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Teleseismic Detection of a Slow
Precursor to the Great 1989
Macquarie Ridge Earthquake

Pierre F. Inmlé, Paolo Harabaglia, Thomas H. Jordan

Low-frequency spectra for the 1989 Macquarie Ridge earthquake (magnitude 8.2) show
an amplitude increase and a phase-delay decrease below 6 millihertz that require a
short-term slow precursor. This earthquake can be modeled as a compound event in which
a fast-rupturing, ordinary earthquake was initiated by an episode of slow, smooth defor-
mation that began more than 100 seconds before the main shock. The moment released
in the slow precursor was large, about 3 x 102° newton-meters, equivalent to an event of
magnitude 7.6. The data are consistent with the precursor being generated in a region
of the oceanic upper mantle below the main rupture.

Stow precursors associated with the nucle-
ation of large earthquakes are interesting
because their behavior may be key for un-
derstanding the mechanics of the rupture
process; in particular, detecting them on
strainmeters close to active faults is one
strategy for short-term earthquake predic-
tion (1). Near-field data with adequate
resolution to see such precursors are avail-
able in only a few areas, however, so there
is considerable motivation to observe them
at large (teleseismic) distances. In the far-
field, the primary signature of a slow pre-
cursor is contained in the low-frequency
waves that are preferentially excited by
sources with long time constants. Slow
precursors have been teleseismically detect-
ed in the low-frequency radiation from sev-
eral major earthquakes, including the great
1960 Chilean earthquake (2), the 1970
Colombian and 1963 Peru-Boliva deep-
focus earthquakes (3), and the 1983 inter-
mediate-focus event on the Peru-Ecuador
border (4). These events occurred in sub-
duction zones, and all but the Chilean
event had foci with depths greater than 100
km. Here we use data collected from the
newly installed, high-performance seismic
networks to establish the occurrence of a
large, short-term, slow precursor to a shal-
low-focus earthquake in a different tectonic
regime: the great 1989 Macquarie Ridge
earthquake of 23 May 1989, which was
located on a transform fault in oceanic
lithosphere south of New Zealand (Fig. 1).

The Macquarie Ridge earthquake had a
static moment M} of about 20 x 10%°
newton-meters (Nm) and moment-magni-
tude My, of 8.2, making it the largest
seismic event since 1979 (5). It was one of
the first great earthquakes to be registered
by a large network of broadband, triaxial,
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digital seismographs with high-dynamic
range (Fig. 1). The main shock can be
approximated by a simple double-couple
mechanism (6) dominated by right-lateral
movement on a 200-km segment of the
boundary between the Australian and Pa-
cific plates. Several groups of investigators
(7-9) have inverted the broadband wave
forms to obtain information about the time
dependence of the faulting, which can be
specified in terms of a source time (or
moment-rate) function M(t) (Fig. 2A).
The models differ substantially, especially
in terms of the low-order polynomial mo-
ments of M,(t) that describe the source
behavior at low frequencies (10). Braun-
miller and Nabelek (7) reported the small-
est total static moment M3 and the most
compact time function, as measured by the
centroid time shift At; and characteristic
duration 7. They inverted only the body
waves, whereas Ekstrém and Romanowicz

(8) and Anderson and Zhang (9) con-
strained their solutions to satisfy the mo-
ment determined from low-frequency [3 to 6
millihertz (mHz)] surface waves. The mo-
ment discrepancy led Anderson and Zhang
to conclude that the main rupture was ac-
companied by an episode of slow moment
release, perhaps in the mantle below the
seismogenic zone. Interestingly, the value of
M. derived from the Harvard centroid mo-
ment tensor (CMT), which also used sur-
face-wave data (6), agrees best with the
Braunmiller-Nabelek source time function.
Additional discrepancies are revealed by
a comparison of the published source time
functions with the low-frequency spectra
recovered by the methods outlined below
(Fig. 2, B and C). We express the Fourier
spectrum of the moment-rate function as
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where w is the angular frequency, Mt(w) =
0 is the amplitude spectrum, and At(w) is
the phase-delay spectrum, defined relative
to the origin time t, determined from the
high-frequency waves (11). The Anderson-
Zhang model provides a rough fit to our
estimates of Mt (w), but none of the three
models even qualitatively matches the ob-
served shape of At(w). In particular, the
phase delays from all three models decrease
monotonically, corresponding to a positive
skewness in M1(t), whereas the actual data
show a distinct increase in the phase delay
from 1 to 6 mHz.

This increase is diagnostic of an episode
of slow, smooth moment release that be-
gan before, and initiated, the main rupture
of the Macquarie Ridge earthquake. A
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Fig. 1. Map showing location of the 1989 Macquarie Ridge earthquake (white cross) and seismic
stations, which include elements of the CDSN, GEOSCOPE, GDSN, IDA, and IRIS networks. Large
shaded symbols are stations used in the low-frequency analysis: vertical only, triangles; tranverse
only, squares; and both, circles. Small black dots are stations used in the high-frequency P-wave

analysis.
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compound source, comprising a main rup-
ture with a static moment of 16 X 10?° Nm
superposed on an episode of slow deforma-
tion with a static moment of 6 X 102° Nm,
satisfies the low-frequency spectra (Fig. 3).
According to this simple model, over half
of the slow deformation occurred in a 130-s
interval before the beginning of the main
rupture. Hence, if the model’s main fea-
tures are valid, the slow precursor to the
Macquarie Ridge earthquake was itself an
event of My, = 7.6.

Low-frequency observations. We ob-
tained the spectral data in Fig. 2 by two
methods having different sensitivities to
unmodeled propagation effects. The first
was an analysis of normal modes based on
spectral integrals computed from 6-hour
time series, which include up to fourth-
orbit Rayleigh waves (R,) and fifth-orbit
Love waves (Gs). We recovered the total-
moment spectrum M (w) using a variant of
the method described by Silver and Jordan
(12), and we derived the phase-delay spec-
trum At(w) using an algorithm formulated
by Riedesel and Jordan (13). Because in the
derivation of the phase-delay spectrum we
integrated over individual modes, the
method was not applied at frequencies
above 11 mHz, where the spectrum be-
comes densely populated and the funda-
mental-mode resonance peaks begin to
overlap considerably.

The second technique was a traveling-
wave method based on broadband cross-
correlagrams of fundamental-mode mantle
waves (14). To minimize the effects of
aspherical heterogeneities, we processed
only the first-orbit groups, R, on vertical
components and G, on transverse compo-
nents. Spectra similar to those in Fig. 2
were obtained from the second-orbit mantle
waves, however, an observation that pre-
cludes strong directivity effects.

Both the normal-mode and traveling-
wave techniques rely on synthetic seismo-
grams to model the source geometry and
propagation effects. We calculated all syn-
thetics by normal-mode summation using
the spherically symmetric, nonrotating, an-
isotropic, anelastic structure of PREM (15)
and the aspherical, elastic structure of SH8/
WM13. The latter is a tomographic model
derived by Woodward et al. (16) from the
inversion of wave form and travel-time data
out to spherical-harmonic degree and order
eight. Aspherical corrections to the eigen-
frequencies and eigenfunctions were based
on the asymptotic theory of Woodhouse
and Dziewonski (17).

We culled and edited the available long-
period seismograms (18), obtaining 18 ver-
tical and 18 transverse components from 27
stations with good global distribution (Fig.
1). These were inverted for the moment-
tensor spectrum and centroid depth. The
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maximum reduction of variance was ob-
tained for a centroid depth of 23 km, 8 km
deeper than the CMT value; shallower
centroids yielded a poorer fit in the lower
frequency bands (1 to 3 mHz), whereas
deeper centroids gave a poor fit at high
frequencies (>7 mHz). We also varied the
geographical location of the centroid; the
spectra were insensitive to these parame-
ters. The high-frequency values in the spec-
trum of mechanism tensors, M(w) (Fig. 4),
are consistent with the Harvard CMT, but
below 6 mHz the mechanism shows a rota-
tion of up to ~35° about the principal
compressional (P) axis. This rotation may
indicate that the slow component had a
different mechanism than the main rupture.
However, the rotation is almost entirely a
result of variations in the M,, and M,,
components, which tend to be poorly con-
strained at low frequencies for shallow-focus
events (19). Because of this uncertainty,
the spectral estimation in Fig. 2 was done
with synthetic seismograms calculated for a
point source with the frequency-indepen-
dent CMT mechanism. Inversions with the
frequency-dependent mechanisms of Fig. 4
gave essentially identical results.

Assessment of propagation bias. There
are several independent checks on the effi-
cacy of the spectra-recovery procedures in
eliminating propagation effects. First, the
spectra derived by the standing-wave and
traveling-wave algorithms are in excellent
agreement, despite the differing sensitivities
of the two methodologies to various types of
scattered signals. The modal techniques
rely on temporal and spectral averaging to
reduce scattering effects, whereas the trav-
eling-wave method captures information
about the source from the first-orbit surface
waves, which have not had much time to
interact with aspherical heterogeneities.

We performed separate inversions of the
vertically and transversely polarized data
sets, obtaining the four spectra in Fig. 5.
The torodial-mode (T) and Love-wave (L)
spectra derived from the transverse compo-
nents are systematically lower than the
vertical-component spheroidal-mode (S)
and Rayleigh-wave (R) spectra at frequen-
cies above 10 mHz, perhaps because the
spherically symmetric PREM attenuation
model inadequately represents the anelastic
structure of the upper mantle along the
paths sampled in this experiment (20). The
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tions of (4). The phase-delay
spectrum is referenced to the
NEIC origin time (77). -Harvard
CMT values of M%and At , (6) are
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cepts. The three lines are the
spectra computed by Fourier
transforming the source time
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ords (solid circles) and traveling-
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and G, wave groups (open Gir-
cles). Because of mode overlap,
phase-delays were not measured
by the normal-mode method
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dicates that the propagation bias is likely to be small.
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standing-wave (S + T) and traveling-wave
(R + L) averages at these frequencies are in
good agreement with the source models
derived from broadband wave form analysis,
however (Fig. 2B). All four spectra show a
decrease in the phase delay below 6 mHz,
which is the primary signature of the slow
precursor, although this feature is more
strongly expressed in the vertical-compo-
nent estimates. This difference would be
expected if the slow precursor had a mech-
anism with more of a dip-slip component
than the main rupture, a hypothesis consis-
tent with the frequency dependence in Fig.
4. In any case, the general agreement
shown among the four types of spectra
makes it unlikely that unmodeled propaga-
tion effects can explain the basic features of
the spectra in Fig. 3.

As a further check, we generated syn-
thetic seismograms for the data set using a
non-asymptotic code that incorporates
along-branch aspherical coupling among
the fundamental modes and Coriolis cou-
pling between fundamental spheroidal and
toroidal modes (21). Experiments with
these synthetics demonstrate that these
types of mode coupling have a negligible
effect on the spectra recovered by the nor-
mal-mode analysis. Evidently, the spectral

averaging used in the modal techniques,
combined with the criteria used to select
the data, are effective in eliminating any
coupling bias.

Because the 12- to 16-km-thick oceanic
crust in the focal zone (9) is different from
the PREM structure, we investigated the
excitation anomalies attributed to near-
source structure by computing synthetic
seismograms based on an adiabatic mode
approximation (22). Again, the effects
were found to be inconsequential.

The teleseismic techniques have also
been validated by applying them to a vari-
ety of earthquakes studied by other meth-
ods. For example, the spectra recovered for
the 1992 Landers earthquake (My, = 7.3),
the 1989 Loma Prieta earthquake (My, =
6.9), and other large strike-slip California
events are consistent with the source mech-
anisms and moment-rate functions deter-
mined from near-field data, which preclude
these events from having slow precursors
observable at teleseismic distances (23).
Moreover, the amplitude and phase-delay
spectra derived by these same techniques for
high-stress-drop, deep-focus events are ob-
served to be flat, as expected for sources with
compact time functions, and to have static
moments and centroid time shifts in good

Fig. 3. (A) A simple, compound-
source model of M(t) for the
1989 Macquarie ‘Ridge earth-
quake that fits the low-frequency
observations. The earthquake be-
gan with a slow event, here rep-
resented by a symmetric Hanning
function (cosine-square bell) with
a moment of 6 x 102° Nm and a
total duration of 240 s, starting

o
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origin time (¢ = 0). The main (fast)
event is represented by a function
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The dashed line indicates the 8
contribution of the slow compo- g
nent for t > 0. (B) Amplitude and -
(C) phase-delay spectra, com- ;E
paring this model (solid lines) with 0
the data from Fig. 2 (circles). The 0

dashed lines are the spectra of
the main event alone, which show

2 4 6 8 10 12 14 16

Frequency (mHz)
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agreement with the Harvard CMT values.
Evidence for a slow precursor. The
source time function in Fig. 3 is not unique
in providing a good fit to the low-frequency
spectra, but theoretical arguments and nu-
merical experiments confirm that all models
that fit these data do have a slow precursor.
Assuming that the source time function is
nonnegative (no-backslip) and the mecha-
nism is constant, Jordan (4) derived a set of
inequalities among low-order polynomial
moments of M(t) and used them to detect a
slow precursor for the 26 April 1983 Peru-
Ecuador intermediate-focus earthquake. We
can apply one of Jordan’s inequalities to
show that the upward curvature of the
phase-delay spectrum at low frequencies re-
quires a slow precursor—that is, the start
time t, must have been less than the high-

1-3 mHz 7-9 mHz

5-7 mHz CMT

Fig. 4. Lower focal hemisphere projections of
the source mechanism for the 1989 Macquarie
Ridge earthquake. The first five diagrams are
estimates obtained from spheroidal and toroi-
dal mode data in 2-mHz bands using the inver-
sion algorithm of Riedesel and Jordan (13); the
sixth is the Harvard CMT solution (6). The
compressional (P) and tensional (T) axes are
indicated with a cross and an open square,
respectively. The shaded region is the com-
pressional field of P-wave radiation and the thin
solid lines indicate the nodal planes of the
best-fitting double couple. A systematic rota-
tion of the mechanism about the P axis is
observed at the lower frequencies, indicating
that the slow precursor may have had a signif-
icant dip-slip component.
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frequency origin time ty—without appealing
to a specific source time function (24).

We also tested for the requirement of a
slow precursor by direct inversion of the
spectral data under the no-backslip, con-
stant-mechanism assumption. The phase
and amplitude data were combined to form
estimates of the complex Fourier spectrum,
which vyields a set of linear constraints on
Mr(t). We inverted the spectral estimates
for M(t) discretized at a 1-s sampling rate
using a quadratic programming algorithm
(25). Smoothness constraints were imposed
on M1(t) before ty, and the start times ¢,
were varied from ¢, to to — 400 s. For all
values of t, within 100 s of ty, solutions
could not be found that provided accept-
able fits to the data, even when the smooth-
ness constraints were relaxed, consistent
with the hypothesis test based on Jordan’s
inequality. Inversions with ¢, = t5 — 130's
and heavy smoothing for t < t, yielded
solutions similar to the analytical model in
Fig. 3.

Constraints from P waves. The broad-
band seismograms were examined for a pre-
cursor arriving in front of the P waves from
the main shock, but no signal was observed,
even at relatively close, high-gain stations
like Nouméa, New Caledonia (NOU), and
Charters Towers, Australia (CTAO),
where the P-wave amplitudes are 800 and
300 times greater than the noise level,
respectively (Fig. 6). The absence of such

signals places a strong observational con-
straint on smoothness of the source time
function before t,. Synthetic seismograms
computed for the source model in Fig. 3, for
example, display a P-wave precursor large
enough to be easily detected on the time
series.

The P waves also constrain the source
spectrum at higher frequencies. We ana-
lyzed P wave groups from 21 stations (Fig.
1) using the cross-correlation method (14)
to obtain amplitude and phase-delay spectra
at 2-mHz intervals over a band from 17 to
45 mHz. The phase-delay measurements of
the P waves are consistent with the surface-
wave data to within the standard errors of
the two techniques (Fig. 7C). The P-wave
amplitudes are somewhat higher, in better
agreement with the free-oscillation esti-
mates (Fig. 7B).

We inverted the complete data set sub-
ject to the requirement that the signal am-
plitude before the high-frequency P-wave
arrival time is smaller than the noise levels
at NOU and CTAQ, which are the stations
in our data set with the highest sensitivity to
signals from the Macquarie Ridge area. Tak-
ing t, = t, — 400 s, we obtain the M1(t)
plotted in Fig. 7A. The integrated moment
of the precursor is 4.7 X 10%° Nm, larger
than the one in Fig. 3A; it extends to earlier
times and is much smoother. The net effect
is to double the perturbation to the phase-
delay spectrum at low frequencies (At, de-

Fig. 5. (A) Amplitude and (B)
phase-delay spectra derived from
four different wave types: Sphe-
roidal modes (closed triangles)
and first-orbit Rayleigh waves
(open triangles) from vertical-
component seismograms, and to-
roidal modes (closed squares)
and first-orbit Love waves (open
squares) from transverse-compo-
nent seismograms. For plotting
clarity, the transverse-component
data have been shifted downward
by 9 units in (A) and 30 units in

Total moment (1020 Nm)

(B). The lines are the same refer-
ence spectra, calculated from the
model in Fig. 3. All four data types

show similar deviations from the 50
main-shock spectrum (dashed
lines) below 6 mHz.

Time shift (s)
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creases from 20 to 8 s) and increase 7, from
64 to 116 s. This inversion does not match
the phase delays at frequencies less than 5
mHz as well as the previous model does,
although the overall fit to the spectral data is
quite satisfactory. Moreover, because the
time function is smooth for t < t,, it gener-
ates a P-wave precursory signal that is below
the detection threshold at CTAO (Fig. 6),
as well as the other stations for which we
have seismograms.

The main earthquake is characterized by
a large, 20-s episode of moment release
beginning 10 s after the high-frequency
origin time, followed by a sequence of
several smaller subevents ending abruptly at
+75 5. The structure for t > +30 s is similar
to source time function of Ekstrém and
Romanowicz (8), although the ability of
our data (and theirs) to resolve such details

NOU A =30.5°
data

CTAO A =33.9°

data

data x40

[ R—] 5 =% 2

Time (min)

Fig. 6. Comparisons of data and synthetics in
10-min intervals before the P waves at GEO-
SCOPE station NOU (Nouméa, New Caledonia)
and GSDN station CTAO (Charters Tower, Aus-
tralia). Horizontal scale is in minutes, refer-
enced to the high-frequency P-wave arrival
time (vertical dashed line). First trace in each
set is the unfiltered observed seismogram from
the long-period vertical channel, arbitrarily nor-
malized to the peak-to-peak amplitude of the P
wave. Positive time shifts of the first arrivals are
primarily due to the group delay of the instru-
ment. The other three traces are amplified by
factors of 70 for NOU and 40 for CTAO. The
second in each group is again the unfiltered
data, showing that no precursor is observed
above the noise levels. The third (syn 1) is the
ray-theoretical synthetic computed for the ana-
lytical source model in Fig. 3A, and the fourth
(syn 2) is for the inversion model in Fig. 7A:
arrows give the ray-theoretical arrival times for
the precursor onsets at {, — 130 s and ¢, — 400
s, respectively. The precursor amplitude for syn
1 is significant above the noise levels, but the
amplitude for syn 2 is not.



is questionable. As can be seen from Fig. 7,
however, the spectral data require a larger
peak amplitude and a significant delay of
the main episode relative to their model.
(Examination of the short-period seismo-
grams suggests that the 10-s gap between t,
and the main episode is caused by high-
frequency radiation from small subevents.)
Our model provides a better fit to both the
amplitudes and arrival times of the long-
period P waves (Fig. 8). Comparisons of
transversely polarized S waves, which were
not used in the spectral estimation, yield
similar results.

In summary, the source time function in
Fig. 7 satisfies the spectral data from 1 to 45
mHz and is consistent with the time-do-
main records of the principal body waves,
including the lack of any P-wave precursor
on seismograms from regional high-gain
stations. Despite the disappointing absence
of any direct observation of a precursor on
the time series, we have been unable to
erect a viable alternative explanation for
the low-frequency data.

Interpretation. The Macquarie Ridge
earthquake occurred on an oceanic trans-
form fault. Slow earthquakes—events with
anomalously large characteristic durations
relative to their static moment—are com-
mon on such strike-slip faults (26). Our

analysis of low-frequency spectra indicates
that some slow earthquakes may be initiat-
ed by slow precursors (28). In continental
regions like California and Japan, in con-
trast, slow earthquakes are infrequent (29),
and any preseismic nucleation events are
constrained by sensitive near-field and re-
gional sensors to be small (23). We suspect,
therefore, that the existence of slow precur-
sors reflects a stratification in the mechan-
ical properties of the oceanic lithosphere.
The teleseismic data can be satisfied by
modeling the Macquarie Ridge earthquake
as a compound source comprising two dis-
tinct types of faulting. The initial episode
was an infraseismic source or quiet earth-
quake (30), radiating significant energy
only at the very low end of the seismic
spectrum (<6 mHz). In the inversion mod-
el of Fig. 7A, this precursor has a moment-
release time function that grows smooth-
ly—approximately exponentially with a
time constant of ~100 s—and integrates to
a total moment of about 5 X 102° Nm. The
lack of a detectable signal before the main
P-wave arrivals constrains the high-fre-
quency roll off of its spectrum to decay as
o~ " where n > 3. We infer that during this
transient deformation the rupture velocity
v, and particle velocity At were anomalous-
ly low, although the stress drop Ao was not;

Fig. 7. (A) Source time function T T

(solid line) obtained from the inver- % 0.8F B
sion of the amplitude and phase- E

delay spectra in (B) and (C), com- o 0.6} b
pared with the Ekstrém-Romano- %

wicz (8) estimate (dashed line) o 04f .
derived from broadband body £

waves. The minimization to obtain S 0.2+ g
the former included a smoothing E

constraint designed to minimize = 0.0 , , , , ,
the precursor amplitude on the -400 -300 -200 -100 0 100
P-wave seismograms in Fig. 6. Time (s)

Data in (B) and (C) are from the

analysis of normal modes (solid
circles), surface waves (open cir-
cles), and P waves (open trian-
gles). Solid lines are the spectra
predicted by this model; dashed
lines are the predictions of
the Ekstrém-Romanowicz model.
Time scales are linear with zero at
the high-frequency origin time.
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Frequency scales are logarithmic. okt
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these conditions imply that the rise time for
the motion was long (32).

Although the location of the slow pre-
cursor relative to the Macquarie Ridge main
shock is not directly constrained by our
data, the variance reduction at frequencies
below 3 mHz increases for centroid depths
greater than our reference value of 23 km,
consistent with other long-period studies
(8, 9), whereas the variance reduction at
higher frequencies decreases. This observa-

NOU A = 30.5°

PAF A = 53.5°

e B e

TATO A = 84.0°

. P L X
0

-3 -2 -1

Time (min)
Fig. 8. Comparisons of observed and synthetic
P waves for vertical-component instruments at
Nouméa, New Caledonia (NOU), Port aux
Frangais, Kerguélen Island (PAF), and Taipei,
China (TATO). Top trace of each station group
is the observed seismogram; middle trace was
calculated from the inversion model of Fig. 7A
by complete summation of spheroidal modes to
50 mHz; bottom trace was calculated from the
Ekstrém-Romanowicz model (8) by the same
procedure. The synthetics were based on a
PREM structure (15), the Harvard CMT centroid
and mechanism (6), and instrument responses
assigned by the network operators. Horizontal
scale is in minutes, referenced to the high-
frequency P-wave arrival time (vertical dashed
line). Vertical scale is arbitrary digital units, but
the amplitudes of the synthetics relative to the
data have been maintained for each station. All
seismograms have been low-passed by a 10-
pole Butterworth filter with corner at 35 mHz.
The shift of the P-wave first motion to positive
times is a signal delay resulting primarily from
the instrument and filter responses. The small
ripple in advance of the P wave on the synthet-
ics is an artifact of the synthesis procedure. The
synthetics for our model provide a better match
to the P-wave amplitudes and group arrival
times on these and most other stations.
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tion supports the notion that the quiet
earthquake was generated in a region of the
oceanic upper mantle below the main epi-
sode of faulting.

One plausible explanation for the low
values of v, and Au inferred for the quiet
earthquake is that the material in this
layer undergoes a rapid transition from
velocity weakening to velocity strengthen-
ing when slip velocities exceed a relatively
low threshold value. This behavior is qual-
itatively consistent with some laboratory
experiments on halite (33) and granite
(34), at least at low normal stress (35),
although the available data indicate that
serpentinized peridotites, which are pre-
sumably major constituents of the upper-
most mantle in the region of the Macqua-
rie earthquake, behave in the opposite
sense; that is, they are velocity strength-
ening at low velocities and velocity weak-
ening at higher velocities (36). Slow
events would not be expected to nucleate
in such a material. The temperature, pres-
sure, and compositional dependence of
the transitions from velocity weakening to
velocity strengthening are not well under-
stood, however, and more laboratory data
are needed.

The moment-tensor inversions displayed
in Fig. 4 suggest that the mechanism of the
slow precursor may have had a significant
dip-slip component. Accounting for such a
component increases the estimated size of
the precursor. Such a mechanism could
help to explain the anomalous excitation of
radial free oscillations observed by Park
(37) and other low-frequency modes ob-
served by Kedar and Tanimoto (38).
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