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collapse at Kilauea Volcano in 2018
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INTRODUCTION: The 2018 rift zone eruption of
Kilauea Volcano, Hawai‘, drained large volumes
of magma from the volcano’s summit reservoir
system, causing high-rate subsidence of the
ground surface and withdrawal of an active lava
lake. Over the span of 1 week, the surface of the
lava lake fell more than 300 m. Continued with-
drawal of magma caused the rock above the
reservoir to fail, triggering the onset of episodic
caldera collapse. Surface collapse began near the
evacuated lava lake vent, but as the eruption
continued over 3 months, the area of the new
caldera expanded to ~5 km? and its volume grew
to 0.8 km?®. The precursory activity and subse-
quent growth of the caldera were recorded in far
greater detail than was possible at the handful of
other caldera collapses observed in the past cen-
tury. These comprehensive observations permit
new insights into the conditions that lead to mag-
ma reservoir host rock failure and caldera collapse.

RATIONALE: Volcanic caldera collapses can be
highly destructive and create prominent topo-

Caldera collapse at Kilauea in 2018. (A) Precollapse lava lake on 6 May 2018. The lake surface had fallen ~200 m since
the onset of the eruption. (B) Aerial photograph looking west across Kilauea's summit on 12 June, after the onset of
caldera collapse. Parts of the crater floor had subsided as much as ~180 m as intact blocks. (C) Estimated magma storage
zone that partially collapsed to form the caldera. Shown is the isosurface enclosing the region that contained magma in

graphic features, but little is known about the
architecture of subcaldera magma storage zones
or the critical decrease in pressure that triggers
collapse. Withdrawal of Kilauea’s lava lake in
2018 can be used to gauge pressure change in
the underlying magma reservoir. We developed a
model of time-evolving reservoir depressurization
to jointly explain lava lake withdrawal rate and
the rate and spatial pattern of ground sub-
sidence obtained from radar satellites and
a dense local monitoring network.

RESULTS: We tracked the evolution of the mag-
matic system from steady elastic decompression
to inelastic failure. We were able to estimate the
location, geometry, volume, and time-evolving
pressure within the reservoir as well as condi-
tions required to trigger failure of the overlying
crust. Before the onset of collapse, the ground at
Kilauea’s summit was subsiding at nearly 10 cm/
day, and the lava lake surface was retreating at
~50 m/day. We found that these phenomena
were caused by drainage of magma at a high

rate from a storage reservoir centered ~2 km
below the surface, with a volume of several
cubic kilometers. Drainage rapidly reduced
reservoir pressure, stressing the surrounding
crust. Two weeks after the rift zone intrusion
and eruption began to drain magma from the

summit, withdrawal of
<4% of the stored magma
Read the full article had reduced pressure in
at http://dx.doi. the reservoir by ~17 MPa,

org/10.1126/ causing the host rock above
science.aaz1822 it to begin to fail episodi-
.................................................. cally. The episodic collapses

loaded the magma with the weight of the roof,
increasing its pressure. The final collapse cal-
dera was closely centered over the magma res-
ervoir, and their horizontal dimensions were
comparable. However, the estimated reservoir
volume was substantially greater than the cal-
dera volume, indicating incomplete evacuation
at the end of the eruption.

CONCLUSION: Our results tightly constrain the
pressure decrease in the magma reservoir
before the onset of collapse. Together with
geodetic data, this bounds the magma stor-
age volume and the stress changes needed
to cause failure of the host rock above the res-
ervoir. Our results demonstrate that a magma
reservoir’s roof may begin to fail after with-
drawal of only a small fraction of the stored
magma. At Kilauea, this process was likely
influenced by a relatively thin and wide res-
ervoir roof and preexisting crustal weaknesses,
including an established caldera ring-fault
system and the lava lake vent. Roof collapses

maintained magma pressure, sus-

taining the eruption, but they did
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> not (as is sometimes assumed)
completely repressurize the res-
ervoir. This indicates residual
frictional strength on the collapse-
bounding faults. The eruption was
not terminated by complete evac-
uation of stored magma, con-
trary to assumptions sometimes
made when interpreting data
from past caldera collapses, and
indicates that a different process
was responsible for the cessa-
tion of the eruption. Joint moni-
toring of ground deformation
and lava lake elevation at other
volcanoes, when possible, may
yield rich insights into magmatic
processes and conditions.
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Caldera-forming eruptions are among Earth’s most hazardous natural phenomena, yet the architecture
of subcaldera magma reservoirs and the conditions that trigger collapse are poorly understood.
Observations from the formation of a 0.8—cubic kilometer basaltic caldera at Kilauea Volcano in 2018
included the draining of an active lava lake, which provided a window into pressure decrease in the
reservoir. We show that failure began after <4% of magma was withdrawn from a shallow reservoir
beneath the volcano’s summit, reducing its internal pressure by ~17 megapascals. Several cubic
kilometers of magma were stored in the reservoir, and only a fraction was withdrawn before the end
of the eruption. Thus, caldera formation may begin after withdrawal of only small amounts of magma
and may end before source reservoirs are completely evacuated.

volcanic caldera is a topographic de-

pression formed by fault-bounded sub-

sidence or collapse of Earth’s surface

as magma is withdrawn from a crustal

storage reservoir, causing the overlying
rock to founder (7). Caldera formation can be
triggered by magma withdrawal to feed vio-
lent explosive eruptions or by intrusion of
magma into surrounding rock, sometimes
feeding long-lived effusive lava flows. Calderas
can be prominent topographic features mea-
suring tens of kilometers in diameter.

Our understanding of volcanic caldera col-
lapses has been strongly limited by a lack of
well-documented caldera-forming eruptions.
From 1900 to the beginning of 2018, only sev-
en caldera collapses were clearly documented
on Earth (2, 8), mostly with limited geophysical
and observational networks. Even the well-
recorded 2014-2015 collapse at Bardarbunga,
Iceland, occurred beneath hundreds of meters
of ice, preventing direct observation (3).

The 825 million m® caldera collapse at
Kilauea Volcano in 2018 was the largest at
the volcano in more than two centuries and
was tracked by a dense multiparametric mon-
itoring network and through direct visual ob-
servations. These detailed datasets record the
transition from steady elastic subsidence to
fault-bounded collapse as the roof of Kilauea’s
summit reservoir failed in response to high-rate
magma withdrawal to supply the volcano’s East
Rift Zone (ERZ) intrusion and eruption. In this
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study, we modeled ground deformation and
lava lake data to infer properties of the magma
system as it evolved toward collapse in May
2018. The data offer direct evidence of pressure
change in the magma reservoir and present an
opportunity to resolve the volcano’s subcaldera
magma storage architecture and its relation to
collapse timing, style, and volume.

Kilauea Volcano and the 2018 eruption

Kilauea Volcano, on the island of Hawai‘i
(Fig. 1), is one of the world’s most active
volcanoes and erupted almost continuously
from 1983 to 2018. For most of that period,
Kilauea’s mantle-derived magma supply largely
passed through its summit reservoir system
before migrating subhorizontally down the
volcano’s ERZ to erupt as lava flows ~20 km
from the summit at or near the Pu‘u ‘O vent.

Beginning in 2008, a lava lake was active at
the summit of the volcano within Halemauma‘u
crater; by April 2018 its surface area had
grown to more than 40,000 m The lava lake
was supplied from a shallow magma storage
zone (here termed the Halema‘uma‘u reser-
voir) hypothesized to exist 1 to 2 km beneath
Kilauea’s existing summit caldera (formed in
~1500 CE). Variations in the surface height of
the lava lake were strongly correlated with
ground deformation, indicating that both were
caused by pressure changes in the underlying
magma reservoir. Thus, Kilauea’s lava lake
acted as a magma reservoir pressure gauge
(4-6).

Kilauea’s 35-year-long eruption ended spec-
tacularly on 30 April 2018 with the intrusion
of a dike downrift from Pu‘u ‘O into the
volcano’s lower ERZ (LERZ) (7) (Fig. 1B). On
3 May, the intrusion emerged in the Leilani
Estates subdivision, more than 40 km from
the volcano’s summit, ultimately erupting
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>1 km?® of lava and destroying hundreds of
homes. The intrusion and eruption triggered
wholesale draining of Kilauea’s magma sys-
tem, from the middle ERZ to the summit.
Magma drainage from the summit led to
lava lake withdrawal and vent collapse, a
series of explosions, and ultimately the for-
mation of a new caldera nested within the
larger 1500 CE caldera. Summit collapse and
most LERZ lava effusion ended in August 2018
after 3 months.

Magma evacuation and the onset of
caldera collapse

We recorded subsidence and later collapse of
the ground surface at Kilauea’s summit by vi-
sual observations, continuous Global Naviga-
tion Satellite System (GPS) stations, borehole
tiltmeters, and interferometric synthetic aper-
ture radar (InSAR) interferograms derived
from satellite data (8) (Figs. 2 to 4). Variation
in lava lake surface height was recorded by
laser rangefinder, thermal camera imagery,
and structure-from-motion photogrammetry
(Figs. 3 and 4) (9).

Before the onset of the LERZ intrusion,
Kilauea’s lava lake had been overflowing onto
the floor of Halema‘uma‘u crater. Deflation
began in earnest on 2 May with subsidence
and contraction of the ground surface and
withdrawal of the lava lake at a rate that
reached ~40 m/day (Fig. 3 and fig. S8). On
4 May, an earthquake with moment magnitude
(M) of 6.9 (M6.9) on the basal decollement
between the volcanic pile and the oceanic crust
underlying Kilauea’s south flank (7, 10) shook
the volcano and produced long-wavelength
extensional strain across the summit. By the
end of the day, lake withdrawal had accel-
erated to 53 m/day, and the ground tilt rate at
summit instruments had more than doubled
(8) (Fig. 4). Subsidence continued over the fol-
lowing days in a broad, roughly circular region
centered near the east rim of Halema'uma‘u at
rates of up to nearly 10 cm/day (Fig. 2). Ground
deformation and lava lake surface height were
highly correlated (Fig. 3D). Before the M, 6.9
earthquake, we observed ~5 m of lava lake
withdrawal for every microradian of caldera-
directed ground tilt at station UWE [located
near the U.S. Geological Survey (USGS) Hawaiian
Volcano Observatory (HVO); Fig. 2], in agree-
ment with observations made over many years
at Kilauea (4, 5). After the earthquake, this
ratio had decreased by ~40%.

Rapid withdrawal of the lava lake was ac-
companied by sporadic explosions as un-
supported conduit wall rock fell into the
vent (Fig. 1), gradually increasing its diameter
(Fig. 4). By 10 May, after dropping more than
300 m in just over a week (supplementary
movie S1), the lava lake had disappeared
from view and the vent was blocked by rub-
ble. Ground subsidence continued, however,
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Fig. 1. Kilauea Volcano and the 2018 eruption. Photos show a summit explosion on 9 May 2018, the lava
lake as it appeared in April 2018, and the primary 2018 LERZ eruptive vent. (A) Shaded topographic map of
the island of Hawai'i; the box shows the extent of the map in (B). (B) During the 2018 eruption, magma
flowed >40 km underground subhorizontally from the summit (left) to the LERZ vents (right). See Fig. 2
for an enlargement of the summit area. (C) Schematic cross section (not to scale) showing flow of

magma from the summit to the LERZ.

indicating ongoing depressurization, and
HVO became concerned about failure of the
rock above the reservoir. From 9 to 15 May,
several M > 3 earthquakes per day shook the
summit, and tremor [as indicated by the real-
time seismic amplitude measurement (RSAM)]
was recorded at very high levels. Ground cracks
were observed near Halema‘uma‘u crater on
14 May, and by 16 May the GPS network had
recorded total subsidence in that area of ~1 m.

On 16 May at 18:16 Hawaii Standard Time
(HST), abrupt inflationary (radially outward)
ground deformation and very-long-period
(VLP) seismic energy (M, 4.9) were recorded
across the summit, an ashy gas plume rose to
20,000 ft, and summit RSAM dropped pre-
cipitously. Ground deformation and VLP ob-
servations were similar to those previously
caused by rockfalls into the lava lake and
ascribed to pressurization of the shallow
magma system (71) but were much larger in
amplitude. They were also similar to obser-
vations recorded during caldera collapses at
Miyakejima (Japan) and Piton de la Fournaise
(La Réunion) volcanoes (12-15). Eleven more
of these events, informally termed “collapse/
explosions” by HVO, occurred before the end
of the month. Satellite observations and failure
of instruments on the crater rim indicated that
the (now empty) lava lake vent was growing
more rapidly (Fig. 4) and beginning to cause
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failure outside of Halema‘uma‘u, but broader-
scale, fault-bounded surface collapse was not
yet detected. Summit SO, emission rates in-
creased by two to three times (7), but erupted
tephra volumes were much smaller than col-
lapse volumes. Away from the widening vent,
the summit continued to subside between col-
lapses in a roughly circular pattern centered on
the caldera.

The onset of broader-scale, clearly fault-
bounded collapse outside of Halema‘uma‘u
crater began in the early morning of 29 May
with an abrupt down-dropping of the caldera
floor around Halema‘uma‘u, approximately
coincident with the onset of higher eruption
rates (~150 m?/s) in the LERZ. We measured
1.5 m of subsidence at a GPS station (NPIT)
on the northeast rim of the crater during
the seconds-long event, and visual obser-
vations from HVO revealed subsidence north-
northeast and west of Halema‘uma‘u. Away
from the subsiding block(s), however, infla-
tionary radially outward deformation and VLP
seismicity were observed that were similar to
previous events in May but with much larger
amplitudes (Fig. 4).

On 1 June, enabled by a marked reduction
of Kilauea’s summit plume, an unoccupied
aerial vehicle took the first clear photos of
Halema‘uma‘u since mid-May. The photos
showed major collapse and widening of the
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vent, ~30 m of subsidence of the western floor
of Halema‘uma‘u, and faulting and subsidence
of the 1500 CE caldera floor more than 1 km
northwest of the former lava lake. As more
collapses occurred through June, the surface
expression and area of slumping expanded
greatly. Collapse events were roughly peri-
odic in time (Fig. 4A), preceded by marked
increases in earthquake rate (7), and some-
times followed by surges in effusion rate at
the LERZ vent ~40 km distant (I6). The final
collapse geometry was not fully established
until mid- to late June, with clockwise propa-
gation of a fault scarp through the center of
the older 1500 CE caldera. By the time the
new caldera stopped growing in early August,
62 collapses had occurred, producing as much
as ~500 m of subsidence and a total collapse
area of ~5 km?

Modeling lava lake and ground
deformation data

Our goals were to estimate the subcaldera
magma reservoir geometry; infer the con-
ditions under which the reservoir’s host
rock began to fail; and evaluate how these
parameters related to the style, location, and
volume of subsequent caldera collapse. We
used data from the period of near-constant
high-rate subsidence after the M,, 6.9 earth-
quake and preceding the first collapse event
on 16 May (Fig. 4), which we treated as the
effective onset of caldera collapse. Observations
suggest that during this time, rock at the sum-
mit responded elastically to changing stresses
and slip on buried ring faults was minimal (8).
We hypothesized that ground deformation
and changes in lava lake surface height were
generated by pressure change at constant rate
P in a magma reservoir beneath Kilauea’s
summit (4, 6). We constructed a model that re-
lates p to the rate of lava lake surface height
change, assuming a magmastatic relationship,
and to observed ground deformation velocities
by using a continuum-mechanical model of a
spheroidal magma reservoir embedded in
an elastic half-space (Fig. 5) (8). The defor-
mation model was implemented using the
finite element method and then employed to
construct a fast numerical surrogate suitable
for Markov chain Monte Carlo (MCMC) esti-
mation (8, 17). Primary model parameters are
shown in Fig. 5.

We performed a joint Bayesian parameter
estimation using the lava lake withdrawal
rate together with GPS, ground tilt, and InSAR
velocities (8). We also used independent in-
formation from previous studies to constrain
lava lake density and host rock rigidity, and
we placed limits on the proximity of the top of
the magma reservoir to the surface. We di-
rectly estimated reservoir location, geometry,
and pressure change rate, and allowed “nui-
sance” parameters (including host rock shear
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Fig. 2. Spatial pattern of subsidence at Kilauea’s summit in 2018. (A) Ground
tilt overlaid on an ascending-mode COSMO-SkyMed interferogram spanning 6 to
10 May 2018 (table S1). Colored dots show observed tilt, and black arrows show
best-fitting tilt velocities used for modeling. Each complete InSAR color fringe
represents 1.55 cm of displacement in the look direction of the satellite

(T symbol, 26.6° from vertical). Small-scale irregularities in the fringe pattern are
evident in the caldera. Background shaded digital elevation model (DEM) shows

Kilauea's summit in 2009, similar to its appearance in April 2018. (B) Observed
GPS displacements (colored dots) and best-fitting velocities (black arrows)
overlaid on the unwrapped interferogram from (A). An active lava lake was nested
within Halema‘uma'u crater, itself nested in the larger 1500 CE Kilauea caldera.
LoS, line of sight. (C) West-east profiles of LoS COMSO-SkyMed InSAR velocities
approximately through the center of Halema'uma'u crater. Profiles differ because
of different look angles. (D) View of GPS data in (B), looking north.

modulus and magma density) to vary to ac-
count for their uncertainties. From the MCMC
results and additional independent informa-
tion we computed other parameters of inter-
est, such as the rate of magma outflow from
the reservoir. Parameter estimates take the
form of probability density functions (PDFs),
which account for uncertainties in data and
prior information. We found that model out-
put is consistent with the withdrawal rate of
Kilauea’s lava lake and the first-order tempo-
ral and spatial pattern of ground deformation
preceding caldera collapse (Fig. 6). We dis-
cuss our modeling results and implications
throughout the following sections.

Location and geometry of subcaldera
magma storage

Magma reservoir depth, volume, and geom-
etry play a direct role in the onset, style, and
duration of caldera collapse (15, 18-21), but
magma storage beneath most calderas is
poorly understood and subject to controversy

Anderson et al., Science 366, eaaz1822 (2019)

(22, 23). Investigations at volcanoes that have
hosted historic caldera-forming eruptions sug-
gest that storage zones may be complex and
occur over a range of depths (3, 24-28). We
found that geodetic data preceding caldera
collapse at Kilauea in 2018 are consistent
with evacuation of magma from a storage
reservoir centered at ~2 km depth just east
of Halema‘uma‘u crater (Fig. 5 and table S2).
The estimated magma reservoir is somewhat
vertically elongated, as required to explain
the observed ratio of vertical to horizontal
displacements. The reservoir’s depth implies
an initial (pre-eruptive) magma pressure of
~45 MPa on the basis of the magmastatic lava
lake relationship together with prior con-
straint on magma density (8). To the extent
that magma density and lithostatic density
were similar, the open lava lake vent precludes
large magmatic overpressures before the onset
of the eruption (8).

In the past two millennia, two long-lived,
deep calderas have existed at the summit of

6 December 2019

Kilauea: one from ~200 BCE to ~1000 CE,
and the modern caldera, which formed in
~1500 CE and began refilling in ~1800 CE (29).
Magma storage beneath Kilauea’s 1500 CE
caldera was inferred in the first written rec-
ords of the volcano nearly two centuries
ago (30) and explains subsidence associated
with rift zone intrusions and eruptions. At
least two persistent magma reservoirs—the
Halema‘uma‘u reservoir just east of Halem‘umau
crater and another at greater depth beneath
the south part of the 1500 CE caldera—have
been hypothesized on the basis of geodetic and
other observations (6, 31-38). Several transient
storage zones may also have existed (36), and
VLP seismic energy frequently emitted from
a source ~1 km beneath the northeast rim of
Halema‘uma‘u (39) has been interpreted as
the intersection of north- and east-trending
dikes (11, 40). The geometries and relation-
ships between these various magma storage
regions have been difficult to interpret, and
in some cases appear to change over time.
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Fig. 3. Withdrawal of Kilauea's lava lake in early May. (A) Thermal images of the lava lake surface taken
from the south rim of Halema‘uma'u crater while the lake was draining. (B) Time series of change in lava lake
surface height relative to 26 April, and radially outward low-pass—filtered ground tilt at UWD. Time series
after 5 May are shown in Fig. 4. Numbers correspond to acquisition times of images in (A). (C) Photograph
showing the lava lake on 6 May and the laser rangefinder used to measure its surface height. (D) Relationship
between lava lake surface height and radially outward tilt (with M,, 6.9 earthquake offset approximately
removed). At all stations, the ratio decreased by ~40% around the time of the M,, 6.9 earthquake, denoted by
the horizontal gray line. Correlation coefficients are denoted by r.

The reservoir location and geometry we esti-
mate here lead us to conclude that magma
withdrawal from the Halema‘uma‘u reser-
voir was responsible for observed ground sub-
sidence in 2018.

Misfits between model predictions and
geodetic data provide additional insight into
magma storage (Fig. 6). Our model closely fits
lava lake withdrawal rate data but cannot ac-
count for small-scale features observed in the
InSAR data (fig. S7), nor can it explain the
very-high-quality GPS data to within formal
uncertainties. Material heterogeneity such as
preexisting faults and altered rocks, localized
shallow magma storage, or irregularities in the
top of the reservoir itself may be responsible
for these features [we scale data uncertainties
to account for these limitations (8)]. The mod-
el also inadequately accounts for subsidence
observed south of the caldera. This likely re-
flects the early stages of magma drainage from
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Kilauea’s deeper and more enigmatic south
caldera reservoir. Ground deformation believed
to be due to magma evacuation from this
reservoir increased in cumulative magnitude
and spatial extent through June and July and
continued after the cessation of the eruption
(presumably as magma drained to refill the
ERZ). However, most of the deformation during
our modeled time period can be attributed to
the Halema‘uma‘u reservoir (predicted defor-
mation from the model reduces variance in
modeled InSAR scenes by 93 to 96%).

Volume of magma storage

The volume of magma stored beneath a vol-
cano exerts a primary control on nearly all
aspects of volcanic activity, including limit-
ing the size of an eruption and any possible
caldera collapse. Yet, magma storage volumes
are very poorly known at almost all of Earth’s
volcanoes. Intensive study at Kilauea over
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previous years has yielded estimates for the
Halema‘uma‘u reservoir varying over two
orders of magnitude [from 0.2 to >20 km?
(6, 34, 41-44)].

In general, geodetic data can be used to re-
solve the quantity ’p/p for a magma reservoir,
where V' is reservoir volume, p is pressure
change rate, and p is host rock shear modulus,
but not these terms independently (45). Our
parameter estimation resolved /by using con-
straints on p from the lava lake data (below)
and on p from previous studies (6, 4I). Be-
cause p is much more tightly constrained
than p, we were able to resolve the ratio
V /u=1.3+0.15 m?/Pa(8) (fig. S16). This implies
that reservoir volume should be of the same
order as the rigidity of the host rock. The
combination of spatially dense geodetic data
with the finite-source model used in our study
provided additional constraint on reservoir
volume (45), and the maximum size of the
reservoir was geometrically limited by its
depth and shape (both resolved geodetically).

We found that 2.5 to 7.2 km® of magma (at
68% credible bounds) was stored beneath the
summit of the volcano in the Halema‘uma‘u
reservoir at the beginning of May 2018. The
upper bound should be considered only ap-
proximate; volumes of 10 km® or even larger
cannot strictly be ruled out by the data, par-
ticularly if we relax a priori limits on the
presence of magma storage at very shallow
depths (<750 m) (8). On the other hand,
volumes of <1 km?® are improbable, because
smaller reservoirs cannot explain the high
rate of observed ground deformation with-
out requiring an unreasonably weak host
rock (pressure change rate is tightly constrained
by the lava lake data). Precollapse storage vol-
umes for other basaltic calderas are not well
known, but our calculated volume is far
smaller than that of reservoirs inferred to have
supplied large silicic caldera-forming eruptions.

Rate of magma depressurization and drainage

Reservoir pressure change rate p is con-
strained in our parameter estimation by the
observed rate of lava lake withdrawal, the prior
distribution on lava lake density, and the mag-
mastatic assumption (8). Thus, p is insensitive
to geodetic data and modeling. We estimated
that pressure in the reservoir decreased at
1.25 + 0.09 MPa/day (Fig. 5B) after the M,
6.9 earthquake. At this rate, pressure at the
reservoir’s centroid would have decreased
to atmospheric (an impossibility) by early
June. Continuation of the eruption at a high
rate for 3 months therefore required an in-
crease of reservoir pressure through collapse
of the overlying rock. This mechanism is also
consistent with surges in effusion rate after col-
lapses later in the eruption (76).

The volumetric rate of contraction I of the
magma reservoir and the volumetric rate g
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Fig. 4. Temporal evolution of summit deflation. (A) Radial ground tilt at UWD over the full eruption.
Positive tilt is consistent with reservoir inflation (pressurization) and negative tilt with deflation. Collapses
appear as small sawteeth from 16 to 26 May (nearly invisible at this scale) and as much larger sawteeth
during broad-scale collapse (29 May and after). Time series were corrected for certain tectonic offsets.
(B) GPS, tilt, lava lake surface height, and vent area time series indicating summit deflation from late

April to early June 2018. Stations UWD (tilt) and UWEV (GPS) are approximately colocated (see Fig. 2 for
station locations). Lava lake points with boxes were derived from structure-from-motion photogrammetry and
are more uncertain. Vent area was inferred from satellite radar (ascending mode in green and descending
mode in black) amplitude images as shown in (C); numbers on the time series correspond to these
images. Time spans of modeled InSAR data are shown as horizontal bars and denoted with “-a” for ascending
mode and “-d" for descending mode. The gray horizontal bar indicates the time span shown in Fig. 3.
CSK, COSMO-SkyMed. (C) CSK radar amplitude images showing enlargement of the summit vent. Brighter
pixels indicate higher radar reflectivity, so the vent appears black.

at which magma exited the reservoir are im-
portant to the timing of caldera collapse and
the dynamics of summit draining and its
relation with processes in the ERZ (19, 21).
We computed I/ = —1.3 x 10° £+ 0.1 m? /day
(~15m3/s) using estimated model param-
eters together with a numerical model for
the elastic compressibility of the magma
reservoir (8). This estimate is tightly con-
strained by the geodetic data. Combined with
our posterior distribution for p, we found that
each pascal of pressure reduction in the res-
ervoir reduced its volume by ~1 m® (dV/dp =
1.0 = 0.1 m®/Pa). Because of the rigidity of
the host rock, the reservoir itself was con-
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tracting at only ~0.03% per day while its
internal centroid pressure was decreasing at
~3% per day. At shallower depths in the reser-
voir, the relative pressure change rate would
have been even greater.

Because magma is compressible, the rate at
which the reservoir contracted was likely not
equal to the rate of magma withdrawal.
Using our distribution for I and independent
constraint on compressibility (8), we esti-
mated a net magma outflow rate g from the
Halema‘uma‘u reservoir of 2.3 million to
5.4 million m®/day (27 to 62 m?/s) at 68%
credible bounds. This rate exceeds the av-
erage supply to Kilauea from the mantle by
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an order of magnitude (37, 46, 47) and thus
should approximate the total rate of flow to
the ERZ from the contracting reservoir. Add-
ing another ~5 to 10 m?/s from the draining
lava lake and its feeder conduit (8) yields a
combined outflow rate of ~35 to 70 m®/s from
the lava lake and Halema‘uma‘u reservoir.
This is much higher than the time-averaged
eruption rate from 3 to 18 May (7 m%/s) (48),
indicating that summit magma was enter-
ing the rift without erupting in order to feed
deflation of the middle ERZ and growth of
the LERZ intrusion. By June, after the onset
of collapse events, LERZ eruption rates had
increased by at least an order of magnitude
(7), and the time-averaged rate of caldera col-
lapse was ~two to five times larger than our
estimated magma outflow rate. These obser-
vations strongly suggest a large increase in
magma withdrawal rate from the summit in
association with caldera collapse.

Reservoir failure thresholds

Placing bounds on the thresholds at which
magma reservoirs begin to fail is important for
determining the collapse hazard of an ongoing
eruption (49), interpreting the geological rec-
ord, and understanding the mechanical pro-
cesses that lead to caldera collapse. Reservoir
failure is triggered by stresses imparted to the
host rock by changes in internal pressure.
Kilauea’s lava lake provided a window into
changing magma system pressure but dis-
appeared from view ~1 week before the first
collapse event. However, by assuming that
pressure continued to decrease at rate p
between the end of the modeled time period
(14 May) and the first collapse (16 May), as
suggested to first order by geodetic data, we
estimated a pressure change at failure Ap; =
-17.2 + 1.1 MPa (8).

We also used tilt data as a direct empirical
proxy for pressure change, using the scaling
relationship established while the lava lake
was active (at UWD, 0.078 = 0.006 MPa per
microradian of radial tilt). This approach
does not rely on any model except for the
magmastatic relationship used to establish
the scaling ratio, nor does it require an as-
sumption of constant rates, but it can be
affected by ground deformation caused by
processes other than reservoir pressure change.
We used this approach to estimate pressure
changes after 16 May under the assumption
that ground tilt during collapse events was
caused entirely by changes in reservoir pressure
[this likely overestimates pressure changes
somewhat owing to faulting processes (50)].
With this approach, we obtained pressure
changes of ~17.8 and ~25.0 MPa immedi-
ately before the first collapse event on 16 May
(similar to the model-based results) and the
first broad-scale collapse on 29 May, respec-
tively (Fig. 7 and fig. S10) (8). These estimates
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Fig. 5. Model geometry and estimated parameters. (A) Conceptual model geometry including instruments
that recorded observations used in this study. The reservoir centroid is shown for simplicity directly
beneath the lava lake, but this is not required in our model. (B) Marginal posterior PDFs of primary estimated
model parameters (8), excluding “nuisance” parameters associated with data uncertainties (fig. S17). East
and north positions are relative to 19.4073°N, 155.2784°W (the east rim of precollapse Halema‘uma'u crater),
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imply a relative pressure reduction exceeding
30% at the reservoir’s centroid by 16 May.
They can also be related to shear stresses in
the host rock, although the conditions re-
quired to trigger failure are complex and
poorly understood. Using simple geometrical
arguments, we computed the shear stress that
the deflating reservoir imparted to an overly-
ing cylindrical ring fault and estimated a stress
change of between ~8 and 13 MPa (8, 18).
Although it is pressure changes that trigger
collapse, due to the lack of observations at
natural systems failure criteria are more typi-
cally formulated in terms of volume changes.
Reservoir volume change may be tracked nearly
in real-time using geodetic data, and erupted
volume may be tracked directly or with geo-
physical observations. We defined critical frac-
tions Vit = 7A‘Vf/V and fuir = 7AQf/V(19),
where AV; and Ag; are the reservoir volume
change and total magma extraction volume at
the time of failure, respectively. To estimate
AV:, we scaled the model-based estimate of
Aps at the first collapse by the ratio dV/dp
obtained from the Bayesian estimation results.
Because dV/dp = 1, the magnitudes of pressure
and volume changes were comparable. Scaling
by reservoir volume yielded V7, = 0.27 to 0.66%,
and further scaling by system compressibility
yielded f.;; = 0.68 to 2.2%, both at 68% cre-
dible bounds (table S2). At 95% confidence, we
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concluded that <3.5% of magma was evacuated
before the onset of collapse at Kilauea.

Geometry of the roof block

The aspect ratio of the roof block above a
magma reservoir (Fig. 8, C and D) influences
not only the timing of collapse onset but also
its subsequent structural development and
style (20, 51, 52). In general, low-aspect roof
blocks [R, < 1, where R, is the thickness 7" of
the crust above the magma reservoir divided
by the reservoir diameter D (52)] tend to favor
a central coherent collapse “piston” bounded
by reverse faults, whereas high-aspect (R, > 1)
blocks favor incoherent subsidence through
migration of fractures upward from the res-
ervoir. However, observational constraints on
R, from real-world caldera collapses are lim-
ited, owing to poor knowledge of the geometry
of subcaldera magma reservoirs. Caldera diam-
eter must generally be used as a proxy for
reservoir diameter and roof thickness inferred
roughly from geological or geophysical data
(18, 19, 53, 54).

The set of finite-source geodetic models
derived from our MCMC analysis allowed us
to estimate R,. Taking 7 to be the distance
between the surface and the top depth of
each magma reservoir in the posterior prob-
ability distribution, we found that the roof
block at Kilauea was thin and wide, with R, =
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0.4 (Fig. 8). R, would be smaller if we were to
relax our minimum reservoir top depth (8) but
would be larger if we measured height from a
point other than its very top. Small reservoirs
from our probability distribution yield aspect
ratios closer to 1, but in general R, > 1 appears
unlikely.

Reservoir evacuation and the end of the eruption

It is often assumed that caldera-forming erup-
tions are terminated by the near-complete evac-
uation of their source reservoirs (3, 49, 54, 55),
as suggested by some models (56) and perhaps
indicated by long repose periods after some
collapses (55). This hypothesis has implications
for hazards during ongoing eruptions. It also
allows for interpreting data from past events
because it implies that erupted volume is
approximately equal to reservoir volume. Al-
though there is evidence that this assumption
may not be valid (20, 56), it has been difficult
to evaluate because of limited knowledge of
subcaldera magma reservoir volumes.
Taking the total 2018 summit collapse vol-
ume (7) as a proxy for the total volume
change of the shallow reservoir during the
eruption, we used our posterior PDF for res-
ervoir volume to estimate that only 11 to 33%
of Kilauea’s shallow magma reservoir was
evacuated by the end of the eruption. The
probability of complete drainage is very small;
we estimated <5% probability that even half of
the reservoir was drained (Fig. 8). This infer-
ence is consistent with the relative constancy
of collapse-related geophysical signals from
June to August (7), which might have changed
in character if the reservoir had neared com-
plete evacuation, and also with the post-
eruptive return of episodic days-long ground
deformation cycles at the summit, which are
believed to be caused by pressure perturba-
tions in the shallow magma reservoir (6). Our
results suggest caution in assuming that mag-
ma reservoirs (at least basaltic ones) fully
evacuate during caldera-forming eruptions.

Discussion

Caldera collapse at Kilauea in 2018 was caused
by high-rate magma evacuation from a roughly
equant storage zone of several cubic kilometers
at shallow depth (~2 km), centered just east of
the former Halema‘uma‘u crater. Many previ-
ous studies have inferred magma storage in
this area, but 2018 data provide new insights.
Our simple geodetic model cannot account
for magma withdrawal from other reservoirs
or the fine-scale topology of magma storage
[for instance, we likely cannot rule out mag-
ma stored in a broad plexus of interconnected
magma-filled cracks (57) with similar magma
volume], but it well explains the observed
overall spatial pattern of ground deforma-
tion. Likewise, the rate of magma system de-
pressurization estimated by our model can
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explain the observed rate of lava lake with-
drawal and ground deformation.

When did caldera collapse begin? Seismicity
after the M,, 6.9 earthquake might have in-
dicated the early stages of caldera-fault prop-
agation at depth (58), but there appeared to be
relatively little effect on surface deformation
during the first half of May (8), and there was
no geophysical evidence for collapse of rock
into the deeper magmatic system. Quasi-
periodic VLP seismic and geodetic signals re-
corded from 16 to 26 May were associated
with vent widening, volume loss, and ejection
of ash, but not surface faulting over a broad
area. Yet, InSAR data from this time showed
a more complex deformation pattern in
the caldera than that present earlier in the
month, suggestive of the early-stage surface
expression of slip on buried caldera faults.
Furthermore, geophysical signals were sim-
ilar to those recorded during caldera col-
lapses at other volcanoes and at Kilauea after
29 May, when broadscale collapse was vi-
sually observed. Thus, the events of 16 to
26 May were evidently related to collapse
of rock into the magmatic system, although
the extent to which these collapses occurred
into the lava lake feeder conduit and/or
shallow dike-like storage bodies, as opposed
to the Halema‘uma‘u reservoir, remains an
open question. Also unclear is the extent to
which any propagation of buried caldera
faults during this time related to geophysical
observations. Nonetheless, we conclude that
caldera collapse effectively began on 16 May,
accelerated and enlarged on 29 May (when
we were able to closely tie visual observations
of broader-scale collapse to geophysical sig-
nals), and did not reach its full surface ex-
pression until late June.

The critical thresholds required for caldera
collapse are thought to be controlled by many
factors, including the shape (aspect ratio) of
the roof rock above the reservoir (I8, 19); ex-
solved magmatic volatiles, which buffer pres-
sure drop due to magma extraction (56, 59, 60);
and preexisting faults and weaknesses (49).
At Kilauea, the 2018 collapse occurred with-
in an older, larger caldera and, in some areas,
appeared to proceed along preexisting faults.
We speculate that both the empty lava lake
vent and the relatively thin and wide roof
block might have promoted failure (18, 19).
It is also possible that, at shallow depths, the
retreating magma surface could have encoun-
tered a flared conduit geometry, leading to
instability. An open question is how critical
failure thresholds might differ between small
nested-caldera basaltic systems, such as Kilauea,
and large silicic systems.

Caldera collapse began at Kilauea after the
elastic reservoir had contracted only very
slightly (Vi < 1.1%), caused by withdrawal of
only a very small fraction of its stored magma

7 of 10

6T0Z ‘S Jaquiadaq uo /Hio°Bewadualds adualds//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

A 1500 CE
N Kilauea caldera

0.05

0

0.05

c

Halema‘uma‘u crater
alema‘uma‘u crate Lava lake

2018 caldera
+ Roof block
D ' geometry

L 500 T

—0

=-500

Elevatoin (m asl)

—-1000 |

~-1500

—-2000  \ - S

Probability
greater than
o
o

D

1500 CE Kilauea caldera

Roof aspect ratio % evacuated

(T/D)

0 0.5 10 50 100

Fraction of reservoir evacuated

<5% probability of >50%
reservoir evacuation

ffffffffffffff /

-2 -1 0 1
West-east distance (km)

oL

0
0 20 40 60 80
% of reservoir evacuated

100

Fig. 8. Probabilistic magma storage in the Halema‘uma'u reservoir beneath Kilauea’s summit.
Contours and shading indicate estimated probability of magma storage based on the range of model
geometries inferred in the parameter estimation (8). (A and B) Results for a horizontal slice near the
reservoir centroid at 2 km depth. (C) Probability along an east-west slice at the reservoir centroid. Model
depths are converted to vertical elevations using the approximate mean geodetic observation elevation
[1100 m above sea level (asl)]. Colors indicate relative probability (red, more likely; blue and white, less
likely). Red circles show geometry predicted by the median of the posterior distribution. Shaded DEMs in (A)
and (B) show the summit as it appeared before and after the 2018 caldera collapse, respectively. The
dashed rectangle above the storage zone in (C) shows the rough geometry of the roof block. The bulk of
magma was stored below sea level and the subaerial ERZ vents (Fig. 1). (D) Posterior PDFs of roof

aspect ratio and the probability of complete reservoir evacuation given the observed caldera collapse volume,

along with complementary cumulative distribution.

(ferit < 4%). Geological observations and mod-
els have suggested that f,.;; may range from
<10% to >90% (18, 19), but direct evidence has
been lacking (note that many studies do not
distinguish between V., and f.., which
are equal only if magma is incompressible).
Geophysical observations from basaltic col-
lapses at Piton de la Fournaise, Fernandina
(Galapagos), Miyakejima, and Bardarbunga
volcanoes yielded f.,;; of ~8 to 20%, in some
cases much lower than values suggested by
analog models (3, 49) but still much higher
than we found for Kilauea. Although it is
possible that collapse began unusually quickly
at Kilauea, these previous estimates had to rely
on assumptions that the volumes of initial col-
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lapse events were comparable to precollapse
magma withdrawal volumes and that erup-
tions completely drained their magma reser-
voirs (3, 49, 54). As we have shown here, these
assumptions are not always valid and could
lead to a substantial overestimation of f;.
These discrepancies indicate that calderas may
fail more quickly than previously understood.
Although it is changes in magma pressure
that drive host rock failure and caldera col-
lapse, robust estimates of precollapse pres-
sure changes have previously been unavailable.
Magma extraction volumes are far more read-
ily measured in nature but are only relevant
to collapse to the extent that they influence
reservoir pressure (an effect modulated by the
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compressibility of magma in the reservoir).
Data from Kilauea allowed us to move beyond
reliance on f;; and directly estimate precol-
lapse pressure change. Knowledge of the pres-
sure change makes it possible to compute
stress changes on the roof block and thus tie
the observations to the failure process.

Once failure began, episodic roof block
collapse transferred the load of the overlying
rock to the magma, increasing its pressure.
This process may explain similar episodic
geophysical observations at other basaltic
caldera collapses (14, 15, 61). By using ground
tilt as a proxy for reservoir pressure change,
we estimated that inflationary deformation
during the first collapse event on 16 May
was caused by a pressure increase of ~1.3 MPa
in the reservoir, only a fraction of the pre-
ceding deflation. Because reservoir pressure
was likely near lithostatic at the onset of the
eruption, this result indicates incomplete re-
pressurization of the reservoir after the onset
of collapse and implies residual frictional
strength on the walls of the collapsing block(s)
such that the weight of the roof was not entirely
supported by the magma. This finding stands
in contrast to assumptions that roof collapses
reestablish lithostatic pressure in the reservoir
(56, 59) but supports the results of some nu-
merical models (62).

The surface expression of caldera collapse
was complex, asymmetric, and evolving, con-
sisting of funnel-like gravitational failure
into the evacuated lava lake vent and piston-
like slumping of coherent blocks as large as
~150 ha, in some cases clearly bounded by
preexisting faults. Taken as a whole, these
events were consistent with collapse of roof
rock into a shallow reservoir, governed not
only by the aspect ratio of the roof but also
by preexisting caldera faults and structural
weaknesses, and possibly shallow unmodeled
magma storage [e.g., (11, 63)]. These obser-
vations are consistent with geological inves-
tigations and numerical experiments that
demonstrate the complex diversity of collapse
styles that can occur during caldera forma-
tion (561, 64).

The location and lateral extent of magma
storage inferred from our model are similar to
the final geometry of the 2018 caldera collapse
(Fig. 8). To first order, the relationship be-
tween the range of plausible reservoir geom-
etries and observed caldera dimensions
favors primary collapse faults ranging from
near-vertical to inward dipping. Results in-
dicate that the shallow subcaldera magma
storage system spanned only a portion of
the caldera in existence from 1500 CE to the
present. The larger magma storage body re-
quired to explain the 1500 CE collapse may
have been partially destroyed then or in a
subsequent event (such as a large collapse
that occurred at the volcano in 1868) or may
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have involved failure of deeper parts of the
summit magma system.

Globally, lava lakes are rare. Where they do
exist, close observation during magma drain-
ing events may bear rich dividends, particu-
larly if relayed in real time. Some of the data
used in this study were evaluated in rapid-
response mode internally by the USGS during
the eruption with a preliminary form of our
model. Resulting parameter estimates were
used to better understand the possible course
of the eruption and guided our thinking about
hazards as the eruption progressed, highlight-
ing the importance of near-real-time data and
modeling capabilities at the world’s volcano
observatories.

Outlook

Despite insights into volcanic calderas afforded
over the past two decades by well-documented
collapses at Miyakejima, Piton de la Fournaise,
and Bardarbunga volcanoes, the conditions
that trigger the onset of collapse remain only
poorly understood. Draining of Kilauea’s sum-
mit lava lake in 2018 yielded a window into
changing pressure in the volcano’s shallow
magma reservoir. We tracked the evolution of
the magmatic system as it underwent steady
high-rate elastic decompression due to magma
withdrawal, followed by episodic fault-bounded
caldera collapse. We were able to quantify the
changing pressure in the reservoir, which,
together with geodetic data, made it possible
to estimate the volume of magma storage and
the critical thresholds that preceded the on-
set of collapse. Caldera collapse began due to
a relatively large decrease in the magma res-
ervoir’s internal pressure caused by withdrawal
of only a small fraction of stored magma. Epi-
sodic fault-bounded subsidence of the roof
block above the reservoir increased magma
pressure, sustaining the flow of magma and
thus representing a critical turning point in
the evolution of the eruption.
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Magma reservoir failure and the onset of caldera collapse at Kilauea Volcano in 2018
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Montgomery-Brown and Asta Miklius
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Caldera collapse and flank eruption

Real-time monitoring of volcanic eruptions involving caldera-forming events are rare (see the Perspective by
Sigmundsson). Anderson et al. used several types of geophysical observations to track the caldera-forming collapse at
the top of Kilauea Volcano, Hawali'i, during the 2018 eruption. Gansecki et al. used near-real-time lava composition
analysis to determine when magma shifted from highly viscous, slow-moving lava to low-viscosity, fast-moving lava.
Patrick et al. used a range of geophysical tools to connect processes at the summit to lava rates coming out of far-away
fissures. Together, the three studies improve caldera-collapse models and may help improve real-time hazard

responses.
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Materials and Methods

Time zone
All times are given in Hawaii Standard Time (HST).

GPS data

Daily positions (fig. S1) were generated from raw GPS phase and pseudorange data
using the GIPSY software package, developed by JPL, with final satellite orbit files and
clock corrections produced by JPL using data from International GNSS Service (IGS)
stations. We computed station velocities separately using daily solutions from two time
periods: 1) the three-day period between 2 May to 4 May inclusive (before the My 6.9
earthquake), and 2) the nine-day period between 6 May to 14 May inclusive (after the M,
6.9 earthquake) (the former is used for interpretation only, not modeling). These daily
solutions were derived from position data from 1 May at 14:00 to 4 May at 14:00, and 5
May at 14:00 to 14 May at 14:00, respectively. To be conservative we did not model GPS
data before 5 May, so the time series excludes slightly more than one day of post-seismic
motion triggered by the My, 6.9 south flank earthquake.

We computed white noise uncertainties from standard deviations of detrended data
from 1 January to 1 April 2018. We neglected random-walk and other temporally-
correlated noise terms due to the short period of observation. We also neglected
correlated uncertainty between instruments and between channels. Constant velocities
(Figs. S1, S2, S3) were estimated by linear regression, with uncertainty determined by
linear propagation of errors utilizing the white noise covariance matrix. The highest
subsidence rate during 6-14 May is ~8 cm/day at NPIT and formal velocity errors are less
than 1 mm/day on all stations and channels; thus, signal-to-noise ratio on near-field
instruments was very high.

Tilt data

Tilt rates were computed from one-minute data recorded over the six-day period
from 5 May (00:00) to 10 May (23:59) (fig. S4). This time period is slightly shorter than
that for the GPS data in order to avoid data gaps at station IKI, loss of the east channel at
UWE (the instrument reached its maximum tilt), and a change in tilt azimuth at SDH
beginning on the morning of 11 May which is not reflected at other instruments.
However, due to the steady nature of summit deflation, use of a shorter time period
should not bias estimated rates. We removed an offset in time series at ESC, SDH, and
SMC due to an My, 3.7 earthquake south of the caldera on 6 May at 19:50, but we did not
attempt to remove small offsets associated with pre-collapse explosions. Note that in our
modeling we do not use data from stations SMC and SDH (the former due to persistent
questions about its response to reservoir pressure change (6, 77), and the latter due to
flooding of its borehole by groundwater at the end of March 2018, the effect of which on
the data is not yet well understood).

We estimated tilt rates by linear regression of unweighted time series data. Noise in
tilt data can be difficult to characterize, exhibiting strong temporal correlations and
varying greatly between instruments; uncertainty in the orientation of the instrument in
the ground can also add a constant bias to all measurements (7/—74). By analyzing years
of tilt data at the summit of Kilauea prior to 2014, (6) estimated uncertainties in



computed net (total) tilts over 7 days at most stations of roughly 0.3 to 1 urad, which
suggests an uncertainty exceeding 0.1 urad /day (in reality the uncertainty does not grow
linearly with time). Differences in recorded tilt at stations UWE and UWD, which are
located in the same borehole, can shed additional light on uncertainty. UWE is an
Applied Geomechanics 722 analog borehole tiltmeter sampling at one minute, while
UWD is an Applied Geomechanics LILY digital borehole tiltmeter sampling at 1 Hz,
from which one-minute data are computed by averaging. We found that azimuths differed
by roughly 10 degrees (fig. S5) and tilt rates over the studied period by about 4 purad/day
(20.8 prad/day at UWE vs. 16.9 urad/day at UWD). These differences are larger than
would be expected from the noise characteristics of the individual instruments. Based on
these differences we assigned a subjective 16 uncertainty of +2 prad/day to each channel
for each instrument. We did not attempt to account for correlation of uncertainties
between channels or stations.

InSAR data

We used two interferograms from the COSMO-SkyMed platform operated by the
Italian Space Agency (ASI) and two from the Sentinel-1 platform, operated by the
European Space Agency (ESA) (figs. S6, S7); times of acquisitions are given in table S1.
Interferograms were processed using the GAMMA software package and corrected for
topographic phase using digital elevation models from 30-m-resolution Shuttle Radar
Topography Mission data (75) for Sentinel interferograms, and from 4.5-m-resolution
airborne SAR data (collected by NOAA in 2005; see (76) for more information) for
Cosmo-SkyMed interferograms. Interferograms were filtered following (77) and
unwrapped using the Statistical-Cost, Network-Flow Algorithm for Phase Unwrapping
(SNAPHU) and masked at a cost threshold of 300 (78). InNSAR deformation rates were
computed by dividing line-of-sight (LoS) displacements by the time between
acquisitions.

InSAR data measure line-of-sight displacements relative to a point assumed to be
nondeforming and vertical biases (shifts) are evident between images. We approximately
removed these biases using velocities from the continuous GPS network, and we also
estimated an unknown stochastic bias term for each interferogram in our full Bayesian
parameter estimation; see below.

InSAR data contain not only random pixel noise but also strong spatial correlations
caused by atmospheric phase delays. To estimate noise, including spatial correlation
between pixels, we assumed that noise in each image is stationary and computed
empirical isotropic semivariograms (79) using 5000 pixels selected randomly from a
disc-shaped region extending from 5 to 20 km from the approximate center of maximum
summit subsidence. This excludes most volcanic deformation and also very distant points
which may have different noise characteristics due to large horizontal gradients in
topography and atmospheric conditions at Kilauea. In order to obtain stable range and sill
parameters (below) we also removed best-fit ramp functions (planes) from each
interferogram before computing semivariograms (but note that these planes are not
removed from the data we use for the inversion).

Empirical semivariograms vary between the four InSAR scenes due to the complex
spatiotemporal variations of atmospheric noise (and also any small unwrapping errors).
We fit empirical semivariograms Y using an exponential model with nugget fixed to zero:



Y(V) = s[1 — exp(—V/r)], where h; is the Euclidian distance between pixels in each
InSAR scene, s is the variance at large distances (the sill), and r controls the change in
variance with distance (the range). Covariance between any two points may be computed
using C(V) = s[exp(—V/r)]. We estimated range parameters of 6-9 km, and sills of ~0.3
to 0.4 cm/day for all scenes except for the descending-model COSMO-SkyMed scene, for
which we estimated a sill of 0.6 cm/day (note that we converted interferograms from
displacements to rates before computing semivariograms).

To reduce computational cost, we downsampled data using the quadtree algorithm
of (80), yielding ~200-300 observation points for each interferogram. The quadtree
procedure averages groups of pixels of variable size (box size depends on data variance
within each box); thus, the variance of each quadtree pixel is lower than the variance of
the full-resolution data (79, 8§1). To compute covariance X between quadtree pixels with
indices i and j using the covariance derived from the full un-binned data we used (79, 81)

n; N

1
2ij= _ninj Z Z Cret(Vijk1)

k=11=1

where n; and n; are the number of points in quadtree box i and j, respectively, and V; ; . ;
is the Euclidian distance between the kth point and [th point in the quadtree box i and j,
respectively. (Note that if all pixels share the same uncorrelated variance o2 then off-
diagonal terms are zero and ¥;; = 02 /n;).

Lava lake data

Surface height of the lava lake (fig. S8) was obtained chiefly from automated laser
rangefinder measurements, but as the lake drained the system became unable to image the
surface (9). We therefore supplemented this time series with 1) a manual laser
rangefinder measurement on 6 May, 2) and structure-from-motion (SfM)-based estimates
derived from photographs taken on 8 and 9 May (9). Additionally, images from a
continuously operating thermal camera located on the rim of Halema‘uma“‘u crater (§2)
and with a view deep into the vent yielded a near-continuous estimate of lava lake surface
height until 9 May, when the lake drained out of sight of the camera. Lava lake level was
manually measured in units of pixels in the thermal images using the program Tracker
(https://physlets.org/tracker/), and then converted to absolute elevation using the
camera’s GPS position and viewing geometry together with an SfM-derived model of the
drained lava lake vent (9).

Absolute uncertainties in laser rangefinder distances were of order ~centimeters, but
height and orientation of the instrument added additional (fixed) uncertainties of order ~1
m (9). For simplicity we assumed uncorrelated white noise errors of 0.5 m. For a
handheld laser rangefinder measurement on 6 May at 18:20 we used an uncertainty of 1
m (9). For SfM-based estimates we used uncertainties from (9) of 1.9 m and 8.3 m on 8
and 9 May, respectively. The thermal camera images yield a height estimate that may be
somewhat biased by the optical properties of the lens, uncertainty in viewing geometry,
and estimating the lake surface using thermal gradients on the far wall of the vent.

We found that raw thermal camera estimates align imperfectly with the laser data,
which we consider to be far more precise. We therefore adjusted the thermal time series



by estimating an unknown slope and offset which minimizes the squared residual
between the laser observations and the thermal observations from the time period after
the My, 6.9 earthquake. The resulting fit is quite good. We use the adjusted thermal
camera data only to qualitatively infer draining rate between 6-9 May for comparison
with SfM-based estimates.

The data show a clear increase in the rate of lava lake draining on the evening of 4
May, after which the rate is remarkably constant (thermal data after 7 May do suggest
some irregularity in the withdrawal rate, but a fairly stable average rate). The final SfM
estimate on 9 May suggests a slightly reduced rate of draining, but this estimate was
relatively uncertain, and geodetic data do not suggest a reduction in pressure change rate.

We computed the rate of withdrawal of the lava lake surface by weighted linear
regression to the combined laser and SfM time series from after the My 6.9 earthquake
using for simplicity uncorrelated (white noise) uncertainties specified above. We
decimate the laser rangefinder data to a ~1 minute sampling rate. We estimated a post-
My, 6.9 velocity of -52.97 m/day and subjectively assigned an uncertainty of 2 m/day.

Finally, the rate of lava lake withdrawal may be combined with subsequent vent
photogrammetry to estimate volumetric rates of magma withdrawal (9). Rates averaged
around ~15 m?/s over eight days but were much reduced as the lake fell due to a smaller
conduit diameter at depth. Here we assumed an average rate of withdrawal from the lava
lake and its feeder conduit of no more than 5-10 m®/s before 16 May.

Lava lake density

Gravity data indicated that the density of lava in the very top tens to perhaps
hundreds of meters of the lake was only ~1,000-1500 kg/m?* (83, 84). However, density
must increase greatly with depth due to greater pressure and consequent increased
volatile solubility, eventually reaching the density of magma stored in the Halema‘uma‘u
reservoir — estimated to be 2550-2650 kg/m® [e.g., (37)]. Furthermore, (4) argued that a
difference in elevation between lava in the summit lake and at the ERZ eruptive vent
during brief eruption pauses could be explained by an ERZ magma density that was 50-
140 kg/m?> higher than the average lava lake density (from reservoir to surface). Thus,
average bulk lava lake density cannot have differed greatly from the density of magma
stored at greater depth in the summit and ERZ.

To characterize uncertainty in density we used a probability distribution that is
uniform between 2300 and 2500 kg/m? and falls off with a normal distribution (standard
deviation = 150 kg/m?) outside of this range (fig. S9). These values are comparable to
summit host rock densities inferred from Bouguer gravity studies (835) and seismic p-
wave velocities (86) using relationships in (87), but are somewhat lower than the density
of shallow (upper few hundred meters) caldera fill (88).

Host rock shear modulus

Elastic stiffness of the rock surrounding Kilauea’s shallow magma reservoir is not
well known. Laboratory experiments on Hawaiian basalt suggest a shear modulus from
less than 5 to more than 40 GPa (42, §9) but in-situ rigidities are almost certainly lower
than laboratory values, and some authors have argued that u<3 GPa is required to explain
the lack of a piezomagnetic effect during unrest at Kilauea (42, 90). Based on these
studies, (6) used a lognormal prior distribution with mean of 3 GPa. Recent tomography




and near-source v, /v estimates at the summit (86, 97) suggest p-wave velocities
increasing from ~3.3 km/s at 2 km below the summit to ~5.2 km/s at 4 km and v, /v of
~1.7. Using

Ug = Pr vsz

where p, is rock density we estimated a dynamic shear modulus p4 of roughly 10-25 GPa
from 2-4 km depth. Static shear moduli of rocks are generally lower than dynamic
moduli, but the relationship depends on uncertain factors such as crack density (92). To
characterize the uncertainty in shear modulus we used a probability distribution for

log,, () that is uniform between 2 and 10 GPa, falls off with standard deviation of 0.3
GPa outside of this range, and is zero below 0.5 GPa and above 20 GPa (fig. S9).

Lava lake model

Based on previous observations that the surface of Kilauea’s lava lake rises and falls
in direct proportion to magma reservoir pressure (4) we assume that the lava lake acted as
a piezometer (manometer) of magma reservoir pressure such that reservoir centroid
pressure change rate p was related to rate of change in lava lake surface height A through

p = pgh

where p is the average density of magma in the lava lake (from the top of the reservoir to
the surface) and g is gravity.

The magmastatic relationship between reservoir pressure and lava lake surface
height was well-established prior to the 2018 eruption. This relationship requires that
viscous resistance to flow in the conduit is minimal compared with gravitational forces.
To verify that this assumption held in 2018, when draining rates were high, we looked at
data from the Kamoamoa intrusion and fissure eruption in 2011, during which the summit
lava lake drained nearly 200 m in a little over a day, simultaneous with inward tilt of ~40
urad at station UWE. Although sustained for a much shorter period than in 2018, these
rates were much higher (the lava lake receded almost four times as rapidly in 2011 as in
2018). These rates give a lake-tilt ratio at UWE of about 5 meters per prad — very similar
to the rate for much slower pressure changes over many years (4, 5). We conclude that
the magmastatic relationship was valid in 2011 and thus almost certainly must have held
during lower draining rates in 2018 (neglecting as unimportant any changes in lava lake
vent dimensions between the two time periods).

We also evaluated the validity of assuming a time-invariant average lava lake
density. Because the lava lake density must have increased with depth, the average lake
density from the reservoir to the surface decreased as the total magma column length
decreased during draining. Such a change would alter the relationship between reservoir
pressure and lava lake surface height. To test the influence of this effect we assumed a
uniform vent radius and approximated the lake as a low-density foam of p; = 1000
kg/m? above magma of p, = 2500 kg/m?>. This formulation is simple but generally
consistent with gravity data and with the idea that changes in lake density are driven by
bubbles, which rise through the magma and accumulate in a foam layer at the top (or
collapse and lose gas). Under these assumptions, average density can be computed using
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p = p1L/h + p,(1 — L/h) where L is the height of the low-density foam cap and h is the
total column height. Change in density during draining is greatest for a relatively thick
cap above a relatively short conduit. For a cap height of 150 m (83, 84) and H decreasing
by 350 m (somewhat greater than observed during lake draining in 2018) from an initial
750 m, the change in average density is only a little more than 10%. This minor change is
consistent with the near-constant relationship between tilt and lava lake level observed
after the My 6.9 earthquake during draining, and we conclude that changing lava lake
density did not significantly affect our measurements in 2018. Note also that although the
final 2018 lava lake height estimate suggested a slightly reduced rate of lake withdrawal
(fig. S8), the uncertainty in this observation was high, and a reduction in withdrawal rate
is not expected from a reduction in average density (which would rather increase the
change in lava lake surface height for a given change in reservoir pressure).

Relationship between lava lake and ground tilt

We defined R; as the ratio of lava lake surface height to ground tilt (in units of
m/urad). To estimate R; we resampled the 1-minute caldera-radial tilt time series to
obtain values at the time of lava lake observations and then performed separate weighted
linear regressions to data from before and after the earthquake (for the latter we used data
after 5 May). We weighted lava lake data by uncertainties described above and assumed
that tilt data are error-free. The final two lava lake data points, derived from SfM, fall
slightly above the slope of the previous points but have higher uncertainties. At most
stations we found that R, after the My, 6.9 was about 0.6 times its value before the My
6.9. We assigned a subjective uncertainty of £0.15 m/urad to R;.

Is it reasonable to assume that the pressure-tilt relationship remained constant
between the disappearance of the lava lake and the first collapse event? This ratio was
observed to be constant for many years (5), and although it did change around the time of
the My 6.9 earthquake (Fig. 3D), large increases in lava lake withdrawal and deformation
rates both also occurred at that time. Because the ratio remained constant after the My 6.9
(when data is available), and ground deformation subsequently continued at a nearly
constant rate after the lake disappeared, it seems reasonable to assume that there were no
further changes prior to the first collapse event.

After the onset of collapse events, the relationship between tilt and pressure change
is more complex. As one end member, assuming that collapse-induced ground
deformation was due entirely to reservoir pressurization, the scaling relationship may not
have changed. However, this assumption neglects the influence of other processes on the
tilt data during this time, so is likely only partly valid (50).

Pressure at the onset of collapse

An important goal is to estimate the pressure change in the shallow magma reservoir
at the onset of caldera collapse. To do so we divided the data into two periods: before and
after the My 6.9 earthquake. To compute pressure change prior to the earthquake we used
Ap(t) = pgAh(t) where Ah(t) is the lava lake surface height relative to its approximate
average level prior to the onset of deflation (1027 m asl). A lava lake density of 2400
kg/m? (the mean of the prior probability distribution we used, above) yields a pressure
change at 12:30 pm on 4 May, immediately prior to the My 6.9 earthquake, of -1.9 MPa.
Accounting for uncertainty in p using 1 X 10° samples drawn from its probability




distribution, we found Ap = -1.9 + 0.12 MPa. If pressure decreased at a steady 1.25
MPa/d (main text) over the 12.2 days between the My, 6.9 earthquake and the first
collapse on 16 May, then total pressure reduction from the onset of deflation (including
the pre-My, 6.9 period) would have been 17.2 + 1.1 MPa.

As an alternative approach for computing pressure change after the My 6.9
earthquake, we used tilt data as a direct proxy for reservoir pressure change using
Ap(t) = AO(t)R.pg, where A8 is the change in tilt relative to 1 pm on 4 May (just after
the My 6.9 earthquake) at a particular station, and R; is the ratio of lava lake surface
height to ground tilt (above) observed after the My 6.9 earthquake before the lake
disappeared (Fig. 3D). We used the radial component of data on all tiltmeters except at
UWE, for which we used north tilt (the east channel was non-functional during part of
this time period). We used 1 X 10® samples drawn from probability distributions for p
and R; (above) and found that uncertainty in p dominated our estimated uncertainties.
Adding pre-M,, 6.9 pressure change to post-My, 6.9 pressure change we obtained results
in Fig. 7 and S10. For most stations, total estimated pressure decrease by the time of the
first collapse on 16 May was between 15-20 MPa. Because we did not know which
instrument most faithfully recorded reservoir pressure change, we finally combined all
samples for all instruments, yielding a pressure change of -17.8 = 2.1 MPa. This result is
consistent with the model-based estimate, above, as expected by the near-constant rate of
deformation in the caldera.

Further assuming that the lake-tilt ratio remained constant between the onset of
collapses on 16 May and the onset of larger collapses on 29 May, we inferred a pressure
change on 29 May of a bit less than 25 MPa (from UWD; pressure change inferred from
IKI is higher, at nearly ~34 MPa, but this instrument is less sensitive to reservoir pressure
changes (6) and experienced data gaps during the 2018 eruption). These results assumed
that collapse-induced ground deformation was due entirely to reservoir pressurization
with a relationship unchanged from the pre-collapse period. This assumption is likely not
completely correct (50). At the other extreme, if episodic inflationary deformation was
unrelated to pressurization of the reservoir, pressure reduction would have been greater
after 16 May than estimated here. Although we find this scenario unlikely, our estimated
pressure change for 29 May should be considered much more uncertain than for 16 May.

Ground deformation model

We computed ground deformation (displacement and tilt) as a function of reservoir
pressure change using a numerical model of a spheroidal magma reservoir embedded in a
homogeneous elastic medium. The spheroid may not dip but may take any aspect ratio
from prolate (vertical pipe) to oblate (horizontal pancake). We did not account for
topography due to the relatively flat terrain at Kilauea’s summit. We neglected as minor
the ground deformation caused by the lava lake conduit itself. (Finite element
calculations for a vertical cylindrical conduit with radius 100 m extending from the
surface to the reservoir suggest less than 1 cm and 3 cm of vertical and horizontal surface
displacements, respectively, from removal of the lava lake, even close to the vent, and a
displacement field that decays rapidly with distance.) We neglected viscoelastic crustal
processes, the time scales of which should be much longer than the duration of the time
period considered here, and treated the crust as a homogeneous elastic material. Although
numerous caldera-bounding faults clearly exist at Kilauea, and collapse in 2018 occurred




in part along pre-existing zones of weakness, InNSAR data from early May do not in
general show strong discontinuities across faults and there is not a strong correlation
between the pre-existing caldera shape and the pattern of ground deformation [as often
observed at calderas (93)], although some heterogeneity is clearly present within the
caldera.

Analytical deformation models for spheroidal magma reservoirs exist [e.g., (94, 95)]
but the assumptions that go into their derivation break down for reservoirs relatively
close to the surface — a condition that likely exists at Kilauea. To overcome this limitation
we constructed a numerical (finite-element) deformation model [e.g., (96)] implemented
in COMSOL Multiphysics (fig. S11). The general form of our radially-symmetric finite
element model is given by

Vp
u;(x,) = 79,-(61, w,V,v; x,)

where u is the deformation velocity vector, subscript j indicates the deformation
component (either radial or vertical), x,. is the vector of radial observation coordinates on
the free surface, V is reservoir volume, p is reservoir pressure change rate, 4 and v are
shear modulus and Poisson’s ratio respectively (material properties), d is reservoir
centroid depth, and w is aspect ratio of the reservoir (height/width; not to be confused
with the aspect ratio of the roof block above the reservoir). Here g is the nonlinear
functional relationship between reservoir geometry, Poisson’s ratio, and deformation,
computed by the finite element model, with units of 1/length?. Deformation is linear in
the term Vpu~?1, which can be considered a geodetic source strength, but displacements
are also nonlinearly related to volume V through the function g. In practice therefore we
parameterized the finite element model by only the parameters d, w, and V' (we fixed v to
0.25) and an arbitrary p and u, and then later scaled the results using p/u to yield
deformation for any pressure change and shear modulus.

We confirmed that the finite element model reproduces results from analytical
models in (45) and (94, 95) in cases where the analytical models are expected to be valid
(relatively small, deep reservoirs) (fig. S12).

Emulator for the ground deformation model

Running a full finite element model many thousands of times, as required in an
MCMC simulation, is prohibitively slow; for this reason most inversions utilizing FEM
deformation models involve optimization (finding the best-fitting solution) (97) rather
than a full characterization of the posterior PDF. To overcome this limitation, we
developed an emulator (surrogate model) to approximate the finite element model output
at any combination of model parameters using the actual finite element model output
from a small, carefully-selected set of model parameters. We utilized the well-studied
Gaussian stochastic process (GafSP) (98—100). For each set of inputs (height, width and
depth of the reservoir) the finite element model outputs displacements at a vector of pre-
selected radial distances. To emulate the displacement vector, which is a highly nonlinear
function of the input parameters, we implemented the parallel partial Gaussian stochastic
process (PP GaSP) emulator developed in (/7). Similar sets of input parameters generally
predict more similar (correlated) output. The kernel function in the PP GaSP emulator




models this correlation as a function of the distances between the inputs, which captures
the nonlinearity in the geodetic model.

In implementing the PP GaSP emulator, we assumed a product Matérn kernel
function of the model outputs at any observation coordinate (/0/) and estimated range
parameters by the marginal posterior mode with the jointly robust prior (/02) The shared
covariance function across different observation coordinates reduces the computational
complexity of fitting an emulator with distinct kernel functions at different coordinates
(17). On the other hand, ground displacements from the geodetic model change greatly as
a function of spatial coordinate (distance on the surface from the reservoir), so we assume
distinct mean and variance parameters at each observation coordinate. The different mean
and variance parameters at observation coordinates are crucial for capturing the change of
the geodetic model.

Given a kernel function, we estimated the mean and variance parameters of the
ground displacement at any observation coordinate by the posterior mean estimator using
the reference prior (/01, 103). Note that the parameters only needed to be estimated once
when constructing the emulator. For any new input parameters we used the predictive
mean of the emulator to compute ground displacements. We implemented the MATLAB
version of the PP GaSP emulator in (/04).

To implement the PP GaSP emulator, we first computed n = 700 selected space-
filling design inputs (combinations of models parameters) from the maximin Latin
Hypercube (/05) and then deleted combinations that were nonphysical or highly
implausible; we were left with n = 376. For each of these remaining points we ran the
finite element forward model, storing predicted horizontal (radial) and vertical
displacements at k = 1700 spatially-dense distances spaced in proportion to the square
root of distance from 0.01 m to ~30 km. Using all outputs we estimated the parameters of
the PP GaSP emulator. The predictive mean of the trained emulator can finally be used to
predict output at any arbitrary set of input parameters at the same 1700 pre-specified
distances, and output at other distances can be computed using linear interpolation. We
found that this two-step approach yields fast and accurate predictions at any coordinate.

To compute ground tilt we performed spatial differentiation of emulated vertical
displacements. Predicted radial displacements were converted to east and north using
station coordinates. Finally, InSAR displacements were computed by taking the dot
product of the 3-component displacement vector with a normal vector representing the
oblique look direction between the satellite and ground.

The computational cost of building the emulator (estimating the parameters of the
PP GaSP emulator) scales as the maximum of 0(n3®) and 0(kn?), where n is the number
of design points and k is the number of observation points. However, this need be done
only once, and exercising the fully constructed emulator in the MCMC inversion scales
as 0(nk). We found that exercising the emulator to predict output is orders of magnitude
faster than the finite element model, and several times faster than even the analytical
model (95) for large numbers of observations points (e.g., InNSAR data).

Fig. S13 compares output from the full finite element model, the emulator, and the
analytical model for combinations of model parameters selected randomly from the
posterior distribution of a model simulation. The emulator faithfully reproduces the finite
element model, but both often differ significantly from the analytical model which does
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not properly enforce a uniform pressure boundary condition when the chamber is
relatively close to the surface.

The R package of the emulator code is available at the Comprehensive R Archive
Network (/03) and the MATLAB version is available at GitHub (704).

Combined deformation-lake model for Bayesian parameter estimation (inverse)

To estimate properties of the magma storage system and its temporal evolution prior
to collapse we developed a combined geodetic - lava lake model. This model relates
reservoir pressure change rate p to ground deformation rate (GPS 11, tilt 8, and InSAR V)
at observation coordinates X;ps, Xtilt, and X;,s4r, respectively, using our emulator, and
to the rate of lava lake surface height change using the magmastatic relationship. The full
system of equations is given by:

u;(Xgps) = f;(§,0,V, ®,v, 1; Xgps)

fs(& D, V, w, v, & Xyi1)
0Xj=12

Vi(Xinsar) = & 'f(“w bV, w, Vrﬂ;XInSARI) + A4

6j=1,2 (Xgire) = —

h=p/pg

where f is the ground deformation model (the emulated finite element model
supplemented with parameters such as those necessary to convert from radial to cartesian
coordinates), subscript j = 1,2,3 is the spatial direction (east, north, up), § is the reservoir
centroid position (east, north, and depth), I is the interferogram number, @ is a normal
vector representing the oblique look direction between the satellite and ground which
converts 3D displacements to line-of-sight satellite displacements, and 4; is a bias term
which accounts for constant shift in each interferogram (because interferograms measure
relative displacement). East and north positions are relative to 19.4073° N, 155.2784° W
(near the east rim of pre-collapse Halema‘uma‘u crater). Because we model the volcano
as a flat elastic halfspace, depths are approximately relative to mean observation
elevation of ~1100 m asl.

Excluding parameters that we set to fixed values (Poisson’s ratio v = 0.25 and
gravity g = 9.81), the full model includes the parameters §,p, V, w, u and p.

Data and relationship with model
To constrain the model, we used ground deformation velocities and the rate of lava
lake withdrawal (as well as prior information, discussed below). For ground deformation
we used the data from 14 continuous GPS instruments, three borehole tiltmeters, and four
InSAR interferograms from the Sentinel-1 and COSMO SkyMed platforms (table S1).
We assumed that observed data d may be explained by

di(xx) = G(m;xp) + 8, (X) + Ay + €

where subscript k refers to the individual data set (GPS, tilt, InNSAR, or lava lake), G is
the full forward model described above (which can be treated as sub-models necessary to
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predict each data set), model vector m = [€,5,V, w, 4, p,v, g]7, 8 accounts for
discrepancy between the model and reality, A is a mean (bias) parameter, and € is
observation error. Observation errors € are estimated directly from the data, as described
above, and are held constant during the inverse. Terms & account for discrepancies
between the mathematical representation and the earth, and in geophysical inversions are
often masked by relatively large data uncertainties €. In this work, however, signal-to-
noise ratio in most geodetic data is very high. Although discrepancy terms can be
modeled using statistical functions (/06), for simplicity here we fixed 8§ = 0 and utilized
the approach of (/07) to weight geodetic data uncertainties (data covariance matrices)
with unknown hyperparameters to account in a simplified way for unmodeled data error
and model discrepancy (we did not weight the lava lake data, which can be fit to within
uncertainty without compromising the fit to any other data sets). After (/07), we assumed
€, ~ N(0,yZZ)) where X, is the data covariance matrix (estimated directly from the
data) and yy, is the unknown weight hyperparameter for the kth data set.

A terms are nonzero only for InSAR data and account for the fact that unwrapped
interferograms yield deformation only relative to a point which is assumed to be non-
deforming, yielding possible constant bias in all pixels (we assumed that ramp terms due
to satellite orbital errors are minimal over the relatively small area of the images).
Treating the bias correction as part of the geophysical model and including A terms in the
model vector, then,

d,(x) = G, (m; X)) + €

The full data vector including N interferograms is given by

d=[ha,0,v, -, vy]

where A is lava lake surface height rate, i is deformation velocity (GPS), @ is tilt rate, v
are InSAR velocities, and N = 4 is the total number of interferograms. The uncertainties
for each element of d are independent.

Bayesian inverse formulation

Our goal was to probabilistically estimate model parameters m =
[€,D,V,w,up,A]" as well as hyperparameters y. We treated y and all parameters in m as
unknowns and allowed them to vary over reasonable a priori ranges.

To probabilistically constrain model parameters we used observed data and
independent prior information from the results of previous studies. We framed the
estimation problem in a Bayesian sense, in which probability density functions (PDFs)
characterize prior constraints (information about model parameters derived from
independent sources — here, previous studies), data uncertainties, and the parameter
estimates that are the solution to the inverse problem. We applied informative priors to
constrain the density of the lava lake and the rigidity (shear modulus) of the host rock.
The philosophy of our Bayesian inversion is to evaluate the full range of model
parameters consist with the data and prior information. It is important however to
remember when interpreting posterior PDFs that they are conditional upon the
assumptions that go into the inverse (model, data uncertainties, and priors).
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Using data weighting hyperparameters as described above, the likelihood for each
data set k is given by

1
Pi(di|m,yz) = (2my?) Nk/2| 5, |7 ?exp I_ 2 r:?&?lrkl
Vi

where N is the number of data points in the data set, and r is the residual vector, r;, =
d; — G, (m). The total likelihood is given by the product of the individual likelihoods:

K
P(d|m,y2) = P(dldeI""dK' |m,V12,]/22,,]/12() = l_IPk (dklm;]/]%)
k=1

where K is the total number of datasets. Similarly, assuming independence, prior
distributions are given by

M K
Py =] [Pona [ [Pod)
n=1 k=1

where M is the total number of model parameters. Likelihood and prior distributions are
combined using Bayes’ Theorem:

P(m,y?|d) = P(d|m,y*)P(m,y?)

K M
= [P @dmyprpod | [P ono
k=1 n=1

Bayesian prior information

Information derived from independent studies in the literature is essential for placing
constraints on lava lake density p and host rock shear modulus p. Both parameters are
important in the volcano model but neither can necessarily be resolved by our data. These
studies and our interpretation of them are uncertain, so priors must be characterized by
probability distributions.

Additionally, we placed an a priori physical constraint on the top depth of the
magma reservoir, rejecting models which placed magma in unreasonable proximity to the
surface. This is not clearly known but should be below (and perhaps well below) the level
at which the lava lake drained from sight (at ~700 m asl, roughly 400 m below our mean
GPS station elevation). We computed the reservoir’s top depth directly from the model’s
geometric parameters and rejected (assigned zero probability) to modeled reservoirs
which placed magma closer than 750 m to the surface.

For other parameters we used uniform prior distributions between fixed lower and
upper bounds. All parameters were sampled in Cartesian space except for pressure
change rate, reservoir volume, shear modulus, reservoir aspect ratio, and data weighting
hyperparameters (discussed in the next sections); we estimated the logarithm of these
parameters and treated their priors as uniform on a log scale. In practice the posterior

13



distributions for pressure change rate and reservoir aspect ratio are so well constrained by
the data that the choice of their objective prior distributions makes little difference.

Inverse algorithm

We sampled the posterior distribution using a standard Markov chain Monte Carlo
(MCMC) algorithm (108, 109) as implemented by (37). The Metropolis MCMC
acceptance test utilizes the ratio of posterior probability between a given set of model
parameters and a perturbed set osf model parameters. For the MCMC acceptance test in
the presence of unknown hyperparameters y see (/07). We ran 8 independent parallel
MCMC chains each for 1 x 10° iterations, storing every 10" sample. We ensured that all
runs converged to similar distributions and then combined all samples to derive final
posterior PDFs. In practice, we found that posterior distributions are adequately
characterized with far fewer samples than we computed here.

Fits to data

Figs. 7 and S15 show the fit of model predictions to data. Data fits are qualitatively
very good but cannot explain the GPS and InSAR data to within formal uncertainties.
These discrepancies are likely due to the geometrical simplicity of the deformation
model, which cannot account for magma outside of the primary spheroidal storage
reservoir. Elastic heterogeneity likely also plays a role. Our estimated hyperparameters
scale the data covariance matrices to account for this discrepancy. We estimated mean
hyperparameter values for tilt, GPS, and InSAR data of 1.0, 14.7, and 2.1, respectively
(fig. S17). Tilt data uncertainties are thus largely unmodified, InNSAR data uncertainties
roughly doubled, and GPS uncertainties increased by more than an order of magnitude.

Post-processing: reservoir centroid pressure

Given posterior distributions P(m, y?|d) it is straightforward to compute dependent
parameters (those that can be computed explicitly as functions of the estimated model
parameters) using the posterior samples directly or by using Monte Carlo procedures.
Using the posterior PDF for reservoir centroid depth d from the Bayesian inverse
analysis together with the prior distribution for magma density p, we probabilistically
estimated pressure at the centroid depth using the magmastatic relationship. This estimate
neglects pre-eruptive overpressure, which we argue was minimal due to the presence of a
lava lake overflowing from the open vent.

Post-processing: volume change rate

We computed V from inverse results using V = B.,Vp where 3, is magma
reservoir compressibility (which describes the relative change in reservoir volume for a
given pressure change), and for IV and p we use posterior samples taken directly from the
inverse results. Following (/70), we computed reservoir compressibility using the finite
element method for an arbitrary non-dipping spheroidal reservoir as a function of its
depth, geometry, and the shear modulus u of the host rock. For a deeply-buried sphere
Ben = 3/4u (45) but compressibility can be quite different for relatively large, shallow
reservoirs or for non-spherical sources (710, 111) (fig. S14). Using the same general
emulation technique described above we built an emulator for the finite element output
using ~800 design points (pre-computed finite element model outputs). Reservoir
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compressibility is a scalar value that does not depend on distance from the reservoir, so
emulator construction was more straightforward. Our estimate of V is independent of host
rock shear modulus and as a result is well-constrained.

Post-processing: magma compressibility and flow rate

To compute the volumetric rate of magma flow from the reservoir we used q =
V(1 + R) where R = B,,,/B.p, and 8, is magma compressibility (which describes relative
change in magma density for a given change in pressure). The ratio R may be computed
explicitly using physical models [e.g., (110, 112, 113)] and/or constrained a priori using
observations and modeling from other volcanoes and eruptions (37). Here we used a prior
distribution for R modified slightly from (37), which was derived from theoretical
constraints and previous observations at Kilauea. Our distribution is uniform between
0.25 and 3 and decreases normally outside of this range with a standard deviation of 0.5.
Combining this prior distribution with reservoir compressibility ., computed using the
emulator and estimated shear modulus from MCMC samples, we were also able to
compute a distribution for magma compressibility f3,,, that is consistent with data and the
independent constraint on R. Our results suggest a magma compressibility of 2 x 10710
to 9 X 10719 at 68% credible bounds (fig. S17, table S2). These values are mostly higher
than estimated by (//2) for a gas-poor basalt, so suggest the presence of bubbles in the
reservoir. Note that our estimate for (3, is constrained largely by priors on R and u rather
than the data (although our results do suggest a shear modulus at the low end of its prior
distribution; fig. S17).

Probabilistic 3D constraint on magma storage (“pseudotomography”)

We randomly selected 1000 sets of model parameters from the posterior distribution,
computed the 3D spheroidal reservoir geometry for each, and combined these on a
250 x 250 x 250 grid to estimate the relative probability of finding magma at a given
3D location beneath the caldera (/14).

Pressure change and host rock failure

Reservoir pressure change induces stress in the surrounding crust; in the case of roof
failure, these stresses exceed the strength of the rock. A deflating spherical reservoir will
induce compression above the reservoir and tension at distances greater than some critical
value, but collapse processes are complex and there has long been debate about the nature
of collapse fractures and their relation to the stress field (/75), even neglecting
complexity such as reservoir shape or pre-existing rock weaknesses. Theoretical models
have even suggested that spherical reservoirs are unlikely to generate ring faults (23).
Nonetheless, a simple force balance can be used to relate reservoir pressure change with
shear stress on a hypothetical vertical cylindrical ring fault:

_AOp
4R,

Tc

where 7. is the change in shear stress before failure and R, is roof aspect ratio (18, 20).
Calculations are given in the main text. Additionally, although outside the scope of this
work, T, may be related to failure criterion such as Mohr-Coulomb (78, 20, 54). Ignoring

15



any prior shear stress or extension due to south flank motion, the normal stress on faults
extending to 1-2 km would be ~25 MPa; neglecting cohesion, this suggests a coefficient
of friction of about 0.3 to 0.5.

Influence of propagating faults on geodetic data

Many laboratory experiments have indicated that roof block failure begins with the
propagation of faults from near the top of the reservoir (/16). Slip along ring-like faults at
depth can localize deformation in the caldera, biasing geodetic inversions which assume a
homogeneous elastic medium and even leading to overlapping deformation patterns
which could be misinterpreted as caused by two reservoirs (/7). Upwards propagation
of these faults during continued reservoir depletion would increasingly localize
deformation into a piston-like subsiding block.

We modeled data from before the onset of clear fault propagation and argue that the
effect of such processes on our data should be minor. InSAR data from Kilauea in 2018
demonstrate that strain localization likely associated with slip on buried faults did occur
but was not largely developed until after our modeled time period. Secondly, the
observed deformation pattern during our modeled pre-collapse time period was similar to
that observed variously over many years at Kilauea when there was no evidence of fault
slip (6, 31-34, 36, 37), and our modeled source depth and geometry are similar to
previous analyses of these data. Thirdly, geophysical signals indicative of collapse-
induced reservoir pressurization did not occur before 16 May (excepting small events
likely caused by rockfalls into the lava lake). Although this does not entirely preclude
motion along buried faults [and abundant seismicity may indicate the early stages of slip
(58)] it does preclude the sudden collapse of large rock masses into the reservoir during
such slip (slow and steady collapse might not be detected). Despite these arguments we
do acknowledge the possibility that slip on buried faults could somewhat bias our results,
and we note certain relatively minor changes in the geodetic time series over several days
before 16 May that could be due to these processes.

Change in the lake-deformation ratio and influence of the south caldera reservoir

The ratio between lava lake surface height and radial ground tilt (R;) at station UWE
was nearly constant for many years, so the change around the time of the My 6.9 is
notable. The change in this ratio was produced by a larger increase in deformation rate
than lake withdrawal rate. Using the magmastatic lava lake relationship, the ratio of lava
lake surface height rate to deformation rate is proportional to

M
pPVg

Decreasing this ratio by 40% (Fig. 3D) requires correspondingly decreasing the
shear modulus, or increasing lava lake density or reservoir volume. Such a large change
in lava lake density is implausible on physical grounds and would also have dramatically
affected the lake draining rate. Such a large decrease in shear modulus likewise seems
unlikely, although the My, 6.9 and related seismicity could have had some effect (there is
some evidence that the change in lake-tilt ratio began somewhat before the My 6.9,
however). Finally, increasing the effective reservoir volume (perhaps by tapping into new
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sources of magma) would presumably also have slowed the rate of reservoir pressure
change (which in elastic models is inversely proportional to volume), unless compensated
by an increase in outflux rate. A reduced rate of pressure change is contrary to the data.

The expression above does not account for geodetic sources which are not in direct
magmastatic connection with the lava lake. An increase in deformation rate from such a
source could reduce R;, but would presumably also change the spatial pattern of
deformation. Deflation of Kilauea’s south caldera reservoir is evident in our data misfits,
but the modeled Halema‘uma“‘u reservoir explains the great majority of observed
subsidence. Nonetheless, we acknowledge that some bias is possible.

Although the cause of the change in R, is not clear, we can speculate about the
effect of mismodeling it. The pressure change rate we estimated is obtained directly from
the lava lake time series, so is insensitive to changes in R;. Furthermore, the pressure
time series in Fig. 6 and fig. S10 are entirely empirical and rely only on R; remaining
constant over each time period. If deformation due to an unmodeled source affected the
geodetic data but not the lava lake data, we would overestimate reservoir volume.
Ultimately it is difficult to quantify the effect that these uncertainties have on our results,
and although we believe them to be largely second-order we acknowledge that some bias
to estimated parameters could occur.
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Fig. S1.

Daily GPS solutions and best-fit velocities. Vertical line on 4 May shows the time of the
My 6.9 south flank earthquake (abbreviated “M6.9”). For clarity, coseismic My 6.9
earthquake offsets are approximately removed using data from high-rate GPS solutions
(significant residuals remain at some stations). Pre-M,, 6.9 velocities are also estimated
for comparison, but for clarity are not shown here. Period used to compute post-My, 6.9
velocities shaded in gray.
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Fig. S2.

Best-fit GPS velocity vectors with formal uncertainties. Background line map shows
location of summit caldera; shaded area shows 2018 collapse. (A) 2-4 May. (B) 6-14
May. Confidence ellipses and bars are 95%. Map units are meters east and north of
19.4073° N, 155.2784° W (east rim of pre-collapse Halema‘uma‘u crater). 2-4 May
velocities are not used in modeling and are shown here only for comparison; note that
vertical motion at MANU during this time is an outlier.
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Fig. S3.

GPS velocity vectors for 6-14 May. All stations are plotted as if at the same elevation

(horizontal line). (A) View looking north. (B) View looking west. Distances are relative

to the center of the local coordinate system.
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Fig. S4.

Ground tilt and best-fitting velocities. The first vertical line is the onset of the LERZ dike
intrusion and middle ERZ rift contraction, which was clearly recorded at ESC; the second
vertical line is the My 6.9 earthquake. Note that UWE reached its maximum instrumental
east-west tilt around ~11 May. Offsets associated with the My 6.9 earthquake are roughly
removed from the times series.
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Fig. S5.

Tilt vectors for shaded time period in fig. S4, with 95% data uncertainties. Shaded area
shows 2018 collapse. SMC and SDH are not modeled in this study.
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Fig. S6.

InSAR data used in this study. Rows show interferograms corresponding to letters in
table S1. The first column is re-wrapped at a rate of 0.5 cm/day per fringe, the second is
unwrapped, and the third is quadtree-decimated. The look vector symbol (lower left of
each panel) denotes the flight direction and look direction of the satellite. The look
direction is always 90 degrees perpendicular to the right of the flight direction. The
number in degrees indicates the deviation of the radar signal from vertical.
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Fig. S7.

Enlarged ascending-mode (A) and descending mode (B) COSMO-SkyMed
interferograms showing subsidence at Kilauea’s summit (A and C in table S1,
respectively). Background DEM shows pre-collapse topography. Data are rewrapped at
0.3 cm/day per fringe to better show details of deformation in the caldera. A roughly-
circular subsidence pattern was centered just east of Halema‘uma‘u crater. Second-order
perturbations to the overall pattern are evident, however, particularly in the high-
resolution ascending-mode scene which reveals kinks in the fringe pattern near the
caldera wall north and east of the crater, and small fault offsets. The descending-mode
image (B) also shows some complexity in the fringe pattern over the source east of the
crater (a pattern which has been observed previously at Kilauea). The descending-mode
image is relatively noisier; the look angle is also more oblique (less vertical).
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Fig. S8.

Lava lake surface height from laser rangefinder, thermal camera (corrected as described
in the text), and SfM photogrammetry. Confidence bars for SfM points are 95%. Vertical
line is the My 6.9 earthquake.
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Fig. S9.

Prior distributions. Probabilities are zero outside of the range shown here and the y axes
are relative probability only. (A) Average lava lake and conduit magma density. (B) Host
rock static shear modulus. (C) Shear modulus in linear space, shown for convenience
only (we estimate the log of shear modulus, as shown in B).
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Fig. S10.

Pressure change distributions obtained by scaling tilt data at stations UWE, SDH, SMC,
and IKI (UWD is presented in the main text). Arrow denotes the time of the last lava lake
measurement on 9 May. Time series include small offsets associated with pre-collapse
explosions, which are likely due to changes in reservoir pressure; spikes associated with
earthquakes are also evident.
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Fig. S11.

A portion of an example finite element mesh with reservoir centroid at 2 km depth with
vertical radius of 1000 m and horizontal radius of 750 m (in practice we compute
deformation due to reservoirs of different aspect ratios at many different depths). The
model is symmetric about the vertical red line.
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Fig. S12.

Comparison of finite element results with the McTigue analytical spherical reservoir
model, here for a reservoir with radius 500 m at 10 km depth with a uniform 10 MPa
pressure boundary condition in an elastic halfspace with shear modulus of 20 GPa and
Poisson’s ratio of 0.25.
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Fig. S13.

Comparison of finite element model, emulator, and analytical spheroid model for
randomly-selected combinations of reservoir vertical dimension a, horizontal dimension
b, and (negative) depth d. (A) Radial horizontal displacements. (B) Vertical
displacements. (C) Tilt. In all cases the x axis extends from 0 km (left) to 10 km (right)
from the reservoir centroid. Output from the emulator closely matches output from the
finite element model. The analytical model diverges for particularly shallow and/or sill-
like reservoirs, where it under-predicts deformation.
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Fig. S14.

Compressibility of a spheroidal cavity in a homogeneous elastic halfspace with shear
modulus of 20 GPa. (A) Magma compressibility (normalized by the compressibility of a
deeply-buried sphere) as a function of reservoir aspect ratio. Open circles, colored by
reservoir depth, show results for ~500 test geometries (which were not used to construct
the emulator) computed using the finite element method; smaller black points show
corresponding results from the emulator, which should ideally plot in the center of the
open circles. Reservoirs on the right side of the figure are vertically prolate and those on
the left are oblate (pancake-like). Vertical scatter in points (particularly for oblate
reservoirs) is due to variability in reservoir depth. (B) Similar to (A) but showing relative
error between the finite element model and the emulator. Relative error is nowhere above
10% and is usually <0.1% (RSME =9 x 10713).
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Fig. S15.

Fit of model predictions to InSAR data, following Fig. 6 in the main text, but also
including data from the COSMO-SkyMed platform. (A) Unwrapped interferograms. (B)
Line-of-sight cross sections through unwrapped interferograms in (A). Cross-section
locations are denoted in (A).
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Fig. S16.

Relationship between reservoir volume and shear modulus for accepted MCMC samples,
demonstrating the strong correlation. The slope of the correlation is governed by the ratio
dV /dp (fig. S17) and scatter is in part due to variability in reservoir compressibility.
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Fig. S17.

Marginal posterior distributions for estimated (bold text) and post-processed (plain text)
model parameters. Prior PDFs are shown by dotted lines (uniform prior PDFs are not
shown). Vertical axes indicate relative probability, which is not scaled between
parameters. INSAR scene numbers correspond to table S1. When interpreting these
distributions it is important to remember that they do not account for limitations in the
model itself. In particular, the simple reservoir geometry utilized in this study accounts
for the first-order pattern of deformation, but not its fine structure.
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Table S1.

Interferograms used in this study. Number of data points given are for quadtree-
decimated data. Acquisition times are HST.

Satellite

Band

A COSMO-SkyMed X

B Sentinel-1

C

C COSMO-SkyMed X

D Sentinel-1

C

Mode
Ascending

Ascending

Descending

Descending

First
acquisition
2018-05-06
06:06

2018-05-07
18:29

2018-05-08
17:58

2018-05-05
06:15

Second
acquisition
2018-05-10
06:06

2018-05-13
18:29

2018-05-11
17:58

2018-05-11
06:15

Quadtree
boxes
202

280

200

278
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Table S2.

Parameter values estimated in the joint Bayesian estimation and also post-processed from

those results. We do not include all nuisance parameters (magma density, InSAR bias
terms, and data uncertainty hyperparameters); these are shown in fig. S17.

Parameter Symbol or  Unit Median  Lower 68%  Upper 68%
equation
Bayesian parameter estimation
Reservoir volume |4 km? 3.94 2.53 7.23
Reservoir centroid east - m 70.3 44.0 96.2
Reservoir centroid north - m 183 157 210
Reservoir centroid depth d m 1940 1840 2120
Reservoir aspect (height/width) W - 1.23 1.14 1.31
Pressure change rate p MPa/d  1.25 1.15 1.34
Host rock shear modulus u GPa 3.08 2.06 5.23
Post-processed and other
estimated parameters
Reservoir initial pressure Po MPa 46.1 42.2 50.7
Reservoir volume change rate 1% Mm¥d -1.30 -1.45 -1.17
Change in volume with pressure dV/dp m3/Pa  1.04 0.918 1.19
Magma evacuation rate q m3/s -44.1 -62.1 -26.8
Relative volume change rate vV %/day  -0.0328 -0.0478 -0.0198
Relative pressure change rate p/Po %/day  -2.71 -2.91 -2.48
Failure press. change (16 May) Apy MPa -17.2 -18.3 -16.0
Failure vol. change (16 May) AVy m’ -17.9 -20.0 -16.1
Reservoir compressibility Ben 1/Pa 2.63e-10  1.59e-10 3.86e-10
Magma compressibility Bm 1/Pa 4.60e-10  1.83e-10 9.10e-10
Critical pressure change Derit % 37.4 34.1 39.9
Critical volume change Verie % 0.451 0.272 0.658
Critical magma evacuation ferit % 1.23 0.684 2.15
Roof aspect ratio R, - 0.473 0.341 0.551
Caldera vol. / reservoir vol. - % 20.9 11.4 32.7
Cylindrical fault stress change T, MPa -9.83 -12.5 -7.71
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Movie S1.

Time-lapse movie of thermal camera images (82) showing Kilauea’s lava lake from 25
April to 9 May, 2018. Overflows from the lava lake are visible in late April, followed by
draining. The lake’s surface withdrew by ~300 m, over much of this time at a near-
constant rate of 53 m/d. Wallrock collapses and explosions are visible as the lake drained.
An explosion on 9 May terminated the thermal camera’s image stream.
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