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Abstract The mobile south flank of Kilauea Volcano hosts two normal fault systems, the Koa'e fault
system (KFS) and the Hilina fault system (HFS). In historical time, at least three M>6.5 earthquakes

have occurred on the basal detachment of the Kilauea Volcano's south flank, with the most recent being
the 4 May 2018 M6.9 earthquake. Here we analyze kinematic Global Positioning System data collected
from 2001 to 2017 and interferometric synthetic aperture radar data before, during, and after the 2018
M6.9 earthquake to determine the crustal motion across the HFS and KFS faults. Our results indicate that
the HFS faults did not significantly slip during the interseismic period from 2007 to 2011. Despite its
substantial magnitude, interferometric synthetic aperture radar (InSAR) data show that the 2018 M6.9
earthquake triggered subcentimeter level slip along sections of the previously mapped HFS branches. Up
to 20 cm of offset occurred on what appears to be a newly formed (or previously unknown) fault near the
eastern end of the HFS. During the 3 months following the M6.9 earthquake, up to ~30 cm of slip
occurred along the KFS, which helps accommodate rapid large-scale subsidence of Kilauea's summit
region as large volumes of summit reservoir magma fed the lower East Rift Zone eruption. The HFS
appears to activate only in concert with large earthquakes on the basal detachment. The KFS, on the
other hand, moves both seismically during small local earthquakes and aseismically in response to nearby
earthquakes and caldera subsidence.

1. Introduction

The south flank of Kilauea, an active volcano on the south side of the Island of Hawai'i (Figure 1), moves
seaward at rates of up to 10 cm/year along a subhorizontal basal detachment fault rooted at 8- to 10-km
depth (Ando, 1979; Borgia et al., 2000; Owen et al., 1995; Owen et al., 2000). The mobile south flank is
bounded by the Koa'e fault system (KFS), and the Kilauea's Southwest and East Rift Zones (ERZ), which
accommodate continuous deep rift expansion, episodic shallow rift intrusions, and associated eruptions
(Figure 1). The volcano is built on a weak layer of pelagic sediments (Swanson et al., 1976; Dieterich,
1988; Delaney et al., 1990), which is a mobile interface accommodating the stress accumulated from dike
emplacement and gravitational instability of the edifice. In addition to continuous detachment creep (e.g.,
Owen et al., 2000), episodic slow slip events (e.g., Brooks et al., 2008; Montgomery-Brown et al., 2015) and
infrequent large-magnitude earthquakes (e.g., Owen & Biirgmann, 2006) also carry the flank seaward.
The three largest recorded detachment earthquakes were the 1868 M ~7.9 Great Ka'u (e.g., Wyss, 1988),
1975 M 7.7 Kalapana (e.g., Ando, 1979; Owen & Biirgmann, 2006), and 4 May 2018 M 6.9 earthquakes
(Neal et al., 2018).

The edifice itself hosts two major normal fault systems, the Koa'e fault system (KFS) and the Hilina fault sys-
tem (HFS). The KFS is a series of mostly north facing normal faults immediately south (seaward) of the sum-
mit caldera that run between the Southwest and East Rift Zones with scarps up to 15-m high (Duffield, 1975).
We note that both north and south facing faults are found in the KFS. The age of these faults is probably
much older than what their scarp heights imply because they are growth faults that have been frequently
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Figure 1. Map view of Kilauea's south flank and normal fault systems (KSC = Kilauea summit caldera; ERZ = East Rift Zone;
KFS=Koa'e fault system; HFS=Hilina fault system). The gray and red stars represent the epicenters of the 1975 M7.7
Kalapana and 4 May 2018, M 6.9 earthquake, respectively. The black lines with black text labels denote the active fault traces
mapped by U.S. Geological Survey (USGS; Cannon et al., 2007). KP= Kulanaokuaiki Pali; PoP=Poliokeawe Pali; HP=Holei
Pali; AP="Apua pali; PP=Palama pali; PS=Paliliu section. The red dashed boxes represent the areas with close-up phase
examinations labeled with their respective figure numbers. The red solid box outlines the benchmark location map in Figure 2.
The triangles represent the continuous Global Positioning System (GPS) stations in the study area. The symbol colors and arrows
denote the vertical and horizontal displacements, respectively, due to the 2018 M 6.9 earthquake derived from 5-min GPS
solutions (http://geodesy.unr.edu/news_items/20180505/us1000dyad.txt). The thick blue and red line segments show the approxi-
mate extent of the intrusions associated with the 2007 Father's Day and 2011 Kamoamoa eruptive events along the ERZ. The
background color shows the mean line-of-sight (LOS) displacements due to the 2018 Kilauea eruption-earthquake sequence derived
from the stack of descending COSMO-Skymed (CSK, track D165) interferograms spanning the 2018 earthquake (see Figure S1 in the
supporting information for the baseline plot). Positive values correspond to surface motion toward the satellite. Displacements
along profiles a (crossing the KFS) and b (crossing the Poliokeawe and Holei Palis) are shown in Figures 5 and 6, respectively. Note
that the interferometric synthetic aperture radar (InSAR) LOS displacements contain surface deformation due to the M6.9
earthquake on 4 May 2018 as well as magmatic activity during the approximately 1-month long observation period.

resurfaced by lava flows (Duffield, 1975; Podolsky & Roberts, 2008). The KFS has also hosted several
historical dike intrusions suggesting that it represents a connecting structure between Kilauea's two rift
zones (Swanson et al., 2018). The KFS has been interpreted as a zone of localized extension and normal
faulting that is activated by stresses generated by episodic dike intrusions in the two rift zones and the
southward displacement of the south flank, including during major detachment earthquakes (Duffield,
1975; Swanson et al., 2018). Thus, the KFS grows by repeated episodes of injection of magma into the
rifts, tearing the volcano apart as the south flank is forced away from the rifts (Duffield, 1975).

The HFS, located lower and further south on the flank, represents a zone of deformation about 5 km wide
comprised of a series of en échelon, overstepping normal fault segments connected by relay ramps
(Figure 1; Peacock & Parfitt, 2002). Individual Hilina scarps accommodate vertical offsets of up to 500 m
(e.g., Lipman et al., 1985) and are often draped by young lava flows (Figure 2), providing some constraint
on their slip history (Cannon & Biirgmann, 2001).
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Figure 2. Close-up map of Global Positioning System (GPS) network across Hilina fault system (HFS; modified from
Cannon et al., 2001). The colored polygons are lava flows with ages indicated in the legend. The grey bands outline the
topographic fault scarps of the HFS. The green stars are Hawaiian Volcano Observatory (HVO) leveling benchmarks along
the Chain of Craters road; the blue diamonds are benchmarks installed across the Poliokeawe, Holei, and 'Apua strands of
the HFS in 2001. The magenta lines represent the location of the GPS baselines plotted in Figure 4. The green stars are
HVO leveling benchmarks along the Chain of Craters road (referred to as “Hilina Road” in the text). The blue diamonds
are benchmarks installed along two profiles (“Hilina West” and “Hilina East”) across the Poliokeawe, Holei, and 'Apua
strands of the HFS in 2011.

Although major historical earthquakes have all occurred on the primary detachment fault at the base of
Kilauea's edifice, some of the HFS normal faults are known to coseismically slip at the surface during such
events (e.g., Cannon & Biirgmann, 2001) with potential small contributions by interseismic creep (Shirzaei
et al., 2013). Associated with the 1975 earthquake, roughly 25 km of the HFS slipped with displacements of
1-3 m (Cannon et al., 2001; Lipman et al., 1985). Leveling, tilt, and trilateration data spanning the time of the
1975 event also show evidence of subsidence of the caldera due to magma withdrawal, and localized
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subsidence was measured over the rift zones due to 3-5 m of rift-normal opening during or soon after the
mainshock (Owen & Biirgmann, 2006). The geodetic measurements also indicate that significant horizontal
extension (up to 2 m) and southward tilting occurred across the Koa'e fault system during the 1975 earth-
quake (Tilling et al., 1976).

There is uncertainty about the three-dimensional structure and origin of the HFS as well as its role in the
volcano-tectonic activity of Kilauea. One possibility, inferred from modeling of surface displacements due
to earthquakes and slow slip events, paleomagnetic constraints on fault block rotation, and offshore seismic
reflection profiles, represents the faults as listric landslide features that bottom out at 3- to 4-km depth
(Cannon et al., 2001; Cervelli, Segall, Johnson et al., 2002; Morgan et al., 2003; Riley et al., 1999).
Bathymetry data have confirmed the presence of prehistoric submarine landslide deposits around the
Hawaiian Islands associated with the detachment of large sectors (Moore et al., 1994; Morgan et al., 2003).
A competing model, inferred from seismic imaging and structural analysis, proposes that the HFS extends
all the way to the basal detachment at a depth of 7-9 km (Denlinger & Okubo, 1995; Lipman et al., 1985;
Okubo et al., 1997; Parfitt & Peacock, 2001). In contrast to the shallow geometry, a set of faults reaching
the detachment might have more long-term stability, as the faults are buttressed by the weight of the
entire flank.

Several authors have noted that the HFS faults likely have experienced no measurable slip since 1975 by
comparing km-scale baselines across the faults (e.g., Delaney et al., 1998; Owen et al., 2000), while 2003-
2010 InSAR data indicate the possibility of very modest (few millimeter) and episodic aseismic slip
(Shirzaei et al., 2013). We present GPS measurements of a densely spaced profile of benchmarks that was
established across a section of the HFS in 2001. The data reveal that between 2001 and 2017, there was no
significant offset across several of the surface traces of the HFS that slipped in 1975.

The 4 May 2018, M6.9 earthquake, provides us with the opportunity to examine whether the event and asso-
ciated magmatic activity triggered any slip in the HFS and KFS. Using InSAR, we show that modest slip of
<10 mm occurred on two strands of the 1975 HFS surface rupture near the Hilina GPS survey network at
approximately the time of the 4 May earthquake. A previously unmapped surface scarp is also observed near
the easternmost section of the HFS, which produced surface deformation of over 20 cm. On the other hand,
strands of the KFS slipped up to tens of centimeters in a series of discrete episodes during an ~3-month per-
iod of rapid Kilauea summit deflation following the M6.9 earthquake.

2. Methods and Data

We analyze GPS data taken from closely spaced benchmarks that span one section of the HFS, including
Poliokeawe Pali, Holei Pali, and 'Apua Pali and that we refer to as the Hilina survey network. Figure 2 shows
the location of the benchmarks together with the individual fault scarps that the benchmarks traverse. The
1969-1974 Mauna Ulu lava flows drape the faults and were subsequently fractured in 1975 due to coseismic
rupture (Cannon et al., 2001). We installed new benchmarks and collected initial GPS campaign measure-
ments along two profiles in 2001 and 2003 (“Hilina East” starting at benchmark CH10 and “Hilina West”
starting at benchmark CHO1; blue diamonds in Figure 2). These were later supplemented by additional sur-
veys by multiple groups under the oversight of the Hawaiian Volcano Observatory (HVO) between 2010 and
2017, as well as surveys of additional benchmarks along Chain of Craters Road (“Hilina Road” starting at
benchmark BM79-503; green stars in Figure 2).

The initial occupations of the Hilina East (starting at benchmark CH10; Figure 2) and Hilina West (starting
atbenchmark CHO1; Figure 2) lines were partly done as standard campaign GPS occupations lasting 13-15 hr
or as approximately minute-long real-time kinematic surveys. After 2010, data were collected using Leica
GPS500 kinematic GPS systems. One minute of dual-frequency data was collected at each benchmark, and
the data were processed using the Leica GeoOffice software with reference stations taken from HVO's contin-
uous GPS network. Surveys were done by multiple student groups, with the result that 11 surveys of the
Hilina East line, 6 of the Hilina West line, and 19 surveys of the Hilina Road line were completed between
2010 and 2017. Not all surveys included all benchmarks of a given line.

In addition to the GPS data taken from a small section of the HFS, we examined C-band Sentinel-1 A/B and
X-band COSMO-Skymed (CSK) interferograms that span the 2018 M 6.9 earthquake and the associated
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major rift intrusion and eruption in an attempt to determine whether there was any coseismic deformation
of the HFS and the KFS similar to what occurred in 1975. We processed the InSAR data with GMTSAR
(Sandwell et al., 2011). Because of the relatively large orbit-separation baselines (see Figure S1 for the
CSK baseline vs. time plot) and the intrinsically low radar reflectivity over vegetated parts of the island,
image alignment with the built-in cross-correlation method often fails for CSK data. Therefore, similar to
the processing of Sentinel-1 TOPS data, we aligned the CSK images to a single master for each track using
the geometric alignment method. We first precisely map the footprint of each image acquisition on the
ground using the information on SAR system's internal geometry, satellite's orbits, and external digital ele-
vation model (DEM). A point-by-point offset map needed for the image alignment is then obtained by differ-
encing the ground footprints (Wang et al., 2017; Xu et al., 2017). We used the 1-arc second (~30-m ground
resolution) Shuttle Radar Topography Mission (SRTM) DEM for the geometrical alignment and removal
of the topographic phase. We applied a low-pass Gaussian filtering with a 0.5 gain at a wavelength of 90 m
to the real and imaginary parts of the original phase. A modified adaptive Goldstein filter (Goldstein &
Werner, 1998) with a = 0.5 was then applied to the low-pass filtered phase to obtain the final phase products.

3. Results and Analysis
3.1. 2001-2017 Deformation Across the HFS

In an effort to resolve slip across the HFS, we first computed GPS velocities for the stations in the Hilina sur-
vey network for two time periods, 2001-2010 and 2010-2017 (Figures 3a and 3b). Velocities in both maps are
relative to the coastal station CH18 (depicted as a star in Figure 3). If the faults were slipping close to the sur-
face, one would expect to see step increases in station velocities across successive fault blocks toward the
south. However, both intervals are characterized by shortening, since stations to the north of CH18 appear
to be moving toward that site. Shortening across the HFS is opposite to what would be expected for normal
fault slip, in which the stations would be moving away from CH18. This contraction is partly a product of the
major intrusive and eruptive events that occurred during this time period along Kilauea's ERZ (Figure 1): the
2007 Father's Day (e.g., Montgomery-Brown et al., 2010), and the 2011 Kamoamoa (Lundgren et al., 2013)
episodes. The HFS-spanning baseline between continuous GPS sites HOLE and KAEP (Figure 4a) clearly
depicts south flank shortening associated with the two events, as evidenced by more southward motions
at the station HOLE, compared to KAEP. Only for the period between the 2007 and 2011 rift intrusions
and during 2014-2018 do we find evidence of extension across this section of the HFS (Figure 4a).

Although both Figures 3a and 3b indicate contraction during 2001-2010 and 2010-2017, the direction of
shortening differs in the two time intervals: north-south during 2001-2010 and more westward in 2010-
2017. The difference is further evidence that ERZ activity influences the contraction since the main zone
of ERZ activity moved with respect to the GPS network over time. The 2007 event was located north of
the stations (Montgomery-Brown et al., 2010; see Figure 1), while the 2011 event was further to the east
(Lundgren et al., 2013). During neither period do we see a stepwise change in velocities across strands of
the HFS.

To confirm that the average station velocities are representative of the station displacements during the two
time periods, we also examined the time series of relative displacements of two short baselines spanning the
HFS strands. Figures 4b and 4c show the north component of the baselines CH10-CH11 and Z-7715 (see
magenta lines in Figure 2). Despite sparse temporal sampling, the data indicate little to no deformation
across the baselines. However, the somewhat longer baseline Z-7715 shows a few cm of contraction asso-
ciated with the 2011 Kamoamoa intrusion.

3.2. HFS and KFS Deformation Associated With the May 2018 M 6.9 Earthquake and
Volcanic Activity

Given the increase in both volcanic and tectonic activity at Kilauea from May to August of 2018, we seek to
determine if there was slip along the Hilina and Koa'e faults during this episode. The 4 May 2018, M 6.9
earthquake, ruptured the basal detachment near the rupture zone of the M7.7 1975 event, during which
the HFS and KFS experienced significant slip (Cannon et al., 2001; Lipman et al., 1985; Owen &
Biirgmann, 2006; Swanson et al., 2018). To examine whether the 2018 M 6.9 earthquake also triggered slip
on these fault systems, we inspected Sentinel-1 and CSK interferograms spanning the earthquake. In order
to reduce the atmospheric noise, we first stacked the CSK interferograms with perpendicular orbit baselines
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Figure 3. (a) 2001-2010 and (b) 2010-2017 average velocity maps for the benchmarks depicted in Figure 2. The coastal
site, CH18, labeled BASE, is the base station to which all velocities are relative. The scale arrows in (a) and (b) are
tipped with representative 67% confidence ellipses of 0.5 cm/year. Note that during both time periods, the south flank
experienced shortening across the HFS. Note that confidence ellipses in (a) are scaled by a factor of three to account for
added uncertainty due to the sparseness of measurements between 2001 and 2010 and the likely underestimate of the
formal position uncertainties of individual campaign measurements.

<250 m (see Figure S1 for the baseline vs. time plots) to obtain the mean line-of-sight (LOS) displacements
due to the May 2018 eruption-earthquake sequence. The mean LOS displacements of the CSK data from the
descending track D165 are shown in Figure 1, spanning a roughly 1-month period including the earthquake.
As a result of the rapid magma withdrawal from beneath the summit and upper ERZ, surface displacements
near Kilauea caldera and along the ERZ are characterized by significant range increase, corresponding to
land subsidence. A large decrease in range (>10 cm) is found along much of the south coast, mainly due
to the M 6.9 earthquake on 4 May 2018.
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Figure 4. North component of baseline for pairs of (a) continuous and (b and ¢) campaign Global Positioning System sta-
tions across the Hilina fault system. The baseline changes are shown as black dots. The red vertical lines represent the time
of the 2007 Father's Day and 2011 Kamoamoa eruptions. The blue vertical line represents the time of the 2018 M 6.9
earthquake. The individual time series of the stations HOLE and KAEP's north-component positions are also shown in (a)
with colored lines (right axis). The black dashed vertical lines in (a) represent the times of slow slip events during the
observation period (Montgomery-Brown et al., 2013; Montgomery-Brown et al., 2015). The red arrows in (b) and (c)
represent the expected north-south extensions estimated from the coseismic InSAR results. See Figure 2 for the locations
of the station pairs (depicted by pink lines).
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Figure 5. (a) Topography around the Koa'e fault system (KFS) derived from Lidar measurement (USGS, 2018). (b) Line-of-sight (LOS) displacements across the
KFS derived from COSMO-Skymed (CSK) data from descending track D165. (c) Time series of relative displacements at different locations (A, B, and C in (a))
across the southernmost strand of the KFS derived from Sentinel-1 data from the descending track D87. At each epoch, the fault offset is computed by differencing
the average values of LOS displacement within two circles of radius=120 meters across the fault. The red dashed line represents the time (UTC) of the M6.9
earthquake on 4 May 2018. The black lines represent the times (UTC) of M>3.5 earthquakes within the KFS shown by blue stars in (a). Note that the Sentinel-1
image on 29 May along the ascending track A124 was acquired ~1 hr after the M4.1 earthquake, which produced widespread surface deformation along the KFS. All
depths of these events are <1 km. Since the KFS is thought to involve relatively shallow structures (e.g., <5 km), the proximity of these earthquakes to the KFS
traces indicates that they are more likely to be associated with the KFS, rather than deep volcanic activities. The green lines denote the times of M>5 collapse events
in the caldera area.

3.2.1. KFS Deformation Associated With 2018 Earthquake-Volcano Sequence

Close-up examination of the earthquake-spanning CSK interferograms reveals clear offsets in LOS displace-
ments across the KFS (Figures S2-S4). The maximum offset in LOS displacements from the descending track
D165 reaches >6 cm across the southernmost strand, Kulanaokuaiki Pali of the KFS, and gradually decays
northward across multiple branches. Although all coseismic interferograms with the postearthquake image
being acquired days after the M6.9 earthquake exhibit clear offsets across the KFS, coseismic interferograms
ending with the first postearthquake image of 5 May 2018 (acquired ~18 hr after the earthquake) along the
ascending track A10 does not show clear evidence of slip across the KFS (Figure S3). This implies that slip on
the KFS was not directly triggered by the 4 May M6.9 earthquake. Instead, it is more likely related to the
rapid subsidence of Kilauea's summit region that initiated on 1 May, as a result of the magma withdrawal
beneath the caldera to feed the eruptions along the lower ERZ.
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2001). (b) Line-of-sight (LOS) displacements across the Poliokeawe and Holei Palis derived from COSMO-Skymed data of the ascending track A10. The line
colors represent the time of the secondary image with respect to the M6.9 earthquake on 4 May 2018 (see Figure S1 for the baseline distribution). Numbers in
parentheses in the legend denote the number of days between the slave image acquisition and the M6.9 earthquake.

Our analysis of InSAR time series of Sentinel-1 data shows that offsets on the Kulanaokuaiki Pali rapidly
grew in concert with the continuing summit subsidence for at least 90 days (Figures 5c and S6). At a point
close to the western end of the Kulanaokuaiki Pali (square A in Figure 5a), the cumulative LOS displacement
from the Sentinel-1 descending track D87 reaches over 15 cm during ~200 days after the M6.9 earthquake. A
significant portion of offset at this location, however, seems to occur mainly during a series of the m>3.5
shallow earthquakes in this area, although the displacement continued to increase until middle August,
when the 2018 eruption episode finally stopped. Field observations in August to September 2018 reveal up
to ~37-cm vertical offset at a point in the central section of the Kulanaokuaiki Pali (square B in Figure 5a;
collected by Steve Lundblad and Don Swanson in August 2018). However, our InSAR time series at this loca-
tion shows only moderate LOS displacement (~10 cm) during the entire observation period ending in
December 2018 (blue line in Figure 5c). Assuming an incident angle of 38 degrees, the corresponding vertical
displacement is 12.7 cm, still much smaller than the field observations. The smaller InSAR offset at this loca-
tion may be partially attributed to the relatively low quality of the InSAR data in this area related to the thick
forest and/or filtering in the data processing. The generally low radar phase correlation here may also cause
unwrapping errors, leading to less consistent comparison between the InSAR and field observations. Further
to east, at a location close to where the Kulanaokuaiki Pali crosses the Chains of Craters Road (square C in
Figure 5a), the cumulative LOS displacement is 2-3 cm, which is in good agreement with the field observa-
tions collected by Steve Lundblad and Don Swanson in August 2018. Despite the noise, our InSAR data seem
to suggest that the offset across the Kulanaokuaiki Pali decreases from west to east. The offsets across much
of the Pali from point A to C suggest that the entire Kulanaokuaiki Pali moved during the 2018 earthquake-
volcano sequence. However, the large subsidence signal around the caldera makes it difficult to accurately
quantify how much slip occurred on individual northern strands of the KFS (Figure 5b and S6).

3.2.2. HFS Deformation Associated With 2018 Earthquake-Volcano Sequence

Data from CSK ascending track A10 reveal sharp offsets in LOS displacements of up to 10 mm across the
Poliokeawe and Holei Palis, right where large coseismic offsets from the 1975 M 7.7 Kalapana earthquake
were mapped by Cannon and Biirgmann (2001), shown by magenta lines in Figures 6a and S4. These offsets
are probably not due to DEM error or atmospheric noise that may correlate with topography, as multiple,
independent interferograms spanning the earthquakes all show these offsets, and those not spanning the
earthquake do not have the offsets (Figure S4). The block-like offsets in the LOS displacement profiles
(Figure 6b) suggest that they do not just represent superficial surface cracks but result from slip in the
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Figure 7. Surface deformation along the eastern Hilina fault system from COSMO-Skymed (CSK) and Sentinel 1 interferograms spanning the M 6.9 mainshock.
(a—d) Wrapped phase of the coseismic interferograms (color ranges from —pi to pi) due to the coastal slump. Note the dense fringes at roughly the same loca-
tions of all four interferograms. One fringe corresponds to 1.55 and 2.8 cm of line-of-sight (LOS) displacement for CSK and Sentinel-1, respectively. The text in top-
left corner of each panel shows the image acquisition information.

HFS from greater depth. Due to the dense spacing of the HFS branches and superimposed coseismic
deformation field, we are not able to establish to what depth slip extends. The InSAR profiles across
'Apua Pali show no clear evidence of surface slip related to the 2018 M6.9 earthquake.

InSAR data from all satellite tracks spanning the time of the earthquake and subsequent months reveal
substantial gradients in surface deformation near the eastern end of the HFS (Figure 7). No previously
mapped faults are associated with this feature, although several mapped fault strands are present in the
USGS fault database (Cannon & Biirgmann, 2001) both north and south of the high InSAR phase gradient.
To better characterize the surface motion related to this previously unmapped structure, we combined the
LOS displacements from both the ascending and descending tracks to decompose the east-west and vertical
motions. In order to minimize the contribution of longer-wavelength surface deformation due to the basal
slip of the M 6.9 earthquake and the magma intrusion (e.g., Figure 1), we select a reference point a few
kilometer northeast of the structure (red circle in Figure 8), where the surface deformation due to the
faulting is expected to be small. Due to the lack of observations along the azimuthal directions of the
satellite tracks, current data do not constrain the north-south component of motion; thus, we focus on
the vertical component, although significant southward motion is expected for a normal fault dipping to
the south. For the coseismic deformation, both CSK and Sentinel-1 interferograms spanning the M6.9
earthquake with the shortest postseismic time spans of the respective satellite tracks are used in the
decomposition. For the preseismic and postseismic deformation, we first solve for the time series of LOS
displacements for the Sentinel-1 ascending A124 and descending D87 tracks over similar time intervals
using Small Baseline Subset (SBAS) method (Berardino et al.,, 2002). We apply a Common-Scene-
Stacking (CSS) method (Tymofyeyeva and Fialko, 2015; Wang & Fialko, 2018) to reduce the noises mostly
due to the turbulent component of the atmospheric delays. The resulting cumulative LOS displacements of
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the two Sentinel-1 tracks are then used to decompose for the vertical and horizontal motions during the
respective time periods. We admit that the time differences in image acquisitions from different satellite
tracks could affect the decomposition results. However, image acquisitions from the Sentinel-1 ascending
track A124 and descending track D87 are only different by less than 3 days, and all the second images of
interferograms used in the coseismic decomposition were acquired no later than 8 May. Compared to the
deformation over the respective time periods, the effect due to time differences of image acquisitions is
small, and thus ignored in the decomposition analysis.

In the interferograms spanning the mainshock, a normal-fault scarp indicated by steep InSAR phase gra-
dients produced significant subsidence of up to ~20 cm (Figure 8b). CSK and Sentinel-1 InSAR observa-
tions over nearly 4 months after the 4 May 2018 earthquake reveal clear postearthquake deformation
associated with this structure. Significant postseismic deformation is also found in a roughly east-west
elongated zone ~2-3 km southeast of the coseismically activated normal fault scarp, along the Paliuli
section of the HFS (Figure 8c), where only modest immediate coseismic deformation occurred.

Cooling and contraction of lava flows can cause detectable surface subsidence months to years after their
emplacement (e.g., Bagnardi et al., 2016). Sentinel-1 observations from January to the end of April 2018
reveal up to 6-cm subsidence in the area of recent lava flows from Pu'u 'O'6 (Figure 8a). While the topogra-
phy was altered by the lava accumulation, we note that such a large range change for Sentinel-1 interfero-
metry with small orbit baselines is not likely to be due to the inaccuracy of the DEM. The relationship
between DEM error and the corresponding range bias is given by

_ _RB
~ pbsin 0

where R is the radius of the Earth, B, is the perpendicular baseline, p is the range from the satellite to the
ground, b is the orbital radius of the satellite, and 6 is the radar incident angle. With appropriate values
for Sentinel-1 (Bp<80 m), a 6-cm-range change corresponds to a DEM error >360 m, which is too large to
be expected from the lava accumulation.

Compared to the coearthquake and postearthquake deformation in this area (Figures 8b and 8c), the pre-
earthquake subsidence is well bounded by the recent lava emplacement, with a localized zone of subsidence
just south of Pulama Pali and little deformation in the area of major coseismic and postseismic movement.
Eruptions from Pu'u '0'0 have stopped since the onset of the 2018 eruption sequence. The broader and larger
coseismic and postseismic subsidence south of the preearthquake subsidence is thus not likely due to lava
contraction. Instead, we argue that the coseismic and postseismic deformation primarily stem from normal
faulting in this area.

4. Discussion

The south flank of Kilauea is one of the most geologically active places in the world with significant
spatial and temporal gradients in the pattern of deformation due to magma flow, slow slip events,
and earthquakes, which can produce both favorable and unfavorable conditions for fault slip within
the HFS. The 9-year data gap between the 2001 and 2010 GPS measurements limits our ability to assess
temporally varying deformation across the HFS during this period. Although our velocity map for this
period indicates contraction, this contraction was likely dominated by a single event: the 2007
Father's Day eruption (Montgomery-Brown et al., 2010). The HOLE-KAEP baseline, which spans the
entire HFS, abruptly shortened at the times of the 2007 and 2011 rift eruptions and experienced several
centimeter of extension between the two episodes (Figure 4a). There was little internal south flank
deformation during other periods.

Our analysis of GPS-measured near-field displacements indicates that multiple strands along a central sec-
tion of the HFS did not slip shallowly during the 2001-2017 period, a time mostly dominated by contraction
across the south flank (Figures 3 and 4). However, these findings do not rule out the possibility of interseis-
mic fault slip at other times or along other sections of the faults. For example, Shirzaei et al. (2013) used
InSAR to suggest very small amounts of differential motion across a western section of the HFS to the
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Figure 8. Vertical displacements along the eastern Hilina fault system from ascending and descending interferograms for
(a) preearthquake period from early January 2018 to just before the M6.9 earthquake, (b) coseismic period (Figure 7),
and (c) postseismic period from 5 May 2018 to the end of August 2018. The red circle in (a)—(c) represents the reference
point for interferometric synthetic aperture radar time series analysis. The red star denotes the epicenter of the M6.9
earthquake. The white lines outline a flow from Pu'u '0'0 flow field on March 2018 that started in June 2016. (d) Vertical
displacements along a profile (red box in (a)) perpendicular to the fault lines. The solid and dashed lines beneath the
topography profile sketch the possible subsurface fault geometry and approximate locations of mapped surface fault traces
along the Paliliu section of the Hilina fault system, respectively, with the red line representing the preferred fault geometry
from modeling of surface deformation due to the newly identified fault scarp.

west of the GPS network we examined, during the 2003-2010 period, but do not find resolvable offsets along
the central HFS.

In contrast to the 2007 and 2011 intrusions, which led to contraction between HOLE and KAEP, the 2018
eruption-earthquake sequence resulted in substantial extension between the sites and across the HFS both
due to the earthquake and the period of rift contraction during the lower ERZ eruption in May-August
2018. The north-south extension of the HOLE-KAEP baseline reached over 20 cm between May and

August 2018. This recent south flank extension likely produced shear and normal stress changes that
encouraged slip on the HFS.

The overall contraction of the south flank from 2001 to 2017 is similar to what was revealed by EDM
measurements in the late 1960s (Swanson et al., 1976). Baseline changes across the HFS in both time
periods are characterized by shortening during the interseismic period and extension during large earth-
quakes. The old EDM measurements also suggest that once significant contraction had accrued across
the south flank, even relatively small events (earthquakes and intrusions) could trigger period of exten-
sion across the HFS (Swanson et al., 1976). Interseismic quiescence and triggered slip during large earth-
quakes thus seem to be unique features of the HFS on the south flank.

The 2018 M 6.9 earthquake triggered subcentimeter amounts of offset (Figures 6 and S4) along two sections
of the HFS spanned by the Hilina survey network. These faults last ruptured nearly half a century ago during
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Figure 9. Model samples of the Bayesian inversion for the source of the new fault scarp. The bottom row shows the distributions of the respective model para-
meters, with the red curve in each panel representing the best fitting function of a normal distribution.

the much larger M 7.7 Kalapana event, when there were 1-2 m of horizontal and ~0.5 m of vertical
displacements (Cannon & Biirgmann, 2001). The 1975 surface slip estimates were based on precisely
measured offsets of 1974 lava flows. Adjacent 400- to 750-year-old flows are offset by several m,
suggesting that 2-5 earthquakes of comparable magnitude would be needed to produce the older scarps
(Cannon & Biirgmann, 2001). It is possible that the faults only experience substantial slip during major
earthquakes above a certain magnitude threshold.

Closer to the epicenter of the 2018 event, we find modest offsets on multiple fractures in the Pulama segment
of the easternmost HFS (Figure S5). Here surface faulting was also observed following the 1989 Mé6.1
décollement earthquake, when a few centimeter of subsidence and 15 cm of extensional ground surface
cracking contributed additional seaward, suggesting that even moderate south flank earthquakes can cause
localized failure along some sections of the HFS (Delaney et al., 1993). We note that two foreshocks (M5.1
and M5.4) occurred 2 and 1 hr before the mainshock, respectively. Due to their close proximity to the
observed surface fractures (Figure 1), it is possible that they contributed to the ground deformation. If the
HFS represents the headscarp of a relatively shallow landslide complex (e.g., Morgan et al., 2003), slip releas-

ing gravitational potential may have been triggered by dynamic shaking, rather than in response to static
stress changes on the faults.
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While triggered slip along the existing major HFS strands appears to have been minor in 2018, we find
evidence for normal faulting near the eastern end of the HFS away from previously mapped faults
(Figures 7 and 8b). The largest surficial deformation feature associated with the 4 May 2018 earthquake
consists of a localized zone of subsidence, bounded in the north by a sharp headscarp. This deformation
occurs within and extends beyond lava flows emplaced during the preceding two years. There are multi-
ple strands of the HFS to both the north and south of this feature (Cannon et al., 2007; black lines in
Figure 7) that were mapped in >500-year-old lava (Holcomb, 1987). It is possible that the recent fault-
ing represents the formation of a small, 2- to 3-km-long segment of the HFS, but much of this area is
now covered by younger lava flows and it may be challenging to assess if this feature reactivated
preexisting fractures.

To explore the subsurface geometry of this new fault scarp, we model the coseismic InSAR displacements
associated with this feature, assuming that the observed deformation can be approximated by a normal fault
with uniform slip along a rectangular fault patch. We calculate the Green's functions, relating unit slip to
surface LOS displacement, using the solution of a rectangular dislocation in a homogeneous elastic half-
space (Okada, 1985). We solve for the fault centroid location (x, y, z), dimension (Ilength and with), geometry
(strike and dip), and the slip magnitude and rake of the slip on the fault. We solve the problem in a Bayesian
inversion framework, with the assumption of a uniform distribution of a priori probabilities for all model
parameters. We assume a uniform variance of 2.25 cm? for all subsampled data points, and zero covariance
between them. We sampled the model space using the slice sampling algorithm in MATLAB.

The distributions of model samples that yield high posterior probabilities are shown in Figure 9. The most
likely model corresponds to a gently south-dipping (dip angle ~41°) fault patch of 2.4 km long by 1.2 km
width with ~40-cm normal slip centered at a depth of 0.7 km. Given these parameters, the updip edge of
the fault patch is estimated to be at a depth of ~300m, indicating that the fault likely did not reach to the sur-
face. This is consistent with the lack of surface offset in the field. On 15 May 2019, we hiked out to the pre-
sumed fault trace inferred from InSAR to look for the potential surface offset associated with this fault scarp.
While there were plenty of cracks vaguely strike in east-west direction, there was nothing conclusively
related to faulting at a scale of kilometer. The preferred fault model predicts the surface deformation of both
Sentinel-1 tracks reasonably well (Figure S7).

As described in the introduction, it is still unclear whether the HFS bottoms out at a relatively shallow
depth of 3-4 km along a listric fault surface or it penetrates further deeper connecting to the basal
detachment. If the newly formed fault scarp identified in this study is part of the HFS, the gentle dip
angle (41°) and relatively shallow depth (less than 1 km) of slip concentration derived from the model-
ing above seem to be more consistent with the listric fault model that bottoms out at a relatively shal-
low depth. This is also suggested by the apparent southward migration of deformation during the
postseismic period (Figure 8).

Near-field geodetic observations document that extension across the KFS occurred at an average rate of ~4.5
cm/year, during coseismic strains, rift intrusions, and also by aseismic fault creep, during the last five dec-
ades (Swanson et al., 2018). Historically, the KFS has been intruded, at least in part, by dikes during episodes
in 1965, 1969, 1973, 1999, and 2007, which initiated from both the southwest rift zone and the ERZ (Duffield,
1975; Poland et al., 2014; Swanson et al., 2018, and references therein). In the 1965, 1999, and 2007 episodes,
slip was documented along the eastern KFS by leveling surveys (Fiske & Koyanagi, 1968), InSAR (Cervelli,
Segall, Amelung, et al., 2002), and field surveys (Montgomery-Brown et al., 2010). During the 2018 M6.9
earthquake, the KFS experienced moderate coseismic deformation. Subsequently, fault offsets accumulated
as the earthquake rate on the KFS increased in response to summit subsidence (Figure 5). Larger increments
of slip appear to be associated with shallow M>3.5 events in the KFS (Figure 5c). The shallow depth and tim-
ing relative to the eruption suggests that the KFS acted as part of the southern boundary of the subsiding
summit caldera system.

5. Conclusions

The KFS and HFS represent the two major normal fault systems on Kilauea's southern flank. Despite their
prominence, neither their geometry nor their slip hazard potential has been fully constrained. Repeated GPS
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surveys of a dense benchmark network across one section of the HFS in the 2001-2017 period reveal no evi-
dence for shallow interseismic slip at that locality. Extension across the HFS was observed during the 2018
eruption-earthquake sequence, and centimeter-level slip was observed with InSAR on this section where
surface slip triggered by the 1975 Kalapana earthquake exceeded 1 m. Interferograms spanning the earth-
quake also revealed a patch of normal-fault slip along the easternmost HFS near the M6.9 epicenter. A
nearby 2- to 3-km-long scarp offset and associated subsidence zone of ~20 cm does not coincide with a pre-
viously mapped fault. Our observations support episodic sympathetic slip on the HFS associated with large-
magnitude earthquakes. In contrast to the HFS, the KFS slips both steadily and episodically (Swanson et al.,
2018). In 2018, the KFS experienced numerous discrete slip events in response to deflation at Kilauea's sum-
mit, which was caused by large magma withdrawal feeding eruptions on the lower ERZ.
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