JOURNAL

OF GEOPHYSICAL

RESEARCH, VOL. 93, NO. B7, PAGES 8083-8084, JULY 10, 1988

Reply
HOLLY

K. EISSLER

Institute of Geophysicsand Planetary Physics,ScrippsInstitution of Oceanography
University of California, San Diego, La Jolla
HIROO

KANAMORI

SeismologicalLaboratory, California Institute of Technology,Pasadena

We showed that the long-period seismicradiation from the
November 29, 1975, Kalapana Hawaii earthquake, which involved seaward displacementof the south flank of Kilauea
volcano, was best explained by invoking a near-horizontal
singleforce as the kinematic sourceof the earthquake [Eissler
and Kanamori, 1987]. In particular, the azimuthal dependence
of 100-s Love surface waves is difficult to explain by a conventional double-couple source. The unusual Love wave pattern
was noted by Ando [1979] but not explained until our suggestion of the single-force source model. As explained in our
paper, a two-lobed Love wave radiation pattern could be producedby a double-couplesourceonly if the fault dip angle • is
very nearly zero. At • = 2.5ø, the sin • (two-lobed) and sin 2•
(four-lobed) terms already give equal contributions to the
radiation pattern, and when • = 4.5ø, the azimuthal pattern is
essentiallyfour-lobed.Thus the only geometrythat producesa
two-lobed radiation pattern with the double-couple source is
that of a very flat fault plane, and the fault plane must remain
flat throughout the rupture process.The single-forcemodel
does not have this restriction, and the force dip can be inclined to horizontal and still produce the observedtwo-lobed
pattern. There is also another problem. If the fault plane is
purely horizontal at zero depth, no Love wave energy is produced by the double-couplesource. Thus, as the fault dip
approacheszero for shallow earthquakes,the seismicmoment
must becomevery large to explain any appreciableLove wave
energy.For example, the seismicmoment required to generate
the Love wave amplitudes observed in the Kalapana earth-

quakewith the .double-couple
sourceincreases
by a factorof 4
as the fault angle decreasesfrom 10ø to 0ø for a source depth
of 10 km. Ando [1979] rejectedmodels with •i = 0 becausethe
seismicmoment required to match the observedsurfacewave
amplitudes would produce crustal deformation much larger
than that observed.He found that a dip angle of 20ø best fits
the observedsubsidenceand tsunami patterns.
Wyss and Kovach [this issue] refer to Figure 4 of our paper,
which is simply a reproductionof Ando's [1979] results,and
argue that the radiation pattern can be interpreted as either
two-lobed or four-lobed. Ando [1979] measured gross time
domain Love wave amplitudes from as many World-Wide
Standard SeismographNetwork (WWSSN) stations as possi-

fects.We restricted ourselvesto the G2 passage,as G x can be
contaminated by multiple S phases and G3 is approaching
noise level at most stations. We used several analog records
from HGLP (high gain long period) instrumentation,not used
by Ando [1979], which had improved long-period responseat
100 s. To assurethe best possibledata from WWSSN stations,
we usedonly recordswith higher gains.The appropriate referenceto our resultsis Figure 7 of Eisslerand Kanarnori [1987],
which shows a clear and unmistakable

radiation

maximum

at

the azimuth where the four-lobed radiation pattern of the
double-couplesourcepredictsa node. Recent work with more
HGLP data shows that the two-lobed pattern persistsout to
periods of at least 225 s.
The two-lobed Love wave pattern is an important feature of
the Kalapana earthquake and cannot be dismissdas unreliable because of fault complexity, as Wyss and Kovach attempt to do. Although we expect seismicradiation at short
periodsto show the effectsof rupture complexity,long-period
(T > 50 s) waves have been successfully
used to correctly determine the overall source geometry of earthquakes for many
years.

Harvey and Wyss [1986] appealed to variations in fault
orientation to explain the complex nature of accelerograms
recorded at two stations from the Kalapana earthquake. Their
results are reproduced in Figure 2 of the comment by Wyss
and Kovach. Note that several of the subevents have dip
angles of about 10ø or greater, which would certainly dominate the radiation pattern of surface waves, causing the Love
wave radiation pattern to be four-lobed, if this were representative of the overall source processof the earthquake. Yet
the observed pattern is clearly not four-lobed. In proposing

the single-forcemodel, we acknowledgedthat the first motion
data, or short-periodradiation suchas the accelerogramsused
to infer these subevents,may very well be best explained by a
conventional double-couplesource.Our paper addressedthe
long-period radiation only.
Wyss and Kovach misunderstoodthe point in our statement that the south flank of Kilauea

is mobile and had under-

gone extensionsof severalmetersin the last century.We have
no disagreementwith the observation of short-term contrac-

tion events on Kilauea's south flank that may reflect cyclical
ble of Gx, G2, and G3 passages.In Eissler and Kanamori changesin the volcano'smagmatic system.We would expect
[1987] we improved the Love wave pattern in several ways. to see crustal shortening and compressionprior to the earthFirst, we looked only at 100-s spectral data, eliminating short- quake, regardlessof whether it was gravity-driven or magmaer periods perhaps affected by heterogeneitiesand source ef- driven, since there will always be a frictional force on the
failure plane or planes that must be overcome. Our point is
that the long-term deformational character of the south flank
Copyright 1988 by the American GeophysicalUnion.
shows extension, or seaward displacement.We do not think
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we misinterpretedthe facts presentedin the detailed deformation study of Swansonet al. [1976, p. 13] where they state
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the 1975 Kalapana earthquake,but we believe that our primary conclusionthat the long-periodLove wave radiation

Long-term horizontal displacements,as measured over periods of
years to decades, are of considerable magnitude at Kilauea ....
The

entire

south

flank

moved

southeastward

in

a direction

almost exactly perpendicular to the east riff zone and the Koae
fault system; this direction is more nearly perpendicular to the
trend of the riff zone as a whole

than to individual

patterncan be bestexplainedby the singleforcewill remain
unchanged.We thank Wyssand Kovach for this opportunity
to clarify our results.
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