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Author Correction: Extreme rainfall triggered the 2018 rift eruption at Kilauea Volcano
Farquharson, J. I. and Amelung, F.

In this article, there is a misstatement regarding the precursory summit inflation. In the abstract and in the
main text we state “consistent with the lack of precursory summit inflation”. However, there was a small
amount (23 cm) of localised summit inflation detected with GPS starting ~2 weeks prior to the eruption.
The text would more accurately read “consistent with the lack of substantial precursory summit inflation.”
This has implications for intrusion terminology. The subtle uplift signal indicates that the intrusion was not
solely “passive,” as we refer to it in the article; rather, it was a “hybrid” intrusion (Poland et al. 2014) caused
by both a decrease in the extensional stress (due to pore fluids in this case) and magma pressurisation, the
latter smaller than in the previous hybrid intrusion. This suggests that infiltrating rainwater was not the
only factor influencing the intrusion. As we state in the article, “pore pressure can act as a trigger
mechanism in a critically stressed—or ‘primed’—volcanic system.” Our main conclusion that rainfall-
induced pore pressure changes played a role in the initiation of the 2018 intrusion remains unchanged.

In addition, the analogy between the 2018 activity and the 1924 eruption is not appropriate. We state that
“historical precipitation records show that Kilauea’s May 1924 eruption ... also followed extremely wet
conditions.” The 1924 eruption started with lava lake subsidence in February (Jaggar and Finch, 1924) and
not on 10 May 1924 as we use in the article (reported by the Global Volcanism Program). We therefore
cannot directly link the extreme rainfall observed in April 1924 to the onset of the eruptive period. The
1924 eruption falls close enough to the defined cusp between the ‘wet’ and ‘dry’ parts of the year (early
March) that if an earlier date in February is assumed for the onset then it would fall in the ‘dry’ period,
slightly influencing the probability analysis shown in Extended Data Fig. 3. If we were to treat the 1924
eruption as ‘dry’, then a total of 35 historical eruptions have occurred in the ‘wet’ season, still significantly
greater than the expected binomial probability distribution (29 eruptions in the ‘wet’ season).

We note also that in Figures 2¢c and 2e, rainfall is mistakenly reported in units of m rather than mm.
The distribution statistics of these data remain the same.

We regret both errors, and thank Mike Poland and his USGS colleagues for bringing them to our attention.

Poland, M.P., Miklius, A. and Montgomery-Brown, E.K., 2014. Magma supply, storage, and transport
at shield-stage Hawaiian volcanoes. In Characteristics of Hawaiian volcanoes (Vol. 1801, pp. 179-
234). Reston, Va: US Geol. Surv..

Jaggar, T.A. and Finch, R.H., 1924. The explosive eruption of Kilauea in Hawaii, 1924. American
Journal of Science, (47), pp.353-374.
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The May 2018 rift intrusion and eruption of Kilauea Volcano, Hawai‘i, represented one
of its most extraordinary eruptive sequencesin atleast 200 years, yet the trigger
mechanism remains elusive'. The event was preceded by several months of

anomalously high precipitation. It has been proposed that rainfall can modulate
shallow volcanic activity*?, but it remains unknown whether it can have impacts at the
greater depths associated with magma transport. Here we show that immediately
before and during the eruption, infiltration of rainfall into Kilauea Volcano’s
subsurfaceincreased pore pressure at depths of 1to 3 kilometresby 0.1to1
kilopascals, toits highest pressure in almost 50 years. We propose that weakening and
mechanical failure of the edifice was driven by changes in pore pressure within the rift
zone, prompting opportunistic dyke intrusion and ultimately facilitating the
eruption. A precipitation-induced eruption trigger is consistent with the lack of
precursory summit inflation, showing that this intrusion—unlike others—was not
caused by the forceful intrusion of new magmainto therift zone. Moreover, statistical
analysis of historic eruption occurrence suggests that rainfall patterns contribute
substantially to the timing and frequency of Kilauea’s eruptions and intrusions. Thus,
volcanic activity can be modulated by extreme rainfall triggering edifice rock
failure—a factor that should be considered when assessing volcanic hazards. Notably,
theincreasingly extreme weather patterns associated with ongoing anthropogenic
climate change could increase the potential for rainfall-triggered volcanic
phenomenaworldwide.

Compelling evidence exists for seismicity generated by rainfall*>.
Rainfall-induced stress changes at depth can promote fault initiation
andreactivation—amechanisminvoked for numerous geological phe-
nomena, including landslides®, silent slip events’ and remote triggering
of earthquakes®. Rainfall can also interact with hot volcanic lava domes,
causing gravitational dome collapse’, explosions*and the generation
of lahars and other flow phenomena'®. Explosive activity has even been
linked to specific weather systems??. These mechanisms probably influ-
ence volcanic activity only in the upper tens or hundreds of metres”,
prompting the suggestion that rainfall may only be a viable trigger for
volcanic activity in the shallow subsurface'™. The only studies to link
precipitation to deeper processes consider hydrological loading and
unloading of the edifice*". The question as to whether and how rain-
fall can directly induce deep magmatic activity remains unanswered.

In 2018, coincident with prolonged and extreme rainfall, Kilauea
underwent acomplex, multistage eruptioninvolving an extensive rift
eruption and the collapse of the summit caldera. On 30 April a train
of seismicity initiated along the East Rift Zone (ERZ) that was inter-
preted as a downrift dyke intrusion’, ultimately breaking ground as a
fissure eruption on 3 May, and followed the next day by amagnitude-6.9
earthquake. The summit exhibited numerous explosive eruptions and
caldera collapse events that continued through to August; activity at
the Lower ERZ was characterized by fissuring and lava fountaining.

This represents one of Kilauea’s most remarkable eruptive sequences
over the past two centuries, not least because the initiation mechanism
remains equivocal'. We investigate several lines of evidence that sug-
gest that anomalous rainfall weakened the edifice by instigating an
impulsive pressure wave that propagated to depth and modified the
local effective stress in the rift zone. We hypothesize that this in turn
triggered the dyke intrusion and the eruptive aftermath.

Dyke initiation from a magma chamber can be considered in terms
ofthesstatic tensile failure criterion around a cavity. Mechanical failure
and dykeinitiation willbe achieved once the magma overpressure, 5p;,
achieves a threshold value defined by

8p, = k(ogz~[p+5p]+7) M

where the product of the rock density, ¢, gravitational acceleration, g,
and depth, z,isthelithostatic stress; p and §p are the hydrostatic pore
pressure and the pore-pressure change, respectively; and risthe tensile
strength of the host rock. In an elastic medium, the magma overpres-
sure is proportional to the tangential stress at the chamber wall, and
theirratio, k, isafunction of the chamber geometry: forexample, k=2
for a spherical chamber within an infinite space”. Equation (1) high-
lights that—all other things held equal—an increase in pore pressure
will decrease the failure overpressure required toinitiate chamber-wall
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Fig.1|Pre-eruption ground deformation of the study site. a, Vertical
deformation map derived from Sentinel-1InSAR data (ascending track 124 and
descendingtrack 87) between December 2014 and June 2017. Inset, map
showingthelocation of Kilauea Volcano (red triangle) and the HVNP raingauge
(H) withinthe Eastern Rift Zone. The yellow box outlines the 0.25° x 0.25°
TRMM/GPM footprint used here. The Paradise Park well (P) and Hawai‘ian
Beachesraingauge (B) are also highlighted (see Extended Data Fig.1). The

failure and dyke initiation by the amount «8p. Increasing fluid pressure
facilitates not only theinitiation of adyke butalsoits propagation,inthe
sensethat the fracture toughness (or energy) of the edifice material is
dependent on the ambient stress field®® and thus on the pore pressure.
Effective stress (thatis, lithostatic stress minus pore pressure) governs
the failure stress of volcanic materials'. During and after heavy rainfall,
animpulsiveincreasein groundwater volume will cause a perturbation
in pore pressure at depth, increasing it transiently above the back-
ground hydrostatic condition. Under unconfined, saturated conditions
typical of basaltic systems, such pore-pressure transients are often
reflected by water-level changes in nearby wells*’: this is demonstrated
in Extended Data Fig.1, where we correlate rainfall with recorded well
data from asite 15 km north of the rift zone. In theory—if the volume
and rate of meteoric water infiltration are sufficient—mechanical fail-
urecanbeinducedinthe vicinity of amagmachamber or dyke, inturn
triggering intrusion or eruption.

Interferometric synthetic-aperture radar (InSAR) data show that
more than 0.3 m of uplift occurred at the summit between 2014 and
mid-2017 (Fig.1a), yet only around 0.01 m of uplift was detected at the
summit over the following 10 months (Fig. 1b). This temporal defor-
mation pattern is confirmed by data from GPS stations proximal to
Kilauea’s caldera (CRIM and AHUP), showing that moderate inflation
occurred between 2010 and 2015, followed by a substantial increase in
inflation rate until around June 2017 (Fig. 1c), after which inflation was
negligible for the following 10 months. In the upper and middle ERZ,
no substantial inflation was detected between 2010 and 2018 (Fig. 1b;
GPS stations MKAland KTPMin Fig. 1c). Thisimplies that the inflation
observed from mid-March’ reflects local, shallow processes, rather
than wholesale pressurization of the system. The lack of precursory
summit and rift-zone inflation suggests that the intrusion-eruption
was not triggered by an influx of fresh magma from depth but that it
was a passive intrusion, caused by extension and/or weakening of the
rift zone*%,

In early 2018, the Hawai‘ian islands were subject to protracted, at
times extreme, rainfall (Fig. 2). The maximum peakin the rainfall power
spectrum occurs at1yr™, indicating substantial annual seasonality in
rainfall over Kilauea Volcano on Hawai‘i Island (generally, most rainfall
occurs between 9 March and 25 August), overlain by a non-negligible
stochastic component (Fig. 2b). This annual signal accounts for over
half of the variability in rainfall over Kilauea; however, an aseasonal
shift of the synoptic-scale atmospheric wave pattern across the North
Pacific in mid-to-late January 2018 preceded the passage of several
consecutive low-pressure systems over Hawai‘iin the months to follow.
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dashedboxindicates theregionshownina,b.Inb, thefilled squareisa
reference point;ina, b, opensymbols represent GPS station locations.

b, Vertical deformationbetween June 2017 and May 2018. c, Vertical GPS
displacement of the Kilauea flank from 2010. Station names are shown on the
panel; colours correspond to locationsina, b. Dashed vertical lines highlight
marked changes-of-slopeinstation data proximal to the summit (for CRIM and
AHUP). Datasets have been offset from the x axis for clarity.

Several months of greater than average rainfall culminated in record
downpour, with 1.26 m of rain falling within 24 h (14-15 April 2018) on
KauaiIsland (northwest of Hawai‘iIsland)—arecord not only for Hawai‘i
but for the entire United States?. Calibrated precipitation data from
NASA’s Tropical Rainfall Measurement Mission and Global Precipitation
Measurement mission (TRMM/GPM) satellites indicate that over2.25m
of rainfall fell over Kilauea during the first quarter of 2018, compared
with afirst-quarter 19-year average of 0.90 m. Figure 2c, e shows the
multiday cumulative sum of rainfall calculated as a moving window
across the time series, using windows of 30 days (Fig. 2c, approximately
1month) and 180 days (Fig. 2e, approximately 6 months). These data
are lognormal (Fig. 2d, f). Notably, the 30-day total rainfall exceeds 2
standard deviations of the mean (+2¢) immediately before the 2018
flank eruption: that is, a statistically significant deviation. Even more
strikingly, the rolling 180-day cumulative rainfall has only two periods
inwhichrainfall exceeds this threshold, one of which directly precedes
the eruption.

Kilauea Volcano is hydrogeologically complex?, as highlighted by
laboratory data (for example, see ref. ”; see Methods). Accordingly, we
model the edifice as two connected saturated domains in aone-dimen-
sional half-space (model a): a highly permeable shallow layer (0-500 m)
overlying an intermediate-permeability domain (0.5-10 km). Propa-
gation of pore pressure p from the surface owing to precipitation is
modelled using afinite difference approximationto solve for transient,
vertical flow of groundwater (that s, the diffusion problem), such that
(0p/dt) = D(0*p/0z%), where zis depth, t is time and D is hydraulic dif-
fusivity (a function of permeability, bulk modulus, fluid viscosity and
porosity). Full details, including parameter values, are given in Meth-
ods. For model o, D=37 m*s™ and 0.34 m?s™ above and below 0.5 km
(below the surface), respectively (Fig. 3a). Using the calibrated satel-
lite data as a variable-flux boundary, we show the resultant maximum
pore-pressure change in Fig. 3b. Three additional models are shown
for reference to demonstrate the range of feasible pressure responses
torainfall (see Methods and Extended Data Table 1).

In all modelled scenarios, we observe a quasistatic pore-pressure
build-up of tens to thousands of pascals at depths 1-6 km below the
surface immediately before the onset of the 2018 flank eruption. For
completeness, we include results from the unlikely end-member sce-
narios in Extended DataFig. 2. More complex and realistic models yield
intermediate pressure changes (Fig. 3b and Extended Data Fig. 2), as
demonstrated in Fig.4a-c. The April 2018 peak in pore pressure is the
highest observed throughout the modelled period (for example, see
Fig.4b, c). Parametric analysis of each of the model frameworks shown
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Fig.2|Rainfall overKilauea. a, Calibrated daily rainfallamount over Kilauea
fromMarch 2000 toJuly 2019 (TRMM/GPM data calibrated with gauge data;
seeFig.lainsetand Methods). The vertical bar shows the date of flank
eruption (E). b, Power spectrum of Fourier-transformed rainfall time series (a)
showninthe (normalized) power-frequency domain. ¢, Rolling 30-day

in Fig. 3areveals that this pattern holds for a wide range of feasible
physical properties. In our preferred model (model o), we obtain pres-
sure changes of around 0.1 kPa and 1kPa at 3 km and 1 km below the
surface, respectively.

Atdepthsof around 3 km below the surface (or 1.8 km below sealevel
(b.s.l.), the depth estimated for most lateral magma transport in the
rift zone'), the elevated subsurface pore pressure in early 2018 was the
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Fig.3|Diffusion model metadata. a, Diffusivity (a function of permeability, k,
bulk modulus, K, fluid viscosity, u, and porosity, ¢, given by kK/u¢) against
depth (depth below the surface and depth b.s.l. are shown for reference) for
four different models (k- ¢ scenarios, summarized in Extended Data Table 1).
The primary model (model ) is a two-layer model, with a zone of high porosity
and permeability overlying alower permeability domain. Reference model Q,
subdivides the lower domaininto two, each with different properties. Models
0, and Q,are single-domain models, meaning that they use values of porosity,
permeability, bulk modulus and viscosity that are constant with depth.

See Methods for more details. b, The maximum pressure change effected at
depthineach model throughout the modelled time series. Note that the
maximum pressure change for any given depth can occur on numerous dates
and may notbe consecutive. For example, high values near the surface may
occur frequently (see Fig. 4a, c) but may not propagate to depth. On the other
hand, high pressure at depth may not be adirect consequence of asingle spike
atthesurface.
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cumulative rainfall since March 2000 atKilauea. Horizontal dashed lines
delineate two standard deviations either side of the mean (x+¢).d, Histogram
of datainconlog-linear axes. e, Rolling 180-day cumulative rainfall.
f,Histogram of datafrom e onlog-linear axes.

largest peakin pressure in 47 years—the highest since the onset of the
Pu‘u‘O‘0 eruption (Fig. 4b, c). Given the mechanism described above,
thisis astrongindicator that elevated pore fluid pressures facilitated
the 2018 intrusion and rift eruption. Moreover, we outline four inde-
pendent lines of evidence to support this proposition.

First, there was very little precursory inflation immediately before
therift eruption (Fig. 1b, c). The rapid uplift recorded by tiltmeters in
the Pu‘u‘O‘0 areafrom mid-March reportedinref.' thus reflects a highly
localized, shallow deformation source. The absence of widespread pre-
cursory inflation suggests that the 2018 intrusion was passive, fostered
by weakening of the rift zone.

Second, a statistical analysis of the Kilauea’s reported historical
eruptions shows that the volcano exhibits amarked tendency towards
erupting during the wettest times of the year (Extended Data Fig. 3):
the onset of around 60% of reported eruptions since 1790 (including
the Pu’u ‘0’0 eruption 1983-2018) occurred during the ‘rainy’ season,
despite the fact that Kilauea’s ‘rainy’ season is shorter than its ‘dry’
season (see Methods).

Third, recorded intrusions appear to be correlated with elevated
pore pressures at depth. Figure 4b shows intrusions into the rift zone
since the 1975Kalapana earthquake (compiled after refs. ?*2°28), Com-
paring the modelled rainfall-induced pressure perturbation atadepth
of 3 km below the surface with the long-term average, more than 60%
of intrusions (20 of 33) are associated with periods of above-average
pore pressure. If we compare the pore-pressure change with the rolling
four-year average at the same depth in order to account for interan-
nual fluctuations (such as the EI Nifio-Southern Oscillation) we find
that 19 (58%) were initiated when the pore pressure was above this
threshold. Clearly, not every peak in pore pressure is associated with
anintrusion, and vice versa—afunction of superposing processes with
different periodicities (acombination of internal and external forcing),
and thus characteristic of triggered systems (see, for example, ref. ™).
Nevertheless, it is striking that intrusions are approximately twice as
likely to occur at Kilaueawhen pore pressureis elevated, suggesting that
pore pressure canactasatrigger mechanisminacritically stressed—or
‘primed’—volcanic system.

Finally, historical precipitation records show that Kilauea’s May
1924 eruption—the previous extraordinary eruption—also followed
extremely wet conditions. In April 1924, many stations across Hawai‘i
recorded as much as 0.5 min excess of the long-term average for that
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Fig.4|Pore-pressure changeinresponsetoinfiltrationintoKilauea’s
edifice. a, Pore-pressure change modelled over the period January 1975 to April
2019, using available HVNP gauge data (1950-2015) and calibrated satellite data
(2000-2019), with depth and time. Daily rainfall dataare used as a fluctuating
boundary condition. Colour scale indicates pressure change. b, Pore-pressure
changeat3 kmbelow the surface (1.8 kmb.s.l.) modelled over the period
January 1950 to April 2019 (data shown are since the 1975 Kalapana earthquake).
The dashed line shows the four-year running average. K represents the 1975
magnitude-7.2 Kalapana earthquake; P shows the 1983 onset of the Pu‘u ‘0’0
eruption; Erepresents the 2018 Kilaueariftintrusion-eruption. Vertical bars
show reported intrusion events within therift zone, after refs.?2?¢?8 Intrusions

month, and the gauge measurements for several of these were at that
time the highest daily rainfallamounts onrecord®. In particular, more
than 0.1 m fell at the Hawai‘i Volcano Observatory in 24 h (14 April).
The 2018 eruption echoed many features of 1924 (for example, major
summit explosions and a drop in lava lake level), suggesting that not
only thetiming of intrusions and eruptions but also the eruptive style
of Kilaueais influenced by rainfall.

Diffusion modelling shows that rainfall can induce quasistatic
pressure changes on the order of kilopascals to tens of kilopascals at
depths of a few kilometres (Fig. 4 and Extended Data Fig. 2, respec-
tively). Increasing pore pressure can cause embrittlement®, hydro-
fracture® and dyke initiation®? by reducing the static threshold for
tensile failure. Although the precise magnitude of stress change will
vary owing to drainage and the thermal contribution of the magma,
pressure changes onthe order of 1kPaarein line with trigger stresses
caused by solid Earth tides** > and those required to trigger earth-
quakes on pre-existing faults®. Pressure changes on the order of 10 kPa
aretypically assumed to be necessary to trigger mechanical failure and
attendant geological processes in unstressed media*; however, it has
been demonstrated that stress changes in the range of 0.1-1kPa are
sufficient for rainfall to trigger earthquakes provided that the crust s
inacritical state’. Ithas beeninferred from historical eruption patterns
thatKilaueais particularly sensitive to external modulation and erup-
tion triggering®®; moreover, recent evidence shows that the rift zone
has undergone mechanical weakening over the course of the Pu‘u‘0‘0
eruption®. Although we do not account here for potential amplifica-
tion or dampening of the precipitation-induced pressure change in
response to poroelastic effects, our results show that the quasistatic
stress changes associated with pore-pressure infiltration can effect a
sustained increase above long-term background levels in a way that
dynamic stresses of similar magnitude (for example, solid Earth tides)
cannot. Relatively small changesin edifice pore pressure canresultina
substantial reductionin the overpressure required to instigate magma
chamber failure (Equation (1)). As such, precipitation-induced pore-
pressure fluctuations contribute to the overall stress state of Kilauea
Volcano; we propose that this hydromechanical coupling may directly
trigger primary volcanic activity.

The unprecedented rainfall over Hawai‘i in the months before the
2018 flank eruption increased the potential for mechanical failure
within the edifice. Taken together, the separate lines of evidence
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Pressure change (Pa)

are highlighted inyellow if they coincide with periods during which pressure
change exceeds the four-year average, and grey if they do not. Intrusion 33 in
thistime series corresponds to the early 2018 activity (intrusion detected mid-
March, followed by therift eruption on 3 May). The arrow highlights the
maximum pore-pressure perturbation over this timeframe (1975t02019),
coinciding with the onset of 2018’s rift eruption. Horizontal bars indicate data
availability. ¢, Probability density function (PDF) of modelled pressure change
atdepths1-6 kmbelow the surface. Arrows highlight the pore-pressure front
diffusing from near the surface (1km) to greater depths over time (26 March, 4
April, 23 April, 22 May, 22 June and 4 July 2018 at 1km, 2km, 3km, 4 km, 5kmand
6 kmbelowsurface).

reported above strongly suggest a correlation between rainfall and vol-
canicactivity at Kilauea—not only in 2018, but throughout its eruptive
history. By locally reducing effective stress at depth, prolonged peri-
ods of rainfall may induce opportunistic dyke intrusions or facilitate
dyke propagation. The historical preponderance of Kilauea’s eruptions
during the wettest parts of the year buttresses this theory, as does the
coincidence of dyke intrusions with elevated subsurface pore pressure
andthesimilarities observed between volcanic events associated with
similar rainfall patterns. Critically, as our climate continues to change,
the occurrence of prolonged periods of extreme rainfall is predicted to
increasein many parts of the world, increasing the potential for rainfall-
triggered volcanic phenomena. Elevated pore pressures at depth tend
to be fostered and maintained by prolonged periods of above-average
rainfall, associated with long-lived and generally forecastable synoptic-
scale systems: by better understanding the hydromechanical couplings
betweenrainfall and volcanism, advanced warning of rainfall-induced
volcanic hazards may be achievable.
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Methods

Rainfall data

To obtain a contiguous rainfall time series at Kilauea, we extract pre-
cipitation datafor the period March 2000 toJune 2019 from the NASA/
JAXA Tropical Rainfall Measuring Mission (TRMM) and Global Pre-
cipitation Measurement (GPM) satellite datasets, which are operation-
ally available from NASA from March2000. We use the 3B42 Research
Version product (https://doi.org/10.5067/TRMM/TMPA/3H/7), a
0.25x0.25° gridded daily product resampled from the original three-
hourly rainfall estimates. Although this provides adaily rainfall estimate
over the entire time frame, these data are an areal average and under-
represent the true volume of rainfall at Kilauea by a factor, A, of 5.12.
We calibrate the satellite data using rain gauge data available between
1950 and 2015 (gauge H in Fig. 1a, inset). The gauge data are from the
Hawai‘i Volcano National Park rainfall gauge (Global Historical Clima-
tological Network Daily (GHCND) identification code USC00511303),
available through the Climate Data Online project of the National Oce-
anic and Atmospheric Administration (NOAA). This gauge site was a
volunteer observer station which closed as of 22 June 2015.

Ground deformation

Vertical velocity data were obtained by processing Sentinel-1ascending
and descending SAR data. Datawere processed using the US Jet Propul-
sionLaboratory (JPL)-developed InSAR Scientific Computing Environ-
ment (ISCE) open-source software package?®, and further time-series
analysis was performed using the MintPy software toolbox (Miami
INsar Time-series software in PYthon), developed at the University
of Miami®. Vertical GPS data (Fig. 1c) were accessed from the Nevada
Geodetic Laboratory for GPS stations CRIM, AHUP, KTPM and MKAI
(Fig.1a, b; http://geodesy.unr.edu/NGLStationPages/stations/; ref. *°).
Vertical data are extracted directly with associated vertical error.

Modellingapproach

We model the subsurface pore-pressure perturbation as afunction of
rainfall by using a finite difference approximation to solve for a tran-
sient, vertical flow of groundwater (that is, the diffusion problem),
such that (dp/at) =[kK/u@1[d°p/dz%]. Here, pore pressure, p, over time,
t,and depth, z, beneath the surface is afunction of the permeability, &,
the bulk modulus, K, and the porosity, ¢, of the edifice, as well as the
viscosity, u, of the percolating fluid (water). The expression kK/ug
represents the (hydraulic) diffusion coefficient. Assuming a zero-flux
boundary, we impose a pressure change of zero at the base, Z, of the
domain, whichis arbitrarily given as 10 km below the surface (8.8 km
b.s.L.), thatis, (0p/02)|,-,= 6pl,-,= 0. We note that this is deep enough
that we do not observe boundary effects in the depth range of inter-
est. Although subsurface pressure datafor calibration are scarce, this
solution appears to reflect pressure changes at depth well (Extended
DataFig.1), asit relies on physical parameters.

Pressure at the surface is defined given the calibrated height of
recorded rainfall, 4, the density of water, ¢, and the acceleration due to
gravity, g, such that p(z=0, t) =Ag,gh(t), where A =5.12is the calibration
factor described above, and zrepresents the depth below the ground
surface. To test the sensitivity of our model to the rainfall input, we
alsoranitassuming daily rainfall values of +10% of the recorded value:
we note that the relative timing and magnitude of pressure evolution
varies negligibly as a result.

The uppermost 500 mor so of the Kilauea volcano comprises some
ofthe planet’s most permeable known geological materials (with per-
meabilities on the order of 107° m?, on the basis of laboratory meas-
urements® and simulations*). Vertical permeability, k,, however, is as
much as three orders of magnitude lower than horizontal permeability,
k. (refs.***?)—a consequence of surface-parallel layering anisotropy*.
Below the water table, equivalent (bulk) permeability is anticipated
to be lower still. Modelling and mud-loss permeabilities** suggest

thatk,isintherange1x10™ m?to 6 x 10 m?, with k, estimated to be
perhaps a factor of 10 or 100 lower, but not less than around 107 m?
(ref.®). This is greater than laboratory measurements in this interval,
partially because large-scale fractures are not encompassed by such
measurements*, and partially because sample recovery of friable,
high-permeability materials is inherently low®. Reference® reports
modal porosity values of edifice-forming basalt at Kilauea of 0.15-0.3.
This range is in agreement with a wealth of experimental data* for
the typical porosity of a volcanic edifice. Thanks to these studies, we
have areasonable site-specific estimate of the permeable architecture
beneath Kilauea.

Deformation experiments on edifice-forming volcanic materials*
reveal typical values of pore compressibility (8, the inverse of the bulk
modulus) on the order 107° Pa™. Accordingly, we assume a value of
K=B7=10 GPa throughout this study. Interstitial fluid (water) viscos-
ity, 1, is similarly assumed to be constant (8.9 x10™* Pas™). Perme-
ability and porosity (the remaining parameters governing rainwater
percolation through the edifice) are neither constant with depth nor
independent of each other, however. Our preferred model (model )
comprisestwo domainsin aone-dimensional half-space, the uppermost
of whichis highly permeable and porous (k=1x10"m?and ¢»=0.3). The
underlying portion, deeper than 500 m, is less permeable (6 x10™ m?)
and less porous (¢ = 0.2). For convenience, these data are shown in
Extended Data Table 1. The results of three different additional mod-
elsare shownin Fig. 3. The first is a three-section model (here called
model Q,), which assumes that the upper 500 m of the edifice overlies
intermediate- and low-permeability domains. Model Q, and model
Q, are both homogeneous equivalent permeability models (that is, a
single value of permeability is used throughout the domain), based on
the parameters of model Q,. Model Q, reflects the arithmetic average
permeability of the domainsin model Q, (k,=8.3 x10™ m?), while model
Q, uses the geometric average permeability of the domains in model
Q;: k,=5.4 x10™"* m Values are given in Extended Data Table 1. Note
that these latter models represent extreme and unlikely end-members
and are shown here only for completeness.

The homogenous models (Q, and Q,) essentially represent upper
and lower bounds of the pressure change at depth, even though the
heterogeneous models may contain domains of lower equivalent per-
meability. Model Q, exhibits very little pressure attenuation of pressure
with depth and time because of the high permeability value assumed,
and may berepresentative of an extensively fractured edifice in a self-
organized critical state**, which gives rise to hydraulic continuity from
thesurfaceto depths of several kilometres (that s, close to the pressure
response of a theoretical kilometres-long vertical crack). Despite the
rapid attenuation of model Q, (based on the geometric average per-
meability), we highlight that a pressure perturbation of over 0.1 kPa
is still observed at 3 km depth. The geometric average is thought to
be areasonable compromise between direction-specific averaging
approaches where the precise geometry and orientation of an aniso-
tropic mediumis unknown*, and so represents anapproximationofa
series of randomly oriented unfractured geological units. Relative to
these homogenous scenarios, the heterogeneous models (o and Q,)
yieldintermediate deviationsin pressure, and comparing these models
with the limited well-level data available indicate that they capture the
evolution of subsurface fluid pressurein our study area (Extended Data
Fig.1).Inallmodelled scenarios we observe abuild-up of pore pressure
of tens to thousands of pascals at a depth of 3 km immediately before
the onset of the 2018 rift eruption. Exploring the (k, ¢, z) parameter
space for each of the model frameworks shown in Fig. 3a reveals that
this pattern holds for a wide range of feasible physical propertiesina
depthinterval generally assumed toaccommodate magma transport
betweenKilauea’s relatively shallow magmasource and the surface.In
particular, this April 2018 peak is observed when the diffusivity coef-
ficient falls within the range 0.1-1.0 for the majority of the edifice, a
rangeinagreementwith other studies thatinvestigate fluid percolation



through volcanic media®*****° and corresponding to a wide range of

physically tractable combinations of k and ¢.

Observed well-level data

Thereisa paucity of available subsurface pore-pressure data for Kilauea.
Reference® shows pore-pressure data collected for afew weeks in 2001:
inthis case, the time seriesis too shortand the signal froma coincident
magmatic intrusion too strong to detect the input of meteoric water.
In earlier work™, pressure or head data are reported for a number of
wells throughout the region around Kilauea, but are generally heavily
modulated by ocean tides or located far from the rift zone. Despite
these known issues, we show a time series of well-level change data
digitized fromref. %, in order to highlight that a diffusion-based mod-
elling approach is appropriate for describing groundwater evolution
within the East Rift Zone (see also refs.*>*?). The head data are derived
from aquifer tests performed in the early 1990s at the Paradise Park
well (located at longitude -154.976, latitude 19.596; state well number
3588-01; seeFig.lainset), located approximately 15 km north of the rift
zone, for which thereisanear-continuousrecord between October1992
and September 1993. Reference™ highlights that the wellislocated ina
portion of the aquifer that effectively dampens the tidal signal, meaning
that the primary influence recorded ought to be that of the rainfall. We
model pore-pressure evolution using rainfall asaninput, as described
inthe ‘Modelling approach’section above. In this case, we use datafrom
the Hawai‘ian Beaches rain gauge (approximately 9 km southeast from
the Paradise Park well; see Fig.1ainset), available between September
1992 and August 2005. For simplicity’s sake, we use the same input
parameters as determined for Kilauea Volcanoitself (based on collated
experimental, modelling and drilling data), although we acknowledge
that the subsurface structure at Paradise Park may differ somewhat.
Because our diffusion model solely comprises physical, measurable
parameters (permeability, porosity and so on), there should be no
need—in theory—to tune it empirically, provided that our knowledge
of the subsurface physical properties is sufficient.

Extended Data Fig. 1b shows the well-level change data®, alongside
the pore-pressure change data at 1 km depth modelled here on the
basis of rainfall records from the Hawai‘i Beaches gauge (Extended
DataFig.1a; seeFig. lainset forlocation). Although some discrepancies
remain, clearly the modelling approach used here reproduces much of
the subsurface pressure response resulting from rainfall infiltration (in
particular the timing and relative magnitude of peaks, as highlighted by
the greybars). Assuch, we consider thismodel appropriate to describe
subsurface pore-pressure evolution within therift zone without empiri-
cally varying the diffusivity parameter, D.

Additional model results

Four models are described in the main text, with results shown from
our preferred model, a. For reference, results from the three additional
models are shown in Extended Data Fig. 2.

The parameters of model Q, are based on previous experimental,
numerical and in situ drilling data (see the ‘Modelling approach’ sec-
tionabove). Note that the maximum pore pressure occursimmediately
before the 2018 fissure eruption (Extended Data Fig. 2). Based on model
Q,, 64% of intrusions (21 out of 33) occur when pore pressure is above
the four-year average. Models Q, and Q, represent theoretical end-
member values for hydraulic diffusivity within the East Rift Zone, and
donotnecessarily reflect realistic pressure-evolution scenarios. Twelve
per cent of intrusions (4 of 33) occur when pore pressure is above the
four-year average for Q,. Fifty-five per cent of intrusions (18 of 33) occur
when pore pressure is above the four-year average for Q,.

Binomial probability analysis of eruption record

Fourier analysis of the satellite-derived rainfall time series (see, for
example, Fig. 2) reveals that rain falls over Kilauea predominantly
between 9 March and 25 August, which we define as the ‘wet’ season.

This period covers 46% of the year and accumulates >64% of annual
rainfall. We analyse Kilauea’s eruption record (based on the onset
date of eruptions defined in the Smithsonian Institution’s Global Vol-
canism Program eruption database: https://volcano.si.edu/volcano.
cfm?vn=332010). Note that this includes the onset of the 1983 Pu‘u
‘0’0 eruption. If eruptions were randomly (or uniformly) distributed
throughout the year, we would anticipate themto occur during the ‘wet’
season with a probability of around 0.46. However, the ratio of ‘wet’-
season to ‘dry’-season historical eruptions is more than 0.58. We can
assess the prevalence of eruptions occurring during the ‘wet’ season
by using binomial probability analysis based on the modelled time-
series and Kilauea’s eruption record. The probability is calculated by:

o) =[n!/x!(n-x)! ]@X(l _ go)rl—x

where g(x) is the probability of ‘successes’ out of ntrials; gois the prob-
ability of success of a given trial (we define a ‘success’ as an eruption
that occurs within the predefined ‘rainy’ season for Kilauea); and n
corresponds to the total number of observed eruptions in our dataset.
This analysis allows us to determine the probability of the observed
ratio of ‘wet’-season eruptions to ‘dry’-season eruptions occurring
fortuitously. The mean and standard deviation of this distribution are
givenby X = ngand ¢=,/x(1 - g), respectively.

The observed value (Extended Data Fig. 3) is just within the conven-
tional 2¢range, which suggests that it could be afortuitous distribution
(that is, many more eruptions could have occurred during the ‘wet’
season by chance). Although this result in isolation precludes strong
statistical inferences from being drawn, we highlight that the observed
trend for eruptions to occur predominantly in the ‘wet’ season mirrors
the prevalence of dyke intrusions occurring during periods of elevated
subsurface pore pressure (approximately 60% of historical eruptions
andrecent dykes are associated with rainfall). We repeat the same analy-
sis using only eruptions defined by the Global Volcanism Program as
having an explosivity index value (VEI) of two or greater. Although
there are too few reported larger eruptions to be statistically robust,
we highlight that, again, the number of eruptionsis significantly higher
(tothe one-sigmalevel) during the ‘wet’ season (four out of five VEI 2+
eruptionsoccurred during the ‘wet’ season; see Extended Data Fig. 3).

Data availability

Satellite-derived rainfall data (TRMM and GPM satellite data) are avail-
able from NASA’s EarthData GES DISC portal (https://doi.org/10.5067/
TRMM/TMPA/3H/7). Rainfall gauge data are available from the NOAA’s
National Centers for Environmental Information climate data portal
(https://www.ncdc.noaa.gov/cdo-web/datasets/GHCND/stations/
GHCND:USCO00511303/detail). Vertical GPS data are available from
the Nevada Geodetic Laboratory (http://geodesy.unr.edu/NGLStation-
Pages/stations/; stations CRIM, AHUP, MKAI and KTPM). Additional
datasets generated here are available from the corresponding author
onreasonablerequest. Sentinel-1ascending-and descending-track SAR
acquisitions were obtained through Unavco’s Seamless SAR Archive
(https://github.com/bakerunavco/SSARA). Vertical displacement
(velocity) maps of Kilauea for the time periods 2014-2017 and 2018
are available at https://doi.org/10.5281/zenod0.3459589, alongside
the Shuttle Radar Tomography Mission (SRTM) digital elevation model
used for plotting data.

Code availability

An archived version of the code required for data access, analysis
and display is available at https://doi.org/10.5281/zenod0.3635944.
Python code is in a Jupyter Notebook. Version updates, if applicable,
will be made available via GitHub: https://github.com/jifarquharson/
Farquharson_Amelung_2020 Kilauea-Nature and https://github.com/
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Extended DataFig.1| Comparison ofrecorded head change and modelled
pressure change. a, Rainfall data obtained from the Hawai‘ian Beaches rain
gauge (refer toFig. lainset for location). b, Datafrom the Paradise Park well (see
Fig.lainset for the location of the well), digitized fromref. > over the time
period October1992-June1993. ¢, Pressure evolution atadepth of 1km
modelled using rain datafrom a. Grey bars highlight peaks evidentin well-level
datathatare echoedinthe modelled dataon pore-pressure change. Note that
welllevel serves as a proxy for pressure change, dependent on well depth and
bore, inertia, storage capacity, tidal effects and atmospheric pressure: these
factorsarenot considered in thisillustrative example.
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Extended DataFig. 2| Diffusion model results. a, Pore-pressure change at
3kmbelowthesurface (1.8 kmb.s.l.) modelled over the period January 1950 to
April 2019 for model Q, (datashown since the 1975 Kalapana earthquake). Data
modelled using gauge dataare showninred; datamodelled using satellite data
areinblue. Four-year averages (dashed lines) are also shown. Vertical bars
indicate reportedintrusion events within therift zone. K shows the Kalapana
earthquake; Prepresents the onset of the Pu‘u ‘O‘6 eruption; E highlights the
2018fissure eruption. The arrow indicates the highest modelled pressure
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change.b, As for a, but for model Q,, atheoretical high-diffusivity end-member
scenario. ¢, Asfor a, but formodel Q, atheoretical low-diffusivity end-member
scenario.d, PDF of modelled pressure change at depths 1-6 km below the
surface frommodel Q,. Arrows highlight the pore-pressure front diffusing
fromnear the surface (1km) to greater depths over time (months and dates are
shown).e, Asford, but for model Q, (pressure maximanot shown).f, As ford,
but for model Q, (pressure maximanot shown).
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Extended DataFig.3|Predicted binomial distribution of ‘wet’ season
eruptions of VEI2 and greater.

eruptions atKilauea. Theanticipated means, X, and standard deviations, ¢, are
shown. The observed number of historical ‘wet’ season eruptions (36) is
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Extended Data Table 1| Parameters of models showninFig. 3

Layer Property Model
o 4 521 92 SZ3
k [m?] 1.0% 1071 1.0%10°1% :83%1071% 54x10716
i 0.3 0.2 0.2 0.2
z [km] 0-0.5 0-0.5 0-10 0-10
Diffusivity [m?s™']  3.75x 10"  5.62x10° 4.68x10> 3.04x107?
k [m?] 6.0x10°1% 1.0x10-14 E -
n ¢ 0.2 0.2 E .
z [km] 0.5-10 0.5-1.2 . -
Diffusivity [m? s7!] 3.37x107% 5.62x 107! - .
k [m?) - 1.0 x 10716 - -
3 ¢ - 0.01 - -
z [km] - 1.2-10 - -
Diffusivity [m? s™!] - 1.12x 107} - -

Models a and Q,_; are divided into up to up to three segments, each with a permeability, k, porosity, ¢, and depth range, z (depth below the surface). Other parameters (K, u) are kept constant
across all models.



