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Abstract

Waveform cross-correlation based repicking of P arrival times and subsequent relocation of 187 earthquakes that
occurred near the summit of Mauna Loa, Hawaii, prior to the March 1984 eruption has illuminated a previously
obscured structure beneath the northwestern flank. Simultaneous inversion for hypocenters and velocity model
parameters using the refined arrival times resulted in well-constrained relative earthquake locations with very low
arrival time misfits (average RMS 0.041 s). Pre-eruption seismicity from this time period occurred in two groups: a
shallow group located near Mauna Loa’s summit, at depths of 1^3 km, and a deeper group (5^10 km) located 4^6 km
northwest of the summit. After relocation, we found that most of the northwest flank earthquakes occurred along a
3-km-long planar feature striking about 60‡ West of North in a thin band about 1 km thick. There is a temporal
migration of epicenters from the northwestern edge of the zone migrating towards the summit. Focal mechanisms in
this zone reveal a change in faulting from strike-slip in the southeast to a mix of strike-slip and normal faulting in the
northwest. This feature we interpret to be related to a rift zone that was stunted by the buttressing of the adjacent
volcanoes Hualalai and Mauna Kea. Previous gravity and magnetic studies provide supporting evidence for the
existence of a rift zone. There was only a modest increase in clustering of the summit events. After relocation,
hypocenters that were previously located within a diffuse zone (4.5 km) were reduced to a 2.5-km-wide zone. They
extend from a depth of 6 km to about sea level, trending toward the summit. The focal mechanisms from the summit
events are mix of faulting types without a consistent pattern.
B 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The island of Hawaii is made up of ¢ve coa-
lesced volcanoes: Kohala, Mauna Kea, Hualalai,
Mauna Loa, and Kilauea (Fig. 1a). Mauna Loa is
the world’s largest active volcano, covering over
half of the surface area of the island of Hawaii
(s 5000 km2). It has erupted over 30 times since
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its ¢rst well-documented historical eruption in
1843.
The most recent eruption at Mauna Loa oc-

curred in March 1984. The shallow depth (6 5

km) pre-eruption seismicity steadily increased be-
ginning from March 1982, with a marked increase
beginning early March 1984 (Lockwood et al.,
1985, 1987). The intermediate depth (5^13 km)

Fig. 1. (a). Map of the island of Hawaii showing the ¢ve existing volcanoes Kohala, Hualalai, Mauna Kea, Mauna Loa, and Ki-
lauea, and the seamount Loihi. Features of Mauna Loa include the Southwest and Northeast Rift Zones, northwest £ank, Mo-
kuaweoweo crater and the Kaoiki area. (b) Station locations for the data used in this study.
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pre-eruption seismicity occurred at a more uni-
form rate, except for an earthquake swarm in
September 1983 that activated the region to the
northwest of the caldera. First motion analyses
suggest that these September earthquakes resulted
from increasing lateral stresses generated in the
summit and upper Southwest Rift Zone possibly
from an intrusion of magma (Lockwood et al.,
1985, 1987). Also relevant to the pre-eruption
seismicity is the 16 November 1983 (M=6.6)
earthquake in the Kaoiki region (Fig. 1a), which
is on the southeast £ank of Mauna Loa. Follow-
ing this earthquake, the number of deeper (5^13-
km) summit events increased, and the seismically
active zone extended from the southwest £ank
into the northeast rift zone (Okubo, 1995). Since
the 1984 eruption, Mauna Loa has been in repose.
The preceding July 1975 eruption of Mauna

Loa followed 25 years of repose after the large
Southwest Rift Zone eruption of June 1950.
Decker et al. (1983) and Lockwood et al. (1985,
1987) noted similarities between the pre-1975 and
pre-1984 pre-eruption seismicity patterns. For
both eruptions, the seismicity was concentrated
in the regions to the northwest and near the sum-
mit of Mokuaweoweo crater. Pre-eruption £ank
seismicity has also been recorded at several other
volcanoes (e.g. Miyake^Jima, Japan (Minakami,
1974); Kilauea, Hawaii (Gillard et al., 1992;
Klein et al., 1987); Unzen, Japan (Ohta et al.,
1992); Mt. Pinatubo, the Philippines (Harlow et
al., 1996; Jones et al., 2001); Mt. Etna, Italy (Bo-
naccorso and Patane, 2001)). The Hawaiian Vol-
cano Observatory in their 1983 summary report
(Nakata et al., 1983) stated that based on the
similarity in the pattern of Mauna Loa earth-
quakes and deformation in 1983 compared to
1974 (the year prior to the July 1975 eruption),
they were prompted to issue a statement indicat-
ing a higher than average probability of an erup-
tion in 1984.
Waveform cross-correlation techniques used to

improve earthquake locations have shown success
in better delineating volcanic subsurface struc-
tures (e.g. Gillard et al., 1996; Rubin et al.,
1998; Jones et al., 2001; Zollo et al., 2001), and
in de¢ning magmatic processes (e.g. Aspinall et
al., 1998; Kauahikaua, 1993). These studies pro-

vide new insights into assessing the relationship
between seismicity and magmatic activity, and
have given a clearer understanding of the seismi-
cally active structures within a volcano. Previous
analyses of Kilauea’s rift zones in particular can
assist in the understanding of Mauna Loa. From
an analysis of Kilauea Upper East Rift zone
earthquakes, Gillard et al. (1996) identi¢ed a nar-
row band of shallow seismicity that they proposed
was generated by the widening of the underlying
deep rift zone. An analysis of Kilauea’s Middle
East Rift Zone seismicity by Rubin et al. (1998)
found a similar pattern of concentrated activity.
The authors concluded that the narrow bands of
seismicity were consistent with growing stress con-
centrations above a deforming deeper magma
body. Here we apply waveform cross-correlation
in an e¡ort to sharpen the pattern of seismicity
prior to Mauna Loa’s 1984 eruption.

2. Data processing

Earthquakes analyzed in this study were from
Mauna Loa’s pre-eruption activity (April 1983^
April 1984) recorded at the Hawaiian Volcano
Observatory (Nakata et al., 1983, Nakata et al.,
1984), and were selected on the basis of their
catalog locations and magnitudes. We examined
in detail 187 events located on the northwest £ank
of the Mauna Loa and near the summit with
amplitude magnitudes equal to or exceeding 1.1
and hypocentral depths 6 12 km. Note that
only a small number of low-magnitude events
with very few observations were excluded from
our analysis, so we consider this set to provide a
relatively complete picture of the pre-eruption
seismicity. The selected events were recorded on
at least 6 of the 11 stations surrounding the
Mokuaweoweo crater (Fig. 1b). The data were
from 1-Hz geophones recorded at 100 samples
per second.
Upon visual examination of the waveforms, we

observed a high degree of waveform similarity.
This led us to apply waveform cross-correlation
methods to improve phase pick consistency (e.g.
Fremont and Malone, 1987; VanDecar and
Crosson, 1990; Dodge et al., 1995: Shearer,
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1997; Shearer, 1998; Aster and Rowe, 2000;
Rowe, 2000; Rowe et al., 2002a,b). We used a
method following the approach of Dodge et al.
(1995) and others, which simultaneously analyzes
events on a station-by-station basis to capitalize
on consistency of wave source and propagation
e¡ects, rather than examining traces across all
stations on an event-by-event basis. The best con-
straints on relative pick times can be expected to
be found between the most similar earthquake
waveforms, which arise from events with the
most consistent radiation patterns, moment rate
functions and propagation paths (Rowe et al.,
2002a).
The initial step of repicking of the P arrivals is

to manually estimate the arrival times and assign
a pick quality rating based on an analyst estimate
of pick accuracy and signal to noise ratio. High
con¢dence picks, with high signal to noise ratio
(3:1) and a pick uncertainty of less than 0.05 s
were assigned a quality rating of 0, whereas picks
with low con¢dence, de¢ned by a low signal to
noise ratio (1.5:1) and pick uncertainty of 0.5 s
were assigned a quality rating of 3. Pick uncer-
tainties of 0.1 and 0.3 s were assigned quality
ratings of 1 and 2, respectively, with uncertainties
greater than 0.5 s given a quality rating of 4, and
not included in this study.
Relative lag estimation between pairs of traces

was then determined in two steps; a coarse (dis-
crete) correlation step and a ¢ne (sub-sample) cor-
relation step. A 200-sample window was estab-
lished surrounding the preliminary picks for
each pair of events to be compared. This allowed
us to include several cycles of the waveform with
data sampled at 100 samples/s. In the case of
highly similar seismograms, the attainable lag res-
olution is signi¢cantly less than the sample inter-
val (Poupinet et al., 1984). This level of precision
is desirable to accurately image fault structures,
which may have spatial scales of tens of meters
or less.
The clustering used for this analysis was based

on the values of the single-station cross-correla-
tion (Rowe et al., 2002a). Initial clustering was
performed using master station PLA, which was
chosen based on its high quality of data and o¡-
summit location. Not all the traces were included

with clusters. We chose to include the remaining
‘orphan’ traces if they were determined to be of
high quality, exhibiting high signal to noise
(v 3:1) and a low pick uncertainty (6 0.05 s).
After single-station clustering, intra-cluster

cross-correlation was performed using a suite of
correlation window lengths. All traces within a
cluster were cross-correlated for each of the win-
dow lengths. After several trials, the optimum lags
were determined and pick adjustments were made
for all events within a cluster (Fig. 2). The event
clustering for the remaining stations was based on
the clusters established for PLA. The pick adjust-
ments were made for the remaining stations based
on the method described above.
To further re¢ne the picks, waveforms within

each cluster were aligned on their adjusted picks
and stacked. Each stack was then treated as a
composite earthquake trace for that cluster. En-
sembles of stacked seismograms were then cross-
correlated and the relative pick lags were deter-
mined. The resulting inter-cluster lags were then
used to adjust mean picks within each cluster.
This method preserves the very tightly constrained
relative adjustments for intra-cluster associations,
with no risk of degrading these relative adjust-
ments by mistakenly including uncorrelated
events through preliminary mislocation or intro-
ducing analyst pick bias.

3. Earthquake relocation procedure

We next determined more precise locations for
the earthquakes preceding the 1984 Mauna Loa
eruption by utilizing the adjusted P arrival picks
for joint hypocenter determination (JHD). The
results of a preliminary 1-D JHD inversion using
the algorithm VELEST (Kissling et al., 1994)
showed a lineation in the structure on the north-
west £ank and a slight increase in clustering of
seismicity in the near-summit events. The quality
of the VELEST results was poorer than expected,
however, possibly due to the large range in station
elevations (nearly 4 km), when VELEST assumes
all stations are on a plane. Since the range of
depths for the events used in this study is from
31.5 to 10 km (relative to sea level), and station
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elevations range from near sea level to over 4 km,
we concluded that event relocation with a more
sophisticated algorithm was necessary. Therefore,
starting with the 1-D velocity model generated
from VELEST, a subsequent 1-D inversion was
performed with a code allowing for true station
elevations, simul2000 (Thurber and Eberhart-Phil-
lips, 1999). The nodes of the simul2000 velocity
model were based on the VELEST layering, at
depth intervals ranging from 1.2 km near the sur-
face increasing to 5.5 km at 15 km depth (Fig. 3).
The initial simul2000 inversion with the re¢ned

P arrival picks was able to resolve a subhorizontal
linear feature beneath the northwest £ank of
Mauna Loa. There was also an increase in clus-
tering of seismicity for the near-summit events,
but no clear features were resolved. We observed,
however, that the RMS residuals ranged between
0.01 and 0.16 s, with an average RMS of 0.041 s.
An examination of the pattern of residuals re-
vealed that the high RMS values were for the
near-summit events, while the RMS values for

the northwest £ank events were no greater than
0.05 s.
Due to the lateral heterogeneity of our study

area, there was a concern that the use of a 1-D
velocity model was insu⁄cient to describe the en-
tire region, causing the high RMS values for the
near-summit events. At the same time, the dataset
was judged not to be suitable for a full 3-D in-
version. To resolve this issue, we separated the
events into two distinct groups (near-summit
and northwest £ank) in order to try to improve
the RMS values. The same starting velocity model
was used for the inversion for each of the event
groups. The RMS was reduced for the near-sum-
mit group from 9 0.16 s to 6 0.05 s, while keep-
ing northwest £ank group’s RMS consistent with
the initial inversion. The resulting average uncer-
tainties in relative locations for the northwest
£ank group’s events were 0.10 km, 0.11 km,
and 0.18 km, and for the summit events they
were 0.12 km, 0.11 km, 0.29 km for the x, y,
and z directions, respectively. As a result of the

Fig. 2. (a). Plot showing initial analyst picks and the corresponding waveform stack (P wave ¢rst arrivals aligned at 50 samples;
sample rate is 100 samples/s). (b) Adjusted picks after waveform cross-correlation and the corresponding stack.
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improvement in the RMS residuals, the analysis
of relocated events is based on the regionally
grouped events.

4. Fault plane solutions

Focal mechanisms were generated using the
FPFIT algorithm (Reasenberg and Oppenheimer,
1985) for all events. The focal mechanisms from
the northwest £ank showed a change in faulting
from strike-slip in the southeast segment to a va-
riety of mechanisms in the northwest segment and

normal faulting in the transition zone in between
the two segments. The near-summit events show a
variety of focal mechanisms without any predom-
inant pattern.
Assuming a double couple fault plane solution,

focal mechanisms were determined using the
FPFIT algorithm (Reasenberg and Oppenheimer,
1985). The majority of the events in this study had
a mis¢t score in the range 0.0^0.25, indicating
high consistency, with only 2% of the events in
the 0.175^0.200 range. After rechecking the polar-
ity data of the discrepant focal mechanisms, they
were recomputed if necessary.

Fig. 3. (a) Velocity model used as input to VELEST. (b) Velocity model used as input to simul2000.
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5. Results

Hypocenters were relocated from beneath the
northwest £ank and the near-summit region of
Mauna Loa volcano. The catalog hypocenter lo-
cations beneath the northwest £ank form a 3-km-
high cloud at an average depth of 6.5 km (Fig. 4).
In contrast, the relocated hypocenters are concen-
trated 4^6 km NW from the summit along a 2^3-
km-long planar feature striking approximately 60‡
West of North in a thin band (about 1 km thick)
at an average depth of 8 km (Fig. 5). There was

also a slight increase in the clustering of the seis-
micity for the near-summit events, as evidenced
by a decrease in the lateral extent of the hypo-
centers compared to the catalog location from
4.5 to 2.5 km (Fig. 6). In depth section, the relo-
cated hypocenters trace out a narrower band ex-
tending from a depth of 6 km towards the surface
near the summit.
The cluster of northwest £ank events shows

evidence of a temporal migration towards the
summit. The initial events from the September
1983 swarm were located beneath the £ank at

Fig. 5. Relocated seismicity for the northwest £ank cluster. (a) Map view of the relocated events. (b) Depth section A^AP ori-
ented 125‡ clockwise from north. (c) Depth section B^BP oriented 215‡ clockwise from north.
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the northwest end of the cluster (19‡51PN,
155‡66PW) with the later events located nearer
the summit (19‡50PN, 155‡65PW). We did not ob-
serve any temporal migration of epicenters within
the near-summit group of events.
Focal mechanisms beneath the northwest £ank

show a change in faulting from strike-slip in the
southeast to normal faulting (dip-slip) and mixed
(strike-slip, dip-slip) in the northwest (Fig. 7a).
The mechanisms are generally consistent with
East^West extension. When we compare the fault-
ing mechanisms with the time migration of epi-
centers, the initial events show mixed faulting
and then evolve into strike-slip motion. There
are several possible reasons for this change, in-
cluding the fracture of the subsurface structure
as a result of a dike intrusion (Dominguez et
al., 2001; Bonaccorso and Patane, 2001) or the
e¡ects of a regional stress ¢eld. Previous analysis
of the regional stresses on the west side of Mauna
Loa shows seaward motion as a result of basal
slip at about 12 km depth (Bryan and Johnson,
1991). Gillard et al.’s (1992) analysis of focal
mechanisms at Mauna Loa found evidence of a
mixture of dip-slip and strike-slip faulting, with
an axis of least compressive stress to be oriented
roughly East^West, consistent with our mecha-
nisms.

Near-summit focal mechanisms show a variety
of strike-slip and dip-slip focal mechanisms (Fig.
7b). Thurber (1987) also observed an apparent
random pattern of near-summit focal mechanisms
at Kilauea volcano and suggested the possibility
that there was a change in stress orientation re-
lated to a shift in direction of magmatic activity.
Prior to the 1991 eruption at Mt. Pinatubo, focal
mechanisms for the near-summit cluster were also
highly mixed (Bautista et al., 1996). They con-
cluded that this was the result of a magmatic in-
trusion. The combination of strike-slip and sub-
sequent dip-slip mechanisms, as shown in these
studies, may be the result of a combination of
tectonic and magmatic activity.

6. Discussion

The 1975 and 1984 eruptive sequences provided
opportunities to observe and analyze many as-
pects of Mauna Loa’s seismic activity. The repeat-
ability of a £ank followed by summit sequence
that occurred both during 1975 and 1984 leads
us to conclude that they were directly related to
volcanic processes and crustal deformation in-
duced by volcanism. Eruptions and related seis-
mic activity normally occur at the summit or ei-

Fig. 6. (a) Map view and (b) depth section for the relocated near-summit events.
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Fig. 7. (a) Focal mechanisms for the events beneath the northwest £ank. (b) Focal mechanisms for the near-summit events.
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ther rift zones, so it is the £ank activity that re-
quires an explanation.
Much of the o¡-summit volcanic activity in Ha-

waii takes place along linear rift zones that radi-
ate from the main volcanic centers. Such rift
zones, located on oceanic seamounts or islands
like Hawaii, generally develop in a characteristic
triple arm or ‘stellate’ geometry that tends to be-
come more pronounced throughout the life of the
edi¢ce (Fiske and Jackson, 1972; Carracedo,
1994). The main process by which these geome-
tries are achieved is thought to be the ‘least e¡ort’
fracturing produced by magma-induced uploading
(Luongo et al., 1991). The original ‘stellate’ char-
acter of this regular geometry of the rift zones
is often lost due gravitational forces and the
buttressing of existing topographic features, such
as adjacent volcanoes (Carracedo, 1999). When
rifts are poorly developed, eruptions tend to
take place from vents radiating in all directions
from the summit (Carracedo, 1996); this is evi-
denced on Mauna Loa’s northwest £ank (Lip-
man, 1995).
According to Fiske and Jackson (1972), the rift

zones at Mauna Kea initially developed in the
triple arm geometry (Fig. 8a). Its third arm
started to develop directly opposite to the south-
east and northeast rift zones but was stunted due
to the topographic expression of the Kohala and
Hualalai volcanoes. Similarly, the northwest £ank
cluster of hypocenters at Mauna Loa could rep-
resent a poorly developed or failed rift that has
been stunted by the buttressing of adjacent volca-
noes Hualalai and Mauna Kea (Fig. 8a).
Gravity ¢eld variations are a useful tool for

studying the magmatic plumbing system of Ha-
waii’s volcanoes, because the rift cores are system-
atically denser than extrusive £ows. Krivoy and
Eaton (1961) and Kinoshita et al. (1963) pub-
lished the ¢rst gravity maps of the island of Ha-
waii. Kauahikaua et al. (2000) recently analyzed
over 3300 gravity measurements taken on the is-
land of Hawaii. Their modeling of Mauna Loa’s
northwest £ank shows a positive anomaly extend-
ing linearly outward to the northwest from the
summit with no surface evidence of a rift zone.
Hawaii’s topographic contours (Fig. 8a) also
show a knee near our proposed rift zone.

When the initial aeromagnetic map of the is-
land of Hawaii was developed by Malaho¡ and
Woollard (1966), they discovered that magnetic
anomalies correlated with central vent areas and
rift zones. It is recognized that a characteristic rift
zone pattern is a high^low anomaly (Hildenbrand
et al., 1993). Such a pattern is observed on the
northwest £ank near our proposed failed rift zone
(Fig. 8b).

Fig. 8. (a) Map of topographic contours and rift locations
for the island of Hawaii (adapted from Fiske and Jackson
(1972)). (b) Portion of the map of magnetic anomalies of
Hawaii in the vicinity of Mauna Loa (adapted from Hilden-
brand et al., 1993).
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7. Conclusions

Waveform cross-correlation based repicking of
P arrival times and relocation of earthquakes im-
proved the relative locations for the selected pre-
1984 eruption events at Mauna Loa volcano.
During the September 1983 swarm, most of the
seismic activity beneath the northwest £ank oc-
curred along a planar feature, which may be re-
lated to a failed rift zone that becomes activated
prior to eruptions. The summit activity showed an
increase in clustering after relocation, but no clear
structural features emerged. Results of previously
analyzed gravity data (Kauahikaua et al., 2000)
revealed an increase in gravity along a line radiat-
ing out from the summit, near the relocated
northwest £ank events. Previous analysis of mag-
netic data (Hildenbrand et al., 1993) shows a
characteristic rift high^low anomaly beneath the
northwest £ank. Thus the available geophysical
evidence presents consistent support for a subsur-
face structure extending radially to the northwest
from the summit, which we propose is a failed rift
zone.
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