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Theoretical calculations are made to study the observability of isotropic components of seismic soureces. In
particular we consider the 1970 deep Colembian earthquake, for which a precursory isotropic component was pre-

viously reperted by Gilbert and Dziswonski.

We compare an ultra-long period vertical record st Pasadena of the 1970 event to synthetic seismograms calculated
both for Gitbert and Dzieweonski’s source model and for the pure double-couple source of Furumete and Fukae, and ob-
tain better overall agreement for the latter. The amplitude of the long-period synthetic for the isotropic source is
about 5—15 times smaller than the synthetic for the deviatoric Source, suggesting that the data may be relatively
insensitive to the presence of a small isutropic source. When this possibility was tested, the overall agreement was
found to be almost completely insensitive to the presence of even a reasonably large isotropic component.

However, the isoiropic source was derived from muiti-station moment tensor inversion, rather than from single-
stalion studies. A numerical experiment on the sffect of lateral heterogeneity of eigenfrequencies and of £ on the
inversion for the moment tensor shows that even relatively smail amounts of heterogeneity can produce spurious iso-

tropic sources from monment tensor inversion.

1. Introduction

The purpose of this paper is to study the observa-
bility of isotropic components of the source mechanism

of earthquakes having much larger deviatoric moments.

As a particular example, we will study the 1970 deep
Colombian earthquake, which was the largest deep
shock in the past twenty years. The mechanism of this
earthguake has been the subject of considerable dis-
cussion since Dziewonski and Gilbert {1974) reported
that the main earthquake source was preceded by a
stow isotropic precursor. There was later extensive
discussion of this result (Geller, 1974; Hart and
Kanamori, 1975; Kennett and Simons, 1976;
Mendiguren, 1977).
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The extensive discussion of the possible isotropic
source is 2 reflection of the important geophysical
consequences of this result. From thermodynamic
considerations, there must be compressive volume
changes in the downgoing lithosphere. It generally
has been assumed that the phase changes have too
large a time constant to be seismologically observable
(Dennis and Walker, 1965; Sykes, 1968), However,
some pelrojogical models predict rapid phase changes
which might be observable (e.g., Vainys and Pilbearn,
1976).

The possibility of isotropic components of earth-
quake sources has been studied by many investiga-
tors. Barly efforts by Japanese seismologists are
sumgnarized by Matuzawa (1964). Benioff {1964)
suggested a volume change of 3% as part of a pos-
sible mechanism for a deep Peruvian earthguake.
Randall and Knopoff {1970} found both implosive
and explosive components in deep carthquakes. The



explosive sources cannot be reconciled with phase
changes in the downgoing lithosphere. In this paper,
we first present a general discussion of the excitation
of seismic waves by isotropic sources, and discuss the
Colombian deep earthquake in detail, We then conduct
numerical experiments on the effect of various pos-
sible systematic biases such as lateral heterogeneity
of phase velocity or £ on inversion for the moment
tensor. We concentrate on the question of whether
lateral heterogeneity could cause isotropic sources as
an artifact of moment tensor inversion.

2. The relative efficiency of deviatoric and isotropic
SOUICes

The excitation of the earth’s normal modes by
seismic sources has been extensively studied. Alterman
et al. (1959) solved the problem for a simple source.
Saito (1967) and Takeuchi and Saito (1972) found
expressions for the amplitudes of the earth’s spheroi-
dal and torsional normal modes excited by arbitrary
combinations of point forces, couples with moment,
double-couples and dipoles without moment. Abe
(1970} applied Saito’s results to the analysis of the
free oscillations excited by the 1963 Kurite {slands
earthquake. Other derivations of the excitation of
normal modes were given by Gitbert (1970} and
Gitbert and Dziewonski (1975), and also by Phinney
and Burridge (1973).

A complete synthetic seismogram can be calculated
by summing all the normeal modes of the earth (both
the fundamenta) branches and ali the overtones)
where the amplitude of each mode is determined
from the source type and depth. Y. Satd and his
colleagues were the first to calculate synthetics in
this way; their results are summarized by Landisman
et al. (1970). In order to study the conditions under
which isotropic sources can be observed, we will
first study the relative amplitudes of the fundamental-
mode Rayleigh waves and overtones excited by
shear dislocations and isotropic sources at various
depths.

2.1. Rayleigh waves

It is well known that isotropic sources, especially
at depth, are less efficient than deviatoric ones in
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exciting Rayleigh waves, and we will examine this
phenomenon guantitatively, In the notation of
Kanamori and Cipar (1974}, the amplitude of the
vertical component of the spheroidal mode ,5; (over-
tone number # and angular order {), excited by a
double-couple is:

w7, £) = ¥5 () cospwr {KospP} - K qg P}

+ KyprPi} (1

where the excitation coefficients Ky, Ky, K, depend
only on the eigenfunctions at the depth of the source
and on the kinetic energy of the mode; the source
radiation pattern coefficients, pg, g, 5g depend
only on the gesmetry of the source and the azimuth
¢ of the station; and P is the associated Legendre
function of azimuthal order m and angular order /.
A is the fault slip angle, and & the fault dip as defined
by Kanamori and Cipar and y? is the vertical displace-
ment eigenfunction, K is the excitation coefficient
for a vertical dip-slip fault (A = 90°;8 = 90°; 55 = pg
=0, gg = —sin ¢) and K, for a vertical strike-slip fault
(A=0°,6=90% 55 =qg =0, pg =sin ¢). The coelfi-
cient sp = 3 sin A sin 28 is non-zero for any non-
vertical fault plane having a dip-slip component. Ex-
pressions for K, Ky and K5 are given by Kanamori
and Cipar (1974).

For an isotropic source {taken as positive in the
case of an explosjon), the vertical displacement is ob-
tained from Takeuchi and Saito (1972):

w7 1) xyf(r), cos,wyt Ny - PP (2}

NNy is proportional to the radial factor of dilatation
(Harkrider, 1964; Gilbert, 1970) and is given in
explicit form by Okal (1978).

Away from the epicenter and its antipode, and
for large values of /, the Legendre functions P?, P,
P.,2 in eq. 1 can be replaced by their asymptotic expan-
sion. ‘

PRy = (1Y =22/ (n sin 6)}172

Xeos[({ +1/2) 0 +mn/2 — /4] 3

By using eq. 3 in eq. 1, the approximate relative excita-
tion of a given mode by various types of seismic sour-
ces can be studied through the four sets of numbers:
Ko/l No/i'2, K P and K57, Fig. 1 shows the
variation of these parameters for the fundamental
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spheroidal modes (Rayleigh waves) for three differ-
ent source depths: 11, 75 and 650 km. The excita-
tion coefficients ¥y, Ky, Ky and K, are computed
using Gilbert and Dziewonski’s {1975) model 1066A,
and a moment of 1027 dyn em. For the shallow
source, the ratios of Ny /112 to Ko/i'V?, K,11% and
K213"2 decrease slightly with increasing frequency,
but are basically constant. The situation is quite
different for the intermediate and deep sources. At
a depth of 75 km we find that Ny/I*? decreases for
periods shorter than about 200 s, while the other
coefficients are still increasing in value.

The relative excitation for the isotropic source is
evenl weaker for a deep (k= 650 km) source. For all
modes with {>> 15 the coefficient for the isotropic
source is much smalfer than any of the coefficients
for the deviatoric sources, and the isotropic coeffi-
cient dies off to a negligible vilue for a much lower
angular order number (I = 70) than the deviatoric coef-
ficients {J ~ 120).

The physical reason for the decay of the isotropic
coefficient can be illustrated by using the simple case
of a Rayleigh wave in a homogeneous half-space. The
decay of the wave’s amplitude with depth involves
two characteristic depths &y and /i, , for the compres-
sional potential ¢ and the shear potential ¢, respec-
tively:

1he = w(1/c? — 1ja?)4?
(4)
ifhw = w(1je? - 1/52)1/2

For the case of a Poisson solid (a=+/38), 1/hy =
0.8475 w/c and 1/hy = 0,3933 w/c. The decay of
the total dilatation ¢;; (and therefore of Ny} is pro-
portional only to ¢. The decay of any other displace-
ment or stress eigenfunctions involves a sum of terms
with the depth dependences of both ¢ and , but ¢
decays much more rapidiy with depth than ¢. Thus,
no combination of displacements and stresses decays
faster with depth than ¢; {and ¥y) and the ratio
No/K; will eventually behave as:

expl(1/hy — L/h,) wzfe]

At z =650 km, this is on the order of 10?2 for T'=
100 s and 1078 for T= 30 5. Although these figures
are clearly only approximations for a spherical, verti-
cally heterogeneous, earth, this example provides

physical insight into the relative efficiency of isotropic*
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and dislocation sources. {Jeffreys (1928) used a
similar argument to show that deep sources will excite
much smatler Rayleigh waves than shallow ones,
although he did not distinguish between isotropic
and deviatoric scurces. Jeffreys’ argument was later
used by Stoneley (1931) o verify the existence of
deep-focus earthquakes on the basis of their small
Rayleigh wave amplitudes.]

Fig. 2 shows the relative Rayleigh wave excitation
in the form of spectral radiation patterns. From
Kanamori and Stewart {1976}, the spectral amplitude
of the vertical component of Rayleigh waves for a
shear dislocation of unit moment is:

7 12 g
U o L2 S
| U] (2[ sin A) U 71 @
XispKo — PprK, — ilgrkK ] (5)

where w is the frequency (in rd s7), ¢ is the earth’s

radius, A is the epicentral distance, U is the group

velocity and all other variables are defined above.
The corresponding expression for an explosion is:

P 172
wen={5 2 ) Lsa v ©
Although this expression is derived from the
asymptotic expansion of the Legendre functions, it
is quite accurate, even at very long periods, away
from the epicentral and antipodal regions. The spec-
tral radiation patterns plotted in Fig. 2 are for A =
60° and a moment of 10?7 dyn cm. For the shallow

- source, the radiation pattern amplitudes for three of

the different mechanisms are roughly comparable
at ail three periods shown. In contrast, the amplitudes
for the vertical dip-stip fault are negligible because
the free surface is a node for this mechanism.

By comparing the spectra for the shallow and
deep sources, we can study the frequency and depth
dependence for Rayleigh wave excitation. For T'=
240 s, the amplitude ratio of the shallow/deep sources
isabout 2;at T'= 150 s the ratiois 10; and at T'=
70 s the ratio is 500. The amplitudes for the deep
strike-slip fault are about 1/2 of those for the other
deep shear dislocations at all three periods, while the
relative amplitude for the deep isotropic source grows
smalter at shorter periods. The isotropic source ampli-
tude is about 5 times smatler at 240 s, 8 times smailer
at 150 s and 17 times smaller at 70 s. Thus the abso-
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Fig. 2. Spectral radiation patterns of Rayleigh waves for shatlow and deep events are compared for various sources. The epicentral
distance is A = 60° and a step-function source with a moment of 1027 dyn cm is used. The radiation pattern for the shallow dip
slip is not plotted because its amplitude is negligible. The amplitude scales are the same for the four figures on cach line, but vary
from line to ine.



late amplitude of fundamental mode Rayleigh waves
excited by a deep isotropic source decreases extremely
rapidly as the period decreases. Even at relatively
long periods (70 s), it is extremely difficuls to resolve
the presence of a deep isctropic source from funda-
mental mode Rayieigh waves, when a deviatoric
source with equal moment is also present.

Isotropic sources are also less efficient than devia-
toric sources in exciting the first several higher sphe-
roidal modes, It is possible to characterize the relative
efficiency of isotropic sources in exciting each higher
mode using the classification scheme of Okal (1978).
However, it is much easier to use a body-wave ap-
proach to study the excitation of P waves.

2.2. Pwagves

Following Chung and Kanamori (1976} we write
the displacement at the earth’s surface generated by
a point source at depth £ and distance A as:

A ) Ryp
dnpyu;

where g is the geometrical spreading factor, g Is the
earth’s radius, py, and vy, are the density and velocity
at the hypocenter, M(r) is the moment time function
of the source, 7 is the travel-time of the P wave to

UeHy=2 Mt~ 1) (D
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the station, and the factor of 2 is an approximation
to the effect of the free surface at the receiver. For

an explosion, the radiation pattern coefficient, Ry A
= 1. Ry a Tor disiccation sources is given: by Chung

and Kanamori.

Fig. 3 compares the P-wave radiation pattern (the
Fourler-transform of eq. 7) of an explosion, and three
double-couple sources [vertical dip-slip, vertical strike-
slip, and 45° dipping thrust (5 =45°, A = 90°)], at
both 2 = 0 and k& = 600 km, at a distance A = 60°. A
moment of 1027 dyn ¢m, with step-function time
dependence, is used. The effect of free-surface reflec-
tions above the shallow source (Fukao, 1971;
Langston and Helmberger, 1975) is not included.

The scale in Fig. 3 is about a factor of two larger
for the top (shallow) sources. In all cases, the excita-
tion of P waves by compressional and deviatoric sour-
ces 13 on the same order of magnitude, reflecting the
small dependence of [{w) (the Fourier transform of
eq. 7) on: depth. These results for the excitation effi-
ciency of P waves by the various sources are, to this
leve! of approximation, totally independent of fre-
quency. The spectral amplitudes for Rayleigh waves
at periods from 240 to 70 s {from Fig. 2} are about
50--100 times greater than those for the P waves from
the shallow source. For the deep source however, the
Rayleigh waves are 50 times bigger at 7= 240 5, but
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Fig. 3. Spectral radiation pattern of P waves for shallow/deep events are compared for various sources, at a station distance of
A= 60°. A step-function moment of 1027 dyn cm is used for all sources.
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the P waves are 5 times biggerat 7= 70 5.

The relative efficiency of an explosion with respect
to a double-couple remains about constant (and on
the order of 1) with both depth and frequency for P
waves. It decays very rapidly with increasing depth
and frequency for Rayleigh waves. The consequences
of these differences for the analysis of a deep earth-
guake are two-fold. First, in order to resolve a pos-
sible isotropic component of the seismic moment
tensor, an analysis of the body-wave part of the
record is desirsble. In principle, the possibility of an
isotropic source component could also be investigated
by studying the high-Q “compressional” overtones
{which have a relatively high proportion of compres-
sional energy), and are efficiently excited by isotropic
sources {Dratler et al.,, 1971). However, any interpre-
tation of the amplitudes of the compressional modes
may be affected by errors in earth models and lateral
heterogeneity, so analysis of the direct P waves is
probably preferable.

The relative amplitudes of P waves and surface
waves are illustrated in Figs. 4 and 3, which show
synthetics starting 7 min after the origin time and
iasting 90 min, at a distance of A = 90° for four seis-
mic sources at different depths, computed through

TABLET

Geometric parametiers of the three double-coupie sources
used in Figs. 4 and 5

Parameter Dip-stip Strike-slip  45-thrust
Dip angle, 6§ (°) 90 90 45

Slip angle, a (%) 90 70 90
Azimuth of station

with respect to

fault (°) 0 45 45
Distance of statien {*) S0 30 Bk

PR 0 1 i

aRr -1 0 0

Sn 0 0 .5

summation of spheroidal modes. {Fukao and Abe
(1971} presented similar synthetics for fundamental
torsional modes.] The geometry of the sources and
recejver is summarized in Table . Fig. 4 uses the
ultra-long period “33” instrument in Pasadena (PAS):
The response of this seismometer is peaked around
160 5. Fig. 5 uses the standard WWSSN “15-100”
instrument, whose response is peaked around 20 s.
The response curves of these instruments are shown
in Fig. 6. The synthetics were obtained by summa-
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Fig. 4. Vertical-component synthetic seismograms. These seismograms all begin 7 min after the origin time and have a 90-min
duration. The epicentral distance is A = 90° and the step-function moment 1027 dyn cm, in all cases. The instrument used is the
ultra-long period “33™ vertical seismometer at PAS (see Fig. 6 for its response}. The scale is the same for all 24 seismograms.
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waves excited by the explosion.

tion of alf spheroidal normal modes with frequencies
less than 0.0125 Hz; all modes with frequencies
greater than 0.0125 Hz (T <80 s) were filtered

out, to duplicate the conditions of Gilbert and
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Fig. 6. Response curves of the WWSSN 15-100 instrument
and the ultra-long period Pasadena instraments, “ULP33”
and “ULP38™,

Diziewonski’s (1975) study. {The filter had zero

phase shift and decayed linearly from unit amplitude
at =120 5 to zero at 7= 80 5; the same low-pass
filter is used for all of the data and synthetics in later
sections.) The attenuation of the earth was included
by using Anderson and Hart’s (1978) model 8§L.2. The
same @ model is used in later sections of the present
study.

3. Application to the 1970 Colombian earthquake

The Colombian earthquake of July 31, 1970
is the largest deep event to occur in recent times.
Its hypocentral parameters, as determined by the
USGS ate: origin time 17"08™05.4° GMT; epi-
center 1.5°8, 72.6°W; depth 651 km; iy, = 7.1,
The latter figure was revised to my, = 6.5 by the
ISC. Fig. 7 shows the original record of the ecvent

- on the vertical ultralong period “38”" seismometer

(Gilman, 1960) at PAS (A = 55.1°, ¢ = 314.1°). This
instrument (T = 35 s5; T, = 270 s) has peak response
at 160 s (see Fig. 6). The usable portion of the record
from 17%00™00* GMT (about 17 min before the first
arrival) to 20%56™00% GMT, was digitized at 2-s
{fater smoothed to 5-5) intervals. The long-period
drift of the instrument was removed (see top trace
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Fig, 7. Original ultra-long period record of the Colombian
earthquake at PAS. Fach line except the bottom is 1 hlong.

of Fig. 11) by subtracting the 600-s running average,
and the record was then low-pass filtered (see top
trace of Fig. 12). Multiple Rayleigh waves (R, Ra,
R3) are readily observable, and the | R, overtone {the
first higher mode, after it has passed the antipode)
can be clearly identified (by its group velocity of

5.8 km/s) around 18P45™ GMT. This record is unique
in that it provides both early and later phases which
are on-scate and usable.

The focal mechanism of the 1970 Colombian deep
shock was initially studied by Mendiguren (1972, 1973)
whose first-motion solution requires normal faulting.
His solution was later used by Furamoto and Fukao
(1976) to investigate the seismic moment of the earth-
quake (Table ID) through the use of synthetic seismo-
grams of fundamental-mode Rayleigh waves. They
obtained a value of My = 2.1 - 1028 dyn cm, and ob-
served a slight rotation of the surface-wave radiation
pattern with respect to the focal mechanism from
the body-wave first motions. This rotation had also
been reported by Gilbert and Dziewonski (1975)
from their invession results.

The body waves from this event were studied by
Furumoto (1977), who found that the primary P
waves-on WWSSN tecords were caused by a complex
series of multiple events with a duration of about

TABLEIL

Moment values for the Colombian earthquake

Study Moment value
(1027 dyn em)

Mendiguren (1972) 11.6
Farumote and Fukao (1976} 21.0
Farumote (1977 24.0)
Gilbert and Dziewonski (1975) * 15.3

* Moment value for the [y component, on essentially
Furumoto and Fukao’s fault plane.

60 s, and inferred a total moment of 2.4 - 1028 dyn
¢m from the body waves. The excellent agreement
of the surface-wave moment (measured at about

T = 200 s} and the much higher frequency body-
wave moment suggests that nearly ali of the devia-
toric strain release at the source has a duration of
only 60 s, and did not include any significant slow
slippage of much longer duration. Stielitz (1977)
also studied the multiple event mechanism using
body waves.

Table 111 lists the deviatoric focal mechanisms of
Mendiguren (1973) and Gilbert and Dziewonski
(1975). The source time function used by Furumoto
and Fukao {1976) (a ramp of duration 60 s) can be
taken as a step function at longer periods. The mo-
ment rate functions obtained by Gilbert and Dzie-
wonski are shown in Fig. 10, for the isotropic and
both deviatoric sources. They were obtained by
resclving the individual principal values of the mo-
ment tensor {Gilbert and Dziewonski, 1975 fig. 27,
p. 265) into their deviatoric and isotropic compo-

-nents. {The moment rate functions are similar to the

“far-field” source functions used in body-wave stud-
jes.}

We have neglected the small rotation of the prin-
cipal axes which occurred during the earthquake and
treated the axes as fixed in their average position. The
cigenvalues given in fig. 27 of Gilbert and Dziewonski
(1975) can be decomposed to give the moment rate
of the isotropic source and of two mutually perpen-
dicutar double-couples. This decomposition was
selected for our plots in Fig. 10, because the double-
couple moment rate function.D; is essentially that
for Mendiguren’s (1972) and Furumoto and Fukao’s
(1976) fault geometry, and can be directly compared



TABLE 1li

Parameters of the deviatoric focal sources used in the synthetics
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Source

Source ¢ () () A L) Tensional Compressional Moment
axis axis (10?7 dyn cm) function
¢ 6 B 57
Mendiguren {1973)
Furumoto and Fukao (1976) 148 58 ~59 244,103 32, 165 21 step
Gitbert and Dziewonski (1975)
Dy 1st deviatoric source 167 68 ~87 255,112 82, 157 see Fig, 8 see Fig, 8
D4 2nd deviatoric source 298 76 -19 ~14, 93 255,112 see Fig. 8 see Fig. 8

to their results. D, is the moment rate function for
the double-couple which accounts for the remainder
of the deviatoric source. The P-axis of D, is the 7~
axis of Dy and the T axis of D, is the intermediate
axis of D).

The moment of each mechanism is obtained by
integrating to find the area under each moment rate
curve in Fig, 8, When we performed this integration,
we found the moment of Dy to be —1.43 - 1028 gyn

Moment rate _{10% dyn-cm/s)

¥

i0

—D}
—— Dy -20L

p—

Fig. 8 Moment rate functions of both deviatoric (D, Dp)
and isotropic /) moment rate tensor compeonents obtained
through inversion by Gilbert and Dziewonski (1975). Details
of the geometry of their sources are given in Table 111 Dy

is essentially equivalent to the double-coupie scurces of
Mendiguren {1972) and Furumoto and Fukao {1976).

em; of £ {the isotropic) to be —8.2 - 10?7; and of D,
to be only —2.5 - 10%7. Our values obtained from the
figure in Gilbert and Dziewonski’s paper are very
different from those they cbtained for the deviatoric
mechanism. We found the three deviatoric eigenvalues
of the moment tensor to be (—1.43 - 1028, 1.15 - 1028,
0.27 - 10?3} dyn cm, while in their table on p. 266,
they list (—1.53 - 10%8,9.2 - 1027, 6.1 - 1027} dyn om.
This discrepancy exists because Gilbert and Dziewonski
feund the final moment values by extrapolating the
moment rate spectra to DC, while we found the area
under their moment rate curves in the time domain
from ¢ = ~200 s to r = 200 s (A.M, Dziewonski, pers.
commun., 1977). Outside this range of periods, the
motnent rate spectrum probably has very poor reso-
lution because of the WWSSN instrument response,
Thus, in contrast to Gilbert and Dziewonski, who
concluded that the deviatoric mechanism of the
Colombian earthquake differed substantislly from a
double-couple we conclude the intermediate eigen-
value is essentially negligible at long periods, and

that the deviatoric mechanisim is essentially a double-
couple. This conclusion was reached on other grounds
by Mendiguren, and Furumoto and Fukao,

We computed synthetic seismograms for the
source models published by Furumoto and Fukso
and by Gilbert and Dziewonski, using the mode sum-
mation technique discussed above. Fig. 9 shows a
comparison of the observed trace {a){detrended by sub-
tracting the running average) with these synthetics,
The syathetic for Furumoto and Fukao’s {1976)
step-function double-couple {(with a moment of
2.1 - 10%8 dyn cm) ~ shown in trace (b) — is in
excellent agreernent with the data. In addition to
the agreement of the wave shapes and dispersion of
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PAS July 31,1970

TR R 20050 GWIT
Detrended ULP 38 Record

Step-function Explosion ;

ISOTROPIC

Fig. 9. (2} Detrended trace of the ULP38 record at P4S.

{b) Synthetic obiained for Furumoto and Fukao’s (1976) source, using a step-function moment 2.1 - 1028 dyn cm.

) Synthetic for an isotropic step-function source of the same moment as (b). {(b) and (¢) are drawn on the same scale.

() Synthetic obtained using only the deviateric part of the moment rate tensor proposed by Gilbert and Dziewonski (1975).
{e} Synthetic obtained for the isotropic part of the moment rate tensor proposed by Gilbert and Dziewonski

(f) Synthetic for the total source proposed by Gilbert and Dziewonski [(f) = (d) + €e)}. {d}, {e) and (£} are on the same scale.

the fundamental Rayleigh waves Ry, R, Rj, and of Traces (d), (e), () are synthetics for Gilbert and
the second arrival of the first Rayleigh overtone |R,, Dziewonski’s (1975) source. Trace (d) is for the entire
the general amplitude of the high-frequency content deviatoric part of their sclution {both I and Dy);

of the later part of the record agrees with the data. note that the amplitude of the later, high-frequency,
For purposes of comparison, trace {c) is the synthetic “noise” seems somewhat too low. Trace {e), for

for a step-function isotropic source, with the Gilbert and Dziewonski’s isotropic source f, has much
same moment as (b). Note that the P to Rayleigh lower amplitude than the deviatoric synthetic. Trace
ratio for (¢) is much higher than allowed by the (f), the sum of (d) and (), is very similar to (d),

actual data. because (d} has much larger amplitude.



The influence of an isotropic component on the
seispogram is studied by consiructing linear combina-
tions of synthetics (b) and (¢) [and (d) and {¢)], with
various ratios between isotropic and deviatoric mo-
ments. The resulis are shown in Fig. 10 (Furumeto
and FFukao’s source) and Fig. 11 {Gilbert and
Dziewonski’s source). In each of these figures, the
upper trace is the osiginal data, low-pass filtered at
80 s, since Gilbert and Dziewonski (1975, p. 216)
have indicated that their solution loses significance
at higher frequencies; however, this filter hardly
changes the ultradong period record. For each of
the 11 other traces, the number at the right gives
the fraction of pure compression inctuded in the
source {ranging from 1 for a pure implosive source
to 1 for a pure explosion, through 0 for the puse
deviatoric source):

F=MI/([MIE +1Mph) (8)

where My is the moment of the isotropic source
(positive for an implosion), and M), that of the
deviatoric source. The shape of the signals is very
insensitive to even a substantial compressional com-
peonent. Gilbert and Dziewonski’s solution calls for
F'=0.3, since their isotropic source was multiplied
by 3.3 to make the isotropic and deviatoric moments
equal. The waveforms in Figs. 10 and 11 are very
similar to those for the purely deviatoric case. Note,
however, that the phase , R, (the second arrival of
the second Rayleigh wave overtone), identified by
the vertical arrow on the top trace, is accurately fit
only by the pure deviatoric source (or at most 20%
explosion}, using Furumoto and Fukao’s model.

It is also clear from Figs. 9—11 that Gilbert and
Dziewonski’s source fails to yield the substantial
amplitudes at the shortest {although longer than
80 s) periods, present in the first half of the ultra-
long period record. Although this might reflect a
loss of significance of their solution with increasing
frequency, it might also result from the fact that
.they were unable to use the first one or two hours
of data {generally off-scale on most WWSSN instru-
ments). Since the omission of the first hours of data
attenuates the high-frequency part of the spectrum,
a correction for () is required. Gilbert anéd Dziewonski
used the MM8 @ model (Anderson et al., 1965),
which was designed to fit the (s of the fundamental
torsional and spheroidal modes, but ot overtone
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Fig. 10, Top frace: Original trace observed at P4AS on the
ULP38 {vertical) instrament, filtered at T = 80 .

Bottom traces: Synthetic seismograms for seismic sources
ranging from pure implosion (1.0) to pure explosion (—1.0)
through pure double-couple (0.0}, obtained by taking linear
combinations of traces (b) and (c) from Fig. 9. The number
on the right is the fraction F described in the text. The scale
is the same for all eleven traces, and the total moment is held
constant.

data. Any departure of the actual 0 from this model
could have a strong effect on the higher-frequency
content of the spectrum, especiaily for overtones
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Fig. 11. Top rrace: Original trace observed at PAS filtered at
T>80s.

Bortom fraces: Same as in Fig. 10, except for combinations
of {d} and {(e) from Fig. 9.

such as the R, and ,R, phases.

As we discussed above, the isotropic source does
not excite Rayleigh waves efficiently; if the isotropic
source were to be resolved by use of a single record,
the P waves shouid be used. A visual comparison of

WWSSN 15-100 Gilbert & Dzieworshi's source
Iji DEVIATORIC
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Fig. 12. Synthetic seismograms oblained for Gilbert and
Dziewenski’s (1975) moment tensor scurce on a WWSSN
mstrument. {a}: Deviatoric sources Dy and I3, only; (b):
Isotropic source (I} only; (¢): (a) + {b), Records of this type
were used by Gitbert and Dziewonski in their moment tensor
inversion.

the synthetics suggests that there is very little change
in the body-wave traces for —0.4 < F < 0.4, There-
fore, it seems very unlikely that an isotropic source
of the size (£ = 0.3) given by Gilbert and Dziewonski
{1975) could actually be resolved from the data at a
single station.

These results, strongly suggesting that an isotropic
component cannet be resolved from a single high-
quality record, are in agreement with the suggestion
by Gilbert and Dziewonski (1975}, that a stacking
and inversion procedure should be used to search
for the isotropic source. Fig. 12 shows a synthetic
obtained for a standard long-period WWSSN instru-
menl, with the same station geomeiry as £PAS, and
for Gilbert and Dziewonski’s deviatoric sources {a}
and implosive source (b). Trace (¢) is the total syn-
thetic. The compressional contribution to the WWSSN
synthetic is close to negligible, especially after one or
two hours, and a single seismogram cannot be used
to resolve the isotropic source. This suggests the use
of several stations, and inversion procedures. We
examine the implications of such an approach
below.

4. Least-squares moment fensor inversion

Gilbert and Dziewonski (1975} determined their
scurce mechanism by a least-squares procedure for



finding the moment tensor for the source (Gilbert,
1970}, which gives the most general equivalent body
forces for a point source (Geller, 1976), As a standard
byproduct of the least-squares inversion (Iamilton,
1964), estimates of the variance-—covariance matrix
for the moment tensor elements are obtained. These
statistical estimates of the standard deviation provide
one of the compelling arguments advanced by
Gilbert and Dziewonski (1975) to support the exis-
tence of the isotropic component of the Colombian
earthquake. Gilbert and Dziewonski (1975, p. 216)
state that:

“The isotropic part of the [moment] tensor is statistically
significant. For a frequency of 0.015 s~ (approximate
period of 400 5) we find that 1/3 Re (M, + Mg +Mpp) =
6.0 % 1027 dyn crm with a standard error of 6.9 X 1028
dyn cm, thus the inferred value of the isotropic part of the
tensor is nearly nine times greater than the standard error.
The probability that this would cccur by chance alone is
less than 10—17."

This is an exceedingly smali chance of error; if the
quoted standard deviation is indeed established, then

the existence of the isotropic source must be accepted.

Gilbert and Dziewonski {1975) used a rather com-
plex scheme for determining the amplitude of each
mode; rather than consider that procedure, which
they used to obtain their error estimate for the
Colombian earthquake quoted above, we will study
the more elegant, but essentially equivalent, least-
squares technigue of Gilbert and Buland {1976). Their
paper presents a general scheme for inverting to find
the moment tensor as a function of frequency by
considering the excitation of the earth’s normal
modes. Inversion methods for moment tensor deter-
mination from body waves have also been developed
by Stump (1976} and Strelitz (1977); methods for
surface waves have been given by Aki and Pation
(1977) and Mendiguren (1977).

The procedure outlined by Gilbert and Buland
works as follows: assuming we observe the spectrum
U{e;) at several (say P) stations, we then can write
the spectrum as:

Wosp) = H{wy) fley) &)
where U/ is a (complex) P-element column vector,

His a P X 6 (complex)} matrix representing the earth’s
transfer function, which is assumed to be known
exactly, and:

_f_T = (Mrr’ MBG: M(;)({)» Mrﬁ: Mr¢u M{)q{;)
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is the unknown moment rate tensor. For greater
stability we assume that f is constant within a [re-

quency band of K distinct frequencies, and get a
generalized version of eq. 9:

U= Hf {10}
which we solve by standard least-squares techniques:
f=E T HTY (1

In practice, Gilbert and Buland break up f, Uand H
into their real and imaginary parts and solve for each
separately {F. Gilbert, pers. commun., 1977}, In that
case, [ has twelve elements, U has 2PK and His a
2PK X 12 matrix.

From standard least-squares theory, the variance—
covariance matrix is given by:
VAR = (HTHY ! o2 (12)
where 02 is the variance of an individual observation.
Usually o is unknown, and it is standard practice,
which was followed by Gilbert and Dziewonski {1975),
to estimate o2 from the residuals. One defines:

R=U-Hf (13)

and then:

o= RTRN2PK ~ 12)= UV — U'Hf)/(2PK — 12)
(14)

is an unbiased estimate of the variance, which can be
used in eq. 12, This is essentially the procedure used
by Gitbert and Dziewonski (1975) to obtain their
error estimate quoted above.

in the next section, we will carry out a numerical
experiment by actually computing the variance—
covariance matrix for synthetic seismograms at a group
of stations. For that purpose, we define modal ampli-
tude factors, corresponding to the moment tensor
components for spheroidal modes:

Ar,u=é(K0 ~+n./‘\{0)P101

App = 52N, - K) P — 1K, P cos 2
g6 T 73\ Yo o} Py — 3 K,P7 cos 2¢

Ay = (5(2Ng — Ko) P + 3K, P} cos 2¢

(15)

Ay = — 3K, P} cos ¢

App = — %KIP} sin ¢

Agg = — 3K, P? sin 2¢
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Due to anelasticity, the contribution of a mode of
angular frequency ¢, and quality factor @, [whose
time dependence is of the form exp(~w,t/20,,) *
exp(iw,f)] to a spectrum at angular frequency w is
proportional to its resonance function C,{w):
wnfz_Qn g
(@~ on) + BT |

Re C(w) =
(16)

(W, — W)
(w — wy)? + /40,
(We do not include the effect of the finite length of
records.)

Then, for the vertical component of the spheroidal
free oscillations at anguiar frequency «, the contribu-
tion of a mode to the row of A for the real part of
the spectrum, Re [{w), is:

(A, Re Cp(0), =4, - Im Cp{w), Agy " Re Cu(w) )

a7

Im Cu ()=

The imaginary pari of the spectrum is:
(A Im Cp(w), A, - Re Cp(es), Agg - Tm Cfea), .0)

(18)

[There are, of course PK such “real” rows and PK
“imaginary™ ones, one for each station, and ons for
each frequency]. The unknown, f has the form:
17 = (Re Myy, Im My, Re Mog, Im Mg ,..)  (19)
By sumiming eqs. 17 and 18 over all modes (over all n),
we obtain each full row of H. In practice, we sum
only over modes whose C,, is not negligible,

A similar procedure may be applied to the torsi-
onal components of U. We defige:
B =0
2
1

e 1 dry
BQ@ = ELZ ‘“&8 SHE 2{{5

ar?
BW = éLz WJQL sin 2¢ = —Byg
‘ (20)
By = %Lj Eé{ sin ¢
1

dP,
By =3%L, ?@L cos 0

dPZ
Bg¢, T %LQ ”&EI cos 2¢

where L, and L, are the torsional mode excitation
coefficients defined by Kanamori and Cipar {1974).
We then use the B terms (from egs. 20} in place of
the A terms (from egs. 15)ineqs. 17 and 18, to
obtain the azimuthal components of U. The fact
that Bgg and Byy do not vanish shows that the infor-
mation contained in the azimuthal component will
reduce the error on the corresponding components
(Mpg and Myg) of M, although it will not affect its
trace. As a result, the relative varjance of the isotropic
part of the tensor, 6%, will be increased with respect
to 0% (Myg) and 0% (Mys) by including the torsional
data.

5. Standard deviation estimates

Gilbert and Dziewonski’s estimate of the standard
deviation of the isotropic source is derived from the
residuals (eq. 14) between the observed and predicted
values of the data, and should be treated with caution.
It is well known that such estimates of variance can
frequently be unrealistically low, since the model is
assumed to be known exactly, and errors in the model
{and hence the matrix for the normsl equations) are
ignored. A classic example of such an unrealistically
low estimate of variance is the case of earthquakes
in central California, which presumably occurred on
the San Andreas Fault, but were consistenily located
on a plane | kin to the west of the fault. This error
occurred because the flai-layered model used to
locate earthquakes did not reflect the actual, laterally
heterogenecous, earth structure (Healy and Peake,
1975). Another well-known caseis the way that
measurements of fundamental physical constants,
such as the speed of light or Avogadro’s number, have
frequently changed by several standard deviations
over previous measuremnents, as systematic biases are
eliminated {Particle Data Group, 1971, 1976}

Variance estimates from the residuals assume that
the errors in the data are all Gaussian. The model
equations, f, are assumed to be known exactly, and
possible systematic errors in the model are ignored.
Although this procedure is statistically self-consistent,
several possible causes of systematic errors in the
moment tensor inversion do exist:

(1) Although there are very accurate calibration
procedures using random telegraph signals (e.g.,



Moore and Farrell, 1970), the WWSSN calibration is
performed by exciting the instrument with a step-
function. This causes large uncertainties in the cali-
bration at long periods, where the instrument response
is small and decays as 77°. If the calibration is in
error at a given station, the signal would most likely
be systematically too high or low at all frequencies.
Systematic errors at long pericds could also be caused
by a poor knowledge of the phase response.

(23 The observed spectral data must be corrected
for the effects of 0. Lateral heterogeneity or the
poorly knowa overtone Q's could cause systematic
errors in the resulting moment tensor.

{3) Most gross earth models are in reasonably
good agreement at long periods. However, none of
these models fit the observed great-circle group
velocities very well, suggesting that further improve-
ment may be needed. Also, the effects of lateral heter-
ogeneity are not included. Uncertainties in the earth
model could also cause systematic errors.

6. Numerical experiment

We will conduct numerical tests of the effects of
various possible sources of systematic bias on moment
tensor inversion. Synthetic spectra are calculated
for an earth model including some source of systematic
bias such as lateral heterogeneity (using a simple
approximation}. These synthetic spectra are then
inverted to find the moment tensor, using a laterally
homogeneous earth model.

The synthetic spectza are generated by perturbing
the rows of the H matrix given by eqs. 17 and 18
resulting in a new, perturbed, matrix H,. The per-
turbed spectra for a particular sousce are given by
U= Hpfy where [ is the actual moment tensor for
2 particular source. Then, the moment tensor ob-

tained from the inversion, fis given by:
f=H"H " HTH £, 21

If Hy, were equal to H, then we would find f= fy. Any
discrepancy is due to the pertarbation. If the param-
eters used in the numerical experiment are realistic,
then the difference between the moment tensor ob-
tained from the inversion and the original moment
tensor should be on the same order as what one
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would expect in the earth. In particular, we wiil be
interested in the magnitude of the isotropic source
produced by a purely deviatoric fj.

In all of our experiments to find the effect of dif-
ferent possible perturbations, we will calculaie syn-
thetic spectra for a “network” of ten stations, evenly
spaced in azimuth from 0° to 360°, at a common
epicentral distance of 60° from the source. We cal-
culated the vertical component of spheroidal modes
and the azimuthal component of torsional modes
{negiecting the azimuthal component of spheroidal
maodes) at each station. The additional information
in the azimuthal component increases the accuracy
with which Mg and M, can be determined relative
to the accuracy of the moment of the isotropic source

{My).
6.1. Lateral heterogeneity

It is impossible to calculate synthetic spectra
exactly for a laterally heterogeneous earth. [In fact,
Geller and Stein {1978) have shown that the most
obvious approximation technique, first-order pertur-
bation theory, frequently may not give accurate
results.] In this study, we will approximate the
effect of lateral heterogeneity by assuming that the
phase velocity is affected by the heterogeneity, but
that the ampliitude is not. {We are using a mode
expansion in this paper but < can be related to ¢
by the asymptotic formula ¢ = waf({ + 1/2).]

Most regionalized earth models (e.g., Okal, 1977),
show that regional variation in observed great-cizcle
phase velocities can be explained by lateral hetero-
geneity in only the upper 250 km. Such heieroge-
neity would affect the fundamental mode of Rayleigh
and Love waves most, and would have a smatler
effect on overtones. We adopt a very simple modal
of the effect of “lateral heterogeneity™ on eigen-
frequencies at a station with azimuth ¢:

28 = {we), [l +cos 29 G - Z’PBM;(?@@J )

n{tog); is the original eigenfrequency and ,,w{(¢) is
the eigenfrequency of the laterally heterogeneous
model at the azimuth ¢. & is a factor which reduces
the strength of the heterogeneity for higher over-
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tones:
0.015 for n=0
0.0075 for n=1
G = {23)
0.00375 for n=72
Q for n>2

From eqs. 22 and 23 the “heterogeneity” increases
with increasing frequency and decreases for higher
overtones (at 0.005 Hz the heterogencity is £1.5%
for the fundamental mode, £0.75% for the first over-
tone, £0.375% for the second and O for all higher
modes, while at 0.01 Hz it is 3%, £1.5%, x0.75%
and 0 respectively). Eqs. 22 and 23 are used for both
spherecidal and torsional modes. Clearly this model
of lateral heterogeneity is schematic. However, it
seerms sufficient for a test of the effect of lateral
heterogeneity on moment tensor inversiorn.

We obtained a completely artificial isotropic mo-
ment from the inversion whenever the coefficient of
Ky sg) was non-zero for the original source. As an

_HTERAL HE

MOMENT RATE TENSGOR SPECTRUM:

1

example, we used the mechanism of the Colombian
carthquake found by Mendiguren (1973): & = 58°
and A = —99° (and arbitrarily set ¢, the fault strike,
equal to zero}. For this mnechanism, the coefficient
of Ky which depends on fault geometry, sg =

% sin A sin 20 = —0.44 is close to its maximum absolute
value. We found that such a mechanism is most sus-
ceptible to the effects of lateral heterogeneity. The
results for the inversion are shown in Fig. 13. The
moment rate spectrum for Mendiguren’s geometry
and a step-function source (fy) are plotted as straight
lines, {The step-function time dependence of the
source, means that the moment rate spectrum of the
theoretical source is flat.} The moment rate spectra
obtained {rom the inversion are plotied as plus sigas.
it can be seen that even the smali heterogeneity im-
plied by egs. 22 and 23 is enough to cause very large
differences between the spectra from the inversion
ané the original spectra: The original isotropic spec-
trum was zero, but here the isotropic spectrum resuli-
ing from the inversion differs substantially from zero.
The standard deviations of the real part of the moment
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Fig. 13. Effect of “lateral heterogeneity” on moment tensor inversion. The leftmost two columns show the result of the inversion
of the data for a “laterally heterogeneous” earth, using a laterally homogeneous model (+ signs), and the “correct” moment rates
(straight lines) which were used to generate the spectra. The third column shows the nominal standard deviations resulting from
the inversions. The fourth column shows the mament rate functions in the time domain. Units in the right column are 1047 dyn

em s71. Units in the three leftmost cotumns are 10%7 dyn cm. Note the large isotropic source resulting from the inversion.



rate spectrum are shown in the third column (as cal-
culated from eq. 14). At several frequencies, the
isotropic spectrum is greater than the standard devia-
tion, and thus statistically significant. (If we had
used more than ten stations, the error hars would
have been even smaller.) The standard deviation of

- the isotropic moment rate spectrum shown in Fig. 13

was calculated from the variance—covariance matrix
{12}, using the formula;

Ufncomp]ete(Mf) = % [02 (Mrr) + 62 (Mﬁﬂ) + 52 ‘:qud))}
(24)

which was used by Gilbert and Dziewonski (1975).
The formula which should be used is:

o (M) = 5107 () + X (Myg) + 0> (M)

+2 COV(Mrr, Mog) +2 CUV(Mrr: Mw)

+2 cov(Mpg, My, (23)

All of the covariance terms are non-zero, and when
they are included, the correct value of the standard
deviation {from eq. 25) is usually about 50% greater.
Table IV lists the values shown in the first three
columns of Fig. 13, together with the correct standard
deviations from eq. 25.

We investigated the effect of a possible lateral
heterogeneity in Q using a formula similar to eq. 22

200 ,.(w
nQr(#) = 5 Qo) [1 +¢08 26 Gg - _zfr—")i} (26)
where

0.30 for n=0
G .15 for n=1

= 27

o075 for  n=2 27
0 for n>2

These values of G are on the order of the lateral
variations in @ found by Nakanishi {1977). The
results shown in Fig. 14 suggest that Iateral variations
in ¢ can be as important as lateral heterogeneity in
phase velocity in contributing as a cause of artificial
isotropic components from moment tensor inversion,
However, although our model of tateral heterogeneity
causes spurjous isotropic sources to be ebtained from
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TABLE IV

Isotropic component of the moment rate tensor resulting
from the inversion in the presence of lateral heterogeneity

Period  Isotropic moment My oy (1027 dyn cm)}
{s) (1027 dyn cm)
real imaginary complete incomplete
1256.6  —0.029 0.017 0.0132 0.0175
628.3 -0.014 —0.002 3.1576 0.1360
418.9 0.510 0.056 0.0987 0.1213
3142  —-0.483 0.778 0.1172 G.1754
251.3 4.905 -0.743 0.1519 0.3091
2094 —0.210 (463 0.0819 0.1177
179.5 0.389 0.279 0.0947 0.1544
157.5 0.259  ~0.099 0.0847 0.1369
13%.6 0.135  —-0.209 0.0881 0.14190
1257 0301 0.196 0.1086 0.1420
114.2 0.344  -0.199 0.0909 0.1398
1047  ~0.325 —0.136 0.0939 G.1510
96.7 8175 -0.076 0.1579 0.2648
89.8 0130 --(0.129 0.0876 0.1372
83.8 9,231 0.604 0.1108 0.1589
78.5 0.133 0424 0.0768 0.1069

The starting moment used has the geometry of Mendiguren’s
{1973) source, with a dislocation moment of 1027 dyn cm
and a step-function time dependence.

the inversion progedure, the phase of our source is
not consistent, while the phase of the isotropic com-
ponent obtained by Gilbert and Dziewonski (1975)
was.

We also conducted two other experiments. In the
first, the spectra were calculated with instrument
magnifications which could vary randomly within
+20% of the nominal valve (a conservative estimate
for a typical WWSSN station). In the second, 0 was
assumed to be known accuraiely for the fundamental
modes, but to be 30% systemnatically Jower than SL2
for all the overtones. Neither experiment yielded any
significant isotropic source.

7. Discussion

Gilbert and Dziewonski (1975} commented on
the very different time functions of the deviatoric
and isofropic components of the moment rate tensor.
They pointed out that the deviatoric compenents
of the moment tensor were coseismic, and that only
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Fig. 14. Same as Fig. 13, for a Iaterally heterogeneous attenuztion factor Q.

the isotropic source was precursory. A somewhat
different conclusion can be reached from Fig. 8, in
which we present the time functions for particular
combinations of the principal components of the
moment rate tensor given by Gilbert and Dziewonski
(1975, Fig. 27). In Fig. 8, 1, the isotropic moment
rate function, is the average of the three principal
components. Dy is the moment rate function for a
double-couple on a fault plane which is essentially
the same as that inferred by Mendiguren {1972).
Finally, I7, is the moment rate function for a double-
coupie on essentially the plane defined by the T and
null axes of Mendiguren’s source.

A remarkable difference between the overall time
constants of £, Dy and I}, emerpes from Fig. 8. D
has a time constant of about 100 s, but since Gilbert
and Dziewonski did not consider data at periods
below 80 s, this time function is essentially equiva-
lent to the step-like time function which Mendiguren
{1972) and Furumoto and Fukao {1976} aiso found
for the double-couple on this fault plane. On the
other hand, both [ and [, have very long rise times
of about 300 s. Moreover, both I and D, appear to
be precursory, in contrast to D which is clearly
coselsmic, and not precursory.

Since these results were derived from WWSSN
instruments which have very poor ultra-fong period
response (Fig. 6), we might conclude that the source
function [, which corresponds to the fault plane
found by other investigators, is correct and confirmed
by the study in Section 3. However, the very large
time constant for I and D, suggests that the energy
for these sources is concentrated at long periods
greater than (300 s) at which the response of the
WWSSN instrument is extremely poor.

We therefore suggest that F and D, are probably
the result of noisy data at these long periods, and of
systematic errors, as iflustrated by the numerical
experiment in Section 6.

8. Conclusions

Although the conclusive demonstration of the
existence of a deep isotropic source would be an
extremely exciting development, we conclude that
the precursive isotropic source reported for the
Colombian earthquake is unresolvable. Although
we present results which differ from those obtained
by Gilbert and Dziewonski {1975}, they presented



for the first time a systematic method for using

all the available data to determine the source mecha-
nism. As better long-period data, with a higher
signal/noise ratio, become available (Agnew et al.,
1976; Peterson and Orsini, 1976), it should hecome
possible to reach a definite conclusion regarding the
existence or non-existence of isotropic seismic
sources.
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