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Abstract

Earthquakes on Kilauea Volcano can be even more hazardous than volcanic eruptions. The most recent large earthquake
was the 1975 Kalapana quake, which generated a locally damaging tsunami, over 8 m of horizontal surface displacement and
3 m of subsidence at the coast. The seismic magnitude estimates for this earthquake range from Ms 7.2 to Mw 7.7. The
complexity of the seismic data is matched by the complex surface deformation that was observed with a combination of
leveling, tilt and Electronic Distance Measurements (EDM). The geodetic data shows evidence of collapse of the caldera due
to magma withdrawal, localized subsidence over the rift zone, normal faulting associated with shallow slumping along the
Hilina Pali, and displacement on the basal detachment fault. We model the summit caldera, rift zones and basal detachment
fault as dislocations in an elastic half-space to better quantify the sources of deformation related to this devastating event.
Using inversion techniques that allow us to let the data constrain the geometry and magnitude of these sources, we find 0.04
km® of magma withdrawal at the summit, between 3—5 m of opening along the rift zone and 7.1 m of slip along the basal
detachment at 8.3 km depth. Models that allow for finer spatial resolution of slip on the detachment show that the largest slip
occurred west of the seismically recorded earthquake hypocenter, along the region of the fault below the coast, and that the
majority of the fault slip occurred south of the region of microseismicity. Our best-fitting model has a geodetic moment of
4.1x10%° Nm (M,, 7.7), which is consistent with tsunami models and recent analysis of long period seismic data. The
residual displacements of sites located in the hanging wall of the Hilina Pali slump system, which were not used in the
inversion of the other sources, suggest that triggered shallow slumping contributed several meters of horizontal displacement
to the coseismic displacement at these sites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The active volcanoes of Hawaii are responsible for
recurrent damaging earthquakes, the most recent
being the events of 1975 and 1989. Both earthquakes
occurred beneath the structurally unstable south flank
of Kilauea Volcano, but also caused internal deforma-
tion of the south flank block and magma redistribu-
tion. Other volcanic flanks, especially those on
oceanic shields, exhibit evidence for slumping and
catastrophic gravity sliding during their growth. Ben-
efiting from the dense seismometer network and rich
geodetic database collected by the Hawaiian Volcano
Observatory (HVO) (Lipman et al., 1985), we evalu-
ate kinematic models of the 1975 Kalapana earth-
quake deformation to improve our understanding of
the processes that cause large volcanic edifices to fail.
We hope to better understand the seismic hazard of
Kilauea’s south flank through rigorous analysis of
geodetic data spanning this largest Hawaiian earth-
quake of the past century.

2. Hawaiian earthquakes and Kilauea’s edifice
structure

The south flank of Kilauea Volcano, Hawaii,
experienced significant historic earthquakes (M >6)
in 1823, 1868, 1954, 1975, and 1989 (Fig. 1) (Wyss
and Koyanagi, 1992a). These earthquakes caused sig-
nificant damage with strong shaking, landsliding,
coastal subsidence, and destructive tsunamis. Seismic,
geodetic and tsunami data reveal that the 1975
M =72 earthquake (Ando, 1979; Lipman et al.,
1985; Tilling et al.,, 1976) and the 1989 M,=6.1
carthquake (Arnadottir et al., 1991; Bryan and John-
son, 1991) occurred primarily on sub-horizontal thrust
faults near the base of the volcanic edifice at about 8—
10 km depth (Fig. 1A,B) (Ando, 1979; Arnadottir et
al., 1991; Crosson and Endo, 1982; Furumoto and
Kovach, 1979; Hill and Zucca, 1987; Lipman et al.,
1985). Coastal subsidence patterns and local tsunami
heights during the M = 8 1868 Kau earthquake
resembled those of 1975 and suggest basal detach-
ment below Kilauea as well as Mauna Loa (Ando,
1979; Hitchcock, 1912; Wood, 1914; Wyss, 1988).

The south flank of Kilauea is defined as the por-
tion of the island of Hawaii that lies south of

Kilauea’s summit and rift zones. This region has
been displaced seaward by magmatic intrusions, grav-
itational spreading of hot dense rock within the deep
rift system and slip on the basal detachment fault
(Clague and Denlinger, 1994; Crosson and Endo,
1982; Delaney et al., 1990; Denlinger and Okubo,
1995; Dieterich, 1988; Harvey and Wyss, 1986; Lip-
man et al., 1985; Ryan, 1988; Swanson et al., 1976;
Thurber and Gripp, 1988). Detachment faulting and
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Fig. 1. (A) Location map of Kilauea’s south flank. Historic M>6
earthquake epicenters are labeled with their magnitude and year. (B)
Cross-sections across Kilauea’s south flank showing two general
interpretations proposed for the subsurface structure of the Hilina
fault zone (based on Lipman et al., 1985; Hill and Zucca, 1987; and
Morgan et al., 2003). The depth and dip of the Pacific plate, the
inferred dike complex below the volcanic rift zones, and the strati-
graphy of the south flank are based on gravity and seismic refraction
data reviewed by Hill and Zucca (1987). A deeply rooted Hilina
fault system is supported by microseismicity and seismic tomogra-
phy results (Okubo et al., 1997). A shallow system, soling out at 2—
4 km depth, is consistent with the surface geometry and offshore
seismic reflection data (Cannon et al., 2001; Morgan et al., 2003).
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volcanic activity are evidently linked through the
long-term accommodation of rift-system magma and
cumulate by the southward motion of the south flank
(Delaney et al., 1990, 1993; Dieterich, 1988; Hill and
Zucca, 1987; Owen et al., 1995, 2000; Swanson et al.,
1976). The formation of a broad dike complex (~10-
km-wide at its base) along the rift zones of Kilauea
(Hill and Zucca, 1987) and a wide deformation zone
offshore of Hawaii (Morgan et al., 2000) suggest that
the seaward motion of the south flank has occurred
over a long time period. Large normal fault scarps of
the Hilina fault zone (Hilina Palis) on the slopes of
Kilauea suggest that gravitational forces play an
important role in the internal deformation of the
south flank (Dieterich, 1988). The whole south
flank has been likened to a large landslide block
that may fail catastrophically, as has happened pre-
viously on the Hawaiian islands (Denlinger and
Okubo, 1995; Lipman et al., 1988; Moore and Chad-
wick, 1995; Moore and Moore, 1984; Moore et al.,
1994).

The Hilina fault system forms impressive south-
facing normal fault scarps of up to 500-m relief (Fig.
2), creating dramatic cliffs that are called “palis” in
Hawaiian. The Hilina Pali stretch for ~40 km along
the south flank of Kilauea (Cannon et al., 2001;
Kellogg and Chadwick, 1987; Lipman et al., 1985).
Some consider the Hilina fault zone to be a shallow
landslide structure that experiences triggered slip
during large earthquakes (Fig. 1b bottom) (Cannon
et al., 2001; Hill and Zucca, 1987; Stearns and
Macdonald, 1946; Swanson et al., 1976). Alterna-
tively, the Hilina faults may root into the basal
detachment and play an important role in the active
deformation of the south flank block (Fig. 1b top)
(Denlinger and Okubo, 1995; Lipman et al., 1985;
Moore and Chadwick, 1995; Okubo et al., 1997).
The Hilina Pali fault system slipped 1-3 m along a
25-km-long segment during the 1975 event.
Although the Hilina faults did not slip during the
1989 earthquake that ruptured eastward from its
hypocenter (Fig. 1), there was ground breakage
along the north-facing Hakuma normal fault that
forms part of a horst-and-graben system seaward of
the Hilina faults (Delaney et al., 1993). Slip,
although less than a meter, along this coastal fault
attests to triggering of subsidiary faults during the
deeper, decollement-type events.

Much of our knowledge about the active tectonics
of Kilauea comes from geodetic studies. Historic
deformation measurements on the south flank were
collected since the late 19th century and span a large
number of rift intrusion events and two large earth-
quakes. It is generally thought that magma accumula-
tion and creep within the rift system, together with
gravitational forces, deform the south flank and cause
detachment earthquakes (Delaney et al., 1993; Diet-
erich, 1988; Dvorak, 1986; Lipman et al., 1985;
Swanson et al., 1976; Wyss et al., 1981). Eighty
years of triangulation and trilateration measurements
provide a record of strain accumulation before the
1975 earthquake (Swanson et al., 1976). Up to 2 m
of contraction across the subaerial south flank was
inferred in the 80 yr preceding the 1975 earthquake,
leading to speculations about an impending rupture
just before the event (Swanson et al., 1976). It is not
clear if these pre-earthquake displacements were
caused solely by magma emplacement into Kilauea’s
southwest and east rift zones, or if there was some
concurrent basal fault slip preceding the 1975 earth-
quake (Delaney et al., 1992).

Trilateration data and GPS (Global Positioning
System) measurements collected since 1975 observe
rapid surface displacement rates of about 10 cm/yr
that are consistent with the basal detachment fault
beneath Kilauea’s south flank slipping at a rate of
1020 cm/yr, and concurrent rift opening at compar-
able rates (Delaney et al., 1998, 1990, 1993; Owen et
al., 1995, 2000). That is, the deformation is character-
ized by continued aseismic motion on and adjacent to
the coseismic rupture plane with little evidence for
renewed elastic strain accumulation about a locked
fault plane. There is no evidence for noticeable slip on
the Hilina fault system since the 1975 earthquake
(Delaney et al., 1998; Owen et al., 2000).

2.1. The 1975 Kalapana earthquake

The 29 November 1975 Kalapana earthquake was
preceded by several foreshocks that are distributed
across a several-km-wide zone (Fig. 3). The largest,
M=5.7, occurred about 3 km north of the mainshock
epicenter. Focal mechanisms of the largest foreshock
and the mainshock have ~N55°-60°E striking, sub-
vertical and sub-horizontal nodal planes, approxi-
mately parallel to Kilauea’s rift system and the Hilina
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Fig. 2. Ground deformation from the 1975 Kalapana earthquake including coastal subsidence (subsidence was >1 m between stars, based on
Lipman et al., 1985), Hilina fault slip (based on Lipman et al., 1985; Kellogg and Chadwick, 1987; and Cannon et al., 2001), fracturing and
extension along Koae fault zone (Lipman et al., 1985; and J. Lockwood, personal fieldnotes); and the center of tsunami-generating offshore
uplift near the toe of the south flank wedge (from Ma et al., 1999). Note offshore morphology showing closed basins bounded seaward by an
elevated bench and the irregular shaped toe of the slump. Seismic reflection data of Morgan et al. (2000, 2003) suggests that this morphology
represents thrusts splaying off the basal detachment and individual landslide blocks. PS, Papa’u “seamount”; HiP, Hilina Pali; PKK, Puu

Kapukapu; HoP, Holei Pali; PkP, Poliokeawe Pali; AP, Apua Pali.

fault system. Based on considerations of event mag-
nitude, tsunami and geodetic data, and aftershock
distribution, the mainshock active nodal plane was
determined to be sub-horizontal (Ando, 1979;
Crosson and Endo, 1981; Furumoto and Kovach,
1979; Harvey and Wyss, 1986; Ma et al.,, 1999;
Nettles and Ekstrom, 2004). Eissler and Kanamori
(1987) argue for a near-horizontal single force
(slump) mechanism based on an analysis of surface
wave data (see also Wyss, 1988). The rupture propa-

gated ~45 km westward in at least 6 sub-events for
about 50 s along the detachment surface at 810 km
depth (Harvey and Wyss, 1986). The downdip width
of the rupture was initially estimated to be about 20
km (Ando, 1979). Early estimates suggest that the
event had a seismic moment of 1.2—1.8x 10 Nm
and an average SSE-directed slip of 3.75-5.5 m
(Ando, 1979; Crosson and Endo, 1981). The esti-
mated source area and magnitude of the associated
tsunami suggest an event significantly larger than
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Fig. 3. Horizontal displacements associated with the Kalapana earthquake deduced from trilateration measurements. Displacements and 95%
confidence ellipses computed using a model coordinate solution (Segall and Mathews, 1988) of the line-length data. No stations are held fixed
in this solution, and network rotations and translations are minimized relative to displacements from a dislocation model inverted from the
combined data set of trilateration, leveling, and tilt data. Note that the largest displacements occur at sites in the hanging wall of the Hilina faults
and north of a distinct topographic bench apparent in the bathymetry of the south flank (Fig. 2). Displacements of stations shown as open arrows
are not included in the inversions for coseismic detachment slip (Figs. 8—10). The black star indicates the Kalapana earthquake epicenter, the
gray-shaded squares and circles indicate earthquakes which occurred in the hour or week preceding the event, respectively.

indicated by the seismic moment (Ando, 1979; Ma et
al., 1991). Ma et al. (1999) find that the tsunami data
are best fit by a propagating slump model with about 1
m subsidence near the coast and 1 m uplift ~30 km
offshore (Fig. 2) displacing about 2.5 km® of water.
Alternatively, they suggest that slip on a deep detach-
ment, that reaches out to the toe of the south flank
system, may fit the data equally well. Most recently
Nettles and Ekstrom (2004) performed a careful rea-
nalysis of the long period surface waves and find a
significantly larger seismic moment, 3.81 X 10%° Nm.
They find that the rupture process for the Kalapana
earthquake was very slow, lasting for 72 s instead of
the expected ~34 s. Their estimated earthquake cen-
troid is located seaward of the point where rupture
initiated. This centroid location indicates that the
earthquake likely propagated into the offshore part
of the fault, consistent with the wide-detachment
model of Ma et al. (1999).

Significant ground deformation occurred in the
form of seaward displacement, coastal subsidence,

offshore uplift, normal slip along the Hilina fault
system, distributed fracturing along the Koae fault
system, and collapse of the Kilauea caldera (Figs. 2,
3) (Lipman et al., 1985; Tilling et al., 1976). Coastal
subsidence exceeded 1 m along a >30-km-long zone,
with subsidence approaching 3.5 m near Halape
(Lipman et al., 1985). During the event normal
faulting occurred along multiple strands of the Hilina
fault system from about 7 to 32 km west of the
epicenter (Lipman et al., 1985). Coseismic offsets
of up to 3 m can be observed along the central
Poliokeawe and Holei Palis (Biirgmann and Denlin-
ger, 1995; Cannon et al., 2001; Kellogg and Chad-
wick, 1987). If steep normal faulting continued to
greater depth, Hilina slip of 1-3 m could account for
about two-thirds of the coastal subsidence along
Kilauea’s south coast (Lipman et al., 1985). The
geodetically measured ground deformation is
described below; a detailed analysis of the coseismic
surface offsets along the Hilina faults is presented by
Cannon et al. (2001).
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Most aftershocks of the 1975 earthquake, and the
majority of microseismicity overall, are restricted to
the 5-10 km-wide zone, bordered by the Kilauea rift
zones to the north and west, and by the surface trace
of the Hilina fault zone to the south (Klein et al.,
1987; Lipman et al., 1985). The aftershock sequence
decayed slowly in the following years, punctuated by
rift intrusions and the 1989 earthquake (Delaney et al.,
1993; Klein et al., 1987). The majority of the south
flank microseismicity since the decay of the after-
shock sequence has also been restricted to the same
5-10 km wide zone.

3. Geodetic measurements of Kilauea deformation

To develop a model of coseismic deformation
during the Kalapana earthquake, we need to estab-
lish a data set of geodetic measurements that is little
affected by other deformation sources. In addition to
recurrent cycles of summit inflation and deflation
that accompany dike intrusions and, often, erup-
tions, Kilauea undergoes approximately continuous
extension along much of its rift system. The area of
most rapid extension, the summit, was extending
about 20 cm/yr for several years prior to the earth-
quake and more than 25 cm/yr for several years
afterward (Delaney et al., 1998; Swanson et al.,
1976).

Despite frequent geodetic monitoring, several fac-
tors mitigate against the creation of a complete and
purely coseismic data set. First of all, the earthquake
deformed much of the volcano but the most intense
geodetic coverage is around the summit and upper rift
zones. Secondly, the preseismic and postseismic level-
ing, trilateration, and ground-surface tilt measurement
intervals are not the same, nor is the frequency of
measurements the same at all stations. Thus the data
include various amounts of pre- and post-carthquake
deformation, which are difficult to isolate. Thirdly, a
large seismic swarm and moderate eruption along the
southwest rift zone on 31 December 1974 interrupted
the 1974 Kilauea trilateration survey and the network
was not entirely reoccupied afterwards. Finally, post-
seismic displacements were large and most of the
measurement methods at the time were not operating
in a continuous mode. Several kilometer-long level
sections, for instance, underwent 100-prad tilts during
the first six months after the earthquake. Delaney et al.
(1990) found that estimated heights of certain bench-
marks at the distal southeast end of the Kilauea level-
ing network varied by 20 cm with selection of
particular post-seismic data.

Fig. 4 shows the occupation times utilized in this
study superimposed on a continuous record of summit
deformation: the north component of water tube tilt
observations at Uwekahuna located just northwest of
Kilauea caldera. A histogram shows the number of
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Fig. 4. Geodetic measurements used to constrain the deformation associated with the Kalapana earthquake. Small circles show the north tilt
history at Uwekahuna on the north rim of the summit caldera for reference (Fig. 5). Tilt measurements (open squares) and the level
measurements used here (open circles) were conducted within a few months before and after the earthquake. The histogram shows the number
of line-length measurements between sites of the regional south flank network. Not included are the more often repeated (at least every two

months) occupations of the summit network.
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trilateration baseline measurements in the regional
south flank network. It is apparent that only a limited
number of baselines were remeasured between the 31
December 1974 rift intrusion and the Kalapana earth-
quake, thus necessitating the more detailed considera-
tion of the rift intrusion deformation described below.
The summit network was measured at least every two
months and some summit sites were occupied daily
immediately following the event. In our effort to pro-
duce an adequate representation of coseismic deforma-
tion, we utilize data with the shortest time span that
includes the earthquake, and correct for the effects of
the 31 December 1974 southwest rift intrusion.

3.1. Leveling measurements of vertical displacements
Level lines are occupied at very irregular intervals,

with the coseismic measurement intervals ranging
from several months to more than 10 yr (Lipman et

al., 1985). Fortunately, leveling near Kilauea summit
was completed several months before the earthquake
and was remeasured expeditiously afterwards. Unfor-
tunately, level sections across the south flank and
lower east rift zone span longer time periods. We do
not use >10-yr-old data spanning the lower east rift
zone (Lipman et al., 1985), as these might be domi-
nated by deformation associated with long-term rift
opening. Although the coseismic leveling measure-
ments are likely affected by significant postseismic
deformation, we do not attempt to remove the post-
seismic deformation from the elevation changes used
to compute our models. All elevation changes were
recomputed from files archived at HVO.

Relative to a local datum near a tide gage in Hilo
(Benchmark A100), all benchmarks experienced sub-
sidence during the 1975 earthquake (Fig. 5; (Lipman
et al., 1985)). The summit caldera subsided as much
as 1.5 m, with subsidence extending along the south-
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Fig. 5. Elevation changes relative to tide gage station at Hilo from repeated leveling measurements spanning the Kalapana earthquake (Lipman
et al., 1985). Subsidence magnitude is indicated by color scale. Note the localized subsidence of the summit caldera and over the southwest
rift, a lack of localized deformation across the upper east rift, southward tilt of the upper south flank, and localized northward tilting of
individual blocks in the hanging wall of the Poliokeawe, Apua, and western Hilina Palis. Elevation changes shown across western Hilina Pali
assume zero-elevation change of the northwestern-most site. Also shown are coastal elevation changes from tide gages and sea level changes
(Lipman et al., 1985). We exclude the level lines across the Hilina faults (Great Crack and Chain of Craters Road lines) and the coastal

subsidence data in our model inversions (Figs. 8-10).
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west and to a lesser extent along the east rift zones.
The caldera subsidence, centered near its southern
rim, is close to previous estimates of the location of
the underlying active magma reservoir (Dvorak and
Dzurisin, 1993; Yang et al., 1992). The subsidence to
the southwest of Kilauea caldera appears to lie about 2
km south of the mapped surface trace of the southwest
rift zone. However, subsidence is coincident with
shallow seismicity alongside the rift and subsidence
during the 1974 southwest rift intrusion, indicating
that the active rift zone is offset from the surface trace.

Subsidence along the coast measured by leveling
exceeds 1 m near Kaena Point (Fig. 2). Also shown
(as squares in Fig. 5) are the coastal subsidence
measurements derived from relative sea-level changes
(Lipman et al., 1985), with a downward displacement
of ~3.5 m observed near Halape. Overall, the subsi-
dence is greatest south of the segments of the Hilina
fault system that slipped during the event. Localized
downward displacement and northward tilting can be
observed in the hanging wall of the Hilina faults that
slipped during the event (south of the Apua and
Poliokeawe Palis near —155°08 longitude and
south of the Hilina Pali near —155°22’ longitude.
See Fig. 2). When modeling the data for slip on the
coseismic rupture, we exclude elevation changes and
trilateration data of sites clearly affected by Hilina Pali
slip, as we do not attempt to include shallow failure on
the Hilina Pali in our models.

3.2. Ground-surface tilt

The Uwekahuna tilt record shows that the summit
was inflating during the several years preceding the
carthquake (Fig. 4). Rapid deflation in December
1974 was caused by an intrusion and associated
seismic swarm along the southwest rift zone; as part
of the same event, an eruption occurred along the
upper rift zone. Following the 1974 event, summit
inflation resumed and continued until the Kalapana
earthquake.

Tilt measurements around the caldera were con-
ducted several times yearly using water-tube and spirit
level methods (Okamura, 1988). Okamura (1988)
describe the measurement techniques and their preci-
sion, list the observation history of each tilt network,
and tabulate all the acquired data. Fig. 6 shows the
observed tilt that accumulated between September

1975 and December 1975/January 1976. The tilt mea-
surements are dominated by tilt towards the summit
caldera, caused by the deflation of the summit magma
reservoir during and immediately following the earth-
quake. Two sites located south of the Koae fault zone
and north of the Hilina fault system (Hilina Pali and
Kipuka Nene) show SSE-ward tilts of the upper south
flank of about 100 prad.

3.3. Trilateration measurements of horizontal
deformation

Level and tilt measurements are concentrated near
Kilauea caldera, and are therefore most affected by the
magma redistribution during the Kalapana events.
Trilateration measurements spanning most all of
Kilauea provide wvaluable information about the
coseismic rupture at depth. The entire network was
surveyed in the fall of 1974 (Fig. 4) and the summit
was surveyed almost monthly in 1975 (Lipman et al.,
1985). Only a small subset of the network was occu-
pied between the large 31 December 1974 intrusion in
the southwest rift and the Kalapana earthquake. Our
eventual data set includes 230 range changes of line
lengths collected during 1974.73-1974.93 and
1975.92-1976.40 (Fig. 4).

A time series of extension of a trilateration line
across Kilauea caldera (HVO113-HVO114) shows
that Kilauea caldera swelled in 1975, was “stretched”
even farther in the earthquake, contracted immediately
following the coseismic rupture, to resume extending
again during much of 1976. Thus, some of the data are
strongly affected by deformation not related to the
coseismic rupture, in particular the deformation from
the 1974 rift intrusion (Fig. 7), summit magma cham-
ber fluctuations, and postseismic deformation. We
consider the summit chamber deformation and post-
seismic deformation independently, but correct the
data for the effects of the 1974 south west rift intrusion
as described below.

Because the western south flank measurements are
significantly affected by the 31 December 1974,
southwest rift intrusion, we correct the changes in
baselines length by subtracting the contribution from
this event (Fig. 7). Using trilateration data spanning
the intrusion, collected in October of 1974 and Jan-
uary 1975, we used a non-linear optimization algo-
rithm to find the best-fitting elastic dislocation model
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Fig. 6. Tilt associated with the 1975 Kalapana earthquake from water-tube and spirit-level measurements (Okamura, 1988). The data are
dominated by tilt towards the southern end of Kilauea’s caldera, the purported location of the summit magma chamber. Tilts near the southwest
and east rift zones divert from this simple pattern, indicating tilt towards and away from the rifts, respectively. Two tiltmeters on the upper south
flank at Hilina and Kipuka Nene show tilt to the southeast. Microseismicity (color-coded by depth) shown occurred during the time spanned by
the tilt observations (September 1975 through December 1975/January 1976).

(e.g. Owen et al., 2000). The best-fitting model
included a planar dike representing the intrusion and
a collapsing sill representing the summit deflation
(Owen and Biirgmann, 1999). The trilateration data
spanning the earthquake were corrected by subtracting
the line length changes predicted by the intrusion
model to obtain the coseismic line length changes.

The horizontal displacements computed from the
line-length changes we use in our model analysis are
shown in Fig. 3. The site motions and their associated
errors are computed using a model coordinate solution
(Segall and Mathews, 1988) that minimizes transla-
tions and rotations of the network relative to model
displacements of a detachment slip model. The hor-
izontal displacement field is dominated by seaward
motions of up to 8§ m, increasing towards the coast,
and by steep displacement gradients to the west and
smaller strains to the east. Displacements decay to less
than a meter well east of the southwest rift zone near
the coast, suggesting that it did not bound the western
extent of the rupture. The few stations located north of

the rift zones show insignificant motions. Note that
the sites with the largest displacements are located
south of the Hilina fault system, which experienced up
to 2 m of slip in the event (Lipman et al., 1985;
Cannon et al., 2001). As these sites have apparently
been strongly affected by shallow rotational slumping
of the Hilina fault blocks (Cannon et al., 2001), we
exclude the displacements shown as open arrows in
Fig. 3 in our model inversions for slip on the deep
detachment rupture.

4. Model inversions and deformation sources

Our approach to modeling the deformation of the
1975 Kalapana earthquake is to use elastic disloca-
tions and constrained non-linear inversion to find the
geometry of best fitting sources of deformation.
Accordingly, deformations are characterized by slip
or opening across rectangular surfaces buried in a
homogenous, isotropic and elastic half-space
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Fig. 7. Deformation associated with the 31 December 1974 southwest rift intrusion and predicted displacements from a distributed-opening
model (Owen and Biirgmann, 1999). Observed (solid arrows with 95% confidence ellipses) and modeled (open arrows) horizontal displace-
ments determined by trilateration and observed (gray shaded arrows with 95% confidence ellipses) and modeled (open gray arrows) tilts. The
surface projections of the deformation sources are shown as bold gray-shaded outlines. Line length changes predicted by this model are removed
from the trilateration measurements that span both events. The shallow microseismicity during the month following the rift intrusion closely
matches the location of the model rift. Note the large cluster of induced seismicity reaching well south of the rift zone. Also shown are the
foreshocks of the 1975 Kalapana earthquake that occurred in the two h before the main event (star).

(Okada, 1985). We simultaneously estimate the geo-
metry (parameterized by length, depth, width, dip,
strike, location) and amounts of strike-slip, dip-slip,
and opening of one or more faults that best fit the tilt,
level, and trilateration data weighted by their formal
uncertainties (Arnadottir and Segall, 1994; Biirgmann
et al., 1997). Specifically, we seek models that mini-
mize the weighted residual sum of squares,
WRSS :(dobs - dmod)TCOV_ 1(dobs - dmod) where dobs
and d,oq are the observed and modeled deformation,
respectively, and cov is the data covariance matrix. In
some cases we apply bounds to some parameters
(such as constraints on the depth of faulting or
range of permissible fault strikes) to find best-fitting
sources that are additionally constrained by geologic
or seismic information. We model relative elevation
changes between each benchmark pair scaled by the
variances, which increase with the square root of
distance along the leveling line (as 0.22 mmy/km).
The correlations between neighboring level sections
are accounted for (Arnadottir and Segall, 1994). We

assume no correlation between the N-S and E-W
components of tilt or the individual line length
changes in the trilateration data.

For the model inversions, we use 150 leveling
observations, measurements from 26 tiltmeters, and
200 EDM line length data, giving us a total of 402
data parameters. For most of the data, we used the
formal errors for the observations in the data covar-
iance matrix, and did not introduce any relative
weighting between the data sets. In a region of very
localized subsidence in the southwest rift zone, we
increased the leveling data errors at 4 sites by a factor
of 10 so that they would not influence the model.

The best-fitting model was found using a random
cost search algorithm (Berg, 1993). This algorithm
introduces an element of randomness in such a way
as to maximize the likelihood of finding the true
global minimum, and not a local minimum. In addi-
tion, the random cost algorithm is run several hundred
times from randomly selected starting models, ensur-
ing that the parameter space is adequately covered.
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This method has been used to successfully find the
best-fitting model from surface deformation data in
several tectonic and magmatic studies (Murray et al.,
1996; Owen et al., 2000).

4.1. Summit reservoir deformation

Models previously used to represent pressure
changes within the Kilauea magma reservoir include
simple Mogi spherical point sources of dilatation
(Delaney et al., 1993; Dvorak and Dzurisin, 1993;
Mogi, 1958; Yang et al., 1992), ellipsoidal point
sources (Davis, 1986), finite spherical (Delaney and
McTigue, 1994) and ellipsoidal chamber sources
(Yang et al., 1988), and vertical (dike) or horizontal
(sill) rectangular dislocation sources (Delaney and
McTigue, 1994; Ryan et al., 1983). Initial model
inversions used a Mogi spherical point source, but
we found that use of a collapsing sub-horizontal sill,
characterized by a horizontal dislocation element with
negative opening, gave a better fit to the data. This is
consistent with other volcanic studies have found that
a sill fits the surface deformation better when the
magma chamber is shallow (3—4 km deep) and there
is dense surface deformation data (e.g. Amelung et al.,
2000).

4.2. Deformation associated with the Kalapana
earthquake

The horizontal displacements computed from the
trilateration, leveling, and tilt observations provide
abundant constraints for the deformation events asso-
ciated with the Kalapana earthquake. We begin with
the simplest possible earthquake source, a uniform
slip detachment surface, as proposed by Ando
(1979) and find the predicted displacements give an
adequate representation of some general patterns of
what was observed (Fig. 8). Yet, substantial residuals
remain. In particular, displacements along the western
and eastern south flank are strongly underpredicted
and level and tilt observations are also not well
matched, in particular near the summit region.

We therefore consider additional sources of defor-
mation that apparently played a role in the deforma-
tion sequence. To develop an adequate model of the
event, we require substantial rifting along the south-
west rift zone, deflation of the magma reservoir

beneath the summit caldera, and some rifting along
the east rift zone. Slip along the Hilina fault system is
also apparent in the data, but is not included in the
elastic model due to the apparent complexity of the
three-dimensional geometry of the faults. Instead, as
previously discussed, we exclude data clearly affected
by shallow Hilina faulting.

Fig. 9 shows the model with these added complex-
ities; this model decreases the leveling residuals sig-
nificantly, and overall provides a 71% reduction in the
total data misfit. We determined this model by solving
for the geometry and displacement discontinuity on
four dislocations. The first three dislocations are per-
mitted opening displacements only, and their a priori
locations are roughly placed near the east rift zone,
southwest rift zone and summit caldera. We further-
more constrained the dip angle for the rift zone to be
90° (vertical) since we do not have the surface mea-
surement density near the rift zones to adequately
constrain the dip of the rift zone. In studies of more
recent south flank deformation that had greater data
coverage around the rift zones, the observations have
also been consistent with vertical, or near vertical rift
zones (Owen et al., 2000). Because of the small
subsidence values on the north flank, model inver-
sions favor an unrealistically shallow fault plane. As a
result, we require that the detachment fault be located
at 8 km or greater depth so that the model result would
be consistent with the fault plane depth as estimated
by the seismic data. While it is possible that there was
slip on shallower fault planes or internal deformation
within the south flank triggered by the earthquake, we
are primarily concerned with the fault slip along the
rupture plane for the Kalapana earthquake. No other
constraints are imposed in the non-linear inversion.
The model parameters for the best-fit model are given
in Table 1. It should be noted that this model is not
unique and there are uncertainties associated with
these model parameter values. We do not attempt to
quantify extensively the model parameter uncertain-
ties, but will note that the summit model parameters
are the best determined of the values. The quantifica-
tion of our dislocation model errors would not be that
enlightening since these uncertainties would not
account for unquantified errors in the coseismic data
(i.e., postseismic deformation that is impossible to
independently quantify and remove) and the unquan-
tified errors associated with our modeling assumption
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Fig. 8. Single fault dislocation model of Kalapana earthquake computed from non-linear inversion of trilateration, tilt, and leveling data. We
exclude data that is affected by shallow deformation of the south flank due to Hilina fault slip (Figs. 5 and 6). (A) Tilt observations (solid black
vectors) and model-predicted values (open blue vectors), (B) vertical displacement from leveling (plotted as residuals), and (C) trilateration data,
excluding data affected by shallow deformation due to Hilina fault slip. The red lines indicate the surface projection of the fault plane. The 1975
M7.2 earthquake epicenter is shown with a blue star. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

of using dislocations in a homogeneous elastic half-
space.

Once the geometry of all four sources was deter-
mined, we further discretized the detachment fault
into smaller dislocation planes, to allow for some
slip heterogeneity on the irregularly shaped rupture.
This fault plane area was increased, since the uniform
slip model could be a conservatively small estimate of
fault plane area that slipped in the earthquake. In order
to represent our decreasing ability to constrain slip
estimates with distance from the coast, the size of the

discretized patches increases with distance offshore
(Fig. 10). For the distributed slip model, we follow
the methodology outlined in Harris and Segall (1987)
and in Owen et al. (2000). In this case, however, the
inversion is not a completely underdetermined pro-
blem since we have 402 data parameters from the
leveling, tilt, and EDM measurements, and a total of
77 model parameters. We still use a singular value
decomposition to calculate the weighted least squares
estimate of the inversion. We use a finite difference
approximation of the Laplacian to impose smoothness
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constraints on the final slip distribution for the portion
of the decollement beneath the subaerial edifice (Har-
ris and Segall, 1987; Menke, 1989). We also use a
bounded value least squares algorithm (Stark and
Parker, 1995) to put positivity constraints on all of
the fault slip and rift opening estimates. No constraint
was put on the summit sill collapse value, which was
estimated simultaneously with the rift opening and
fault slip. The fault slip values for the fault patches
were required to be between 0 and 12 m (where
positive slip is defined as seaward-directed dip-slip).

If no upper bounds are put on the fault slip, the
estimated fault slip values can be as high as 30 m,
but in a small, concentrated region just offshore of the
south flank. By applying an upper bound of 12 m, we
do not increase the data misfit significantly and we
obtain a more realistic pattern of fault slip. The rift
zone opening was constrained to be between 0 and 5
m. This maximum allowable rift opening value was
chosen to keep the misfit to the north flank leveling
data minimal. It is possible that some sections of the
rift zone decreased in volume during the eruption, for
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Table 1

Parameter estimates for uniform slip model. Length is dislocation length along strike, width is dislocation length perpendicular to strike (down-
dip), depth is defined as the distance to the middle point of the lower dislocation edge, and the positions are the coordinates for middle point of

the lower dislocation edge

Source Len (km) Wid (km) Depth (km) Strike Slip/opening (m) Latitude Longitude
Fault 41 41 8.4 65 7.1 19.309 —155.210
Summit sill 5.4 1.4 3.7 334 —52 19.401 —155.277
SW rift 11 4 6.2 58 33 19.348 —155.316
East rift 28 4.2 7.6 68 53 19.396 —155.098

# Parameter values were fixed to those values in the model inversion.

instance if magma stored within the rift zone migrated
from one area to another within the rift zone. How-
ever, in regions where we have strong control on the
rift zone deformation, the data is consistent with pure
extension across the rift zone. Inversions that allowed
collapse along the rift zone only showed negative rift
opening in regions where there were relatively poor
constraints on the model.

The deformation data did not put strong constraints
on the offshore fault slip values, and the initial dis-
tributed slip inversions tended to have the largest slip
values on the fault patches that were furthest off shore
(and therefore least constrained by the data). These
models also had total geodetic moment values that
were significantly larger than the Ma et al. (1999) and
Nettles and Ekstrom (2004) estimates. Therefore we
required that the distributed slip inversion produce an
offshore uplift volume of 1.92 km?, the uplift volume
produced by the dislocation model used by Ma et al.
(1999). This is not as large as the estimated 2.5 km?®
volume of water displaced to produce the tsunami, but
we are not including in our model deformation related
to the Hilina Pali faults, which probably caused sig-
nificant uplift offshore.

4.3. Estimated sources of deformation

4.3.1. Caldera collapse

Subsidence of up to 1.5 m near the caldera during
the 1975 earthquake suggests rapid draining of the
shallow magma reservoir, presumably due to magma
motion into the opening rift zones immediately fol-
lowing the event (Delaney et al., 1993; Dzurisin et al.,
1980; Klein et al., 1987). Our non-linear inversion for
the size and depth of the caldera source element finds
it to lie in the same region as inversion studies of
previous caldera events (Delaney and McTigue, 1994;

Dvorak and Dzurisin, 1993; Yang et al., 1992). In the
uniform slip model, the element is located at 3.7 km
depth and has a negative opening of 5.2 m, suggesting
removal of about 0.04 km>. This compares with pre-
vious estimates of 0.04-0.09 km® (Dzurisin et al.,
1980). The distributed slip inversion gives a negative
opening value of 5.6 m, giving essentially the same
volume loss.

4.3.2. Rift opening

Rift opening associated with the Kalapana earth-
quake is evident in localized subsidence of up to 1 m
across the upper southwest rift zone (Fig. 5). Subsi-
dence occurred in the same location as during pre-
vious rift intrusions, which are also well located by
their associated shallow seismicity (Klein et al.,
1987). It is also evident in the low values of subsi-
dence measured on the north flank. A thrust-faulting
earthquake of the size of the Kalapana earthquake
should produce significant broad regional subsidence
along the section of the leveling line that runs from
Hilo to the volcano summit. The absence of this broad
subsidence signature can be explained by opening
within the deep rift zone, which would cause uplift
that cancels out the earthquake-related subsidence.

Unfortunately, the trilateration data does not put
much constraint on the opening magnitude and the
length and depth of the opening rift segment. The
opening was inferred to be in the mid-to-deep section
of the southwest and east rift zone. Opening along 28
km of the east rift zone provided the best fit the
geodetic data. We found that only a short section of
the southwest rift zone experienced opening of 3.3 m,
even though there was significant deformation
observed in the trilateration data in the lower south-
west rift zone. This section of the southwest rift zone
corresponds to the same region as that of the 1974
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Fig. 10. Slip and opening distribution inferred from tilt, leveling and trilateration data. (A) View of deflation of summit sill, opening of rift
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the epicenters from immediately following the mainshock until September 1977. Note that the majority of the aftershocks on the south flank
occur in regions of low fault slip, except for around the actual initiation point of the rupture.

intrusion. Although we removed estimated displace-
ments associated with this intrusion, there may have
been significant post-intrusion and pre-earthquake
extension in that region.

The pattern of rift opening in the distributed slip
model is relatively smooth along the east rift zone,
with the opening being larger along the deeper seg-
ments of the model. Within the southwest rift zone,
the distributed opening model shows a more localized

region of extension. This result is strongly constrained
by the high density of leveling and tilt data in this
region, although the model is complex in this region,
with closely spaced dislocations from different ele-
ments of the magmatic system.

The total estimated volume of opening within the
rift zone was 0.8 km® in the uniform slip model and
0.9 km® in the distributed slip model. This volume is
an order of magnitude greater than the summit volume



16 S.E. Owen, R. Biirgmann / Journal of Volcanology and Geothermal Research xx (2005) xxx—xxx

collapse. The discrepancy in these volume estimates
may be related to differences between the volume
change estimated by simple elastic models, and the
actual magma volume. Considerations like the pres-
sure dependence of the magma volume may be impor-
tant in order to accurately compare the summit
volume collapse with the amount of opening in the
rift zone. In addition, some of the rift zone opening
may be due to mismodeling of extension that actually
occurs on buried normal faults.

4.3.3. Detachment slip

The observed EDM displacements of 5 m or more
are consistent with large displacement along a detach-
ment fault at the base of the volcano. The fault plane
that best fits the geodetic data, assuming uniform slip,
is a 41-km-wide, sub-horizontal square with its north-
eastern corner roughly located at the rupture initiation
point. The estimated depth is 8.4 km. The estimated
slip is 7.1 m, which results in a geodetic moment of
3.6 x 10%° Nm assuming a rigidity of 30 GPa. When
we allow spatial variation in the slip along the detach-
ment, some new features in the fault slip pattern
appear. There are local maxima in the fault slip
south of the rupture initiation point, along the coast
in the central section of the south flank, and also
along the lower southwest rift zone. The high slip
in the lower southwest rift zone is a persistent feature
of the inversions, even when we constrain the edges
of the detachment to have low slip values. However,
there is likely some deformation in the lower south-
west rift zone that was not related to the Kalapana
earthquake. There was significant seismicity in this
region (Fig. 7) in response to the 31 December 1974
rift intrusion and so there is some ambiguity as to
whether or not the slip in the southwest rift zone is
related to the Kalapana earthquake or the 1974 rift
intrusion. The total geodetic moment for the distrib-
uted slip model is 4.1 x 10?° Nm. The pattern of slip
shows the highest fault slip values in regions where
there are few aftershocks.

5. Discussion
We find that a combination of near-surface shallow

slumping, volcanic deformation sources and slip on
the detachment fault near the base of Kilauea’s edifice

is required to explain the observed surface displace-
ments from the Kalapana earthquake. Despite the
significant number of model parameters we signifi-
cantly misfit the data, as is expressed in a 75%
reduction of variance, which leaves 25% of the signal
unexplained by the model sources of deformation (see
Fig. 9 and Fig. 11 for model misfit). As the complex
shallow deformation due to slip on the Hilina faults is
not appropriately modeled with elastic dislocations,
we removed the geodetic surveys in the hanging wall
of the Hilinas from the model inversion. We follow
Delaney et al. (1993) in arguing that the remaining
misfit is unlikely to be due only to overly optimistic
data error estimates. Rather, the remaining misfits are
likely a reflection of the complexity of Kilauea defor-
mation, as well as being due to significant contrast in
the material properties of the south flank, the rift
system and the old oceanic crust (Du et al., 1994).
While we believe that our models reveal much of the
processes taking place during and immediately fol-
lowing the 1975 Kalapana earthquake, we realize that
the south flank of Kilauea Volcano is not an ideal
elastic half-space. Our model does not include fault
systems like the Koae normal fault system near the
summit, nor does it allow for internal deformation of
the edifice, which we discuss qualitatively below
(Section 5.3).

5.1. Relationship of deformation with microseismicity

The aftershocks of the 1975 -earthquake are
restricted to a 5-10-km-wide zone bordered by the
Kilauea rift zones to the north and west, and by the
surface trace of the Hilina fault zone to the south
(Figs. 6 and 10b) (Klein et al., 1987; Lipman et al.,
1985). This corresponds to the approximate width of
the high-density dike complex at the base of the
volcanic edifice (Hill and Zucca, 1987). Little micro-
seismicity occurs south of the Hilina fault zone,
despite the large amount of coseismic slip that
occurred there (Fig. 10b). It is likely that the distribu-
tion of microseismicity is not a direct reflection of the
occurrence or magnitude of aseismic slip but differs
depending on the frictional properties of the fault
zone.

Gillard et al. (1996) analyzed 870 focal mechan-
isms occurring between 1972 and 1992 at depths <20
km on Kilauea’s south flank. As focal mechanisms
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hanging wall of the Hilina fault system. These data were not used in the inversion, and show that several meters of displacement at these coastal
sites are not explained by slip along the detachment, even when the total geodetic moment is equivalent to a M, 7.7 earthquake. These residuals
are consistent with shallow slumping along the Hilina Pali fault system, as discussed in more detail by Cannon et al. (2001). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

give some indication on the state of stress in the crust,
we can compare the seismic results with our 1975
earthquake model. Detachment events represent about
50% of all events in the 20-yr period, there have been
no strike-slip events at all. In the 3 yr prior to the
Kalapana earthquake no normal faulting events
occurred east of latitude — 155 °10°W. Normal fault-
ing on NE striking faults occurred in the year prior to
the event in a broad zone SE of the SW rift zone,
possibly related to detachment slip associated with the
31 December 1974, southwest rift intrusion. Other-
wise the pre-earthquake south flank seismicity was
characterized by reverse and detachment focal
mechanisms at 611 km depth. In particular, reverse
faulting events occurred at a maximum rate in the 3

pre-Kalapana years suggesting that the south flank
was under compression in that time period across
much of its width.

Following the 1975 ecarthquake normal faulting
initiated north of the Hilina faults, suggesting tension
in that region. This agrees with our conclusion that
slip occurred predominantly south of the Hilinas. In
agreement with a tensile postseismic stress regime are
the 24 east rift intrusions that occurred since the event
(1975-1986) (Klein et al., 1987). Detachment events
occurred at a high rate since the event and increased in
the eastern south flank around 1985. These events
accompany continued south flank seaward motion
since the event (Delaney et al., 1993; Owen et al.,
1995).
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5.2. Segmentation of south flank deformation

Lateral, strike-slip dominated boundaries of the
mobile south flank block are not well defined. Bathy-
metric data suggest an offshore lineament coincident
with the western boundary of the mobile zone. Morgan
et al., 2003, present evidence for ~3 km of right lateral
displacement along this lineament in the vicinity of
Papa’u seamount, however, no obvious signs of right-
lateral shear have been observed on land (R. Fiske
personal communication, 1994). The offshore ridge
appears to be linked to the western termination of
large Hilina scarp heights as well. Denlinger and
Okubo (1995) suggest that shear is taken up through
oblique opening along the southwest rift zone of
Kilauea. However, both the 1975 coseismic motions,
as well as the south flank motions currently measured
by GPS (Owen et al., 2000) diminish well to the east of
this boundary. Therefore, very large shear strains must
have accumulated in this region in the last 20 yr. This
small portion of the active south flank may represent a
potential future M~6 earthquake source. Alternatively,
the southwest rift zone is itself mobilized by detach-
ment faulting of Mauna Loa’s south flank in 1868-type
earthquakes (Wyss, 1988). This region also releases
strain in M~6 earthquakes, as shown recently by the
1999 M5.9 earthquake on the detachment fault under-
neath Mauna Loa and the southwest rift zone. While
the edge of the detachment fault in the uniform slip
model of the 1975 event ended well to the east of the
southwest rift zone, the distributed slip model showed
up to 12 m of slip in this region. Due to the nature of
trilateration data, there are relatively weak constraints
on the orientation and magnitude of the vectors in this
region. The observed vectors change significantly
depending on which model is used to estimate the
displacements using a model-coordinate solution.
However, given that very little displacement has
been seen in this region since 1975 except for the
1999 M5.9 earthquake (Delaney et al., 1998; Owen
et al., 2000), it is possible that this is a region of the
detachment fault that ruptures in seismic events and
does not experience the aseismic creep observed
underneath the central south flank.

Northwest oriented lineations of low electrical
resistivity on the eastern south flank (Flanigan and
Long, 1987) may indicate left-lateral tear faults that
bound the detached block to the east. These lineaments

may be related to the segmentation of the detachment,
but there is no well-expressed topographic signature of
this deformation. Another northwest trending high
conductivity zone near the eastern end of the east rift
zone coincides with the eastern boundary of the 1989
aftershock zone, and may delineate the eastern extent
of the south flank block. Offshore studies also see
some evidence for an eastern boundary, with seismic
reflection data showing contrasting structure of the
submarine flank across this eastern boundary zone
(Hills et al., 2002) and Morgan et al. (2003) finding
evidence for an old landslide scar in this same region.

The 1989 earthquake rupture zone (Arnadottir et al.,
1991) abuts the 1975 slip plane at its eastern edge. That
is, the 1989 event extended the slipped portion of the
detachment system to the east. Slip in the 1989 earth-
quake was much less than in 1975, suggesting that
either the slip rate (and associated rift expansion rate)
diminishes to the east, or that less of a slip deficit
remained from the 1868 ecarthquake that ruptured
much of the south flank detachment system bounded
by Mauna Loa’s and Kilauea’s rift zones (Wyss, 1988;
Wyss and Koyanagi, 1992b). The aftershock regions
appear to correlate mostly to regions north of the max-
imum slip in the two events. Little seismicity before or
after the earthquakes is observed over much of the
detachment surface south of the Hilina faults.

The 1975, 1989, and several smaller earthquakes
have all nucleated from the same region of the south
flank, although they don’t necessarily propagate in the
same direction. From an analysis of the south flank
microseismicity, the Kalapana region has been identi-
fied as a region that experiences recurring periods of
quiescence, which may be precursors to earthquakes or
related to magmatic activity in the east rift zone (Diet-
erich and Okubo, 1996). This region has not shown up
as strongly anomalous region in the more recent cam-
paign GPS data (Owen et al., 2000), although it is on
the eastern edge of the creeping zone. Continuous GPS
data is currently being collected above this nucleation
region and drastically increases our temporal resolu-
tion of deformation in this area.

5.3. Role of Hilina faulting in coseismic south flank
deformation

Ground deformation and faulting in the 1975 earth-
quake was nearly continuous along a 25-km-long
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zone of the Hilina Pali fault system. The largest
normal offsets occurred along the northernmost scarps
and no apparent fault slip can be recognized east of
the epicenter. Total vertical offsets along the fault
zone measured up to 2.5 m, about 60% of the total
coastal subsidence. This suggests that the fault zone
represented a rather significant component of the
coseismic deformation and plays an important role
in the internal deformation of Kilauea’s south flank.
We find that horizontal displacements of as much as 8
m and subsidence in excess of 3 m between Kaaha
and Apua are difficult to explain unless detachment
slip of as much as 35 m occurred in that region.
Residuals at these coastal sites using the distributed
slip model (Fig. 11d) show that even 12 m of slip
along the detachment falls several meters short of
predicting the full displacement vectors. The residual
vectors show an increasing trend with distance from
the fault scarp, which is consistent with shallow listric
faulting. Back tilting of the hanging wall of two Hilina
faults is evident in the leveling line up the Chain of
Craters Road (Lipman et al., 1985). The amount of
back tilting is compatible with a relatively shallow
listric fault geometry that is decoupled from the pri-
mary rupture at depth (Cannon et al., 2001) (Fig. 1b).

5.4. Slip-distribution on the main rupture

The distribution of slip on the detachment fault
shows most of the slip occurring closer to the coast
and offshore region than do the focal mechanisms of
subevents proposed by Harvey and Wyss (1986) from
forward modeling of two strong motion records. We
tested inversions that added a strike-slip component to
see if we could resolve systematic variations in the
rake, but the changes in the model estimate appeared
somewhat randomly oriented.

5.5. Comparison with tsunami data

Observations of the timing and magnitude of the
tsunami generated by the Kalapana earthquake pro-
vide additional constraints about the 1975 events.
Models developed to explain the tsunami differ sig-
nificantly (Ando, 1979; Ma et al., 1991, 1999), how-
ever, most studies suggest source areas in excess of
2000 km?* with average displacements of about 1 m
displacing a volume of ~2.5 km® (Ma et al., 1999).

The large size of the tsunami compares favorably with
the seismic moment suggested by Nettles and Ekstrom
(2004) and also with aseismic shallow slumping dur-
ing the event (Ma et al., 1999). The source investiga-
tion by Ma et al. (1999) suggests an origin of the
tsunami near the toe of the Hilina slump, defined by
the offshore bench shown in Fig. 2. The preferred
model is a slump with 1 m of subsidence along the
coast and 1 m of uplift offshore, but a wide dislocation
model, similar to the one we present here, also satis-
fies the data (Ma et al., 1999). Ma et al. (1999) prefer
the slump model because it is more compatible with
the lack of aftershocks offshore and the coastal defor-
mation. We can fit the volume of uplift estimated by
the wide dislocation model of Ma et al. (1999)
(1.92 x 10* km®) and also provide a reasonable fit to
the geodetic data using the distributed slip model.
While the uplift volumes for these dislocation models
are less than the inferred volume of water displaced
(2.5 % 10°> km®), both our study and Ma et al. (1999)
ignore shallow faulting along the Hilina Pali, which
could provide some significant offshore uplift if we
assume that these normal faults curve into a shallow
detachment fault at 3-5 km depth (Cannon et al.,
2001).

5.6. Post-earthquake vs. coseismic deformation

In the two decades since the Kalapana earthquake,
the summit of Kilauea continued to subside adding
another 2 m to the 1.5 m of coseismic lowering,
accompanied by 2.5 m of post-earthquake extension
across the summit (Delaney et al., 1998). Slight con-
traction of trilateration baselines across the south flank
from 1976 to 1981 gave way to insignificant exten-
sional strains from 1981 through 1995. Owen et al.
(2000) find that 16-cm/yr basal shear and deep-rift
opening can explain GPS (Global Positioning System)
measurements from 1990 to 1996; this GPS study also
shows slight extension across the south flank, oppo-
site of the contraction seen prior to the 1975 Kalapana
event. It is not clear if this mostly aseismic fault slip is
due to postseismic adjustments or if aseismic creep on
parts of the detachment system occurs continuously
between seismic events. The aseismically slipping
surface, not very well defined, apparently reaches
from the rift zones to at least 20 km from the rift
zones, as measured perpendicular to the strike of the
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east rift (Owen et al., 2000). The lateral extent of rapid
ongoing surface displacements and the 1975 deforma-
tion are about the same, suggesting significant overlap
of fault slip 20 yr after the event with the coseismic
rupture. Whereas crustal deformation data collected
since 1975 indicates concurrent rift opening and aseis-
mic basal fault slip (Delaney et al., 1990; Denlinger
and Okubo, 1995; Owen et al., 1995) the rift zone was
compressed by rift intrusions in the 80 yr before the
1975 earthquake (Swanson et al., 1976). There is little
evidence of significant elastic strain accumulation
since the Kalapana earthquake (Delaney et al., 1998)
in marked contrast to the observations in the years
leading up to the event.

5.7. The 1868 M7.9 Kau earthquake

The 2 April 1868 Kau earthquake was preceded
by significant magmatic activity of Kilauea and
Mauna Loa and 5 days of heavy foreshocks punctu-
ated by a large event in southern Kau district (Hitch-
cock, 1912; Wood, 1914). Subsidence of 1.2 to 2.4 m
along the southeast coast of Hawaii (Hitchcock, 1912)
resembled that observed in 1975. In 1975 the max-
imum drop of 3.5 m occurred near Halape (Fig. 2). In
1868 the coastline segments that subsided more than 2
and 3 m were approximately 100 and 70 km long,
respectively, with the maximum values near Apua
(Wood, 1914; Wyss, 1988; Wyss and Gillard, 1992).
Hitchcock (1912) reports extensive faulting (seaward
settling) along the Hilina fault system. Eruptions were
observed both along the southwest rift zone of Mauna
Loa and Kilauea immediately following the earth-
quake (Hitchcock, 1912; Tilling et al., 1976). The
Kilauea southwest rift apparently fractured along
much of its length, widening and opening by more
than 5 m and showing some evidence for strike-slip
motion (Wood, 1914).

Observations of tsunami heights at destroyed vil-
lages along the coast and on the other Hawaiian
islands (Wood, 1914) also suggest a rupture that was
larger but similar in nature as the 1975 event. Wyss
(1988) estimates the magnitude of the 1868 event to
be about 7.9 (M,>10 ' Nm) and suggests a 50 by 80
km rupture plane centered 50 km SW of the 1975
epicenter. The above observations suggest that the
1868 rupture did break from the southwest rift of
Mauna Loa across Kilauea’s south flank and that

slip increased east and south of Kilauea’s southwest
rift. Assuming a similar mechanism of subsidence and
tsunami generation, we find that the magnitude of slip
in the Kilauea portion of the rupture may have been
comparable to those in 1975. If the 1975 earthquake
released the accumulated strain on the basal detach-
ment since the 1868 rupture, we may expect similarly
sized ruptures on a ~100 yr cycle. The strain accu-
mulation on the detachment fault, which is potentially
due to the growth and extension of the rift zones, is
likely less uniform and steady-state than along plate-
bounding faults. However, the magma supply rate for
Kilauea Volcano is remarkably uniform compared to
other volcanoes around the globe. The lack of any
observed significant strain accumulation on the south
flank since the 1975 rupture would be consistent with
the south flank still being at the early stages of a new
earthquake cycle.

6. Conclusions

The geodetic observations from the 1975 Kala-
pana earthquake show a complex pattern of deforma-
tion. The large earthquake on the volcano’s basal
detachment triggered faulting along the Hilina Pali,
extension within the rift zone, and a summit eruption
and collapse of the summit magma chamber. The
dense leveling and tilt data collected around the
caldera put tight constraints on the summit deforma-
tion. We are able to fit the observations best with a
collapsing sill at 3.7 km depth underneath the sum-
mit caldera, and estimate 0.04 km® of summit defla-
tion associated with the earthquake. EDM data and
leveling data collected on the south and north flank,
respectively, allow us to image the slip along the
basal detachment and opening within the rift zone. In
order to attempt to remove the first order effects of
shallow slumping along the Hilina Pali faults, we
model only data collected north of this fault system.
The leveling data requires both opening within the
southwest rift zone at mid-range depths and deep
extension within the east rift zone. We find that
the amount of fault slip required on the basal detach-
ment by the geodetic data is consistent with the
larger moment estimates from tsunami observations
and recent analysis of the long period seismograms.
We also find that the majority of the fault slip
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occurred to the south and west of the hypocenter,
and south of the region of microseismicity.
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