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ABSTRACT 

Modem broadband seismic instnmientation has provided enormous opportuni

ties to retrieve the information in almost any frequency band of seismic interest. In 

this thesis, we have investigated the long period responses of the broadband seis

mometers and the problem of recovering actual groundmotion. For the first time, we 

recovered the static oSset for an earthquake from dynamic seismograms. The very 

long period waves of near- and intermediate-field term from 1994 large Bolivian deep 

earthquake (depth=630km, Mw^=8.2) and 1997 large Argentina deep earthquake 

(depth=285km, Mw/^=7.1) are successfully recovered from the portable broadband 

recordings by BANJO and APVC networks. These waves provide another dynamic 

window into the seismic source process and may provide unique information to help 

constrain the source dynamics of deep earthquakes in the future. 

We have developed a new method to locate global explosion events based on 

broadband waveform stacking and simulated annealing. This method utilizes the in

formation provided by the full broadband waveforms. Instead of "picking times", the 

character of the wavelet is used for locating events. The application of this method

ology to a Lop Nor nuclear explosion is very successful, and suggests a procedure for 

automatic monitoring. 

We have discussed the problem of deep earthquakes from the viewpoint of rock 

mechanics and seismology. The rupture propagation of deep earthquakes requires 

a slip-weakening process unlike that for shallow events. However, this process is 
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not necessaxily the same as the process which triggers the rupture. Partial melting 

due to stress release is developed to account for the slip-weakening process in the 

deep earthquake rupture. The energy required for partial melting in this model is 

on the same order of the maximum energy required for the slip-weakening process 

in the shallow earthquake rupture. However, the verification of this model requires 

experimental work on the thermodynamic properties of rocks under non-hydrostatic 

stress. The solution of the deep earthquake problem will require an interdisciplinary 

study of seismology, high pressure rock mechanics, and mineralogy. 



11 

CHAPTER I 

INTRODUCTION 

This study includes two parts. Chapters H and III deal with the problems in 

exploiting full waveform information in broadband seismograms. Chapter IV, the 

second part, explores the problem of deep earthquakes. 

Modem broadband seismic instnunentation has provided enormous opportuni

ties for seismologists to retrieve the information in almost any frequency band of 

seismic interest. In 1994, a portable broadband experiment "captured" the static 

offset signals for the first time on ground-velocity seismograms, as well as the very 

long period intermediate-field and near-field term waves between P and S arrivals 

(Jiao et ai, 1994, 1995). Many colleagues were dubious about our reports because it 

is not obvious that how a band-limited instrument with a long period comer around 

a hundred seconds or even smaller could "record" the signal of static offset which 

is "zero-frequency — infinite long period. Seismologists had been down this road 

before, so it was asked "Is it possible that the recovered 'static offset' is the fictitious 

long period signal like those first identified as static offset in 1960's which then turned 

out to be the effect of nonlinearities of the instruments?" Chapter II discusses the 

restoration of the very long period signals and answers these questions. In section 

2.1, the responses of three widely used broadband instnmients and the restoration of 

long period signals from their recodings are discussed. Section 2.2 is the discussion 



of theoretical modeling of the long period waves of near-field and intermediate-field 

terms for comparison with the restored seismograms. Section 2.3 and 2.4 are two 

examples of the restoration of the long period waves firom two recent deep earth

quakes. Some new phase shapes reported in section 2.4 have never been identified 

on dynamic seismic records before. 

In Chapter III a new method to locate global explosion events is developed. 

Unlike the conventional locating algorithms, this method utilizes the fiill informa

tion in the broadband waveforms. Section 3.1 describes the object fimction for the 

optimization used in the location. Section 3.2 introduces the simulated armealing 

method which is used to make the method practical in 3-D grid search. Section 3.3 

gives an example of locating a Lop Nor nuclear explosion by this methodology. 

The mechanics of deep earthquakes is one of the most controversial and persis

tent problems in geosciences. Earthquakes hundreds of kilometers deep were first 

proposed in the early 1920s, but, simple physical arguments suggested that earth

quakes could not occur much deeper than the crust. In 1928, K. Wadati showed 

definitively that zones of seismicity extended to great depths. We now recognized 

these "Wadati Zones" as a signature of subducting slabs. There have been many 

attempts to explain deep seismicity, but none are totally satisfactory. The problem 

involves many disciplines and there has been no solution that satisfies the experts 

from every field. Historically the problem is connected with rock mechanics and there 

are often misunderstandings or ambiguous concepts about this. Therefore, the rock 



mechanic problems associated with the deep earthquake mechanism are discussed in 

section 4.1 first. In section 4.2, the rupture propagation properties of some recent 

deep earthquake sources are discussed. As an example, the rupture propagation of 

the 1996 Flores Sea deep earthquake is studied. We argue that the rupture propaga

tion of the deep earthquake source requires a slip-weakening process and this process 

is not necessarily the same as the triggering process. Section 4.3 gives a qualitative 

discussion on the assumption that the slip-weakening process at the deep earthquake 

source is caused by shear-induced partial melting. Chapter V discusses the results 

and the future work that needs to be done. 
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CHAPTER n 

RECOVERING NEAR FIELD GROUNDMOTION 

FROM BROADBAND SEISMOGRAMS 

2.1 Restoration of Long Period Signals from Broadband Seismograms 

The introduction of the electronic force feedback system and digitizer into the 

seismometers has led to the realization of various digital broadband or very broad

band instruments. These instruments have provided much more information about 

the seismic wave field than the conventional mechanical seismometers. In princi

ple, the electronic force feedback system makes an almost arbitrary sensor response 

avai-lable. However, in order to maintain the dynamic range at a proper level, the 

designer of the broadband seismometer has to choose to make the response flat to 

velocity or flat to acceleration (or a combination of the two) over a certain broad 

seismic frequency band (Wielandt and Steim, 1986). The electronic force feedback 

system also greatly improves the instnunent linearity so that signals and noise in 

any part of the seismic spectnun don't interfere with the signals at other frequen

cies. This is very important in recovering very long period signals, as discussed in 

section 2.3. 

A digital seismic instrument is a linear, causal, time-invariant system. Its velocity 

response usually can be expressed as the cascade of a high-pass filter with a comer at 



a certain low frequency and a low-pass filter with a comer at a certain high frequency: 

Hbb{s) = Hbp{s) • H[,p{s) (1) 

HgpM = 2 (2) 
s + ̂ uiX s + uj[ 

Hlp(s) = G + • • • + "l' + ^ (0 < m < n) (3) 

where Hbb is the response of a broadband seismic instrument, Go and Gi are gain 

or normalization factor, u/j is the comer frequency of the high-pass filter Hup, A 

is the damping parameter (0 < A < 1.0), a, and bj {0 < i < rn, 0 < j < n) are 

coefficients of the low-pass filter H[,p. The properties of the high-pass filter Hgp are 

determined by the design of the force feedback sensor. Whereas the properties of the 

low-pass filter Hlp are determined by the digitizer and the recorder. In practice, the 

comer frequency of the low-pass filter is often beyond the highest frequency of seismic 

interest. Therefore, the major concem in the restoration of broadband seismograms 

is the high-pass filter Hgp, that is, 

Hr(s) = Hbb(s)-Hg(s) « Hap-Hois) (4) 

where Hr and He denote the record and the groimdmotion respectively. 

The response of the high-pass filter in equation (2) can be expressed as 

HhfW = go, , (5) 
(S-P1)(S-P2) 

where pi and P2 are two poles of the filter. Obviously, Hhp{s) has a double zero at 

the origin (displacement response has a triple zero at the origin). Since A < 1.0, pi 
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and p2 are conjugate complex numbers. Let p denote the distance from either of the 

poles to the origin, we have p = |pi| = Ipzl- Combine equation (2) and (4) we have 

u i = p  ( 6 )  

_ 27r Tc = — (7) 
P 

The instrument has a comer at period Tc- Most modem broadband seismometers 

have a damping parameter A = l/y/2. The poles are usually specified in the form of 

a ± bi, thus 

Sometimes, the "nominal poles" x ± yi (a = 2irx, b = 27ry) are given in the manual. 

Then 

To = Z • (9) 
y/x^ + 

The most frequently used broadbfind seismic instruments are STS-1, which axe 

deployed at most stations of the IRIS Global Seismographic Network (GSN), STS-2 

and CMG3-ESP, which are used in most temporarily deployed broadband seismic 

networks like BANJO, SEDA, (Myers et aL, 1995) and APVC (Zandt et ai, 1997). 

The parameters of these instruments are listed in Table I. Figure 1 through 3 shows 

the response of these instruments. The upper part of each figure shows the long 

period amplitude response of the instnmient. The lower part of each figure shows 

the long period phase response of the instrument. It is easy to see from the three 
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figures that reduction of the gain at 10"^ Hz is only 60 dB for STS-1, but 80 dB for 

STS-2 and 100 dB for CMG3-ESP. 

TABLE 1. Parameters of Three Common Broadband Seismometers 

instrument zeros poles Tc{s) A 

STS-1 double at 0 -0.01234 ±0.012342 ~360 0.707 

STS-2 double at 0 -0.037 ±0.037i ~120 0.707 

CMG3-ESP double at 0 -0.147 ± 0.1471 ~30 0.707 

The restoration of broadband seismograms involves compensating for the gain 

reduction at long periods and correcting phase distortions. Digital filters for this kind 

of purpose in both time and frquency domain can be designed by using techniques 

of modem digital signal processing (e.g. Oppenheim and Schafer, 1989: Haykin, 

1989). SAC command transfer is a very well designed one and is used in this study. 

Substituting s = ju into equation (2) and (4), we have 

GQ (JJ^ 
(jp- — 2Xu}i(jjj — uf 

= 77. J...., (10) 

Thus, the restored groundmotion velocity is 

TT f • \  — 2Xujiu}j — u}I 
HgM = -HRM (11) 

Cro U}^ 

For most broadband seismometers A = 0.707 = 1/y/2, we have 

I HaU'^) I = • I I (12) 



Theoretically, the input signal can be exactly recovered from the output response 

of a linear causal system with minimiim phase delay, that is, all zeros of the transfer 

functions lie in the open left complex s-plane. Since the seismometer always has a 

transfer function with multiple zeros at s = 0, the true groundmotion can be recov

ered only approximately. In other words, the multiple zeros at the origin make it 

impossible for us to recover the groundmotion to the exact zero frequency, because 

that will lead to infinity caused by division by zero (equation (11)). Instead, in 

practice we can only recover the groundmotion to a reasonable small frequency. Our 

numerical experiments have shown that even for the long period near-field term and 

intermediate-field term (section 2.2), recovery to 10"'' Hz (also depending on the 

time window length of the restoration) is sufficient to obtain a reasonable approxi

mate waveform of 150s long. Figure 4 through 6 show the synthetic waveform and 

the waveform recovered to 10"'^ Hz from STS-1, STS-2 and CMG3-ESP recordings. 

The four waveforms in each figure from top to bottom are: full waveform (includ

ing near-field and intermediate-field terms) of ground displacement, ground velocity, 

instrmnent recordings of ground velocity (the ground velocity convolved with instru

ment response), and the ground displacement restored from the recorded ground 

velocity. These figures show that when no noise is present, the restored waveform 

is very close to the true ground displacement. Although the restored waveform has 

a small tilt trend, all the phases including the static ofiset are completely restored. 

The tilt trend is due to the fact that one can not recover the waveform to exact zero 
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frequency. From Figure 4 through 6, one can also see that the waveform distortion 

by CMG3-ESP is very pronounced while the waveform distortion by STS-1 is small. 

Another problem is the presence of noise. Even though modem broadband seis

mic instnmients resolve the ground noise very well, the recovery of real seismic 

groundmotion from background ground noises still can be crucial in many cases. 

The amplification of noises in the high dB gain compensation at very low frequency 

makes the restoration unstable. One technique to reduce this instability is the wa

ter level correction described by Scherbaum (1994). It enforces a threshold for the 

amplitude values of the denominator spectrum in equation (10) while keeping the 

phase unchanged. That is, the amplitude gain compensation is a constant beyond 

the threshold. Therefore, the dynamic range is traded for stability of the restora

tion. However, this technique would also suppress the long period signals so it is not 

appropriate for the recovery of static ofl^et in this study. In order to suppress the 

groundmotion noises and at the same time retain the long period seismic waves, we 

used another kind of "water level" adjustment which looks for a window in which 

the restored waveform has a nearly flat "water level" before and after the transient 

pulses. Restoration in such a window suppresses the noise and gives relatively stable 

seismic signals. Figure 7 compares the restoration to the same record with a proper 

and improper water level. However, the existence of such a window is not guaran

teed. When the noise is not white or has large amplitude during any time period 

around the seismic waves, the restoration becomes unstable. 



2.2 Near Field Groundmotion from Earthquakes 

Theoretical studies of the static displacements that accompany earthquakes be

gan in 1950's. Chinnery (1961) employed Steketee's (1958a) expression to calculate 

the displacement field throughout an elastic half-space due to a vertical strike-slip 

fault and produced displacement contours of the various displacement components for 

two representative cases. Press (1965) extended Chimiery's work to arbitrary fault 

geometries (Maruyama, 1964). Further, he studied the displacement fields not only in 

the near-field, but also at teleseismic distances. By examining the strain seismograms 

recorded at Hawaii after the great Alaskan earthquake of 1964, he demonstrated that 

permanent deformations from major earthquakes are observable at teleseismic dis

tances and comparable to theoretical values. In that paper, Press emphasized the 

importance of the residual displacement, strain and tilt fields associated with an 

earthquake, and suggested that the static fields might provide some significant in

formation about the earthquake source properties. However, compared to the major 

advances in seismology dealing with transient motions, the developments in study

ing the static field in the last 30 years are minor. Although the strains are routinely 

observed, they offer no significant constraint on the seismic source unless there are 

established geodetic controls. 

In recent years, with the availability of digital, large-dynamic range, very broad

band seismic records, very long period body waves have re-gained scientific attention. 

In analyzing records of large earthquakes, Kanamori (1993) identified a very long 



period (up to 1000 second) "W phase" between P and S phases. Kanamori (1993) 

suggested the W phase might be used for identifying slow earthquakes, determin

ing whether slow deformation is precursory or coseismic to the regular short-period 

energy release, and determining velocity structure between the source and station. 

Recently, Vidale et al. (1995) pointed out that the very long period energy observed 

to arrive between P and S corresponds to the near-field terms in an elastic whole 

space solution. They modeled this very long period signal in the longitudinal, or 

radial, direction near the P wave arrival by using the wavefront expansion 

u  ~  M { t ~ T ) ^ ^ M { t - T )  (13) 

where M and M are the moment release and rate of moment release respectively. 

T is the P-wave travel time. Their modeling results for the Nicaraguan earthquake 

of Sept. 2, 1992 and Bolivian earthquake of Jime 9, 1994 are comparable to the 

teleseismic broadband records. Later, we will show that at regional distances the 

effects of the near-field terms are more pronounced and account for the very long 

period energy (static ofeet) recorded after the S phase. 

Aki and Richards (1980) give a succinct representation of the displacement field 

due to a point shear dislocation source in an elastic whole space. The displacement 

field is given by the simi of three terms, the far-field term u^, intermediate-field term 

u^, and near-field term u^: 

u(x,t) = -h u'+ (14) 
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The various terms are defined as: 

= 7—r tmo(t — t)dt (15) 
Airp r* Jr/a 

- 5' + 

- s' ̂  

where Mq is the seismic moment, and Mo(^) is the seismic moment rate function (the 

temporal release of moment or source time fimction). The Ai terms are functions of 

fault orientation (strike 0,, dip S, ajid rakeA), receiver azimuth 0, and take-off angle 

a^ = -zj^^t + z{t^e -

a" = t^x 

A® = 

f, Q and 0 are unit vectors in the direction of P, SV and SH. The radiation factors 

j:sv ̂ gjjjj j:SH 

= cosA sinS sir?^ sin2{<f) — 0,) — cosX cosS $in2^ cos{<f> — ^g) 

+ sinXsin2S (cos^^ — sin^^ siri?{^ — 0,)) 

+ sinX cos25 sin2^ sin{(f) — <t>a) 

= sinX cos2S cos2^ sin{4> — 0,) — cosX cos5 cos2^ cos{4> — (t>s) 
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+ ^ cos A sin6 sin2^ sin2{<p — ^5) 

— i sinX sin25 sin2^ (1 + sin^{<f> — <f> s ) )  

= cosX cosS cos^ sin{<i> — 0,) + cosX sinS sin^ cos2{<f> — <t>a) 

+ sinX cos25 cos^ cos(<f) — ^,) 

— i sin A sin2S sin^ sin2{<f> — 0,) 
A 

Note that terms in equation (13) correspond to P wave terms of far-field and 

intermediate-field respectively. Later, we can see from Figure 9 (section 2.3) that 

these two terms are very good approximation to the displacement around the P wave 

arrival time, when the near-field term is relatively small. The far-field term decays 

much more slowly with distance than the intermediate- or near-field terms; only un

der exceptional circumstances wiU either of the later terms be observed dynamically 

(for example, Press 1965; Aid, 1968; Vidale etal., 1995). 

2.3 Evidence for Static Displacements from 

the June 9, 1994 Deep Bolivian Earthquake 

The June 9, 1994 deep Bolivian earthquake (Mwr=8.3, depth=636 km) was 

recorded on-scale at near-regional distances by several very broadband stations which 

were temporarily deployed in Southern Bolivia. Eight stations in the BANJO seismic 

array (see Myers etal., 1995, and Tinker etal., 1995), operated by the University 

of Arizona and the Carnegie Institution of Washington, are equipped with STS-2 



seismometers and 24-bit digitizers. Figure 8 shows the distribution of these stations 

and the vertical component displacement records. The stations are located between 

570 and 670 km south of the epicenter, and along azimuths varying between 150° and 

180°. The black diamond in the figure is the epicenter of the June 9,1994 mainshock. 

The displacement records are basically two pulses, each 40 seconds in duration, rep

resenting the P and S waves respectively. After the S wave arrival, the displacement 

records do not return to the levels prior to the P arrivals. In this section, we will 

show that this very long period deformation is evidence of the static offset that is 

predicted by the intermediate- and near-field terms due to a shear dislocation in 

elastic media. 

Using the complete displacement field given in equation (14) - (17), we modeled 

the seismograms of the great Bolivian earthquake {Mw = 8.3) by assuming a dislo

cation in an elastic half-space. The effect of the free surface is taken into accoimt by 

using Anderson's (1976) analysis of rupture in an elastic half-space. For the vertical 

component with an incident angle around 45°, the free surface amplification is on the 

order of 2. Figure 9 shows the contributions of the various terms for a source imbed

ded 600 km below the surface of an elastic half-space (a=8.1 km/s, P=A.7 km/s, 

/9=3.5x10^ kg/m^), recorded at an epicentral distance of 600 km. The near- and 

intermediate-field terms combine to produce a long period offset between the P and 

S waves; these terms produce negative static offsets for a fault with the orientation 

of the Bolivian earthquake (Beck, eta/.,1994) for the BANJO station locations. The 
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long period arrival between the P and S arrivals may be analogous to Kanamori's 

W phase identified on teleseismic records. The static offset, the very long period 

energy after the S phase (which has a smaller amplitude than the W phase) has 

not been identified in seismograms beyond near-source distances before. This lack 

of recognition is due to instnmient limitations and the small amplitude of the offset 

which is lost in the arrival of the multiple phases and surface waves. The Bolivian 

earthquake is unusual in a number of regards, which makes it possible to observe 

the static offsets. The event is very deep, which eliminated the siirface waves. Fur

ther, since the BANJO array was nejirly above the event, there were no multiply 

reflected arrivals such as pP. The observations of displacement shown in Figure 8 are 

somewhat problematic because they were recovered from a band-limited instrument 

in the presence of noise. There is variability in the static offset along the BANJO 

profile: the offset is largest at stations 1, 2, 8 and 12, and at station 6 there is a long 

period tail which obscures the offset. This reflects the instabilities in recovering real 

ground displacement from very-broadband, but still band-limited instrumentation in 

the presence of noise. 

We stacked all the records shown in Figure 8 to cancel the site effects. The 

originally recovered average static offset was approximately 1.9 cm. Then after care

fully re-examining the response curves at long period and the restoration procedures, 

we finally recovered an average static offset of approximately 0.6 cm. This is a lit

tle smaller than the theoretical value of 0.8 cm calculated for a shear dislocation 



{6 = 310°, 5 = 10°, A = —59°) with a seismic moment of 3 x 10^^ Nm, in an elastic 

half-space. Figure 10 shows a comparison of the half-space synthetic waveform (the 

thicker curve in the figure) with the stacked displacement recorded at the eight sta

tions shown in Figure 8. The synthetics are calculated by assuming a trapezoidal 

source time function (rise=20 seconds, top=5 seconds, and fall=20 seconds), which 

is a simplification of the observed moment rate fimction (Beck etal., 1995). The 

overall waveform match is good, although the amplitude of the synthetics is a little 

larger than the amplitude of average recordings. 

The static ofiset produced by the simple half-space model is encouraging. Al

though the observed static ofeet has a smaller amplitude than the synthetic, the 

hypothesis that the observed displacements actually record the permanent deforma

tion of the earth due to slip on a distant fault is very plausible. 

Berchhemer emd Schneider (1964) also observed a long period tail after transient 

seismic pulses in some vertical recordings. However, they pointed out that the long 

period tail in their recordings was caused by the nonlinearities of the seismometer. 

They proved convincingly that when exposed to the high frequency vibrations caused 

by large, near earthquakes, the LaCoste spring could be excited to almost undamped 

transverse oscillations. The time average of these oscillations gives a second order ef

fect that causes a slight downward motion of the pendulum. This downward motion 

lasts until the oscillations die out and gives a long period spurious signal. However, 

in modern broadband seismometers the LaCoste spring has been replaced with a 
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leaf-spring (Wielandt and Streckeisen, 1982) which is unlikely to be excited to free 

transverse oscillations, and the electronic force transducer in the feedback system 

yields very high instrument linearity. Moreover, as will be shown in the next section, 

similar waveforms have been recovered for the 1997 Argentina deep event with a pos

itive static ofiset, which could not be the time average of the transverse oscillations. 

Therefore, it is very unlikely that the static offset we have observed is a nonlinear 

effect of the instnunent. It is also unlikely that the static offset we have observed 

is due to some abnormal instnmient response or the restoration prodedures because 

we did not see it in the records for a small event (November 11, 1994) in the same 

area by the same restoration procedure. 

There are many examples where geodetic measurements of static offsets have 

been used to constrain fault dimensions and distribution of slip (ie., Marshall etal.. 

1991). However, "dynamic" measurements of static displacements are very rare. .A. 

conspiracy of instrumentation limitations and small amplitudes restrict these obser

vations to events like the Bolivian earthquake. The static offset can be calculated 

for an elastic wholespace (Aki and Richards, 1980), and is on the order of • 

The value we calculate for the Bolivian event is very close to the observed value. 

The difference probably reflects the limitation of using a homogeneous half-space 

and/or the uncertainties in the deconvolution of band-limited data. The "average 

velocity" used in the homogeneous half-space is problematic. For example, Chinnery 

and Jovalovich (1972) studied the static displacement field for a two-layer over a 



half-space earth model. They found that the layering can have a profound effect 

on the displacement at the surface. The effect depends both on the structure and 

the distance from the fault. The upper mantle structure beneath the Altiplano is 

complex. The "average velocity" that makes the timing of P and S phases correct, 

and therefore is used in our modeling, may not be appropriate for the purpose of 

estimating the amplitude. It overlooks the effect of layers with different velocities. 

Although it is possible to calculate static offsets in a layered structure, it is extremely 

difficult to calculate the wavefield comprised of intermediate- and near-field terms. 

This is because most of the assumptions and approximations used in ray theory and 

in calculating synthetic seismograms are inaccurate for intermediate- and near-field 

terms. For example, the ray approximation breaks down when studying the effects 

of a low velocity zone whose thickness is far less than the wavelength of the very long 

period energy. Normal mode summation is a better and more practical method than 

the half-space approximation. Ekstrom (1995) used normal mode modeling based on 

the PREM earth model to obtain a value of the static offset for the BANJO stations 

of about 0.7 cm. This value is a little closer to the average recording value (0.6 cm) 

than our half-space synthesis (0.8 cm). 

The investigation of static ofeets recorded on seismograms are important be

cause they are the dynamic signature of the rupture process. In particular, it could 

constrain long period precursors or tails on the source time function. This could be 

particularly important for deep earthquakes like the Bolivian event where the pro-
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cesses during the earthquake are poorly understood. In the past, instrumentation 

limitations have precluded the use of conventional band-limited seismograms; but the 

popularity of PASSCAL type experiments assures that these effects will be routinely 

observed. Figure 11 shows the sjmthetic waveforms including near and intermediate 

field terms for different azimuth and focal mechanism. The relative amplitude of near 

and intermediate field terms to the far field term is sensitive to the focal mechanism 

and receiving geometry. In the future, when data sets with better azimuth coverage 

and quality are available, the information in these very long period waves will play 

an important role in constraining the earthquake source. 

2.4 The Near Field Groundmotion from 

Jan. 23, 1997 Argentina Deep Earthquake 

Since we reported the evidence for the static displacements from the 1994 deep 

Bolivian earthqucike recorded by the BANJO array (Jiao, et ai, 1994, 1995), two 

large deep earthquakes with magnitude greater than 7 have occurred: the June 17, 

1996 Flores Sea event (Mw^=7.8, depth=593 km) and the Jan. 23, 1997 Argentina 

event (Mvv^=7.1, depth=276 km). The Flores Sea event was well recorded at many 

teleseismic stations of IRIS GSN. However, no close-in broadband seismograms are 

available. The Argentina event was recorded at local dist£inces by several broadband 

stations which were temporarily deployed in Southern Bolivia. Eight stations in the 

APVC seismic array (Figure 12, for details see Zandt et ai, 1997), operated by the 



Uoiversity of Arizona, are equipped with CMG3-ESP instruments. Five of them 

(station 1, 2, 5, 6, 8) were in operation by the time the event occurred. IRIS GSN 

station LVC, equipped with a STS-1, is also located in the local area (Figure 12, the 

star in the figure is the epicenter of the Argentina event). Unlike the case of the deep 

Bolivian earthquaJce, where the closest very broadband seismic station (LPAZ) was 

clipped, the Argentina event was recorded on-scale at LVC station. This provides 

an excellent opportunity for us to compare the restoration of the very long period 

seismic waves from different broadband seismometers. 

We restored groundmotion at LVC and all the APVC stations available. When 

the restoration is stable at long period, the restored waveform is compared with the 

synthetic waveform modeled in a elastic half-space with the average elastic param

eters in the upper 300 km of the earth (a = 7.98 km/s, /? = 4.41 km/s, p = 3379 

Kg/m^), a trapezoidal source time function with a total duration of 15 seconds and a 

rise time of 5 seconds, and with a focal mechanism determined by the Harvard quick 

CMT solution (0, = 106, 5 = 4, A = -154). This comparison led to the identification 

of some interesting phenomena that have not been seen before on dynamic seismic 

recordings. 

The restoration for LVC is very stable. Figure 13 shows the synthetic and the 

restored groundmotion in the vertical direction. The top trace is the restored vertical 

displacement. The first pulse could not be anything else but the direct P phase. 

However, it is very easy to misinterpret the second large pulse as the direct S phase. 
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Not until we compared the record with the synthetic waveform did we realize that 

this largest pulse in the wave train was mainly the combination of the near-held 

term and the intermediate-field term. The small "shoulder" on the right side of this 

largest pulse is the direct S phase. Such a distinguishable near field phase has never 

been reported from dynamic seismic records before. Like the case we have seen in 

the Bolivia event, after the fzir-field P wave and before the S wave arrival, the near-

field and intermediate-field terms combine to give a long period slope. Following 

Kanamori's convention hereafter we use the term "W phase" for this slope. Figure 

13 shows that the W phase recorded at the station LVC is not a straight slope as that 

in the synthesis. The implication of this will be discussed later after more waveforms 

are examined. The verticzil static oSset recovered at LVC is approximately 0.5 mm. 

This is smaller than the synthetic value of 0.87 mm. 

The restoration from the CMG3-ESP recordings is not as stable as that from 

STS-1. From the recordings at the five APVC stations we only successfully recovered 

three broadband waveforms stable to static ofiset at stations 6 (vertical+tangential) 

and 8 (vertical only). The restoration of the very long period signals is not stable 

for all other recordings. This may indicate the diflference in the ability to resolve the 

noise by the STS-1 and CMG3-ESP instnmient. 

Figure 14 shows the synthetic and the restored tangential groundmotion at LVC. 

On tangential component, there are no waves of the far-field term before the arrival 

of SH waves. However, near-field and intermediate-field P waves also show up on the 



tangential component. This provides an excellent chance to see the pure near-field 

and intermediate-field terms prior to S wave arrival. As shown in Figure 14, the pure 

W phase has two distingiiished steps. The peak of the recorded W phase (-0.5 mm) 

is more than two times larger than that of the synthetic W phase (-0.19 mm). This 

is the reason why the recorded static ofi&et (approximately -0.4 mm) is much larger 

than the synthetic one (+0.02 mm). 

Figures 15 and 16 show the synthetic and the restored groundmotion at APVC 

station 6 in the vertical and tangential direction. The recorded vertical displacement 

matches the synthetic well, giving a W phase with an amplitude around 4 mm and 

a static offset aroimd 1.3 mm. However, in the tangential component the polarity of 

the recorded W phase and the synthesis are not consistent, although they both give 

very little static ofeet. 

Figure 17 shows the synthetic and the restored vertical groundmotion at APVC 

station 6. The recorded displacement matches the synthesis well: both give a W 

phase of approximately 4 mm and a static o^et of 1.3 mm. 

The comparison of synthetic and recorded waveforms in Figures 13 through 17 

are inspiring. First, the recorded amplitude of the W phase and the static offset do 

not match the synthesis at the station LVC in both vertical and tangential component 

and at APVC station 6 in the tangential component. At APVC station 6 even the 

polarity of the recorded W phase does not match the synthetic. The W phase and 

the static offset are very long period seismic waves. The discrepancies described 
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above demonstrate that the focal mechanism solution used in the synthesis needs 

to be modified and that the W phase and the static offset waveform could be used 

to better constrain the focal mechanism. Second, as we pointed out earlier, the W 

phase in the verticed component at the station LVC (Figure 13) is not a straight 

line as that in the synthetic, but roughly two lines with different slopes. The first 

part is much flatter while the second part is very steep. This is also observed in the 

tangential component at the same station (Figure 14). Compared with the synthesis, 

this indicates that the source process consists of two major parts. This is consistent 

with the source time function observed at teleseismic distances. However, the W 

phases at APVC station 6 and 8 do not have this signature. This may be evidence of 

a change in the focal mechanism. The integration in equation (15) is a time-weighted 

summation of the moment release. Therefore, it amplifies some particular part of the 

source process. The abundant information included in the W phase will be exploited 

in future studies. Third, after the S waves there are some oscillation-like phases 

in almost all the recordings. The nature of these phases are not clear. Ordinary 

modeling by the reflectivity technique did not yield any explanation for this (Zandt, 

personal communication). The major purpose of this study is the restoration of very 

long period near-field and intermediate-field term waves. The problems mentioned 

above will be addressed in further studies. 

In summary, modem large djmamic range, very broad band instrumentation 

is able to record dynamically the W phase and the static offset that accompanies 



transient fax-field body waves after a large earthquake. We have identified some 

new phases that have never been seen before on dynamic recordings. Theoretical 

solution of a point shear dislocation in a homogeneous earth may provide a very 

good first-degree approximation in interpreting these records. The comparison of 

such theoretical solution to the recordings may have the potential to provide unique 

information about the source process in the near future. 



CHAPTER m 

LOCATING GLOBAL EVENTS BY BROADBAND 

SEISMOGRAM STACKING AND SIMULATED ANNEALING 

The standard procedure for locating seismic events is to determine the arrival 

times of certain phases and invert for the hypocenter. Such a process ignores much 

of the rich travel-path information contained within the entire waveform. Recently, 

Shearer (1994) developed a matched-filter technique which compares the long pe

riod waveforms from an unknown seismic event to a catalog of known wavefields for 

various locations. This technique takes advantage of the near real time broadband 

waveforms recorded all over the world provided by the Incorporated Research Institu

tions for Seismology/Global Seismographic Network (IRIS/GSN). Based on Shearer's 

method, Wallace et al. (1994) developed a waveform cross-correlation technique in 

which broadband waveforms are first stacked, then cross-correlated by assuming lo

cations on a two-dimensional grid. By this grid search, we successfviUy located the 

teleseismic events with a resolution of 5 km. 

However, when applied to the three-dimensional locating problem, this technique 

requires too many calculation. In this case, in order to obtain high resolution, the 

number of the grid-points that need to be searched is too large. This is a typical 

global optimization problem in which a desired global extremum is hidden among 

many poorer local extrema. The method of simulated annealing (Kirkpatrick et al.. 



1983) is suitable to solve such a problem. 

The simulated annealing method has been used in seismic inversion by several 

authors in recent years (e.g. Scales et al., 1992; Hartzell and Liu, 1994; Liu and 

Hartzell, 1994). It has proved to be a fast and effective method for global opti

mization problems of large scale. In this chapter, we use this method to explore 

the cross-correlation power over a large three-dimensional grid for the location of a 

seismic event. 

3.1 Broadband Waveform Stacking 

Our first step is to stack the broadband teleseismic waveforms and to calculate 

the cross-correlation functions. For all location methods, there must be an object 

function to be optimized. In the waveform cross-correlation technique, the object 

function is the power of the cross-correlation of the stacked waveforms. First, the 

waveforms of some groups of certain phases are band-pass filtered. The filtered 

waveforms from all the available stations of the same group phases are aligned and 

stacked to obtain a grand stacked waveform Sgt 

Sg{t )  =  ̂  XiOii t )  (18) 

where ai{t) are filtered waveforms and A, are weighting coeffcients. Usually we 

weighted equally all the waveforms so weighting coeffcients are set that for arbi

trary i, j, Maximum(Ataf(i)) = Maximum(Ajaj(t)). Figure 18 shows an example of 

the filtered broadband waveforms of P group phases produced by a nuclear explosion 
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in Northwest China and recorded at 10 IRIS/GSN stations, as well as the grand 

stacked waveform from all the 10 waveforms. By assimiing location x in a three 

dimensional searching space, we may stack the waveforms to get a point stacked 

waveform Sp{t; x) for every grid point in the searching space: 

where ai{t; x) are corrected waveforms for the assumed x. 

We define the cross-correlation of Sg{t )  and Sp{t; x )  as the power of stack P(x): 

where Corr denotes the cross-correlation. This stack power P{x) is used as the 

object function to be optimized over a searching space. It can be intuitively per

ceived that when the assumed hypocenter is correct the grand stacked waveform 

Sg{t) and the point stacked waveform 5p(i;x) will be highly coherent and therefore, 

the cross-correlation between them will be the highest. Otherwise, when the assumed 

hypocenter is incorrect, Sp(t-, x) and Sg{t) will be incoherent and the cross-correlation 

between them will be low. Figure 19 shows this clearly. The three waveforms shown 

in the Figure 19 are the point stacked waveform for different positions in the search

ing space. The waveform at the top is the point stacked waveform for the event 

epicenter. It is very close to the grand stacked waveform shown at the bottom of 

Figure 18. Therefore, its correlation with the grand stacked waveform (the power of 

stack defined above) reaches the maximimi (1772 in this case, unnormalized). The 

Sp{t ;  x) = 5^ Aiaf(t; x) (19) 

P(x) = CoTr{Sg{ t ) , Sp{ t ; j c ) )  (20) 
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waveform in the middle is the point stacked waveform for a randomly selected posi

tion in the searching space 20 km away from the epicenter. In this case, the power 

of stack is only 700, less than half of that for the true epicenter. The waveform at 

the bottom is the point stacked waveform for a position further (50 km) away from 

the epicenter. The power of stack in this case is only 348, about half of that in the 

previous case. However, the power of stack is not a measurement of the distance 

from the true epicenter, although it does reach its maximum at the event epicenter 

and is generally high in the vicinity of the epicenter. 

In this paper, the searching space is three dimensional: longitude, latitude, and 

depth. In such cases, searching all grid-points one by one is almost impractical in 

order to obtain a reasonable resolution. According to Wallace et al. (1994), this is a 

typical optimization problem in which a desired global extremum is hidden among 

many poorer local extrema. Our strategy is to solve the problem in two steps: first, 

we use the SA method to explore the entire searching space to find an approximate 

solution. Then, we do the grid-search point by point in a small area around the 

approximate solution. 

3.2 Simulated Annealing Method 

The conventional optimization methods suffer from two major problems. First, 

the space to search is too big to be practical in many cases. Second, the solution tends 

to be stuck in the nearest local optimum, instead of the global one. The simulated 



annealing (SA) method was developed to overcome these two problems. Its basic idea 

and name come from condensed matter physics. As we know, the process of growing 

a single crystal from the melt is a process of going to the minimum energy state. In 

this process, low temperature alone does not guarantee that the minimum energy 

state is finally reached. To let the matter find its minimum energy state, one has also 

to lower the temperature slowly, and spend a long time at the temperatures near the 

vicinity of the freezing point. This is the process of annealing. If the temperature is 

lowered too fast, the matter will be stuck in a metastable state with a local energy 

mimimimi, or even in the form of glass with no crystalline order. The simulated 

annealing method is based on the idea of modifying the iterative inversion method 

in a way similar to the annealing process described above. That is, to find the ground 

state of minimum energy by slowly lowering the temperature to avoid being stuck in 

a local minimum. There have been many papers and even books on the SA method 

(e.g. Press et al., 1992; van Laarhoven et al., 1988). Therefore, we will not discuss 

the general SA method in detail here other than the problem-dependent strategies. 

Following Press et al.^s expression, any application of SA method contains four 

major elements: a description of possible system configurations; a generator of ran

dom changes in the configuration; an object fimction E (analog of energy) whose 

minimization or maximization is the goal of the procedure; and a control parameter 

T (analog of temperature) and an aimealing schedule which tells how it is lowered 

from high to low values. We deal with these four elements in the way described 
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below. 

1. The possible system configurations are positions in the three-dimensional 

searching space described in the former section. The initial boundaries of the search

ing space are: longitude: -180~180, latitude: -90~90. After a rough solution is 

obtained, we use the same technique to search a smaller area with depth range from 

0 to 700km. 

2. The generator of random changes from x to x-|-Ax is the heart of the problem. 

Different steps are assigned to horizontal and vertical changes and each change Axi = 

stepi * r, where r is a pseudorandom number generated by computer at each time 

a change occurs. The steps are proportional to the temperature, which is, in this 

case, the nimiber that controls the step length in the search. In addition, we do a 

restart after every 10 temperature changes (cooling down) by setting the position to 

the optimum point located so far. This improves the efficiency greatly. 

3. The object fimction is the stack power P described in the previous section. 

The maximization of P is the goal of the whole procedure. 

4. The control parameter T and the annealing schedule are very problem de

pendent and are usually determined by trial and error. If the temperature is too 

high or the annealing is too slow, the procedure will be inefficient. However, if the 

temperature is too low or the annealing is too fast, the solution can be stuck in a 

local extremum. An example of such "glass" status is shown in the next section. We 

set the initial temperature at 250 ~ 350 and use a factor of 0.95 as the cooling rate. 



After 100 temperature changes, the temperatiure is at 1.5 to 2.1. 

3.3 Lop Nor Nuclear Explosion: An Example 

We tested the algorithm for a nuclear explosion at the Lop Nor test site in 

Northwest China. The waveforms from the Jime 10, 1994 explosion were recovered 

via SPYDER^*^ at the IRIS DMC within 90 minutes for 10 GSN stations as shown 

in Figure 20. These stations are COL, MAJO, WRAB, PAB, DPC, ESK, OBN. 

KONO, ARU, and KEV. The P waveforms and their grand stack have been shown 

in Figure 18. 

Following the procedure described in the previous sections, we use the simulated 

annealing method to search for a best solution with the highest power of stack in the 

three dimensional space. Figure 21 and 22 show the annealing trace for two searches. 

The big black circle and the triangle in each figure are the start and end point in the 

search. The small black circles are the positions at diflferent temperatures- Figure 

21 shows an example of fast cooling annealing. In this search, the cooling factor is 

set as 0.8. That is, T„+i/T„ = 0.8. The starting point is (88.0°, 42.0°, -50.0km). 

The search ends at (88.4°, 41.4°, -14.5km), which is a local maximum. This is a 

good example of a "glass" formed by lowering temperature too fast. Figure 22 shows 

another search in which the cooling factor is set to 0.95. The start point is (87.0°, 

40.0°, -50.0km). The search ends at (88.7°, 41.5°, -2.3km). Although this is still not 

the global maximum, the solution is much closer to the true location. Therefore, we 



FIGURE 20. The 10 GSN stations and the LopNor explosion for location 
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FIGURE 22. The trace of a proper annealing search 



can do grid-search in a small area around this solution. The above experiment shows 

that when the parameters are set properly, simulated annealing can always yield a 

solution that is very close to the global maximum. 

Finally, we use the grid-search to find the best solution. The grid elements are 

0.01° X 0.01° in size. Judging from the previous solution, we conclude that the 

event is very shallow. Therefore we do not search the depth any more. We search 

through a square area of 1° x 1° around the simulated annealing solution. Figure 

23 shows the result of the grid-search. The small grid with the highest power is at 

(88.64°, 41.66°). This is very close to the tme explosion site. 

In summary, combining the broadband waveform stack technique with the simu

lated annealing method leads to a practical way to determine the explosion location. 

The test of this method to the Lop Nor nuclear explosion jdelds a solution with very 

high precision. We were totally unware of the explosion position determined by the 

satellite when the waveform stacking technique was tested several hours after the 

explosion. Yet our solution is very close to the location determined by the satellite. 

This demonstrates that the method is robust. The methodology has the potential 

to be applied in automatic monitoring in the future. 
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CHAPTER IV 

SOME CONSroERATIONS ON THE MECHANISM 

OF DEEP-FOCUS EARTHQUAKES 

4.1 The Origin of the Problem of Deep Earthquakes 

— Considerations from Rock Mechanics 

As pointed out in Chapter I, the problem of deep earthquakes originated from 

the considerations of rock mechanics. Therefore, it is useful to discuss first some 

basic facts and considerations from rock mechanics. 

It has long been established in rock mechanics that the mode of failure of rocks 

undergoes a transition from brittle at low pressure, low temperature to ductile at 

high pressure, high temperature. In brittle failure, microcracks self-organize into a 

localized fracture, accompanied by a sudden stress drop, loss of cohesion, and emis

sion of elastic waves as part of release of elastic energy. In a fully ductile feiilure, no 

microcrack or macro fracture exist. The rock fails by macroscopically homogeneous 

flow under non-hydrostatic stress. Therefore, no elastic waves are emitted during the 

failure. For all geomaterials, this brittle-ductile transition occurs at several hundred 

MPa and several hundred degrees centigrade, corresponding to pressure and tem

peratures in the mid to lower crust. Deep earthquakes occur up to 700 km depth, 

where the pressure is around 20 GPa and the temperature is at least 800 °C within 

the subducting lithosphere. Such pressure and temperature conditions are far be



67 

yond the brittle-ductile transition. It has been widely accepted that the deformation 

localization and the propagation of the rupture in brittle failure are through the 

formation and cormection of tensile cracks. Under high pressure and temperature, 

such a process could not function and rocks usually deform by homogeneous flow. 

Since deformation localization, rupture propagation (see next section), loss of cohe

sion, and emission of elastic waves are involved in deep earthquakes, there must be 

some special process that is able to function under high pressure, high temperature 

conditions that can lead to brittle-like deformation: localization, propagation, and 

loss of cohesion. The search for such a special process is the major problem of deep 

earthquake studies. 

Contrary to conventional wisdom, "anomalous" brittle behavior under high pres

sure, high temperature has been observed from the very early days of rock mechanics. 

With increases in pressiure and temperature after the brittle-ductile transition, many 

rocks show another transition from ductile back to brittle. This is called embrit-

tlement of rocks. As early as in 1930's, Bridgeman (1935, 1936, 1937) conducted 

a series of experiments in which he subjected test materials to very high confining 

pressure and substantial shearing strain. Figure 24 shows Bridgeman's test appara

tus. The sample (the dark area in the Figure) was placed between piston and anvil. 

High pressvu^e from the pistons imposed quasi-hydrostatic confining pressure up to 

5 GPa on the sample. Then large shear strains was induced by rotating the anvil. 

Most materials deformed in ductile shear flow under such high confining pressure. 
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FIGURE 24. Bridgeman's experiment apparatus 



However, for some materials, instabilities were observed in which sudden drops in the 

applied torque occurred with audible violent "snapping". Riecker and Seifert (1964a, 

b) attributed this phenomenon to stick>slip between sample and piston. Even if this 

were true, it is still an anomalous embrittlement since under such high confining 

pressure frictional slip is usually prohibited regardless of the composition boundary. 

The loss of cohesion must be achieved through some special process. Giardini and 

Abey (1972, 1973) did the same kind of experiment to Solnhofen Limestone and 

three Georgia Marbles in an improved apparatus and raised the confining pressure 

up to 8 GPa. They also observed this stick-slip phenomenon and attributed it to 

instability within the sample itself. 

Griggs (1954) first interpreted this snapping phenomenon as caused by local shear 

melting. Then Griggs and Handin (1960) derived a model in which a flaw propagates 

under shear stress in a similar manner of a propagating Griffith crack. The energy 

released by the flaw flows into the tip and causes local partial melting. However, as 

pointed out in their own discussion, the aspect ratios of the flaw required for this 

type of shear melting is too high (100 for laboratory, million for deep earthquake) to 

be a reasonable explanation for deep earthquakes. Later, Griggs and Baker (1969) 

developed another model in which the work done on plastically deformed rocks under 

high strain rate goes to heat and thus finally causes shear melting. Ogawa (1987) 

exploited this model by using modem numerical modeling techniques and concluded 

that this is a plausible model for deep earthquakes in subduction zones. However, 
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this model depends greatly on the parameters chosen for it. Moreover, it implies that 

at least for large deep earthquakes the rupture plane is along the direction of the 

very long time scale large shear strain in the subduction zone, which is the direction 

of the slab. This is not consistent with the seismological observations. 

Raleigh and Paterson (1965) observed embrittlement of serpentinite at high tem

perature (500°C ~ 700°C). They attributed this embrittlement to dehydration reac

tion 

serpentine —> forsterite + talc + water . 

The water released during dehydration reduces the effective confining pressure and 

the changes in the structure upon dehydration lead to loss of cohesion. The em

brittlement caused by dehydration was later observed in many other silicate rocks 

(e.g. Riecker and Rooney, 1966; Griggs, 1967; Murrel and Ismail, 1976a,b). Murrel 

and Ismail also reported water-induced partial melting. Mead and Jeanloz (1991) 

detected acoustic emissions associated with the dehydration of serpentine between 2 

~ 9 GPa at 900±100°K. They suggested that these acoustic emissions could explain 

the process of intermediate depth earthquakes. However, it is not clear whether the 

hydrous phase could exist in large volumes at depth. Very little is known about the 

equilibrium and the migration of free water under such high pressure. For example, 

we do not know whether the free water released by dehydration exists in the wide 

depth range where deep earthquakes occur continuously or only exists right before 

or during the niptiure process but is combined back into different hydrous phases 
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later to be dehydrated again under different pressures during the next earthquake. 

Moreover, along with the decreases in the effective confining pressure caused by dehy

dration, the melting temperature will also decrease and thus lead to partial melting. 

More comprehensive laboratory experiments need to be done on this problem. 

Bridgeman (1945) suggested solid-solid poljrmorphic transitions as the cause of 

the high-pressiire embrittlement. However, due to the diflSculty of the laboratory 

study, he did not give clear evidence to support this idea. In recent years, some 

authors (Kirby, 1987,1991; Green et ai, 1989,1990,1992; Burnley et ai, 1989, 1991) 

reported embrittlement under high confining pressure for ice, tremolite, and olivine. 

They attributed the embrittlement to the transition of ice —> ice II, tremolite —> 

diopside + talc, and olivine —> spinel. However, they gave different interpretations 

of the mechanism. Kirby proposed that the transition starts and propagates like a 

Griifith crack along the maximum shear direction. The new phase looses cohesion 

completely £ind there is no process of localization. Green and Burnley proposed an 

"anti-crack" model in which the defonnation is localized to a shear zone through the 

formation and connection of many anti-cracks. The transition occurs within the anti-

crack. These anti-cracks perform the same function as tensile cracks in low pressure, 

low temperature brittle deformation. When the anti-cracks are linked, the new phase 

in the shear zone looses part of its cohesion and serves as a lubricant for the shear 

rupture. The rupture direction in their experiments is not in the maximum shear 

direction (as is the case in Kirby's experiments). It is roughly 30° from the direction 
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of maximum principal stress, as the situation in low pressure brittle deformation. 

While more laboratory studies are needed to make the mechanism clear, the biggest 

problem in interpreting deep earthquakes as a solid-solid phase transition lies in the 

fact that large deep earthquakes rupture a large area that far exceeds the possible 

metastable olivine wedge (e.g. Beck et aL, 1995; Silver et ai, 1995). Since the 

metastable olivine —)• spinel reaction is the only possible solid-solid phase transition 

in a wide range of the subduction slab, this process seems provide at most a triggering 

mechanism for deep earthquakes. Due to limitation of the laboratory apparatus, 

data from high pressure, high temperature rock mechanic experiments are extremely 

limited. When they are available, some of them are contradictory. So far, there is 

no laboratory evidence that beyond a certain high pressure there could be no brittle 

deformation. Perhaps with the development of high pressure, high temperature 

experiment techniques, the mechanism of embrittlement under high pressure, high 

temperature may become clear in the near future. At present, it is not possible 

to rule out any of the mechanisms discussed above. All of them may take part in 

initiating deep earthquakes. However, they may not account for the propagation 

characteristics of large deep earthquakes, as will be discussed in the next section. 

4.2 Rupture Propagation at the Deep Earthquake Source 

and the Problem of Slip-Weakening 

Both shallow and deep earthquaJces yield mainly a double-couple solution in fo
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cal mechanism. Along with the advances in modem global seismology, the focal 

mechanism solution is better and better constrained. Whenever high quality data is 

available, the non-double-couple component for any deep earthquake is constrained 

to less than 10%. However, even a pure double-couple solution itself does not nec

essarily imply a shear faulting process at the source. The evidence of faulting for 

shallow earthquakes comes from geological and geophysical observations of earth

quake faults that ruptured through the surface for up to one thousand kilometers. 

However, no such direct evidence exists for deep earthquakes. As a matter of fact, 

the possibility that deep earthquakes are caused by the release of pre-existent shear 

strain triggered by a phase transition still can not be completely ruled out (Press, 

personal communication). However, like the case of tectonic release by a nuclear 

explosion, the phase transition that triggers strain release must be so strong that it 

gives a different P wave polarity pattern than that of fault slip. This is not consis

tent with the seismological observations. No matter what the real physical process 

involves, kinematically a fault slip (displacement discontinuity across a plane) is the 

most plausible process at the deep earthquake source. 

For many general purpose studies, the earthquake source is often treated as a 

point source. This is an over-simplification which implies that the slip of all points 

at the source is simultaneous. For a real deep earthquake source, there is very 

clear evidence that the fault slip does not occur simultaneously along the entire 

fault plane but propagates from one point to another with a finite velocity. This 



evidence includes the directivity phenomenon in the time domain and the roll 

off for high frequencies in the frequency domain. Beck et ai (1995) and Silver et 

al. (1995) analyzed the directivity characteristics for the June 9, 1994 large Bolivian 

deep earthquake and concluded that the rupture propagated bilaterally through a 

length of 50 km with a velocity of 2.2 km/s. We analyzed the directivity for the 

June 17, 1996 large Flores Sea deep event and give another example of the rupture 

propagation at a deep earthquake source. 

On June 17, 1996, a deep earthquake of mi, = 7.5 occurred at a depth of 593 km 

below the Flores Sea. The epicenter lies at (7.08°S, 122.61°E) in Eastern Indonesia. 

The area includes the interaction of at least four major lithospheric plates (Cardwell 

and Isacks, 1978): the Philippine, Indian-Australian, Pacific, and Eurasian plates. 

Therefore, the subduction zones here are among the most complex in the world and 

the intensity of shallow, intermediate and deep seismic activities are very strong. 

Figure 25 shows the best double couple Harvard CMT solutions for some deep 

earthquakes with magnitude greater than 5 in this area during the past decade. The 

number above each beach ball denotes the depth of the event. Unlike some other 

large deep earthquakes, such as the 1970 Coliimbia and 1994 Bolivian earthquake, 

the Flores Sea event was not on a seismicity-quiescent section of a subduction slab. 

There is considerable seismicity in the inferred rupture area of 1996 event, and there 

have been at least two comparable historical events (Aug. 6, 1914, = 7; Aug. 11, 

1937, rrib = 7.2). This feature brings to mind the argument by Griggs and Handin 



FIGURE 25. The CMT solution of the deep earthquakes in the Flores Sea area 
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(1960) that the mechanism of a deep earthquake sources must be able to "heal" after 

the earthquake so that the event can repeat. Obviously, a solid-solid phase transition 

can not provide such a healing process. Although most deep events shown in Figure 

25 are down-dip compression, which reveals the overall tectonic stress background 

near the end of the subducting slab, the strike, dip and rake vary significantly from 

one event to another. This variation may be ascribed to the complexities in the 

tectonics of this area and in the mechanism of deep earthquakes. In order to study 

these complexities, more observations and studies of large deep earthquakes in this 

area need to be accumulated. The Jime 17, 1996 deep Flores Sea earthquake is 

important in that it is one of the largest deep earthquakes that has occurred in the 

last 30 years. Here we will analyze the directivity characteristics of this event. 

Broadband seismic records of this earthquakes from 69 stations and long period 

records from 67 stations all over the world are available through the IRIS Data 

Center. However, for this large deep event, over half of the stations are beyond 70°, 

where the P waves are contaminated by PcP (65° ~ 90°) or distorted severely by 

core-mantle boundary diffiraction (110° ~ 145°). In Figure 26, we show broadband 

P waveforms used in this study. Only the waveforms which were not distorted 

significantly by PcP or by diffiraction are shown here and are used in directivity 

analysis. Thus, the P waveforms we selected for directivity analysis are essentially 

source time function convolved with attenuation and directivity effects. The P wave 

displacements have a small o&et for the first few seconds and three major pulses 
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afterwaxds (black triangles in Figure 26), which indicate three major subevents El, 

E2 and E3 as shown in Figure 26 and 27. Although sometimes more than one 

small peak could be distinguished within one major pulse, in this study we do not 

determine the positions for such second-order subevents. The relative time of the 

centroid of the major subevents to the onset of the event (TO) varies significantly 

with the azimuth. This variation of relative time is mainly the effect of the directivity 

which we will study in this section. 

Following Beck et al. (1995) and Silver et al. (1995), we define the relative 

position vector by two angles, 9 (the inclination measured firom horizontal) and 0 

(the azimuth measured clockwise from north). In most cases, the coverage of 6 is 

much poorer than the coverage of <f), and therefore, the resolution of the directivity 

in the vertical direction is usually not as good as that in the horizontal direction. 

In this study, we analyzed 16 P waveforms with d &om ~ +25° to ~ +83° (down-

going), and 1 pP waveform with d of ~ —34° (up-going). This could hardly give 

a good constraint to directivity in the vertical direction. However, when combined 

with the focal mechanism solution, the source dimension in the vertical direction 

could be well constrained by the fault plane and the horizontal directivity. In this 

section, we focus on the analysis of horizontal directivity. 

We determined the relative position of the centroid of each subevent to the 

initial point of the event by picking times TO, Tl, T2, and T3, where Ti (i=l, 2, 

3) is the peak time of subevent Ei. The variation of T3-T0 is about 10 seconds for 
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FIGURE 26. P waveforms with arrival times of three suiieveiits 
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this event. A grid search of 6 and <f> with an increment of 1° was performed for 

each subevent. As discussed before, 6 was not well constrained. The results of the 

horizontal distribution of the three subevents are shown in Figure 27. Event 1 is 31 

km away at an azimuth of 70°, event 2 is 44 km away at an azimuth of 100°, amd 

event 3 is 77 km away at an azimuth of 107°. Thus the three major moment release 

subevents were aligned dong a direction of azimuth « 127°. The average apparent 

rupture velocity is about 2.6 km/s. The initial point was determined from body wave 

arrivals by ERIS DMC. Our result is consistent qualitatively with the Harvard quick 

CMT solution in that the centroid position of the event lies southeast of the initial 

point (Figure 27). 

Figure 28 shows a cross-section of the seismicity in the subducting slab in this 

area. The slab at the soixrce area dips north at a very steep angle of ~ 80°. With 

the results of both horizontal directivity and the fault plane solution, the overall 

rupture pattern in 3-dimensions could be easily recovered. Figure 29 shows a cross-

sectional view of Figure 27. The 3-D position of the three subevents was derived 

from their horizontal distribution (Figure 27) and Harvard quick CMT fault plane 

solution (strike= 97°, dip= 54°, rake= —51°). The major fault plane dips southwest, 

spans 41 km in the vertical direction and 61 km across the slab. Again, the dimension 

of this event and its after shocks exceeds the maximum possible dimension of the 

metastable olivine phase region at this depth. 

From the analysis of the directivity above, we conclude that the total moment 
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release of the Flores Sea deep earthquake has a duration of 29 seconds. The linear 

dimension of the source area is at least 80 km, with a source dimension in the dip 

direction of the slab of about 60 km. The rupture released the moment mainly in 

three subevents, which were along an average azimuth of 127°. The average apparent 

rupture velocity is estimated as 2.6 km/s. This pattern of rupture propagation raises 

questions about the slip weakening process (Jiao and Wallace, 1995; Wallace et ai. 

1995) at the rupture front, as discussed below. 

The slip-weakening concept was first introduced into the shear crack propagation 

model to eliminate the non-physical stress singularity at the crack tip and then was 

supported by rock mechanic experiments. Figure 30 illustrates the sUp-weakening 

model for shear crack propagation (from Rice, 1980). Figure 30-a shows the distri

bution of shear stress <T2i and slip displacement Aui. The black line lying in the 

negative half xi axis is a shear crack. At the crack tip where the slip displacement 

is just about to start (Aui=0'^), the shear stress reaches its peak which is the 

strength of the material. After the slip displacement A^i exceeds a critical value 

Aul, the shear stress decreases to a constant residual friction level a^. The section 

uj within the crack tip in which the shear stress degrades from ctP to is the slip 

weakening zone. Since the material strength is finite, there is no sigrilarity but a con

tinuous stress distribution at the crack tip. The shadowed area in Figure 30-b is the 

rupture energy G = (cr'' - (r^)Au. This is the energy needed to flow into the unit area 

at the crack tip for propagation. The rupture energy is estimated to be on the order 
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FIGURE 30. The slip-weakening model (from Rice, 1980) 



of 10"^ J/m^ for the laboratory rupture of Westerly granite (Wong, 1982), and 10® 

J/m^ to 10® J/m^ (Aid, 1979) for different shallow earthquakes. Figure 30-c shows 

the relation between and the confining pressure. When the confining pressure 

reaches a certain value corresponding to the pressure at the bottom of the crust, a'' 

and merges so the slip-weakening process described above can not be in opera

tion anymore. The reason is that the physical process in the slip-weakening zone for 

ordinary brittle rupture is the formation and concentration of tensile microcracks, 

which are prohibited by high pressure. 

Rupture propagation at the deep earthquake source as described previously also 

requires a slip-weakening process going on at the rupture front to avoid the problem 

of stress singularity. The physical process in the slip-weakening zone must meet the 

following requirements: 1) it is induced by high stress; 2) it leads to the loss of 

cohesion; 3) it happens transiently over a macro area to allow fault propagate; 4) 

it has no significant volume change; 5) as discussed before, it can "heal" after the 

earthquake. We argue that the physical process for triggering the deep earthquake 

and for providing a slip-weakening zone do not necessarily have to be the same. Once 

the instability is triggered, the high shear stress concentration may cause the weak

ening. Shear-induced partial melting is a very plausible candidate for this process as 

discussed in the next section. 
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4.3 Shear-induced Partial Melting — a Plausible Model 

for the Slip-weakening Zone at the Deep Earthquake Source 

In this section, we discuss the possibility that the sudden high shear stress con

centration at the rupture front causes partial melting and the partial melting induces 

the weakening. 

The studies on thermodjoiainics of rocks under non-hydrostatic stress started 

several decades ago (e.g. McLellan, 1966, 1970; Ida, 1969, 1970; Paterson, 1973). 

Due to both theoretical and experimental difficulties, little useful information has 

resulted. Although Ida (1970) gave a formula for calculating the decrease of the 

melting temperature under shear stress, to our view his deduction lacked a solid 

physical basis and involved many ambiguities. In recent years, there is some evidence 

for a decrease of the melting temperature under shear conditions (e.g. Bagchi and 

Thirumdai, 1988), but there has been no dominant theory on this problem. Due 

to the great progress that has been achieved with high pressure, high temperature 

experiment apparatuses during the past decade, there should be little difficulty now 

for experimental study on this problem (Fei, personal communication). Abundant 

laboratory data should shed light on this problem in the near future. We give a 

qualitative discussion below on dislocation-mediated melting. 

To understand quantitatively the effect of shear stress on the melting tempera

ture, one has to first understand on a microscopic level the mechanism of melting, 

which is, no matter how surprising, still a mystery in modem physics. The problem 



comes from the fact that so far there has been no satisfactory model to describe the 

structure of a liquid. The gaseous state can be described by the random, transla-

tional motion of the molecules with relatively little molecular interaction. The solid 

state can be described as fixed sites for individual atoms or molecules with very little 

translational movement. However, a successful model for the liquid state must be 

able to account for both the gas-like (disorder) characteristics at long range and the 

solid-like (order) characteristics at short range. The dislocation model has gained 

prominence in recent years in the physical and mineralogical community (e.g. Ni-

nomiya, 1978; Cotterill, 1980; Poirier, 1986). In this model, a liquid is essentially 

a crystal saturated with dislocation cores. The solid-liquid transition is attributed 

to a sudden catastrophic proliferation of dislocations. Thus, this theory of 

melting is often called dislocation (-mediated) melting theory. We follow Cotterill 

(1980) to give a brief discription of the theory below. 

The idea of dislocation melting was suggested as early as 1947. This idea became 

prominent several decades later only after the calculation on large electronic digital 

computers showed that the dislocation core energy is very close to the experimental 

value of the latent heat of melting. Thus a crystal saturated with dislocation cores 

might be a good model for the Uquid state and the the latent heat of melting would 

then be the dislocation core energy multiplied by the saturation dislocation density. 

Another important basis for dislocation melting theory is the fact that dislocation 

energy depends on the dislocation concentration in a crystal. The more dislocations 
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there axe akeady present, the lower is the energy required to generate more of the 

defects. The free energy, F, of a crystal containing a concentration c of the defects 

at temperature T is found to be given by 

_ „er (21) 

where fi is the shear modulus, b is the Burgers vector, a the dislocation entropy 

per atom, and ^ (<1) takes account of the core contribution. Equation (21) gives a 

family of curves as shown in Figure 31-a, with the vertical dotted line denoting the 

saturation concentration. The melting temperature Tm can be identified by letting 

F(c^,T) = F(0,T) = 0. Thus we have 

= r£i^n(=M!) (22) 
STra 

where c^ is the satiiration concentration. It is found that for a reasonable value of 5, 

this gives good agreement with experimental melting temperatures. 

So far we have seen no theoretical work on dislocation melting under non-

hydrostatic (shear) stress. Here we give a qualitative approach to the problem. 

Shear stress and the plastic strain it causes tend to reduce the free energy. Thus 

equation (21) should be modified as 

f(c,r) = - adT - A/(<Te) (23) 

where a is shear stress, e is shear strain. The decrease in free energy A/>0 is a 

function of ae. So the family of curves in Figure 31-a is replaced by that in Figure 
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FIGURE 31: The free energy of dislocation concentration 
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31-b. Equation (22) becomes 

s -fibHn{d'S^) - Af(<T€)/c' ^ 
iJS < 

where is the melting temperature under shear stress and strain. 

At the rupture front in the deep earthquake source, the sudden concentration 

of large shear stress causes a proliferation of dislocations to a certain degree. The 

effect of this process is two fold: it raises temperature by shear heating and decreases 

the free energy of the saturated dislocation concentration to zero as described above. 

This leads to catastrophic proliferation of dislocations to the saturated concentration 

and thus, partial melting at the rupture front. Figure 32 illustrates this process. In 

the figure, is a critical stress level at which the proliferation of dislocations begin: 

(T° is the shear stress level on the fault zone before rupture; other parameters are the 

same as those in Figure 30. The stress distribution is modified from that given by 

.\ndrews (1976). The partial melting starts at a little distance in front of the slip-

weakening zone. When the partial melting reaches a small portion of the material 

in the fault zone, the slip-weakening process begins. 

The energy needed to melt a thickness of material per unit area is 

Em = pdAfi" (25) 

where p is the density, and Afl" is the latent heat of melting for unit mass. For deep 

earthquakes like the 1994 Bolivian event and 1996 Flores Sea event, 4000 kg/m^, 

Affw4.2xlO®J/Kg (Griggs and Handin, 1960). Suppose a total of 10cm thick mass 
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FIGURE 32. A slip-weakening model for deep earthquakes 
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need to be melted in the fault zone for the slip, from equation (25) we have rupture 

energy G « Em « 1.7xlO®J/m^. This is on the same order of the maximum rupture 

energy measured for shallow earthquakes (Aid, 1979). A reasonable estimation of 

the thickness of the melted material is 10cm to Im. Therefore, the energy required 

for partial melting-induced slip-weakening at deep earthquake sources may be very 

close to the energy required for microcrack induced slip-weakening at the shallow 

earthquake source. Rice (1983) gave a formula for calculating the length of the 

slip-weakening zone (SWZ in Figure 32): 

2.4/iG f ^ 

where n is the shear modulus and G is the rupture energy. However, there is large 

uncertainty in the estimation of cr'' — even for shallow earthquakes. Rice used 

a somewhat arbitrary value of 25 MPa for — (7^ to give a slip-weakening zone 

length of 230m for shallow earthquakes. Here we suppose — <j^ is 1 GPa for deep 

earthquakes around 600km depth, /i=1.2xlO'^^Pa, then we have the slip-weakening 

zone length a;«50m. 

The melting point at 600km depth is about 2300°K (Anderson, 1989). However, 

different authors have very different estimates on the geotherms in the earth (e.g. 

Stacey, 1977; Baumgardner and Anderson, 1981; Ito and Katsura, 1989). Anderson 

(1989) gave the temperature at 600km depth as 2230°K, only 70°K below the melting 

temperature at that depth. If we take this estimate, and consider the temperature 

gradient within the slab (Schubert et ai, 1975), the fault zone of the 1994 Bolivian 
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and 1996 Flores Sea events may lie in a part of the subducting slab where the 

temperature is within 300°~600°K of the melting temperature. In other words, the 

shear heating and the melting temperature reduction need to overcome 300~500K 

in temperature to produce partial melting. If we consider the heat anomalies due to 

slow exothermal phase transitions and/or plastic creep, or the decrease of melting 

temperature by possible pore-pressure, partial melting will even be easier. Thus it 

is a plausible slip-weakening mechanism for deep earthquake rupture. 

We have given a qualitative discussion of the slip weakening induced by shear 

melting for deep earthquake ruptures. Quantitative discussion and the final veri

fication of this mechanism needs laboratory data to constrain the thermodynamic 

characteristics under a non-hydrostatic states of stress. This may be realized in the 

near future. 
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CHAPTER V 

CONCLUSION AND DISCUSSION 

Modem broadband seismic instruments have been able to provide information in 

almost any frequency band of seismic interest, even the "zero-frequencj^' information 

which previously could be only obtained through geodetic measurements. Therefore, 

the major goal of the design for the modem broadband instnmient (Wielandt and 

Steim, 1986) has been well achieved. When the noise level is low, the restoration of 

the long period seismic signal is trivial. However, the restoration under high noise 

level requires careful treatment. The "water level" adjustment is an effective method 

in restoration although the existence of a proper window is not guaranteed. The 

noise level is still cmcial to the restoration. The long period waves of near-field and 

intermediate-field terms provide another dynamic window into the source process. 

To fully exploit these waves, more broadband networks with high quality instruments 

need to be deployed. These long period waves may provide unique constraints on 

the source process when a high quality data set is available. 

The location method based on broadband waveform stacking and simulated an

nexing is able to provide a solution with high precision (the error is within 10 km 

for the LopNor explosion in the study). A proper annealing schedule that avoids the 

"glass" state is worked out for this problem. So far only the P waveforms have been 

used in the method. The expansion of this method to S waveforms or even the whole 



broadband phases may improve the solution to even higher precision. 

Various embrittlement phenomena under high pressure and high temperature 

have been examined. They may be attributed to dehydration, dehydration-induced 

partial melting, shear-induced partial melting, or solid-solid phase transition. Due 

to limitations of the experimental techniques in the past, very little information in 

detail about these embrittlement phenomena has been available. This situation may 

be improved in the next few years. 

Like the case of the 1994 large Bolivian deep earthquake, directivity analysis for 

the 1996 large Flores Sea deep event gives a rupture propagation pattern in wliich 

the rupture propagates along the fault plane with a finite velocity. Rupture propa

gation at the deep earthquake source requires a slip-weakening process. This process 

is not necessarily the same as the triggering process. However, it must meet the 

following requirements: 1) it is induced by high-stress; 2) it leads to loss of cohesion; 

3) it happens transiently over a macro area to allow fault to propagate; 4) it has no 

significant volume change; 5) it can "heal" after the earthquake. Shear-induced par

tial melting is a plausible candidate for this weakening process. The rupture energy 

required by melting-induced weakening for deep earthquakes may be close to that 

required by microcrack-induced weakening for shallow earthquakes. However, the 

experimental data on the thermodynamic properties of rocks under non-hydrostatic 

stress is needed to study this process completely. At the present stage, it is impos

sible to confirm or rule out the role of solid-solid phase transition, dehydration, or 
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partial melting in deep earthquakes. The mechanisms of these processes needs to be 

better understood, especially the mechanical properties. Progress in the deep earth

quake problem requires an interdisciplinary study of high-pressure rock mechanics, 

mineralogy, and seismology. 
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