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[1] The analysis and interpretation of seismicity from mantle depths to the surface play
a key role in understanding how Hawaiian volcanoes work. We present results from a
comprehensive and systematic re-analysis of waveforms from 130,902 seismic events
recorded by the U.S. Geological Survey Hawaiian Volcano Observatory permanent
seismic network from January 1992 to March 2009. We compute high-precision relative
relocations for 101,390 events (77% of all events considered) using waveform cross
correlation and cluster analysis, resulting in a multiyear systematically processed catalog
of seismicity for all of Hawaii Island. The 17 years of relocated seismicity exhibit a
dramatic sharpening of earthquake clustering along faults, streaks, and magmatic
features, permitting a more detailed understanding of fault geometries and volcanic and
tectonic processes. Our relocation results are generally consistent with previous studies
that have focused on more specific regions of Hawaii. The relocated catalog includes
crustal seismicity at Kilauea and its rift zones, seismicity delineating crustal detachment
faults separating volcanic pile and old oceanic crust on the flanks of Kilauea and Mauna
Loa, events along inferred magma conduits, and events along inferred mantle fault zones.
The relocated catalog is available for download in the supporting information.
Citation: Matoza, R. S., P. M. Shearer, G. Lin, C. J. Wolfe, and P. G. Okubo (2013), Systematic relocation of seismicity on Hawaii
Island from 1992 to 2009 using waveform cross correlation and cluster analysis, J. Geophys. Res. Solid Earth, 118, 2275–2288,
doi:10.1002/jgrb.50189.

1. Introduction
[2] Seismic investigations began on Hawaii Island

(Figure 1a) over 100 years ago [Jaggar, 1920], and a teleme-
tered electronic seismic network was first installed in the
late 1950s and has been steadily growing and improving
ever since [Eaton and Murata, 1960; Klein and Koyanagi,
1980; Klein et al., 1987; Kauahikaua and Poland, 2012].

Additional supporting information may be found in the online version
of this article.
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The current network operated by the U.S. Geological Survey
(USGS) Hawaiian Volcano Observatory (HVO) (Figure 1a)
records approximately 5000–10,000 seismic events per year
[Nakata, 2007; Nakata and Okubo, 2010]. Seismicity has
played a central role in developing models of how Hawaiian
volcanoes work [e.g., Eaton and Murata, 1960; Eaton, 1962;
Klein et al., 1987; Ryan, 1988; Tilling and Dvorak, 1993;
Wright and Klein, 2006; Got et al., 2008].

[3] Significant improvements in the relative loca-
tion accuracy among nearby seismic events can be
achieved without solving directly for the biasing effects
of three-dimensional (3-D) velocity heterogeneity [e.g.,
Douglas, 1967; Frohlich, 1979; Fréchet, 1985; Got et al.,
1994; Shearer, 1997; Richards-Dinger and Shearer, 2000;
Waldhauser and Ellsworth, 2000; Lin and Shearer, 2005].
Relative relocation can achieve high location precision using
differential times obtained via waveform cross correla-
tion [e.g., Fréchet, 1985; Got et al., 1994; Fremont and
Malone, 1987; Nadeau et al., 1995; Waldhauser et al., 1999;
Shearer et al., 2005; Lin et al., 2007], in many cases collaps-
ing diffuse seismicity to compact streaks aligned with fault
slip [Rubin et al., 1999] or to planar surfaces reflecting fault
planes [Got et al., 1994]. Relative relocation techniques have
been used extensively to study seismicity on Hawaii Island;
however, most studies have focused on subregions of the
island or specific event sequences or types [e.g., Got et al.,
1994; Gillard et al., 1996; Got and Okubo, 2003; Battaglia
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Figure 1. (a) Map of the island of Hawaii showing the locations of volcanoes (Kilauea, Mauna Loa,
Mauna Kea, Hualalai, Kohala, and Loihi seamount), major faults and craters, and 60 seismic stations oper-
ated by the USGS HVO and the NOAA PTWC from which data were considered in this study (inverted
triangles) [Nakata and Okubo, 2010]. Solid black inverted triangles are stations recording at least 30% of
all events considered. Contour interval is 300 m. Polygon indicates area of Figure 1b. (b) Expanded view
of region in Figure 1a showing the principal morphological and seismic features of Kilauea and Mauna
Loa volcanoes discussed in the text. Contour interval is 200 m. (c) Schematic of Kilauea’s magma system
(after Tilling and Dvorak [1993]), including a mantle source, a pathway of magma transport up from the
mantle, a shallow (2–6 km) subcaldera storage reservoir marked by low seismicity and deformation cen-
troids of inflation and deflation, and shallow lateral distributaries from this reservoir into two rift zones to
the east and southwest.

et al., 2003; Wolfe et al., 2003, 2004; Okubo and Wolfe,
2008; Yamada et al., 2010].

[4] The aim of the present work is to produce a com-
prehensive and systematically relocated multiyear catalog
of seismicity recorded by the HVO permanent network. We
apply waveform cross correlation and cluster analysis tech-
niques similar to those developed for relocating seismicity in
southern California [Shearer et al., 2005; Lin et al., 2007] to
the HVO data set from January 1992 to March 2009, which
includes seismicity both beneath Hawaii Island and offshore.
Our results show a dramatic sharpening of seismicity pat-
terns, which permit a more detailed understanding of fault
geometries and volcanic and tectonic processes.

2. Context: Seismicity on Hawaii Island
[5] Seismicity in this intraplate setting ultimately results

directly or indirectly from volcanism [Eaton, 1962]. The
majority of seismicity recorded by the HVO network is con-
centrated around and beneath the active summits and rift
zones of the basaltic shield volcanoes Kilauea and Mauna
Loa and the Loihi seamount (Figures 1a and 1b). Seismicity
also occurs on mobile flanks and fault systems accom-
modating stress from repeated intrusions and gravitational

instability from volcano growth [e.g., Swanson et al., 1976;
Got et al., 1994; Owen et al., 1995; Got and Okubo, 2003;
Segall et al., 2006a; Brooks et al., 2006]. Additional earth-
quakes around and beneath Hawaii Island (e.g., the 2006 Mw
6.7 Kiholo Bay earthquake; Yamada et al., [2010]) appear to
be related to lithospheric flexure and subsidence of the entire
island due to volcano loading, with additional stresses of
magmatic origin probably contributing at shallower depths
[Klein et al., 1987; Wolfe et al., 2003, 2004; Pritchard
et al., 2007; McGovern, 2007]. A significant fraction of
deeper (�13 km) seismicity is clustered along low-angle
planes interpreted as preexisting fault zones in the lower
crust and upper mantle [Wolfe et al., 2003, 2004].

[6] Kilauea’s magmatic system (Figure 1c) has been the
most active and studied since the establishment of seismic
monitoring [Eaton and Murata, 1960; Klein et al., 1987;
Ryan, 1988; Tilling and Dvorak, 1993; Wright and Klein,
2006]. Historical eruptions have occurred either within the
summit area (usually at the Halemaumau pit crater) or along
either rift zone, with rift zone eruptions fed directly either
from the summit or from secondary reservoirs along a rift
zone [Tilling and Dvorak, 1993].

[7] Diverse seismic signals result from a variety of pro-
cesses associated with this magma transport system and
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Figure 2. Gutenberg-Richter magnitude-frequency plot for
the original 130,902 events we considered (CUSP cata-
log) and 101,390 events relocated using a 1-D velocity
model, waveform cross correlation, and cluster analysis
(HVO1DXC). N is the number of events with magnitude
greater than or equal to magnitude M. The relocation pro-
cedure is biased toward more frequently occurring, lower
magnitude seismicity.

include, for example, (1) volcano-tectonic (VT) earth-
quakes, which are ordinary earthquakes in the brittle vol-
canic edifice or crust resulting from magmatic processes;
(2) larger (M > 4.4) earthquakes and their aftershock
sequences [Wright and Klein, 2006]; (3) “deep” long-period
(DLP) events and tremor in the mantle at �35–60 km
depth beneath Kilauea associated with deep magma
transport [Eaton and Murata, 1960; Aki and Koyanagi,
1981; Koyanagi et al., 1987; Shaw and Chouet, 1989]; (4)
long-period (LP) seismic events associated with a shallow
hydrothermal system near Halemaumau pit crater within
the summit caldera of Kilauea [Saccorotti et al., 2001;
Almendros et al., 2001; Kumagai et al., 2005]; and (5) VT
swarms, shallow tremor, LP, and very long period (VLP)
seismicity associated with magmatic degassing and sum-
mit and rift zone eruptions [e.g., Swanson et al., 1979;
Klein et al., 1987; Ferrazzini et al., 1991; Chouet, 1996a;
Ohminato et al., 1998; Chouet et al., 2010; Dawson et al.,
2010; Chouet and Dawson, 2011; Patrick et al., 2011]. We
note that studies of LP and VLP seismicity have often used
additional array or broadband deployments [e.g., Dawson
et al., 1998], which we do not consider in this work.

[8] Figure 1b shows the major mapped fault systems
of Kilauea and Mauna Loa. Kilauea is buttressed to the
west and north by the enormous Mauna Loa Volcano and
has grown on its south flank, such that Kilauea’s growth
and deformation are primarily accommodated to the south
[Swanson et al., 1976]. Kilauea’s south flank (Figure 1b) is
sliding seaward at an average rate of �6–10 cm/yr along
a crustal detachment fault (décollement) separating the vol-
canic edifice and old oceanic crust at �7–11 km depth
[Swanson et al., 1976; Got et al., 1994; Owen et al., 1995,
2000; Got and Okubo, 2003; Hansen et al., 2004]. Kilauea’s

south flank is delimited by the Koae Fault Zone, the south-
west rift zone (SWRZ), and east rift zone (ERZ) (Figure 1b);
these three dilating systems are viewed as forming the tear-
away zone for Kilauea’s mobile south flank [Swanson et al.,
1976]. Detachments along Kilauea’s and Mauna Loa’s south
flank are the inferred source of large damaging earthquakes
which have generated tsunamis—the 1868 M � 7.9 Great
Ka‘u and 1975 M 7.2 Kalapana earthquakes. The possibil-
ity of catastrophic south flank collapse has been suggested
to represent an even greater tsunami hazard [Moore et al.,
1994; Ward, 2002].

[9] Kilauea’s south flank motion results from a com-
bination of forceful dike intrusion in the rift zones and
gravitational sliding; however, their relative contributions
are currently unresolved [Swanson et al., 1976; Owen
et al., 2000]. Continuous GPS data on Kilauea’s south
flank have recorded slow-slip events (SSEs) within the off-
shore extension of the Hilina Slump (south of the Hilina
Fault Zone, Figure 1b), which represent an intermedi-
ate behavior between stable aseismic sliding and unstable
stick slip and are analogous to SSEs in subduction zones
[Cervelli et al., 2002; Brooks et al., 2006; Segall et al.,
2006a; Syracuse et al., 2010; Montgomery-Brown et al.,
2009]. The depths of the SSEs are difficult to determine from
geodetic data alone, and thus relocated triggered microseis-
micity has been used to constrain their depth [Segall et al.,
2006a, 2006b; Wolfe et al., 2007; Syracuse et al., 2010].

[10] At Mauna Loa, low-angle detachments similar to
that inferred beneath Kilauea’s south flank have been
inferred on the west (Kealekekua Fault Zone) and southeast
(Hilea and Kaoiki seismic zones) flanks (Figure 1b) [Wolfe
et al., 2004]. Seismicity in the Kaoiki and Hilea seismic
zones (Figure 1b) reflects complex mechanical interactions
between Mauna Loa and Kilauea volcanoes; seismicity in
these areas includes a combination of detachment and strike-
slip mechanisms [Klein et al., 2001; Got and Okubo, 2003;
Walter and Amelung, 2004]. Two swarms of DLPs occurred
in the mantle beneath Mauna Loa in 2002 (31 events) and
2004–2005 (�2000 events) associated with a geodetically
observed intrusion [Okubo and Wolfe, 2008].

3. Data
3.1. HVO Waveform Data and Catalog

[11] We consider data from the USGS HVO permanent
telemetered seismic network and additional stations oper-
ated by the National Ocean and Atmospheric Administra-
tion (NOAA) Pacific Tsunami Warning Center (PTWC) as
described by Nakata and Okubo [2010]. The standard sta-
tions are 1 Hz short-period geophones and the majority
are vertical component only; all stations use analog FM
telemetry. We obtained event-triggered waveform data in
CUSP/XDR format for 130,902 events from January 1992
to March 2009. The waveform data are from 60 unique sta-
tion locations on Hawaii Island; 46 stations had waveform
data available for at least 30% of the events considered and
are likely to contribute most to the relative relocation results
(Figure 1a). The starting catalog of hypocenters and mag-
nitudes for the 130,902 events was produced at HVO using
the CUSP processing platform and a one-dimensional (1-D)
velocity model. The catalog is considered complete down to
a magnitude of about 1.5 (Figure 2). The CUSP catalog used
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Figure 3. Response of the 1-10 Hz filter applied to the
waveform data prior to cross correlation. The response (log-
arithmic y scale) rolls off gently toward high frequencies,
retaining energy up to about 15 Hz.

for our starting locations is slightly different from the final
locations published by HVO for only a high-quality subset
of the triggered events [e.g., Nakata and Okubo, 2010]; how-
ever, we use the CUSP catalog as we need a starting location
for every event in our waveform database. Both P and S
phase-pick data were available for a subset of about 53,000
events.

3.2. Preprocessing
[12] We convert the waveform data to a custom Event

Filing System (EFS) binary format in a year/month direc-
tory structure, requiring a total of 223 GB of storage. EFS
files contain all the waveform, event, station, and phase-
pick information for a single event, greatly reducing the total
number of files in large databases and speeding input/output.
We then resample the data to a uniform 100 Hz sample rate
and band-pass filter between 1 and 10 Hz (Figure 3). Filter-
ing is performed all at once, creating a separate archive of
EFS filtered waveform data. We note that the 1–10 Hz filter
has a gentle roll-off at high frequencies, retaining energy up
to about 15 Hz (Figure 3).

4. Relative Relocation
[13] We use methods similar to those developed for relo-

cating seismicity in southern California [Shearer et al.,
2005; Lin et al., 2007], but with some significant improve-
ments to the algorithms. Our final product, which we call
HVO1DXC, is the result of relative relocation only (sections
4.1 and 4.2); events that group into similar event clusters are
relocated relative to the other events within the cluster; how-
ever, the absolute location of the cluster centroid remains
constrained by the CUSP catalog hypocenters. In addition,
the starting locations for the relative relocation procedure are
the CUSP catalog locations. The cross correlations and rel-
ative relocations are performed using a 1-D velocity model
(a smoothed version of the Klein [1981] model; Figure 4)
and do not take into account topography. Because we use
a 1-D velocity model and do not take into account sta-
tion elevation, the depth datum is approximately the mean

station elevation (�1.5 km above sea level (asl) for the 46
stations recording at least 30% of all events; Figure 1a). We
acknowledge that this is not ideal for Hawaii Island, which
has more topography than southern California, and plan to
take topography into account in future improvements to the
Hawaiian catalog.

[14] The frequency band pass (section 3.2) and parame-
ters we use in the waveform cross-correlation procedure (see
section 4.1) are similar to those used in southern California
[Shearer et al., 2005; Lin et al., 2007]. These parame-
ters are suitable for ordinary volcano-tectonic (VT) events.
However, the HVO data set also includes long-period (LP)
(0.5–5 Hz) events [e.g., Chouet, 1996b; Okubo and Wolfe,
2008], and some LP events do correlate and relocate using
our chosen parameters, even though they are not optimal for
LP events. HVO analyst identification and classification of
LP events have not been systematic during the time period
considered, so we cannot currently separate the LP events
from the rest of the seismicity in the catalog. Therefore, LP
events are included in our final catalog HVO1DXC, but their
locations are considered suboptimal.

4.1. Waveform Cross Correlation
[15] Following Shearer et al. [2005] and Lin et al. [2007],

we pair each event with all events that fall within a 2 km
radius using initial catalog locations. If at least 100 events
are not found within 2 km, we use Delaunay tessellation
to find at least 100 nearest neighbors [Richards-Dinger and
Shearer, 2000]. The number of pairs for each event therefore
varies between 100 and a very large number, depending upon
the density of seismicity. In total, we consider�45.5 million
event pairs.

[16] For every pair, we compute waveform cross cor-
relation separately for P and S phases on all available
stations and components. We compute the cross-correlation
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Figure 4. The 1-D velocity model used in this study (Vp,
solid line; Vs, dashed line) shown for 0–30 km. The model
is a smoothed and interpolated version of the Klein [1981]
model. The Klein [1981] model is used in the routine
HVO catalog hypocenter location after linear interpolation
as described by Nakata and Okubo [2010]. The velocity
model is available in the supporting information.
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Figure 5. Seismicity from January 1992 to March 2009 (a) before and (b) after relocation with a
1-D velocity model, waveform cross correlation, and cluster analysis. (a) CUSP catalog locations for the
130,902 events considered. (b) Locations for the 101,390 relocated events (HVO1DXC). In both plots,
we show the boundaries of the three polygons [(1), (2), (3)] used to divide the seismicity into subsets for
efficient processing.

functions using symmetric time shifts of up to ˙1.5 s and
waveform time windows defined as follows: (1) if P picks
are available, the P window is –0.5 s to 1 s around the P pick
(1.5 s window), and the S window is –1 s to 2 s (3 s win-
dow) around a theoretical S pick defined as the P-pick time
plus the theoretical S – P time; or (2) if P picks are not avail-
able, we use –1 s to 1 s (2 s window) around a theoretical P
pick and –0.5 s to 1.5 s (2 s window) around a theoretical S
pick. The theoretical picks are calculated using travel time
tables computed from the 1-D velocity model (Figure 4),
together with the CUSP catalog location and origin time.
Spline interpolation is used to obtain differential time mea-
surements with a nominal precision of 1 ms. Because there
may be cross-correlation measurements of the same phase
from different components of the same station, we remove
the redundancy by favoring P measurements from the ver-
tical component and S measurements from the horizontal
components, and then selecting the measurement with the
highest correlation. We do not use negative cross-correlation
results in the subsequent relocation steps; therefore, reversed
polarity stations and phase shifts across the focal sphere are
not taken into account in the relocation algorithm.

[17] We only save waveform cross-correlation results for
the�32 million pairs that have an average P and S waveform
correlation coefficient >0.45 and at least eight differen-
tial time measurements with correlation coefficient >0.65
from source-station distances <80 km. The distance cutoff is
adopted because seismograms from distant stations tend to
have lower frequencies and give higher correlations [Shearer
et al., 2005]. The distance cutoff is only for deciding whether
to save the event pair information. If the aforementioned
criteria are satisfied for a given event pair (i.e., the pair
is defined as similar), we use all differential times for the
pair from cross correlations with correlation coefficient >0.6,

including stations at greater distance. We note that the cor-
relation coefficient value depends on the time-bandwidth
product of the cross correlation, which is related to the band
pass 1–10 Hz and cross-correlation window length (1.5 s and
3 s for P and S waves, respectively, if P picks available and
2 s if P picks not available). Our waveform cross-correlation
parameters and threshold criteria to use the cross-correlation
results were developed and tested on southern California
data sets [e.g., Lin et al., 2007].

[18] The band pass of 1–10 Hz (Figure 3) used for the
cross correlation has been used in previous relocation stud-
ies in southern California [Lin et al., 2007]. The filter retains
energy up to �15 Hz (Figure 3). Because small-magnitude
seismicity may have dominant frequencies approaching or
exceeding 10 Hz, we tested for potential effects of the choice
of filter on a group of 3154 events, approximately corre-
sponding to the events shown in Figure 10. We re-filtered
the waveforms of these events with a separate 1–20 Hz
band-pass filter and recomputed cross correlations following
the procedure described above. We found that 92% of the
cross-correlation times (corresponding to correlation coef-
ficients >0.6) change less than 0.05 s when we use the
1–20 Hz filter instead of the 1–10 Hz filter. However, we also
found that significantly less “good” correlations were found
(i.e., the correlation coefficients were lower) when using the
1–20 Hz filter, probably because of additional noise in the
10–20 Hz band. Additionally, during the cross-correlation
procedure, some degree of cycle skipping does occur. In
principle, a method to detect and remove cycle skipping
would be worthwhile, but we have not implemented such a
method for the current version of the catalog. However, by
using the L1-norm, our results should be reasonably robust
with respect to any large travel time errors introduced by
cycle skipping.
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4.2. Cluster Analysis and Relocation
[19] To facilitate memory handling and speed up the sub-

sequent calculations, we divide the seismicity along natural
spatial breaks in the seismicity into three slightly overlap-
ping polygons (Figure 5) following Hauksson and Shearer
[2005] and Shearer et al. [2005]. The processing steps
described in this section are performed separately for each
polygon. At the end of the relocation procedure, the results
from the three polygons are recombined. For 923 relocated
events that fall into more than one polygon, we keep the
relocation result that uses the greater number of differential
time pairs.

[20] In previous relocation studies for southern California
[Shearer et al., 2005; Lin et al., 2007; Hauksson et al., 2012],
the waveform cross-correlation results were used to relocate
the events by first identifying similar event clusters using
cluster-analysis, and then separately relocating the events
within each cluster using an iterative location method. In
both stages, a minimum correlation-coefficient cutoff is used
to define similar waveforms, similar event pairs, and “good”
differential times, but above this threshold, more highly cor-
related data do not receive greater weight. In addition, the
iterative method for relocating events within a given similar
event cluster is computationally intensive for large clusters
(e.g., more than 100 events) and may be slow to converge in
cases where valid differential times are available for only a
fraction of the possible event pairs in the cluster.

[21] Motivated by these shortcomings, we have developed
a new relocation method, termed GrowClust, that com-
bines the cluster analysis and relocation stages into a single
algorithm. Our approach is also motivated by computa-
tional efficiency. We wish to achieve high location precision
for a large number of events, without inverting very large
matrices, e.g., by avoiding inverting all differential times
all at once. The new approach starts by identifying and
relocating the most highly correlated events first and then
keeps the relative locations of these events fixed while suc-
cessively relocating additional events with respect to the
currently defined clusters, similar to the method described by
Got et al. [1994] and Got and Okubo [2003]. More specifi-
cally, GrowClust works as follows:

[22] 1. It begins by defining every event as a cluster of one
event with an initial (CUSP catalog) location.

[23] 2. For every event pair, a similarity coefficient is
defined as the number of similar waveform pairs (either
P or S phases) for stations within 80 km and with corre-
lation coefficients above 0.6, multiplied by their average
correlation coefficient. We note, however, that GrowClust
considers all differential time measurements with correlation
coefficient >0.6, including for stations at greater distance.

[24] 3. It sorts the similarity coefficients in descending
order, from the most similar event pair to the least simi-
lar event pair. The algorithm then works its way through
all the event pairs, starting with the most similar. For each
event pair, there are three possibilities: i. Both events are
members of single-event clusters. In this case it combines
the two clusters into a new cluster with two members. It per-
forms relative location of the two events about their average
location, using a grid-search L1-norm method [see Shearer
et al., 2005]. ii. Both events are part of the same cluster. In
this case, the algorithm does nothing because they should
already have been relocated. iii. One or both events are part

of a multi-event cluster. In this case, the algorithm first finds
other event pairs linking the two clusters. To combine the
clusters, it requires that the ratio of the number of these pairs
to the total number of possible pairs linking the two clusters
exceeds a specified threshold (0.005, or 0.5% for the results
presented here). If the threshold is exceeded, it attempts to
relocate the clusters with respect to each other, using the
10 event pairs with the highest similarity coefficients (or all
available pairs if there are less than 10). In doing so, it
keeps the relative locations of the events within each start-
ing cluster fixed; it moves only the two cluster centroids
about the centroid of the combined cluster. Again, it uses
a grid-search L1-norm method, generalized in this case to
consider multiple-event data, but remaining computationally
efficient because it is effectively solving only for a single
differential location between the cluster centroids. In order
to stop clusters from drifting too far from their original
absolute locations, we define maximum allowable shifts in
cluster centroids resulting from this relocation step. For clus-
ters with more than 10 events, the algorithm checks to see
if the cluster centroid has moved by more than 1 km and
2 km in the horizontal and vertical directions, respectively.
If the cluster centroid shift exceeds either maximum allowed
cutoff, the attempt to merge the clusters is rejected.

[25] 4. The algorithm continues until no more clusters can
be combined and relocated, given the cutoff requirements.
Only clusters with at least five events are saved.

[26] In step 3-iii above, we defined maximum allowable
shifts in cluster centroids. These distance cutoff criteria were
implemented based on early experiments with the algorithm.
In the experiments, we found that spurious results are some-
times generated from a small number of cross-correlation
measurements linking distant clusters. Implicit in relative
relocation methods is the assumption that the relative shifts
in location are small. If the shifts are large, the linearization
of the problem is exceeded, leading to spurious results. Our
distance cutoff criteria therefore act to prevent clusters that
are considered too far apart from linking together, causing
location shifts that exceed the assumed linear approxima-
tion. The values of 1 km and 2 km in the horizontal and
vertical directions, respectively, reflect the a priori knowl-
edge that the horizontal (latitude and longitude) location of
the events is better constrained than the depth in the original
CUSP catalog locations.

[27] In total, this procedure groups and relocates 101,390
events (77% of all events considered) in 772 different sim-
ilar event clusters. This approach has the advantage that
the best correlated data are relocated first, and these rela-
tive locations are preserved when less correlated data are
added. The method is much faster computationally than the
Lin et al. [2007] algorithm for large data sets. We have
validated this combined clustering and location method on
simple synthetic data sets.

4.3. Relative Location Uncertainties
[28] As described above, the GrowClust algorithm

achieves relocation progressively, relocating a cluster of
events with respect to another cluster of events and then
combining them while preserving the relative locations
within each cluster (step 3-iii above). This approach is dif-
ferent from that described by Lin et al. [2007], where similar
event clusters are defined prior to any relocation and then
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Figure 6. Histograms of formal relative location errors
estimated by bootstrapping. For the horizontal errors
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relocation is performed globally and iteratively for all events
within the cluster. In the Lin et al. [2007] algorithm, esti-
mating formal relative location uncertainties is relatively
simple via a bootstrap approach, in which differential times
for each event are randomly resampled. In the GrowClust
approach, estimating relative location uncertainties is not
straightforward and is beyond the scope of the present work.

[29] In order to provide some measure of relative location
uncertainty, we use the relocation results from GrowClust as
starting locations in the original relocation algorithm of Lin
et al. [2007]. This enables stability tests of the relocation
results and allows us to estimate formal relative location
uncertainties for the relocated events. We apply the grid-
search relocation algorithm described by Lin et al. [2007]
with 10 iterations and using the L1 norm.

[30] We estimate formal relative location uncertainties
using the bootstrap approach described by Lin et al. [2007]
(Figure 6). Differential times for each event are randomly
resampled, and the event is relocated using the resampled
differential times. We repeat this 20 times for each event, and
the formal vertical and horizontal relative location uncertain-
ties (Figure 6) are calculated from the standard deviations
of these 20 samples. For the horizontal errors, the 5th, 50th,
and 95th percentiles are 4 m, 64 m, and 2248 m, respec-
tively. For the vertical errors, they are 4 m, 71 m, and
1758 m, respectively.

[31] We note that 20 bootstrap samples is too small a num-
ber to fully sample the statistical distribution. As explained
by Lin et al. [2007], we consider our bootstrap uncertain-
ties to be an approximation to the underlying distribution.
Using a greater number of samples (e.g., 1000 samples were
used by Got et al. [1994] and Got and Okubo [2003]) would
lead to more accurate uncertainties, but at a much greater
computational cost given the large number of events we con-
sider. Furthermore, the quoted uncertainties only reflect the
distribution of errors due to data sampling (i.e., assessing

the effect of including or not including particular differ-
ential time measurements). The uncertainties in Figure 6
do not reflect the uncertainties due to velocity structure or
topography that are likely greater.

[32] Applying the Lin et al. [2007] relocation algorithm
to our locations obtained with GrowClust results in a sepa-
rate solution for the seismicity locations (not shown here),
which provides an independent validation of our reloca-
tion algorithm. We deduce that our main results are robust
with respect to the location method because the relative
seismicity patterns obtained with GrowClust change only
slightly when applying the Lin et al. [2007] algorithm.

4.4. Absolute Location Uncertainty
[33] Although our method considerably improves relative

locations between nearby events, the absolute locations of
cluster centroids remain constrained by the original CUSP
catalog locations and will contain errors resulting from
topography and unknown 3-D velocity structure. For exam-
ple, a change in the velocity model or unmodeled 3-D
velocity structures could rotate the ray parameters, therefore
rotating the relative relocations. This should be kept in mind
when interpreting our relocations, for example, in terms of
the depths, dips, and geometry of inferred décollements (dis-
cussed further in section 5.2). In general, we expect the
original catalog locations to be more accurate in latitude and
longitude than in depth, since depth is more sensitive to the
velocity model used.

[34] In order to illustrate potential effects of 3-D velocity
structure on the absolute locations, we compare our reloca-
tions with a subset of the 53,000 events with phase-pick data
relocated by Lin et al. [2012] using a 3-D velocity model.
Our method described in sections 4.1 and 4.2 utilizes the
available phase-pick data only in defining time windows for
waveform cross correlation. In a separate study, Lin et al.
[2012] used the phase-pick data to improve absolute and
relative earthquake locations simultaneously by combining
3-D ray tracing with the source-specific station term (SSST)
method, following similar approaches as in Lin et al. [2007].
Lin et al. [2012] relocate 45,784 events, which we refer to
here as “3-D locations.”

[35] We make comparisons between our HVO1DXC
results and the 3-D locations from Lin et al. [2012] as
follows. For each similar event cluster in the HVO1DXC
results, we identify events within the cluster that also have
an independent 3-D location. If at least 10 events and 20%
of all events in the cluster have independent 3-D locations
(i.e., were relocated separately by Lin et al. [2012]), we shift
the cluster. In this case, we shift the cluster centroid so that it
aligns with the centroid of the corresponding 3-D locations.
Thus, we use the 3-D locations of Lin et al. [2012] to adjust
the absolute locations of our clusters without changing their
relative locations. This adjustment of absolute locations also
causes a change in the depth datum used for the seismicity.
As stated in the introduction to section 4, the depth datum
for the HVO1DXC catalog is approximately the mean sta-
tion elevation (�1.5 km asl). However, in the 3-D locations
of Lin et al. [2012], the depth datum is mean sea level.
Thus, there is a vertical shift of �1.5 km in absolute depth
resulting from the depth datum change between the two
location methods. Analyses of these results are presented in
section 5.2.
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Figure 7. Relocated HVO1DXC seismicity, with boxes indicating areas of Figures 8–13. Events with
depths �13 km are shown in cyan. Inverted triangles are seismic stations; solid black inverted triangles
are stations recording at least 30% of all events considered. Contour interval is 300 m.

5. Relocation Results
[36] The final relocations are available in the supporting

information as the HVO1DXC catalog. Figure 7 shows the
HVO1DXC relocated seismicity around Kilauea and Mauna
Loa. A comprehensive analysis of the relocated seismic-
ity and its implications is beyond the scope of this paper.
However, in this section, we highlight some main features
of our relocation results in chosen focus regions (boxes in
Figure 7).
5.1. Kilauea Summit Region

[37] Seismicity in the Kilauea summit region, including
the upper SWRZ and ERZ, is particularly well resolved
because of the dense station coverage in this area (Figures 1
and 8). Seismicity in the northwest area of Figure 8b is
related to the Kaoiki Fault Zone [Neal and J. P. Lockwood
2003] and contains sharp earthquake streaks that were previ-
ously identified by Rubin et al. [1999], which are not resolv-
able in the original CUSP catalog locations (Figure 8a).

Streaks of seismicity at �3 km depth are associated with
the upper SWRZ and upper ERZ. The band of seismicity in
the upper SWRZ does not align along the surface expres-
sion of the rift, but “heads south from the caldera for about
3 km before bending to the southwest” [Klein et al., 1987].
Seismicity streaks beneath the upper ERZ were studied in
relocation work by Gillard et al. [1996], who interpreted
the locations and focal mechanisms as reflecting left-lateral
motion of the deep rift system in response to southeast-
erly displacement of the south flank. Note that Gillard et al.
[1996] considered 826 events that occurred in 1991, which
does not overlap with our data time period. Our reloca-
tion results include >5000 events in the upper ERZ band
of seismicity, and we recover an overall spatial and depth
distribution similar to that of Gillard et al. [1996]. Gillard
et al. [1996] obtain two distinct bands of seismicity, whereas
our results show a single, more continuous, band. These dif-
ferences in results could be due to differences in accuracy
between the methods as well as differences in the events

Figure 8. Seismicity in the Kilauea summit region (see Figure 7) for (a) original CUSP catalog locations
and (b) relocated catalog, HVO1DXC. The right and bottom plots in each case only show seismicity
occurring in the latitude and longitude window of the top-left plot. USWRZ: Upper South West Rift Zone,
UERZ: Upper East Rift Zone.
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Figure 9. Seismicity in the region between Mauna Loa and Kilauea summits (see Figure 7).
(a) HVO1DXC relocated seismicity, with colors used to highlight the different clusters (color scale arbi-
trary). (b) HVO1DXC relocated seismicity (red dots; same as in Figure 9a) and the same events shifted
to correspond with 3-D locations (blue dots; see section 4.4 for more details).

considered, since our data time period does not overlap with
that of Gillard et al. [1996].

[38] Our relocations also include seismicity in tight clus-
ters at shallow depth (0–5 km) beneath Kilauea caldera and
east of Halemaumau (Figure 8b). An additional three dis-
tinct spatial clusters of seismicity are found at depths of
�8, 9, and 11 km beneath the area east of Halemaumau
(Figure 8b). These events are also temporally clustered,
occurring with swarm-like behavior, and with different
spatial locations active at different times. This region
broadly corresponds to the region of LP events relocated by
Battaglia et al. [2003]; however, as discussed in section 4,
LP events have not been comprehensively identified, and our
method is not designed for LP events, so their locations are
likely suboptimal.

5.2. Region Between Mauna Loa and Kilauea
[39] The region between Mauna Loa and Kilauea

(Figure 9) is a good place to illustrate the effects of relative
versus absolute location uncertainty. Figure 9a shows the
HVO1DXC seismicity with different similar-event clusters
plotted in different colors. Our method (section 4) improves
the relative location accuracy between events within a given
cluster (i.e., events of the same color), but the positions
of the different clusters with respect to each other are less
well constrained. The seismicity in Figure 9a forms a sharp,
planar surface at �10 km depth, consistent with seismicity
resulting from a detachment or décollement fault [Got and
Okubo, 2003]. The collapsing of diffuse seismicity into a

planar surface in depth is a robust result of our relocation
procedure. However, the dip of the surface across the full
latitude range of �19.2ı–19.5ı in Figure 9a is not well con-
strained by our procedure, because the seismicity is divided
into different clusters. Therefore, we cannot be certain that
the apparent northward dip of the surface from �19.2ı to
19.5ı is a robust result. A single cyan-colored cluster cen-
tered on �19.4ı also has a gentle northward dip; however,
the dip of this cluster could be affected by unmodeled 3-D
velocity structure. The gentle northward dip of seismicity in
this region is consistent with previous relocation work by
Got and Okubo [2003], probably because we use a similar
1-D velocity model.

[40] In Figure 9b, we compare our relocated seismicity
with the same seismicity shifted to align with the indepen-
dently derived 3-D locations (section 4.4). The difference
in the two sets of solutions shown in Figure 9b illustrates
one potential effect of adding information about the 3-D
velocity structure and topography (blue dots) versus our pro-
cedure using a 1-D velocity model (red dots). In addition to
the overall dip of the seismicity changing slightly from the
shift in cluster centroids, Figure 9b indicates that the abso-
lute depth of the seismicity could be �2 km shallower than
it appears in our HVO1DXC catalog (note that �1.5 km of
this depth change results from the difference in depth datum
between the 1-D and 3-D location methods). We present
these comparisons as a caution against over interpreting the
absolute locations (particularly the depths and dips) in our
relocated seismicity catalog.
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Figure 10. Seismicity in the region indicated in Figure 7,
which has been rotated 30ı counterclockwise with respect
to north to align parallel seismicity streaks along the vertical
axis. Plot origin is (–155.445ı, 19.485ı).

[41] Another prominent and robust feature of our relo-
cated seismicity shown in Figure 9 is the parallel lines of
seismicity centered on approximately (–155.445ı, 19.485ı).
An expanded view of these events is shown in Figure 10.
The parallel linear features, which strike at 30ı and dip about
41ı to the southwest, were also identified in the relocation
work by Got and Okubo [2003] and were interpreted as a
zone of strike-slip faults. Our results show about five of
these features; their strike is approximately parallel to the
topographic contour lines in this area. We also observe
horizontal features above and below the vertical faults
(Figure 10), which were not observed in the work by Got and
Okubo [2003]. We note that Figure 9a shows that the hor-
izontal features are in different similar-event clusters from
the vertical streaks; the lower and upper horizontal features
are also in separate similar-event clusters, even though they
appear with a similar purple color in Figure 9a. The lower
horizontal feature appears to be a northward extension of the
décollement surface visible in Figure 9a.

5.3. Kilauea’s South Flank
[42] Relocation results for Kilauea’s south flank are

shown in Figure 11 and reveal an enhanced sharpening of
seismicity into linear features. We find many streaks that
appear to align with the direction of geodetic slip vectors
(Figure 11b) [Rubin et al., 1999; Wolfe et al., 2007].

[43] The depth and geometry of seismicity in this region
are of considerable interest because it may delineate
Kilauea’s inferred décollement and also because triggered
seismicity is useful for constraining the depth of slow-slip
events [Segall et al., 2006a; 2006b; Wolfe et al., 2007;
Syracuse et al., 2010]. Figure 11a shows a diffuse zone of
south flank seismicity in the original catalog, with a lower
depth envelope of around 10–12 km. In the relocations

(Figure 11b), the events collapse much more sharply in
depth, with the seismicity having a peak modal depth of
about 6.1 km (below mean station elevation). However,
applying the correction to align with the 3-D locations
(section 4.4), the peak modal depth shifts to about 7.6 km
(below mean sea level; not shown on Figure 11). There-
fore, our results show a pronounced sharpening of seismicity
along structures consistent with the décollement, but the
absolute depth of this surface in our catalog is likely reliable
to only about ˙1–2 km. However, even in joint hypocenter
and 3-D velocity model inversion [Lin et al., 2012], there
is a trade-off between depth, average velocity, and origin
time, so the absolute depths in the 3-D locations are not
necessarily better than in the 1-D locations. We note that
double-difference relocation with a 3-D velocity model by
Got et al. [2008] obtained a depth of about 8 km (below
mean sea level) in this region, consistent with the value of
7.6 km obtained here.

[44] We note that the 3-D velocity model tends to reduce
the depth of the décollement in the region between Mauna
Loa and Kilauea (section 5.2), but tends to increase the
depth in Kilauea’s south flank. This is likely because some
steps were taken to reduce the effect of topography in the
3-D locations [Lin et al., 2012], whereas topography was
neglected in our 1-D locations. In the 3-D locations [Lin
et al., 2012], two steps were taken to reduce the effects of
topography. First, a layer of unmodeled nodes was included
a short distance above the highest-elevation station, which
relieves topography and avoids air quakes [Dawson et al.,
1992]. Second, ray tracing was performed with respect to
station elevations. Therefore, topography is not directly but
partially accounted for during the 3-D relocation [Lin et al.,
2012]. Accurately resolving absolute depths will require
both 3-D velocity structure and topography to be accounted
for [Monteiller et al., 2005; Got et al., 2008].

5.4. Kealakekua Fault Zone
[45] Figure 12 shows seismicity in the Kealakekua region

on the west flank of Mauna Loa (see Figure 7), compar-
ing the relocation results of Wolfe et al. [2004] with our
HVO1DXC relocated seismicity. Wolfe et al. [2004] relo-
cated 3623 events from 1988 to 1998 using cross correlation
and the HypoDD algorithm [Waldhauser and Ellsworth,
2000]. Of the 3623 relocated events, 1758 overlapped
with our studied time period and were relocated in the
HVO1DXC catalog. Figure 12a shows all the events relo-
cated by Wolfe et al. [2004] within the region indicated on
Figure 7 (compare with Figure 19 in the study by Wolfe et al.
[2004]). Figure 12b shows all events from the HVO1DXC
catalog within this region, with more than double the num-
ber of events relocated by Wolfe et al. [2004]. In Figures 12c
and 12d, we show relocations common to both catalogs.

[46] We find excellent agreement between the two cata-
logs, which provides validation of our relocation method.
Similar to Wolfe et al. [2004], we find that the relocated
seismicity is localized in depth and is consistent with the
Kealakekua fault zone reflecting an inland-dipping low-
angle detachment.

5.5. Mantle Fault Zones
[47] Wolfe et al. [2003, 2004] also relocated 7034 earth-

quakes with initial depths �13 km occurring between 1988
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Figure 11. Seismicity in the Kilauea south flank region indicated in Figure 7 for (a) original CUSP cat-
alog locations and (b) relocated catalog, HVO1DXC. Arrows indicate long-term average GPS directions
for décollement creep [Wolfe et al., 2007].

and 1998, which we compare to our relocation results in
Figure 13. Figure 13 is windowed to approximately corre-
spond to Figure 2 of Wolfe et al. [2003]. Our relocation
results are consistent with those obtained by Wolfe et al.
[2003, 2004], particularly when comparing events common
to both catalogs (Figures 13c and 13d).

[48] Figure 13b shows a horizontally aligned planar fea-
ture at around 30 km depth, consistent with the interpretation

of a mantle fault zone [Wolfe et al., 2003, 2004]. The greater
number of events in HVO1DXC (Figure 13b) results in a
slightly more diffuse depth distribution near 30 km than
obtained by Wolfe et al. [2003]. It is possible that some of
this added scatter in depth arises from our difficulty in con-
straining absolute depth for deep seismicity with the seismic
network geometry and a 1-D velocity model, as discussed in
section 5.2.
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Figure 12. Seismicity in the Kealakekua region indicated on Figure 7. We compare the HVO1DXC
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Wolfe et al. [2004] in this region (1077 events), (b) all HVO1DXC events (this study) in this region (2224
events), (c) subset of events from the Wolfe et al. [2004] catalog that are also included in the HVO1DXC
catalog (592 events), and (d) subset of events in the HVO1DXC catalog that are also included in the Wolfe
et al. [2004] catalog (570 events).

6. Discussion and Conclusions
[49] We analyzed waveform data from over 130,000 seis-

mic events from January 1992 to March 2009 recorded
by the HVO permanent seismic network, computing pre-
cise relative relocations for 101,390 events. In general,

the relocation procedure results in a dramatic sharpening
of seismicity features associated with Hawaii’s active vol-
canic and tectonic processes. Highlights from our relocation
results include enhanced pictures of Mauna Loa’s south
flank seismicity and numerous streaks on Kilauea’s south
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Figure 13. Deeper seismicity beneath Kilauea (10–60 km depth, see Figure 7), where relocations col-
lapse to an inferred deep mantle fault zone [Wolfe et al., 2003, 2004]. An arrow marks the latitude
of Halemaumau. (a) All events relocated by Wolfe et al. [2003, 2004] in this region (2606 events),
(b) all HVO1DXC events (this study) in this region (9406 events), (c) subset of events from the
Wolfe et al. [2003, 2004] catalog that are also included in the HVO1DXC catalog (1193 events), and
(d) subset of events in the HVO1DXC catalog that are also included in the Wolfe et al. [2003, 2004]
catalog (1118 events).
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flank detachment aligned parallel to geodetic slip. Hawaii’s
value as a natural laboratory for studying seismicity and
deformation associated with volcanic and tectonic processes
has long been recognized. We anticipate that our catalog will
be useful to a variety of researchers studying all aspects of
seismicity and deformation on Hawaii Island.

[50] An ultimate goal of earthquake relocation studies is
to integrate the algorithms into operational near-real-time
network processing, so that new events can be located with
the same accuracy as the complete relocated catalog [e.g.,
Got et al., 2002; Shearer et al., 2005; Lin et al., 2007;
Waldhauser, 2009]. This may have particularly useful appli-
cation in volcano monitoring and hazard mitigation; it would
be useful to track spatiotemporal evolution of seismicity to
high precision in near real time. As discussed by Shearer
et al. [2005], the difficulty with using the method in real
time is that the earthquake location solutions are depen-
dent on all linking events. In principle, a newly added event
would affect the locations of all previous nearby seismicity,
and the whole catalog would have to be recomputed when-
ever a new event is added. A reasonable compromise is to
redo the entire catalog at fixed time intervals, e.g., once per
year. Between these time intervals, new events can be relo-
cated while holding all prior events fixed [Got et al., 2002;
Waldhauser, 2009].

[51] Our HVO1DXC catalog represents a first attempt
to perform relocation of seismicity for the whole island of
Hawaii in a systematic way. We have built extensively on
previous relocation studies that have focused on smaller sub-
regions of the island, although often considering tens of
thousands of events [e.g., Got et al., 1994; Gillard et al.,
1996; Battaglia et al., 2003; Got and Okubo, 2003; Wolfe
et al., 2004; Syracuse et al., 2010]. Our results are gener-
ally consistent with those of previous relocation studies, but
our catalog includes a much greater number of events, bet-
ter illuminating seismicity patterns. In addition to updating
the catalog in future as more data become available, other
possible improvements include (1) extending the catalog
back in time by considering digital waveform data avail-
able from the mid-1980s onward; (2) incorporating addi-
tional seismic stations from temporary networks, e.g., the
broadband network around Kilauea [Dawson et al., 1998];
(3) optimizing waveform cross correlation and relocation
parameters for LP events [e.g., Got et al., 2002; Battaglia
et al., 2003; Okubo and Wolfe, 2008]; (4) improving both
absolute and relative location accuracy of the reference cat-
alog using, e.g., the source-specific station term (SSST)
method and a 3-D velocity model [Lin et al., 2012]; and
(5) extension of these algorithms to near-real-time process-
ing [Got et al., 2002; Waldhauser, 2009].
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