each of the large
events, ultimately deepening in places by more
than 500m (Fig. 5). The persistent high levels of
seismicity caused substantial damage to infra-
structure in Hawai‘i Volcanoes National Park, in-
cluding to the by-then-evacuated HVO facility.
The episodic subsidence of the caldera floor

was likely driven by the nearly constant magma
withdrawal from the summit reservoir system to
feed the LERZ eruption (as seen elsewhere, e.g.,
1–4). Starting in July, transient tilt signals were
detected at downrift instruments following sum-

mit collapse events, suggesting that the collapses
were driving pressure increases that propagated
down the ERZ. Some of these pressure transients
were followed by observations of increased effu-
sion rate at the LERZ eruption site. The summit
subsidence largely stopped by 4 August—about
the same time as the endofmajor LERZ effusion—
and the last collapse event occurred on 2 August.
The 0.825-km3 volume of the collapse (based on
topographic differences; Fig. 5) is similar to the
bulk volume of LERZ effusion.

Synthesis of 2018 activity

The 2018 activity at Kīlauea reflects changes in
a well-connected magmatic plumbing system
from the volcano’s summit to its lower flank
(Fig. 6). The summitmagmatic system consists of
at least two magma storage areas, one centered
about 1 to 2 km beneath the former east margin
of Halema‘uma‘u crater and another larger one
3 to 5 km beneath the south part of the caldera
[Fig. 6; (23)]. Deformation associated with the
2018 collapse suggests substantial drainage of
the shallower reservoir.
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Fig. 4. Example lava flow forecast map.
Initial lava flow path forecast for the fissure 8
(red triangle) flow on 27 May (light orange to
red colors) compared to the mapped flow
extent on 3 June (black outline) and pre-eruptive
lines of steepest descent [blue lines; (16)].
Potential flow paths were simulated with
DOWNFLOW (17) from approximate flow-front
positions reported by field crews (in this
case, at the flow margin on the road, rather
than from the true inaccessible flow front
further east) and pre-eruptive topography
updated within the extent of new flows.
Resulting maps were preliminary for
operational use and produced on-demand
as the flows progressed, following decades
of syn-eruptive flow mapping and expanding the
past use of steepest-descent paths for flow
modeling. The dashed arrow indicates
the approximate initial flow from which the
flow-front emanates.
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Fig. 5. Digital elevation changes at the
summit of Kīlauea Volcano. LIDAR
(light detection and ranging) digital
elevation models (DEMs) of Kīlauea’s
summit from 2009 (left) and 11 August 2018
(right), showing the collapse of the
caldera. Black lines indicate roads; the
locations of the HVO and former lava
lake are indicated. The red and blue lines
correspond to the locations of the
cross sections shown at the bottom.
The difference between the 2009 and
2018 topographic profiles gives the
amount of subsidence that occurred
almost entirely since 1 May 2018. The photo
at the top was taken northwest of the
caldera looking to the southeast after the
collapse. a.s.l., above sea level.
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Caldera collapses have been observed under
challenging circumstances at only a few vol-
canoes worldwide [e.g., Miyakejima, Piton de
la Fournaise, Fernandina, and Bárðarbunga;
(1, 4, 5, 24)]. At Kīlauea, substantial, protracted,
incremental caldera collapse occurred in the
midst of a strong monitoring infrastructure,
providing abundant opportunity for observation
and investigation and helping to refinemodels of
hazardous volcanic activity. As an example, the
1924 explosions were interpreted as being the
result of the interaction of water with hot rock.
The 2018 explosions of lithic ash were accom-
panied by heightened SO2 emissions, suggesting
the collapse and rockfalls may have agitated the
magmatic systemand released gas that entrained
rockfall debris. These observations are not only a
window into activity in 2018 but will also facili-
tate reinterpretation of past events.
The high effusion rate of the LERZ vents was

sustained longer than that of any observed
Kīlauea eruption. Although past eruptions have
producedmore total lava, the effusion rates were
much lower, and the eruptions lasted for years to
decades (7, 25–27). The voluminous 2018 erup-
tive activity was probably driven by a combi-
nation of factors, foremost among these being
the pressurized pre-eruptive state of the summit
and ERZ and the relatively low elevation of the
eruptive vent. Past eruptions on the ERZ have
demonstrated a correlation between the magni-
tude of total coeruptive summit deflation and
vent elevation, with the greatest summit defla-
tion coinciding with the lowest-elevation vents
(18, 28). The summit collapse, however, might
also act as a mechanism to drive magma toward
the rift zone, as suggested by the ERZ pressure

pulses. Additionally, LERZ effusive surges were
occurring, ofwhich some in July followed collapse
events at the summit. These observations reflect
a complex feedback process between the LERZ
eruptive vent and the summit collapse.
The initiation mechanism for the extraordi-

nary 2018 LERZ eruption and summit collapse
remains enigmatic. Previous episodes of infla-
tion at Pu‘u ‘Ō‘ō resulted in the formation of new
eruptive vents nearby, but not in the downrift
transport of large amounts ofmagma. One expla-
nation is that the initial rupturing of a barrier in
theMERZ allowed substantial volumes ofmagma
to move into the LERZ for the first time since
1960, and the highly pressurized state of the
magmatic system probably facilitated down-
rift transport of magma from the summit. Long-
term flank slip and deep ERZ opening promotes
extension in the shallow rift [e.g., (29, 30)], so
the LERZwas already primed for an intrusion by
2018, given that almost 60 years of extension had
accumulated since the last intrusion. The 4 May
Mw 6.9 earthquake may have also aided magma
transport (31), because décollement fault slip
can result in rift-zone opening [e.g., (32)]. The
strong hydraulic connection between the sum-
mit and LERZ, once established, remained until
the summit magmatic system drained to a point
at which the LERZ eruption could no longer be
sustained.
The 4 MayMw 6.9 earthquake marked an im-

portant event in the magmatic cycle of Kīlauea
Volcano. Major flank slip events occur frequently
on Kīlauea. A suggested cycle, in which the flank
progressively stiffens as it nears the next flank
earthquake, results in gradually increasing mag-
matic head andmore frequent eruptive activity

(33). Once the flank slips, the magmatic head
drops, and eruptions become smaller and less
frequent. The latest example of such a period
occurred after the 1975 Mw 7.7 Kalapana earth-
quake. Between that earthquake and the begin-
ning on the Pu‘u ‘Ō‘ō eruption in 1983, only three
small eruptive events occurred, although there
were at least a dozen intrusive events (33).
The loss of magmatic head due to the earth-

quake, coupled with the evacuation of magma
from the summit in 2018, suggests that it may
take several years before enough magma can
accumulate beneath the summit to erupt. After
the 1924 summit collapse, which may also have
been associated with flank instability (33), only a
few small eruptions confined to Halema‘uma‘u
crater occurred in the ensuing 10 years, and there
was a total absence of eruptions anywhere on the
volcano for another 18 years. If future activity at
Kīlauea follows a similar pattern, the next several
years will see little, if any, sizeable eruptive activ-
ity. However, it is also possible that reduced sum-
mit magma pressure may promote higher rates
ofmagma supply from depth owing to a pressure
imbalance between the deep and shallow parts
of Kīlauea’s magma plumbing system [e.g., (34)],
which could result in renewed eruptive activity
sooner than expected. The next several years offer
an exceptional and exciting opportunity to study
the evolution of magmatism following a major
perturbation to Kīlauea’s plumbing system.

Volcano observatory science and
emerging technology

Since HVO’s founding in 1912, its scientists have
been committed to better understanding how
Hawaiian volcanoes work, deciphering eruption
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histories, and improving strategies for respond-
ing to eruptions and issuing public hazard noti-
fications. Indeed,HVO’s founder, Thomas Jaggar,
held that earthquake and volcano processesmust
be studied not only after the event but also before
and during their occurrence. Only by such long-
term study, he reasoned, could such processes be
understood sufficiently to allow for effective risk
reduction, including forecasting (35). The 2018
LERZ eruption and summit collapse of Kīlauea
challenged HVO like never before to apply the
lessons learned inmore than 100 years of study.
Intensive observations of historical eruptions
provided a framework (but not absolute con-
straints) for interpreting the activity and asso-
ciated hazards (36–38). Eruptions in Kīlauea’s
LERZ in 1955 and 1960 were both accompanied
by large summit subsidence (although not to the
degree of the current episode), and withdrawal
of a lava lake in 1924 preceded explosions at the
summit. This knowledge of Kīlauea’s geology
was augmented by a comprehensive instrumen-
tal monitoring network of geological, geochem-
ical, and geophysical sensors spread across the
volcano and deployed in response to the unfold-
ing eruption and summit collapse (Fig. 1).
This eruption also enabled the broader use

of emerging technologies, such as the use of un-
occupied aircraft systems (UAS), infrasoundarrays,
inexpensive webcam networks, real-time GNSS,
multimedia communication systems, and alarm
systems for automatic notification of specific
parameters. For example, infrasonic alarms were
developed to alert on changes in summit or rift-
zone eruption location or vigor, complementing
existing seismic alarms. These were integrated
into an enhanced real-time communication sys-
tem (voice, text, images, and video),which enabled
transparent and instantaneous information trans-
fer between field observers and scientists moni-
toring data. On-demand lava flow pathmodeling
(Fig. 4) based on topography updated during
the eruption augmented steepest-descent paths
to identify changes in potential flow paths. SO2

emission rates were continuously used to update
air-quality forecasts for the island, and gas com-
positions were tracked in nonevacuated areas
along the fissure axis to monitor for potential
signs of ascendingmagma. Rapid chemical and
petrographic lava sample analysis provided in-
formation on changing magma compositions
while the eruption progressed. Frequent UAS
fights facilitated much of this work, for exam-
ple, by enabling gas emissionmeasurements and
topographic data collection from areas that would
not otherwise be accessible. Simultaneously, the
geologic record guided thinking about potential
outcomes of the eruption and collapse, includ-
ing the size and type of summit explosions and
the duration and volume of the LERZ eruption.
Application of these methods has the potential
to aid in future eruption responses in Hawai‘i
and elsewhere.

Concluding remarks

The protracted 2018 summit collapse and flank
eruption at Kīlauea provided an outstanding op-

portunity to observe andmeasure hazardous vol-
canic phenomena using an array of techniques
with exceptional resolution in both space and
time. These observations have already yielded
new insights into poorly known processes such
as caldera collapse, small-scale explosive basaltic
volcanism, vigorous lava effusion and degassing,
andmagma transport and flank stability at shield
volcanoes. Continued exploitation of these rich
datasets will undoubtedly yield additional dis-
coveries thatwill refine understanding of Kīlauea
Volcano and volcanic processes and hazards in
general. The success of HVO in detecting and, to
the extent possible, forecasting various elements
of the 2018 eruptive activity is a strong argument
for continuous and intensive ground-basedmoni-
toring of geologic processes to inform hazards
assessment and riskmitigation. Furthermore, the
collective scientific response and lessons learned
during this most recent Kīlauea eruption offer
emphatic validation of Thomas Jaggar’s vision
for the role and value of a volcano observatory.
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which matched the change in volume at the summit.
fissures. A total volume of 0.8 cubic kilometers of magma erupted, roughly the equivalent of 320,000 swimming pools, 
cyclic inflation, deflation, and eventual collapse of the summit was tied to lava eruption from lower East Rift Zone
eruption sequence along with a variety of geophysical observations collected by the Hawaiian Volcano Observatory. The 
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