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Abstract—We have determined the parameters of the high frequency radiator for the My, = 7.6, April 20,
2006 Olyutorskii earthquake using P-wave high frequency power signal (HFPS), as recorded at 57 distant sta-
tions. Our data processing was done, first, to correct the HFPSs by inverse filtering using the aftershock HFPS
as an empirical power Green’s function. In this way, we found the source HFPS for each station, separately
for the frequency bands 0.7—1.7 and 1.5—2.5 Hz. These data were used to determine parameters of the radi-
ator model as a segment with the rupture propagating to both sides of the hypocenter at constant velocity. The
parameters are as follows: length 128 + 52 km, the strike of the longer arm of the rupture 225° + 19° SW, the
distance from the epicenter to the centroid 23 = 9 km, and rupture velocity 2.5 + 0.8 km/s. The rupture was
bilateral with a moderate asymmetry. The rupture duration was 35.0 = 1.6 s for the southwestern arm and

about 23 s for the northeastern.
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INTRODUCTION

This study is concerned with the general structure of
the large (M, = 7.6) Olyutorskii earthquake, which
occurred on April 20, 2006 in Koryakia, Northeast Rus-
sia, which was previously considered to be a low seismicity
area. The high-frequency radiator that operated at the
earthquake source was reconstructed using the approach
that was previously put forward and developed by
A.A. Gusev and VM. Pavlov [1-8]. We use high-fre-
quency power signals (HFPS) of teleseismic P waves sta-
tions, which are estimated as the squared amplitude after
bandpass filtering. Distortions in a HFPS as the signal is
propagating along a scattering path were corrected by
inverse filtering of the mainshock HFPS at several stations
using the HFPS of an aftershock as an empirical Green’s
function. Similar approaches to the reconstruction of a
high frequency radiator, although not quite identical with
the one we are using here, were also suggested in a number
of other publications [9—12]; these studies used theoreti-
cal Green’s functions or empirical Green’s functions
determined as small-earthquake HFPSs averaged over the
region of interest, or else scattering was disregarded alto-
gether. The result of inverse filtering consists in estimated
HFPSs radiated by the rupture. These signals are param-
eterized and, at the last step, the parameters are used to
infer important spatio—temporal source parameters.

The earthquake rupture was bilateral and very close to
being symmetrical; this fact has greatly complicated the
inversion. For this reason we have not succeeded in

describing the rupture in a model-independent way, as was
proposedin [1, 2,4—7]. Instead we used a simple parametric
model consisting of a straight segment with constant lumi-
nosity which is ruptured bilaterally at constant velocity. We
parameterized the source HFPS to determine the model
parameters from temporal power moments of degrees 1 and
2 with the addition of the total HFPS duration. This modi-
fication of the technique yielded acceptable results.

THE THEORETICAL
BASIS OF THE TECHNIUQE

We begin by discussing the technique for reconstruct-
ing the source HFPS. As this was recently described in
detail [8], we shall restrict ourselves to a brief summary.
Consider the high frequency power signal (HFPS) for for
a certain source — station pair, which is the smoothed
function M(?¥) of the instantaneous mean square ampli-
tude, for a definite frequency band Af with a sufficiently
high central frequency f. For example, the frequencies
0.5—2.0 Hz can be considered to be high for teleseismic
P-waves excited by M > 7 earthquakes. The signal M(¥?) is
distorted by scattering and multipathing. It is desired to esti-
mate the HFPS P(7) that would have been observed in the
ideal case of a nonscattering homogeneous earth. In actual
practice P(f) is understood to be a P-wave signal that was
directly radiated by an earthquake source, or the “source
HFPS.” We make two assumptions: (1) the pulse response
of the earth for power, or the power Green’s function 4 is
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slowly changing within the radiating fault plane; (2) the
smoothed squared aftershock record A(#)can be regarded
as an estimate for 4(7) or as an empirical power Green’s
function (this includes P, pP, sP, and the P-coda in the
first place). We further assume that the observed filtered
seismograms of the main shock and the aftershock (before
being squared) can be treated as incoherent signals (that is,
we assume them to have approximately random phases and
to be pairwise uncorrelated). It can then be assumed that,
approximately, we have M(f) = A(-)*P(-), where * denotes
convolution. In that case P(7) can be estimated by apply-
ing to M(?) the inverse filter based on A(7). Write down the
discrete convolution in matrix form as AP = M, where A
is the Toeplitz matrix that represents A(7). We obtain linear
equations for the components of the vector P. The equa-
tions are certainly overdetermined, since M(¢) and A(f)
involve the coda, while P(f) does not contain it. An over-
determined set of equations can be solved by least squares
(LS). We also imposed an extra requirement, namely, that
P(¥) should be nonnegative, as being a power signal. The
Lawson—Hanson NNLS algorithm was used. The esti-
mates of the P(f) can subsequently be used to extract
information on the source; to do this, these functions
should first be parameterized.

With the above approach, we used the P(¢) to find their
temporal power moments. We used the moments of

degree 1 (temporal centroids) eil) , the temporal central

moments of degree 2 eff) , as well as total duration 74, the
subscript k referring to the particular station. The time
origin is the onset time in the procedure of determining
moments of degree 1 and total duration. We make it clear

0.5 . . .
that the value of ( (ef)) is the “temporal radius of iner-

tia” of the power pulse, or its rms duration. It can be seen

from the equations in [2, 5] that the parameters eil) , ef)

can be used to find normalized spatio—temporal power
moments of the radiator: the vector of the first moments
(N,, N,) and the second central moments {N,,, N, N},
where X = (x, y, z) and the axes are as usual oriented as
follows: x northward, y eastward, and z downwards.

The estimates that are derived by this procedure have
the following meanings. The vector N, gives the position
of the radiator’s centroid relative to the hypocenter, and
N, is the mean time delay of the radiation relative to the
origin time (the temporal centroid). The tensor N,, gives
the spatial extent of the radiator, the scalar N, is related to
the temporal extent of the radiating process, while the
vector N,, characterizes the spatial directivity of the pro-
cess. When data are available on the high frequency radi-
ation from a shallow earthquake with magnitude greater
than 7, whose vertical source extent is small compared
with the horizontal, it is impossible to determine the
parameters related to the vertical coordinate z with satis-
factory accuracy, as only the moments in the horizontal
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plane and the temporal moments can be estimated. Ulti-
mately only the three first and the six second moments are
retained. The remaining moments can be set equal to zero
in the case of a source whose main extent is horizontal.

The hypothesis is realistic for crustal earthquakes with
M >7-7.2 and for subduction earthquakes with M >7.6—
7.7. The April 20, 2006 Olyutorskii earthquake is a crustal
M = 7.6 event, hence the approach we have outlined is
justified. The subsequent discussion will be concerned
with the vector of the 1st moments M1 or{M1, M1, M1}
and with the 6-vector of the 2nd moments M2 or {M,,
M, M, My, M., M, }.

X1 P

In addition to the moments, we also determined the
position of the rupture termination point in space—time
(relative to the epicenter and the origin time). This posi-
tion is described by the vector F or {F,, F,, F,}. The vector
was determined using total durations 7 of the recon-
structed source HFPSs. The equation that relates{F;, F,,
F} and T} is the same as the equation connecting {M1,,

MI1,, M1} and the e} .

THE DATA AND THE DATA PROCESSING

Our data set consisted of 57 pairs of P-wave records at
BHZ channels of worldwide digital seismic stations
retrieved through the IRIS DMS Data Center. Each pair
was a record of the main shock (23:25:05 UT, April 20,
2006, epicenter at 61.0° N, 167.1° E, depth 10—20 km,
M, (HRV) = 7.6) and a record of the aftershock (04:32:45
UT, April 21, 2006, epicenter at 60.6° N, 165.8° E, depth
18 km, M,(HRV) = 6.1). The station’s azimuth and dis-
tance can be seen in Fig. 1. The first step was to do a band-
pass filtering for each station in two frequency bands: (1)
0.7—1.7 and (2) 1.5—2.5 Hz, to estimate the signals M,(?)
and A,(?), to reconstruct the signals P,(7), and to calculate

the parameters eﬁcl) R eff) , and T. Ordinary least squares

was then applied to the sets of linear equations which
relate, for each frequency band, the unknown compo-

nents of M1, M2, and F to elements of the data sets efcl) ,

efcz) , and Tg using the weights to be discussed later. The

solutions for M1 and F were acceptable, while the estima-
tion of M2 faced some difficulties in that formal estimates
do emerge, but the resulting combination M, M., M, is
unacceptable from physical considerations. This issue is
discussed in more detail later. It thus appears that, in our
case, there was merely a theoretical possibility of recon-
structing the complete set of second moments, and it has
not been possible to derive a nonparametric description of
the source in terms of the set of moments of degrees 1 and
2. In this situation we had to restrict ourselves to charac-
terizing the source rupture in terms of a parametric
model. To do this, we used the position of rupture termi-
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Fig. 1. The distribution of stations over azimuth and epi-
central distance.

nation point and the time of rupture termination (relative
to ;) which is described by the spatio-temporal vector F.
Combining the well-constrained moments and the
parameters of the rupture termination point, one can
manage to find the parameters of the source model. The
model is assumed here to be a (horizontal) straight seg-
ment with constant luminosity; the rupture front (“the
"luminous point™) propagates in both directions at identi-
cal and constant velocities from some point of the seg-
ment. The model involves four parameters: (1) segment
length L, (2) segment azimuth o (of the two azimuth vari-
ants we selected that which gives the sense of rupture
propagation for the longer arm of a bilateral rupture),
(3) distance d between the epicenter (the point of rupture
initiation) and the radiator’s centroid (the middle of the
source segment), and (4) rupture velocity v,. This model
will be referred to as the “linear segment model” in what
follows.

The data processing procedure is illustrated for
the YAK station in Figs. 2—4. The top plot in Fig. 2 is
an ordinary seismic signal, the Z displacement for the
main shock. Under this are filtered records for both
of the frequency bands used here. Before filtering we
transformed the BHZ records to acceleration and
corrected for attenuation along the ray; the result was
a signal with an approximately flat spectrum that is
optimal in the sense of information content. Figure 3
shows the squared amplitude of the mainshock and
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aftershock (estimates of HFPSs) after smoothing
with a 1-s window and decimation at the same step
(binning).

Figure 4 illustrates inverse filtering (deconvolution).
Figures 4a and 4b show (in the middle plots) how M(?) is
fitted by a convolution of A(f) with the function P(7) esti-
mated by the inversion. The estimate itself of the source
rupture signal P(?) is shown in the bottom plot. We calcu-

lated e(kl) and eﬁf) for each P(7) in each of the two bands.

The value of 75 was found by joint examination of P(#) on
the two channels simultaneously, which is illustrated in
Fig. 4c. The quality of reconstruction for the function P(?)
varied considerably from channel to channel and from
station to station, so that each estimate of the function was
ascribed a weight to be used subsequently in least squares

calculations based on the corresponding values of eil),

e,(f), and T,. We used four weight options: 1.0 (quite

acceptable), 0.2 (not quite reliable), 0.04 (barely accept-
able), and 0 (unacceptable).
For band 1 we obtained 57 pairs of estimates for eg),

and ef), and 43 pairs for band 2; the estimate of 7j was

obtained at 55 stations. The estimates are summarized in
Table 1.

Figure 5 illustrates the general character of the P(7).
One notes an azimuthal asymmetry of P(f) durations, the
shortest records being in the southwest and the longest in
the northeast sector. This difference arises from the Dop-
pler effect due to the prevailing southwestward rupture
propagation.

The next step was to solve the equations for the com-
ponents of M1, M2, and F. The quality of LS fits is appar-
ent from Fig. 6. The residuals are not small. That means
that the reconstruction of P(f) involves considerable dis-
tortions, probably due to the large fluctuation noise that
the original HFPSs contain. The noise arises because of a
very limited signal band (1 Hz) and a limited rupture
duration (a few tens of seconds). This results in large error
margins for the components of M1, M2, and F, while the
estimates themselves are insufficiently stable. The insta-
bility causes the greatest unpleasantness when estimating
the vector M2 where it is known beforehand that its three
components {M,,, M,,,, M, } must make up a positive def-
inite matrix (the source “inertia tensor”), while the matri-
ces composed of the actual estimates are not positive def-
inite. Restricting ourselves for the moment to an analysis
of the estimates of M1 and F (Table 2), we have been able
to determine:

(1) the prevailing rupture direction: three mutually
consistent, independent estimates indicate a southwest-
ward direction, their mean is oo = 219° + 14°. However,
considering that the vectors M1 themselves are relatively
short compared with F, we shall estimate the rupture
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Fig. 2. An example record of high frequency P-waves (the Yakutsk (YAK) broadband station). Top: broadband displacement on
the Zrecord (BHZ) for the main shock. Middle and bottom: same signal after preprocessing.
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Fig. 3. Squared amplitude after being smoothed by a 1-s window (high frequency power signal, HFPS) for the main shock and
the 04 h, April 21, 2006 aftershock at the YAK station. Vertical dotted lines indicate the time windows chosen interactively for

selecting the data segment to be processed.

strike by adopting the estimate based on F: oo = 225° +
19°; (2) the distance from the epicenter to the radi-
ator’s centroid (the two estimates when averaged
give d = 23 + 9 toward southwest; (3) the rupture
duration (F, = 35.0 £ 1.6 s); (4) the position of rup-

ture termination point relative to the epicenter (F; = 87 +
28 km to southwest); (5) rupture velocity v, = 2.50 *
0.8 km/s.

We emphasize that all these parameters are assigned
the uncertainty estimates that are either obtained in a
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Fig. 4. An example reconstruction of the source HFPS for YAK: (a) mainshock HFPS (MS for main shock) and the aftershock
HFPS (Af for aftershock) after being smoothed by a 3-s window and decimated (gray lines); “Source” denotes the reconstructed
source HFPS for the ray toward YAK; MS-fit denotes the fit to the MS signal (grey) by the NNLS algorithm for the band 0.7—
1.7 Hz, (b) same for the band 1.5-2.5 Hz. (c) selecting the estimate of 7y based on the source HFPS in two bands (vertical dashed
line), positive (circles) and zero (crosses) data values for the reconstructed source HFPS are marked; the temporal centroid e(1)

is marked by a triangle.

straightforward manner from the LS results or by the
method of error propagation.

Next the parameters of the linear segment model were
to be determined. It is easily seen that in the framework of
this model the length of the longer rupture arm (equal to
F;), the total rupture length L, and the epicenter—mid-
segment distance d are related by the simple relation L =
2(F; — d). Inserting the estimates of F; and d given above,
we get L =128 + 56 km.

We are now in a position to try to extract additional

information from the estimates of ef) , whose forward

inversion has been a failure. To do this, we first fix the val-
ues of the poorly constrained components M,,, M,,,, and
M,, of the vector M2 based on our estimates of rupture
length (L = 128 km) and rupture orientation (strike)
(39NE—219SW). A few words of explanation are in order.
The directions of the eigenvectors of the matrix M;; (where
i,j = x, y) are totally unrelated to the direction of the vec-
tor {M,,, M} in the framework of the source second
moments formalism, so that the estimate of the last vector
is still meaningful in spite of the fact that M, has been

fixed.

The estimate for the component M,, depends on the
choice of L. However, although real, this dependence is
actually rather weak. It follows that the above approach is
quite meaningful. The rupture fault width was set equal to
25 km; the choice of this poorly known parameter in a
wide reasonable range (15—40 km) does not nearly affect
the result. The resulting estimates of M,, and other com-
ponents of M2 (derived by LS with constraints) are sum-
marized in Table 3.
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Since the rupture length L involves a large uncertainty;,
an erroneous choice of its value might, generally speaking,
distort the estimates of M,, M,,, and M,,. We have tested
whether this danger is real by repeating the calculation for
two additional options for L, 72 and 184 km (variations
within +1c about the main estimate 128 km). It turned
out that the estimates of M,,, M,,, and M), are not very sen-
sitive to the choice of a fixed value of L; the variation due
to the deviations of L do not exceed 5%. A crude estimate
of the total error (the LS error and an additional error due
to the uncertainty in L) is approximately 10% for M,,
while the direction of the mixed-moments vector M,,, M,

can be found to within 40—50°, not better.

We now turn to a discussion of the meaning of these
estimates. The direction of the vector M,,, M,, in the lin-
ear segment model ought to be identical with that of the
vectors {M1,, M1} and {F,, F,}, which is close to 219°.
The actual estimate of the direction of M,,, M, is little dif-
ferent, to within 10°. This is an important independent
confirmation that the above reconstruction of the rupture
parameters from the st moments is correct. The tempo-
ral moment of degree 2 M,, provides a new estimate for the

rupture duration, which is assumed to be a rectangular

pulse; this is equal to 7® = 3.45M"° (3.45 = 12°5 is the
length of a segment whose rms length is unity). The esti-
mate averaged over the frequency bands is 7®= 28.5 s.
The uncertainty of that parameter is about +2 s.

The next stage of our discussion will be a joint interpre-
tation of these results (Fig. 7).

The radiator’s centroid. Combining the vector {M1,,
M1} and the instrumental epicenter as reported by the
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Table 1. Temporal parameters of power signals recorded at individual stations

Station | geo A° T, oV o RT, RT, | w(T) | w) w(2)
SFID 017 9.9 f5) 153 182 1.8 1 0 0.04 0.04
EYMN 053 55.1 45 15.0 73 10.7 5.2 0.04 | 02 0.04
FFC 053 45.7 39 13.1 — 9.7 — 0.04 0.2 0
COLA 058 212 33 14.3 14.2 8.6 7.8 0.04 1 0.04
BPAW 061 20.0 30 14.4 13.6 8.9 7.5 0.2 0.2 1
MCK 061 21.0 30 15.2 143 10.2 8.1 0.04 0.04 0.2
CHUM | 062 19.5 ) 15.9 18.0 8.5 9.0 0.04 0.04 0.2
PPLA 065 19.7 36 14.4 14.3 6.5 8.8 0.2 1 1
BMR 067 237 33 9.8 17.5 7.3 8.8 0.04 1 1
LKWY 068 49.7 39 16.6 17.1 10.2 12.1 1 1 1
EYAK 068 233 27 10.3 8.1 6.8 7.0 0.04 0.2 0.04
HLID 072 48.6 36 1 — 11.5 - 0.2 0.2 0
ANMO | 072 59.2 45 212 - 10.9 - 0.2 0.2 0
TX32 074 65.1 4 19.1 19.5 10.2 7.5 0.04 1 1
TUC 078 59.2 54 2.3 241 14.3 12.2 0.04 | 004 | 0.04
KDAK 079 21.2 33 9.5 9.6 9.6 6.0 0.04 0.2 0.2
CMB 081 50.0 54 19.6 20.5 12.3 12.3 0.2 0.04 0.04
PFO 081 55.4 £ 18.4 19.7 10.4 7.8 0.2 1 1
AKUT 100 16.5 39 20 16.6 13.9 9.8 0.2 0.2 0.2
UNV 102 16.3 30 15.3 15.6 6.9 49 0.04 0.2 0.2
NIKO 107 15.7 30 8.1 _ 9.3 _ 0.04 0.04 0
ATKA 118 13.8 36 17.6 13.1 9.7 10.7 1 1 0.2
ADK 124 13.0 36 20.0 206 9.2 8.2 0.2 0.2 0.2
SMY 146 9.1 12 4.15 5.9 2.9 2.9 0.04 0.04 0.04
ATTU 149 8.7 36 21.3 19.2 9.4 9.5 0.04 0.2 0.2
CTAO 198 81.9 39 16.1 14.3 9.4 11.6 I I 1
PMG 199 71.3 39 18.1 — 9.1 — 0.04 0.04 0
WRAB 209 84.1 33 10.7 6.5 8.8 6.9 0.04 0.2 0.04
PET 210 8.5 18 3.9 9.8 2.4 4.6 0.2 1 1
FITZ 218 84.8 36 12.8 9.5 7.7 7.1 0.04 0.2 0.04
MBWA 222 89.5 33 1.2 10.1 8.3 6.8 0.2 1 1
YsS 234 19.1 27 16.4 _ 7.0 — 0.2 1 0
BIT 258 36.6 30 15.4 _ 8.1 - 0.04 1 0
MA2 268 7.5 2% 15.5 12.1 6.9 25 0.2 1 1
PALK 269 81.3 33 14.7 15.6 7.6 6.8 0.2 1 1
ULN 276 35.3 36 15.3 13.4 10.1 7.9 0.04 1 0.04
TLY 283 34.5 30 16.8 13.7 6.6 8.0 0.04 0.2 0.04
YAK 290 17.2 27 18.3 17.4 52 45 1 1 0.2
UCH 294 54.9 30 14.1 - 6.7 - 0.04 0.04 0
AAK 295 54.6 27 13.9 8.7 8.6 5.8 0.2 0.2 0.2
AML 295 55.4 24 12.1 - 7.6 - 0.04 0.2 0
USP 295 54.1 ) 17.0 10.8 9.7 6.7 0.2 1 0.2
BRVK 306 483 33 14.1 11.9 7.3 4.1 0.04 0.2 0.04
GNI 315 68.6 39 19.5 _ 8.5 _ 0.04 0.04 0
ARU 316 50.0 36 19.6 15.7 7.7 7.5 0.2 0.2 0.2
EIL 318 81.5 39 21.4 - 10.9 - 0.04 0.2 0
KIV 318 65.9 27 16.9 . 7.7 _ 0.04 0.04 0
KSDI 319 78.0 45 17.8 _ 8.9 - 0.04 0.04 0
TIXI 322 18.2 36 14.7 17.5 9.6 8.9 I I 0.2
TIRR 328 69.6 36 15.3 15.3 10.4 8.5 0.04 I 1
KWP 334 66.1 39 15.9 14.5 10.8 10.7 1 0.2 0.2
PSZ 336 68.3 39 15.8 16.7 1.7 10.5 1 1 1
MORC 338 67.0 45 16.1 15.1 11.9 10.7 1 0.2 0.2
KEV 341 46.6 36 16.2 8.7 1.2 7.0 0.2 0.2 0.04
GRFO 342 68.1 33 10.6 18.5 8.7 9.6 0.04 0.04 0.04
KONO 346 58.6 36 11.3 13.5 9.5 10.0 0.2 0.2 0.2
KBS 352 39.8 48 15.4 _ 12.4 — 0 0.04 0

Note: Subscripts 1 and 2 refer to the respective frequency bands; RT = (e(z))l/ Z. w(1), w(2) are weights for the two bands.
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Fig. 5. Reconstructed source HFPSs for P waves in the band 0.7—1.7 Hz which were radiated toward the stations we used. Trian-
gles mark temporal centroids, inverted triangles are estimates of 7} At each record we give azimuth o, distance A°, and weight

assigned w.

local network, we determine the centroid for the high fre-
quency radiator (i.e., the middle of the linear segment that
models the radiator). The centroid of this high frequency
radiator is sufficiently close to the centroid of the seismic
moment (i.e., the low frequency radiator) as found in the
Harvard CMT solution.

Rupture kinematics and geometry. We assume, as is
usually done, that the point of rupture initiation is identi-
cal with the hypocenter as located from data of teleseismic
stations (60.95° N, 167.09° E). Considering that the vec-
tors {F,, F}, {M1,, M1)} and {M,,, M,,} have consistent

directions, the rupture process tended to develop south-

Table 2. Estimates for the components of spatio-temporal vectors F and M1, their uncertainties and derivative parameters

Vector N Z, s Z,, km Z,, km Z;, km Z,,, deg Z,, km/s
F 55 35.0 —61.5 —61.8 87.3 225 2.50
o(F) 1.55 33.6 22.0 28.4 19 0.82
M, 57 14.9 —19.3 -3.1 19.5 189 1.30
o(M1,) 0.69 14.9 9.65 12.5 37 0.85
Ml, 43 14.6 —19.3 —18.2 26.6 223 1.81
o(M1,) 0.70 15.5 10.4 13 28 091
Note: The columns Z,, Z,, and Z, contain the temporal and two spatial components of F and M1, the columns Z;, Z,., and Z, contain deriv-

ative quantities, which are length L, azimuth az of the vectors, and the associated velocity (rupture velocity v in the case of L).
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Fig. 6. Values of e (for the two frequency bands) and Tfplotted against station azimuth. Diamonds connected by straight seg-
ments represent the theoretical relation found by LS. Symbols denote estimates based on observations; the weight of an estimate
is increasing with increasing number of vertices the symbol involves. Vertical dashed line marks the fixed strike of the rupture
(225°). The azimuthal asymmetry of the rupture clearly emerges from these plots, although upon the background of a large scatter.

westwards, but the rupture asymmetry was not strongly
pronounced. The rupture propagated from the point of
rupture initiation (in the framework of the linear segment
model) to both sides along a 128-km linear feature striking
southwest—northeast. Since the vectors of the first
moments are relatively shorter and may be situated within
the fault plane when this is sufficiently wide, we have
adopted the estimate of rupture azimuth based on the vec-
tor F only. In that case the longer arm (87 km) strikes
225SW and the shorter arm (41 km) strikes 45NE. The
rupture velocity was 2.5 km/s. This value should be com-
pared with crustal shear velocity, about 3.5 km/s; the ratio
of the two gives an ordinary value of the Mach number,
0.71. The position of the linear segment in the modeled
source is in satisfactory agreement with the position and
length of the aftershock zone, but the actual length of that
zone (about 140 km) is somewhat greater than our esti-
mate. The discrepancy is appreciable for the northeastern
end of the aftershock zone.

We wish to note that the above model assumes the rup-
ture velocities to be identical in both senses. Now as a
matter of fact, we have only estimated the southwestward
velocity. The northeastward velocity involves (along with

the length of the northeastern rupture arm) some extra
uncertainty. Analysis shows, however, that this extra
uncertainty is actually restricted if the luminosity is
assumed to be more or less uniformly distributed on both
arms.

The radiation structure over time. Judging from the
value of the temporal moment N,, the temporal centroid
is 15 slater than the rupture beginning on the time axis, or
in other words, the average (over the entire rupture) radi-
ation is delayed by 15 s relative to the “origin time.” The
total duration of the rupture process is F;,= 35 s. The value
2N, = 29.5 s gives another, cruder duration estimate in
approximate agreement with F,= 35s. Lastly, the estimate
based on M,,, which equals 7® = 28.5 s, is also in approx-
imate agreement with the two first.

Multiplying 7® by v, = 2.5 km/s gives an estimate of
the characteristic length: L® = 71.2 km. This should be
compared with the mean of the lengths of the two rupture
arms, equal to 128/2 = 64 km. The agreement is quite sat-
isfactory again.

Table 3. Estimates for the components of the spatio-temporal vector M2, their uncertainties and derivative parameters

Vector N Z,,s? Z,, kms Zy, kms Z;,kms Z,,, deg
M2, 57 73.6 —145.5 —66.0 160.0 204
c(M2)) ~10 ~64 ~38 ~77 ~45
M2, 43 61.8 —105.1 —85.8 135.7 235
o(M2,) ~15 ~100 ~63 =120 =50

Note: The columns Z, Z,,, and Z,y contain the respective temporal component and two mixed spatio-temporal components of M2, the columns Z;;
and Z,,, contain derivative quantities — length #/ and anmuth az of the vector {M2;,, M2,}. The following values have been ﬁxed for the compo-
nents M , M.y, and M, 844.6, 646.4, and 579.2 km?. The uncertainty estimates are rather crude.
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Fig. 7. Maps representing results of calculation. The maps show aftershock epicenters for April 20—23 as reported by the KB GS
RAS (1); the symbol representing the epicenter of the aftershock used to correct the HFPS is enhanced by black; also shown is
the mainshock epicenter (2) based on teleseismic data (NEIC USA). (a) estimated position of the radiator’s centroid (3 for the
frequency band 0.7—1.7 Hz, 4 for 1.5—2.5 Hz), and the estimated position of rupture termination point (5). All estimates are
accompanied by uncertainty ranges (1) for the NS and EW directions. Inset shows the position of the area of study. (b) rupture
reconstruction derived in this study in the form of a straight segment (6). Also shown are the mean centroid based on the two fre-
quency bands (7) and the radiator’s low frequency centroid as found in the Harvard CMT catalog (§). The inset shows, from top to
bottom, the nodal planes for the main shock and the aftershock as reported in the Harvard CMT catalog (the lower hemisphere). We
mark the strike direction (44°—224°) for the preferred nodal plane as appears from field geological data kindly provided by T.K. Pinegina.

CONCLUSIONS

This study provides a sufficiently complete description
of the overall spatio—temporal structure of the high fre-
quency radiator in the source zone of the earthquake stud-
ied. It may be presumed therefore that, to some approxi-
mation, the rupture geometry and kinematics have been
reconstructed.

All numerical estimates of the source parameters
derived here are assigned sufficiently definite uncertainty
estimates. This fact, so ordinary on the face of it, is not
actually ordinary: the level of inversion typical of the field
of earthquake rupture reconstruction does not yield any
well-defined uncertainties of the solutions. An analysis of
the errors shows that some source parameters, such as
map-view orientation (strike), rupture duration, and the
degree of asymmetry are comparatively accurately esti-
mated, while the estimates for rupture length and rupture
velocity involve considerable uncertainties.

The reconstructed geometry of the high frequency
rupture is in satisfactory agreement with other informa-
tion relating to the rupture zone of this earthquake. The
position and orientation of the rupture line are in agree-
ment with the seismic moment centroid (CMT) and with
the orientation of the preferred nodal plane of the respec-

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol. 4

tive double couple. The rupture position is in overall
agreement with the geometry of the aftershock hypo-
center cloud, but the northeastern termination of the
cloud extends somewhat farther than required by the esti-
mate we derived for the northeastern rupture termination.
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