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Abstract

We analyze 8 years of continuous GPS data from the Hilina slump (HS) on Kīlauea volcano's south flank and identify 3 new
slow earthquake (SE) events. The new SEs are very similar to the previously identified one from November 2000, suggesting they
share a common source. The series of SEs are separated by regular periods of 774 (±7) days. None of the newly identified events
are associated with increased rainfall rates, precluding rainfall as a necessary SE trigger. All of the SEs are followed by increased
microseismicity in a ∼NW–SE trending band in the southern HS, suggesting that the SEs trigger seismicity. SE location and source
parameters are not well-constrained by the CGPS network, although moment can be constrained adequately for the January 2005
event. Using this as a reference, we calculate for the four events equivalent moment magnitude values of 5.6, 5.7, 5.5, and 5.8, in
their order of occurrence.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Following the initial detection of ‘silent’ or slow
earthquakes (SE) using strainmeters [1–3], continuous
GPS (CGPS) observations have led to the discovery of
silent after-slip events after conventional subduction
zone earthquakes in Japan [4], a SE in the Cascadia
Subduction Zone unassociated with a conventional
earthquake [5], and recognition that Cascadia SEs are
periodic [6] and accompanied by seismic tremor [7].
The first SE detected in an intraplate setting occurred in
November 2000 following intense rainfall at the Hilina
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slump (HS) on Kīlauea volcano's south flank [8].
Because of their increasingly widespread detection [9–
12] much recent work has focused on developing a
mechanical explanation for subduction zone SEs. Some
workers have argued that the tremor associated with the
episodic slip (now termed ETS – ‘Episodic Tremor and
Slip’) is closely related to ‘harmonic tremor’, a seismic
phenomenon frequently observed in the early stages of
an eruption and which is thought to be driven by forced
fluid flow [13]. It has been suggested that ETS is driven
by water released during metamorphic phase changes at
the interface between a subducting and overriding plate
[14–16].

It is unclear, however, whether ETS is applicable
in other types of actively deforming regions where
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SEs have occurred, such as strike–slip plate bound-
aries [1] or volcano flanks [8], where there are distinctly
different rheological conditions. At Kīlauea's Hilina
slump (HS), for instance, because the event followed a
period of intense rainfall, Cervelli et al. [8] suggested a
SE-triggering mechanism where percolating rainwater
acted to lubricate a slip plane at ∼5 km depth.

In this study, we identify 3 new Hilina slump SEs that
are very similar to the November 2000 SE, suggesting
they share a common source. We find that none of the
new events are associated with significant rainfall and
that they consistently trigger microearthquakes in a
specific location within the HS. More surprisingly, we
find that the series of 4 SEs is apparently periodic: 774-
day (±7-day) intervals separate each event. As rainfall is
clearly not a necessary condition for SEs to occur, and as
the SEs likely occurred in a well-hydrated wedge
shallower than ∼10 km, our results suggest that if a
general theory is to be developed to explain SE
occurrence and periodicity, it should consider a wider
range of mechanical conditions than previously thought.

2. Kīlauea's mobile south flank

The Hawaiian Volcano Observatory (HVO), the
University of Hawaiʻi, and Stanford University jointly
operate a network of continuous GPS (CGPS) stations
focused on Kīlauea volcano (Fig. 1). Data from the
CGPS network and periodically reoccupied survey GPS
sites demonstrate that under the influence of some
combination of gravitational and magmatic forces,
Kīlauea's entire south flank, known as the ‘Hilina
slump’ (HS), currently slides seaward at average rates of
∼6–10 cm/yr [17,18] (Fig. 1B). Underlain by a gently
north-dipping decollement at depths of ∼7–11 km, fully
3/4 of the HS is expressed offshore as a submarine
landslide [19–21] that poses a major tsunami hazard
both locally and across the eastern Pacific basin [22,23].
Microseismicity in the region is dominated by decolle-
ment events [24] and the decollement has been
postulated as the source for large recent earthquakes
such as the 1975 M 7.2 Kalapana [25] and 1868 M 7.7
Great Kaʻū earthquakes [26,27].

It is generally believed that Kīlauea's southwest
and east rift zones (SWRZ, ERZ) delineate the HS's
upslope boundary (e.g. 28]) and that the ∼500 m high,
south-facing scarps of the Hilina Pali represent normal
faults in the headwall of the HS. The downdip
continuity of the Hilina Pali fault plane has been
debated with some authors suggesting the faults
continue to depth and intersect the decollement [29]
while others suggest the faults shoal at shallow depths
[30,31]. The different geometric scenarios have
distinctly different implications for HS wedge kine-
matics and tsunamigenesis: slip occurring on a
shoaling Hilina Pali fault would not be expected to
induce as much slip on the decollement as a Hilina Pali
fault which extended to greater depths. The latter
scenario might be expected to generate larger subma-
rine volume movements and associated tsunamis than
the former.

3. GPS processing and displacement estimates

Our analysis of the CGPS data from the Kīlauea
network comprises estimating both long term velocities
over yearly time-scales and the magnitude of discrete
displacements occurring over periods of days. To
estimate long-term velocities we perform daily regional
geodetic analyses on CGPS measurements from all
available Hawaiʻi stations and fiducial sites around the
Pacific using the GAMIT and GLOBK software [32]
and precise orbits computed by the Scripps Orbit and
Permanent Array Center (SOPAC) (http://sopac.ucsd.
edu). For more details on our long-term velocity
determination we refer the reader to Caccamise et al.
[33].

We estimate the magnitude of discrete displacements
using a robust least squares fit to a step function and a
linear velocity for each component. A window of
20 days either side of the event is used for the fit. This
was empirically determined to optimize the trade-off
between minimizing the impact of short period (3–
7 days) correlated “noise” in the time series that might
bias the step estimates and real, longer period changes in
the velocities that would require more parameters to
estimate. The formal errors for this fit represent the
uncertainties in the displacement estimates.

In a Pacific plate-fixed reference frame, the time
series solutions show the HS CGPS sites moving
seaward at an average rate of ∼6–10 cm/yr, punctuated
by discrete steps of millimetres to a few centimetres
displacement over periods of a few days (Fig. 2). It is
important to note that these data are well-suited for event
detection because hydrological loading effects do not
complicate the GPS displacement records as they do in
many continental settings [34].

In Figs. 2A and 3, we identify a total of 3 new
discrete SE events along with the November 2000 event
[8] and a major dyke intrusion from Kīlauea's east rift
zone [35]. The displacements associated with the SEs
are clearly significant at the 95% confidence level (Figs.
1 and 3) and they stand out from other transient motions
in the time series because of their similar location and
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Fig. 1. Continuous GPS data from Kīlauea network. (A) Location map with study area shown by grey box. ML, Mauna Loa volcano; MK,Mauna Kea
volcano; K, Kīlauea volcano; HS, Hilina slump. SWRZ and ERZ are northward limits of the HS-bounding south-west and east Kīlauea rift zones.
White boxes are GPS stations shown in panels C–F, and in Figs. 2 and 3. Dashed line is the location of the cross-section shown in Fig. 5. (B) Average
yearly velocities (grey arrows) from GPS stations (red text) for 1997–2005, ellipses indicate 2σ errors. White dots are seismicity from the HVO
catalog archived at the Northern California Earthquake Data Center for the same time period. Only those earthquakes occurring in the HS volume and
at depths less than 20 km are shown. Yellow box is the area from which seismicity analyzed in Fig. 3 is sampled. Inverted white triangle is the rain
gauge site at National Park service headquarters. (C) HP indicates the position of the Hilina Pali scarp. (C–F) Slow earthquake displacements for 20
Sept., 1998 (C); 9 Nov. 2000 (D); 16 Dec. 2002 (E); and 26 Jan. 2005 (F). Only seismicity from ±10 days is shown.
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spatially coherent displacement patterns expected from
repeated slow slip events on the same buried surface.
Most of the motion at each site occurs within the first
24–48 h of event onset, but some sites show some
residual motion up to ∼5 days (Fig. 3). The four events
are separated by intervals of ∼25.5 months (781, 767,
and 772 days, respectively) and none are accompanied
by earthquakes greater than M 3.5 (see Section 5).
The relative surface displacements during the
December 2002 event are 2–3 times smaller than
those during the next largest event and as much as an
order of magnitude smaller at sites PGF4 and KAEP
(Fig. 1E); nonetheless, its existence is well supported
by the rest of the GPS data (Fig. 3C). The SEs appear
to be periodic. Even if we ignore the 2002 event, then
the time intervals (Nov. 2000 – Jan. 2005) and (Sept.



Fig. 2. (A) Daily solution time series of relative northward motion of GPS stations indicated in Fig. 1. Stations HILO and MKEA shown as stable
references. Four slow earthquakes colored as in Fig. 1. Dashed pink line indicates September 1999 dyke intrusion. Vertical dashed red line indicates
the time of the event. (B) Cumulative rainfall measured at the National Park Service headquarters (see Fig. 1 for location). (C) Daily counts of
earthquakes within the slump volume (19°21″55″ : 19°33″43″N, −155°31′10″ :−155°14′62″W, 0.20 km depth) from the HVO catalog archived at
the Northern California Earthquake Data Center.
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1998 – Nov. 2000) have durations in the ratio 1.97 :1,
which differs only by 1.5% from the integer ratio 2 :1.
Once the 2002 event is included, all three intervals
have a similar duration falling in the range 774±
7 days. While interseismic strain rates near a locked
subduction zone (as in Cascadia) are expected to vary
very little from one year to the next, the temporal
development of strain in the near-field of an actively
erupting volcano is expected to be less steady due to
temporal variation in the stress field [36]. Even for
Cascadia SE events, some GPS stations do not record
all of the jumps observed at other stations. It is not
unreasonable that event amplitudes would be rather
more heterogeneous at Kīlauea.

Fig. 2B shows cumulative rainfall since 1998 for a
site near Kīlauea caldera and demonstrates that,
although there certainly was a large rainfall event
(>1 m) a week prior to the November 2000 SE, no such
relationship exists with the other SEs. Moreover, large
rainfall events elsewhere in the time series are not
accompanied with obvious deformation events and we
conclude that heavy rainfall is not a necessary condition
for a slow earthquake to occur at the HS. This does not,
however, preclude the possibility that cumulative



Fig. 3. Detrended time series for the North component of stations indicated in Fig. 1B for each of the four SE events. Solid blue dots, indicates a
window of 80 days either side of the event. Red line indicates the fit to a step function and a linear velocity: (A) 20 Sept., 1998; (B) 9 Nov. 2000; (C)
16 Dec. 2002; (D) 26 Jan. 2005.
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Fig. 3 (continued).
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rainwater filtration to seismogenic depths may still exert
some influence on deformational activity.

4. Inversion for slow earthquake source parameters

In order to investigate SE source mechanism we
follow Brooks and Frazer [38] and use a Monte
Carlo-based Gibbs sampling (GS) algorithm to invert
surface displacements for the 9 non-linear parameters
describing the geometry and kinematics of a rectan-
gular dislocation in an elastic half-space [37]. Our
goal is not simply to obtain an optimal solution, but
rather to estimate posterior densities for their value as
indicators of resolution and uncertainty. This is
especially important for two reasons: first, sampling
geometry is spatially biased because the CGPS
network is restricted by the shoreline and simply
reporting an optimal model may seriously misrepre-
sent the complexity of parameter/misfit space; second,
the HS is a potential tsunami hazard both locally and
for the Pacific region and mischaracterization of
Fig. 4. Marginal posterior probability distributions from Gibbs Sampling inve
identical. (A) Location of dislocation upper left corner: longitude (red, −155
N); depth (blue, 0:20 km). Fault slip: strike–slip (magenta, −5:5 m); dip–sl
(green, 0:40 km). Fault orientation: strike (blue, 60:120°, 240:300°); dip (mag
±30 degrees from east–west. (C) For the January 2005 SE, marginal distribut
and shear modulus, here taken to be 3×1010 GPa. (D) Seismic moment, M0 (
for the SEs calculated using the peak value from panel C. Black line, cumula
Gray line, cumulative number of earthquakes in HS volume. Colored lines,
uncertainties associated with its behaviour is very
undesirable.

In Fig. 4A–C we present the inversion results for
the January 2005 event as marginal posterior
probability distributions; results for each of the
other events are similar. To help constrain the
inversion, we limit the strike range of possible
solutions to ±30° from east–west. A well-constrained
solution would be reflected in strongly peaked
distributions for each parameter (i.e. Fig. 4C, Brooks
and Frazer [38]). For the HS events, however, the
lack of strong modality reflects a poorly constrained
problem. This is not to say that models that mimic
the data extremely well cannot be found; rather, the
inversion finds too many equivalently good ones. A
wide family of geologically plausible models, ranging
from shallow thrust faults at depths of ∼3–5 km
similar to that of Cervelli et al. [35] to deeper seated
normal faults shoaling into the basal decollement at
∼6–8 km depth, fit the data to better than ∼5–7 mm
in an RMS sense (Fig. 5).
rsion of the January 2005 event. Distributions from other SEs are nearly
°22′37.2″ :−155°2′45.96″); latitude (green, 19°9′28.4′ : 19°17′50.64″
ip (black, −5:5 m). (B) Fault geometry: length (red, 0:40 km); width
enta, 0:90°). To help constrain the inversion, we limit the strike range to
ion for moment defined as the product of dislocation length, width, slip
crosses) and equivalent moment magnitude, Mw (value in parentheses)
tive earthquake moment from the HS volume. Data source as in Fig. 1.
SE events as in Fig. 1.



Fig. 5. Cross-section of Kīlauea's south flank along dashed line in Fig.
1 after Got and Okubo [24]. K, Kīlauea. HP, Hilina Pali; HS, Hilina
slump. Black line below K is the seismic (solid) and aseismic (dashed)
position of the decollement from Got and Okubo [24]. Two thicker
black lines with grey shaded area, family of geologically plausible
dislocation solutions equivalently supported by inversion of GPS data.
Colored circles indicate locations of microearthquakes from ±5 days
around each slow earthquake event. Earthquakes are from the same
source as Fig. 1. Coloring as in Fig. 1 (cyan, 20 Sept., 1998; orange, 9
Nov. 2000; yellow, 16 Dec. 2002; red, 26 Jan. 2005).
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These different solutions have distinctly different
implications for how strain is accommodated in the HS.
Given that much of the inferred fault plane is offshore,
that the GPS network geometry is seriously suboptimal
for imaging deformation offshore, and the possibility of
model specification errors (i.e. incomplete knowledge of
SE physics), model preference cannot be assigned based
on such small misfit differences.

Although not all SE source kinematics are well-
constrained by the existing data, seismic moment, M0

(defined as the product of shear modulus, slip
magnitude, and slip area) can be constrained adequately
for the January 2005 event (Fig. 4C). Using this as a
reference we calculate M0 (and equivalent moment
magnitude, Mw) released in the other SEs (Fig. 4D).
Consider two slow earthquake events, event j and event
k, sharing the same focal mechanism. The seismic
moment,M, of each event will be related to the observed
surface displacements by:

M 2
j ¼ c

XNs

i
dijd dij ð1Þ

where dij·dij represents the inner product of the surface
displacements for the ith station during the jth (or kth)
event; Ns is the number of stations (the same for each
event); and c is a constant which is also the same for
each event. The relationship between moments for each
event is thus given by the ratio:

M 2
j

M 2
k

¼
PNs

i dijd dijPNs
i dikd dik

ð2Þ
where the constant c has been cancelled. If a value for
Mk is determined independently we can use (2) to
calculate Mj. If no independent estimate for Mk is
available, then Mj is a relative measure of moment.

Mw values for the September 1998, November 2000,
December 2002 and January 2005 events are 5.6, 5.7,
5.5, and 5.8, respectively (Fig. 4D). Our Mw∼5.7
estimate for the November 2000 event is identical to the
independent estimate of Cervelli et al. [35].

5. Relationship with seismicity

Microseismicity in the HS region is highly complex
due to the various volcanic and gravitationally driven
tectonic phenomena occurring in such close proximity
[24]. Although none of the SEs are accompanied by
conventional earthquakes greater than M 3.5, daily
counts of microearthquakes show spikes at the times of
the SEs, especially the January 2005 event (Fig. 2C).
However, many spikes of activity are not associated
with SEs. Although the mean value of the SE moments
(3.97×1017 N m) is roughly equivalent to the
cumulative earthquake moment release over the same
time period (4.77×1017 N m), it does not appear that
there is any obvious relationship between SE magni-
tude and earthquake seismicity in the entire HS volume
(Fig. 4D). In early 2000, there was an earthquake rate
increase that corresponds roughly with a moment rate
increase, but these changes are not correlative with any
SE signal.

The SEs, however, do appear to trigger a set of
microearthquakes that occur in a confined ∼NW–SE
trending band terminating at the Hilina Pali (Fig. 1C–F).
Plots of cumulative number for 80 days around each
event demonstrate that the SEs are followed by a jump
in seismicity in a region around the band (Fig. 6, box in
Fig. 1B). In Fig. 5 we show a cross-section placing the
HVO catalog locations (http://www.ncedc.org/) of these
events in the context of the general structure of the HS
and the family of good-fitting dislocation solutions for
the SEs. The triggered earthquakes generally occur
between ∼5 and 10 km and with a N–S position below
the Hilina Pali. Moreover, based on waveform cross-
correlation relocation of thousands of Kīlauea events
between 1988 and 1999, Got and Okubo [24]
demonstrated that the same band of microearthquakes
(Fig. 1B) occurs on a steeply south-dipping, subdecolle-
ment reverse fault plane (Fig. 5). Thus, it appears likely
that the SEs regularly trigger seismicity near the
decollement and that the triggered seismicity may
occur on a well-defined fault plane. In order to verify
this, future work will entail performing waveform cross-
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Fig. 6. Cumulative earthquake count from within the region defined by
the yellow box in Fig. 1B for each slow earthquake. Data are from
±20 days of the onset of the event (grey dashed line).
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correlation relocations for the entire catalog spanning all
of the SE event times. If the events do, indeed, collapse
to a well-defined plane then we will use this information
to define the orientation of a ‘receiver’ fault in Coulomb
stress change calculations that can be combined with the
geodetic data in a joint inversion scheme. At the present
time, however, the most we can say is that the catalog
locations of the triggered events appear to favour the
deeper dislocation solutions for the SEs.

6. Discussion

The detection of repeated, apparently periodic SEs at
the HS means that the range of mechanical conditions
permitting periodic SEs is likely not limited to the
higher pressures and temperatures of subduction zones.
Because the inversion results do not permit adequate
resolution of SE source location and mechanism,
however, we can at this time place only broad
constraints on a possible mechanism for the SEs. One
possibility is that overpressurized confined aquifers
being recharged by surface water systems such as those
found at ∼3 km depth in the Hawaiʻi Scientific Drilling
Project II borehole [39] could facilitate SE slip. This
scenario presents a possible explanation for periodicity:
the SE slip could rupture the confined aquifer and
partially drain it. If the aquifer recharged at a constant
rate, periodic slip could be facilitated each time some
critical pressure threshold is exceeded.

SEs that occur in subduction zones are also
associated with the newly identified phenomenon of
seismic tremor [7,40]. Clearly it will be important to
determine if tremor or a similar phenomenon accom-
panies the SEs in the HS. Even including the HS SEs,
there is a very small number of natural examples of
highly periodic fault slip behavior. Of these, the
Parkfield, CA periodic behavior appears to have broken
down with time [41] while Cascadia periodicity has
persisted. Further measurements will be needed at the
HS to document whether our observation of SE
periodicity will hold true for future behavior. Addition-
ally, in order to better constrain the geometry of the fault
on which a future SE may occur, we will need
concurrent deformation measurements on the submarine
extension of the HS. The emerging field of seafloor
geodesy [42,43] is the obvious approach, although the
measurements we need must be made on a continuous
basis.
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