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Deep fault plane geometry inferred from multiplet relative
relocation beneath the south flank of Kilauea
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Abstract. Dense microearthquake swarms occur in the upper south flank of Kilauea, providing
multiplets composed of hundreds of events. The similarity of their waveforms and the quality of
the data have been sufficient to provide accurate relative relocations of their hypocenters. A simple
and efficient method has been developed which allowed the relative relocation of more than 250
events with an average precision of about 50 m horizontally and 75 m vertically. Relocation of
these events greatly improves the definition of the seismic image of the fault that generates them.
Indeed, relative relocations define a plane dipping about 6° northward, although corresponding
absolute locations are widely dispersed in the swarm. A composite focal mechanism, built from
events providing a correct spatial sampling of the multiplet, also gives a well-constrained
northward dip of about 5° to the near-horizontal plane. This technique thus collapses the clouds of
hypocenters of single-event locations to a plane coinciding with the slip plane revealed by
previous focal mechanism studies. We cannot conclude that all south flank earthquakes collapse to
a single plane. There may locally be several planes, perhaps with different dips and depths
throughout the south flank volume. The 6° northward-dipping plane we found is too steep to
represent the overall flexure of the oceanic crust under the load of the island of Hawaii. This plane
is probably an important feature that characterizes the basal slip layer below the upper south flank
of Kilauea volcano. Differences in seismicity rate and surface deformations between the upper and
lower south flank could be related to the geometry of this deep fault plane. The present work
illustrates how high precision relative relocations of similar events in dense swarms, combined
with the analysis of geodetic measurements, can help to describe deep fault plane geometry.
Systematic selection and extensive relative relocation of similar earthquakes could be attempted in
other well-instrumented, highly seismic areas to provide reliable basic information, especially

useful for understanding of earthquake generation processes.

Introduction

Kilauea Volcano has many geological features of major
interest. Indeed, Kilauea Volcano, built on the southeast
flank of Mauna Loa Volcano, exhibits beside the caldera,

two large rift zones delimiting the south flank, which -

slides seaward. Other volcanoes (Piton de la Fournaise,
Etna, Mount St. Helens) present more or less similar
sliding structures. But only at Kilauea Volcano is there
almost continuous seismic and eruptive activity, as well
as a high horizontal strain rate, related to this movement.

Tectonics and seismicity of the south flank of Kilauea
have been extensively studied [Swanson et al., 1976;
Ando, 1979; Wyss et al., 1981; Crosson and Endo, 1982;
Eissler and Kanamori, 1987; Klein et al., 1987; Thurber
and Gripp , 1988; Wyss and Kovach, 1988; Arnadottir et
al., 1991; Bryan and Johnson, 1991; Bryan, 1992]. These
authors all stress the need for a subhorizontal fault plane
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at the base of the volcanic pile on the oceanic crust at a
depth of about 9 km to explain the seaward movement of
the south flank. This fault plane has been inferred from
geodetic measurements [Swanson et al., 1976;
Arnadottir et al., 1991], from focal mechanisms, surface

wave analysis and tsunami records after the Kalapana
(1975, M s = 7.2) earthquake [Ando, 1979] but never
directly determined from simple earthquake hypocenter
locations. Indeed earthquake locations are distributed in
ellipsoidal volumes, whose major axis is roughly
vertical, ranging from 5- to 10-km depth [Klein et al.,
1987]. This distribution does not define a fault plane
[Arnadottir et al., 1991]. Crosson and Endo [1982]
hypothesize that most of the vertical scatter was due to
location errors and supported the idea of a sub-horizontal
fault plane. Klein et al. [1987] and Thurber and Gripp
[1988] show hypocentral cross-sections and use the base
of the seismic zone to define the decollement plane. The
use of microearthquake. focal mechanisms leads to
numerous partial results, but also different interpretations
[Crosson and Endo, 1982; Thurber and Gripp, 1988;
Bryan and Johnson, 1991; Bryan, 1992]. Added to the
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uncertainty of the locations, the statistical significance of
the focal mechanisms is difficult to estimate. Studies
from Crosson and Endo [1981] and Klein [1981] show
the dependence of the focal solutions on the velocity
model. :

However, the dense swarms of the northernmost part of
the south flank could provide events close to one another,
allowing the use of a relative relocation method. Such
methods have been used to relocate very similar
microearthquakes in central California [ Poupinet et al.,
1984; Fréchet, 1985], Japan [lto, 1985], Swabian Jura
[Scherbaum and Wendler, 1986], Mount St. Helens
[Frémont and Malone, 1987] and northern Switzerland
[Deichmann and Garcia-Fernandez , 1991]. These studies
generally used few events and cannot infer deep structures
on a large extent from the relocations. In this paper, we
will see if the use of an extensive set of data recorded in a
highly seismic area is able to provide a sufficient number
of very similar earthquakes for us to infer, by simple
relative relocation, useful information concerning the
deep active structures that generate the seismicity.

Data Selection

The data are microearthquakes recorded from 1979 to
1983 by the Hawaiian Volcano Observatory (HVO)
seismic network, which then was composed of 50
telemetered stations distributed throughout the island of
Hawaii (Figure 1). These are frequency-modulated signals
recorded on 1-in magnetic tapes, then demodulated and
digitized at a rate of hundred samples per second. For this
study we use only vertical component seismograms.

These data cover a part of the period of intense seismic
activity following the Kalapana earthquake (November
29, 1975; M 5= 7.2), and come from one of the most
active seismic zones of the south flank of Kilauea
Volcano (Figure 1). Most south flank seismic activity
occurs as dense microearthquake swarms (m; < 3.5). To
retain the greatest possible number of potentially similar
events, we selected small magnitude events (1.0 s m; <
2.5) between 5- and 10-km depth in a small area (Figure
1). This magnitude range contains 80% of the events that
occurred in the volume investigated. To avoid unusable
events, we used only events with more than 12 P wave
first arrival readings. We did not try to use any closeness
criterion to select the set of data, location errors being
possibly larger than the actual interevent distances.
Finally, 1095 events fitting these simple magnitude and
location criteria were collected. They cover the period
from 1979 to 1982. The seismic crisis related to the
eruption of January 1983 is not included in the initial set
of data, and therefore no selected events belong to this
crisis.

Method

The cross-spectral method [Jenkins and Watts, 1968] is
used to perform both multiplet selection and time delay
computation.

Multiplet Selection

We can first define a multiplet as a set, and a doublet as
a pair of similar-appearing events. To characterize the
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degree of similarity of a pair of events, we use the
modulus of the coherency spectrum (or coherency), which
is the smoothed cross-spectrum normalized by the
smoothed autospectra of each windowed seismogram. The
smoothing function of the spectral densities is the
Fourier transform of a Tukey window of order two. The
most concise way to represent the similarity of the whole
set of events with a minimum loss of information is to
compute the coherency for each pair of events. With this
aim, we compute a mean coherency, defined as the
average of the coherency calculated on the first 1.28 s of
the signals recorded on four stations, in the frequency
band 4-12 Hz. The four stations chosen are close to the
common epicenter. They recorded impulsive signals and
operated during the whole period.

Time Delay Computation
Relative Relocation

and Multiplet

A multiplet is relocated from the set of time delays
computed for each doublet in it. Time delay between two
similar signals corresponds to the abscissa of the
maximum of their cross-correlation function. As the
cross spectrum is the Fourier transform of the cross-
correlation function, time delay is proportionnal to the
slope of the cross-spectrum phase. For one doublet,
computation of time delays between two windows of the
signals recorded at each station is therefore carried out
from the weighted linear adjustment of the phase of the
cross spectrum [Poupinet et al., 1984; Fréchet, 1985].
Each window of 1.28 s is first centered on each P time
calculated using a common hypocenter, then aligned to
the closest sample. The weight used is proportional to
the reciprocal of the variance of the cross-spectrum phase:

w2=C2/(1-C2) 90% = C, < 100%
’ M
Wk2 =0. Ck < 90%

where C is the coherency for the kth frequency sample.
Time delays are retained if the mean coherency in the
frequency band 4-12 Hz is greater than 90%.

For very similar signals, this procedure provides more
accurate estimates of time delay than the direct
calculation using a cross correlation function. Time delay
is directly calculated from the linear fit of the cross-
spectrum phase, which avoids any interpolation of the
cross-correlation to obtain its actual maximum.
Coherency is used to weight the fit and allows only high
signal to noise frequency samples to be taken into
account.

Errors ‘in time delay computation can arise from

.coherency drops and from differences in the instrumental

delays introduced during the digitization process carried
out for each event constituting the doublet. Variations in
the coherency C lead to an uncertainty in the time delay
that reaches less than a few milliseconds for coherencies
greater than 90%. Origins of instrumental delays
introduced by a digitization system similar to the one we
used have been carefully discussed by Poupinet et al.
[1984]. Changes in tape speed, total instrumental
response, digitization channel, and telephone line delay
can occur. However, all stations used were digitized on
the same tape, so that there is no need to correct for tape
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Figure 1. Map of Kilauea and adjacent part of Mauna Loa volcanoes, Hawaii, showing rift zones, fault
systems, craters, and epicenters of microearthquakes from the initial selection (dots). Bold open square
shows the limits of the map of the relocated events (Figure 3b). Initial set of data has been selected in a
volume whose limits are 19°16°00” and 19°22'00” (latitude), 155°10'00” and 155°15'00” (longitude), 5-
to 10-km depth. Locations of HVO seismic stations and geodetic benchmarks are indicated by open and
solid triangles, respectively. HULU is the label for Huluhulu geodetic benchmark.

speed variations. In this study, our purpose is not to
relocate some events with an accuracy of a few meters as
performed by Fréchet [1985], but rather to relocate a large
set of events having the largest possible spatial extent'
with a time precision of a few milliseconds. We will see
if the use of a large set of stations, and the use of a
weighting function which rejects aberrant time delays
during the relocation process, will provide sufficiently
accurate results.

To relocate one event of a doublet relative to the other,
we will follow a method derived from that of Fréchet
[1985]. Let us call the coordinates of one event relative
to the other x, y,and z (positive to the east, north, and
down, respectively), T the difference in origin times, and
NSTA the number of stations recording the doublet. We
can write the time delay between two events of a doublet
recorded at the kth station situated at the azimuth Az; and
the take-off angle Ain, from their common hypocenter
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(estimated as the barycenter of both absolute locations) as

AT, = (sin Az, sin Aing x + cos Az sin Aing y
+cos Ain ) /v+ T, (2)

where v is the P wave velocity at hypocentral depth.

In expressing the whole set of NSTA time delays as a
function of x, y, z and T coordinates, we find a system of
linear equations

Gm =d 3

where d is the data vector (time delays) and, for a doublet,
G is a NSTA x 4 matrix containing the partial
derivatives of AT, relative to the unknown vector m =
x,y,z, DT

~ For a multiplet including NEV events recorded by
NSTA stations, (3) is a (sparse) system of NEV(NEV-
1)NSTA/2 linear equations and 4(NEV-1) unknowns.

In the classical earthquake location methods, as in the
Fréchet [1985] method of relative relocation, similar
systems are solved using the Lanczos decomposition of
G. However, as the size of G increases as NEV3, this
computation becomes very expensive for large multiplets
(NEV > 50). First computations with the Lanczos
method have shown that the system was generally well
conditioned, with condition numbers ranging from 20 to
50.

In that case, there is an attractive way to reduce the size
of our system; it consists of following the classical least
squares approach and solving the (weighted) normal
equations

GTC41Gm =GCyld ()]
to find

m = (GTC41G)1GTC41d )

where C4 is the data variance-covariance matrix.

As we can compute directly each element of the matrix
GTC41G by deriving the misfit function relative to m,
there is no need to store G. GTC4!G is a symmetric
positive definite matrix, and the solution m is found by
performing (after an appropriate scaling) the Cholesky
decomposition of GTC4-1G.

It is often useful to relocate p new events relative to n
already relocated events. In that aim, the weighted normal
equations can be written (subscripts refer to dimensions
of the matrices)

(GTC4'G)ap 4p(GTC 371Gy 4(np)) Mg pMy ()T
=GTC d d (6)

and the solution m for the p new relative relocations
becomes
my, = (GTCy1G) Ly, 4 (GTCyd -

(GTC¢'Glap an-pyManp) (1)

Since each time delay is estimated with an error, each
equation will be weighted to take this error into account.
However, time delays are computed with two kinds of
errors: coherency-dependent errors and possible errors due
to different instrumental delays. The use of a weight
merely inversely proportional to the error in the time
delay, which we compute from the linear fit of cross-
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spectrum phase, will therefore not be appropriate, since it
corresponds only to a part of the error and strongly favors
very coherent pairs of signals. To retain a maximum
number of significant time delays and to reject those that
are aberrant (but possibly coherent), we follow Fréchet
[1985] and use the bi-square weighting proposed by
Mosteller and Tukey [1979]:

Wi =max (0,1 - (Ri/(AR nea)*)? ®

where R, = AT, - AT, is the residual on each time delay
ATy, AT, being the theoretical time delay computed for
the kth station after relative relocation, and R4 is the
median of the set of absolute values of R;.

This weight rejects observations that give residuals
whose absolute value is o times greater than the median;
a is usually chosen between 4 and 6.

The initial solution is obtained for unit weights. The

-inversion process is then iterated and the weight is

modified at each step. The process stops when the rms
reaches a minimum value or when the maximum
iteration number is reached. Usual well-coherent
multiplets require two or three iterations to be relocated.

The variance-covariance matrix of the model estimates
is given by:

Cn =(GTC41G)! ()

However, errors computed as the square root of the
diagonal elements of C,, are underestimated, since
uncertainty in G is not taken into account in (9).

This method of relative relocation is much faster and
less expensive in memory requirements than a singular
value decomposition. It allows the use of time delays
computed for the whole set of event pairs, even when
these pairs are numerous. From that point of view, the
method proposed is not a master event technique, as that
used by Frécher [1985], Ito [1985], Scherbaum and
Wendler [1986], Frémont and Malone [1987] and
Deichmann and Garcia-Fernandez [1992]. In a master
event location, each event is relocated relative to only
one event (the master event), no additional constraint
being provided by the other events. The use of all
possible pairs of events strongly increases the relocation
accuracy, which is furthermore no longer dependent on
the choice of a master event. Indeed, in the original
master event technique, a good master event needs to be
coherent with each event, that is, it should occupy a
central position in a multiplet of small spatial extension.
Ito [1985], Scherbaum and Wendler [1986] and Frémont
and Malone [1987] already noticed that the relocation
error increases with distance from the master event.

Results
Multiplet Selection

Coherencies have been computed for each possible pair
of events. Results of the computation of coherencies
(Figure 2) show that numerous pairs of events have a
coherency greater than 90%. Figure 2 is a plot of the
coherency computed for each possible pair of the initial
set of 1095 events. It exhibits numerous highly coherent
pairs (doublets), more or less confined along the main
diagonal, which means that a significant part of the
seismicity occurs during limited crises in time and space.
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Figure 2. Plot of the coherency for all possible pairs of the initial selection (1095 events). (Top) Open
circles: plot of the coherency for the relocated multiplet (252 events). (Bottom) Dots: plot of the
coherency for the nonrelocated part of the initial selection (843 events). Each dot or open circle indicates
a coherence greater than 90% for the corresponding pair of events. Each coordinate is the index of each
event in the chronological list of earthquakes selected. Notice the high number of coherent pairs
(doublets) in the initial selection, and the strong proportion of doublets from the inital selection finally

relocated (top).

The matrix formed by the coherency computed for each
possible pair is used to select similar events and group
them into multiplets. In this study, we define a multiplet
as a set in which each element has at least 90%
coherency with at least 30 other events of the multiplet.
This definition is controlled by two parameters: the
coherency threshold above which a pair is accepted as a
doublet, and the minimum number of events (neighbors)
which can be paired as doublets with each element of the

multiplet. The coherency threshold guarantees the
accuracy of the time delay computation, and the
minimum number of doublets used to relocate each event
of the multiplet has been introduced to limit relocation
ITOrS.

To illustrate the effect of this minimum number of
doublets used to relocate each event, let us define a sensu
lato multiplet and a sensu stricto multiplet. A sensu lato
multiplet is a set in which each element has to be
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coherent with at least one other element of the multiplet.
In that case our data provide a multiplet formed by a
gigantic chain of doublets composed of 837 events.
However, most members of the so-defined multiplet will
be a doublet with only one other element of the
multiplet, and therefore cannot be accurately relocated,
because of error propagation. Alternatively, we can define
a sensu stricto multiplet as a set in which each element
has to be coherent with all other elements of the
multiplet. With our data, this sensu stricto definition
finds multiplets comprising a few events, and therefore
having a small extent.

Using a minimum number of 30 doublets per event in
a multiplet, we found a multiplet containing 252 events
(Figure 2, top). It takes into account most similar events
of the initial set of 1095 events. Figure 2 (bottom)
shows that there is no other major multiplet in our data.

Multiplet Relocation

Our aim is to relocate as accurately as possible the
multiplet having the largest spatial extent. However, we
cannot relocate accurately at one time those events that
are not similar from one end of the multiplet to the
other, especially if the spatial extent of the multiplet is
large. Indeed, the number of event pairs for which the
mean coherency is greater than 90% strongly drops when
the distance between them increases. Further, above an
interevent distance of about 500 m (less than 10% of the
distance to the nearest station), the assumption we made
that the time delay is due only to the difference in
hypocenter locations is violated. Finally, azimuths and
take-off angles used in the computation, calculated from
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the common barycenter, become erroneous for the closest
stations when the spatial extent increases. As a result,
the relocation of a multiplet is conceived as an iterative
process. An initial multiplet, containing a high number
of very coherent doublets, is first relocated. In our study,
this initial multiplet comprises 80 events having 95%
coherency with more than 30 of its events. The
relocation process continues by relocating individual
events for which coherency with a minimum number of
events (30 in this study) of the current set reaches a
minimum value (90%). At each step the current set of
already relocated events is updated. This process ensures
that each new event will be relocated relative to its
closest neighbors. Lower values of both coherency and
number of neighbors used in the relocation lead to a
greater number of relocated events but also more location
erTors.

The 252 events of the multiplet selected have been
relocated with an average relative error of about 50 m
horizontally and 75 m vertically revealed by Monte-Carlo
simulations. Series of such simulations show that the
error in location is proportional to the error in delay,
azimuth, and take-off angle, and inversely proportional to
the square root of the number of events. Due to the
relatively poor take-off angle distribution, horizontal as
well as vertical errors are strongly dependent on the error
in take-off angle.

The 252 relocated events represent a large part of the
events which can be paired as doublets in the initial
selection (Figure 2) and define a small subhorizontal
planar volume (Figure 3a). Changing the velocity or
introducing an isotropic velocity gradient in the relocated
volume induces a linear (homothetic) deformation of the
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Figure 3a. Projection of the relocated cluster on a N-S vertical plane showing absolute locations
(stars) and relative relocations with their 90% confidence ellipses (open ellipses). Relative relocations and
absolute locations are assumed to have the same center of gravity.
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Figure 3b. Map of the relocated multiplet. Seismograms (2.00 s) recorded at PAU seismic station are
plotted for the sample of events used to construct the focal mechanism.

planar cloud of relocations but does not modify its
direction and dip. Since relative relocations show that
actual hypocenters have about the same depth, we remove
random errors and improve the estimate of the multiplet
absolute depth by averaging the absolute depths provided
by HVO summary files for each event of the multiplet.
We obtain an absolute depth of about 8 km for the
multiplet. Such averaging cannot eliminate a possible
systematic bias due to the velocity model used for the
absolute locations.

Discussion

The absolute catalog locations of our multiplet form a
3-km-high cloud at an average absolute depth of 8 km.

After relocation, they lie in a thin band about 100-200 m
thick (Figure 3a). This thickness is of the order of the
computed vertical error on the relative relocations (75 m),
and is therefore close to the resolution of the method
with the data collected. This small thickness, compared
to the vertical error and to the horizontal extent of the
multiplet (about 4 km?), and the perfect similarity of the
focal mechanisms in this small planar volume, lead us to
the conclusion that these events occurred on the same
fault plane or on a very thin shear zone. Thus most of
the apparent vertical scatter of the absolute locations we
used is due, as Crosson and Endo [1982] stated, to
location errors. It therefore solves locally the apparent
contradiction between the cylindrical distribution of the
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seismicity in the northernmost part of the south flank,
and the existence of a subhorizontal fault plane, inferred
by numerous authors [e.g. Swanson et al., 1976; Ando,
1979]. Our results thus confirm the suggestion of
Crosson and Endo [1982] that a significant part of the
seismicity could be confined to a thin layer between 5-
and 10-km depth. We do not conclude that all south flank
earthquakes reduce to a single plane, since the relocated
multiplet represents only a part of the seismicity.
However, no other major multiplet is present in our data
(Figure 2, bottom).

To infer average parameters characterizing the spatial
distribution of the relocated hypocenters, we have chosen
to fit them by a simple planar model, although a careful
examination of Figure 3a can lead to many alternative
and more complex models, including multiple planes or
flat-and-ramp models. Such a planar least squares fit
shows that the relocated hypocenters determine an average
N90°+-30° striking, 6°+-4°N dipping plane. The 90%
confidence intervals are indicated for the parameters of
this model. Other more detailed models, as flat-and-ramp
models, lead to determine up to 12°+-3°N dip ramps.

The average N90° striking, 6°N dipping plane is
compatible with the subhorizontal fault plane solution
inferred from the focal mechanism of the multiplet
(Figure 4). To construct this focal mechanism, azimuths
and take-off angles have been computed using the linear
gradient velocity model of Klein [1981], the depth of
each event being forced to be 8 km, the average absolute
depth of the multiplet events. We used a set of events
providing a correct spatial sampling of the multiplet.
Individual focal mechanisms constructed for each event
give the same focal solutions; all stations show the same
polarities in all focal mechanisms, except MPR, which
straddles a nodal plane (Figure 4). We therefore decided to
plot each polarity read for MPR for each event of the set
on the same focal mechanism. MPR and the farthest
northwestern stations permit constraint of the dip of both
vertical and horizontal planes. Station HLP always
indicates dilation. Although there remains uncertainty in
the direction of the horizontal fault plane, its
northwestward 5° dip corresponds very closely to the dip
we infer from multiplet relocation. Our fault plane
solution is very close to that presented in the
northwesternmost focal spheres plotted in Figures 6 and

7 of Bryan's [1992] study of the June 1989 M = 6.1

Kilauea south flank earthquake. Chen and Nabelek i1990]

also found a similar focal solution for the later
mainshock from inversion of teleseismic P and SH
waves. Notice that the statistical significance of our
relative relocations and focal mechanism is comparable to
that of a major earthquake, as the relocated area covers
about 4 km2. Relocation allows us to have a clear picture
of the local microseismicity and removes the ambiguity
between nodal planes.

The fault plane determined by Ando [1979] for the
Kalapana earthquake of November 1975 (M _ = 7.2), from
surface wave and tsunami analysis, was a N570°E striking,
20°SSE dipping normal fault. More recently, using
additional first-motion polarities of P waves constraining
the vertical auxiliary plane, Kovach and Hill [1987]
determined a strictly horizontal N53°E fault plane
solution for the same event. The plane we found, which
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generates most of the local microseismicity, is not a
southeastward-dipping plane, as could be expected from
Ando's [1979] study. The average northward dip of our
multiplet plane is about three times greater than
northward dips previously inferred (Zucca and Hill
[19801; Zucca et al. [1982]; Crosson and Endo [1982]).
Thurber and Gripp [1988] carried out flexure calculations
to determine reliable estimates of the average dip due to
the load of the volcano on the oceanic crust. They found,
below the south flank, a northwestward dip of about 1°-
2°. There is less than 5% probability for the plane we
found to have a northward dip lower than 2°. Major
interfaces, such as the top of the oceanic crust or the
Moho discontinuity, have very monotonous slopes below
the island of Hawaii. A difference of about 5° along a 50-
km-long distance would lead to an error of about 4 km on
the depth of these major interfaces, and could not be
unnoticed by Zucca and Hill [1980] and Zucca et al.
[1982], nor in the calculations of Thurber and Gripp
[1988]. The plane we found is therefore too steep to be
confused with the regional flexure of the basal layer. This
relatively steep slip plane below the upper south flank is
much more active seismically than other areas, especially
the lower south flank. It probably represents a local
irregularity rather than the overall geometry of the basal
slip plane, where slip is sometimes aseismic and could
occur on a more accordant subhorizontal decollement
plane. Consequently, we hypothesize that the basal slip
plane has different dips below the upper and lower south
flank (Figure 5). In the following paragraphs, we will
check this hypothesis using semiqualitative arguments.
A complete discussion would require numerical
simulations of ground deformations, which are beyond

the scope of this work.
The geometry of the deep slip plane affects observable

surface deformations. Consequently, we compared our
result with available geodetic measurements (Figure 5):
long-term surface deformation of the south flank
[Swanson et al., 1976], coseismic deformation during the
1975 Kalapana earthquake [Lipman et al., 1985], and
short-term features of the ground deformation [Swanson
et al., 1976; Delaney et al., 1992]. Many of these
geodetic observations are compatible with the existence
of a northward-dipping plane.

The northward dip of the plane forces the displacement
of the south flank to have an upward component. Uplift,
with a maximum immediately south of Kalanokuaiki
Pali at the south boundary of the Koae fault system, has
been well documented [Fiske and Koyanagi, 1968;
Swanson et al., 1976]. It is generally interpreted as the
result of magma intrusions into dykes in the rift zones
and consequent compression of the south flank
[Swanson et al., 1976]. It has been modeled by Dvorak
et al. [1994] to result from both compression and slip on
a basal plane. Our result is compatible with theirs. Uplift
of the upper south flank can be due to southward
displacement and consequent compression on a
northward-dipping slip plane.

Coseismic deformations recorded during the Kalapana
earthquake show that the upper south flank behaves as an
anomalous zone relative to the rest of the south flank.
Indeed, maps and cross sections of the vertical
displacements of the south flank after the Kalapana



15,383

GOT ET AL.: DEEP FAULT PLANE GEOMETRY

"JUSAS O1}9519ua 910UI YY) J0J payjofd are suomels JIWSIAS O TN
‘VA ‘NIV 18 popIodal sweiSowsIas ‘uorjeInp auwres ay) 10, ‘s[dures a9y} Jo SjuaAd Juedrjiusdis arow oy}
JoJ panord are uone)s SrwsIas JTH 18 PapIodal (s 0'g) sweiSowsias ‘ApueoryruSis K1eA jou op soffue
JJo-oye) pue syjnwize pue ‘oFueyo jou op senurejod ‘suorie)s Joyjo ay) Ioq o[dwes oy} JO JUIAD Yord
Joy panoid are sonurejod JTH pue YJIA "q¢ 2InS1 uI pasn s)uaAd Jo ojdwes oy 10§ panojd oIe uore)s
OTWISIAS YJIA 18 PapI003I (S (' 7) Swresdowstag 1o[diinwr pejeso]al oy} JO WSIUBYOoW [8d30 "$ 9InSIj

¥31909T69T18 %%
¥063026208
O'IN

¥1920T800T8

/\/\/\/)\((/\/\(/\/(((((((l)\(/\(li\ll\. FVSTEOLOOTS
PsooTATS \/>‘\/1\</\)\/\/\r\<<</|3|’?
$V891I9€018

e AA R AVAAY e

¥do¥1099018

¥080008¥€ 18
\/\/\/\/\/\(\/\/)\r\/\./\/\/\Iv_n.v|l||$Nownzs

. PHTOLOLZLIS

NN~ N SN ——————

$4828119008

¥r122020108
PVIPI108838

VH95L TF6208 /\/\/\(C/\CL/\/\S(,)\(}\/\‘I
\/\/\/\/\/\/\/\/\/\/\/T VAZ38709108
¥31909T69T18

A NN e ddIN

yaT58309108

Vi
/>\/\,\</\;>\/\/ N

31909169118

NIV

W \NNANAAN NN

dTH



15,384

VERTICAL DISPLACEMENT
RELATIVE TO H1LO TIDE GAGE, IN METRES

Koae fault
system

East rift zone

-

South 'lanlf

GOT ET AL.: DEEP FAULT PLANE GEOMETRY

r 1100

ELEVATION, IN METRES

DISTANCE FROM BM YY26. IN KILOMETRES

EXPLANATION

.
Bench mark
.

Fault
Bar and bail on downthrown side

From Swanson et al. (1976)

Depth in km

9.5

0

B : & .,
2500 =] 2 5 1 n n i n
8 v res 06
| s 3 . P HVO162--KAENA
E] z H z 53
2000 | 3 s [ 5 %7 Hy—H o 3
000 | ] L2 g §/§———-—'§ M7.2
= a § 04 KUPAPAU--PULAMA L
| r—'s z
2
2 | o A 031
w i - o
o 1500 i Ed >
b l e g o021 F
z ' | & o
z F-2 2 & 01 F
% 1000 I """" é
Z L_,——/ < 0.0 T T T T T v
] 1 H 1970 1971 1972 1973 1974 1975 1976
2
| L - 3 M2 |
wod § I3 23 o1 (b) GOAT2-HULUHULU
i & £ g
E | g H ~ 051 3 ~§e. L
1= . 2 3 T
| AR g g 04d, i
o 1 & z b GOAT2-APUAZ 1 _ -]
DN L S¥ -
H 03 -1 i‘I
o {\ 'i
2 3 Ry GOAT- I
g 02 Sse.. ~APUA2/ 3
° Ry
& 0.1 GOAT--APUA >~
From Lipman et al. (1985) 5% I S |
1970 1971 1972 1973 1974 1975 1976
Year

5

50

IllllI||]II||‘|]I||I|1II|II!

IllIIIlIIlI!QIIIIl‘IIKIIII

*

llllll|llIIlI‘lL‘IlII]IIIIIII|Il

*%

19217107

LATITUDE 19719

From Delaney et al. (1992}

’50”

Figure 5. Schematic cross section showing the main features of Kilauea's south flank. KC, Kilavea
caldera; ERZ, east rift zone; HFS, Hilina fault system. Crustal structure is reprinted from Zucca and

Hill [1980].



GOT ET AL.: DEEP FAULT PLANE GEOMETRY

earthquake, presented by Lipman et al. [1985], indicate a
general downward displacement with minimum
subsidence near the north margin of the upper south flank
(Figure 5). The horizontal component of the southward
displacements of the south flank (up to 8 m) increases
continuously from north to south and shows horizontal
extension. Strikingly, the vertical (downward)
component of the displacements is far smaller in the
upper south flank (less than 0.7 m) than in either the
lower south flank (up to 3.5 m) or Kilauea caldera (up to
1.4 m). The southward increase in the extension of the
south flank produces a very irregular vertical subsidence,
with a relatively stable band [Lipman et al., 1985]
situated just above the northward-dipping plane we found.
We agree with Thurber and Gripp's [1988] idea that the
configuration of the decollement controls the growth of
Kilauea's rift zones. They noticed that the oceanic crust is
more deeply depressed and steeply dipping below the
southwest rift zone than below the east rift zone. They
proposed that the geometry of the decollement layer is
responsible for the different rates of eruptive activity of
the two rift zones. Further interpretations of the
coseismic displacement map of Lipman et al. [1985] will
have to take into account the hypothesis of a relatively
steep northward-dipping slip plane below the upper south

flank.
Short-term geodetic data also show that the upper

(northern) and lower (southern) south flank have different
behavior. Wyss et al. [1981] used short-term geodetic data
to analyze the slip of different parts of the south flank.
They identified the northwestern upper part of the south
flank near the earthquake cluster we studied as a major
asperity that ruptured during the 1975 Kalapana
earthquake. More recently, Delaney et al . [1992] corrected
the geodetic data used by Wyss et al. (1981) and
reassessed their conclusions. In Figure 2b of Delaney et
al. [1992], carefully processed geodetic data show that the
Goat2 - Huluhulu geodetic line (Figure 1), directed north
from Goat benchmark, continued to record strain
accumulation during 1974-1975 (Figure 5), whereas
Goat2 - Apua2, directed south from Goat (Figure 1)
began to have strain release. During 1974-1975,
Huluhulu moved southward under the effect of magma
intrusion, whereas the upper part of the south flank near
Goat remained locked. During the same period, the lower
part experienced dilation and moved seaward with the
neighboring easternmost parts. A steeper dip of the basal
layer below the upper south flank could explain the strain
accumulation north of Goat and the strain release south
of Goat during 1974-1975. The same geometry of the
decollement zone (Figure 5) could be responsible for
some important features (long-term uplift, Kalapana
coseismic deformations, short-term ground deformations)
of the response of the south flank under forceful intrusion
of magma into the east rift zone.

Figure 2a of Delaney et al. [1992] displays, in the
horizontal displacement of the south flank measured
along the line Goat - Apua, a striking feature already
observed by Swanson et al. [1976] along the line HVO60
- HVO78 (Figure 1). Both sets of measurements show a
time series of high-rate contractions alternating with low-
rate extensions. This strongly suggests stick-slip in the
south flank. Swanson et al. [1976] correlated extension
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episodes with m; = 3.5 events of the south flank. Figure
2 of Delaney et al. [1992] supported the idea that low-rate
extension episodes recorded south of Goat are the
response of the western lower part of the south flank to
accommodate the seaward displacement of the eastern
part, whereas farther north, the asperity is locked.
Although of small amplitude, such repeated extension
episodes could have been sufficient to initiate the normal
faults in the Hilina fault system. However, these
extension episodes do not balance the overall contraction
of the south flank, and most of the strain accumulated in
the northwestern region is probably released during major
earthquakes [Wyss et al., 1981; Lipman et al., 1985].
Lipman et al. [1985] have shown that much of the Hilina
fault system was activated during the 1975 Kalapana
earthquake and accounts for the largest surface
deformations. Those have been recorded in the lower
south flank, the western asperity being situated at the top
of the zone of maximum coseismic displacement
gradient. The Goat region accumulated more strain than
the easternmost regions before the 1975 Kalapana
earthquake, as indicated by Figure 2 of Delaney et al.
[1992], and released it coseismically. Additionally, the
fact that coseismic deformations are stronger in the
Hilina fault system than in the Goat region supports the
conclusion that the rupture of the Goat asperity triggered
the movement of the Hilina fault system, locally
amplifying deformations. The south flank of Kilauea
appears to be an unstable system, where stresses are
accumulated in the upper south flank, whereas the lower
south flank experiences aseismic deformation and can slip
more easily than the upper part along a near-horizontal
decollement plane (Figure 5). This model is consistent
with the idea of Bryan [1992], who suggested that
relatively small-magnitude events of the (upper) south
flank could trigger large-scale energy release and surface
deformation.

Conclusion

A large set of seismic events was selected from the
upper south flank of Kilauea Volcano, Hawaii.
Systematic selection of similar events was carried out by
computing the coherency for each event pair of the set.
The quality of the data and the similarity of the signals
are sufficient to determine accurate time delays. A simple
and efficient method has been developed which allowed
relative relocation of more than 250 events with an
average precision of about 50 m horizontally and 75 m
vertically at about 8 +- 1.5 km depth. Relocated
hypocenters cover an area of about 4 km?2 and define a 6°
+- 4° northward-dipping plane at about 8-km depth. This
plane is responsible for a large part of the local
seismicity and can be considered as a major feature of the
upper south flank. Other deep fault planes of less extent
having different dips and depths, or experiencing aseismic
slip, cannot be discarded.

The plane we infer from multiplet relocation is clearly
steeper than the regional flexure of the oceanic crust
under the load of the volcanic pile. It could be a local
irregularity of the decollement layer below the upper
south flank. Seismicity and surface deformations exhibit
strong differences between the upper and lower south
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flank that could be related to the geometry of this deep
fault plane.

Multiplet relocation provides accurate basic
information at depth that can be suitable to further work,
including numerical simulations, necessary to better
understand results of surface deformation measurements.
Such a method of relative relocation of multiplets could
be used in other highly seismic areas to provide accurate
information on deep fault-plane geometry, seismicity
patterns, and earthquake generation processes.
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