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ABSTRACT 

The seismic waveform data recorded by the Taiwan Telemetered Seis

mographic Network (TTSN) were used to deduce the three-dimensional 

Qp structure beneath Taiw·an. The data consist of three-dimensional, digi

tal seismograms of 98 earthquakes with magnitudes betw·een 2.2 and 5.7. 
The Qp structure was obtained by the damped least-square method from 

attenuation tin1e 'raJues (t*) and travel times. At.tenuation time l1alues (t*) 

were calculated from these e're11ts by using a spectral decay technique un

der the assumption of that t-;t: is independent of frequenC)'· P-wave spectra 

were corrected for a source spectrum of w] model. Least-square fitting 

was done in the frequency domain of 4 to 25 Hz. Frequencies above 25 Hz 

are usuallv avoided due to the uncertaintv of instrument correction. Our � � 

results show that the distribut.ion patter11 of Qp values in the Taiwan area 

correlate well with the seismicity. In the upper crust (depths of between 0 
to 10 km), the lower Qp area is consistent with an area of higher seismicity. 

However, in the low·er crust (1() to 25 km) and upper mantle, the area of 

higher seis1nicity is consistent writ.h higher Qp values. 

(Key words: Qp structure, Atte11uation time values, Seismicit)r) 

1. INTRODUCTION 

The tectonic t'eatures <)f' the Taiwan area is extremely complic�tted because of the nearb;1 
convergence of the Eu1·asian and Philippine Sea plates. The colli sion C)f' the Phil ippine Sea and 
Eurasian plates together with the spreading of the Okinawa Trough, are the 1nain reasons f�()f 
the complex geologica l  structures and high seismic it)'' in  this 1·egion (Figure I_) . Rece.ntly, 
Roecker et c1l. ( 1987) appl ied a t.hree-di mensional bl(lCk in\,rersion metll(ld to obtain the vel(lC
ity· structure of this area, and reported the e.xistence of velocit)' heterogeneity in the uppermost 
mantle .. It is believect that the high-veic.1city zones are g enerally associated with the subducte.d 
Philippine Sea plate. However, the corresponding attenuative properties beneath this region 
l 1ave not yet been inve.stigated t<.l a st1f'ficient resolution. 

1 Department of Earth Sciences, National Taiwan Normal University, Taipei, Taiwan: R.O.C. 
21nstitute of Earth Scie.nces, Academia Sinica, P. 0. Box 1-55: Nankang, Taipei, Taiwan, R.O .C. 
31nstitute of Oceanography, National Taiwan University, Taipei, Taiwan, R.O.C. 
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Fig. I. Regi()na l  plate tect()nic setting l1f Tai wan and the neighbc_)ring regil)n 
(at'ter H(), 1986), showing the inte1·action of the Philippine Sea and Et1r
asi,t11 plates in T<:ti \Vctn with the Ryukyu arc syste1n devel()ping t() the east 
a11d I1f)t4thce:lst, (lnd LuZ()n a1·c S)'Stern cxte11ding tc_) the S()Llth. 

Attenuation <..)f' seismic ene.rgy is ctn i111pc)rt�1nt sei smic parameter that is not well  under
stl)Od and is  dit·t·icult tc1 me�lsure. Measurernent ot· this parameter is essential ft)r the prediction 
of' ground motion prl)dL1ced by ea1·thqt1akes or explosio11s, f()r the determination ot· earthquake 
magnitude, for the L111derstanding ot· regional geodynctmics, and f'o1· the evaluation of seis1nic 
risk. Attenuation estimates �ire (llS() very· t1set·u1 in ch<:1re:tcterizing certain phy·sical prc.)perties of 
rock materials that cannot be i nfe1·red f'rom se.ismic ''elocities .  

Studies on the attent1ation C .)f. seis111ic waves have occupi ed t:t significant portil)ll of' seismic 
literature O\'er the years (Der and McElt'resh, 1976� A l -Shunkri et al., 1988� K�tnamori, 1967; 

l 967a; l 967b; Lee �1nd S()lo1no11 .. l 978; Solomon, l 972; 1973; Teng, 1968). ,_t\.ttenuation mea
sure.ments Cctn carr)' much int·ormation regarding the physical state ot' the Earth's interior and 
are important in inaking corrections t'or S()Urce rnechani s1n stud·ies. Observations ot' lateral 

variations i n  Q may aid i n  determining regional dift'erences i n  ten1perature� phase� and C()mpo-
• • 

s1t1on. 
• 
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In the present study1, \Ve use seismi c date:1 C()Ilected b:y1 the TTSN t(1 obtai n a 3-dimen 

si ()nal model of· the Q1J structure fe.) 1· the Tai w�ln a1·ea .. since the Q1J structure can provide uset'ul 
int.01·1nation f'()f an underst�tndi ng ()f the te.ctonics, c.1nd t'o1· i 11ferences ( )11 the ten1per·ature distri
bution in  the upper mantle. F()l' this pL1rpl1se, \V·e ha\ie used spectral decay of:- seismic P phase as 
the basic observed data. The i·egion to be studied is di vided int() 1nctny blocks, i 11 which the Q1J 
value is  assu1ned to be constant. The Q1.J val ues in these blocks are estimated as an inverse 
problem fr()TTI the observe.d data. 

2. SPECTRAL DECAY l\1ETHOD 

Q is a di 1nensi()n]ess quantity· that measu1·es the <1111<.lt1nt C)f' ene.1·g)' dissipated per radian <:ls 
seismic wa\1es propogate. In othe1· WC)1·ds, a seismic wave [()Ses l/Q ot· its ene14gy af'te.r travel ing 
each radian dL1e to the anelasticity l)f. the media. Laboratc)1·y studies ha\1e sh()Wn Q to be inde
pe11dent of f1·equency (Knopot·t·, 1 964). Howev·er, tl1e() 1·etically, Q va11i es significa11tl)1 as cl 
f'uncti<)n of frequency f()f ::1 rnateri<:1l c1t' uniform C()mp<)siti()n and gr�1in size (Hough and Ander
son, 1 988 ) . Also, in a C<)1 11p<1site vi  SC()elastic 1nate1·ial 111( )de. l with a 1·ange ()f relaxation ti 111es, 
Q varies smoothly vv i th f1·equency and rna)' be consi dered t<1 be const�1nt O\'er a na1·row t're
quency band (Kanamori and A11ders<)n, 1 977). The l1<:1sic assLtmption that Q is  i ndependent ()f. 

frequency· \Vithin the interested t'requenC)' band is ()f.ten in�1de i11 studies <)f. seismic wave at
tenuati<111 using the reduced spect1 ·al rati() technique (Teng., I 968� Sol()1110n, 1 972, 1 973 ) .  

Tl1e. et'fect ot· Q <Jn cl se i s 111ic 14ay describes the ti 111e \'�t1 ·iatio11 ot· the displacement spec
trt11n A ( 1·,�f) � i .e .  

( 1 ) 
' 

where 
I r/r t :=:. () (_) l; 

in which Vis the wa\iC velc)cit)', Q is the spe:1tial attent1ati()n t'act<)1-, and t11e i 11tcgral i s  a]ong the 
ray path ( Kana1nori, 1 967) .  The spect1-um c)f disp1acement, ()bser\'ed at a site dist<:1nce r f'r()Jn 
the epicente1·, A (1A, .f) n1ay be approxi111ated by 

A (r·,.f)= (2rr/J2 S(f)G(r,.fJe-lif·r�r. 
(3) 

where G(r, ,f) gi"·es the et.feet c,t, geometrical spree:1di 11g that i s  LlSLl(tlly· (lssur11ed t<) be i ndepen
dent ot· f�requency, �1nd S,(f) i s  the displace1nent spect1·u111 C)f. radiati<)n at the source. I n  a homo
gene()US medium, G( r, .fJ is equal tc) 1 /r f'or body \vaves. i\t h igh f'requencies, a widely ac.-

cepte.d source spectru 1n nl()del  i s  the w 2 lll()del� \vhich assumes that S(f) i s  propl)1-til)nal to 
.f' ·2 (Brune, 1 970; Hanks, 1 979). This  ITI<)del has been assumed t() be val id  in studying the 
clttenuation of' h igh-frequency' vvaves t'r<.)ITI teleseis111ic SC)t11·ces (Der and l\1cEltresh� l 976, 1 977:. 

Lundqu ist and Co1·1ni e1-. 198(); Der et ell . .  1982� Der et c1l.� 1 985 )� '=lnd fo1· reg ional distance. 
(local ea1-thquakes) (M<>diano and Hatzf'eld., 1982; Hough and Ande1·son� 1 988: Hough et czl.� 
1 988). Since our prirnctry interest i s  not the abS()}ute va1ue C)f. t�;r. but its spati c1l \1ari<:1tion within 

the crust, assuming �l (V-2 1nodel shc)t1ld cc1t1se no di f't' icultics in OL1r co11clt1si()fl. Under th i s  
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assumption, ,4.cJ( r, j) in (I) becc)mes independent of frequenC)'. In ()ther wo1·ds, equation ( 1 )  

can be 1·ewritten, after taking the natural logarithm on both sides, as 

(4) 

The term A(>( r ), in  equation ( 4) i ncludes the geometric spreading effect which is  generally 
independe.nt ot· frequency . S ince the spreading et't'ect is f1·equency-independent, the \1alue of 
A(J( r) ( )n])' at't'ects the level of the spectrum bL1t has no et·t·ect on tl1e. observed t->:�. It' Q is  t're
quenc)1- independent, then t�� i s  al so frequenC)'-independent. Thus, equation ( 4) can be dift'e1�
entiated \Vith respect to t· to obtain the re.lationship in Equation (5), 

cl ( I n �4 ( ,-, f ) ) ,,, ----·-=nt l(j" (5)  

\\t'hich define.s the slope ()f. the straight l i ne described by equation ( 4 ). The value for the slope, 
- rct*, i s  determined b)' fi tting the observed spectrum \\1 i th a straight 1i ne by using a least
square n1ethod over a frequency range extending somewhat be)lOnd the corner frequencies.  
For the. earthquakes used in this study·, the corner freqt1enc ies range from about I to 4 Hz. The 

lower and upper \'alues (4 and 25 Hz are chosen i n  this study) are l imi ted by the CC)rner t·1�e

quenC)' and the uncertainty in  instrument corre.ction above 40 Hz, respectively. 
However, many indications have pointed out that Q is  frequenc:y·-dependent in  the crust 

under the contine.ntal regions, at l east at t'requencies near I Hz (f.()f exan1ple: Mitchell<\ 1980), 
and the degree ()f the dependence \'aries regionally (M itchell, 198 1 ) .  B ut unt�ortunateJy, i t  i s  
almost impossible to investigate the frequency-depe11dency of Q \v·ith the data available i n  this  
stud)1• S ince our pri 1na1�y goal is to find the spatial variations of attenuati()n in  the upper crust 
of the Tai\\1an area, the use of' t·requency- independent attenuation i s  justified. 

3. DATA AND COI\ilPUTATION 

The Taiwan Tele.metered Seismographic Network (TTSN) has monitored the seis1nicit)' 
in  the Tai\van area since 1973 and was converted to digital reCl)rding in  1987. Digital seismo
grams from 98 local eve.nts in the ne.twc)rk region were used to obtain the body-wave spectra. 
The magnitudes of' these. earthquakes range f"rom 2 .2  to 5 .  7 .  Figure 2 shO\\lS the location of 
these. e.arthquakes and the seis 1nic stati()ns used i n  this study. The f'i rst ·2.0 s starting from the 
onset times of" the seismograms \\'ere analyzed for P phase. In order to examine whether the 
length of' the time \Vindow \\'()Uld at't'ect the calculated t1J * \ia]ue, several different \Vindo\\' 
intervals on seismograms we1�e tested. Three of· them, 'vvith lengths of I, 2, and 3 sec� are shown 
in  Figure 3a and the spectra \\'ith the fitting l ines t'or determining t�� t'or these three cases are 
sho\\ln in Figure 3b, 3c, and 3d. The t* values are 0.02255, 0.02243 and 0.2262 sec. respe.c
tively . Obviousl)', these values do not show any significant dif'ference. Thi s impl ies that the 
choice of time  duration t'or analysis need not be emphasized. 

The FFT method \\,'as used t'o14 stud)1ing the P phase spectra. B ecause the spectrum fo14 
frequencies lower than the corner-t"requenc:y· and eigen-frequency are rather unreliable, and 
that for those h igher than 25 Hz has a very smal l  amplitude due to a high cut-off t'i l te.r in  the 
recording system, a frequency· range t'rl)m the corne.r t'1·equency to 25 Hz i s  chosen in thi s  
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study . The s lope f'or the po\\1er spect1�um versus t'requencies was determine(l by using the 
method of ] east squares. The procedure f()r determining the spectru1n and calculating the 
attenuation of body wav·es is basically the same as that used by Hough et (l/. ( 1 988) to calculctte 
the atte.nuation of P and S \�laves and Al-Sht1kri et ell. ( 1 988) to calculate attenuation for the P 
\Vave only. The only diffe.14ence betwe.en the present stud)' a11d that of' Hough et al. (1988,) is 
that \Ve use a Parzen \\rindov.1, whereas they used a cosine windC)\V befo1�e spectr<ll analysis .  It 
is t'ound that the Parzen \:vindo\\' prc.)duced a smoother spectrum than the cosine window did. 
Consequently, it enables us to el iminate the need for smoothing the spectrum bef'ore fitting the 
general trend with a least-squares 1nethod. 

4. LINEARIZED INVERSION FOR P-\tV A \7E A TTENLTA TION 

A least-square inversi()n scheme was dev·eloped tc) determine a three-dimensional image 
of attenuation \:vithin cl specit'ic vol ume of the Earth beneath a local or regional seismic net
\\1ork. The data used for this technique are the observed t-;1.� \'alue.s calculated fro1n P waves. The 
inversion procedure starts by di\1 iding the \i'Olurne of the Ea14th bene.ath the network i nto a 

• 

11umber of layers, each layer being subdivided into a nu1nber ()f right rectangular prisms (blocks) 

• 
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Fig. 3. (a) Seisn1()gram used_t.or calct1lating the 1-i� value and the three different 
t ime windows (denoted by A, B ,  and C );(b) ,  (c) and (d) are the spectra 
ca1cu1ated from the data truncated by time \\i'indows A, B ,  and C,  respec
ti vely. The regressi<)n line. <:1nd the t�::- value a14e also sh()Wn in each dia
gra1n . 

in  w h ich both the veloc ity· and attentiation are asst11ned to be constant. We denote the 

attenuation within e£lcl1 block as Q1-1 \Vhere i is an index t() identi fy· each block .  The discretion 
pe1�mits the calculation ot· the initial t:" (t<, :::) f'or each ray that traverses the starting model. For 
a crustal n1odel with discrete v'alues C)t· \1el<.)ci ty· and Qi-1 in each block, equation (2) becomes 

(6) 

\\i'here N is  the nu1nbe.r of' blocks in the model , o i is a delta function equal to unity inside each 
block that has been trav·ersed by a ray and zero elsewhere, Qi<>-1 is a value t'or attenuation and 
ti<) i s  a \'alue fo1� the t1�ave.I time in blocks of the initial model .  Assumi ng that the observed t;': 
(t<>!J 

*) can be parameterized in a f'unction simi lar to that in equation(6_), the difference bet\veen 
tr>IJ �!< and t<) :\: can be 'A'l1i tten as 

• 

., iV f. 
8 t .. = I r ( '('" Q� 1 - 0.-1 ) 

. l /() ,· -10 
I= f. /(I 

(7' . ) 
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\\1here Qj-1 is the unknown value of attenuation in  each block. For J\1 l)bser\1ations, a set of 
equations can then be formed as 

8 
·> 

8 QI-
I ... 

ti fl I f?. I t 111 I • • 

• f 
1
2 • • • • 8 Q;

I 

- (8) -
• • • • • • • 

' 

• • • • • • I • l 
8 

* t ! ;\I t lyf ;\l 8 Q
-
1 I \i • • • A4 

where 8Qi·· 1 is the unknown attenuation perturbation (Q,- 1 - Q;,, 1)  for the ith block through 

which rays have traveled t'c_)r a particular period of ti me. Note that ti} i n  (8) is the theoretical 
travel time in  the ith block t�rom the }th observ·ation . Equation (8) can be rewritten in  matrix 
t�orm as 

y = Tq (9)  

where Y is the 8 t* vector, T is the travel-time n1atrix, and q is  the unknown vector of· 
attenuation. A stochastic least-squares solution to (8) is  given by 

q == r TT T + 8?. 11- I T ·r y ( I 0) 

/\ 

where q i s  the approximate solution of q, 82 is the dan1ping parameter with a positive \1alue, 

and I is  the identity matrix. Equation (9_) is set to be ove.rdetermined due to the expected errors 
in computing t*<Jh usi ng the spe.ctral dec.ay techn ique. The stochastic l east-square solution is 
preferred because it is more stable  than the undamped solution. The resolution matrix for the 
solution is given b)' 

(11) 

and the covariance matrix b),, 

( 1 2) 

where a� i s  the. v·ariance of error in the data. The standard errors ot� the solution equal to the 

square roots of the diagonal elements ot� C. The above scheme permits us to obtain the final 
solution interactive})' a·nd to examine the con\1ergence of the solution at each step. 

The essential step of the for\V·ard solution for setting up equation (8) is the calculation of 
the travel-time matrix .  The travel-time traced by a ray in each individual block was calculated 
by using a ray tracing algorithm in  which bl ocks are assumed to be homogeneous and rays 
-w·ithin these blocks are approximately characterized by straight-l ine  paths. Thurber and 
E llsworth ( 1980), using numerical integration through a heterogeneous medium, have shown 
an excellent approximation to the actual tra\1el time. In this study , a numerical integration 
procedure simi lar to the one used by Thurber and Ells�1orth ( 1 980) \:Vas employed to calculate 
the travel time. First, the ray i s  divided i nto a number of segments having equal lengths. Then, 
the travel  time f'or each segment is calculated and the times of all segments belonging to the 
same. block are added together to t'orm the total travel time i n  that block. If a ray hits a block or 
a layer boundary, the length of the segment i s  modified to be the distance bet\veen. the end of 
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the last segment and the boundary. The travel time f�or this modified segment was calculated 
according! y.  

T·he in\rersion prc)cedure was tested extensive1y .  Both homl)geneous and heteroge11eous 
models were first use.ct to gene14ate synthetic data f()f r")j<. These data were then inverted b)1 t1sing 
a number of different starting models. In the f'oregoing calculations, the initial \ralue (1f Qp was 
set to 0. Then the average Qp \,alue was estimated and use.ct to check the dependence of results 
for i nitial values. An average Qp of 0.0005 was obtained. The results indicated that the ·initial 
\7alues do not influence the evaluated Q1J values to any great extent. In all cases, with sut'f'icient 
numbers of obse.1�vations, solutions using e.rror-t'ree S)1nthetic data c.onverged perfectly· \vith 
the expected solutions. The erf()rs of the t·ina.l S() lution a14e usually less than the level of the 
data errors. 

S. RESULTS AND DISCUSSIONS 

In this study, a number of combinations of initial velocity and Q1J model s  have been used 
to in\'ert the 1620 t* observations .  One of· them is presented here . The distribution of the Qp 
\1alues obtained in each block is shown in Figure 4. Generally speaking, the standa1-d e1·ro1-s in  
Qp are less than I 0 (t'or an e.xample, see Figure 4). To easi ly i nvestigate the characteristics of 
the Qp structures, C()ntour lines for diff'erent layers were also 1nade and prese.nted in  Figure 5 .  

For the top l a)1er (_depths of be.t\veen () and 5 km), the Qp values range t'ro1n 1 1  to 943 
(Figure 4b). About 63o/o of the Qp values are less than 200. T'\lO Qp highs we·re found: one at 
the northern part of the Central Range, and the other at the Southern tip ot' Taiwan island. The 
lateral variances ot' attenuation in the top layer i ndicate that the alluvial layer� which covers the 
southwest part ot' the region, might ha\'e li ttle ef�f�ect on the Q1J v·alues .  It  i s  known that the 
thickness of alluvium increases gradually· to the Southwe.st and reache.s a maximum thickness 
of about 1 kin in the extreme southwestern portic)n of the region studied. Howeve1·, if the 
a1lu\1ium had a measurable eft'ect on Qp, a trend of' increasing Q1J values should be parallel to 
the increase i n  thickness. In fact, Figure 4b sh()\\lS no such t14end. In addition, the model shows 
no difference in atten uation between the no1·thern part of the region and the south we.stern part 
where the alluviu111 is about 1 km thick, indicating that the alluvial cover has c_)nly a very small 
et'fe,ct on the Q1J values in the blocks. 

·rn laye1· 2 (depths of between 5 and 1 0  k m), the Qp \1alues range between 20 and 943 
(Figure 4c) .  About 53q{.. of the Qp values are le.ss than 200. The. average t'or this layer is  2 20. 
The lo'Ai1est value occurs in a region of' intense earthquake activity, while the h ighest values 
occur in  the outer blocks t'ar a\vay fro1n the active region . 

In  the depth range of' I 0 to 1 5  km (laye1- 3:), the Qp values range from 35 to 833 (figure 
4d). The average f()r this layer is 265 . About SSo/o of Qp values are less than 200. The standard 
error of each b lock is s l ightl)' l ess than I. 

I n  the depth range of' 15 to 25 km (layer 4), the Qp \lalues are distributed t'14om 31 to 827 
(Figure 4e ). Approximately 24% of the blocks have Qp values less tha11 200. About 55% ot· the 
blocks have a Qp value betw·een 40() and 6()0. The average ot' this layer is 384. The av·erage 
standard error for thi s  layer is  2 .  

In  the depth range _of 25 to 35 km (layer 5),  the Qp values range be.tween 49 and 1 05 3  
(Figure 4f). The variation is  niuch smoother than t'or all  its upper layers. The average of this 
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laye.r is about 404. About 5()o/c ()f. the blocks have QJJ v·alues less than 400. The standard error 
is  slightly less than 2.  

In the depth range of 35 to 50 km ( layer 6) ,  most of the Qp values are greater than for its 
upper lay·ers. They· ra11ge between 36 and 962 (Figure 4g) .  The variation is  much smoother 

than for al l its upper layers . The average of this layer is  about 586. About 43% of� blocks have 

Qp values less than 600. Only 1 0  o/c of' the blocks have values less than 200. The standard error 
is  slightly less than 3 .  

l n  the depth 1�ange of 5() t() 75 k m  ( layer 7 ) ,  the Qp values range between 62 and 1 297 
(Figure 4h) . The Qp values {)TI the land ai·e slightly greater than 400. The average of this layer 
is  about 5 50. About 60o/o of the blocks have Qp val ues J ess than 400. The standard error i s  
slightly less than 2. 

In the depth range of 75 t() 1 00 km ( l ayer 8) ,  the \iariation of Qp values i s  smoother than 
t'or all of i ts upper l ayers . The di stribution pattern of Qp \1alues in  this l a)'er can be class ified 
into three parts. The region in the southeast part, has a higher Qp value, ranging between 800 
and 1 200 (Figu1·e 4i). The Qp \/alues on the island are in the range of 500 to 700. The third part, 

to the west of' the i s land, has a mean value of' 900. 
Lateral changes in  Qp \1alues i n  the half' space were not considered because only a fe\\' 

regions of� the half space were passed by ra)'S .  B ecause of the l imited co\,rerage, we considered 
the half space to be homt)geneous,  and the value- of' Qp given in the n1odel represents an 
average ,,,alue t'or depths a t'ew k i lometers below· the lowest layer. 
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The earthquakes [()Cated in the regi()n C()r1-elated to each laye1- are also plotte.d in  the same 
pctnel of the. Q1) st1·Ltctt1re (Figure. 5 ) .  The magnitt1des of these events are greater than 4.0. The 

distribution patte1n C()r1-elates with a gene1-al increase of earthqt1ake activi ty in  the region . The 
l ()�·est valu e  ot' Q1) (62 . 5 )  <lccurs in the b]()Ck that has the highest level of seismic acti v' it)' · 

The1·e is a s l ight increase in the Q1, valtte t(1 the e<:1st of' the h igh activ· it)1 zone. This increase in  
attenu�ttio n correlates with a slight inc.rease in se isn1icity· . H()\\7ever, this block is  a peripheral 
block and its value i s  not wel l-de.term i 11ed . 

6. CONCLL"SIONS 

The results of the present study indicate that Q1) values in  the Tai\\1an area are well -corre

lated t<.) \\t'ith seismicity. ·in the upper crust (at depths between 0 t(1 I 0 km), a lower Q1) area is 

consistent \:Vith a h igher seismicity area . However, i11 the lo\ver crust (� 1 0  to 25 kin ) and t1pper 
1nantle, the higher seismicity· area is consi stent with higher Q1) value. 
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