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ABSTRACT

In the past few months I have further improved the method for simultaneous inversion for source spectral
parameters and path Q using regional wave spectra. I have implemented a new computerized, non-linear
algorithm that can be used for spectral inversion using data from multiple events that are nearly co-located.
For example, spectra from swarms or mainshock/aftershock sequences from multiple stations can now be
used simultaneously to derive event-variable source seismic moments, comer frequencies and path-variable
Q values. This new algorithm can further suppress effects of random and modeling errors in regional wave
spectral inversion, and can be jointly used with the previous, single event based algorithms (Xie, 1993;
1998).

I tested the new algorithm by applying it to synthetic, as well as real Pn spectra from several last Lop Nor
explosions, originally analyzed by Xie and Patton (1999) using an ad hoc algorithm that lacks generality. In
all tests I was able to recover the known source and path spectral parameters in the inversions using the
new algorithm. I am currently applying this algorithm to analyze the regional wave spectra from the 1997,
Jiashi earthquake swarm (My ~ 6) in Xinjiang, and the 1998, Zhangbei earthquake (M ~ 6) and its
aftershocks in the Hebei province of northern China. Interesting aspects of these events include (1) the
magnitude estimated for these events by the USGS and China Seismological Bureau (CSB) differ
systematically, with the CSB estimates significantly larger; (2) the Jiashi swarms have mixed focal
mechanisms, including strike-slip faulting and normal faulting that is rare in the tectonic environment; (3)
some Jiashi events were recorded by strong-motion instruments; data from these recording are now
available to the U.S. scientists through the effort of the P.I. and seismologists at University of Nevada.

Estimates of source seismic moments, comer frequencies and path-variable Q using Pn, Lg waves from
these events will be presented.
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OBJECTIVE

There are two ultimate objectives of this research: (1) We wish to guantity path attenuvation of
regional waves in continental areas, such as Ewrasia, by developing digital, tomographic Q
maps. (2) We wish to quantify the difference in the excitations of various regional waves, so
that we may achieve better, quantitative understanding and criterion of the P/Lg spectral ratio
discriminant of explosions. There proposed research is composed of several tasks, The frst is
to Turther improve the inverse method for simultaneous determination of source seismic
moment (M), corner frequency () and path-variable {2 and 5 (Q at 1 hz and its power-law
frequency dependence, respectively) using regional wave speetra, The second task is to apply
the improved inverse method to Lg, Pa, Pg and Sg spectra from many earthquakes and explo-
sions in Burasia to estimate source My, f. and path @y, . The third task is inpul the measured
() values to a computerized tomographic algorithm, 1o obtain laterally varying O maps for Ly
and other regional waves. The fourth task 15 analyee source spectral scaling and other sowrce
spectral characteristics of seismic events, such as the amount of spectral overshoot of explo-
sions, to explore when, how and why the PAOLg spectral ratios can be wsed o diseriminate explo-
sions from earthquakes,

This research provides impertant Inpot to the implementation of a Comprehensive Test Ban
Treaty. The tomogeaphic 0 maps can be used for the caleulation of source spectral characteris-
ties of any future seismic event to infer the nature and size of the event, These Q) maps can also
e naed for estimating the detection threshold of the existing seismic stations located within the
arca studied. The source spectral behavior inferred from this study will help to understand if,
when and how the P/Lg amplitude ratio can be used to discriminate explosions from carth-
quakes,

RESEARCH ACOOMPLISHED
Further develapment af alporitien (o stwdy regional wave specira

In the past several menths I have implemented a new version of the non-linear inverse algo-
rithm for estimating source speotral parameters and path-variable Q vsing regional waves. This
is the latest effort in improving the inverse algorithm, Unlike the previoes, single-event based
algorithm developed and medificd by the PLin a series of papers (e.g., Xie, 1993; Xie, 1098;
Hie and Patton, 199497, the now version of the slgorithm takes recional wave spectra Trom medn-
ple events as the input, and simultaneously estimales the event-variable source My, (. and path-
variable (2., 1 values,

The new alporithm is developed for a siluation when regional wave spectra from a number of
nearly co-located events are available, Tn this sileation the epicentral distance and path (. 0
values from all cvents to the same station can be assumed as heing constant. Using a stochastic
madeling, we may express Ay, the regional wave specira observed [or the ith station, fth event
and kth frequency, as

Ay = 5, G exp —Mr (1)
It = ik | UF{-?.:I' FIL
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where fi s the bth discrete [requency, 4;, ¥, are the epicentral distance and group velocity.
Op; and x; are appareat  at | Hz and iz power-law frequency dependence. ri; 13 the effect of
randomness. 8, is the isotropic component of the source spectrum, which is given by

M.
T} ! 2 for earthguakes
R R L i 7
:’ . = 1 {‘2]
J My, L

5 for explogions

i S
RPN -2mp 134 51 A

where g and v are density and wave velocity, with subscript © and & indicating crustal average
and source zone values, respectively. The explosion seurce model in equation (2) is the modi-
fied Mueller-Muorphy (MMM model by Sereno er al. (1988), with # being the overshoot
parameter {# = 0,75 for a Poisson medivm). (A in equation (1} is the geometrical spreading
factor and takes the form

Gia) = A" ()
where Ay 15 & reference distance, and wr is the decay rate of Ay at distances of A = A, Values

of Ag and mocan be estimated for 1T velocity models for the study area, using synthetics (e.p.
e, 1996; Xie and Patton, 19997,

If there are [ stations, J events and N, speciral observations, we may define & one dimensional
unkoown model vector, i, as

s i ,
m = | Mo faoMa Fa - Mo, o Qo o, - Qnr_ﬂn.'] . i4)

LS
where the superscript T denotes transpose. m has a dimension of Ny =2=J + 2% 7 and con-
tains all of the unknown source spectral and path Q) parameters to be solved for. We may also
map the subscript combination "ifk" into & single subscript, "n", such that » increase from | Lo
N, and has a ene-to-one correspondense to the ik combinalions, We may then lake the loga-
rithm of equation {11 and write the result into a genersl form of

i, =logld, )= Fim)+ g, m=12....59 , i3
where Fo{m) is a non-linear function of m, and £, is @ small, random quantity. Defining 2 data
vector, d and a veclor function, F, the above eguation takes a Torm of

d=F(mi+g . [G)

where & 1% a small residual vector. Equation (0} is a standard forward relationship between the
data and madel vectors, o and m. It can be used to form a standard non-linsar inverse problem
in which given a data vector o, the unknown vector m can be solvad. We use a simple lin-
garization-iteration (Mewton-like) method to solve for m, which starts with an initial medel,
m", and proceeds in 2 loop (e.z., Akl and Richards, 1980, § 12.3.7). At the {g + 1)th step of the
laap, the estimated model vector m¥ is upgraded into m¥™ using

m? = mT G GG (7)

where &7 is the Frechet kernel matrix defined as

325



21st Seismic Research Symposium

E.l = ".:-iIFHI:m Haml"m:m‘-’ . Eg}
The loop stops when the caloulated residusl
Res® =~(d = F(ma))T{d = F{mT){N; = Ny) (%)

stops o decrease with increasing o

The motivation of developing and implementing such an algorithm comes from general, as well
as specific considerations, In general, inverting spectra from mueltiple event increases the num-
ber (Vo — Ny, thus making the inverse problem more overdetermined. Specifically, spectral
inversion problems suffecs significandy from modeling errors, as pointed oot by Xie (1998} and
Hie and Patton {1999, The modeling errors include these cavsed by ignoring the site response
or nen-isotropic source radiation pattern, and by the use of imprecise models describing the
gource spectra {equation (2)) and path geometrical spreading {(equation (33, IF individual
golrce spectra deviate from the idealized source spectral models randamly, the effects of these
deviations tend to cancel out when spectra from multiple, co-located events are inverted simul-
tancously, For cxample, Xic and Patton {19990 studied Pn specira from five similar Lop Nor
cxplosions, By inverting the Pn specira from individeal explosions separately, they obtained
drastically varying source and path spectral parameters, indicating that the event-based algo-
rithm, when vsed without sufficient a prior: knowledge on source and path spectral parameters,
is unstable for Pn spectral inversion. They therefore used an ad hoe method to tackle the insta-
bility problem, First they wsed the event-averaged spectra at all stations to derive the event-
averaged My and f values together with the estimated standard errors. These wers then usad as
a prion knowledge Tor event-based inversion, in which M, f. values for each individual events
are dllowed 1o vary [rom the event-averaged values within the estimated standard error. The ad
hoe method works satisfactorily only when the source spectra from differsnt events are very
similar, thus lacking a generality.

Application fo Recert Evernis in China

The multiple-event based alporithin has been applied to regional wave spectra from some recent
events in China. The first application is to Pn spectra from three of the five similar Lop Nor
explosions studied by Xie and Patton (1999), as mentioned in the last section. Table 1 compares
the source spectral parameters oliained using the new algorithm with those obtained by Xie
and Palton, The two sels of he estimated parameters ars very similar

We have also applied the new algerithm to Lg spectra from several recent carthgquake sequences
in porthwest and north China. These include (a) a swarm of moderate and small earthquakes in
Jiashi County of the Xinjiang Autonomouns Begion (Li and Kerr, [997), (b) the mainshock-
aftershock sequence of the Zhanghet carthguake north of Beijing (Lin ef al, 19997, and (¢} an
M;y=5.5 event and its larpest aftershock in inper Mongolia in May, 1996 {event 03/03/96 in
Table 20, Figure | shows the location of these events. Table 2 lists the source parameters of the
larger (M, = 5. 4) ovents stodied, including the 8y and £ values estimated vsing Lg, and the
My values from the TUSGS and Harvard CMT solutions. Figure 3 shows an example of the fit
of station-averaged, path-comaected Lg spectra o the synthatic source spectra constructad using

the &y, f. parameters estimated doring the speciral inversion.

326



21st Seismic Research Symposium

“SIIIAD IO (B 0] APTIS SHp AG PUR CCa/TO00 ] Tuead 10Y (RET) TR 18 Fuoey Aq pammgo saw sangea 7] pue B 37 3

LT0 TE ['9°Cg

£ED 81 £gee

2770 6% 91 ‘¥l

800 £t T1E%

90 L0 2

1Z0 8 SIEl
(wray, 01

(ZH) (WA 01 PRARH 'SDS0

YEF WET wody Yy

&1 OO5P1T 'E90°IF  §6 RS
T FEOOL ‘TOGE &'CLS
9 FLGOLFOSEE 19D
g TLUEOLTLLOY  09ES
£l 099FE 'OLLEr 95
o E00'gR OBI'8E 1900
(5} preael (Ho "N (PreareH
A uonzangg SOSM A9 '305N0)
JEH paxi uaR T

RG CIF0SE0  REOLI0
v CILAIRI LG/STFD
%G UFFFES0 L6 THD
g UEFTEE0 96/50/50
g IR S6/Z0s0
Al LTOTER0 £6/I0M01
{50501}

{gosny  (Ln) A MEC]

W WEL UL

YIOE [ paskq Waas-apdnimu oy Suisn Apmas S AQ paiewsys
(RE6]1) UONE] Pue 31y AQ paiewss

0T ITTAIT L6 $LSSORD  SR/S1IS0

Pz iler  Yigtiol 65 [RECTIED  Fe/L0M010

FTHTT  H0TUIT 66 9986S 10 E£6/0/01
(zH) (W N 4,01) (L) au, areg]
" ud T ud Uy wiiug Juaag

suoiso[dyyg 1op doT sang], 10] sanjes, 7] pue Uy ug paewnsy [ e,

saewnsy 3 MW 5 (i, seenbiyeg aeopo T A9RL

327



21st Seismic Research Symposium

-ApIis S Ul Pasn SUOTIES DTUSIas pus saenbyues jo sucneac) Sursoys depy 7 aindg

SUONEIS ¥
sexenbypes x

328



‘Arpanoadsal *7) PUB S 90 0) PRIEWIESD 208 SUOREIE 7] 24) Jo & pun W) oFRIaAR oUT (ZH fT0 =1
“WN 0T % 776 = ") J0 [9pO 20nos 1y-1sag 2y Sulsn puonssuod eiaads $2nos 37 aNyIuAs snsIas fsuon
-E18 PUBQ-pROIG 71 1940 PASRIZAR ‘ayenbyuma wqiueyy ga/01/10 241 10y wnoads T peiosuoed-fieg £ aandng

21st Seismic Research Symposium

(ZF) "baxg

L] T T o
1TraTih § T T _1.___1_ _..ﬂ_._.
= 3,01
! | o
2 4 4 :m
- 4 g1
| TSI | 1 lesv v o 1 Wn-._._”

8GO IMOYE JO SUIPER0 20 251 B Uim yan

A1 U0 UMOLS TOTIDUN] 2L 20IN0S DBUINED 23 UL SYNE0 J[PPIU Uyl AQ 298I 2] 31 Sulajoauodag] {ury
goh = V) AW UONRIS 18 PRAIRsq0 “YIOUSINgm UR PUR ¥IOUSUIEL [DOSUBLYY 9601/ 10 211 Wod) SIWIojasem
7 21 2IR $20RN J[PPIL PUE 12 CUOHN[OAUOIIR UGIung s uaseny eandwe aui jo adunexa :ﬁ T MnEng

q_ i __g_

329

e e P

: L

5 0°¢ | 50§
(1)% PRAUAUDII(]

by _ __
et o g 3_ W thy ___ ______._._,ﬂ_____,___________f,,___

Wi ___
g 0%

_{.__,.,___...}__...____,r___.:_..___.,
BE=M BedII0 NFX

=9l BGTO90 NVX



21st Seismic Research Symposium

A an independent check of the reliability of our £ estimatas, we estimated the source rise
times (which 15 roughly the inverse of £ of the moderate earthquakes using the empirical
Green’s function (EGTF) analysis, whenever co-lacated small events with similar focal mecha-
misms are available, Figure 2 shows an example of the BGEF analysis. We found that for all
larger events that permit the BGF analysis, the estimated Ly source rise times are very similar
to the inverse of the Le £, values estimated in the spectral imversion.

It is interasting to note that the Lg M, values in Table 2 are systematically smaller, by factors of
2 to 4, than the values from the USGS and Harvard CMT solutions, obtained by modaling long-
period, teleseismic waveforms, The measured source sizes for Chinese earthquakes by seismol-
ogists at different institutions typically ditfer. For example, it is well known that the magnitude
pstimales of Chinese earthquakeas by the USG5 tend to be (L5 scale lower than those estimaled
by the Chine Seismological Burean (C50, ep., Li and Kerr, [997), and that the sstimates of M,
by the Harvard GMT solution for central Asian earthguakes tend 1o be lower than those
abtained by modeling replonal surface waves (Patton, 19948, It is possible that the Lg M, val-
ues in Table 1 undercstimate the real seismic moment beeause [ have used an improper goomet-
rical spreading with the reference distance Ag set at 100 km, Assuming that the A, values can
be as large as 200 km (Kvamme et @f., 1995), the Lg M}, values can be raised by a factor of 1.4,
resulting in Lg My values that are lower than the USGS and Harvard estimates by factors of
about 1.5 0 3.0, Patton {1998) summested thal for central Asian earthguakes, the Harvand M
cstimates may be hiascd low by an average log-unit of (.27, owing to the unwioeally thick crust
(~ 50 km) wnaccounted by the CMT solution. Thal suggestion appears 0 be consistent with
Table 2, in which the Lg M, and the USGSMavard CMT M, values differ more for earth-
guakes in northwest China (central Asia), where typical crustal thickness is about 50 km, much
greater than the typical thickness of 35 to 40 km in neeth China {e.g., Mooney ef af., 1998).

CONCLUSIONS AND RECOMMENDATIONS

We have mnplemented a multiple-event based, non-linear imverse algorithm for simultaneous
determination of event-variable My, f. values, and path-variable ., i values using regional
wave spectra. This marks a further improvement of our capability of relishly retricving source
and path spectral parameters using spectra that are subject to various random and modeling
errors (Xie, 1998 Applications of the new algorithm to regional wave spactra from various oo-
located events, including clustered undarground nuclear explosions, earthquake swarms and
mainshock-aftershock sequences in China have yielded source spectral parameters and path ©
for northawast and north China.

A long-standing problem for estimating sizes of seismic events in China has been that the esti-
mares made by variows seismological institutions tend to differ significantly. These include sys-
tematic differences in magnitode estimates of abool 0.5 scale, and systematic differences in
moment cstimates of more than a factor of two, This poses a fundamental problem for compar-
ative studies of seismic events in China and other regions of the world. In research so far, we
have abtained Te M, estimates for several recent, maderate seismic events in China, Thease
estimales are systematically lower han the respective values estimated by the USGE and
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Havard CMT solutions. Various causes could have contributed to this diserepancy, including the
mis-calibration of the Lg geometric spreading terms in northwest and north China. Revision of
this term imvolves synthetic caleulations using more realistic velocity structures, However, it is
unlikely that the discrepancy in My estimates comes solely from bias in estimates using Lg. [
suspect that the systematic bias in Lg M, estimates, if exists, may account for no more than a
factor of about 1.4 of the discrepancy. To reconcile the My, estimates, cfforts will be necded on
examining M, estimates obtained by modeling leng-period, teleseismic surface/body waves, as
done by Patten (1908).

It is thus recommend that a special effort be make to select a number of recent, moderate Chi-
nese earthquakes for a joint study, in which seismologists from different institutes in and out-
side China re-calculate the source parameters using the same broad-band data set, and compare
the result. The cause of the discrepancy may be reselved in such a comparison by cxamining
the data processing and source inversion procedures, as well as the velocity/ structures vsed in
the inversions,

In the next phase of this research, analysis of regional wave spectra from many maore events will
be conducted. The work will be optimized for achicving the two ulimate goals of this
research: (1) development of new tomographic, regional wave () maps, and (2] quantification of
spectral characteristics of excitation of various regional waves, so thal better understanding and
criterion of the P/Lg ratio discriminants will be obtained,
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