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Abstract

The distribution and characteristics of deep earthquakes provide important information on both the large-scale
aspects of mantle convection as well as on the small-scale mechanics of apparent shear failure within descending
lithospheric plates at large confining pressures. Neither of thesc processes is well understood, but the detailed
knowledge of the spatial and temporal distribution of earthquakes, as well as the focal geometrics, scalar moments,
and details of the earthquake rupture process, provides constraints which can be used to differentiate between
competing models of mantle circulation and theories of deep seismic rupture. With the objective of expanding and
improving the database of source parameters for deep earthguakes, we evaluate the feasibility of applying the
Harvard centroid moment tensor (CMT) algorithm to earlier (pre-1977) carthquakes recorded on seismographs with
analog recording. Abundant records from the World Wide Standardized Seismograph Network (WWSSN) are
available for events after 1962, and the data from these high-quality stations with a known standard response are
casily digitized and subjected to analysis hy the CMT algorithm. For earlier events, no standardized network of
seismometers is available, Using a modem deep earthquake as s test case, we show that reliable single-station
moment tensor solutions can be obtained from the Press-Ewing instrument at Pasadena. We apply the single-station
technique to three historical earthquakes recorded on different types of clectromagnetic and mechanical seismo-
graphs: the 1957 Java earthquake (Press-Ewing); the 1922 Peru earthquake {Wiechert); and the 1911 Peru—Brazil
earthquake (Galitzin). Robust results can be achieved from these data provided the instruments are well calibrated,
and an analysis of selected earlier deep earthquakes may quickly double or triple the time span of the database of
deep earthquake source parameters.

1. Introduction sor (CMT) algorithm (Dziewonski et al., 1983) to

the analysis of analog records of historical earth-

The purpose of this paper is to explore the quakes at the bottom of subduction zones (& >
feasibility of extending the centroid moment ten- 300 km).

Even though deep earthquakes are a prime
window on the process of subduction, and have
* Corresponding author. provided great insight into physical conditions
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and processes inside slabs (e.g. recently, Creager
and Jordan, 1984; Spakman et al, 1989; Zhou,
1990; Lundgren and Giardini, 1992), a number of
problems remain outstanding, notably how appar-
ent shear failure occurs at the relevant pressures
{(10-25 GPa) where ordinary hrittle fracture is
unlikely. A number of studies have invoked a
depth- and temperature-dependent combination
of brittle fracture and failure in ductile deforma-
tion, allowing the distribution of deep seismicity
to be compared with the lithospheric strength
predicted by laboratory studies of mineral
strength (Griggs, 1972; Molnar et al., 1979; Wor-
tel, 1986; Hobbs and Ord, 1988). In addition, over
the past few years, a number of promising theo-
ries of deep seismic failure have been put for-
ward that invoke phase changes during descent.
One class of theories suggests that martensitic-like
transformations might lead to macroscopic shear
instability in such phase transformations as
olivine — spinel (Meade and Jeanloz, 1989; Lom-
nitz-Adler, 1990). Another class suggests amor-
phization and dehydration of serpentine, extend-
ing the depth range of brittde failure through the
support of normal stresses across fractures by
fluid pressure (Raleigh, 1967; Meade and Jean-
loz, 1991). Lastly, it has been proposed that deep
seismicity could result from transformational
faulting, a form of shear failure involving a low-
pressure, low-density mineral phase (such as
olivine) carried metastably into the field of a
high-pressure, high-density one {(such as spinel)
{e.g. Burnley and Kirby, 1982; Burnley et al,
1991: Kirby et al, 1991). Present observations
and our current insight into deep seismic failure
are insufficient to establish definitively which, if
any, of these competing theories are correct.
However, transformational faulting for example,
would predict a number of testable features in
the exact location, size and energetics of seismic-
ity at the bottom of subduction zones.

An additional question raised by deep earth-
quakes 1s that of their potential location at pref-
erential sites along the Wadati-Benioff zones,
and of the possible existence of repeat patterns;
i.e., ‘do large deep shocks have a tendency to
recur at the same location at more or less regular
intervals of time, in a way similar to the cycles

often (but not always) described in the case of
shallow interplate e¢vents?” The Harvard CMT
catalog documents only one case of two earth-
quakes with M, = 10*® dyn-cm occurring within a
three-dimensional radius of 30 km of each other’s
centroid over its 16 year lifetime (the events of 22
October 1977 and 21 December 1983 in northern
Argentina); furthermore, recent work on the
1921--1922 carthquakes in northern Peru indi-
cates that they are significantly smaller than, and
distant from, the nearby 1970 Colombian shock,
despite larger assigned magnitudes (Okal and
Bina, 1994). It is clear that progress towards
answering any of the above questions requires a
firm knowledge of the principal parameters of the
seismicity of deep subducted slabs.

The most homogeneous and complete dataset
of deep earthquakes is the Harvard CMT catalog
(Dziewonski et al., 1981; Dziewonski and Wood-
house, 1983, subsequent updates published guar-
terly in Physics of the Earth and Planetary Interi-
ors), which has become a standard tool for many
aspects of geophysical research. One of the Hmi-
tations of this catalog is its relatively short time
span; it currently contains data for world seismic-
ity only since 1977. This period is clearly too
short to cover properly the ‘earthquake cycle’,
believed to be of the order of several decades o
centuries for interplate earthquakes, and possibly
much longer for intraplate events. Indeed, since
1970 the seismic activity in nearly all depth ranges
has been unusunally weak, and any conclusions on
the level of maximum seismicity as a function of
depth inferred from the CMT dataset would be
significantly biased by its short time span, espe-
cially for depths greater than 500 km. This is best
demonstrated by the fact that the catalog con-
tains 774 earthquakes below 300 km, whose cu-
mulative moment {1.9 x 10" dyn-cm) remains less
than that of a single of their predecessors—the
1970 Colombian earthquake.

A few seismic moment estimates and focal
mechanisms do exist for deep pre-1977 earth-
quakes (e.g. Wyss, 1970; Sasatani, 1974; Gilbert
and Dziewonski, 19735, Chung and Kanamori,
1976; Furumoto and Fukao, 1976). However, be-
cause of the variety of methods used (body-wave
modeling, mantle-wave modeling, inversion of
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normal mode spectra, comer frequency estimates),
the resulting datasets remain heterogeneous and
fragmentary; in instances when several methods
were used on the same event, the results often
exhibit considerable scatter, Furthermore, to our
knowledge, solutions predating the 1950s are ex-
tremely rare, a notable exception being Abe’s
(1985) study of the Tokai—Oki 1906 earthquake.

Cur lack of good estimates on the rates of
moment release in the deepest parts of slabs
poses a major problem which hinders a better
understanding of the processes responsible for
seismic failure in deep Wadati-Benioff zones:
our guantitative knowledge of deep source pa-
rameters (true size, geometry, as well as other
features such as time function and stress drop
most easily derived from digital datasets) is at
present limited, and for practical purposes cannot
be taken as extending back more than the 16
vears covered by the Harvard CMT dataset. Any
further progress in this respect will require an
extension of reliable moments for deep earth-
quakes into the era predating the Harvard CMT
catalog. The present paper reports on the prelim-
inary resuits of this endeavor.

2. Theoretical background: why should it work?

Stated briefly, the CMT algorithm (Dziewonski
et al., 1981) consists of the inversion of complete
three-component long-period seismograms for the
moment tensor and peoint-source location which
maximize the agreement between observed and
calculated waveforms, Synthetic seismograms are
calculated by summing all the Earth’s normal
modes up to 45 s period, including path-averaged
corrections for the lateral heterogeneity of seis-
mic velocities in the Harth (Dziewonski and
Woodward, 1992). In the routine analysis of cur-
rent global seismicity, seismograms from more
than 40 digital stations of the Global Seismic
Network are commonly used.

The major problems we face when applying
the CMT algorithm {0 older data resuit from the
nature of the available seismograms: they are

usuaily much scarcer and written on instruments
with narrower frequency response than current
instruments. For the purpose of the present study,
we identify three epochs: (1) we do not consider
here events occurring in the years 1972—-1976: for
these dates, some digital data exist from the high
gain long period (HGLP) network. The process-
ing of these data should be straightforward, once
reliable information is obtained regarding the
instrument responses during this period of devel-
opment and experimentation of the digital net-
work; it is anticipated that these vears will be
covered as part of the general CMT project at
Harvard. (2} Between 1963 and 1971, generally
abundant World Wide Standardized Seismograph
Network {WWSSN) data arc available on micro-
film. (3) Before 1963, no standardized network
was available, and datasets with reliabie instru-
ment responses can be extremely scarce even for
events as late as the mid-1950s; one of the goals
of the present study is to explore the feasihility of
performing single-station inversions.

The somewhat puzzling suggestion that robust
moment tensor solutions can be retrieved from
very limited datasets goes back to Buland and
Gilbert {(1976), who showed that it is theoretically
possible to invert a single, non-naturaily rotated,
horizontal record into the full time history of the
moment tensor. Eksirom et al. {1986) then
demonstrated the practical feasibility of retriev-
ing the static moment tensor from a single three-
component broad-band station. Meanwhile,
Westaway et al. (1985 showed that WWSSN
records can be used to supplement sparse digital
datasets. These results suggest that the CMT
algorithm is robust, and often vields good results
even with limited station coverage, and that, at
least for the WWSSN era, analog records are of
sufficient quality to be used in the analysis. We
wish briefly to discuss here circumstances which
suggest that deep earthquakes will be particularly
well suited for CMT analysis even when data are
scarce, of limited dynamic range, or generally of
less than perfect quality.

In simple terms, to be successful a single-sta-
tion inversion must use a data space of a dimen-
sion sufficient to insure that the rank of the
resolving matrix be five (note that the standard
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Centroid coordinates and parameters derived from moment tensor inversions

Mo, Centroid parameters

Date Time Latitude Longitude Depth
Year Month Day h min s Bty A 8Ay b Behg h Shy
1 191 25 21 58 94+03 40 S51L60+002 017 15101+ 005 006 5240419 200
2 196% 3 31 19 25 302104 3.0 38464005 (.13 13383 £ 0,08 ~0.77 4i83+2.6 13
31968 10 719 20 285402 77 26404002 61 140,28 £ 0,03 —0.42 4809.+1.6 -281
4 1966 3 17 15 50 385403 54 —20984004 012 —-178.96+003 024 6475123 8.5
51963 8§ 1517 25 312402 253 1341002 039 —0954£002 —024 371.2+15 282
6 1962 12 & 21 27 293403 73 —2588+002 —008 —6335+004 005 5903+106 -297
71962 9 20 15 18 151418 281 -25.13+£0.47 187 -6268 1009 092 397.2+38 122
801969 2 10 22 58 117405 59 —2293+005 -022 17868 +005 (.07 6669+38 -6l
9 1969 1 24 2033 96+05 61 -21941006 —006 -17958+£004 000 6018134 6.6
10 1968 11 4 7 41.7+04 32 -1420+004 002 172.14 + .04 011 6070+29 22.0
11 1967 3 24 g 0 237+06 46 —611+£005 -012  11217+006 -016 60344509 8.4
121967 2 15 16 11 187x04 72 -876+004 031 -7110+0.05 028 6023128 73
131965 7 6 18 36 4894105 15 4654004 015 15510005 006 5134+4.5 1.4
14 1962 12 7 M 3 454+03 84 2894003 -—-024 139352+ 004 032 4245+18 135
15 1962 9 15 44 60+06 66 -206410067 045 179124004 008 642.4+33 22
16 1962 3 21 21 15 530403 230 19334004 047 177374003 003 3935+14 515
171862 3 7011 1 93+03 47  1910+002 0180 144944005 -016 66184206 -—232
8 i%84 3 6 2017 WH+i0 46 2935 FIX 13892 FIX 4552 +63 1.2
191957 4 H 4 4 106zx05 1.1 —4.35 FIX 107.30 FIX 635.6+44 136
200 1922 1 17 350 343+13 -36 300 FIX 7000 FIX 663788 37
21 1911 4 28 9 51 574109 164 —9.50 FIX —71.20 FIX 5568465 —52

CMT algorithm solves only for the deviatoric part
of the source, and thus imposes a zero-trace
condition on the moment tensor). To avoid situa-
tions where the matrix merely approaches singu-
larity, we must consider a large enough number
of normal modes providing significantly indepen-
dent kernels for the various moment tensor com-
ponents. In the case of deep earthquakes, the
following factors combine to work to our advan-
tage:

(1) The abundant excitation of overtone
branches insures a rapid variation of the moment
tensor kernels with frequency, even at relatively
high frequencies. Hence the possibility of using
more narrowly peaked instruments, generally
higher frequencies and consequently smaller
shocks, as demonstrated by Ekstrém et al.’s (1986)
successful processing of a deep shock of moder-
ate size (7 =384 km; M, = 6 x 107 dyn-cm) us-
ing single-station Global Digital Seismographic
Network (GDSN) data.

{2) The excitation coefficients for the various

components of the moment tensor are of compa-
rable amplitude for deep earthquakes—in con-
frast to the situation with shallow sources for
which the M, and M, kernels can be smaller by
one order of magnitude, leading to a computa-
tional singularity in the inversion process.

{3) The part of the seismograms carrying the
most importance in the inversion of deep sources
consists of the mulitiply reflected groups such as
PP, PPP, PPS, SSS, etc., a result not surprising as
these phases, taken as a whole, represent the
marntle overtones whose kernels are crucial to the
non-singufarity of the resolving matrix. In gen-
eral, they are the most prominent component of
long-period teleseismic records from deep earth-
quakes, and are not contaminated by fundamen-
tal-mode surface waves as is the case for shallow
events. The separation of the multiple phases
efficiently constrains epicentral distance.

(4) Along similar lines, upgoing energy and
downgoing energy from deep earthquakes are
well separated in the seismogram, even at rela-
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Half  Scale  Principal axes

Best double couple

drin  factor

" T-Axis N-Axis P-Axis M, Plane 1 Plane 2
o 5 ¢ o 5 ¢ o— 5 ¢ b, B A b, O A
53 26 1.84 28 131 007 16 33 —192 57 277 19 256 22 -45 28 M —106
43 25 6.29 31 153 193 39 33 -B22 35 28 73 298 40 -4 31 8§ 130
40 26 87 16 223 -078 31 127 793 57 329 83 345 44 -43 108 62 —125
49 25 871 26 128 021 100 223 -85 61 332 86 194 21 —120 46 72 -79
169 27 342 11 302 1.55 21 207 —498 66 58 42 37 38 ~54 194 60 115
9.0 26 606 38 273 047 W 174 614 S0 72 6.1 34 12 ~30 173 84— 100
43 25 612 18 258 152 & 166 —-764 T 53 69 28 —-72 162 64 -99
8.0 26 3.09 3 266 0.49 44 173 —558 46 3359 53 31 57 ~34 142 62  -141
49 25 825 36 91 -G8 20 197 74 47 310 7R 124 21 —164 19 %4 -~
39 25 454 13 283 1.i2 5 193 -3465 7o 82 51 2 32 ~80 190 38 -9
4.8 25 8§24 22 359 0.57 2% 102 881 33 237 85 49 34 148 291 T2 = 6
6.6 26 33 7 263 036 1 353 -299 83 93 32 352 38 ~92 174 52 — 88
3.6 25 200 27 0 020 1 270 -220 63 17 22 93 18 -87 6% 72 -~ 91
35 20 123 33 72 -002 17 174 —-111 51 286 L2 114 19 ~-151 356 81 =713
40 25 490 3 266 066 44 173 ~555 46 339 52 32 37 -3 142 62 142
140 27 217 42 103 025 5 187 —242 48 292 23 10 5 148 17 &7 -85
69 26 233 9 224 647 18 131 360 69 330 28 335 39 -60 119 37 -112
43 2 144 42 48 - 001 13 130 —142 45 254 14 68 13 —173 331 8% =77
105 26 267 1 204 414 13 -311 76 297 26 307 46 -7 0 48 109
9.4 27 786 20 287 - 1.62 17 191 —-624 &3 63 7.1 44 30 —53 183 67 109
94 26 406 11 94 -074 D 4 -332 79 273 37 184 34 -~ 90 4 56 =90

tively long periods, and their relative phase shift
is easily resolved in the inversion to provide cen-
troid depth.

(5) Deep carthquakes most commonly have
shorter durations than shallow ones of simiiar
moment (Vidale and Houston, 1993), justifying
our assumption of a point source and of a hox-car
source rate time function with a duration given by
scaling arguments, for all but the largest deep
events,

On the other hand, the specific limitations
introduced by applying the CMT aigorithm to
historical single-station and limited datasets must
also be assessed:

1) a possible limitation of the technigue of
single-station inversion, peinted out by Ekstrém
et al. (1986}, is that it cannot resolve the location
of the centroid in a direction perpendicular to the
great circle involved. In the present study, this is
only a minor incoavenience: most of the earth-
gquakes considered will be of such magnitude as
to allow, if necessary, a relocation based on pub-
lished International Seismological Centre (ISC)

travel times. Although any significant difference
between centroid and hypocenter locations is in
itself interesting, the focus of our study is the
focal mechanism and seismic moment of the seis-
mic source. In practice, the inversions can be
carried out with constrained epicenters to stabi-
lize the inversion. If the epicenter is fixed, but
misplaced, the focal solution inverted from a sin-
gle-station dataset is not always robust. However,
the quality of the solution, as represented by its
variance reduction, is optimized at the true epi-
center, This property can be used to refine the
choice of the fixed epicenter.

(2) A potentially more important limitation
stems from our limited knowledge of instrument
responses; both amplitude and, equally impor-
tant, phase responses must be reliably known in
the period range 35-80 s, to obtain accurate
CMT solutions, In this respect, and as discussed
in more detail below, we will emphasize instru-
ment-station combinations for which full and
reliable documentation of instrument characteris-
tics Is available,
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Tabie 2
Elements of the moment tensor ebiained in the CMT inversions
No. Scale M, Mo Moy M, M., My,
105
i 26 —{1.96 +0.04 0.67 -+ 0.06 0,29 + .06 —{.59 4+ 0.05 —1.44 £0.06 0.62 + 0.05
2 25 — (.26 +0.22 4.45 £ 0.37 -418+ 040 - 1.52+0.38 =565 +10.35 1.59 £ 033
3 26 —5.56 4+ 0.15 2.64 4 0.24 2091 £40.28 —358 4022 —0.56£0.21 =550+ 025
4 25 —4.83+0.19 097 4+ 0.25 3.86 + 0.25 —5.24 +0.24 4.46 + 0,23 2,66+ 0.25
5 27 - 380+ 0.09 174 £0.11 206+ 012 - 1.10 + 0.12 238 +0.11 1.30 + 0.12
6 26 —1.27+ 816 =017+ 0.11 1.44 +0.14 —0.82 £0.14 582+ 013 .92 £ 0.13
7 25 - 6.09 + (.39 1.29 4+ 0.40 481 +0.53 =207 1+ 0.44 376 £ 043 —{0.29 4+ 0.45
& 26 —-2.66 +0.19 2,39 +0.22 505 022 —3.05+0.22 0.2y £0.22 —0.40 +0.24
G 25 -~ 1,18 + .26 — 209 +10.41 3274031 =217 +0.30 —-6.84 +0.32 - 1.4+ 032
10 23 —5.06 4+ .20 1.32+90.29 375 +£0.31 — (024922 234 +0.34 0.85+0.29
13 25 - 4,33 + (144 62004056 —1.87 £ (157 507 £40.55 —3,76 + 0.68 1.68 1 0.05
i2 26 —2.89+4.11 =031 + 018 3200 4£40.23 —{.04 £ 0.13 0811015 —0.43 £ 0.13
13 25 —1.31 4 0.08 111 +0.17 0.20 £ .18 7 4015 0.04 + 015 - 002 £ 013
14 26 — 132+ 0.02 -~ 0.05 + 0.03 0.37 +0.03 0.06 £ 0.03 —-1.05+£0.03 —038 £ 0403
15 25 - 251+ 0.17 —-235+023 486 +0.17 =312+ (.25 917 +0.24 ~0.38:% 020
16 27 =036 £ 0.04 0.13 + 0.08 022 £ .07 —{,72 + 0.05 —2.16 + (.05 —0.19 + 0.06
17 26 - 251 4 0.07 1.12 + 0.08 140 £0.12 - 1.31 + 008 -0.18 + 0.10 - 115 + 0.09
i8 27 — (.07 + 116 0.28 4+ 0.16 —0.21 £ 0.06 0.67 x 0.08 -122 £ 0.10 —-021 £ 021
19 26 —2.86 % 0.43 1.85 4032 LOL 4+ 017 —{,47 + 0.18 — .87 + (.15 — (348 £ 0.56
20 27 —4.24 + 1.84 - LT 4 0.74 531 £2.36 0.04 + 0.7 4.51 £ 0.63 2T 4252

2% 26 —3.05 £0.90 —0.72 + 032 377 4 103 —0.094£0.34 —-1.38 £ 0.29 033106

Sirlke = 194; Dip = B0y Siip = 245 o, I, T, B: directions of compression, tension and nult axes from nodal plane  Strike = 188; Dip = 53; Slip = 239
salutions; %, 1, IT, III: directions of principal axes of the moment tensor

Eigenvalues and eigenvectors of the deviatoric moment tensor

Index This study Gitbert and Dziewonski (1975}

g Eigeavalue Plunge Azimuth Eigenvalue Plunge Azimuth
[)z LA f-'z Di - M -{-"l
(1077 dyn-cm) (deg) (deg) (10%" dyn-cm) {deg) (deg)

1 -35.4 66 S8 —4.0 53 68

P 1.6 22 207 1.3 26 225

3 3.4 it 302 2.7 [ 318

Fig. 1. Results of the CMT inversion of the 15 August 1963 Peru-Brazil earthquake (left) compared with Gilbert and Dziewonski’s
(1975} inversion using an extensive dataset (center) and with Chandra’s (1970} first motion mechanism (right). In the center
diagram, the solid lines represent the foci of the principal axes of the mechanism projected on the lower focal hemisphere, as they
varted with time during the evolution of the source, as derived by the rescarchers. We also compare the eigenvectors of our
best-fitting deviatoric moment tensor (including the minor double-couple) with those of Gilbert and Dziewonski, given by their
amplitudes [, plunges n and azimuths . The excelient overall agreement is noteworthy.
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In summary, initial considerations indicate why
deep earthguakes should be well suited for analy-
sis using the CMT technique. The primary source
of uncertainty is likely to stem from incomplete
knowledge of the response characteristics of the
seismograph.

3. Patasets

We used the body-wave portion of the seismeo-
grams to perform the inversions. Records were
digitized over a window starting at the origin time
of the event, and ending at a group time corre-
sponding to 4.4 km s”'—the expected arrival
time of the first passage of the Love waves. To
guard against instrumental instabilities, which can
be very promtinent on horizontal WWSSN records,
we used only seismograms with high long-period
signal-to-noise ratio. Stations at epicentral dis-
tances shorter than 30° were not used. Resuits

CMT Published
This Study Selvtion

ARCENTINA —— 2§ SEP 1862  Wyses [1970]

6.9 102 1.5 1028

ARCENTINA « - 08 DEC 1962 Ryss (1970]

6.1 1078 6.8 10%

SEA of GRHOTSK ~- 23 JAN 1977 Sasaloni [1874)]

1.8 1078 2.8 102

are summarized in Tables 1 and 2. Their format
is that of the quarterly reports of Dziewonski et
al. in Physics of the Earth and Planetary Interi-
ors, with two minor exceptions: the addition of
the year of the event in Ceolumm 7, and the
occasional entry ‘FIX’ in the epicentral columans,
indicating that the inversion was carried out with
a constrained epicenter. For a full explanation of
the headings, readers are referred to Driewonski
et al. (1987).

3.1 WWSESN events

Cur primary goals for events between 1962
and 1971 were (1) to test the inversion algorithm
on a small number of well-studied events, (2J to
assess the quality of moments available in the
literature, {3} to investigate the minimum number
of stations and records necessary to obtain a
robust solution, With these muitiple goals in mind,
we selected 17 earthquakes, seven of which had

CMT Published
This Btudy Solution

TONCA —— 17 MAR 18968  Wyss and Molnar [1872]

8.6 102

BONIN —— 07 0CT 1968 Mikurno (1972}

8.3 102 1.6 107

SEA of JAPAN —— 31 MAR 1969 Mikumo {1972]

7.3 10% 1.7 10%

Fig, 2. CMT solutions obtained from WWSSN records for six events whose moment is available from previous studies, compared
with the published solutions. The values of the scalar moment {in dyn cm) are also compared. When several values resulting from
different methods were reporled, the published value represents their gcometrical average.
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focal solutions and moment values published in
the literature {Events 1—7 in Table 1, sorted by
increasing agel.

Fig. 1 gives the example of the great Peru—
Bolivia earthguake of 15 August 1963 (Event 3),
Both the geometry of our solution and the mo-
ment obtalned using 10 stations compare favor-

ably with the results of the extensive study by
Githert and Dziewonski (1975), who used mostly
single-component (Z) records of up to 20 h dura-
tion at 37 stations. In particular, not only do we
reproduce the best double-couple geometry (also
in excellent agreement with Chandra’s {1970} first
motion solution), but we also fit the secondary

62/12/08 21:27:22.2 »=-25.8° = ~63.4° h=620km

BHE E-W
Dist. 28.0°
Azim, 333.4°

DAL E~W
Dist.  656.4°
Azim. 328.6°

MDS N5
Dist. TE.0°0
Azim. 340.2°

MaL FeW
Dist. B3.4°
Azirmn, 43.89¢

COR M-S
Dist. &8g.8°
Az, 321.8°

Al MN=~3
Dist. 27.99
Azim. 46.8°

STU E-w
Gist. 28.57
Azim. 38.7°

MUN E—W
Dist., 122.5°
Azim. 179.6°

PMG Vart.
Dist, 134.1°
Azim. 224.3°

RAB E-W
Dist,  134.4°
Azim. 234.3°

[ STET IS S U AU U S WU U0 TUUS0 L S0 U U U0 SO 0 T S S S AT S0 SR RSV U0 U W

10 20

30 40 50

minuies

Fig. 3. Comparison of observed and synthetic seismograms in the case of BEvent 6. For each station a representative component has
heen selected. The top (Full) traces are the filtered WWSSN seismogram windows used in the inversion; the bottom (dashed) ones
are the synthetic seismograms computed for the inverted CMT solution. This figure i directly comparable with such plots for

modern evenis as Fig. 4 of Dziewonski and Woodhouse (1983).
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double-couple, as documented by the table at the
bottomn of Fig. 1. Although this result is not
surprising, given that the CMT algorithm derives
directly from Gilbert and Dziewonski’s {1975)
formalism, it is nevertheless important, in view of
the much reduced size of our dataset.

Fig. 2 illustrates the case of smaller events, for
which moments were published by various work-
ers. In general, the focal mechanisms are repro-
duced remarkably well. The moment values are
also in good agreement, especially given the large
scatter occasionaily reported by these workers,
when several techniques (body waves, surface
waves) were used. Fig. 3 shows the fit between
observed seismograms and synthetic ones com-
puted for the final solution, in the case of the
1962 deep carthquake in Argentina {(Event 6).
The fit compares favorably with that for modern

CMT Published
This Study Mechanism

MARIANAS —— O7 MAR {862 lsacks and Molnor [1971]}

TONGA —= 21 MAY 1962  Fsaocks and Molnar [1974]

TONGA -~ 10 SEP 1962  fsacks end Molnar (19711

PBONIN —— 07 DEC 1962  Demham [1977]

SALOHON 08 JUL 7988 [Isacks and Molnar [1871]

CMT events, as documented for example in Fig, 4
of Dzicwonski and Woodhouse (19583},

We also show in Fig. 4 a compilation of an
additional 10 events (FHvents 8-17 in Table 1,
ordered by increasing age) for which a first mo-
tion focal mechanism, but to our knowledge no
moment value, is available in the literature. Cur
results are in generally excellent agreement with
the published geometries, with two exceptions. In
the case of Event 14 (7 December 1962), our
solution requires less strike-slip than the mecha-
nism published by Wickens and Hodgson (1967)
{and compiled by Denham (1977)) but the two
solutions have T-axes only 22° apart and they
share a common fault plane. In the case of Event
3, the mechanism in disagreement, listed by Den-
ham (1977), is unpublished in the literature.

We further investigated to which extent the

CMT Published

This Study Mecheanism

PERU-BRAZIL, —~~ 15 FEB 1967 Chandra {1970)

JAVA —— 24 MAR 7967 fsucks and Molnar 11871]

FLIT BASIN -~ 04 NOV 1968 lsacks & Matnar [1971]

TONGA —— &4 JAN 1863  Demham 11977}

TONGA —— 10 FEB 1968  DBenhawm {1877)

Fig. 4. CMT solutions obtained from WWSSN records for ten earthquakes whose mechanism is available in the literature, but for
which no moment could be compiled, (Note the generally excellent agreement in geometry.) The 10 February 1969 mechanism

listed by Denham (1977) is unpublished in the literature.
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solution is degraded when the number of stations
used is reduced. For this purpose, we used Event
I, and carried out inversions for all 15 possible
combinations of (one to four among) the digitized
stations. As documented in Fig. 5, the results
show remarkable robustness: the deviation of the
sofutions from the preferred one {(obtained from
the full four-station dataset), as measured by the
angular distance of the relevant principal axes,
does not exceed 20°, and the moment varies by at
most 37%, or (.09 uniis of M. Furthermore, the
depths cbtained in the inversions are all within 10
kmm of the four-station ceniroid depth. On the
other hand, we found that two-station inversions
could result in an epicenter mislocated by as
much as 2.5° One-station inversions could not
resolve the centroid, and had to be carried out
with fixed epicenter. The conclusion of this ex-
periment is that a dataset of three stations gives
excellent CMT solutions; so does even a single-
station inversion, but at the cost of constraining
the epicenter,

3.2. Earlier evenis

Regarding pre-WWSSN  events, the major
problem s that of acquiring data from instru-
ments with documented, reitable responses. Cne
such system is the three-component Press—-Ewing
seismometer operated at Pasadena since the mid-
1950s and discontinued m 1992 (H. Kanamori,
personal communication, 1993). Before analyzing
any historical earthquake, we elected to test the
reliability of this instrument in single-station in-
versions, by processing a single three-component
record at Pasadena for a few recent events for
which a CMT solution is available. We further
explored the possibility of using only two horizon-
tal components, a typical situation with historical
records, Fig, 6 compares the result of our inver-
ston of the 6 March 1984 earthquake {(Event 18 in
Table 1) with the published CMT solution. The
agreement is outstanding.

We then proceeded to invert a target event,
namely the 16 April 1957 deep Java ecarthquake
(Event 19 in Table 1). This earthquake is impor-
tant as it marks the westernmost limit of deep
seismic activity in Java, and has been given a

magnitude as high as 7.5 by B. Gutenberg (Rothé,
1969), roughly one unit of magnitude above any
recent (post-1963) event (Okal and Kirby, 1993).
We conducted a two-component (Z and north-
south) single-station inversion {at that time, the
east—west component of the Pasadena Press—
Ewing instrument was not operating), the results

29 JAN 1971 —— BEA of OKHOTSK

GUA, NAI —— p.22
ALL FOUR STATIONS —— 0.13

TUC, NAF —— 024

S44 km  NEIC
h = 521 km 515 km ISC
B2
e —— 28 TUC, GUA, NAI — 0.20 TUC, cUA - 018

524 520 520

NAT —— 0.18 NAT, CUR, NAI ~~ 0.18 NAT, Nl -~ 022

519 524

NAS ——~ 026

NAT, TUC, NAf —— 3,20 NAT, CUA - 018

E13 522 520

GCUA —— 018 Na¥, TUC, cU4 —— 018 NAT, TUE e 018

508 522 526 ‘

Fig. 5. Experiment designed to assess the minimunm number of
stations necessary for a reliable CMT selution (Event 1). Each
beachball is the result of an inversicn carried out with a
dataset consisting of the stations listed above it. The inverted
moment is listed (in italics in units of 107 dyn-cm) next 1o the
stations, and the inverted depth (in km) at the bottom left.
For reference, the ISC and National Earthquake Information
Center (NEIC) depths are also given, One-station inversions
were carried ont with constrained epicenter.
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SINCLE STATION CMT (2 comps.)
PASADENA 3080 Press—Fwing

Strike = 331; Dip = B8; Slip = ~77; Depth = 455 km
My = 1.43 10%7 dyn-cm
EIGENVALUE 1 - 0.143779F+28 PLUNGE = 42.03 AZIMUTH ~ 48.48

EIGENVALUE 2 = -0.139385E+26 PLUNGE = 13.00 AZIMUTH - 150.50
EIGENVALUE 3 = -0.142385E+28 PLUNGE = 45.07 AZIMUTH ~ 253,88

HARVARD CMT CATALOCUE (22 comps.)

Shike = 332; Dip = BB; Siip = ~70; Depth = 446 km
M, = 1.44 1077 dyn-cm
EIGENVALUE I = {0.134

EIGEMVALUE 2 =~ 0,19
EIGENVALUE 3 = -0.153

E+28 PLUNGE =~ 39.
E+27 BLUNGE - 20,
E+28 PLUNGE =~ 44,

AZIMUTH = 44,
AZYMUTH = L151.
AZIMUTH = 261.

Fig. 6. CMT solution obtained for the 6 March 1984 deep event south of Honshu using only two horizontal Press—Ewing
seismograms at Pasadena (left), compared with solution published in the Harvard CMT catalog (right). {Note the outstanding

agreement despite the considerably smaller dataset.)

of which are shown in Fig. 7. This study estab-
lishes the 1957 earthquake as one of the largest
deep earthquakes in Indonesia. It is significantly
larger than the only available digital deep CMT
solution under West Java. However, comparable
(or even larger) earthquakes are documented in

the Flores and Banda Seas and the 1957 event
does not appear exceptional in this respect.

We procecded to further testing of the poten-
tial for single-station inversions of Wiechert and
Galitzin scismograms, given the large numbers of
these instruments deployed at the beginning of

JAVA 16 APR 1957 0
?wf)h[ \G’; NEARBY CMT SOLUTION
\ ' % ZL 08 MAR 1985
hY A .
Py % {:) Ty
= 4.4 5% ~
o \ (% 1073¢ Y
=R \\/J 636 km =3
2 4.2 3 1070 E
— M B = 841 ke
ﬁ RA» ey 74
MO = 2.6 1025 dyn—c¢m M My = 1.7 1077 dyn-cm
| | 10
100 105 110 115

LONGITUDE (E)

Fig. 7. Map and inverted geometry of the 1957 deep Indonesian earthquake. Also shown is the only CMT solution available for

deep events below west Java,
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the century. We selected for inversion the Upp-
sala Wiechert records of the 1922 deep Peruvian
earthguake (Event 20 in Table 1; {Okal and Bina,
1994)), The inversion must be carried out at fixed
epicenter, and converges acceptably only for a
distance of about 91.5°, which requires moving
the epicenter slightly to the NE. The resulting
focal solution (see Fig. &) has a downdip com-
pressional axis. It shares its character of vertical
compression with the nearby (and significantly
larger) 1970 deep Colombian event, with the P
axes of the two earthquakes only 16° away from
each other.

Finaily, the earliest event we investigated is
the South American earthquake of 28 April 1911
(Ewvent 21}, for which we processed a two-compo-
nent horizontal Galitzin  seismogram from
Pulkovo, Russia, obtained in the microfilmed
archives of the US Geological Survey at Denver
{(Glover and Mevers, 1987), with detailed instru-

17 JANUARY 1922 (2 comps.)

UPPSALA Wiechert

>

—

Strike = 44; Dip = 30; Skp = —53; Depth = 664 km

ment calibration available on the microfilm. This
event is of interest as its original location is at
0°N, 71°W. in the vicinity of the 1970 Colombian
shock (Gutenberg and Richter, 1954); however,
we relocated it to the Peru-Brazil subduction
segment (Okal and Bina, 1994). The CMT solu-
tion could not converge satisfactorily for the orig-
inal epicenter (8° closer to Pulkovo), and its focal
geometry and moment are comparable with those
of nearby present-day CMT solutions (Fig. 9).

4. Conclusion and perspective

We have shown that it is feasible to apply the
CMT technigue to deep earthquakes, predating
the deployment of the digital seismic network.
Our tests have shown that (1) we can reproduce
existing moment tensor solutions from small
datasets of WWSSN records (in practice as few as

31 JUL 1970
h = 651 km

wf
M, =21 1028 dyn—cm

BN

17 JAN 1822
h = 664 km

My=7 1027 dyn—cm

Fig. 8 CMT solution inverted from the Uppsala Wiechert horizontal records for the deep earthquake of 17 January 1922 in
northern Peru. The inversion was carried out with constrained epicenter, Map shows spatial relationship to the 1970 deep

Colombian shock, and compares their mechanisms.
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three stations), (2) robust moment tensor solu-
tions can be obtained from single-station datasets
by constraining the epicenter, aad (3) pre-
WWSESN records can be used to retrieve CMT
solutions for historical events, as long as reliable
documentation of instrumental characteristics is
available. This is particularly crucial for electro-
magnetic seismographs, for which the values of
the components of the electrical circuits have
occasionally been adjusted without precise docu-
mentation, especially during the development
stages of the instruments. In particular, our expe-

295

rience has been that many Press-Ewing instru-
ments deploved during the International Geo-
physical Year (1937-1938) reflect this problem.
On the other hand, the mechanical instruments,
and notably the Wiechert seismometers deploved
it large numbers around the turn of the cenfury,
should be expected to have undergone fewer ad-
justments. In all cases, and given the intrinsic
power of the method with datasets of as few as
one station, it is highly preferable to emphasize
well-documented instruments, rather than to add
a station with a guestionable response, We also

PUL NS 28 APR 1911
0t ey e et e S B LA 0 A s S S B St B S ot e s | S s e S S s P s R 3
£ o . —" aAJWLMmmwmwwﬂpr
—-0.4 d
1 1 1 i i ] ] I L L ] 1 1 i1 I L L 13 L L 1 | i1 L i} L L L i i1 | 1 Il I, ]
2 34 56 7 8 910111213 141516 17 1819 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
PUL EW 28 APR 1911
G.4 £ LN I N AN TR A RO E N B S SN BN S A S S O O O S S s S Sy N Ry e Sy au e
§ o WMW"*‘WMW””@
=0.4} Lot b4 A bl bbb € b 4L 8T 4 A 1 *:
2 3 45 6 7 B 91011121514 4516 17 18192027 22 23 24 2526 27 28739 30 31 32 33 34 35 36 37

Time {mn

28 APRIL 1311 (2 comps.)

PULKOVO Galitsin

Sirike = 184; Dip = 34; Slip = —-80;
M

Depth
= 3.7 1026 dyn—cm

g

after 10:00 GMT)

G&R Location ON 71W
800 km 4

@CMT Solution
9.55 71.2wW

557 km

= 557 km

Fig. 9. Inversion of the deep 1911 Peru-Brazil event. Top: digitized Pulkovo seismograms. The traces start at 10:02 h GMT, ie.
approximately 10 min after origin time. Bottom left: inverted CMT solution (Note down-dip compressional character.) Bottom
right: map of the relocation vector for the event, obtained from a combination of Okal and Bina (1994} and the present study,
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note that the matching of a complete waveform
provides a constraint on the epicentral distance
which is insensitive to the quality of timing at the
station.

The stage is then set for a systematic effort
aimed at extending the CMT catalog for deep
events (f1 = 300 km), as far back in time as the
1910s and possibly the turn of the century, when
networks of Wiechert and Galitzin instruments
were deployed. This endeavor should provide sig-
nificant additional insight into the characteristics
of deep seismicity. We would expect to be able to
add more than 100 deep events with M, > 10%
dyn-em to the existing CMT catalog, at least a
two-third increase over the currently available
dataset. As of the time of writing {13 February
1994}, we have computed over 60 preliminary
sofutions based on WWSSN data and covering
the years 19641971, and are preparing a catalog
of these CMT solutions in the exact format of the
Harvard catalog for modern events, including in
particular all five deviatoric moment components
and an estimate of their uncertainties {Huang et
al., 1994),
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