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SUMMARY

The May 2018 activity at Kilauea Volcano, Hawaii involved magma transport and dyke
intrusion along the East Rift Zone (ERZ) and nucleation of the 4 May 2018 M 6.9 earthquake
along the basal décollement of Kilauea’s mobile south flank. Combined Global Positioning
Systems (GPS) and Interferometric Synthetic Aperture Radar (InSAR) measurements captured
the deformation sequence associated with the dyke intrusion, main shock and eruption episode
along the ERZ. The earthquake was encouraged by static stress changes from the preceding
magma reservoir inflation, ERZ expansion and fault creep on the décollement downdip of the
rupture. Slip models derived from the inversion of GPS displacements indicate peak coseismic
slip of 2-3 m. Our model analyses, including of the pre-May 2018 deformation, suggest
that prior to this event there was no slip on the section of the décollement that ruptured
in the earthquake. The observed magma inflation, rapid fault creep on the décollement and
coseismic rupture reflect complex cyclic interactions between the magmatic and faulting
processes.

Key words: Earthquake dynamics; Volcano seismology; Oceanic hotspots and intraplate

volcanism; Magma chamber processes.

1 INTRODUCTION

The father of evolution, Darwin (1840) was probably the first to
take cognizance of a volcanic eruption in Chile following a strong
earthquake in 1835. Since then, volcanic eruptions have often been
found to be spatio-temporarily linked with the occurrence of large
earthquakes (Hill e al. 2002; Selva et al. 2004; Walter et al. 2005;
Manga & Brodsky 2006; Walter & Amelung 2006, 2007; Pritchard
et al. 2013; Takada & Fukushima 2013). Abnormal ground sub-
sidence along the volcanic arc was observed within weeks of the
2010 M 8.8 Maule earthquake, Chile (Pritchard ez al. 2013), while
both ground subsidence and enhanced seismicity was recorded dur-
ing the 2011 M9.0 Tohoku-Oki earthquake, Japan due to stretching
of the volcanic edifice in the overriding plate (Takada & Fukushima
2013). Hill et al. (2002) suggest that a large earthquake can trigger
or increase volcanic activity by both dynamic and static deforma-
tion. Walter & Amelung (2006) argue that subduction megathrust
earthquakes of M > 9 produce static volumetric expansion in the
volcanic arc that can lead to volcanic eruptions. Dynamic shaking
has been found to trigger volcanic activity over a wide range of
distances and with variable temporal delays, suggesting changes in

magma overpressure due to the growth and rise of bubbles or failure
of rocks surrounding magma chambers (Manga & Brodsky 2006).
Time-dependent relaxation processes, such as viscoelastic flow and
the emission of gases may affect the effectiveness and introduce
delays in both static and dynamic triggering mechanisms (Manga
& Brodsky 2006).

In turn, it has also been suggested that the static stress changes
caused by magmatic processes may change the local stress regime
and can trigger (or even supress) earthquakes on nearby faults. For
example, magma reservoir inflation and dyke intrusions at Mauna
Loa volcano, Hawaii and associated rift zones, encourage earth-
quakes on a deep décollement underlying the south flank of the
volcano (Walter & Amelung 2006; Amelung et al. 2007), while
earthquakes were discouraged on the Kaoiki fault zone lying to
the west of Kilauea (Walter & Amelung 2006). Similar interac-
tions have been recognized between intrusive activity along Kilauea
volcano’s rift zones and small and large earthquakes on the 6—
9 km deep décollement underlying its south flank (e.g. Ando 1979;
Dieterich et al. 2000; Denlinger & Morgan 2014). Continuous sea-
ward motion of Kilauea’s south flank can lead to large earthquakes
and associated tsunamis as well as to dyke intrusions along its rift
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zones (Denlinger & Morgan 2014; Poland et al. 2014), however the
exact nature of interaction among all these processes remains elu-
sive. Other basaltic volcanoes (e.g. Mount Etna, Italy, the Canary
Islands and Piton de la Fournaise on Réunion Island) also demon-
strate flank instability and interaction of the magmatic system with
active faults, with evidence of magmatic intrusions and eruptions
triggering fault slip and vice versa (e.g. Borgia ef al. 2000; Walter
et al. 2005; Poland et al. 2017).

At Kilauea volcano, Hawaii, the complex volcano-tectonic inter-
action is characterized by (i) expansion of its two rift zones (i.e.
the ERZ and Southwest Rift Zone), probably involving continuous
slow intrusion of magma into the deep rift zones and rapid and
episodic dyke injections into the shallow rift system that sometimes
lead to eruptive fissures (Dvorak et al. 1986; Delaney et al. 1993;
Dieterich et al. 2000; Owen et al. 2000a), (ii) earthquakes rupturing
the décollement at the base of Kilauea’s mobile south flank (Ando
1979; Dieterich et al. 2000; Owen & Biirgmann 2006) and (iii)
steady fault creep (Owen et al. 2000a) and slow slip events (SSEs)
on the décollement (Brooks ef al. 2006; Segall et al. 2006; Foster
et al. 2013; Montgomery-Brown et al. 2015).

Kilauea Volcano had been erupting from the Pu’u 0’6 and
Kipaianaha vents on the ERZ almost continuously from 1983 un-
til 2018 (Heliker & Mattox 2003). These vents are laterally con-
nected with a magma storage reservoir beneath Kilauea’s summit
caldera (Cervelli & Miklius 2003; Larson et al. 2010, Fig. 1). A
new fissure erupted in Napau Crater on 30 January 1997 along
the ERZ due to a small underlying dyke injection (Owen et al.
2000b). ERZ intrusions and eruptions uprift of Pu’u 0’6 that were
captured by continuous GPS and InSAR measurements also oc-
curred in the Father’s Day episode starting 17 June 2007 (e.g.
Montgomery-Brown ef al. 2010) and the Kamoamoa episode last-
ing from March to May of 2011 (Lundgren er al. 2013). These
episodes were associated with rapid summit deflation and seismic
swarms accompanying the dilation along the ERZ (Lundgren ef al.
2013; Segall et al. 2013). It has been suggested that the SSEs on
the décollement have the potential to trigger volcanic activity in
the magma system and vice-a-versa (Montgomery-Brown et al.
2015).

Improved understanding of volcano-earthquake interaction pro-
cesses is important both for seismic hazard assessment and for vol-
cano risk mitigation. This motivates us to explore the recent May
2018 dyke intrusion along Kilauea’s East Rift Zone (ERZ) and as-
sociated faulting episode on the décollement underlying Kilauea’s
mobile south flank on Hawaii Island (Fig. 1). Keeping that in mind,
we have organized this contribution in the following way. After a
brief introduction about volcano-earthquake interaction processes
and flank instability, we provide a timeline of the eruptive sequence
and seismic activity on Kilauea’s ERZ in Section 2. In Section 3,
we specify the complete set of data (GPS and InSAR) and mod-
elling approaches used to characterize the deformation associated
with the 4 May 2018 M6.9 earthquake. In Section 4.1, we char-
acterize the deformation due to the May 2018 dyke intrusion and
décollement faulting episode by considering both GPS and InSAR
observations. Next, we consider the long-term deformation prior
to the May 2018 eruption-earthquake, relying on cGPS-derived ve-
locities for the period of 2013-2018. In Section 4.3, we target the
precursory deformation process leading up to the 4 May 2018, 116.9
earthquake by jointly inverting the GPS and InSAR observations
between 04/20/2018 and 05/02/2018. Finally, we discuss the static
stress changes associated with the earthquake-volcano interaction
cycle during the 2018 eruption-earthquake sequence on Kilauea’s
ERZ.

2 MAY 2018 DYKE INTRUSION AND
FAULTING EPISODE ON KILAUEA’S
EAST RIFT ZONE

In the months preceding the episode, deep long-period earthquake
activity, seismic velocity changes and deformation measurements
suggest accelerated magma supply to Kilauea’s magma storage sys-
tem (Neal ef al. 2018; Olivier et al. 2019). Intrusive activity directly
associated with the 2018 eruptive sequence at Kilauea volcano on
Hawaii initiated around 17 April 2018 (Liu et al. 2018; Neal et al.
2018; Chen et al. 2019). The volcanic activity caused an increase
in pressure at Pu’u 0’6 and subsequent collapse of the crater floor
on 30 April 2018, subsequently the lava lake at Pu’u *0’0 started
to drain on 2 May 2018. Starting on 1 May 2018, a seismic swarm
migrated eastward from Pu’u >0’6. On 3 May 2018, a dyke intru-
sion and fissure eruption initiated in the Leilani Estates subdivision
along the ERZ, which was captured by continuous GPS (cGPS)
observations (Fig. 1). Rapid summit deflation and dilation along
the lower ERZ coincided with the onset of a seismic swarm to the
southeast of the ERZ, including events near the décollement fault
underlying the south flank of Kilauea (Fig. 1).

On 4 May 2018, the M6.9 earthquake occurred 16 km SW of
Leilani Estates, as a result of thrust faulting on the shallowly dipping
décollement below Kilauea’s south flank (Bai et al. 2018; Lay et al.
2018; Liu et al. 2018). Afterwards, the seismic activity migrated
to the west of the M6.9 epicentre, involving three main clusters,
including a dense cluster around the Kilauea summit caldera (Fig. 1).
The M6.9 earthquake is the largest event in Kilauea’s south flank
since the 1975 Kalapana M7.7 earthquake (Ando 1979). Liu et al.
(2018) argue that the May 4 earthquake may have been triggered
by either the dyke intrusion along the ERZ, or by a sequence of
foreshocks, including a thrust-faulting M5.4 event that occurred
one hour before the main shock.

For about 3 months after the /6.9 event, multiple fissures erupted
continuously along Kilauea’s ERZ in the Leilani Estates subdivision
(Neal et al. 2018). The eruption-earthquake sequence has also been
associated with caldera roof collapse events and ash explosions at
Halema’uma’u crater in the summit caldera, accompanying rapid
subsidence of the summit region and caldera. The post-earthquake
sequence of events was accompanied by large-scale deformation
along a linear zone of intense subsidence along the ERZ (Fig. 1)
captured by radar interferograms and data from the ground based
¢GPS network in the region, which we investigate in the subsequent
section.

3 DATA AND METHODS

In order to characterize the deformation associated with the 4 May
2018 M6.9 earthquake and dyke intrusion events, we have consid-
ered InSAR data from two Sentinel-1 interferograms including the
M®6.9 main shock (i.e. 05/02/2018 to 05/08/2018 for ascending track
T124 and 04/23/2018 to 05/05/2018 for descending track T87). To
quantify the surface deformation due to magmatic activity beneath
the Kilauea summit caldera in the days prior to the M6.9 earth-
quake, we consider InSAR interferogram between 04/20/2018 and
05/02/2018. The InSAR data were processed with Generic Map-
ping Tools Synthetic Aperture Radar (GMTSAR, Sandwell et al.
2011). For each track, all images were aligned to a single master
with geometrical alignment method using precise orbits and a Dig-
ital Elevation Model (DEM) (Wang et al. 2017; Xu et al. 2017).
We used l-arcsec (~30 m ground resolution) Shuttle Radar To-
pography Mission (SRTM) for the geometric alignment and the
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Figure 1. General Tectonics and May 2018 dyke intrusion on Kilauea’s East Rift Zone. Top panel: inset with red box shows the region of Hawaii Island
considered in this study. Green dots are the cGPS stations. The yellow star corresponds to the location of the /6.9 earthquake and its W-phase focal mechanism
solution from USGS (https://earthquake.usgs.gov/earthquakes/eventpage/us1000dyad#moment-tensor). Red and yellow circles show earthquakes (M > M.,
M, = 2.0, from US Geological Survey) from 14 d before and until 11 d after the M6.9 event, respectively. Orange triangles mark the location of 2018 fissure
eruptions along the ERZ. Region of historic slow-slip events (SSEs) is indicated by light blue patch (Foster et al. 2013). Rift zones of Mauna Loa and Kilauea
are indicated by yellow patches, along with their summit calderas (represented by grey patches). The depth-labeled white dotted contours represent bathymetry
contours. (Bottom panel) Seismicity of M > 2 (grey diamonds) from 20th April (JD 110) to 15th May (JD 135), 2018 projected along strike distance of the
Kilauea rift zone (white dashed line with double arrow in upper panel) and its corresponding cumulative number curve (red line). Orange shaded region marks
the time period 10 d before the initiation of intrusive activity (JD 113 through 123) along the Leilani Estates subdivision and blue shaded region represents
10-d period following the earthquake (JD 125—135). Colored diamonds indicate displacement time-series of ¢GPS site (JCUZ, marked in top panel) near to
the ERZ. Note two distinct patches of earthquakes associated with the rifting process and aftershocks, one following the dyke intrusion and the other near the
M®6.9 event. HVO, Hawaiian Volcano Observatory; HFS, Hilina Fault System.

topographic phase removal. The real and imaginary parts of the
original interferometric phase were first filtered with a Gaussian

residual atmospheric noise due to the turbulent part of atmospheric
perturbation may still remain, which may lead to variable fringe

filter of 0.5 gain at a wavelength of 90 m, which were further fil-
tered by a modified Goldstein filtering in the frequency domain
with ¢ = 0.5 (Goldstein & Werner 1998). After masking out the
pixels with correlation lower than 0.1, we unwrapped the phase
using the Statistical-Cost Network-Flow Algorithm for Phase Un-
wrapping (SNAPHU) (Chen & Zebker 2000) and used the nearest
neighbor interpolation method to facilitate the unwrapping (Agram
& Zebker 2009). We visually inspected all unwrapped interfero-
grams to ensure there were no obvious phase jumps due to un-
wrapping errors. To mitigate atmospheric artefacts, we removed
the best fitting linear dependence of the radar phase on topogra-
phy from each interferogram, using pixels outside of the Kilauea
region where the surface deformation due to the magma intrusion
and the M6.9 earthquake is expected to be small. We acknowledge
that for both ascending (T124) and descending (T87) tracks, some

rates in the corrected interferogram whose contribution is quiet
insignificant.

In order to represent a robust constraint on the coseismic deforma-
tion process and deformation prior to the May 2018 volcano-tectonic
episode, in addition to the Sentinel-1 InSAR we considered cGPS
observations from the Hawaiian geodetic network (Montgomery-
Brown et al. 2015). The USGS Hawaiian Volcano Observatory,
University of Hawaii, Stanford University, the Jet Propulsion Labo-
ratory, U.S. Coast Guard and Federal Aviation Authority have been
operating this dense ¢GPS network on Kilauea and Mauna Loa vol-
cano and associated rift zones (Fig. 1). About 57 cGPS sites of 5-min
solutions archived from the Nevada Geodetic Laboratory (Blewitt
et al. 2018) have been used to capture the coseismic deformation
surrounding the Kilauea Volcano. Moreover, in order to understand
magma reservoir inflation and décollement slip preceding the M6.9
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and dyke intrusion event, we have considered cGPS velocities for
the period of 2013-2018.

We inverted the coseismic offsets and interseismic velocity field
observed at cGPS sites (with respect to cGPS site PMAU) on Hawaii
to characterize the décollement slip in the rupture zone of the 4 May
2018 M6.9 earthquake. We considered a uniform dip angle (7°) and
strike (239°) of the rupture zone (Liu ef al. 2018) and divided the
fault plane into 260 subfaults (20 along strike x 13 along dip) of
size 3 x 3 km?. We adopted the inversion scheme of Wang er al.
(2009) which involves a steepest descend optimization approach
to search for the optimal values of slip and slip-direction on each
subfault. We used the Green’s functions for rectangular dislocations
in an elastic half-space earth model derived by Okada (1992). The
objective function is defined by the following expression:

F(s) = 1Gs —ul® + | LT|?, (M

where L is the finite difference approximation of the Laplacian op-
erator, 7 is the variability of shear stress drop or roughness which
depends on slip magnitude, « is the smoothing parameter, G repre-
sents the Green’s functions relating unit slip on each patch to dis-
placements at each observation point, « contains the observed GPS
displacements and s is the slip on each fault patch to be solved.
The smoothing parameter depends on the trade-off curve of the
roughness and relative misfit between data and model. We derived
an optimal value of the smoothing parameter of 0.2 and used it to
derive the dislocation slip model of the May 2018 earthquake and
the rate of decollement slip prior to the earthquake (Figs S1 and
S2).

To represent the volcano-earthquake interaction prior to the May
2018 dyke intrusion events, we quantify the surface deformation
caused by two magma reservoir sources; that is Kilauea and Mauna
Loa (Yang ef al. 1988). Surface deformation induced by these two
magma reservoirs are modelled by considering spherical magma
sources in an elastic half-space using the IMODELS software pack-
age (Battaglia et al. 2013). We adopted the inversion approach of
Battaglia e al. (2013) to derive the rate of magma inflation and sur-
face deformation at GPS sites surrounding the Kilauea and Mauna
Loa summits and magma chambers. We have considered a spheri-
cal magma chamber, embedded in a homogeneous, isotropic, elastic
and flat half-space, having a radius (a) of 500 m and source depth
(zo) of 5 km for both, Kilauea and Mauna Loa. The rate of magma
inflation depends on four parameters: the dimensionless pressure
change (AP/u, where u is the shear modulus), and the source lo-
cation and depth (x, yo, zo). The change in the volume (A V) of the
spherical magma reservoir is defined by (McTigue 1987; Battaglia
etal. 2013):

4
AV:7mng |:1+<a>:|. )
b Ay

Further, in order to quantify the deformation in the days leading
up to the 4 May 2018 M6.9 earthquake, we have jointly inverted
the Sentinel-1 InSAR data and 5-min solutions of GPS displace-
ments from the Nevada Geodetic Laboratory spanning 04/20/2018
to 05/02/2018 for opening and closing of the magmatic dyke system
along the ERZ.

4 RESULTS

4.1 May 2018 dyke intrusion and décollement faulting:
constraints from geodetic observations

In order to probe the surface deformation associated with the May
2018 dyke intrusion and décollement faulting, we analysed co-
seismic deformation derived from both GPS and InSAR observa-
tions. We selected two Sentinel-1 interferograms spanning the 6.9
main shock with relatively low atmospheric noise (05/02/2018 to
05/08/2018 for ascending track T124 and 04/23/2018 to 05/05/2018
for descending track T87). Both interferograms include surface dis-
placements due to the May 4 M6.9 earthquake and deformation
due to rifting along the ERZ and withdrawal of magma from the
summit reservoir (Fig. 2, top panel). LOS displacements from both
ascending and descending tracks exhibit significant range increase
(up to >25 cm) over the caldera and much of the ERZ, indicative of
surface subsidence as a result of the magma drainage and transport
to eruptive fissures near Leilani Estate. Two representative profiles
across the East rift zone (A—A’) and the Kilauea caldera (B-B’)
also indicate significant ground subsidence (Fig. 2, bottom panel)
along the southern flank of the ERZ and the summit caldera. Along
the coast, the opposite signs of LOS displacements (negative for
ascending track T124 and positive for descending track T87) docu-
ment significant horizontal motion, which is mainly due to the 6.9
main shock.

The coseismic offsets from 57 ¢GPS stations surrounding the
Kilauea Volcano document up to 0.77 m of horizontal motions
and reveal strong gradients in the displacement field, indicating
extensional strain across the ERZ. We inverted the cGPS-derived
coseismic offsets for the M6.9 earthquake and generated a finite-
fault model for the coseismic slip along the décollement fault. For
this model, we did not include the Sentinel-1 InSAR data since
the coseismic SAR interferograms span significant periods of post-
earthquake and pre-earthquake deformation (i.e. magma transport
and dyke intrusion). So, combining the GPS displacements along
with the InSAR data would significantly reduce the robustness of
the coseismic displacement model. Therefore, we have only inverted
the GPS displacements from the 5-min solution. We calculated the
Green’s functions relating fault slip to surface displacement us-
ing rectangular dislocations (Okada 1992) in a homogenous elastic
half-space. We implemented the inversion scheme of Wang et al.
(2009), involving a steepest descent approach in the constrained
least-square optimization. We estimated the slip distribution on the
rupture plane, adopting the fault geometry reported by Liu et al.
(2018). Liu et al. (2018) present a kinematic finite-slip model de-
rived from joint inversion of teleseismic waves, strong-motion data
and coseismic GPS offsets. They find that the 1/6.9 earthquake oc-
curred on the décollement dipping 7° landward with slip of up to
3.0 m and a low average rupture speed (~1 kms™). Morgan et al.
(2000, 2003) have identified the average dip of the décollement as
~2-3° in offshore reflection images. Liu ef al. (2018) argue that the
actual dip may in fact exceed that of the décollement and possibly
some or the entire coseismic slip may involve a steeper splay fault.
A steeper splay thrust has been identified in offshore reflection pro-
files (Hills e al. 2013) and may have been activated during the 1/6.9
event. Lay et al. (2018) compare models using 7.5° and 3° dipping
rupture plans and find that the shallower dip results in a landward
shift of inverted slip and a modestly worse fit to seismic and GPS
observations.

We discretized the rupture zone on the décollement fault into
3 x 3 km? subfaults for the distributed slip inversion and chose an
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Figure 2. InSAR LOS displacements (positive towards the satellite) over Hawaii (inset) obtained along two Sentinel-1 satellite tracks, after removal of
atmospheric noise. The region marked by dotted rectangle in the inset has been enlarged. LOS displacement of the ascending track 124 (top left-hand panel)
and LOS displacement of the descending track 87 (top right-hand panel), include surface displacements associated with the 4 May 2018 /6.9 earthquake as
well as the magmatic activity during the respective 6- and 12-d image acquisition intervals (indicated in top left of the maps). Two representative profiles (A—-A’
and B—B’) for both ascending and descending LOS displacement are presented in the bottom panel. Hawaiian Volcano Observatory (HVO) is marked by the

black square, while the rift zone is outlined by dashed black lines.

optimal smoothing factor of 0.2 based on the trade-off curve be-
tween the roughness of shear stress drop of the model and the fitting
residual (Fig. S1). The estimate of average RMS misfit between the
observed and calculated horizontal and vertical coseismic displace-
ments for our preferred slip model is 4.1 cm. Figs 3 and S3 shows
the finite-fault models derived from our inversion of the coseismic
GPS displacements (Figs 3a and b) and the kinematic slip model
proposed by Liu et al. (2018) (Figs S3a and b). Both models (Figs 3
and S3) indicate maximum slip of ~2.5-3.0 m, with an average
slip of about 0.8—0.9 m on the décollement fault surface south of
Kilauea’s ERZ. The simulated 3-D coseismic offsets in our rupture
model (Figs 3a and b), are in somewhat better agreement with the
GPS measurements than the offsets from the model proposed by
Liu et al. (2018) (Figs S3a and b), with a RMS misfit of 4.8 cm.
However, Liu et al. (2018) argue that combining seismic data and
coseismic GPS offsets provides better sensitivity to details of the
offshore source process.

4.2 Long-term deformation prior to the May 2018
eruption-earthquake sequence: constraints from cGPS
observations

In order to understand how magma reservoir inflation and
décollement slip driven by gravitational stresses evolved prior to the
recent May 2018 volcano-tectonic episode, we considered cGPS de-
rived velocity estimates for 2013-2018 from the Hawaiian geodetic
network (Montgomery-Brown ef al. 2015). By selecting this time
period, we have excluded the effects of the Kamoamoa eruption in
2011 (Lundgren et al. 2013; Baker & Amelung 2015). However,
during this period one slow slip event on the décollement in 2015

contributed to the deformation (Montgomery-Brown et al. 2015).
Therefore, we consider the average velocities spanning this time
period in our modelling. The average velocity estimates from 2013
to 2018 are computed relative to PMAU, a ¢GPS station located in
the Hualalai region that is far from the May 2018 dyke intrusion and
faulting events. The surface displacements around the Kilauea sum-
mit caldera, ERZ and adjacent décollement region reflect a complex
strain accumulation process. The ¢GPS data indicate that the south
flank of Kilauea volcano, which has hosted several large historic
earthquakes on its basal décollement (Ando 1979; Dieterich et al.
2000; Owen & Biirgmann 2006), is showing motion up to ~8 cm
yr~! (with an average rate of ~4 cm yr~') to the south-southeast
(Fig. 4). It appears that the Kilauea summit caldera zone has been
rising with a maximum uplift rate of ~9 cm yr~! (with an aver-
age rise of ~5 cm yr~!), along with radial near-field displacements
(~6 cm yr~!) away from the centre of the magma reservoir (Fig. 4).
Similar radial near-field displacements of ~6 cm yr~! are also ob-
served around Mauna Loa summit caldera (Fig. 4a), with an overall
uplift rate of ~3.5 cm yr~! (Fig. 4b).

In order to represent the complex deformation prior to the May
2018 dyke intrusion, we implemented an inversion of the cGPS-
derived velocity estimates, by combining distributed slip on elastic
dislocations in a homogeneous elastic half-space (Okada 1992) and
two spherical magma reservoir sources at both Kilauea and Mauna
Loa (Yang et al. 1988). We extended the fault geometry towards the
southwest of the coseismic rupture model of the M 6.9 earthquake
(Liu et al. 2018), in order to capture deformation along the full
extent of the south flank detachment. Again, we discretized the
fault into smaller elements (3 x 3 km?). Surface deformation due
to an expanding magma reservoir at the Kilauea summit caldera
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Figure 3. Coseismic GPS displacements due to the 4 May 2018 M6.9 earthquake and associated finite fault models. The 4 May 2018 M6.9 earthquake and
slip model for both horizontal (a) and vertical (b) displacements, derived from the inversion of coseismic offsets from the cGPS time-series sampled at 5-min

intervals. The RMS misfits of the slip models is 4.1 cm.
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Figure 4. Inversion to model cGPS derived average velocity during 2013-2018, combining elastic dislocation model and spherical magma sources for both
Kilauea and Mauna Loa magma reservoir. (a) Observed horizontal velocities (black arrows) across the décollement surface and surrounding the spherical
magma sources (marked by yellow circles), with respect to the site PMAU. Sky blue arrows indicate predicted GPS velocities due to slip along the décollement
surface and surrounding the spherical magma sources. (b) Vertical velocities show an overall uplift surrounding both the Kilauea and Mauna Loa magma

summits that are consistent with the model predictions. Error ellipse on the scale
are comparable.

region is modelled with spherical magma reservoir sources in an
elastic half-space using the IMODELS software package (Battaglia
et al. 2013). As we hold the source dimension fixed to a 500 m
radius, the solution for the spherical magma source depends on
its location (latitude, longitude and depth) and the dimensionless
pressure change AP/u, where p = 30 GPa is the shear modulus
(Battaglia et al. 2013). Table S1 summarizes the list of modelled
parameters to represent the summit reservoir deformation that are
considered in the present inversion approach. We also tested other
source models for the caldera inflation, such as a spheroid and sill,
and found that the data fitting from those models is no better than
the spherical magma source. In this inversion, we apply an optimal
smoothing parameter of 0.2 that balances the roughness of shear
stress drop on the décollement with the reduction in data misfit
(Fig. S2). The RMS residual of the preferred model shown in Fig. 4
is 2.0 cm.

Overall, predictions of the surface displacement with optimal
model parameters fit the observations near the summit reasonably
well (Figs 4a and b). The model that yields the lowest misfit to

arrows shows 95 per cent confidence level and the uncertainties of all sites

the data contains spherical magma inflation sources near the sum-
mit caldera of Kilauea and Mauna Loa with magma inflation of
9.22 x 10° and 4.76 x 10° m* yr~!, respectively, at depth of 5 km
(Figs S4 and S5). These results are consistent with the findings of
Chen et al. (2019), in which they used combined geodetic, seismic,
and tsunami observations to model triggering of the 4/6.9 Hawaii
earthquake and dyke intrusion activity. During the 2013-2018 ob-
servation period, little slip was found on the portion of the basal
detachment that ruptured during the 2018 M6.9 earthquake (Figs 3
and 4). Therefore, elastic modelling of the cGPS data suggests that
the active sources of deformation during the decade preceding the
M6.9 earthquake includes slip on the sub-horizontal décollement
away from the coseismic rupture and inflation near the summit
caldera (Fig. 4). The lack of cGPS coverage around and to the north
of the ERZ does not allow us to constrain the likely contribution of
deep rift opening to the deformation (Owen et al. 2000a).

We suggest that the recent long-term deformation episode prior
to the May 2018 dyke intrusion is different from the 1990-1996 pe-
riod of rapid deformation of Kilauea Volcano (Owen et al. 2000a).
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Figure 5. Pre-earthquake surface deformation. Top panel: LOS displacements between 04/20/2018 and 05/02/2018 derived from Sentinel-1 observations along
the ascending track T124. Positive values correspond to surface motion toward the satellite. Vectors represent horizontal GPS displacements derived 5-min
solutions during the InSAR observation period. Positions within a 3-hr window around the SAR image acquisition time are averaged to increase the signal
to noise ratio. Bottom panel: dyke model derived from InSAR and GPS displacements shown in the top Fig. M = Makaopuhi; N = Napau; P = Pu’u *O’6.
Negative opening uprift of Pu’u *0’0 reflects transport of magma towards the eventual eruptive fissures at Leilani Estates that began to erupt one day following

the observation period (black bar).

During 1990-1996, campaign GPS measurements show that the
summit and surrounding rift zones subsided with maximum subsi-
dence rates of ~8 cm yr~! (Owen et al. 2000a), whereas the summit
region has been rising with a maximum uplift rate of ~9 cm yr™!
during 2013-2018 (Fig. 4b). Horizontal velocity estimates during
the recent time period show a radial pattern of motion away from
the inflating magma sources (Fig. 4a). However, the geodetic obser-
vations by Owen et al. (2000a) showed no such radial displacement
surrounding the Kilauea summit caldera. Southeast-directed sta-
tion velocities south of the ERZ, approaching ~7 cm yr~' near
the coast, are consistent with décollement slip and deep rift open-
ing at >20 cm yr~! during the early 1990 s (Owen et al. 20004,
Fig. S6).

4.3 Short-term deformation leading up to the May 4 M6.9
earthquake

As described earlier, intense magmatic activity beneath the summit
caldera and along much of the ERZ started days before the /6.9
earthquake, which produced significant deformation at the surface.
Fig. 5 shows the Sentinel-1 InSAR LOS and GPS displacements be-
tween 04/20/2018 and 05/02/2018. Surface deformation during this
period is characterized by significant subsidence and contraction
along the Makaopuhi-Pu’u *0’5 section of the ERZ, and expansion

along the adjoining downrift sections. During this period, only subtle
surface deformation is seen along the eventual 2018 Leilani Estates
eruptive fissures, indicating that the dyke emplacement and magma
transport were still ongoing before the fissures finally erupted one
day later on 3 May 2018.

To investigate the effect of the pre-earthquake magmatic intru-
sion on the basal detachment that hosted the M6.9 earthquake, we
modelled the surface deformation immediately prior to the earth-
quake with a series of tensile dislocation patches assuming that the
surface deformation can be approximated by either dyke opening
or closing (Fig. S7). For simplicity, we assumed a uniform strike of
66° that best matches the surface fracture traces of the ERZ. The
~44-km-long and 8-km-wide model was divided into rectangular
patches whose length and width increase with depth (Fig. 5). Each
patch was allowed to have either opening or closing in the range of —5
to 5 m. We downsampled the InSAR LOS displacements iteratively
using the quad-tree curvature-based algorithm applied to the model
predictions in each round to avoid oversampling in noisy areas
(Wang & Fialko 2015). In addition to InSAR LOS displacements,
we also included GPS displacements corresponding to the InSAR
observation period that were derived from the Nevada Geodetic
Laboratory 5-min solutions. To enhance the signal-to-noise (SNR),
positions 3 hours before and after the corresponding SAR image
acquisition times were averaged and then differenced to compute
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Figure 6. Earthquake-volcano interaction cycle on Kilauea’s ERZ. (a) Mean annual change in Coulomb failure stress (ACF'S) due to 2013-2018 magma
reservoir inflations at 5 km depth for both Kilauea and Mauna Loa reservoirs resolved on the décollement surface (239°,7°,114°) at a depth of 5 km. The
magma inflation points are marked by white circle. (b) ACF'S on the décollement surface at 5 km depth, from rapid fault creep on the décollement, derived
from the slip model from GPS derived mean velocities for 2013-2018 (Fig. 4). Note, the earthquake epicentre lies in the zone of positive Coulomb stress
change, which implies the magma inflation and décollement creep encouraged the earthquake. (¢) AC F'S computed on the décollement surface at 5 km depth,
due to 2018 dyke intrusion on the ERZ. The opening along the ERZ is derived from inversion of pre-earthquake InSAR interferogram (04/20/2018-05/02/2018,
Fig. 5). (d) Change in tensile stress (Ao, ) computed at 2 km depth on the Kilauea’s ERZ due to the 4 May 2018 6.9 earthquake. The tensile stress change is
computed by using the slip model derived from inversion of coseismic GPS offsets, shown in Fig. 3(a). Note that the earthquake epicentre of the May 4, /6.9
faulting episode lies in the zone of positive Coulomb stress change. This shows that the shallow magma reservoir source, rift intrusions and décollement creep
caused positive stress change on locked sections of the décollement surface, and in turn the May 4, 16.9 faulting episode caused stress change on the magma
reservoir and the ERZ, implying a cyclic interaction between volcano and faulting processes.

the GPS displacements during the InSAR observation period. The
preferred dyke model for the 12-d period is shown in Fig. 5. The
model is characterized by ~1.5 m closing at shallow depth (<3 km)
between Makaopuhi and Pu’u 0’0, and ~1 m opening along the
section between Pu’u *0’6 and the 2018 Leilani fissures (Fig. 5b).
This is consistent with transport of magma from the ERZ section
uprift of Puu *0’°6 feeding the dyke intrusion growing downrift
towards Leilani Estates. The corresponding dyke model was then
used to compute the stress change on the fault plane of the 16.9
earthquake (Fig. 6¢).

5 DISCUSSION
5.1 Earthquake-volcano interaction cycle on Kilauea:
implications from stress transfer models

Here, we invoke an earthquake-volcano interaction cycle and asso-
ciated static stress transfer in the recent 2018 episode on Kilauea’s

ERZ. For this, we examined the static stress changes from pre-
earthquake stress loading (i.e. by magma reservoir inflation, rapid
secular fault creep on the décollement downdip of the rupture
and dyke intrusion on the ERZ) on the coseismic rupture surface
(Figs 6a, b and c) and the coseismic stress loading (i.e. by the co-
seismic slip of 4 May 2018 M6.9 earthquake) on the rift and how
that might have affected the subsequent development of the erup-
tion sequence (Fig. 6d). We present Coulomb failure stress change
and tensile stress in cross-section view across the décollement sur-
face in Fig. 7, incorporating the 4 May 2018 M6.9 earthquake
epicentre.

Assuming deformation in an elastic half-space (Okada 1992), the
static Coulomb failure stress change (ACFS = At + u'Ag,) is
computed, where At is the shear stress change along the slip vector
on a given plane (positive sign represents in slip direction), Ao, is
the normal stress change (positive sign represents for unclamping),
and W’ is the effective coefficient of friction (Cocco & Rice 2002).
The estimated ACFS depends on the specific source model and
the geometry (i.e. strike and dip), rake and friction coefficient of
the considered ‘receiver’ faults (i.e. shallowly dipping décollement
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Figure 7. Change in Coulomb failure stress on the décollement surface and change in tensile stress on the ERZ. Panels (a), (b) and (c) show change in Coulomb
failure stress on the décollement surface due to magma inflation, coseismic slip and dyke intrusion on the ERZ, respectively. White dashed line shows the
décollement surface with 7° dip. Note that in each case the earthquake epicentre lies in the zone of positive stress changes. Panel (d) show change in tensile
stress on the ERZ due to coseismic displacement during the earthquake event. Note that the ERZ lies in the positive tensile stress zone, which indicates rift

opening is influenced by the coseismic slip.

surface or steeply dipping rift structure) on which the ACFS are
resolved (Freed 2005). For dyke receiver structures along the rift
zones, we compute the tensile stress changes (Ao;,).

The ACFS is computed by considering the two magma reservoir
inflation sources for both Kilauea and Mauna Loa at ~5 km depth
with magma inflation of 9.22 x 10° and 4.76 x 10° m? yr~!, re-
spectively (Fig. 6a) and an effective friction coefficient u’ = 0.4 on
the décollement. We resolved the stress changes for points at 5 km
depth on the décollement fault geometry proposed by Liu et al.
(2018) (i.e. with strike 239°, dip 7° and rake 114°) which is consis-
tent with previous studies (Owen et al. 2000a; Dieterich et al. 2003;

Owen & Burgmann 2006). Fig. 6(a) shows that the magma reservoir
inflation sources encourage faulting on the décollement, including
the source region of the 2018 M6.9 earthquake, with stressing rates
of ACFS 0f0.0025-0.005 MPa yr~! (Figs 6a and 7a). This supports
the concept that the faulting episodes along the décollement are a
consequence of stress transfer by the expansion of the subsurface
magma reservoir at the Kilauea summit caldera. In fact, a similar
kind of stress transfer mechanism has been proposed at Mauna Loa
and Kilauea volcanos and surrounding rift zone for previous earth-
quakes on the décollement (Dieterich 1988; Dieterich et al. 2000;
Walter & Amelung 2006).
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Figure 8. Schematic profile across the south flank of Kilauea caldera showing the influence of dyke intrusion and associated faulting episode. (a) Schematic
NW-SE cross-section representing deep source magma pressurization. This creates overpressure in the reservoir resulting in surface uplift and causes strain
accumulation and aseismic slip on the décollement surface. (b) Represents the onset of volcanic eruption which causes ground subsidence. Initiation of the
dyke intrusion and rifting episode causes motion in the southern flank of the rift zone and possibly triggers earthquake (e.g. the 4 May 2018 1/6.9) along the
décollement surface. (c) Represents stress transfer on the rift zone due to the coseismic slip of 2018 May 4, M6.9 earthquake.

Further, we have computed ACFS on the décollement surface
(strike 239°, dip 7°, rake 114°, at a depth of 5 km) due to the rapid
secular fault creep downdip of the décollement during the pre-
intrusion period for 2013-2018, shown in Figs 6(b) and 7(b). From
this, it appears that the earthquake hypocentre of the 4 May 2018 M
6.9 faulting episode lies in a zone of positive Coulomb stress change
rate (~0.05 MPa yr~!, Fig. 7b). Further, ACFS is computed on the
décollement surface at ~5 km depth, due to 2018 dyke intrusion
on the ERZ, derived from the inversion of a pre-earthquake InSAR
interferogram (04/20/2018-05/02/2018, Fig. 5). It appears that the
earthquake hypocentre of the 4 May 2018, 6.9 faulting episode

lies in the zone of increased Coulomb stress (~0.1 MPa, Figs 6¢
and 7c).

We also computed coseismically induced tensile stress changes
(Ao,) on Kilauea’s ERZ at a shallow depth of 2 km (Fig. 6d), con-
sidering the 4 May 2018 16.9 earthquake rupture model (Fig. 3a) as
the source. We find peak tensile stress changes of about 0.4 MPa on
the ERZ due to coseismic slip on the décollement (Figs 6d and 7d).
The widespread tensile stress change due to the 6.9 earthquake
may be also responsible for the triggered fault slip across several
normal fault systems on the southern flank of the Kilauea (Wang
et al. 2019).

020z AelN 20 uo Jasn Aejesiog ‘eluioyed Jo AusieAlun Ad 2966185/19v/L/2gzAvensqe-ajonie/iB/woo dno oiwapese/:sdpy woly papeojumod



From this analysis we infer a cyclic interaction and associated
stress change in which the volcanic activity beneath the Kilauea
summit caldera and spreading of the ERZ cause stress change on
the décollement surface to trigger the 4 May 2018 6.9 earthquake
and previous ruptures of locked sections of the basal detachment.
Conversely, the faulting episode on the décollement surface induces
strong tensile stress change on the ERZ and the Kilauea summit
caldera (Fig. 8).

5.2 Geodetic data and model limitations

In this study, we have used cGPS derived coseismic and pre-
intrusion deformation models to characterize the deformation pro-
cess during and prior to the 4 May 2018 M6.9 earthquake respec-
tively. In addition to that we have jointly inverted the GPS and
InSAR observations to define the pre-earthquake surface defor-
mation during the days prior to the M6.9 earthquake. Finally, we
have used the Coulomb failure stress model to quantify the static
stress changes associated with the earthquake-volcano interaction
cycle.

The geometry and spatial extent of the ERZ considered in the
dyke deformation model are based on previous observations of sur-
face cracks and eruptive fissures (Walter & Amelung 2006). How-
ever, the actual position and rate of opening of the rift zone dykes
may vary spatially along the strike of the rift zone, and the asso-
ciated static stress changes may be more heterogeneous and vary
locally along the rift zone. Therefore, for simplicity of the model we
have considered a uniform dyke opening up to 5 km depth, which
is associated with stress concentrations at the dyke edges. Further,
in our static stress transfer model we have not considered any de-
formation related to viscous relaxation of the magmatic source, the
lower crust, and/or uppermost mantle (Walter & Amelung 2006).
Moreover, we have not explored the role of pore-pressure change in
the Coulomb failure stress model. We acknowledge that these fac-
tors can be considered as second-order effects in the stress evolution
associated with this deformation sequence.

The pre-intrusion geodetic measurements are assumed to reflect
the surface deformation caused by tectonic and volcanic processes
at depth and are used to estimate the rate of magma inflation for a
spherical magma chamber. In the pre-intrusion deformation model,
the surface deformation induced by spherical magma source is quan-
tified by an analytical approach (Battaglia et al. 2013), which is
based on a homogenous, isotropic, elastic flat Earth and half-space
assumption.

For InSAR data both satellite tracks (T124 and T87), the first
postseismic Sentinel-1 images were acquired days after the /6.9
earthquake, coseismic interferograms shown in Fig. 2 contain con-
tributions from both the M6.9 earthquake and magmatic activity
along the ERZ. For this reason, we did not use the Sentinel-1 In-
SAR data in the coseismic slip model inversion. On the other hand,
the pre-earthquake interferogram shown in Fig. 5(a) provides a
valuable data set to constrain the kinematics of the ERZ shortly
before the final eruption of the 2018 episode in the lower ERZ, as
there are only a handful of GPS sites which have captured the sur-
face deformation during this period. However, we note that due to
the relatively poor radar coherence and possibly high atmospheric
noise level in Sentinel-1 observations along the vegetated lower
ERZ, as well as the 1-D nature of InSAR observations, the dyke
model presented in Fig. 5(b) may contain large uncertainties, espe-
cially for the deeper part, where the model resolution is expected to
be low.
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6 CONCLUSIONS
From the above observations, we can summarize that:

(1) A complex volcano-earthquake interaction process is associ-
ated with the recent rifting episode along the Kilauea’s East Rift
Zone (ERZ) and 4 May 2018 M6.9 Leilani earthquake along the
décollement surface of Kilauea’s mobile south flank (Figs 8b and
c).

(2) Inversion of ¢GPS data for slip beneath the Kilauea summit
caldera surrounding region suggest a coupled deformation process
associated with magma reservoir inflation and aseismic décollement
slip driven by gravitational stresses (Fig. 8a), prior to the recent
rifting and faulting episodes.

(3) Our inversion of cGPS derived velocity estimates reveals that
during the pre-2018 period the eventual coseismic slip patch of the
4 May M6.9, 2018 earthquake was devoid of any significant slip.

(4) Further, proposed stress change models due to magma infla-
tion, rapid fault creep on the décollement and coseismic slip of the
4 May M6.9, 2018 earthquake imply a complex cyclic interaction
of stress change.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Table S1. Source parameters derived by combining Spherical
magma reservoir induced deformation and Okada (1992) dislo-
cation model.

Figure S1. Variation of roughness (in bars) with the relative misfit
between the observed and calculated coseismic offsets for varying
smoothing parameter values. An optimal smoothing parameter of
0.2 is used to derive the coseismic rupture slip model.
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Figure S2. The trade-off curve between the roughness (in bars) and
the relative misfit in the observed and calculated average displace-
ment rate during 2013-2018. An optimal value 0.2 of the smoothing
parameter is applied to derive the pre-intrusion slip model.

Figure S3. Coseismic slip model of (a) horizontal and (b) verti-
cal displacements obtained from Liu ez al. (2018) by inversion of
teleseismic body waves, strong-ground motion recordings, and co-
seismic GPS offsets along the southeastern coast of Hawaii. The
RMS misfits of the slip model is 4.8 cm.

Figure S4. Parameters considered for modelling the surface defor-
mation due to an expanding magma chamber beneath the Kilauea
summit caldera region. The solution depends on four parameters
including the dimensionless pressure change AP/u, and the source
location in 3-D Cartesian coordinates (xo, yo, zo). Lower panels
represents the best-fitting model parameters, for which the misfit
between the observed and model slip is minimum. The estimated
volume for the volcanic eruption is found to be 9.22F + 06 m?® yr!,
at a depth of 5 km.

Figure S5. Parameters considered modelling the surface deforma-
tion due to an expanding magma chamber beneath the Mauna Loa
region. The solution depends on four parameters including the di-
mensionless pressure change AP/, and the source location (xo, yo,
Zy). The estimated volume for the volcanic eruption is found to be
4.76E + 06 m® yr'!, at a depth of 5 km.

Figure S6. Average horizontal velocities (black arrows) during (a)
2013-2018 period preceding the 2018 dyke intrusion and faulting
episode with respect to the site PMAU and (b) 1990-1996 period
of south flank deformation with respect to site HP7_ from Owen
et al. (2000a). The Kilauea and Mauna Loa summit reservoirs are
marked by yellow circles and the M 6.9 epicentre is indicated by
star. Note that radial displacements are observed only during the
period of 2013-2018.

Figure S7. Observed, modelled and residual: ERZ dyke model
derived from the inversion of pre-earthquake InSAR interferogram
(04/20/2018-05/02/2018).
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