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Summary

These lectures describe some recent research on so-called “slow carthyuakes’ and
other seismic events characterized by anomalously long durations. In the first lecture, |
introduce the subject by reviewing some previous observational work, delining sonmw
terminology, snd seiting up an approprisie phenomenological model for the weleseismic
investigation of seismic sources. In the second lecture, bdeseribe a telescismic procedure
for the detection and characterization of anomalous canthquakes using low-frequency free
oscillations. The application of this procedure to a continuous, 10-yr record from the
tnternational Deploymemt of Accelerometers (IDA} network of ultra-long-period
seismometers has yielded a new catalog of normal-muode excitation events thut allows the
systematic identification of slow earthquakes on a global scule. 11 has abso fed o the
discovery of a new kind of weleseism which excites free oscillations but does not generile
wave proups observuble on long-period or short-period seismograns. Although the
provenance of these “yuict carthquakes” is as yet uneertain, the data are consistent with
them being tectonic in origin. 1 deseribe some novel procedures for locating quict
carthquakes that requite no g priori estimates of the event hypocenters. Preliminary resulis
show that they are relatively shallow (probably lithospheric), have apparent dusations of
2(0) s or more, oceur in a variety of tectonic settings, and are not associated with detectable
fast (elastoxlynanne) ruptures.

Inr the third lecture, 1 hypothesize that quiet earthquakes represent episodes of strain
release in more ductile parts of the lithosphere, below the seismogenic layer. Tt is
speculated that these unusually slow evenis may, in some instunces, nucleate large,
ordinary earthquakes. To test this later conjecture, 1have developed a new nethodology
for detecting slow precursors to fast ruptures. Results from the preliminary application of
this procedure lend credence 1o the precursor hypothesis. 1 will examine the implications of
these results for dynamical models of slow delormation events and show how further work
along these lines may allow seismologists 10 address the question, “Which carthquakes, il

any, are short-term predictable?”
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Lecture 1. Episodic Deformation of the Lithosphere: Fast Ruptures, Slow
Earthquakes, and Subscismic Events

1.1 Somg_Definitions. Although motion in the Earth's interior presumably is
accomplished by quasi-sicady creep, the non-elastic deformation of the lithosphere 1ends o
occur as discrele events localized about some space-time centroid (r, £). The finite size of &
deformation event can be measured by a characteristic length £, and characteristic duration
T, defined in terms of the second central moments of the stress-glut-rate 1ensor |Backus
and Mulcahy, 1976a,b; Backus, 1977a,b|. The particular definitions we shall use are those
piven in eqns. A13-14 of Sitver and Jordan [1983], which is reproduced as Appendix A.
The ratio of these dimensions defines a characieristic rupture velocity,

v. = LJt, ()

Figure 1 summarizes the distribution of deformation events on a plot of characteristic length
versus characteristic time. The most familiar are ‘ordinary’ earthquakes: elastodynamic
cracks propagating at a significant fraction (typically about three-fourths) of the the shear-
wave velocity, ie., at speeds of kilomcters per second. It is indicated by a variety of data,
however, that deformation events occur over a broad spectrum of temporal and spatisl
scales, some having characteristic velocities orders of magnitude less than fast
elastodynamic ruptures.

In addition to ordinary earthquakes, seismologists distinguish two other types of
seismic events: 'slow’ and 'silent’ earthquakes. Like an ordinary earthquake, a slow
carthquake inclydes one or more episodes of high-speed rupture propagation, so that it
produces an ordinary train of high-frequency body waves; however, its overall duration is
unusually long relative 1o ordinary events of comparable total moment, and its level of low-
frequency excitation is anomalously high [Benioff and Press, 1958; Sacks et al., 1978;
Kanamori and Stewart, 1979). Documented examples include the 1946 Aleutians
carthquake {v, = 200 m/s), which generated a strong tsunami {Kanamori, 1972; Abe,
1973]; several events on the Gibbs fracture zone [Kanamori and Stewars, 1976} the 6 Jun
60 Chilean wansform event, which ruptured for about an hour as a series of earthquakes of
relatively small seismic moment (~3 x 102 Nm) | Kanamori and Stewart, 1979]; the lzu-
Oshima earthquake of 14 Jan 78 [Sacks et al., 1981]; several oceanic transform fault
canthquakes |Okal and Stewart, 1982; Stewart and Okal, 1983); the Banda Sea event of 21
Feb 78 {Silver and Jordan, 1983]; and the 1sunamogenic Peru earthquake of 20 Nov 60
(Pelayo and Wiens, 1990,
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Silent earthquake is the oxymoron used to designate a deformation event which has
no episodes of high-velocity fupture propagation, so thal it does not generate
telescismically detcctable high-frequency radiation [Dziewonski and Gilbert, 1974; Githert
and Dziewonski, 1975, Yamashita, 1980; Bonafede et al., 1983]. Hence, silent
carthquakes not identified during the routine construction of earthquake catalogs. The
documented examples of silent earthquakes include creep episodes along the San Andreus
fault in California |Scholz s al., 1969, King et al., 1973, low-frequency signals observed
at the Trieste tide station preceding the 1976 Friuli carthquake |Borafede er al., 1983], and
deformation events detected by strainmeters in the near field in Japan |Sacks et al., 1978;
Linde et al., 1988).

We arbitrarily choose v, = 1 kmys to distinguish slow earthquakes from ordinary
seismic ruptures. Slow earthguakes identified from ieleseismic data exbibit characteristic
velocities as low as 100 mfs. The characteristic velocities of silent eanhquakes detenmined
from near-field observations range from 10 nys for the Friuli precursors |Bonafede et al.,
1983] 10 t0 mns for San Andreas creep events [Scholz et al., 1969; King er al., 1973).
Deformation events with lower characteristic velocities, as slow as | mmys, are estimated 10
be typical of saain migration [Kasahara, 1973, Rundle, 1978]. Apparenily, deformation of
the lithosphere is episodic and compiex, with characieristic velocities varying by six orders
of magnitude or more. At present, the constitutive equations that govern slow deformation
events are not well understood, and the spatial and temporal relationships between slow
deformation and fast seismic ruptures are obscure,

By applying a novel detector to the records from the DA network of ulira-long-
period seismometers, we have recemily discovered a new class of teleseismic events,
curthquakes which excite the eanh’s low-order free oscillations but do not generate wave
groups observable on either long-period or short-period seismograms. We shall call these
excitation anomalies “quiet earthyuakes” to distinguish them from transseismic slow
carthquakes and subseismic sitent carthquakes. As discussed in Lecture 2, novel
procedures are being developed to locate and analyze quiet earthquakes, Their provenance
is as yet uncertain; we cannot yet exclude meteorological disturbances as the cause of some
of them, for example. However, the data are consistent with them being tecionic in origin,
and we shall adopt this as a working hypothesis. Novel procedures requiring no a priori
estimates of the event hypocenters are being developed to locate quict earthyuakes.
Preliminary results show that they are retatively shallow, probably within the lithosphere,
and that they have characteristic velocities on the order of 10-100 m/s. Speculation on the
relaionship between these unusual events and ordinary fast seismic ruptures is the subject
of Lecture 3.
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FIGURE 1. A plot of the characteristic time versus characleristic length for lithospheric deformation
cvents. 'Ordinary earthquakes’ occur at rupture velocitics that are a substantial Fractn ol the shear wave
velocity. Creep events on the San Andreas fault occur at dess than & /s and shain migation events ocear
at less than § mm/s. letween main sequence earthwjuakes and creep cvents arc some documnenned examples
of slow and silent canluuskes. They are A, the 21 Feb 78 Banda Sea carthquake {Sitver and tordan, 1981,
B, the 1896 Sanriku carthquake |Kunamort, 1972]; €, the 1946 Alcutian cartljuake |Kenamori, 1972, Abe,
1973); D, the 6 Junr 6} Chilean carthequake |Kanamaori and Stewart, 1979); E, the 14 Jan 78 Leu-Oslima
carthquake [Sucks et al., 1981); and ¥, precursors to the 1976 Friuli canthyuake [Bonafede et al, 1983].

1.2 Moment-Tensor Representation. The excitation of low-frequency waves by an
earthyuake can be represented by its stress glut (s, a second-order lensor density whose
imegral over the source volume is a time-varying moment tensor M(e) {Backus and
Mulcahy, 1976]. We assume the oricntition of the moment lensor does not vary with time
and adopt the form M) = V2 My £1 F(). In this factorization, M9 is the total scalar
moment, ﬁ-l is a time-independent source-mechanism tensor with unit Euclidean norm
(ﬂi:ﬁr‘l = 1), and Fu) is a scalar-valued time function such that Jil'll Fu) = 1 We consider
finite-duration sources with no skip reversals; ie., we assume that F() is zero prior to
some starting time 1, unity aller souwe stopping time £, + T, and nondecreasing (inonotone)
in the interval 1, € ¢ <, + T. The dedivinive i) = dF/de, i it existys, is called the source

time function, and [\:'I(I) = y2 M L ¥ Ay is called the moment riate tensor.

1.3 Low-Oider Moments of the Source Time Functien. Without loss of gencrality we
can choose ¢, = 0. Then the polynomial moments of the source time funcion delined by

the Lebesgue-Stieltjes integrals
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are positive, bounded numbers for all p =0, |, 2, ... By definidon, g, = 1. The contral

moments, defined with respect to the source centroid time 1) =

.ﬁp = J.U"fl)p db (1) RS}
0

are related Lo the ordinary moments by

p
A Pq
M, = z[z)(—a:.) My (-ta)
q-1
P
YA pd oA
Hp = E[Iqr}l Hy (4
gq-

where the quantity in brackets is a binomial coefficient. The second central moment defines
wlr.ll“Si!ver and Jordun [1982] have wermed the characteristic duration of the source: 1, =
2\f;'t‘2 . This parameter is the measure of source duration employed in equation (1), the
reader is referred 10 Appendix A for its relationship to other definitions, such as the 'source
process time” used by some seismologists,  Central moments with p > 2 desceribe the
higher-order properties of its time history and are, correspondingly, mure dilticuh 1o
estimate. In Lecture 3, we shadl miake particular use of the third central moment, ﬁj. which
measures the skewness of the source time function. Equation (3a) yields f1, = pty— 340, +
2,3,

We have developed methods for estimating the first tew polynomial momwents ol the
source time function from the low-frequency, far-field data recorded by ultra-long period

seismometers. To desenibe these methods we introduce the complex Founer spectrun

f((U) - J‘C']w‘(”“({) - U(w)lc-imﬁ\:[m) (%)

—oa
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If the ume origin corresponds to the start time, i¢. t, = 0, then Hp = VAP dw ) 0, andd
the Tuylor series expansion of this specirum about zero frequency is

Aoy = 1 - igo - plwzﬂ! + -+ (~i)"ppwplp! + ()

Because F(¢) is real, f{eo) has Hermitian symmetry, and the two real-valued spectra | f{w)l
and Ar{w) are even functions of frequency; hence, their Taylor series expansions about @

={) can he wrilten in the form:
e = 1+ fLol2! + fw'al « « + f, @220} + - )]

Mw) = A+ A2t 4 e A 0P 2!+ ®

1.4 Total-Moment Spectrum. In the werminology of Silver and Jordan [1983], My(w) =
M2 flenl is the total-moment spectrum. A little algebra shows that the coefficients in (7)

are given by the even-order central moments of F (1) [Appendix A, egn. 5[:
Sia= GOy n=0,1,2, .. )

Therefore, the zero-frequency intercept of Mp{w) is the total moment released during the
event, and the zero-frequency curvature is proportional to the square of its characieristic
duration 7,.. We estimate M (@) from observed seismograms using the procedure
developed by Silver and Jordan | 1982, 1983), described in Appendix A, The data
functionals employed by their method are values of the power spectra and cross specira
integrated over discretwe frequency bands. The estimation algorithm is optimized to account
. for errors in the transfer functions due to incorrect earth structure (e.g., aspherical
heterogeneity), errors in the assumed source mechanism, and random noise. For large
carthquakes (M2 101% Nm) recorded by the IDA network, 1-mHz averages of M (w)
can be obtained across the frequency band 1 to 11 mHz with stundard errors typicalty less
than 20%. Riedesel et al. [1986] have applied this method to 1the 1985 Michoacan
carthquakes; their paper is reproduced in Appendix B.
To recover the parameters My Y and 1, we follow Sitver und Jordan | 1983 and (it the
observations of frequency-dependent moment with an Aki-type spectrum of the form

M) = MO (1 + a?r2/8)! (i
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which scales as w? at high frequencies. For the earthquakes we have studied, this
spectrum provides a fair representation of the total-moment spectra out to 11 mits
However, it fixes a series of relationships between the second central moment of the source
time function, fi, = 7,%/4, and those of higher even order; ie.,

fo = 27, n=23, .. (1

The estimate of 7, derived from this empirical procedure will thus be conditional on these
relationships being correct, at least to some approximation. It can be shown, however,
that, if . is such an estimate, its expected value is bounded by the approximate inequality

5

(1) < nli+ m(wmrr)zl (12)

i

where @, is the maximum frequency of the seismic waves employed in the empirical |

procedure. For example, taking ,,../27 = 11 mHz, the actual value used in the data v

analysis presented below, and a fairly long characteristic duration of 1, = 50 s, we find thal
the relative bias in 7 is ess than ~20% for even the most extreme deviations from our
assumed form of the total-moment spectrum,

The total moment a1 zero frequency, M49, scales as the cube of the characteristic
length L. Therefore, a plot of 7, versus My9 can be used to distinguish stow events from
ordinary fast earthquakes. The use of such plots for this purpose is itlustrated in Figure 20
of Appendix A and Figure 18 of Appendix C. In both of these cases, the scaling between
L, and M0 is that of Kanamori and Given |1981].
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Leclure 2. A Ten-Year Catalog of Normal-Mode Excitutions:
Evidence for a New Type of Telescism

Our knowledge of garth structure can be used to distinguish fur-ficld seismic signals
from near-figld noise. At most seismic stations, the spectrum of the ambient noise is
observed to be a smooth function of frequency. In contrast, teleseismically recondud
earthquakes excite ground motion only in very narrow bands centered on the
eigenfrequencies of the Earth's nonnal modes. By observing the spectral levels within
these known eigenfrequency bands and comparing them to the spectral levels of ambicnt
noise, it is possible to observe when the normal modes are excited, even if the level of
excitation is very small. We have used this fact 1o develop a sensitive teleseismic detector
|Beraza and Jordan, 19); reproduced as Appendix C).

2.1

robust, two-stage statistical test. We consider a particular startion in this network having i

The detection algorithm is based upon a

vertical-component time series u(r) whose complex Fourier transfornm over 4 time interval
[£,04T] is u(ew). As our basic datum, we employ the zeroth-order monient of the Fourier
spectrum for a particular fundamental spheroidal mode; ie., the complex number a(ay)
given by the integral of u(e) over a bandwidih 2w; centered ot frequency @y, This spectral
averaging enhances coherent signals relative to random noise. In the case of an isolated
normal-mode multiplet with an eigenfrequency oy and a damping parameter @/2(3; whose
magnitude is not much Jurger thun wy, the zeroth moment alwy) is proporiional 1o the
excitation amplitude of the mode but is relatively insensitive to the distortions of the puak
shape caused by attenuation |Githert, 1973] and lateral heterogeneities [fordun, 1978].
Morcover, it can be efficicnty computed as a single time-domain integral (sce equation 8 of
Appendix C).

Suppase the time series u(e) consists entirely of stationary Gaussian noise with zero
mean and 4 power spectrum v w) which varies slowly with frequency. Then the specteal
level in the ' mode band, centered at frequency @y, will have an expected value
approximaltcly equal 1o the average of the levels in two noist bunds centered at nearby
frequencies wy < ey and wyt > @ We choose the center frequencies @y and @y 10 be o
either side of the resonance peak of interest and compute aayt) by integrating the specinim
over the same halfwidih wy used in the mode bands. When no modes are exgited, the

random variable

T, JORDAN ICTP LECTURES PaGE B

¥ = MVla(ew)2| latw 1?2 + la{w )2 (1

will be governed by an F-distribution with two degrees of freedom in the numerator and
four in the denominator. We define ¥,2 o be the critical vaboe for the 100 upper tul ol
F(2,4) and reject the null hypothesis fy = {the spectral level in the mode band @ 3w is
due enky 1o random noise } in favor of the alternative /) = {the mode has been excited by a
seismic event } when '

2 2
Y > Ya “U

If our assumptions about the noise statistics are justified, then the probability of muking a
Type-I error (false positive} is @, and we say that Hy is tested against M at the 1O(1-
)% confidence level.

The probability of making a Type-1 error is a parameter we are free 10 choose. By
making simiple assumptions about the behavior of ¥? in the presence of the signal, we can
also caleulate the probability B of failing 1o detect an excitation when one has eceurred;
i.e., a Type-ll error, or false negative. The Type-11 error rate B depends strongly on the
signal-to-noise ratio {snr} R. For a specified value of &, we define the detectability
threshold Ry 1o be the value of the sarat which =5, thatis, K, is the excitation level
when haif of the anomalous events are detected and half are not. Atithe 99.9% confidence
level (er = .001), the detectability threshold is Ky = 8.5 for a single mode recorded at »
sitgle station.

A mode-excitation detector can be made more powerful and more robust by requinigg
that a particular mode be simultaneously detected by a subset of seismic stations i a globat
network. Qur algorithing for mode and event detection by a network are formulated in
terms of sums across an array of zeros und ones I',‘,, which we call the detection matrix.
When a detection is registered at the 10001 )% confidence level in the fih mode band for
some time interval |1, £ +T] recorded by the pth station, then Fap 18 assigned a vidue of
unily; otherwise, it is set at zero. Suppose there are Ny stations available for fixed fand 1.

11 the time series is dominated by noise, then the sum

J, = ! (15}
1

T.H. JURDAN 11T LECTORES PAaGl 9



will be a sample of a binomially distributed random variable with sample size N and
success probability . We say the network has detected the excitation of the fth mode
time 1, at the 1001 -x)% confidence level if J; exceeds the critical value for the 100a'%
upper il of this binomiat distribution,

Because decisions are made on the basis of a summed-score statistic rather than, say,
a sum over ¥Z2, the network mode detector is more robust with respect 10 nonstationarity
and non-Gaussian behavior of the noise. Moreover, we place at our disposal the paramcter
a, which can be set at the value that minimizes the Type-Il ervor level §° for a specified
Type-I emor level " and sor R. This optimization procedure is discussed in Appendix C.
The value we choose is @ = 0.5, near the optimum for the range of parameters encountered
in our work with IDA daa. For a’ = .001, the network detectability threshold for a single
mode is Ry = 1.7, a factor of five reduction from the single-station/single-mode case.

A time-localized seismic event will excite modes across a broad frequency spectrum.
To 1est for significant seismic activity localized near a time ¢; , we sum the detection matrix
over all N stations and all observed modes between a lower cutoff I,,;, and an upper

cutoff .

o~
1l
o

Jip = 2 ’.'rp (16)

=1, ip

-

If each clement in the sum is an independent random variable, then K, is binomially
distnibuted with sample size

tm
N, = 2 Ny an

and success probability ¢, We say the network has detected an event at time 1; at the
10(1-a " )% confidence level if K; exceeds the critical value for the 1000 % upper 1ail
of the binomial distribution. (As discussed in Appendix C, practical considerations dictae
that the noise bunds for adjucent modes overlap, which introduces correlations among
elements of the detection matrix, and the distribution law for K is not binomial but must be
calculated using Markov statistics.)

In the case of a 10 station network recording 36 modes with cqual snr (N, = 360), the
detectubility threshold for a' = .001 is R;” = 0.51. This represents a gain of 3.3 over the
network/single-mode example and a gain of 17 over the single-station/single-mode example

T.. JORDAN ICTP LECTURES PAGE 10
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quoted above. Hence, using seismic networks of only modest size, we can detect an even
hiving an snr tess than unity with very litde risk of making a false detection. Theoretica
calvulations and numerical experiments with both real and simulated data seis (Appendix C
indicate that fundamental spheroidal modes recorded at frequencies Jess than 5 millz by |
sparse (~10-station) network of vertical-component seisiometers can achieve a magnitude
detection threshold of My =~ 6.0, corresponding to a seismic moment of ~1 x 1'% Nm
The spheroidal modes excited by an event of this magnitude have signal-to-noise ratios tha
are less than unity, so it is possible 10 detect mode-excitation events that are not obviou:

EXE

from a visual inspection of individual records.

2.2 Application to IDA Data. The detector has been applied at 3-hr intervals (o a ful,
decade (1978-87) of IDA network data [Beroza and Jordan, 1990b]. By trying to associate
individual mode-excitation events in this catalog with earthquakes in the 1SC and Harvarc
CMT catalogs, we can search systematically for anomalous events. Over the entire ten-yeay
period, we register a total of 1503 distinct mode-excitation events, Of these, 1339 can b
plausibly associmed with earthquakes in the ISC or CMT catalogs. A subset of these
events shows an anomalously strong excitation of the Earth's free oscillations. A more
detailed analysis of their low-frequency spectra indicates that these are slow earthquakes
with unusually low characteristic velocities, as determined from the M,9-T, suulingh":'
which is consisient with the results of previous workers [e.g., Kanameori and Stewart,.
1976, 1979; Okal and Stewart, 1982; Stewartr and Okal, 1983|. Funher work on the
wemporal characteristics of slow earthquakes such as these will be the subject of Lecture 3.

discussed in Lecture 1. Many of these slow earthquakes occur on oceanic transform faults, i
'
L3

Over the 10-year period we would expect to register ~29 False positive detections.
Instead, we find 164 mode-excitation events that are not associated with cataloged;
seismicity of sufficient size 10 explain the detections. Tt is not yet certain what these
anomalous excitations represent. Theoretical and empirical estimates of the detection
threshold fluctuate about an average level of My, ~ 6.0, which argues against the possibilily
that the excitations are due to regular earthquakes with fast seismic rupture that are not-
located by the ISC. One possibility is that some are caused by the melenn)logicnlh—"

generation of seismic waves, such as when a major storm hits a coastline. A more likely,

L

explanation is that they are caused by slow seismic mipture: either slow events with very
low instrumicntal magnitudes, or slip events of large seismic moment with very low
characteristic velocities, significantly less than for typical slow earthquakes. We shall
adopt this hypothesis for the remainder of our analysis.

Tt JORDAN ICTP LECTURES PaGE 11



2.3
diagram for the month of October, 19%0. In addition to the usual run of ordinary large

;. The upper panel of Figure 2 shows the detection

carthquakes there are two excitations significant at the $9.9% level which are unassociated

with Harvard CMT solutions. The first corresponds o a Mg 5.7 carthyuake in the New

Britain region identified by the 1SC bul not incorporated into the CMT catalog. The size of

the mode -excitation peak indicates that this event is probably a slow earthguake, and we
have confirmed this hypothesis using the M,®-7, analysis procedures. There is no obvious
cataloged event associated with the second anomaly, and this event may be a quict
earthquake.

A third excitation peak, on 22 Oct 80, is incorrectly associated with a very small (i,
5.0) Borneo event at 14:00 on 23 Oct for which Harvard obtained a CMT solution.
Instead, it appears to be generated by a slow earthquake on the Chile Risc a1 23:00 on 22
Oct 80, located by the 1SC but not analyzed by Harvard.

To obtain an independent epicenter for this and other excitation anomalies, we have
developed a new location procedure that uses only information from the Jow-frequency (<
5 mHz) mode band. Like in the detection algorithm itself, the basic data functional
employed by this procedure is a{e;), the imegral of the Fourier spectrum over a namow
band centered on the degenerate eigenfrequencies.  For fundamental modes, the
dependence of a(ey) on epicentroidai distance A, and centroid time 1, has the asymiplotic

form
aloy) ~ explil(+1)A; + § + wyyl) (18)

where { is a source term that depends on the event mechanism and depth. For shallow-
focus earthquakes, £ will not be a sirong function of angular degree 1. W have
constructed a search procedure which assumes §; to be constant over the band 1-5 mHz and
determines the centroid time fy and epicentral coordinates [6), ¢} by maximizing the cross-
correlation of the theoretical sequences from eyuation (18) with the actual sequences {a{ay)
- { = 8-43} observed at many stations. This method has the advantage that ihe
nonlinearitics are much less severe than those encountered when theoretical tiwe series are
cross-correlated with data time series (as in the CMT location procedures, for example), s
disadvantage is that the epicentroid obtained is not very precise (errors of 500 km are not
uncommon). However, once a preliminary location has been obtained by this robust
procedure, a refined solution can be sought using standard lincarized, phase-scnsitive

meihods.
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The lower panel of Figure 2 shows the results for the 22 Oct 80 excitation peak. As
anticipated, it docs indeed locate on the Chile Rise, confirming our hypothesis that the 15C-
located earthquake was a very slow event. The centroid timme £, determined by our
procedure is 23:03, three minutes later than the high-frequency origin time, (It is
interesting to note that a second small earthquake occurred 27 min later ala position 300 km
to the west, suggesting that the slow deformation event propagated along the transform
fault at a velocity of ~200 my/s.) Figure 3 shows the time series for this event at six of the
yuieter IDA siations, During the first several hours following the event, distinct Rayleigh-
wave packets can be clearly seen as “high-frequency” arrivals (out to Rg-Rg at the low-
noise station GAR, which is nearly antipodal). A power spectrum stacked over these sume
six stations (lower panel of Figure 3) shows energy in the fundamental spheroidal modes.
The SNR is especially high in the 4-5 mHz band; it is this energy which builds up the
Rayleigh wave groups evident on the time series.
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FIGURE 3. Time scrics (1op) and the stacked power spectrum (botom) at six IDA sitions for the Chile
Rise slow earthquake of 22 Oct 80, The centrokd time determined by our low-frequency location procedure
is 2303, Distingt Rayleigh-wave packets can be cleardy seen as “high-Trequency™ arrivals Tollowing this
time; these are marked on the GAR record, which is nearly amipodal. The power spectrum stacked over
these same six stations shows encrgy in the fundamental spheroidal modes; the SNR is especially high in

the 4-3 mHz band, which corresponds to the wave groups evident on the time scrics, Degencrate
cigenlrequencics for pSs: 84y are indicatesd by the vertical fines,

The 10p panel of Figure 4 is the detection diagram for July, 1978. Near the end of this
month there is a strong, double-peaked muode excitation event which occurs during a period
almost devoid of seismicity: the largest 1SC-recorded eanthquitke in the one-day interval
centered on the excitation peak is a My 4.4, shallow focus event in central Rlaly. Applying
our location procedure to the IDA data yields an epiceniroid in 2 mid -plate region ot! the
southwest coast of Africa (Figure 4, lower panel) and a centroid time of 23:21:00 on 291h
July. A plot of the 1IDA time series {Figure 5, 1op) shows no obvious surface-wave
packets, but the power stack (Figure 5, bottom) reveals well excited Fundamental

spheroidal modes across the 2-5 ml iz band.
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FIGURE 4. Tup. [etection diagram for July, 1978, plotted according (o the conventions of Figare 2,
The anomalous excitation af 29 Jul 78 is marked.  Hodterm. Lucation peak (yeltow) nbiained Tor the
excitation ancanaly of 29 Jul 7R usiog the modmcar location pracedute discassed in the et e IS0
M catalogs detecred no carthepuike at this Jocition aml nime. indicatiog that the excitation anovmaly
corresponds to a "guiet” event with a very long clhanacienstic dutation,
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FIGURE 5. Top. Time scries at six DA stations for the excitation anomaly of 29 Jul 78, The centroid
time determined by our low- Ireguency lucation precedure is 23:21, No distinet Rayleigh or bikly waves can
be scen following this time on cither these records or bigher frequency GDSN scismoprans. Hotion. The
power spectrum stacked over these same six 1DA stations shows energy in the Tundamentad sphcrontad
modes across the 2-5-milz band. Degenerate cigenlregquencics (of o¥e-oVay are indicated by the vertical Tines,

Therefore, we identify the 29 Jul 78 eventas a yuiet earthyuake. We have not yet had
the opportunity wrefine the location of this event or determine its mechanism, and until we
have some corroboration using phase-sensitive methods, the location shown in Figute 4
should be considered tentative. In particular, we are suspicious that the mid pate locition
for this event is spurious.

We have done some experimentation with synthelic seismograms, however, amd the

resuits allow us to draw the following conclusions:
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FIGURE 6. Top. Detection diagram for October, 1982, plolied according 10 the conventions of Figure
2. The anematous excitation of 16 Oct 82 is maked.  Bovtam. Location peak (yellow) obrained for the
excitation anomaly of 16 Oct 82 using the nonlinear kocation procedwie discussed i the text. ‘The 15 and

CMT catalogs detected no eartherake at this location and time, indicatiog thit Ihe excitation anomaly
corresponds 1o a “quict™ event with a very long chanacteristic dusation,
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FIGURE 7. Top. Detection diagram Tor October, |9R6, plolted according 1o the conventions of Fipare
2. The anomalons excitation of 08 Oct R6 is marked  PFosront. Location peak (ycllow) obiained for (he
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coreespoads Lo a “yuict” event with a very long chacacteristic dhoation,
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We have done some experimentation with synthetic seismograms, however, and the

results allow us to draw the foltowing conclusions:

«  The relatively strong excitation of fundamental spheroidal modes at frequencies > 3
mHz compared to lower frequencies, in conjunction with the uck of observahle
body-wave groups, indicates that the hypocentroid of the event is probably in the
upper 300 km of the carth and is likely to be within the upper lithosphere.

«  The level of mode excitation in conjunction with the lack of visible Rayleigh-wave
groups can be reproduced on synthetic spectra and time series, but for sources with
asymptotic roll-off rates of @ ¥ or less, only if the characteristic source duration 7,
is greater than ~2(0) s.

These inferences, like our preliminary locations, should be considered tentative until they
can be corroborated by a more refined analysis of this and other hypothesized quict
carthquakes. Such an analysis is currently underway at MIT.

Figures 6 and 7 show detection and location diagrams for two other quict
earthquakes, 16 Oct 82 and 08 Oct 86. Again, there are clear mode excitations obscrvable
in the power spectra but no wave groups observable on the time series. The 16 Oct 82
event locates is Southeast Asia, and the 08 Oct 86 event near the Easter Island wriple
junction. Neither epicentroid is very reliable, and the sidelobes on the location diaggram of
the second are particularly large; we reiterate the need for additional work on the location
problem. Nevertheless, these preliminary results and those for additional events suggest
that guict earthquakes may occur in a variety of tectonic senings.

Many quiet-earthquake candidates have been identified by our detector, and most of
these are eligible for future study. A overview of the ten-year catalog is displayed in Figure
8. The top panel shows a time line punctuated by the 1503 CMT earthquakes that have
been associated with mode-excitation events.  As discussed in Appendix C, 1he 50%
detection threshold for ordinary earthquakes is My = 6.0. The botlom panel shows the
164 excitation anomalies that cannot plausibly be explained by cither ordinary or slow
curthquakes; i.e., those for which neither the CMT or 18C catalog yields candidaie
carthquakes. Al the 99.9% confidence level chosen to specify the false-positive ermor rate,
we would expect fewer than 30 of these 1o be spurious; hence, many, if not most, of the
anomulics may be quiet eanthquakes.

Quiel earthquakes conld contribute substantially to plate-tectonic deformations. Since
we can only put a lower bound of ~200 s on the duration of a typical quict carthquake (and
then only assuming a spectral roll-off rate), we can fix only a lower bound of ~2 x 1(H¥
Nm on the moment released by such an event. Clearly, if the time constans are Targer, the
event will rudiate less energy into the mode band, and the moment release may be
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substantially larger. Morcover, there are at least three reasons why the number of
ancinalies shown in Figure & is likely 1o severely underestimate the actual number ol quict
carthquakes: (1) Much of the ten-year period is not available for detections owing o
interference by large, ordinary earthquakes. (2) Because the confidence level for picking
an excitation is very high, the false-negative error rate will be high.  (3) Our event
association algorithm is very conservative [see Appemdix CJ, so that some of the excitation
anomalies caused by quiet earthquakes will be incorrectly assigned to ordinary events.
Consequenity, it is plausible that the number of yuict carthquakes big enough o
significantly excite free oscillations during 1978-87 is several times larger than the number
shown in Figure 8,
CMT Events Delected

1978 evmmwwamams == -
—— et -
1980} = sew o oy cmm
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FIGURE 8. Top. Time line for the decade 1978 87 showing the 1503 canhquakes hsted in the CMT
catatog that were identilicd as signilicant mode-cxcitation cvents by e Berasa Jondan derector. A the
99.9% confidence level cmployed in this analysis, the 50% detection thieshold dor the 1THA nelwark for
mast of this pericd was My, = 6.0, Bortormt. Time line Tor the decade 1978 87 showing dhe 164 ancmalons
exvitations deteeted at the 99.9% confidence level that conld not be assocted with sigailicant casthyikes
inn cither the CMT or ISC catalogs. Since Tewer than 30 false-positive evrors arc expected lor this pernod,
most of these anonialics may by quiet carthquakes similar @ the 29 Jut 78 excitation event. Fither
atalysis of these events is proposced for the next two ycaes.
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Lecture 3:  Slow Precursors to Fast Seismic Ruptures and their
Implications for Earthquake Prediction

3.1 Some Working Hypotheses. Our detection and subsequent analysis of normal-maode
excitation anomalies has suggested the following hypothesis:
Hypaothesis 1. Low-velocity deformation evenis (episodes of accelerated creep)
occur within the lithosphere with characteristic time scales too
long to radiate significant high-frequency seismic energy, but
short enough 10 excite low-frequency free oscillations; that is,

there are ‘quiet’ earthquakes which propagate with characteristic
velocities of 10-100 mis.

We return now (o the problem of slow carthquakes; i.e., events which produces an
ordinary train of high-frequency body waves, but whose overall duration is uwnusually long
relative to ordinary eanthquakes of comparable total moment [e.g., Sacks ef al., 197%;
Kanamori and Stewart, 1979, What is a slow carthquake? As we and others have shown
[Appendix C|, slow earthquakes are very common on a global scale, but it must be
admisted that their mechanics is not well undersicod (see the recent book by Schalz | 1990]
for a review). In the light of our discovery of quiet earthquakes, we believe the most
plausible explanation is that they are ‘compound’ events; that is,

Hypothesis 2. Slow earthquakes occur when a quiet earthquake (creep episode)

accompanies an ordinary earthquake (high-velocity rupture} of
comparable moment.

One possible geomeltry is to locate the creep component in a plastic layer ('plastosphere’ of
Scholz [1990]) below the brittle-ductile transition that delimits the seismogenic layer
(Scholz's 'schizosphere'), as illustrated in Figure 9.
If this conjecture is true, then it is conceivable that, in some instances, a low-velocity
" deformation event of significant moment may precede and thus initiate the ordinary fast
rupture, in which case the latter is said 10 have a slow precursor. We therefore erect, and
seck to test, the following hypothesis:

Hypothesis 3. Quiet earthquakes are precursors (o some large ordinary
earthquakes.

This hypothesis bears directly on the problem earthquake prediction, because near-
field observations of slow precursors, €.g. by geodetic methods, offer one hope for short-
term earthquake prediction. No such precursors have yet been detected by near-ficld
methods for intermediate-size earthquakes in California (My, < 7.1), implying that the
nucleation zones for such events are typically small [Scholz, 1990]. It would be imprudent
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(o peneralize this conclusion to other regions, or evea to assert it o categorically for
Cidiforaiz, however, because the amount of data thus far collecied is small and only
handful of significant events have been sampled.  The problem is that few seismically
active regions are well equipped with the appropriate near-ficld instrumentation. A long
observation period will be required before enough data on nearby carthquikes are avaikable
o understand the frequency and size statistics of slow precursors, cspecially for large,

infrequent events.

8. Ordinary earthquake
Strength —

Brittle

Ductile

b. Slow earthguake

6. Quiet earthquake

FIGURE 9, Tince types of scismic events. (@) Ordinary carthquake: 2 fast rapture propagating as an
clastodynamic coack in the brittle (seismogenic) layer, (b) Slow carthquake: a compound event comprising
a fast rupture in the brittle layer and a crecp cvenl of comparable moment in the plastic Lyer below the
bride dui bl bane ation, () Quiet carthguake: an aceclerated Creep cvent in e plastic Liyer tit does nol
initiate a tast raplng e the brittle layer.
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sy, We would like

10 be able 1o detect if fast seismic ruptures have slow precursors using only far-field
radiation, because such a far-field analysis can be applied to a much larger, global sumple
of seismic activity, and the dependence of precursory moment release on canthquake size,
tectonic region, seismic history, ete., could be assessed without having Lo wait for several
carthyquake cycles 1o occur in a particular region. The utility of far-field analysis of the
precursor problem has been indicated by several previous studies. Slow precursors have
been identitied for the great 1960 Chilean carthquake [Kanamori and Cipar, 1974;
Cifuentes and Silver, 1989] and, with less certainty, for the large 1963 Peru-Brazil and
{970 Columbia deep-focus events [Gilbert and Dziewonski, 1975].

The author has developed a technique for the detection of slow precursors at
teleseismic distances, based on observations of the eanth’s free oscillations {Jordan, 1990].
The far-field source model is that introduced in Lecture 1. It is assumed the volume-
integrated moment-rate tensor can be factored in the form M) = V2 MY M 1), where
MY is the total scalar moment, M is a time-independent source-mechanism tensor with
unit Eoclidean norm, and £(r) is a scalar-valued source time function. We consider finite-
duration sources with no slip reversals; i.e., we assume that f{7) is zero prior (o some
starting time 4 and nonnegative for t« < 1. According 10 our definitions, the zeroth
polynomial moment of f(z) is unity, o = 1, and its first polynomial moment delines the
centroid time gy = #;. The sccond central moment of Ay about this centroid 1ime defines an
event's characteristic duration: T, = 2\[;12

An earthquake is said to have a slow precursor if is starting time I, occurs
significantly before 1y, the origin time of the event determined from high-frequency P
waves. The technique for detecting a slow precursor is based on the observation that the
low-order polynomial moments of f(r) cannot be specified independently; rather, their
relative values are constrained by certain inequality relationships deeply rooted in funcuonal
analysis. In particular, a theorem due to Sticltjes [1894] implies that if 1, = L (B0
precursor), then the time parameters must satisfy the inequality

112
7 < 2Ar1[l+(l + 4 a'") (19)

where 4t = 1, — &, is the shift of the centroid relative W0 the high-frequency origin time and

fiy is the third central inoment of (1), which measures its skewness, 1 it can be shown that
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the data for a particular event are inconsisient with this inequality, then we have a basis tor
hypothesizing the existence of a slow precursor.

The quantities 1y, T, and 3 can be bounded from the analysis of Tow-frequency
seismic waves in such a way that this hypothesis test can be usetully applied wr real
carthquakes. The recovery of the source duration T, from the wtal-motnent spectrum
M {w) has been discussed in Lecture 1 (see also Appendices A and B). The two other
parameters Aty and Aty =— 113/3 (cf. eqn. 8) arc obtained from the zero-frequency interee
and curvature of the time-shift spectrum M(ew). We estimate Af(w) using a narrow-band
cross-correlation method developed by M. A, Riedescl and T. H. Jordan junpublished
manuscripl; see Riedesel and Jordan, 1989], We then fit this specirum with a function of

the form
Ale) = A+ (A — A (&) arctan ofE (20}

which rolls off at high frequencies as w ' and satisfies appropriate cavsality constrainis
{provided 4r; and Ar_ are greater than 1y, which, by hypothesis, equals ;). Equation (8)
yields Jty = 2(Ar, — AL WER

The primary problem encountered in the recovery of the tlime-shift spectrum by this
(ur any other) technigue is aspherical heterogeneily. 'We have found that our spectral
integration procedures reduce the sensitivity to heterogencity to the point where averaging
the spectral estimates over a 15-station network yields estimates precise enough 1o be usclul
in testing for slow precursors. 1t is clear, however, that much additional work can be done
10 aceount for asphericities; we can, for example, incarporate transter functions computed

from laterally heterogeneous earth models into our processing scheme.

3.3 Appligation (o 1DA Dytg. In a preliminary study, we have applied our slow-precursor
detector 10 a sample of 29 large earthquakes recorded by the IDA Network over the last
decade. Some events have time paramcters that are consisient with moment release
beginning at the high-frequency origin time. These include the 1985 Michoacan mwiin
shock and principal aftershock and the 1987 Superstition Hills carthquake. The lagter is
constrained by near-field recordings 10 have very linle precursory strain release, and the
fact that it shows no ielescismic evidence for a slow precursoer is a check on the nwthod.
1lowever, we have found that other events appear to fail the Sueltjes 1est given by equation
(19 and are thus suspected o have slow precursors. A plot of 7, versus Afy for these
events is given in Figure 10, The earthquakes which fail the test are typically those with
high values of the ratio a0 = £,/Ar. In the case where the skewness Jty is small or

T H. JORDAN 1CTE LECTURES Atk 25



negative, i.e. the time-shift specirum is fairly Nat or curves upward, the Stieltjes test
requires that @ < 292,

An example of an event which appears to have a slow precursor is the Peru-Ecuador
intennediale-focus earlhquake of April 12, 1983, It has a very large characteristic duration,
7. =701 3 s (Figure 11, upper panel) and a smail centroid time shift, Ary =5.1£ 1.5
(our estimate is altnost identical to Harvard's CMT solution), but it shows no obvious
frequency variation in its time-shift spectrum (Figure 11, lower panel), indicating that i3
is small. In fact, in order 10 satisfy the Sticltjes condition, Af(w) would have to decrease by
more than 20 s between | and 11 mHz, which is not consistent with the data. Examination
of IDA, GDSN and RSTN records reveals no obvious precursor on the time series.
Therefore, we hypothesize thal the [ast rupture was in this case preceded by a quiel
earthquake of the sort discussed in the previous section.
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FIGURE 10. Plot of characteristic duration 1, versus centroid time shift Agy for 29 large carthquakes
recorded by ihe 1DA network between 1377 and 1987, Events with large values of a = 1,./41) arc
candidates for having slow precursors. Examples of ¢venls which formally fail the Sticltjes condition given
by Jordan [1990] are the 12 Apr B3 Peru-Ecuador and 4 Jul 82 Ryukyu earthquakes.
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FIGURE 11. Top. Total-moment specicum Mo () for the 12 Apr 83 Peru-Ecuador carthyuake, calculated
by the method of Silver and Jordan (1982, 1983, The rapid fall-off of moment with lrequency indicates
Ihat the characieristic duration is large. The {it by an Aki-type spectrum (solid {ine) yields =701 13s
Beortom.  Time-shift specioum Ar(e) calcotated by the method of M. A, Ricdesel snd T. 1. Jordan
{manuscripl in preparation, 19903, The reference Lime is the NEAC origin time Tor 1his cvent, Our dia are
consisienl with the controid time shift Ay = 5.1 s obtained by Harvand's CMT solution.  There is oo
obwious hicyuency variation in its time-shilt spectrum, indicating that the skewness paramcicr ﬁ, i
This event formally fails the Sticlijes test, and we hypothesize it has a quict carthguiske as a slow precursor.
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3.4 Physical Mechanisims. The mechanics of slow deformation is not well understood,
and the primary motivation for undenaking these seismological studies is to provide new
types of data that may improve that understanding. Although seismological research on
slow-earthyuake phenomena has been vigorous for over ten years, the full variety of strain
release mechanisms with characteristic velocities in the range from 10 m/s to 1 kn/s has not
yel been assessed (cf. Figure 1). A number of physical mechanisms have been postuluted
1o explain the stabilization of slip at low rupture velocities, including strain-weakening
eflects [Heterich, 1979; Das and Scholz, 19811, strain-hardening effects [Rice and Cleary,
1976; Rice and Simons, 1976, Tse and Rice, 1986, Rudnicki and Chen, 1988], viscoclasuc
mechanisms { Yamaskita, 1980; Bonafede er al., 1983], and ductile instabilities [Hobbs et
al., 1986). Non-dislocation sources having low characteristic velocities, such as phase
changes [Benioff, 1963; Dziewonski and Gilbert, 1974] and the large-scale slumping of
soft sediments or landslides |Kanamori, 1988, Kawakarsu, 1989], may also be
scismologicatly significant. Laboratory experiments have shown that stable aseismic slip
precedes unstable stick-slip [Scholz et al., 1972). Dieterich [1978] has found that in
addition to this slow aseismic slip, there is a second stage of more rapid slip occurring
immediately prior to failure. Laboratory measurements of this deformation yield
propagation velocities in the range 20-200 m/s, within the field of slow and silent
earthquakes shown in Figure 1,

The data collected from our studies should provide new constraints on the physical
models of slow deformation in the lithosphere and deeper regions of the carth’s interior,
Because we are able 1o collect a global sample of earthquake activity, we can look for
correlations among the data that describe the slow components of deformation, as well as
between these dalz and the geological variables that might control the deformation
processes. The latter include both state variables (pressure, temperalure, composition) and

parameters describing the region’s deformation history {e.g.. its other large carthyuakes).
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(o) = |IM(w)li/+/2, where M is the moment rate tensor, are om-

Total-moment spectra Mr
puted for 14 large earthquakes recorded by the Inter
network using the scalar-moment retrieva
event we obtain estimates of My averaged
frequency band 1-11 mHz:
dyne - cm) vield standard errors
multiple-band estimates.of My are usuaily consisten
other investigators. From the total-momeni spectra
M3$ = M7(0) and the characteristic source duration
function of the moment rate tensor, assumed to be
7. formally depends on the second-degree temporal
of an extended source, but calculations
tion of 7, striclly in terms of the secon
against M} shows considerable scatter,

over

curve of Kanamori and Gren 119811 Cslow earthquakes'} and

focus events ana
Colombia and 1963 Peru-Bolivia deep-focus earthqu
lated from the moment tensor solutions of Githerr and Drie

Examples of the former inciude all three deep-

9. 1977
} and a

is the great Sumbawa earthquake of August
relatively shaliow spatial centroid (< 20 km
the faulting was confined 1o the upper, more
targe earthquakes — Tonga (June 22, 1977, Mi=
Mg = 3.6 = 0.2 A, and Tumaco (December 12, 19

tra which significantly decrease toward higher frequencies.

ershocks of both the Tonga and Kuril Isiands even
depths, consistent with rupture nle the lower, mo
We speculate that the characteristic source duration
ismic rupturing within the lithosphere.

INTRODUCTION

In a recent paper [Silver and Jordan, 1982, hereinafler
called SJ] we have defined two scalar measures of seismic
moment based on the first and second invariants of the
moment rate tensor M{w):

Total moment

Mrlo) = = 1 M)l = 14 M) : Miw))* (1)
2 2
lsotropic moment
M(w) = qdm D irM(e)| 2)

(the colon represents the tensor double dot product and
the asterisk denotes complex conjugation). In principle,
these scalar moment spectra can be calculated from esti-
mates of tensor moment, but successful attempts to

‘INow at Carnegie Institute of Washinglon.
Denartment of Terrestrial Magneusm, Washington, DC 20015

Copyright © 1983 by the American Geophysical Union.

Paper number 2B1959.
(148-0227/83:0028-1959305.00.

| method proposed by

typical DA record sets
on the 1-mHz averages that are generally less than 20%. Our

national Deployment of Accelerometers (IDA)
Silver and Jordan (1982]. For each
the 10 disjunct, l-mHz intervals in the tow-
from events with My > 02 A (1 A = 107

{ with comparabie single-band values found by
we derive the zero-frequency (static} moment
r. = 2 (Var [£{D])*. where £{i) is the time
the same for all components, The parameter
,mnm:w_,wna_.:mxanmum:w_-_on.voa_aoﬂmim

with realislic source geometries indicate that the interprefa-
d temporal moment leads to very little error. A plot of v,
some events lie significantly above the empirical scaling

some below (‘fast earthquakes’).
lyzed here as well as the 1970
hose total-moment spectra are calcu-
wonski [1975). An example of the latter
(M§ = 24 = 3 A). which is inferred to have a
nearly flat moment spectrum, suggesting that

akes, w

brittle portion of the oceanic lithosphere. Three other

23 + 2 A), Kuril islands (December 6, 1978:
79. Mg=125+2A)— exhibit moment spec-
indicating larger values of r .. The aft-
\s are distributed over a considerable range of
ductile portions of the oceamc lithosphere.
be causally related to the depth of cose-

re
mayv

retrieve the entire moment rate tensor M{w) over a broad
frequency band have been rare. An exception is the study
of Gitbert and Drziewonski [1975], who used over 100
hand-digitized records from the World-Wide Standardized
Seismographic Network (WWSSN) to determine Mlw)
from 2 to 14 milliheriz (mHz) for two deep-focus South
American events. They found a slow, precursive (by
about 80 s). isotropic component to the 1970 Colombia
earthquake and a similar, though statistically less
significant, result for the 1963 Peru-Bolivia event. The
total-moment spectra Mr(w) derived from their estimates
of Mi{w) are displayed in Figure 1. A strong frequency
dependence is observed in both cases. corresponding to a
drop in total moment of more than 70% across the band.

Subsequent work on the problem of moment-tensor
retrieval at low frequencies has been largely based on data
recorded by recentiy installed global digital arrays, such as
the International Deployment of Accelerometers (IDA)
network. Efforts to retrieve Miw) from these sparse
{ <720 stations ) networks over a {requency band compar-
able to the Gilbert and Dziewonski (1975] study have been
severely hampered by the effects of lateral heterogeneity.
Determinations of the moment rale tensor have typicatly
been limited 1o single-band estimates in the interval -6
mHz [Kanamori and Given, 1981, G. Masters and | 38
Gilbert. unpublished material, 1982].

in SJ we have discussed a method for estimating the
scalar moment spectra of (1} and {2} without first having
to ~=termine the entire moment rate tensor. From an
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA

hypocentroidal depth are the main source of location bias.
This problem is discussed in the context of individual
events.

METHODOLOGY

The moment-lensor representation of a double-coupie
point source with step function time dependence H(1} can
be wrilten as the product of a scalar seismic moment M,
and a source mechanism specified by unit vectors §and f
defining the slip direction and normal to the fault plane
(double couple):

Miw) = AL, [f§ + §f] (8)

A general moment rate lensor can be expressed in a simi-
lar fashion using Mr(w), the frequency-dependent exten-
sion of M, defined in (1):

Miw) = vZ Mr{w)M(w) . )]

We refer to the unit tensor M satisfying M* M=1 as
the source mechanism, generalizing the terminology usu-
ally reserved for the bracketed expression in (8).

To facilitate the following discussion. we introduce an
isomorphism between three—dimensicnal, second-order,
symmetric tensors M and veclors of dimension six

ny = ?%: my = >N~u my = .,.:_u

My = /\.N- :_u My = z\M M, mg= e\uu. }.%uw :Ou

This particular isomorphism, written M <=> m. has the
advantage of preserving the Euclidian norm (sJ}. Thus
the familiar representation of the seismogram uyf{w) in
terms of the moment rate tensor Mlw} and tensor-valued
transfer function G, (w), usually written

uplw) = G,lw) - Mlw) (1

can be expressed by this isomorphism as the vector dot
product

r_n?.ulmuneu -miw) (12)

where prefers to the p th seismic station and G, <=2 g,.
Similarly, the definition of Mr(w) can be writlen

M}=%m* m=m* C m

(13)

ie., as a vector norm defined by the 6 x 6 matrix
C = (/DL

The basic datum employed by this method is the
frequency-averaged cross spectrum between Fourier-
wransformed seismograms at the p th and g th stations,

3275

U I.W u, *(w) u,(w) dw (14)

We assume that m{w) is slowly varying in the interval
{wa,@s], in which case, {14) can De rewritien

Ug=m* Hy m (15)
in terms of the outer product matrix
H, = .ﬂwu *{w) g, () dw (16}
Consider a linear combination of Uy, ’s denoted by
ME=YanUpx (17
p.e
Equation (15) allows us to write this sum as
(18)

Mi=m* (L ayHul -m
P9

Noting the similarity between the defining expression (13)
for M# and (18), we see that il coefficients la,) can be
found which solve

Y ayHe=C a9
rq

then >N_u. = M}, that is, the sum (17) will be exactly equal
to squared total moment. Hence, the solution of {19}
represents a linear method for retrieving M# without first
having to determine the entire moment tensor.

In the case of error-free data, solving (19} exactly
clearly vields the optimat estimate, of squared total
moment. Barring accidental degeneracies, this can be
done with as few as six stations (SJ), so that the method
is feasible for sparse digital networks such as IDA. In
practice, the data are not exact but contaminated by vari-
ous sources of observational error, including ambient
seismic noise and ‘signal-generated’ noise caused by lateral
heterogeneity. For any specified set of coefficients {ay!
these observational errors introduce an errof €, into the
estimate of squared total moment, Theoretical expres-
sions for e, in terms of parameters describing ambtent
seismic noise and the effects of lateral heterogeneity are
given by SJ. The analysis of lateral heterogeneily, typ-
cally the largest source of observational error, 1s done in
the context of normal mode perturbation theory: the
effects of aspherical structure are characterized by empiri-
cally derived rms deviations in the apparent amplitudes,
center frequencies. and half widths of the resonance func-
tons.

To optimize the estimate of squared total moment in
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA
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TABLE 1. Earthquakes Studied

Origin Time, Latitude, Longitude, Depth

Event Location Date uT deg deg km  my M,
1 QOaxaca, Mexico Nov. 29, 1978 1952476 160IN 9659 W 18 64 7.7
2 Petalan, Mexico March 14, 1979 1107:16.3 1781 N 101.28W 20 65 76
3 Romania Maich 4. 1977 1921541 457TN 2676 L 24 64 --
4 Montenegro, Yugoslavia  April 15, 1979 0619:44.1 4210N 1921 E 17 6.2 6.9
5 Sumbawa, Indonesia Aug. 19, 1977 0608:55.2 11.095 11846 E 15 70 7.9
6 Kuril Islands Dec. 6, 1978 1402:01.0 4459N 14658E 150 6.7 --
7 Tonga June 22. 1977 1208:33.4 22885 17590W 65 68 -
8 Tumaco, Colombia Dec. 12, 1979 0759:03.3 160N 7936W 29 64 717
9 Honshu, Japan March 7, 1978 0248:47.6 3200N 13761 E 439 69 --
10 . Banda Sea Feb, 21, 1978 (714:54 4 4845 12541 E 510 63 --
11 Argentina Oct. 22, 1977 1787:17.4 2795S  6297W 614 61 --
12 Colombia Nov. 23, 1979  2340:29.8 481N 7622W 108 64 --
13 Miyagi-Qki, Japan June 12, 1978 0814264 38.19N 14203 E 44 68 7.7
14  Tabas, Iran Sept. 16, 1978 1535:56.6 3339N S143E 7 68 7.4

and Driewonski (19751, and the radial @ mode! recently
derived by Masters and Gilbert 11983]. These time series
were processed exactly as the observed seismograms to
yield the matrices H ..

The total moment averaged over each of the ten 1-mHz
pands between | and 11 mHz was computed for each
event, corrected for bias, and assigned a standard error
according to the procedures discussed by S]. The event
mechanism was assumed to be synchronous {(in the sense
of SJ. equation 2.13) and a sampie from a hyperspherical
normal distribution on the six-dimensicnal unjt sphere,
In all cases. the prior uncertainties of the meehanisms
were small enough to permit the Gaussian appfoximation
to the hyperspherical normal distribution. The most prob-
able mechanisms m, adopted in the inversions are listed
in Table 2 with references to the studies from which they
were taken. The variance matrices V, were derived from
the uncertainties in the moment tensor €oOMponNents
quoted in the original studies or, in cases where only fault
plane solutions were available, from a subjeclive assess-

ment of the observational errors. A typical value of the
marginal variance associated with an individual mechanism
component was of the order of 0.03. As demonstrated by
SJ. this is well within the range of the Gaussian approxi-
mation.

From the total-moment estimates for the 14 earth-
quakes we have estimated the static maments My and
characteristic times 7. by fitting these eslimates with
moment spectra conforming to (5). The even central
moments 4 with n > 2 are often not well determined

by the low-frequency data used in 5;3&:3“ we have

therefore specified these in terms of &~ by adopting a
moment spectrum of the form
Mrlw) = Mp (1 + ? 72/8)7" (22}

Equation (22) is consistent with the definition of the
njm,ﬂmnﬁzﬂ_wm time given in (6) and implies that
: 6(z *")7in (5). Far-field source spectra of this type

~ =

TABLE 2. Source Mechanisms m

Event m,, M ay M pa Mg A, Mag, Reference”
1 0.262 -0.260 -0.002 0717 -0.574 0.141 1
2 0.232 -0.274 -0.057 0.792 -0.391 0.177 2
3 0.637 -0.136 -0.503 0411 -0.362 0.006 ]
4 0.354 -0.241 -0.112 0.746 -0.439 0.234 5
5 -0.680 0.680 0.000 0.000 -0.195 0.195 4
6 -0.468 0.207 0261 0.425 -0.698 -0.055 k)
7 -0.230 -0.004 0234 0.383 0863 0.018 3
g 0.260 0043 -0.303 0033 -0.908 0117 5
9 0 489 0053 - 541 0.184 -0.551 -0.121 3
10 -0.515 0221 0.294 0.729 -0.208 0.156 3
3 0127 -0 080 -0.047 -0 282 0.885 -0.335 3
12 -0.360 -0.289 0.648 -0.337 -0.485 0.146 6
13 0.460 -0.022 -0.437 0.118 0.745 -0.169 b]
14 0.565 -0.194 -0.369 -0.506 0220 (0.450 7

*References: 1, Stewari et al. [19811. 2. Chael

and Stewarr [1982]: 3. G. Masters and F. Gitbernt

{unpublished material, 1982): 4, G5 Stewart {personal communication, 19823, 5, Kanamori and Given
(1981} 6, Dziewonski et al. 11981}, 7, Nazi and Kanamort {1981].
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA

s, and vields a static moment estimate of Mf = 1.9 + 0.2
A. While in agreement with the value of My =17 A
found by M. Reichlie et al. (unpublished manuscript,
1982), our estimate is somewhat below the total moment
of My =27 A given by Chael and Stewart {1982]. Both
previous studies used surface waves at apout 5 mHz.

Romania

The intermediate focus Romanian earthquake of March
4, 1977, was a complex thrust event found by Miiller er al.
[1978] 1o consist of three shocks occurring over a 15-s
interval, the third and strongest event marked the abrupt
termination of the sequence. These investigators obtained
a high rupture velocity (near the shear wave speed) with a
fault length of about 60 km. The ‘fast’ nature of this
evenit is evident in the nearly constant moment spectrum
shown in Figure §, we find a characteristic source dura-
tion of 7. =4 + 15 5. Qur estimate of stauc moment
Me= 14+ 0.1 A falls within the range 1A M2
A obtained by Harrzelt 11979] from surface waves at
approximately 18 mHz.

Montenegro

This 1979 earthquake occurred near the Montenegro
region of Yugoslavia, just ofl the Adriatic coast. The
moment tensor inversion of Kanamori and Given [1981]}
shows it to be a thrust event with both planes striking
more or less parallel to the coastline. Although the
Nationa! Earthquake Information Service (NEIS) placed
the hypocenter at 10 km, we instead used the slightly
greater depth of 17 km based on the study of Console and
Favali 11981], who found most of the aftershocks occur-
ring within the depth range 15-20 km. Our resuits for this
event are shown in Figure 6. The nearly flat moment
spectrum gives a short source duration of r.=7%x15s
with a static moment of Af# =037 £ 0.06 A. The results
of Kanamori and Given [1981] lrom Ravleigh waves at 4
mHz are in general agreement with these values: by
correcting back to zero frequency using a source duration

3.0r
25}
E
v 20t
£
dpur.__H*.AA%wk
1 IR BRI
Z1.0r
-~
=
05}
1 ! ' \ N
o.oo 2 4 6 8 10
FREQUENCY (mHz)
Fig 5 Estimates of total moment averaged over 1.mHz bands

for the Romania event of March 4, 1977, Error bars represent
one standard deviation. Curve corresponds to AMF =14 A
and 7, = 4 5.

12719
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o o
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Fig. 6. Estimates of total moment averaged over 1-mHz bands
for the Montenegro. Yugosiavia event of April 15, 1979. Error
bars represent one standard deviation. Curve corresponds to
Mp =037 Aand 7, =T s first point of diagram was not
used in its determination.

of 7. = 6 s, they find a slightly higher static moment of
Me=1047 A,

Sumbawa

The Sumbawa earthquake of August 19, 1977, was an
unusually large normal-faulting event which occurred near
the eastern end and seaward of the Java trench. There
has been some question as to whether this event
represented complete fracturing of the lithosphere. as pro-
posed by Given and Kanamori [1980]. or was associated
with stresses due to plate bending and thus limited to the
upper portion of the lithosphere |Hanks, 1979].

In performing the inversion for total moment we first
placed the source centroid at 40 km, near the value of 43
km suggesled by Given and Kanamori [1980). these
results are shown in Figure 7¢. Instead of a flat spectrum
or one which decreases monotonically with frequency. we
find an unusual pattern characterized by a prominent peak
between 4 and 6 mHz, A similar pattern is found in syn-
thetic experiments for this event when the source depth is
overestimated (Figure 8). Using # = 25 km yielded essen-
tially the same pattern. although its amplitude was sub-
stantially diminished {(Figure 7k). whereas moving the
source depth to 15 km succeeded in removing the pattern
{Figure 7a). These results suggest that the source cen-
troid was probably shallower than 25 km. Of course. this
does not prectude the possibility of some dispiacement
occurring betow, say. 50 km:. it only suggests that the
faulting was concentrated at shaliow depths. a conclusion
supported by the 8-24 km depth range of aftershocks
found by Firch et al. {1981] for this event. Our resulls are
thus consistent with a plate-bending intespretation of the
Sumbawa event.

The estimates of total moment found for our preferred
depth of 15 km (Figure 7a) yield a vatue of Mf =24 * 3
A, which. although somewhat lower that previously
reported | Given and Kanamori. 1980], represents one of
the largest static moments in this study. The surprising
absence of any significant frequency dependence in the
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA 3281

moment spectrum suggests that Sumbawa earthquake is
unusually fast for its size: we obtain a characteristic
source time of 7, = 1 + 14 s. From the fault length esti-
mate of 100 km [Fitch et al., 1981}, this short duration is
suggestive of a rupture velocity approaching the shear
speed. One consegquence of the relatively sittail 3ource
dimensions and large moment is a stress drop of several
hundred bars, one of the largest ever computed for a

major earthquake [Hanks, 1979, Fitch et al., 1981].

Kuril Islands

The epicenter of the Kuril Islands earthquake of
December 6, 1978, was north east of the island of
Hokkaido, Japan (Figure 2). this general area is known as
the Hokkaido corner and marks the juncture of the Kuril
and North Honshu arcs. The event is one of the larger
examined in this study and exhibits several interesting
characteristics. Using the ISC depth of 118 km, we obtain
the moment spectrum shown in Figure 9a. It is marked

7r ()
8+
G o
m 4 118 &m
£ ¢ |
g2 :
(...N- * m * *
= $
1+
I \ 1 ] !
oc 2 4 é 8 16
FREQUENCY (mHz)
. W
gk
0
m_h: 150 km
g
E 3
=
(m.l
=3 ¢
1k
Ol'.ll.._rl _ o 1 1
0 2 4 8 8 10

FREQUENCY (mHz)
Fig. 9. Estimates of total moment averaged over 1.mHz bands
for the Kuril Islands event of December 6, 1978, assurning local
depths of 118 km (a) and 150 km (4. Error bars represent one
standard devistion. Curve in Figure 9& corresponds 10

Mf=43Aand 1, = 575

200} @
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Fig. 10. {a) Map view of the 3-week aftershock distribution for
the Kuril Islands earthquake; locations are from the 15C bul-
letins. Solid diamond denotes main event; squares and trian-
gles represent evenls shallower and deeper than main event,
respectively. Line is the strike of the best fitting plane to the
main event and deeper aftershocks. (b} Vertical cross section of
the aftershock distribution in the plane perpendicular 10 the best
fitting piane, whose intersection is indicated by the solid hine.

J

by a strong frequency dependence corresponding to a drop
of nearly a factor of 3 across the band. These estimates
give a static moment of MF =43 x 0.3 A and a large
characteristic time of =, = 57 + 2s.

The ISC locations for the aftershocks occurring in the
3.week period following the main event are shown in Fig-
ure 10, It appears that there are two distinct aftershock
populations, above (triangles) and below (squares) the
depth of the main event. with the deeper aftershocks
confined to a nearly planar region. [n order to identfy
this plane we computed the sample covariance matrix ¥ of
the locations r, of the deeper aftershocks and the main
event, defined by

z
Vel S -pG-0 (23)

N-105

where T is the aftershock centroid. The eigenvalues i, of

V satislving Ay 2 A; 2 Ay are measures of the three
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA 1283

the main event extending to a depth of 166 km. These
deeper events appear to be directly related to rupture pro-
.cess of the main event, The best fitting plane characteriz-
ing the main shock and deeper aftershocks is indicated on
Figures 1la and 115 this plane, with a strike of
&, = 192°and dip of & « §3°, is in good agicement wiih
the nodal plane of ¢, = 200° and 5 = 70° found by J.W.
Given (personal communication, 1982) from first motions.
The depth to the seismic zone appears lo be aboutl 60 km
near the epicenter of the main event [Mitronovas er al.,
1969}, suggesting that the main event was near the top of
the slab. If true, it implies that as in the case of the Kuril
event, there was a downward rupture through much of the
oceanic lithosphere.

Moment estimates for the Tonga earthquake were made
using three different depths: 33, 100, and 65 km, which
roughly correspond to the aftershock centroids for events
above 65 km. events below 65 km, and all of the events,
respectively. The results for 4 = 33 km are shown in Fig-
ure 122 The moment spectrum is somewhat jagged,
characterized by a low point at 1-2 mHz and a steep des-
cent between 5 and 9 mHz: it yields a static moment of
24 + 2 A and a characteristic time of 44 + 3 5. For a
depth of 100 km we obtain the moment spectrum shown
in Figure 12c, which exhibits a much stronger {requency
dependence, nearly an 80% drop across the band, and
pives Mp=23 + 2 Aand r, = 84 + 2 s. Qur preferred
depth of 65 km yields the moment spectrum shown in
Figure 125, it possesses a frequency dependence between
the two extreme cases and implies M% =23 + 2 A and
7. =66 = 2 s. Talandier and Okal [1979] obtained a
value of My = 15 A using Rayleigh waves at about 5 mHz
from the station PPT and a source depth presumably
between 45 and 50 km. Their value of moment is in gen-
eral agreement with our estimates at this frequency.

Tumaco

The Tumaco earthquake of December 12, 1979, took
place on the continental shell just seaward of the
Colombia-Ecuador border. It was a very large thrust event
with one steep and one shallow nodal plane, both striking
roughly parallel 1o the axis of the Colombwa trench
|Kanamori and Given. 1981, Herd e al.. 1981]. The event
caused extensive subsidence on the coast of Colombia, up
1o 1.6 m along a 200 km length of coastiine, as well as
uplift offshore on the continental shelf. it also generated a
tsunami {Herd et al., 1981]. The 1SC bulletin puts the
source depth at 29 km. Based on the refraction study of
Meyer et al. [1976] in this region, the event appears to be
near the boundary between the subducting Nazca plate
and overriding South American plate; the shallow dipping
nodal plane has been interpreted as the fault plane along
which the underthrusting of the Nazca plate 15 presumably
taking place (Herd et al., 1981, Kanamori and McNally.,
1982},

An inversion for total moment based on the source
depth of 29 km is shown in Figure 135 We observe a
rapid roli-off of the moment spectrum between 2 and 11
mHz, resulting in about a factor of 3 decrease across this
band. The point at 1-2 mHz is somewhat smaller than the
other low-frequency (2-6 mHz) estimates. a low SNR
does not seem o be the cause since the evenl was very
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Fig. 12. Estimates of total moment averaged over 1-mHz bands
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tepresent one standard deviation. The curve in Figure 114
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Fig. 14. Estimates of tolal moment averaged over 1-mHz bands
for the Honshu event of March 7, 1978, Error bars represent
one standerd deviation. The curve corresponds to M$ = (.52
AandT, = 325 :

0.0

tigations of this event. For example, G. Masters and F.
Gilbert (unpublished material, 1982) obtained Afy = 0.64
A in the interval 2-5 mHz. At a somewhat higher fre-
quency (16 mHz), Dziewonski et al. [1981] obtained a total
moment of 0.40 A using body waves from the SRO net-
work, consistent with the estimates at the high end of our
band.

Banda Sea

The Banda Sea event of February 21, [978, took place
in one of the most! tectonically complex regions of the
world. Based on the spatial distribution of seismicity,
Cardwell and Isacks [1978] proposed the existence of two
lithospheric plates descending beneath the Banda Sea.
One of these plales represents a laterafly continuous slab

0.30¢

o
[av]
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[en]
T

Mr (1027 dyne-cm)}
bt
o

0.10
0.05
i i | H i
o.ooo 2 4 8 8 10
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Fig. 15. Estimates of total moment averaged over [-mHz bands
for the Banda Sea event of February 2!. 1978 Error bars
represent one standard deviation. The curve corresponds to
M =019 A and +, = 54 5; first point of diagram was not
used in i1s determination.
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A L i L
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Fig. 16. Estimates of total moment averaged over 1-mHz bands
for the Argeatina event of October 22, 1977, Error bars
represent one standard deviation. The curve corresponds to
Mt =10.19 A and 1, = 43 5, first point of diagram was not
used in i{s determination.

being simultaneously subducted beneath the east-west
trending Java Trench and Timor Trough and the north-
south trending Aru Trough, with a lateral bend of about
90° at the juncture of these two sections. The second
plaie dips to the southwest and is associated with subduc-
tion under the Seram Trough. The Banda Sea event is
located near the northern boundary of the first plate at a
depth of 510 km. where the plate dips shallowly to the
west [cf. Cordwell and Isacks, 1978, Figure 5]. The event
represents normal faulung (G. Masters and F. Gilbert,
unpublished material, 1982) with the tension axis trending
north-south, paraflel to the local strike of the slab.
Cardwell and Isacks [1978] suggested that the events in
this part of the slab are related 1o the lateral bending of
the plate and state that such bending would lead to the
generation of stresses consistent with the direction of the
tension axis for this earthquake. The Banda Sea event
was preceded by a foreshock (m, = 5.9} by about 50 s

The moment estimates are plotted in Figure 135
Although there is some scatter, evidently due to the low
SNR. a fairly rapid decrease in moment across the fre-
quency band is apparent. corresponding (o a long source
duration of 7, = 54 = 3 5. We obtain a static momen! of
Mi=019 + 0.01 A, in agreement with the wvalue of
Mr; =10.19 A between 2-5 mHz found by G. Masters and
F. Gilbert (unpublished matenal, 1982).

Argentina

The deep-focus seismicity in South America is restricted
to two linear zenes irending north-south: one beneath
western Brazil and one beneath western Argentina. The
event of October 22, 1977, occurred in the latter. Like the
Honshu and Banda Sea events, it was preceded bv a small
foreshock {(m, = 5.3) 150 s before the main event. The
moment spectrum piotted in Figure 16 exhibits a fairly
strong frequency dependence. rolling off by nearly 2 factor
of 2 across the band. We obtain a characteristic time of
t. =43 = 4 s and a static moment of M%=0.19 % 0.02
A.
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA

2.0
1.8
1.8
1.4
1.2
1.0
0.8
0.6
04}
02+
0.0

Mt (1027 dyne—cm)

1 } A |

4 B 8 10

FREQUENCY (mHz)
Fig. 19. Estimates of total moment averaged over 1-mHz bands
for the Tabas. Iran, event of September 16, 1978. Error bars
represent one standard deviation. The curve corresponds to
M2 =13 A and 7, = 43 s first point of diagram was not
used in its determination.
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0

of the source, it is important to understand the possible
sources of bias in their estimation. Paron and Aki {1979]
have examined this problem in the context of moment
tensor retrieval, and most of the same error processes
affect the determination of scalar moment as well. We
have attempted to account for some of the important
errors directiy in the inversion algorithm: ambient seismic
noise. incorrect transfer funciions (because of lateral
heterogeneity), and incomplete knowledge of the source
mechanism. These have been used to ptace standard
errors on the bias-corrected moment esumates. as dis-
cussed by S§J, and ultimately to determine the uncertain-
lies in M%and = .

Certain types of the errors not explicitly considered are
more serious than others. Error processes which are
uncorrelated from one frequency band to the next tend to
roughen the spectrum: these should not greatly affect the
estimates of M#% and 7., which depend on the smoother
properties of the spectrum. The error bars derived from
the inversion procedure seem to adequately account for
the fluctuations in estimates of Afr from one band to the
next, as shown in the plots of moment spectra presented
in the previous section. However, sources of bias highly
correlated in frequency can substantially bias the estimates
of static moment and source duration, and these must be
assessed before attempting an interpretation of our resulis,

The utilization of an incorrect radial earth mode} (e,
one which differs from the spherically averaged earth} will
induce errors in the degenerate frequency w. excilation
amplitude 4. and quality factor  of each rormal mode of
vibration, While the moment estimates made by our pro-
cedure are insensitive to perturbations in w. the relative
ertors in My are approximately proportional to the relative
errors in 4 and @ (8]). ie.,

Errorin 4

AMp/ My —~ AA/A (24}

3287

Error in Q0

AMy/ My ~ AQ/2Q (25)

Estimates of the error in A are difficult to obtain from
observations, since the amplitude of a2 mode peak depends
on many factors, including the source mechanism and
moment of the event. We can, however, get an indication
of the size of this effect by comparing the amplitudes
predicted by various published earth models; numerical
experiments suggest that this error is probably not more
than 5%. The relative error in moment due to Qis prob-
ably small as well. The @ model used in this study
IMasters and Gilbert, 1983) is based on a large, high-
quatity, fundamental mode data set and should be able to
predict average fundamental mode Qs to within 5%. The
overtone modes, which make a significant contribution to
the seismograms of the three deep-focus events above 6
mHz. have Qs which are less well known, but comparis-
ons between the Masrers and Gilbert [1983] model and the
available overtone (¢ measurements suggest that AQ/2Q
is probably less than 10% for the majority of these modes.
It is unlikely that a large frequency-dependent bias in total
moment would resuit from errors of this magnitude. espe-
cially because the most uncertain quality factors are associ-
ated with high-0 modes whose contributions to the
seismogram are small and whose decay times are generally
fonger than the tecord lengths used in this study {10
hour).

The variations in the frequencies. amplitudes. and qual-
itv factors caused by aspherical heterogeneity are much
larger than those attributable to an incorrect radial struc-
ture, but their effects on total-moment estimates can be
reduced to a considerabie degree by properly averaging
over the station network. We have explicitly accounted
for such fluctuations in formulating our optimization algo-
rithm and assigning bias corrections and nominal errors to
our moment estimates (SJ). Despite these efforts, the
effects of aspherical heterogeneity on the seismogram are
complex and not well understood. so we cannot preclude
the possibility that some frequency-dependent bias
remains.

An advantage of our method is that the esiimates of the
total moment, and hence source duration, are independent
of the temporat centroid of the event (S8]). However. an
incorrect spatial centroid can lead to bias in the moment
spectrum. Our eslimates are made assuming a SoUrce cen-
(roid obtained from other studies, usuaily a first-motion
location (NEIS or ISC) representing the initiation ol rup-
ture. As discussed bv Dziewonskt el al. [1981], this does
not necessariiv correspond to the iow-frequency centroid.
which is an average of the entire seismic process. Errors
in epicentroidal location will cause “dephasing’ of the cross
spectra U/, {(p # g) with respeci to the transfer functions
which will. on the average, lead to an apparent roli-off in
the moment spectrum. In contrast. the power spectra U,
are insensitive 1o 1his kind of error. The synthetic experi-
ment mentioned in our discussion of the Tumaco event
indicates thal a rather sizeable errer of 115 km in the epi-
centroid would give rise 1o only a 10% drop 1n moment

across the 1-11 mHz band, much iess than the 70% drop
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA

time 7. is plotted against the logarithm of static moment
Mj in Figure 20. In addition to the 14 events presented
here, we have included the 1970 Colombia and 1963
Peru-Bolivia deep-focus events analyzed by Gilbert and
Dziewonski {1975), whose observed moment spectra and
best fitting theoretical spectra are displayed in Figurs 1
{The error bars in Figure 20 are the standard errors taken
from Table 3, but as discussed in the previous section, the
nominal uncertainties atiached te 7, are likely to be biased
to low values for events with large charactetistic times.)
We have also included on this plot an empirical relation
between r. and M? derived from Table Il of Kanamori
and Given [1981]. This empirical relation is based on the
proportionality between Af and the characteristic source
volume and assumes a scaling velocity of 3.3 km/s. We
use this curve as a convenient, albeit somewhat arbitrary,
demarkation between ‘fast’” and ‘slow’ earthquakes.

It is interesting to note that while shallow and
intermediate-focus events fali on both sides of the empiri-
cal curve, all five of the deep-focus earthquakes f(events
9_11, PB. C) lie well within the siow field. This could be
explained by a depth-dependent bias in the moment esti-
mation procedures (which would have to apply 1o (ifbert
and Dziewonski's [1975] method as well as ours), but the
hypothesis that deep events typically have large charac-
teristic limes merits consideration.

Each of the three deep-focus events analvsed in this
report was preceded by a foreshock, so we might inquire
whethet their large characteristic times are simply
explained by this fact. A multiple earthquake comprising
two instantaneous evenls with similar  mechanisms
separated by a time At has the spectrum

Mr(w) = M1 + 2e coswAr + €1 (26)

where the static moment of the larger event is Aff and
that of the smalier event is ¢ Mf (0 £ ¢ < 1). For the
Honshu earthquake {event 9), Ar =17 s, which is too
short an interval to explain the observed charactersstic
time of 32 + 4 s. If the relatively smail foreshock
{m, = 5.3) 150 s before the Argentina event were impot-
tant. we would expect a prominent peak in moment a
1/At = 6.7 mHz, but this is not observed. The somewhat
more energetic foreshock {(m, = $.9} occurring 50 s
before the Banda Sea event would be expected to reduce
the moment spectrum by an amount 2e/(1+¢} at 10 mHz,
compared to the static value. From the moment magni-
tude relation of Hanks and Kanamori (1979] we estimate
¢ = 0.05, which implies a drop in moment of less than
10% across the band — much less than the observed drop
of nearly 50%. 1t does not appear therefore that the large
characleristic times estimated for these deep-focus earth-
quakes can be explained solely by the foreshock activity,
The main rupture sequence of deep-focus events has
been studied at high frequencies by many authors leg.
Wiss and Moinar, 1972, Streluz, 19750 Sasatani. 19801,
They have generally found short source durations and
rapid rupture velocities. Our results and those of Gubert
and Drziewonski [1975] suggest that there may be a slow
component to these events not detected at higher frequen-
cies. For example. Furumoto [1977} performed a

3289
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Fig. 20. Characteristic source time 1. versus the garithm of

static moment MF. Solid circles with error bars represent the
14 events studied in this paper {Table 3}; numbers correspond
10 those in Table 1. Solid diamonds represent the Colombia
{C} and Peru-Bolivia {PB) earthquakes analyzed by Gilbert and
Driewonski [1975]. whose momen! spectra are displayed in Fig-
ure 1. The curve separating ‘fast’ and ‘slow’ fields is based on
an empirical relationship between moment and source duration
proposed by Kanamori and Given {1981},

multiple-event analysis of the 1970 Colombia deep-focus
earthquake using WWSSN body wave data and concluded
that it comprised a sequence of seven shocks terminating
abruptly alter 47 5. If the rupture process involved a uni-
form moment release, the implied characteristic time Is
only 37 x 475 = 27 s, nearly a factor of 4 less than that
estimated from Gifberr and Dziewonski's [1975] moment
spectrum {r. = 100 s). A similar discrepancy exists for
Chandra’s [1970] multiple-event analysis of the 1963
Peru-Bolivia event.

A slow, perhaps precursive, component to the deep-
focus rupture process is not implausible; indeed.
D-iewonski and Gilbert [1974) and Gilbert and Dziewonski
[1975] detected precursive. compressive strain release for
both events they studied. We are currently investigating
the isotorpic part of the deep-focus mechanism using algo-
rithms designed 1o measure the isotropic moment AM;
defined in (2}, The tentative detection of an isotropic
component to the 1978 Honshu event was reported by Sl

The lour largest events in this survey — Sumbawa
fevent 5. Mf=24 =3 A), Kuril Islands fevent 6,
Me=136=02 A), Tonga (event 7. ME=23 =2 A).
and Tumaco (event 8, M¥P = 25 £ 2 A) — span a wide
range of characteristic times. The Sumbawa earthquake is
fast (r, =1 = 14 s), whereas the other three are slow

r. = 52-66 s}. An interesting comparison among these
events can be made in terms of their characteristic veloci-
ties v.. The aftershock distribution for Sumbawa ind:cates
a totat fault length of about 100 km [Fitch er al., 1981] or
L. = 60 km. assuming that 7. < 205 we find v, is at
least 3 km/s. The aftershock distributions for Tonga (Fig-
ure 11} and Tumaco C. Mendoza and J.W. Dewey.
{manuscripl in preparation, 1982} on the other hand. both
suggest fault lengths of ~250 km. yielding £, = 144 km
and ». = 2.2 km/s. Finally, from a fault dimensicn of
100 km for the Kuril Isiands earthquake (Figure 10}, we
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SILVER AND JORDAN: TOTAL-MOMENT SPECTRA

Since we are considering long-period seismic waves, we
keep only terms for which n + v £ 2. The moments
MQ2® and M'®? contain information about the spatial and
temporal extent of the source, respectively. It is con-
venient to consider a special class of source models which
satis{y .

Mt = M t.?.... in+ v € 2 (A9)

That is, the six independent components of T'(r.1) have
the same zeroth, Arst, and second moments; we refer to
“such an event as a synchronous source of degree 2. A
special case of a synchonous source is one in which the
source mechanism (taken here to be the normalized stress
glut rate tensor [ (r.0)/Ul{r,01) is a constant function of
position and time. The quantities u™* in (A.9} are then
the polynomial moments of the scalar function

flr.g) = M : T, /UM (A10)

which is a normalized measure of the spatial and temporat
stress concenlration in the source region lcf Backus
1977a}. Let a circumflex denote the moments taken with
—.mm@mn. ,ﬂm:_:m spatial and _n:.__....oB_ centroids; i.e.,
n = 4" =10, Then we can write the frequency aver-
aged cross spectrum LUy

Uy = U3 X (A1D)

where Ug is the cross spectrum obtained for an instan-
taneous point source M and x,, includes the contribu-
tions of the second-order spalial and temporal moments:

~ 40.2)

X l_lne.c. fmn.n

— lwlcos @, + cos P}

- |m (cos’®, + cosib, V.ce {A12)

Here we have assumed the dominant contribution to {/,
is from a mode of angular order [ Approximating [ by
wa/c, where a is the radius of the earth and c is phase
velocity, we can express (A12) in terms of the characteris-
tic time

o= 20204 (A13)

a characteristic source length
= 2a(a?"" (A14)

and a ‘directivily’ parameter
D, =ap'"" (ALS)

by writing

3291
le_ieu_ y + {cos @, + cos &, v =
2
L (A16)
Bct’
The expression for squared moment is
Mf = Mnx an i X pa (A1D)

To estimate the effect for a station array uniformly distri-
buted on the sphere. we average x,, Over azimuth. assum-
ing that &, and <&, are uncorrelated. The lerms propor-
tional to D, average Lo zero, and we obtain

2
Mr{w) = My |1 - m,.ﬂ (r2 4 LY 2c))%

~ Ml - e%:m + L22eD) (A18)

Comparing with (22), we see that the effective source
duration is approximately

= (1} 4+ L} 2cH% (Al9)

which can also be expressed in terms of a characteristic, or
apparent rupture, velocity v, = L./7,:

Fo=1. (14 032" (A20)

Equation {A20) illustrates that the eflective source dura-
tion 7. will be larger than the characteristic time r, by an
amount which depends on the ratio v./c. For spheroidal
modes in the band 1-11 mHz. ¢ 2 4 km/s. | we assume
v, < 4km/s, then an upper bound on the spatial contri-
bution is given by

3= (3/2)7. = 122 7, (A21)

Thus 7. could exceed 7. by as much as 20% for a ‘fast’
event; in this case, however, the total-moment spectrum
will be relativety flat, and r. will be small. The observa-
tional uncertainties associated with the characteristic times
of fast events are lypically much larger than 20% (Table
3). For slower events, such as the Tumaco earthquake
{event 8) for which we estimate v, € 2.5 km/s, 7. will
exceed 7. by only 10% or less. The horizontal spatial
extent of a source has. therefore, a relatively small effect
on the estimation of charactenstic times.

Verncal Line Source

The effect of a vertical source extent on My{w) is less
straightforward than tn the simple horizontal case dis-
cussed above because the radial derivatives of the strain
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610 Riedesel et al.: Moment-Tensor Spectra

‘circle containing d and 1 is the locus of ail purely deviatoric
mechanisms in the eigenvector reference frame. The fact that
the eigenvalues A, are stationary with respect to small
perturbations in the eigenvectors € ensures that, to first
crder, the uncertainties in A are uncorrelated with the errors in
the eigenvectors and can thus be expressed in the reference
frame (d, 1, i). These uncertainties are piotted as a
95%-confidence ellipse about X on the focal sphere, which
allows various hypotheses regarding the source mechanism to
be tested by inspection. For example, the hypothesis that M
is a double-couple (& = 4)is rejected if d falls outside the &
confidence ellipse. The marginal uncertainties in the principal
axes can be similarly calculated using first-order perturbation
theory, and they are also plotted as 95%-confidence ellipses.
Therefore, on a single focal sphere we display the source

Baond(mHz) A

9-10

10-11

mechanism M, including its non-double-couple components,
and a complete representation of its uncertainties, except for
the covariances between the principal axes.

the source-mechanism spectra for the Michoacan
carthquakes are shown in Figure 1. Two sets of mechanisms
were calculated for each event. In the first (spectra A and C),
all elements of M were retained in the solution. The error
ellipses for the X vector and the principal axes are large at low
frequencies, reflecting the poor resolution of the long-period
data in determining M jand M, for shallow-focus sources
[Kanamori and Given, 1981, ?mu_ and tr M in general
[Mendiguren and Aki, 1978). To examine the constraints on
the other components of the source mechanism, we computed
a second set of spectra, columns B and D of Figure 1, where
the trace of M and its 78 and ré components were treated as
"nuisance parameters” and projection operators were applied
to annihifate the dependence of the data equations on these
components [Riedesel, 1985]. The error-normalized
equations are solved by a generalized inverse, so that the
projected compenents in spectra B and D are set equal to zero;
in particular, the axis corresponding to the maximum
eigenvalue is vertical, and the X vector is constrained to lie on
the deviatoric great circle. It should be emphasized that this
solution is not the same as obtained by the standard procedure
of fixing tr M, M _,and M_, to be zero [e.g., Kanamori and
Given, 1982], since the estimation errors on the unprojected
tlements of M calculated by the Riedesel-Jordan method are
not conditional on the values of the nuisance parameters. In
the projected spectra, the estimation errors are generally
largest at high frequency and obtain a minimum in the
3-4.-mHz band, where the signal-to-noise ratio of the
normal-mode data is highest.

None of the spectra in Figure 1 show any significant
frequency dependence or any significant non-double-couple
behavior. Among the twenty unprojected mechanisms in
columns A and C of Figure I, for example, the 95%
confidence ellipse of L containsd in all cases but one, as
would be expected from random errors. The mechanisms
obtained by averaging the variance-weighted, unprojected
spectra are listed in Table 1 and dispiayed in Figure 2.
Neither has a significant non-double-couple component. The
stike and dip of the best-fitting fault plane are somewhat
greater for the aftershock than the main event (Table 1), but

Fig. 1. Source-mechanism spectra M{@) for the Michoacan
earthquake of 19 Sept 85 (columns A and B) and #ts large
aftershock of 21 Sept 85 {columns C and D) over the
frequency interval 1-11 mHz, Each circle is a focal-sphere
plot of the normalized moment tensor M{e) in a 1-mHz band
derived from 12 IDA records by the normal-mode method of
Riedesel and Jordan {1985]. Columns A and C are
unprojected mechanisms for the main event and aftershock,
respectively, whereas columns B and D are projected
mechanisms for which 7 81, M ., and M,, have been

annihilated by the orthogonalization procedure described in
Riedesel [1985]. Each M is represented by the source-
mechantsm diagram introduced by Riedesel and Jordan
[1982]. The three principal axes &,, &, and €.,
corresponding to eigenvalues &) 2 &, > X, are plotted as au

N and P on a stereographic projection of the lower focal
hemisphere with their marginal 93% confidence ellipses (thin
lines). The mechanism is characterized by the unit vector & =
Z %, & and its 95% confidence ellipse (thick line), which can
be compared with the canonical unit vectorsd. i, and i,
representing a pure double-couple, 2 pure compensated linear
vector dipole, and a pure dilatation, respectively. The dashed
line shows the locus of all deviatoric mechanisms. Vectors
are plotted as V if they are on the lower focal hemisphere and
as a A if they are projected from the upper hemisphere.
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612 Riedesel etal.: Moment-Tensor Spectra

value of 13 x 10%% N-m obtained by Ekstrom et al. [1986].
The large correlated uncertainties in total-moment estimates of
Figure 3 reflect their sensitivity to the nodal-plane arisniation
of the assumed mechanism. A dip of 19° is obtained by
averaging M over the entire 1-11 mHz band (Table 1), but this
dip could be biased high by our inability to resoive M o and
M,, at low frequencies. Decreasing the dip to 10° would
increase the moment to about 19 x 10¢% N.m, in general
agreement with the conclusions of Eissler et al. [1986]. iﬂo
for the aftershock is about a factor of four less than the main
event, which is the average amplitude ratio observed on the
IDA seismograms.

The characteristic time z, estimated by the Siiver-Jordan
method is 49 * 7 5 for the main event and 30 + 11 s for the
aftershock. We can compare these times with the difference
At between the temporal centroid of the earthquake ang its
origin ime measured by high-frequency P waves. Using the
temporal centroids from our moment-tensor inversions and
origin times from the NEIS, we obtain Ar=34 £ 5sand 24 +
5 s for the main shock and aftershock, respectively.
Assuming the rate of moment release is constant over the
duration of faulting (in which case, 2Ar 15 the "source
process time” of Kanamori and Given [1981]), we can relate
the centroid time shift to the characteristic time by the equation
T, = 2At V3; this gives T, =39 * 6sand 28 * 65, Hence.
two independent estimators of characteristic time, one based
on spectral roll-off and one based on centroid time shift, yield
sirnilar resulis.

Although not statistically significant at the error levels
quoted, the fact that our two estimators of ©_ differ by [0s
for the main event could be an indication that the moment
release is not constant during the rupture process, but
concentrated towards the origin time. The Source time
functions obtained by Ekstrom et al. [1986] and Houston and
Kanamori {1986, Figure 4] show that the moment release for
the main shock took place in a series of discrete pulses at
intervals of about 25 s, with amplitudes diminishing in time.
Houston and Kanamori's {1986, Figure 5} representative
source time function is characterized by moment release up to
100 s after the initial break, although the uncenainties in their
estimates are such that only the first 70 seconds are considered
significant [H. Houston, personal communication, 1986].
The duration parameters calculated from the first 70 s of this
time function are Ar =29 s and 1, = 37 5, whereas the full
100 5 yield Az =33 sand 1, = 465, in better agreement with
our measurements. This comparison suggests the existence of
some activity beyond 70 s after the origin time. Both the main
event and the aftershock plot in the slow-earthquake field of
Silver and Jordan [1983, Figure 20]. In particular, the
aftershock apparently has a larger characteristic time than
either the fast-rupturing 29 Nov 78 Oaxaca or the 14 Mar 79
Petalan earthquakes studied by Sitver and Jordan [1983],
although its static moment is about the same.
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Fig. 1. Aplot of the characteristic time versus chamctenistic length for
lithospheric deformation events. "Ordinary earthquakes™ occur st charac-
teristic rupture velocities that are a substantial fraction of the shear wave
velocity. Creep events on the San Andreas fault occur st ~ 1 m/s and
strain migration events occur at ~ I mm/s. Between main sequence
earthquakes and creep cvents are some documented examples of slow and
silent eanthquakes. They arc A, the February 21, 1978, Banda Sea
carthquake [Silver and Jordan, 1983): B, the 1896 Sanriku carthquake
(K anamori, 1972); C, the 1946 Aleutian Islands eanhquake [Kanamori,
1972; Abe, 19731; D, the June 6, 1960, Chilean earthquake {Kanamor:
and Stewart, 1979]; E, the January 14, 1978, Izu-Oshima earthquake
[Sacks ef al., 1981); and F, precursors to the 1976 Friuki earthquake
[Bonafede et al., 1983].

evenls with lower characteristic velocities, as low as 1 mm/s, are
estimated to be typical of strain migration [Kasahara, 1973;
Rundle, 1978]. Apparently, deformation of the lithosphere is
episodic and complex, with characteristic velocities varying by 6
orders of magnitude or more. At present, the constitutive
equations that govern slow deformation events are not well
understood, and the spatial and temporal relationships between
slow deflormation and fast seismic ruptures are obscure.

To observe phenomena at the very low end of the velocity
spectrum requires near-field strainmeter and geodetic data. but
slow earthquakes, and perhaps some silent earthquakes, can be
studied using low-frequency seismic waves recorded by global
networks of seismometers. The International Deployment of
Accelerometers (IDA) network, which has been producing a
continuous stream of high-quality digital data for over 10 years
[Agnew et al., 1986), is well-suited for this purpose. Although
data from IDA and other low-frequency networks have been used
to investigate specific events, including slow earthquakes
(Kanamori and Given, 1981; Okal and Stewart, 1981; Silver and
Jordan, 1982, 1983; Dziewonski and Woodhouse, 1983], there
have thus far been no systematic sttempts lo catalog slow earthq-
uakes or 1o observe silent earthquakes using the excitation of the
Earth's norrnal modes at frequencies tess than 10 mHz.

Among the available compilations of source properties derived
from long-period waveform data, the Harvard Centroid Moment
Tensor (CMT) catalog [Dziewonski et al., 1981, 1987a.b;
Dziewonski and Woodhouse, 1983} is the most complete. The
CMT catalog includes source parameters measured in a band
ceniered at about 15 mHz for most events well recorded by the
Global Digital Seismic Network (GDSN). Among the source
parametets routinely compiled by the Harvard group are the
centroid time shift Ar and the seismic moment M, A is defined
to be the difference between the temporal centroid of seismic
moment release and the high-frequency origin time; it is a
measure of earthquake duration, whereas A is a measure of
earthquake size. Slow earthquakes are expected to have a larger
At than other earthquakes of comparable M. which provides a

BEROZA AND JORDAN: SEARCHING FOR SLOW AND SILENT EARTHQUAKES

method for identifying slow earthquakes in the CMT catalog
[Dziewonski and Woodhouse, 1983]. However, this interpretation
assumes that the origin time of low-frequency radiation coincides
wilh Lhe ongin lime measured trom high-trequency radiation.
Dziewonski and Gilbert {1974] and Jordan et al. [1988:
manuscript in preparation, 1990] have presented evidence that
slow deformation precedes the high-frequency origin time for
some earthquakes. In such a situation the centroid time shift Af
can be arbitrarily less than 7_/2, the true half duration of moment
telease [Jordan et al., 1988], which biases the method against the
detection of slow events.

In this paper, we sysiematize the identification of slow and
silent earthquakes by constructing a detector sensitive lo low-
frequency (i-5 mHz) [ree oscillations. We epply this detector to
seismograms recorded by the IDA network for the 2-year period
1978-1579. We use it to construct & catalog of mode-excitation
evenis and attempt to associate these excitation events with
known earthquakes. Slow earthquakes are identified as those
having anomalously strong mode excitations relative to their
CMT magnitudes; we confirm their anomelously long durations
by computing T, using the moment-spectrum technique of Silver
and Jordan {1983). We have been unable 10 associate some low-
frequency excitation events with significant earthquakes (M 2 5.4}
in the standard high-frequency catalogs, and we speculate that
these may be slow events that do nol initiate fast seismic ruptures
of significant size; they may be silent, or at least quiet,
earthquakes.

THE DETECTION ALGORITHM

Our knowledge of Earth structure can be used to distinguish
far-field seismic signals from near-field noise. At low frequen-
cies, a teleseismically recorded earthquake will excite ground
motion with energy concentrated in narrow bands centered on the
eigenfrequencies of the Earth’s normal modes, whereas local
ground noise wiil be more uniformly distributed in frequency,
We use these properties 1o develop an algorithm for detecting any
event that excites the fundamental spheroidal modes above the
background noise fevel. Specificaily, we test the null hypothesis
that the energy levels in the fundamental spheroidal mode bands
observed on a global network are due to random noise against the
alternative hypothesis that they are due 10 a seismic event. We
begin by outlining this hypothesis-testing algorithm in its general
form, deferring the details of its application o IDA network data
to the [ollowing section.

We consider a particular station in this network having &
vertical-component time series u(f) whose complex Fourier trans-
form over a time interval [1, 1+T] is u(@), As a measure of the
spectral level over a bandwidth 2w, centered at frequency @, we
employ il e)2, the squared modulus of the zeroth-order moment
of the Fourier spectrum. The zeroth-order moment is a compiex
number defined by the integral

; + wy

Holwy) = ulw dw

wy-wy

As an observable it has several desirable qualities. $pectra] aver-
aging enhances coherent signals relative w random noise. In the
case of an isolated normal-mode multiplet with an eigenfrequency
y and a damping parameter w20, whose magnitude is not much
larget than w,. il ey} is proportional to the excitation amplitude of
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Fig. 3. The level of Type-II errors, B, versus the signal to noise ratic R
for several assumed levels of Type-1error, ¢, for the detection of 2 mode
by & 10-station network. The detectability threshold is reduced 10 R, =
1.7. The use of a global nctwork affords 10 independent observations of
the exciuation leve] and greatly increases the power of the test

0.001, the network detectability threshold for a single mode is x..n
= 1.7, e factor of 5 reduction from the single-station/single-mode
case of Figure 2.

Event deteciion by a network

A time-lovalized seismic event will excite modes across a
broad frequency spectrum. To test for significant seismic activity
localized near a time §; , we sum the detection matrix over all ¥V
stations and all observed modes between a lower cutoffl {, and

an upper cutoff /.,

Imax
_W‘.. = M M... =

{=lmin

(6)

M \23
Lp

If each element in the sum is an independent random variable,
then K is binomially distributed with sample size

h-E
M 2.._

I=Imin

2__. = N

and success probability . We say the network has detected an
event at time £, &t the 100(1-a "}% confidence level if K; exceeds

the critical value for the 100a"% upper tail of this binomial dis-
tibution. {As discussed in the next section, practical considera-
tions dictate that the noise bands for adjacent modes overlap,
which introduces correlations among elements of the detection
matrix, and the distribution law for K is not binomial but must be
calculated using Markov statistics. Here, for simplicity in pre-
senting the basic concepts, we ignore this complication.)

Figure 4 shows the relation between R and B for different
jevels of @” in the case of a 10-station network recording 36
rmodes with equal snr, Because the sample size is much larger
than for a single mode (N;= 360), the probability of making a
Type-1I eror rolis off more rapidly with R, and the power of the
test is considerably enhanced. For a’ = 0.001, the detectability
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Fig. 4. The level of Type-II errors, 87, versus the signal to noise mitio R
for several assumed levels of Type-1 error, @, for the detection of an
excitation event by s 10-3tation network over a range of 36 modes. The
detectability threshold is reduced 10 R = 0.5!. By considering a range of
modes recorded on a network of siations we increase the number of
observations to 360 and obtain & substantially more powerful test. An
event at the deteclability threshold has a snr of 0.5 and would not
necessarily be difficult to detect in a visual inspection of the time series.

threshold is xm = 0.51. This represents a gain of 3.3 over the
network/single-mode example of Figure 3 and & gain of 17 over
the single-station/single-mode example of Figure 2. Hence using
seismic nelworks of only modest size, we can detect an event
having an snr less than unity with very little risk of making a false
detection. An event with such a low snr would not necessarily be
evident from a visual inspection of the seismograms.

DETECTOR DESIGN FOR FUNDAMENTAL SPHERCIDAL MODES
RECORDED BY THE IDA NETWORK

We applied our detection aigerithm 1o [DA data for the 2-year
period 1978-1979, when the network comprised up 1o 11 stations
(Figure 5). Editing the raw IDA data for dropouts, glitches,
carthquake-associaled nonlinearities, and periods of high noise
levels was necessary belore applying the mode-excitation detec-

IDA Stations (1978B-79;

Fig. 5. Location of the Intemational Deployment of Accelerometers
(IDA) network stations (triangies) operating during the period 1978.
1976.
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T an effective hall width for the spectral integration, w™, and a

window shift parameter T, We set @; and 0, equal to the average
apparent eigenfrequencies and quality faclors observed by
Masters and Gilbert {1983]. Our definitions and specifications of
the other parameters are discussed below.

Time-domain formulation

Our detector employs the modulus of the zeroth-order moment
of the complex spectrum to characterize the spectral level in the
mode and noise bands. Rather than Fourier transform the IDA
records and integrate the spectrum in the frequency domain as in
equation (2), we calculate the zeroth-order moment by a time-
domain integration technique [Riedese! et al., 1986]. The spectral
integral in (2) can be viewed as the convoiution of the complex
Fouriet spectrum u(w) with 8 boxcar window ol width 2w, lagged
by the center frequency o of the ith mode. Hence the convolu-
tion thecrem allows us to reformulate the zeroth-order moment as
a time-domain Fourier integral of the form

Holay) = Fi(1) u(r) e-i®iidy (8)
where the integration kernel is
Fr) = 2w sinc(w,t) W (1) )

Each data functional go{w;) can thus be computed from a

complex-valued, time-domain integration that is efficiently coded
for parallel processing. A single pass through the 2-year data set
involves 2 x 107 such integrations, so the computational advan-

tage of (8) relative to (2) can be easily appreciated.

Tailoring the windows

The time-domain formulation has the additional advantage of
allowing the window length to be tailored to the particular mode,
We took the windowing function W (r) to be a Hanning taper of
length T:

r

Wiy = =[1 - cosQruTplHITi-1y (o)

P}

In this expression, H(r) is the Heaviside step funclion. By exten-
sive numerical experimentation with real and simulated data, we
found thst varying T, with the mode frequency w; and quality
factor O, substantially improves the detectability of a normal
mode peak. These experiments showed that a window length of
Q) cycles is close to optimal, and we adopted this scaling for our
data processing. This length is twice the value of the 0.5(, cycles
found by Dahlen {1982] to be theoretically optimal for the
determination of amplitude by least squares procedures, primarily
because a longer integration length is required to suppress spectral
leakage from the mode signal bands to the intermode noise bands.
As shown in Table 1, the integration lengths range fram 436 hours
for the mode o5, to 8.4 hours for the mode ,5,;

The spectral integration parameter w, was also scaled according
10 the modal attenuation, in this case propertionally to the atten-
uation factor @;. The Hanning taper in the windowing function
(10) interacts with the sinc function in the ume domain kemel (%)
to produce a spectral integration window whoste shape is not a
boxcar and whose half width differs from w,. For specified vaiues

BEROZA AND JORDAN: SEARCHING FOR SLOW AND SILENT EARTHQUAKES

of T; and w,;, we czlculated an eflective haif width 35. from the
second moment of the squared amplitude spectrum. For modes
with !> 7, we found the best spectral window shapes and widths
were obtained from the scaiing w/f ' ~ 0.3, At very low
frequencies, we tried to compensate for the effects of multiplet
spliling owing to rotation and lateral heterogeneity by increasing
this scale factor, but the attempt was largely unsuccessful; the
combination of splitting and increasingly high noise levels makes
it very difficult to detect mode excitation for [ £ 7, as we shall see.
For large I, the effeciive modal half-width is larger than one-
fourth the intermodal spacing, so that adjacent mode and noise
bands partially overlap, introducing a small correlation between
signal and noise, which we ignore in our analysis. The precise
values of w !l are given in Table 1.

To maximize the probability of detecting an event at the fidu-
cial time 1;, it is advantageous to shift the start times of the
integration windows by an amount that depends on the angular
order {. Suppose a discrete seismic event occurs exactly at t;
then the displacement at a particular station due to the {th {unsplit)
mode can be expressed

h..Ac = A _A\J..nnis.v {11}
where A; is an amplitude factor that depends on the source-
receiver geornetry and C (1} is the decaying cosinusoid

C)ity = H(ne2Qicog wyi) (12)
For a window that begins at {*, the zeroth moment of this time
series is proportional to the complex number

b=y = | Cilt+1—t)F (1) e enidy (13}

and the detection statistic %u is propartional (o the nonnegative
real number 1641, — 1*)12. As the lag between the event start time ¢,
and the window start time ¢* varies, the expected value of u\u will
vary, reaching a maximum at a unique lag time T, that depends
only on the parameters of the {th mode. Hence the probability of
detecting an event is maximized if the window start time equals 1*
=i, -7, which is different for each mode. In order 10 align these
maxima and thus optimize the detection capzahilily for an event at
a fiducial time t;, we begin the window for the fth mode at 7, — 1,
The ume shilts 1, computed from the mode parameters by numer-
ical quadrature, are listed in Table |.

Refinement of detector statistics

Because the frequency spacing of the fundamenial sphercidal
modes 1s comparable to the integration width 2w,, the compu-
tation of ¥2 (equation (3)) was performed by overlapping the
upper and lower noise bands of the { and /+1 modes, respectively,
This introduces siauistical correlations among the elements of the
detection matrix /;;, that must be included in computing the criu-
cal values of the slatistic K, used 1o assess the significance level of
an excitalion event.

K, is the sum of the detection matrix J,;, over modes and
stations (equation (6)). Foriand p fixed, the sequence {/, - [=
Lo fmint 1o o das— 10 Ly, ) is pairwise correlated and thus forms

a2 Markov chain {Feller, 1968). The properties of this Markov
chain are given by the conditional probabilities P{{;, 11,
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Fig. 9. Averaged values itig)® of the noise bands are plotied with 1 solid
line 2s & function of frequency in mHz for the entire 2-year period 1978-
1979. Plotted as a dashed line is the same quantity for the guict period
as shown in Figure 8. The level of signal sbove about 1.4 mHz i
substantielly higher than the noise. Below 1.4 mHz the signal is slightly
stronger or comparable (o the noise. The higher level of noise over the
two year interval as compared 1o the 20-day quiel interval is
consequence of signal-genenated noise. The sources of signal generated
noise are increased instrument noise during farge-amplitude oscillations
in earthquakes, the presence of overtones in the noise bands, and leakage
of fundementa! mode resonance peak: from the signal bands into the
noise bands. The latter two sources of noise are primarily responsible for
the gradual} increase in noise above 2 mHz

above the quiet-period levels, reflecting the low snr at these very
low frequencies. This is unfortunate because the excitation of
these low-degree modes provides useful constraints on the nature
of seismic sources with low characteristic rupture velocities.
Because poor snr implies poor detector performance, we chose to
exclude modes of angular order [ £ 7 in computing the K;
statistics. In the furture, we should be able to improve the snr for {
< 7 by formulating detectors that explicily include free-oscilla-
tion splitting due to rotation and aspherical heterogeneity.

At frequencies above about 1.4 mHz, the levels in the signal
bands are substantially higher than in the noise bands, owing to
fundamental-mode excitation by large earthquakes. The signal
power peaks between 2.5 and 3.5 mHz (5,4 - o527). known among
free-oscillation afficianados as the cleanest spectral interval for
measuring the properties of fundamental spheroidal modes.
However, Figure 9 also shows that relative o the quiet period, the
power in the noise bands increases almost exponentially cut to 5
mHz, where it once again approaches the signai-band levels. This
signal-generated noise is due primarily to 1wo effects, the excita-
ton of overtones contained within the noise bands and spectral
leakage from the fundamental modes, whose attenuation half
widths approach the intermode spacing (Table 1} As previously
noted, this signal-generated noise, which we ignore in our
formulation, does not affect the Type-I error rate, but it does
incresse the frequency of Type-II errors and thereby lowers the
power of the deteclor. Again, designing a more sophisticated
detector that takes better advantage of our knowledge of the free-
oscillation spectrum is an easily contemplated goal for future
research.

BEROZA AND JORDAN: SEARCHING FOR SLOW AND SILENT EARTHQUAKES

NUMERICAL EXPERIMENTS WITH SIMULATED DATA

We have tested the validity of our statistical assumptions by
ammluine tha Aatantinm glearithm e 2 scrics of .....1...._.:v. con.

applying the dstection alge: scrics of carefe
strucled, synthetic data sets containing simulated earthquakes as
well as noise. These tests have been used to guide our theoretical
development, to confirm that the detector performs as theoret-
cally predicted when the statistics of the data conform with our
statistical model, and to determine how well it works when the
underlying statistics have properties that are less ideal but more
representative of real data. Illustrated here are two experiments:
an application of the detector to a synthetic noise sample with
realistic power spectra, and a determination of the detectien
threshold for simulated, shallow-focus, strike-slip evenls eon a
mid- Atlantic transform fault. Our discussion of these experiments
altows us to introduce the parameter values and plotting conven-
tions employed in the application of the detector 1o real IDA data.

Testing the detector with simulated noise

As an example of one of these tests, we applied the deteclor to
an enlire year of Gaussian random noise samples generated from
power spectra conforming to the observed spectra in Figure 7 for
the 10-station network comprising the IDA instruments BDF,
CMO, ESK, GAR, HAL, KIP, NNA, PFO, SUR, and TWO.
{Since we dropped RAR from our data set because of its high
noise levels, we also excluded it from this experiment.) As in the
case of the actual data processing, the test was performed by inte-
grating the noise samples over time windows {f; — T, 1, -~ T, + T}
with fiducial times spaced by 3 hours (i.e.. 1., — f; = 3 hours) for
the modes ¢Sg-o544 using the window parameters T, and 1 given
in Table 1. The experiment resulted in a detection matrix f;,, with
about 2.1 million entries. An element of the detection matrix was
recorded as O or 1 depending on whether .w.» < .ww.m or U\N > .\w;.
respectively. In other words, the excitation of individual modes at
individual stations was tested at the 50% confidence level, which
is nearly optimal for maximizing the power of both the J;; and K|
tests for snrs near the detection thresholds { Appendix A).

Figure 10 shows a 30-day sample of the results, plotied in the
standard format used throughout the rest of this paper. Time
increases from the top to the bottom of the plot; day of the year is
listed in 10-day increments on the right-hand side. The left-hand
side is a seismicity diagram where earthquakes are indicated by
their origin time and magnitude, in this case it is leflt blank
because there are no events. Network detections of individual
fundamental modes registered for o' = 0.1 are indicated by solid
circles, with angular order increasing from left to right. The
graph in the middie of the diagram represents the significance
level for the K statistic, represented in terms of the Type-[ error
rale ¢~ expressed as a percent, @ is plolted on an inverse loga-
rithmic scale to emphasize differences at the high cenfidence
levels we use 1o register detections: e.g., the line labeled 0.1%
corresponds to the 99.9% confidence level for event detection by
the network.

In the mode-detection segment of the plot, the number of dots
should ideally be 10 of the total number of mode samples (deis
plus blanks), since our convention is 1o test the J, statistic at the
90% confidence level. The fraction calculated from this
theoretical experiment is instead 5.8%. The discrepancy is easily
understood: it is almost entirely due to the discreteness of the
binemial probability distribution. For the 10 wrials that constilute
each binomial test, choosing @' = 0.1 requires that eight modes
have values of .xp larger than .\%u for J,; o exceed ils eritical
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increasing I, as observed. It is evident from Figure 10 thet at the
90% confidence jevel used in our calculations, the correlation
time for I = 8 is only a few samples. Because we use only modes
with [ 2 8 in computing the K| statistic, the effective correlation
time for its Type-I error process is less than one sample at confi-
dence levels greater than about 95%. In the absence of genuine
mode-excitation events, consecutive samples where K, exceeds its
99.9% significance level are thus expected to be extremely rare.

Figure 10 comprises 240 time samples, and the graph of a”,
which is based on what we are calling the Markov lest, shows
seven false event detections at the 95% confidence level and none
at the 99.9% confidence level, more-or-less consistent with the
expected rate of Type-1 errors. Figure 11 displays the comparison
between the theoretical and experimental faise-event error rates
obtained from the 2920 samples in the entire }-year simulation,
plouted as & function of a”. Two curves are shown, one for the
binomial test, which ignores the mode-io-mode correlations due
to overlapping noise bands, and one for the Markov test, which
includes them. At high confidence levels {a” £ 0.05; see inset
diagram), the binomial statistics yield Type-I error rates that are
about a factor of 2 higher than those observed, whereas the
predictions of the Markov stalistics are very nearly correct, We
employ Markov statistics in ali of our subsequent calculations of
event significance levels.

Testing the detector with simulated everus

The sensitivity of the event detection algorithm was tested by
applying it to synthetic seismograms superposed on a background
of simulated IDA-netwotk noise. We illustrate the results for a
shallow-focus, strike-slip event whose location and source meach-
anism correspond to the March 20, 1978, slow earthguake that
tock place on the St. Paul ransform fault in the central Atlantic
Ocean. The surface-wave magnitude assigned to this event by the
International Seismological Centre (ISC) was M, = 5.8, and its
CMT moment was M, =24 x 1018 N m. Here and elsewhere in
this paper it will be convenient for us to express seismic moment
in terms of the unified magnitude [/ anks and Kanamori, 1979),

M. = w_omsio-m.s MginNm (16)
For this event M, = 6.2,

Complete normal-mode synthetics were calculated for the 10
IDA siations assuming an instantaneous source time function.
Scaled versions, corresponding to various values of M, were
added to Gaussian noise with spectra like those in Figure 7, and
the resulting time series were convolved with the instrument
responses. Figure 12 is the detection diagram for the case M =
6.8 (My=2x 101% N m), which shows features typical of large

Fig. 12 (opposite). Detection diagram for a svnthetic test case.
Seismograms for the CMT solution for the March 20, 1978, M58,
central Mid-Atlantic Ridge eanthquake were calculsted by nomat mode
summation for cach IDA station and convolved with the IDA instrument
response. Ampliludes were scaled such that the event had a seismic
moment of 5 x 101% Nm (M, = 6.8). Gaussian random noise with the
same speciral amplitude as recorded by the IDA network for the 20-dav
pencd of low seismic activity during November 1978 was added 1o the
data. The left side of the figure shows the timing and size of the
carthquake. The length of the honzontal bar indicates ISC magnitude
{maximum of Mg or m,). Ploted as s solid dot at the same scale is the
moment magnitude as determined from the CMT estimate of the seismic
moment [Dziewonski et al,, 1987a,b].

Mid—AH Ridge
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about 15% of 224,680 sampies computed for the 2-year period,
indicating substantial excitation of the fundamental spheroidal
modes by seismic sources. The event-detection lest is consider-
ahly more powerful: X, sxceeds its 95% confidence kevel 35% of
the time and its 99.9% confidence level 23% of the time. We
seek to understand to what extent this mode excitation car be
explained by standard source models applied to stamdard
earthquake catalogs.

Two such catalogs are plotted on the left side of the detection
diagrams. The thin horizontal bars give the origin limes and sizes
of ali earthquakes listed in the ISC catalog having magnitudes
greater than 5.0, where the ISC magnitude is here defined as my, or
Mg, whichever is larger. The solid circies are earthquake centroid
times and magnitudes taken from the Harvard CMT catalog; in
this case, magnitude is computed from the CMT moment
according to (16). For the 2-year period under consideration,
Dziewonski et al. [1987a,b] list CMT solutions for 1032 events
ranging in size from Mp=20x 1016 (M_ =48) 1o My=6.4 x
1090 (M, =7.8).

Association of mode excitations with earthquakes

To allow for a systematic comparison, we employ a simple
algorithm for associating events detecied by ocur method with
CMT -cataloged earthquakes. In this preliminary paper, we adopt
a very conservative delinition of a mode-excitation event: we
register the beginning of such an event when X rises above its
99 9% confidence level, and we terminate the event when it falls
below this leve] for at least two consecutive 3-hour periods.
Because we shift each mode window by 7, the time needed to
align its peak response at the fiducial time ¢; (Table 1), the maxi-
mum level of excitation should, in principle, occur within a
sample or so of the event's centroid time. In practice, this shift
can be considerably gresater than + 3 hours, owing to the effects of
signals from other earthquakes and data gaps. The data gaps
following large earthquakes can be substantial, since the response
of the IDA instruments o the large-amplitude signals in the early
artiving portions of the wave trains is typically nonlinear and
must be edited out. Such a gap will bias the excitation peak to a
value of #, that is greater than the centroid time. To ailow for
these peak shifts, we atribute each distinct mode-excitation event
to the largest earthquake in the CMT catalog occurring in the time
interval from 12 hours before to 8 hours after the peak excitation
level. When there is no CMT event, we search the I5C catalog
for earthquakes having my or M5 2 5.4. H no such earthquakes
are found and it cannot be aitributed to fluctuations in the
extended coda following large earthquakes, then the mode-
excitation event is designated as "unassociated,” and it is flagged
by its date and a gquestion mark on the detection diagram.
Twenty-seven unassociated mode-excitation events have been
identified by this procedure, and they are discussed below.

Fig. 14 {opposite). A detection dingram for 8 30-day sample of modernae
seismic activity. There are seven mode-excitation events sigmficant &2
the 99.9% confidence level, all sssocisted with moderste-sized
carthquakes in the CMT catalog. There are no unassocusted mode-
excitation events in this 30-day sample that are significam ot the 99 9%
level, and there is only one peak significant at the 99% level that does nor
fail within the sssociation interval of any CMT event, at day 154, 0300.
However, a couple of spurious excitation peaks can be expected to oocur
a1 this confidence fevel during a typical month, and we therefore dizmiss
these apparent mode-excitalion events as insignificant.
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Excitation anomalies associatéd with slow earthquakes

An examination of the detection diagrams in Appendix B
reveals large qualitative differences in the mode-excitalion statis-
lics observed for earthquakes of comparable CMT magnitude.
Some of these are caused by network variations (detection levels
are reduced by fewer stations reporting, larger data gaps,
increased noise levels, etc.), and some are due to source location
and mechanism type {(e.g.. shallow-angle thrusis near the free sur-
face excite modes less efficiently than deeper evens; the fortu-
itous placement of several stations on & radiation node can reduce
signal levels). However, many of the differences can be attributed
16 variations in the source time functions. In particular, because
the CMT source parameters are determined at frequencies higher
than § mHz, slow earthquakes will generaliy excite low-frequency
modes more efficiently than fast ruptures of comparable CMT
magnitude.

An example of this behavior is shown in Figure 16, which
compares the excitation statistics for a sequence of three deep-
focus Banda Sea earthquakes which occurred during & 33-min
period on February 21, 1678 (day 51 0747:31) with those of a
shallow-focus East Honshu event on the previous day. Although
the largest of the Banda Sea events had a smaller CMT magnitude
than the Honshu event (6.2 versus 6.5), the sequence was a much
stronger excitor of low-degree modes. This behavior is consistent
with the strong roll-off in the total-moment spectrum observed for
the Banda Sea sequence by Silver and Jordan [1983]. Using a
novel technique for estimating the 1otal-moment spectrum from
free-oscillation data [Silver and Jordan, 1982], they found that
this event had a characteristic duration of 7, = 54 £ 3 s, which Is
anomalously long relative to its total moment of 3% =(19+01)
x 1019 N m, and they identified it as a slow earthquake. Scaling
the characteristic Jength L, as the cube toot of M w according to the
empiricai calibration of Kanamori and Given [1981] yields a
characteristic velocity of v, = 0.9 kmy's (Figure 1).

To search for other slow sarthquakes during the 2-year interval
spanned by our analysis, we employ the network-excitation
statistic K, defined in equation (6). For each fiducial time 1, K, is
the total number of modes detected by stations in the network at
{1-a)% confidence level, an integer that ranges f[rom zero to a
maximum value N; given by equation (7). As discussed in previ-
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Fig. 16. An enlarged section of a detection diagram for s 6-day peniod
surrounding the February 21, 1978, Banda Ses sequence. The Banda Sea
event is an example of & slow earthquake. The East Honshu event, which
occurred | day before the Banda Ses event, did not exciie nearly as many
modes. The Banda Sea event had & charscteristic ime of 54 * 3 s and a
tots! seismic moment of 1.9 £ 0.1 x 1012 N m, consistent with a low
characteristic velocity of less than 1 km/s.

ous sections, we have calculated the distribution law for K| as the
sum over a Markov process, and its significance level & has been
used in the detection diagrams to assess when an event has
occurred. Hence a nawral measure of the size of an excitation
event is the ratio

E; = KilN; (7

Figure 17 is a plot of E; versus M, for ail earthquakes associ-
ated with highly significant {@” £ 0.1%) mode-excitation events
during 1978-1979. Because the test for individual mode excita-

tion at individual stations is done with & = 0.5, the expected value
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Fig. 17. Values of E; for all excitation evens attnbutable 10 events in the
CMT caulog versus M. The median of the distribution is shown as »
solid line. We selected 14 events that differ substanially from the
median for further analysis on the suspicion that they are slow events.

Parameters for these events are listed in Tabie 2. Events shown with an
open circle are all other events during the 2-year time period that were
analyzed by Silver and Jordan [1383].



3lUess0 paulo) Apmau jo suoidal ul opuew ddn puw 1sMUD 10y
3 Jo aJmeu 2|1anp 0w I Aq paure(dxa A|qisne|d s1 1otaeyaq
sl *paziseydiua 2ARY SIOYINE 952L] SY "SWLIOJSURR JIUBSA0 1ay10
Buofw saxyunbyies mols payynuap [p8E1) puIgrs pup actazosyg
PUR “[£861] 104 PUD 1iom3iS {786 1] 14DmIug puo o) tudwiows
anustas sy pue apmituew aaem-2281INS usamiaq diysuone(ss
Fradwa ue uo peseq 1wadxs p|nom auo uey) 23] sem JuIWoOW
2115198 P ey puw Y 01 940831 Ty JO sIN[EA 23] A[Snojetoue
PEY 2UOZ UNIdE14 $QQID) AN UC SIUIAD Wyl puno)  [9461]
1DMAS puD lictumupy Cpaiuswnzop Ajsnotadid uaaq sey si[nej
ULOJSURL J1URIN0 Iim soENbYIIRS MO|s JO UONEISGSSE Y]
(as1y a1j1oed 15RY AU puT 33pIY SNUENY YUON I UO Yoe
auo pue 'a¥pLy SNUR[IY-Pijy [EAUID 3 UC Om) ‘SPUE|S] PrEmpP]
20ULL] Y1 JeaU Om]) S1|NEj WIOJSURL JUBIZ0 UO PILNII0 OS[E
siuaaa snojewoue 14313 Furuiewal a1 Jo xi§ (GL6[ '€ Laquiaaag]

“s/wy | syl 553} Jo
SAUUI0[IA INSUIDKIRYD SAKY WYL JO |RIFAIS “(ERE]] VOPLof pPuUp sdapg
AQ papnis uaAl adue] (¥01dA A1 URY) JIMG|E IO MO[S ST R pIZAjEUT
3G 01 y3noua adse| AIm 1By SWIAS Y JO [V 'SIUAAD 35341 JO) K1120}3A
umdu snsusRivy Newixoidde UR SuTULIP O) UONE| TIQ PI[RIS
vy 344 sayEnbyuea 1se] pur mops usIMIAG ysindunsip o) woy pasn Oy
$NSIaA 3 UIdMIIQ | [§6] ‘WParD pup LowDuD Y| LD (Sauidwa ur 51
Umoys osfy 5211 wxdo ym umoys aue pouad sy Juunp panado ey
[£861] wopsof puo s24p15 AQ pazA|eus 51U2a3 1400 €86 1) vopsos puo
4zap18 AG PIZAIBUN 1UDAS WIS EPURH AL 51 10P PLOG ¥ YIlm UMOYS OF[Y
‘3[4 prios ® i wimaFeip Oy snsiaa 'L v uo umoys are witdads wawow
-1%30) PAUINQO A Yotym 4o) °Z 21qE] Ul pAsT] waAa O] YL g1 Fif

(wn} (°W)8ol

ol 34

JO 1U3a3 J[NEJ ULtOJSURI] UEI[T Y PUR ‘HL61 *LT JUB[ JO 1UIAD
1Nej wiojsues} eureued ) sune) dijs-ayLns JjUEI00 uO I
M) 1210 ) pue ‘1ane] Iy Jo JUO $11U3AI BIg BpURY Y] Csfuny
[ mO[2q §30100[24 JNSLIIIIRIVYD IARY NI PUR ‘s/Wx £ mo[aq
SANII0[3A INSLLIIIELEYD Ja8Y soEnbYLES snojwwots 31 Jo ||y
"|€861] uopor pup +aa15 £q
pazA[eur 31am e pouad Aprys atp Buunp Julmooo siuas 1adre|
auu pue axenbyuea eag epieg N JOj SABWNS Yt Jay1ado) ‘g1
Suiutewa1 ayy 10 .w J¥ snsiaa %1 10id am g anfif u] -semumisa
2|qeljar p[atd 01 [[BlUS 001 lam A ISNB0Q ‘TUIA2 J3ploq BIY
BISOD)-BWERUE] ‘6261 ' AInf o) pue juzaa aFesseq eoonjopy '8/ 61
*p1 13quiada(] Y jo endads WUIWOW-[8107 I PAPIEISIP OS[E 24
‘sawm ulFo 13yl JO SINOY [RIFA3S UHNLM JULINII0 IZIS JR[IUNS
JO 51u3a3 Jo 2ouaia)Iaul 3 Aq padnuiod a1am BR3eds Juawow
~[B101 N3] 3SNEIDG JUIAD SPURIS] X0 6L61 ‘§T AR ) pUB Az
spus|s] sLnbowly ‘6261 ‘€7 Idy s ‘saxqenbiime 3 jo oml
1oj sinsa1 an paroafal ap ('[9961] ‘IO 42 posapary Aq possnasip
$1 ainpasoud svjdwos ) '[cg61] wopsor pup 4apg Jo anbiu
-3 wnooads juzwout-jg10y a1 Suisn “1 vouwInp InsSUIIEIRYD
pus %E WILUOW TB[E2S [R107 ) FARWNSI 0] ‘SNBWINSS JOSUN
1US WO W 25IY) UO paseq ‘puw [gRE1] wopsoy pup jasapary jJo unnu
-03[e uoistaaw pue uonezijenba-aseyd a1 Fuisn siosu2) JULOW
aa129p o1 pardwane am sayenbyires asap jo yoea 104 "z 2Iqe L T
pa1st] a1 soniel uoheloxe YAty A[sno[ewsous O3y) JO SISEq A U0
L1 amBty woij pA12I[3s 31am JEY) 5IUIAI [BUOIIIPPR UILMO]
~apnuudew aures
im saenbiIIEs 19410 10] PAALSQO % /g JO IN[EA LRIPAW Y] ey
1318 Aqeisaadde s1 998 JO OnEI uonNEIAYa S1 ‘Aprus sHp ul
pauturex3s Aue jo ureidelp siyg) uo uomnsod SHOMEWIOUE 1SOWE 1) SBY

cle 9w AL aenbinses vag spuvg sy ‘L] 2undig UL SuaA2 A Aq paujep
T ‘ P13 " -'3 9 Jo opis Y31y oyt uo 91| A[pwisua? |[1a Ko ‘sImioxd
1504 | + i 13t apow pood Ajjeuondsdxa aie sayenbyuve mo)s Isnedeg
_ i \\ ke : lss Abhﬂlx.gmmkﬁ@
4_ ) . I i A ‘gpe Aep ‘§61) IpEnbypes wiqunjo) ‘ooRwIN] SN30j- MO[|BYS
. 4 t . Tl 108 —~  3BW I J0J %886 JO B ¥ 01 (€°G = " ‘PETISO ‘BIE AEp
o b \ T 1.2 '§L61) eduo] ul xyenbuyirea SnOCI-MIPIULIING *[[EWIS B IO %866
e + - t ¥ 5 jo mo[ ¥ wouj Fuwiduwes ¢ im sseasom Ajerouad ;1 aundig
\‘ \\ 1ae & uo panoid sones uonensxs ay| ‘%7 s 2 'F o spuodsaios
y é . \ m anjeA [BINND SIY] ‘[943] IFUIPLUOD %666 A 18 1uwolyudis se
. ,%‘.\. S 109 1151321 o1 uoneNaxa wR J0J g7 wewp 3w oq 1snw 'y Wy pag|
2 s v S mo1s 1o -n3jed 3q Ue2 it pire ‘09¢ 0) [enbs 1o e ss3) 51N Wiomisu (]
: / il - UOLIBIS-( 21 304 "% ()S St ISIOU WIOPURS JOJ ONNI UONEILIXA 1 JO
‘[£861) uopsof puv sanapis §
(qeLg6l) 1o 12 mpsuomang |
WHLOW | WD Y1 WO ISIAMIIIO *I|QR[IRAZ JI JUALIOWL JRIEIS [EI0) 3U) WO POIRINIEY) ,
F¥iy PO+ 0P - r9 09 6y w60/
£F 67 O1F 8T 1z 69 89 C9 EOEWNG YUON  6L/67/6
£FvL orFE 9 651 89 99 09 33pry SUuRRY-YUON 6LST/8
9FIT POF 6% 8¢ ¥9 9 19 BILY BISOD  SLPT/R
i - €T 9 ¥9 ¢§ ey BIsoD-RwRwed  64/10/L
t¥9¢E POF 8 r ¥9 T9 8¢ Bweued JO INOS  6L/LT/9
LFNT ¥OF¥ 1€ o1 £9 09 8¢ 23py SnuEY-pINL 6L/01/9
. - LT - £9 09 Spueis] x04 GLIST/S .
) - 't £9 09 §¢ spue|s] suenbovi  GLCTY
6F81 SOF TS 134 P9 6 ¢S Spumis] prempg oulld GL/81/T
v ¥8Z orFE 1 £'6 L9 §9 L€ STy JIoRg-1SRY  BL/ST/TT
N - 61 £9 S 09 a3essed edonfop  84/p1/T1
9F 8T L0% 8% €S §9 19 3G Spueis|prmpgaduud 3./17/8
6F+0Z £E0F §T L& 9 8§ L¢ #3pry suweny-poN RLIOTE
teFvs 10LE 6l - 89 §9 9¢ ~ Bag BpUVH  BL/ITT
S8 WNGOLJW W N0l "W IND M Sw Tw uonEaOT WA
swaag pazieuy 7 FIAYL
66¥T STAVNOHLYYY INATS ONY MOTS HO4 DNITHDUVYEAS INYTHOf ANV vZOouTd
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TABLE 3. Excitaiion Anomalies

Date Time, UT o' % K N; E.%
2001778 000K 0.098 174 288 60.4
471/78 1500 0.086 166 M2 61.0
7730778 0300 0.0006 181 788 618
8720/78 0600 0028 177 288 615
101078 0000 0076 145 235 617
12002778 1800 0.084 214 360 55.4
12103778 0300 0.062 215 360 507
12/16/78 1200 0.066 175 288 60.8
12729778 2300 0082 213 357 59.7
12/31/78 0000 0048 196 324 60.5
12731778 1500 0.048 196 324 60.5
1/09/79 0600 0001 194 324 599
201779 2100 0.003 196 109 63.4
2002119 1500 0.066 175 288 60.8
4721719 2100 0.044 216 359 60.2
s/17/79 2100 0030 196 322 609
6701779 0900 0.002 223 360 619
6/03/79 1500 0018 219 360 60.8
672079 0600 0.040 195 323 60 4
7116/79 1500 $072 155 252 615
7119779 1500 0005 146 228 640
7728179 0300 0066 175 288 60.8
MInNg 1200 0.072 155 252 61.5
8/15/79 0900 0048 196 324 60.5
9/04779 D600 0045 152 245 620
9721779 0000 0014 192 111 61.7

10/02/79 1800 0.035 171 278 61.5

lithosphere. The notion that the characteristic velocities of
seismic ruptures depend on the effective conslilutive paramelers
in the source region (e.g., Silver and Jordan, 1983] is reinforced
by our results.

Unassociated excitation anomalies: Silent earthquakes?

Although most mode-excitation events detected at the 99.9%
confidence level can be auributed 1o significant (M 2 5.4)
carthquakes in the CMT and ISC catalogs. our algorithm identi-
fies 36 distinct excitation events as "unassociated.” Nine occurred
adjacent to large earthquakes and can be plausibly dismissed as
statistical fluctuations during periods when the background level
of excitation is increased due to these sources. The remaining 27
mode-excitation events that cannot be directly attributable 1o
significant earthquakes are listed in Table 3. If there were no
seismic mode excitations, we would expect only six false-positive
detections (Type-1 errors) from the 5840 samples spanning the 2-
year study period. In fact, because about hall of this interval is
occupied by mode excitations due to known earthquakes, only
about three false positives should be registered ay unassociated
events.

Therefore it is likely that at least somne, if not most, of the unas-
sociated events in Table 3 are true mode excitalions caused by
unidentified seismic sources. These could either be slow
earthquakes in the 1SC catalog having large low-frequency
moments but body and surface wave magnitudes that fall below
the 5.4 threshold employed by our association algorithm, or
perhaps earthquakes with characteristic velocitics so low that they
radiate insufficient high-frequency energy 1o detect and locate by
standard teleseismic procedures, i.e., “silent earthquakes.”

The detection diagrams for three examples of unassociated
mode-excitation episodes are illustrated at expanded scales in
Figures 19-21. The first, which occurred on July 30, 1978, has
two peaks, both of which are significant at the 99 99% confidence

level (Figure 19). These peaks lie near the middle of a 66-hour
interval that is devoid of CMT events and has no ISC events with
magnitudes greater than 5.0

The second anomalous episode is a triple peak, two occurring
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Fig. 19. A detection diagram for s 6-day period sumrounding the Juty 30,
1978, excitation anomaly. The two peaks of the snomaly are separmed
by only one point below the detection threshold so that they are ooumed
as only one anomaly. The nearest events in the CMT catalog are the
Savu Sea and South Sinkiang events. The Savu Sea event is assoaaed
with a weak excitation that appears spproximately six hours afier the
event took place, and the South Sinkiang event is associated with 2
stronger peak that took place about & hours after it. 1SC-caualog
seismicity is ploned down io the magnitude 4.0 ievel. There ar no
events large enough 10 explain the excitation ancmaly.
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than the first-stage test, usually at 99.9%. so that its false-positive
error rate will be small. To assess the overall performance of the
detector, we have introduced the concept of a detection threshold,
specified 10 be the event magnitude at which the_false-negative
error rate is S0% for a false-positive error rate of 99.9%. We have
shown {Appendix A) that the 50% confidence level used to flag
individua! mode excitations at individual stations in the first-stage
test is close to the value that minimizes the detection threshold for
.the second-stage Lest.

Theoretical calculations and numerical experiments with both
real and simulated data sets have indicated that fundamental
spheroidal modes recorded at frequencies less than 5 mHz by a
sparse {~10-station) network of vertical-component seismometers
can achieve 8 magnitude detection threshold of M = 6.0, corre-
sponding to & seismic moment of ~1 x 1018 N m. The spheroidal
modes excited by an event of this magnitude have signal-to-noise
ratios thal are less than unity, so it is possible o detect mode-
excilation events that are not obvious {rom a visual inspection of
individual records. '

Resulis from the IDA network

The detector has been applied at 3-hour intervals 1o the funda-
mental spheroidal modes o5 2-0543 recorded during 1978 and 1979
by the IDA network. The detection diagrams for the full 2-year
interval ase displayed in Appendix B. The mode-excitation Jevels
associated with earthquakes of & given magnitude are highly
varizble, Some of this variation is due to source and network
geometry, but much of it appears 1o reflect differences in source
ime functions. In particular, slow earthquakes are observed to be
associated with anomalously high levels of mode excitation. A
plot of mode-excitation ralio against moment-magnitude (Figure
17) has been used to identify anomalous events, and those with
high excitation ralios tend to have anomalously long charactenstic
durations (Figure 18). Most of these slow earthquakes occur on
oceanic transform faults.

The majority of the mode-excitation events detected at the
99 9% confidence level can be associated with earthquakes of
significant size (my, Mg, or M, 2 5.4) in the CMT and 15C cata-
logs. However, we have identified 27 mode-excitation events that
are not, far more than are accounted for by random fluctuations in
the ambient noise background. These unassociated events are
most plausibly explained as earthquakes whose zero-frequency
moments are large (>1017 N'm) but whose characteristic velocities
are sufficiently low that their high-frequency magnitudes fall
below the 5.4 threshold employed in our association algorithm.
We are intrigued by the possibility that a few might even be
“silent earthquakes” whose high-frequency radiation is too weak
to be detected and located by the ISC network.

Directions for future research

The 2-year sample of IDA recordings anatyzed in this prelimi-
nary study is only 4 small fraction of high-qualwy digital data now
available from a growing set of low-{requency seismometer
installations operated by various research groups and naiional
agencies. For example, very-long.pericd siauons of the French
GEOSCOPE network. which currently number 20, have been
recording data in the free-oscillation band since 1982
[Romanowicz et al., 1984], and a new network of broad-band,
high-dynamic-range stations sponsored by s group of U.S. uni-
versities, the Incorporated Research Institutions for Seismology
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(IRIS), is being deployed [Smith, 1986}. Applying our detection
gscheme o this entire global network should reduce the detection
thresheld and incresse our sample of anomaious events. Because
the algorithm has heen automated for comtinuous input of » global
network data stream, it should be feasible to obtain a completc
catalog of mode-excitation events spanning more than a decade
with relatively little effort. The properties of anomalies identified
from this catalog can then be systematically studied using event-
specific low-frequency techniques, such as those discussed by
Silver and Jordan [1982, 1983} and Riedesel and Jordan (1989],
as well as by more standard high-frequency methods.

Several improvements and variations in our detection algorithm
readily suggest themselves. As previously discussed, we have
paid no attention to variations in the signal-to-noise ratio from
mode o mode and station to station, other than to exclude particu-
larly noisy frequencies (e.g.. those less than 1.4 mHz) and stations
(e.g.. RAR). A more sensible weighting scheme could be formu-
Jated. Qur algorithm also considers only fundamental spheroidal
modes and ignores the exisience of spheroidal overtones. We
could take better account of the structure of the free-oscillation
spectrum.

The algorithm could be easily generalized to use other free
oscillations. Because of the lower signal-to-noise ratios of hori-
zontal-component seismographs and the lower ¢ of shear-domi-
nated modes, the toroidal free oscillations are probably of limited
use. However. it would be interesting to examine variations in the
excitation levels of the high-) radial modes, which are more sen-
sitive to sources with slow isotropic components. Episodes of
volumetric compression driven by phase changes in, say, the mid-
mantle transition zone could provide such sources [Benioff, 1963;
Dziewonski and Gilbert, 1974]. Our current algorithm takes into
account only the amplitudes of the free oscillations, but it could
be easily adapted to matched-filtering schemes that make use of
the phase information on the seismogram. An algorithm tuned to
sources with specific locations and/or mechanisms could substan-
ally reduce the detection threshold of mode-excitation events.

The approach taken in this paper is to identify a specific mode-
excitation anomaly and associate it with a specific earthquake.
However the mode-excitation statistics displayed on the detection
diagrams of Appendix B are themseives complicated lime series
whose variations must be correlated in a more sophisticated way
with the earthquake time series derived from standard seismicity
catalogs. For example, we have not attempted to answer the
question of how often the occurmence of smail, ordinary
earthquakes in disparate regions of the globe, say, those of magni-
tude less than 5.4, might conspire to excile free oscillations 10
amplitudes sufficient to bias our detection siatistics. We also
have not evaluated whether free oscillations can be significantly
excited by nonseismic sources. such as the rapid motions of farge
atmosphertic disturbances across large lakes or continental mar-
gins. These questions should be answered before wo much siock
is put in silent earthquakes as an hypothesis for explaining
unassociated excitation anomalies of the sort iliustrated in Figures
19-21.

Towards a physical understanding of episodic strain release

The primary motivation for undertaking this investigation has
been to develop new methods for identifying and calaloging the
mechanisms of fow-frequency seismic moment release that are
complementary to standard high-frequency earthquake studies.
Although seismological research on slow-earthquake phenomena
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Fig. A2. For a 10-station network the probability of incorrectly rejecting
the null hypothesis, that the spectral levels in the mode bands are indistin-
guishable from the spectral levels in the noise bands, given a confidence
level of @’ = 0.1 versus the probability a of incorrectly rejecting the null
hypothesis in the original F est (Figure Al). Again, for signal strengths
of R =0, 8 = 1-a". Increasing values of R reduce the probability of
making a Type-II ermror. For R = 1, the probability of making ¢ Type-II
error is reduced by & factor of 4.

The power of the F test for the detection of a single mode st a
single station is governed by the snr, which we do not control.
The power of the binomial tesis, ' on J;, and B” on K, however,
depend on the confidence level o in the original F test. We are
free to choose @ such that the power is maximized.

The power of the binomial test for the detection of a single

[
T

Fig. A3. The trade-off curve for the probability of making s Type-1 error
o versus the probability of making a Type-1T error &, Values of ain the
original F test were chosen that minimized the probability of Type-O
error for the prescribed probability of a Type-l error for R = 1. A
probability of a’=0.1 resuls in § - 0.2.

BEROZA AND JORDAN: SEARCHING FOR SLOW AND SILENT EARTHQUAKES

mode, tested at significance level a’ = 0.1, by & 10-station
network is shown in Figure A2 for a range of signal strengths.
Even at low signal strengths the power of the test with a 10-
station network increases from 1-8"= 0.1 for a single station to
1-#' = 0.8. Thus the 10 station network decreases the probability
of & Type-1I error from 90% 10 20%. We can also construct &
trade -off curve between the probability of making a Type-I error
and the probability of making 2 Type-II error (@ veisus f). We
have done this for a relatively low assumed sar of R = 1 (Figure
A3). For R = 1 the confidence level &’ = 0.1 resulis in a
reasonably small value of § = 0.2. We have adopted this level for
plouting the J;; statistic.

In the test on K| for an excitation event over all the modes by
the entire network, the sample size is quite large (N; = 360) and
the corresponding probability, 8, of making a Type-Il error, even
for a relatively weak signal, is extremely low. Figure A4 shows
the values of 8" versus @ for the same valtues of R as in figure AZ.
For low values of R the optimal values of & ere around 0.5. 1f we
choose a value much below 0.5, we would require nearly all the
stations to record nearly all of the modes. To guard against the
possibility of a single station corrupting the results we adopt a
vajue of @@= 0.5 for the teston o,

o
o

-t
.
[
oo

ox
Fig. A4. The same as Figure A2 for the probability o in the original F-
test versus the probability of a false negative 5™ in the test over all the
stations and modes. The optimal a for low enr is st & value of less than
0.5. We use & value of @ = 0.5 to decrease the tensitvity of the test 10 &
singie bad station.

APPENDIX B: DETECTION DIAGRAMS FOR
THE PERIOD 1978-1979

Figure B1 shows the detection diagrams for the period 1978-
1979, Each section covers a half year period of time in two 3.
month panels. Time increases from top to bottom with the day of
year printed beside a tick mark every 5 days on the rightmost
margins of each panel, A solid circle under the heading "angular
degree” denotes a mode detection by the network at the H%
confidence level for the fundamental spheroidal modes ! = 843,
The graph in the center of the diagram expresses a”, the Type-1
error leve! of the K, statistic {equation (6)), a5 & percentage, so
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