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Q of the Earth 
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Regional body wave and surface wave studies indicate that there is a 1ow-Q Upper mantle layer 
underlying a high-Q lithosphere. Great circle surface wave attentuation is used to refine the Q structure of 
the upper mantle and to demonstrate that these features are consistent with the global data. Body wave 
results are used to constrain the average Q of various regions of the mantle and core and the Q gradient in 
the lower mantle. Normal mode data are used to test the hypotheses that bulk dissipation is not required 
in the mantle and that the inner core has low Q. Both hypotheses are consistent with the data. The data 
are also consistent with a smooth increase of Q with depth over most of the lower mantle and a Iow-Q 
zone at the base of the mantle. The radial modes require bulk dissipation somewhere in the earth, 
probably in the inner core. A series of parametric models is presented which illustrate the sensitivity of the 
attentuation data to major features of the Q distribution. 

INTRODUCTION 

There have been many recent studies of the elastic structure 
of the earth's interior, and the available data have been fit to 
high precision [e.g.,. Dziewonski and Gilbert, 1972; Jordan and 
Anderson, 1974; Gilbert and Dziewonski, 1975; Anderson and 

.. 

Hart, 1976]. The effect of anelasticity has been shown to be 
important [Jeffreys, 1965; Liu et al., 1976; Randall, 1976; An- 
derSon et al., 1976; Kanamori and Anderson, 1977], and earth 
models have been derived which satisfy both the free oscilla- 
tion and the body wave data [Akopyan et al., 1975; Anderson 
and Hart, 1976; Hart et al., 1976, 1977]. In particular, the 
'base line' discrepancy for S travel times has been resolved 
with these later models. 

The coupling between the elastic and anelastic properties of 
the earth and the necessity for making frequency dependent 
corrections to travel times and eigenperiods make it desirable 
to improve estimates of Q in the earth. Anderson and Arch• 
arabeau [1964] and Anderson et al. [1965] investigated a range 
of simple Q models and concluded that there was a 1ow7Q zone 
at the top of the mantle, that Q increased with depth in the 
mantle, and that losses in pure compression were negligible 
compared to those in shear. The Q model MM8, resulting 
from these studies, is a reasonable fit to much of the funda- 
mental normal mode data. It does not, however, satisly the 
low-order 0& (l < 10) spheroidal modes and many of the 
overtones, and it was not specifically tested against the body 
wave or radial mode data. Gilbert and Dziewonski [1975] also 
derived a simple Q model which they used for help in identi- 
fying normal mode peaks. 

We have attempted to improve upon model MM8 and to 
construct Q models which are compatible with both the nor- 
mal mode data set, including overtones, and with teleseismic 
body wave observations. Although there are observational and 
theoretical reasons for believing that Q might not be independ- 
ent of frequency, we have attempted to find such models that 
are consistent with as much data as possible. 

The data are not yet adequate for a complete formal in- 
version with estimates of resolution particularly because of the 
unknown frequency dependence of Q and the internal incon- 
sistencies of the available data. Our goal is rather to construct 
models based on body wave data and to test and modify these 
models by successive approximation in order to satisfy the 
normal mode data. In doing so we are testing the hypothesis 
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that an earth model can be found which satisfies both body 
wave and normal mode attenuation observations. This is the 

first step in a program that will ultimately include frequency 
dependence. We will show that most of the available attenua- 
tion data are consistent with frequency independent Q versus 
depth models. Frequency dependent Q models are treated 
later. 

We first review the seismic evidence for attenuation in the 
various regions of the earth. We then make a parametric 
investigation of the effects of QK and Q• (seismic quality 
factors in compression and in shear) in the mantle and core on 
the attenuation of normal modes and teleseismic body waves. 
Next, great circle surface wave and short-period fundamental 
mode data are combined to obtain global averages for periods 
of less than 300 s. These data are inverted to obtain Q for the 
upper mantle. A smooth variation of Q with depth in the lower 
mantle is adopted based on the near constancy of t* at tele- 
seismic distances. Finally, we present a family of models and 
compare their properties with the body wave and normal 
mode data. The models can be used to normalize body wave, 
surface wave, and free oscillation data to a common base in 
order to determine a self-consistent earth model [Jeffreys, 
1965; Davies, 1967; Akopyan et al., 1975; Liu et al., 1976; 
Anderson et al., 1976; Hart et al., 1976, 1977] and to help in the 
identification of normal mode spectral peaks [Gilbert and Dzie- 
wonski, 1975]. The models can also be used to correct seismic 
data in order to obtain improved estimates of seismic mo- 
ments. 

SURFACE WAVE AND NORMAL MODE DATA 

Fundamental mode surface wave and normal mode obser- 
vations are summarized in Tables 1-8. The general increase in 
Q with period led Anderson and Archambeau [1964] to con- 
clude that Q increases with depth and that this increase should 
be fairly rapid at some depth greater than 400 km. Unfortu- 
nately, the scatter of the data for periods between about 400 
and 100 s makes it difficult now, as then, to determine the 
nature and depth of the transition between the 1ow-Q upper 
mantle and the high-Q lower mantle. 

The overtone data are also difficult to utilize. The observa- 

tions [Dratler et al., 1971; Smith, 1972; Nowroozi, 1968, 1974; 
Sailor and Dziewonski, 1975, 1978; Jobert and Roult, 1976; 
Roult, 1975; Des&amps, 1977; Buland and Gilbert, 1978] ex- 
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TABLE 1. Low-Order Fundamental Q Values 

Data 

Mode Period,* s 1 2 3 SL2 SL3 SL7 SL8 

0S25 3231.72 589 500 370-589 607 486 600 540 
0S•$ 2134.00 460 450 450-520 489 400 477 435 
oS4• 1545.60 411 400 330-411 462 353 431 398 
oSs• 1190.18 352 300 300-400 470 333 418 391 
oS6 963.54 343 270 273-399 483 320 416 391 
oS7 812.19 373 460 373-460 487 309 411 392 
0S8 707.82 357 230 295-457 474 296 403 388 
oS9 633.95 326 366 284-775 448 282 390 380 
oslo 579.55 329 320 233-329 417 270 375 368 
osll 537.26 '" 254 240-254 389 261 361 355 
oS12 502.72 335 280 200-335 365 254 347 341 
oS1• 473.55 305 310 260-310 345 248 333 326 
oS14 448.39 298 403 252-403 328 244 320 313 
0T• 2630.81 ..' 250 250-400 309 220 284 272 
0T• 1702.54 '" 370 370-400 289 210 266 257 
oT4• 1303.72 138 290 118-290 267 200 246 241 
0T5 1075.55 185 280 161-300 247 190 227 224 
oT6 925.53 •357 280 266-448 229 183 211 209 
0T7 818.04 125 '" 109-141 214 176 197 195 
0T8 736.41 200 170 170-250 201 i71 186 184 
0T9 671.81 ..' 180 157-180 191 166 176 175 
0T10 619.11 188 200 173-250 183 162 168 167 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
•Sources are 1, Sailor and Dziewonski [1978] (spheroidal) or Bolt and Brillinger [1975]; and 2, Smith 

[1972] or Nowroozi [1974]; column 3 is range of observations given in columns I and 2. 
•:Stein and Geller [1978] have recently determined the following values: 0S•., 425-550; 0S•, 325-450; 

0S•, 275-400; 0S5, 300-325; 0T•, 325; 0T•, 425. Buland and Gilbert [1978] determined 775-815 for 0S•.. 

hibit considerable scatter and internal inconsistencies. Possible 
mode misidentifications further complicate the interpretation 
of these data. 

The observed Q for the radial modes (Table 4) are extremely 
high, suggesting that losses in compression are low. The radial 
mode Q constitute important data in determining the dis- 
sipation in the outer and inner cores. 

MM8 is an adequate fit to the Love wave and toroidal mode 
data and to the Rayleigh wave data, but is not a good fit to the 
spheroidal or radial mode data [Anderson and Hart, 1978]. 
There are several possible ways to improve the fit: (1) decrease 
the Q in the lower mantle, (2) include a zone of relatively high 
dissipation near the core-mantle boundary, (3) introduce a 
region of bulk dissipation somewhere in the earth, and (4) 
include the effects of dissipation in the core. There is body 
wave evidence in support of each of these options. In particu- 
lar, the effect of the inner core has been neglected in most 
previous studies. 

BODY WAVE DATA 

The intrinsic attenuation of seismic waves is difficult to 
measure because of the other factors which affect amplitudes, 
such as scattering, geometric spreading, multipathing, source 
radiation, instrumental uncertainties, radial and lateral in- 
homogeneities, rotational and ellipticity effects, and mode in- 
terference and coupling. These uncertainties, plus the un- 
known effect of frequency, make the measurement and 
interpretation of Q difficult. Suitably designed experiments can 
remove some of these problems, and body wave data are a 
valuable, and in this study an indispensable, complement to 
the normal mode data. 

The observed decay of near-vertical multiple ScS phases 
provides a simple measure of the average shear wave attenua- 
tion in the mantle that is relatively uncontaminated by source, 
instrument, path, spreading, and local effects. The average 

mantle Q0 obtained by these observations is appropriate for 
the period range of about 10-50 s. These data, reviewed by 
Anderson and Hart [1978], provide an integral constraint on Q0 
models of the mantle. With somewhat less certainty we can 
obtain average Q0 values above and below the source [Ander- 
son and Kot•ach, 1964; Kot•ach and Anderson, 1964]. Other 
techniques [Kanamori, 1967a, b, c; Mikurno and Kurita, 1968; 
Berzon et al., 1974] provide constraints for Q• for certain 
regions of the mantle. 

Published whole mantle values for Q0 range from 156 to 
700, with most (66%) of the observations lying between 230 
and 380. There are some indications of regional, frequency, 
and distance effects. 

A constraint can be placed on the Q0 of the upper mantle 
from studies of sScS [Otsuka, 1962; Anderson and Kot•ach, 
1964; Kot•ach and Anderson, 1964; Steinhart et al., 1964; Yosh- 
ida and Tsujiura, 1975]. These measurements indicate that the 
mean Q above 600 km is about 168 + 37, although most of the 
data refer to the upper mantle beneath South America and 
Japan and therefore have a strong regional bias. Other integral 
body wave constraints on mantle Q have been obtained from 
observations of PcP and spectral studies on direct P and $ 
arrivals. These are summarized by Anderson and Hart [1978]. 

The ratio of body wave travel time T to average Q along the 
ray for both direct P and S wave (T/Q• and T/Qo) also serves 
as an important constraint on possible Q models. This is the 
parameter to* or t•* [Kot•ach and Anderson, 1964]. Carpenter 
and Flinn [1965] suggested that for short-period P waves the 
ratio of travel time to the path average of Q is almost constant, 
about 1 s at teleseismic distances. For frequencies of about 1 
Hz, most observed values of t,* fall in the range of 0.4-1.3 s 
[Carpenter, 1966; Mikurno and Kurita, 1968; Frazier and Filson, 
1972; Helmberger, 1973] with some higher-frequency observa- 
tions as low as 0.2 [e.g., Douglas et al., 1974]. This latter result 
plus interpretations of ScS spectra by Yoshida and Tsujiura 
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TABLE 2. Fundamental Spheroidal Mode Q 

Datap 

Mode Period,* s 1 2 3 4 5 SL2 SL3 SL7 SL8 

oS15 426.40 288 227 313 239 306 299 
oS16 406.98 224 2785 300 300 235 293 286 
oSl? 389.69 215 316 288 231 280 273 
oS18 374.19 219 173 278 227 268 262 
oSlg 360.20 167 251 268 224 256 251 
oS:o 347.50 185 146 250 259 220 245 241 
oS:• 355.90 188 222 251 216 234 231 
oS• 325.24 207 167 200 244 213 225 222 
oS•3 315.40 200 210 237 210 216 215 
oS:4 306.26 201 210 231 206 209 207 
oS:5 297.75 185 213 178 198 200 225 203 201 201 
oS:g 268.54 175 203 182 164 206 192 178 180 
oS4o 212.48 149 155 172 177 149 173 169 146 149 
oS5o 178.29 137 155 113 157 155 133 136 
oS51 175.44 135 152 137 156 154 132 135 
oS57 159.99 132 140 123 149 149 129 131 
oS6o 153.18 122 110 147 146 127 129 
oS6• 142.98 116 137 143 143 125 127 
oS?o 133.99 122 14C 140 124 125 
oS?• 124.52 127 137 137 122 124 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
•Sources are 1, Des&amps [1977], Roult [1975], or Nowroozi [1968, 1974]; 2, Wu [1972] (average of 

16 paths); 3, Kanamori [1970] (average of 13 paths); 4, Ben-Menahem [1965] (average of 12 paths); 
and 5, Sailor and Dziewonski [1977] or Smith [1972]. 

:•Buland and Gilbert [ 1978]. 

[1975] indicate that Q may increase with frequency for the 
shorter-period body waves. Also t•* decreases with focal depth 
and may decrease with distance out to 80 ø [Mikumo and 
Kurita, 1968]. Observed values of ta* generally range from 
about 3.5 to 4.5 for the frequency range 0.1-0.05 Hz [Carpen- 
ter and Flinn, 1965; Helmberger and Engen, 1974]. The values 
appear to be independent of epicentral distance for 20 ø < A < 
80 ø [e.g., Hart and Butler, 1977], but they do depend on source 
depth. Burdick [1977] determined ta* to be 5.2 4- 0.7 s from the 
shallow Borrego Mountain (California) earthquake and 3.0 4- 
0.5 s for deep focus events (537-598 km). This is an indication 
that Q of the lower mantle is higher than that of the upper 
mantle, which supports the conclusions drawn from $cS and 
surface wave studies. 

Because of the large regional variations in Q for surface 
waves and the lack of precise and consistent data in the period 
range between 300 and 600 s, it is difficult to determine the 
gradient of Q in the lower mantle. A constant t* at teleseismic 
distances implies a smoothly increasing Q with depth. This is a 
constraint we adopt later and test against the mode data. 

THE LOWERMOST M^NTLE AND CORE 

Body wave data serve as particularly important constraints 
on the lowermost mantle and the core. The normal mode data 
alone are far too ambiguous to resolve some important fea- 
tures of these regions. 

A large number of body wave observations are consistent 
with a 1ow-Q zone at the base of the mantle. Mikumo and 
Kurita [1968] observed an increase in T/Q• at distances be- 
yond 85 ø. Such an increase implies a decrease of Q• in the 
lowermost mantle. Their model has a 300-km-thick layer at the 
base of the mantle with Q• • 100. Teng [1968] determined the 
variation of Q• with depth from the spectra of P phases from 
deep earthquakes. His data indicate the presence of a 200-km- 
thick zone with Q• • 200. The observed amplitude ratios of 
ScS/S of Mitchell and Helmberger [1973] can be interpreted 

in terms of a thin 1ow-Q zone (approximately 150 km thick 
with Qa of about 100). The amplitudes of grazing PKP phases 
[Sacks and Snoke, 1976] also indicate a 1ow-Q zone at the base 
of the mantle. Kuster [1972] proposed a 1ow-Q zone (Q• = 300, 
thickness equals 150 km) on the basis of PKP and PKKP 
spectral amplitude ratios. These studies involve a wide range 
of wave types, periods, and angles of incidence through the 
mantle, and in some cases the effect of diffraction is small or 
explicitly allowed for. In our parametric investigations we will 
therefore explore the effects of a lowermost mantle 1ow-Q 
zone, and in our inversions we will allow such models. It 
should be kept in mind that the lowermost mantle is a strong 
scatterer, at least for short-period P waves, and the body wave 
results may reflect this as well as diffraction effects due to the 
proximity to the core. 

The Q of the outer core is apparently extremely high. High- 
frequency PmKP phases (PKP, PKKP, PKKKP, etc.) travel 
with little change in shape of amplitude for long distances. 
Cormier and Richards [1976] conclude that Q• in the outer core 
is at least 104 and probably much higher. A high Q for the 
outer core is supported by studies by Buchbinder ( 1971 ), Sacks 
[1971a, 1972], Adams [1972], Muller [1973] and Qamar and 
Eisenberg [1974]. Most of these studies infer a Q of greater 
than 4000. 

We are aware of five body wave measurements of the dis- 
sipation in the inner core. Buchbinder [1971], using PKP am- 
plitude ratios, found an average inner core Q of about 400. 
Spectral ratios of inner core and outer core phases [Sacks. 
1971b] indicate an average inner core Q• of 600. Sacks' data 
suggest that Q• is not constant through the inner core but 
ranges from 100 to 200 in the outer 300 km to 1000 at greater 
depths. Qamar and Eisenberg [1974] determined a value be- 
tween 120 and 400 for Q• in the outer 450 km of the inner core. 
Doornbos [1974] found that Q rises from a value of about 200 
near the inner core-outer core boundary to about 600 at a 
depth of 400 km inside the inner core. Kuster [1972] found a 
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TABLE 3. Fundamental Toroidal Mode Q 

Data•' 

Mode Period,* s 1 2 3 4 SL2 SL3 SL7 SL8 

oTn 575.08 258 270 260 176 158 161 160 
oTx2 537.63 189 150-220 171 155 155 155 
oTx8 505.28 204 190-260 118-258 166 153 150 150 
oT•4 476.99 220 200 135-200 161 150 145 145 
oT•5 451.98 240 157 172 158-186 158 148 141 142 
•T• 429.67 174 149 215 185-245 155 146 138 139 
oT•? 409.63 163 127 126 152 144 135 136 
oTx8 391.49 116 111 188-270 172-204 150 143 133 134 
oTxg 374.98 81-94 105 281 147 142 131 131 
oT2o 359.88 81 249 97 145 140 129 129 
oTax 346.00 86-111 105 170 144 139 127 128 
oTaa 333.18 95-207 108 114 142 138 125 126 
oTa8 321.32 91-111 115 123-160 141 137 124 125 
oT24 310.29 123-153 116 139 136 123 124 
oTa5 300.01 123 116 104-149 138 135 122 123 
oTa8 290.41 97-209 137 134 121 122 
oTa? 281.41 93-146 115 136 134 120 121 
oTaa 272.96 92-221 116 110 135 133 119 120 
oT2g 265.00 95-147 114 135 132 118 119 
oTao 257.50 120-184 115 111-142 134 132 117 119 
oTax 250.42 96-104 110 105 133 131 117 118 
oT• 243.72 106-176 114 133 133 131 116 117 
oTa8 237.37 94 108 132 130 116 117 
oTa4 231.34 101-167 114 131 130 115 116 
oTa5 225.61 105 108 102 131 130 115 116 
oTa• 220.16 139-162 115 131 130 129 114 116 
oTa? 214.96 93-142 130 129 114 115 
oTs8 210.00 111-169 129 128 114 115 
oT• 205.27 95-137 129 128 113 115 
otto 200.75 118 102-133 129 128 113 114 
oT• 180.81 104-123 115 117 127 127 112 113 
otto 164.47 93-130 108 126 126 111 112 
oT• 150.82 114-122 108 114-118 125 125 111 112 
otto 139.26 103-112 104 125 124 110 111 
oT85 129.33 108 124 124 110 111 
oT?o 120.73 100 99 116 124 124 110 111 
oT?• 113.91 95-140 113 124 123 110 111 
otto 106.53 86-121 109 123 123 110 111 
oT• 100.62 108 123 123 110 111 
oTxxo 78.73 109 124 124 111 111 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
•'Sources are 1, Roult [1975]; 2, Deschamps [1977]; 3, Smith [1961, 1972], Bolt and Brillinger [1975], 

Nowroozi [1968], and Jobert and Roult [1976]; and 4, Ben-Menahern [1965], Kanarnori [1970], and 
Sailor and Dziewonski [1977]. 

value of 300 for Q, from spectral ratios of core phases. In the 
following we test models in which dissipation is negligible in 
both the outer and the inner core and models supported by the 
above studies in which the inner core contributes significant 
attenuation. 

Julian et al. [1972] estimate that Q•, in the inner core is 
between 500 and 1000. A high value for Q•, in this region is also 
implied by the fact that inner core shear modes (e.g., o. So.) are 
observed [Buland and Gilbert, 1978]. The Q of o. So. implies a Q•, 
for the inner core of about 550. 

FORWARD CALCULATIONS 

A variety of simple models and variants of model MM8 
were constructed to give the reader a feel for the effects of 
various parameters. To a first approximation, the Q structure 
of the earth can be represented by a high-Q lithosphere, a low- 
Q upper mantle, a higher-Q lower mantle, a nonabsorbing 
outer core, and an attenuating inner core. There may be a very 
low Q channel in the uppermost mantle and a low-Q transition 
region at the base of the mantle. These are characteristics of 

the earth determined from body wave studies. One object of 
the present study is to see if they are compatible with the 
longer-period global data represented by the normal mode 
data set. 

The models consist of an arbitrary number of homogeneous 
spherical shells. Within each shell we specify either Q, and Qt• 
or Q•: and Q•,. These quality factors are related by the follow- 
ing equations: 

Qt• = Q. (1) 

Q.-• = LQ•, -• + (1 - L)Q•: -• (2) 

Q•: = ( 1 - L)Q. Qt• (3) 
Qa - LQ. 

where L = (4/3)(15/a) ø' and a and/5 are the compressional and 
shear velocities, respectively. Q. and Qn are the quality factors 
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Mode Period,* s QBS• SL2 SL3 SL7 SL8 Data:]: 

oSo 1,230.07 4,271 5,141 4,553 4,508 4,374 12,000 
7,500 
7,470 
4,229 
3,996 

900 

•So 613.70 2,078 1,475 1,168 1,294 1,180 5,160 
1,970 

•.So 398.51 1,364 1,220 893 1,059 1,024 1,170 
1,059 

870 
704 
672 

sSo 305.74 1,100 947 875 912 851 992 
874 

4So 243.71 918 1,171 898 978 945 1,264 
1,173 
1,156 

989 
790 
750 

sSo 204.85 896 1,044 935 970 947 1,570 
942 
938 
927 

824 

sSo 174.25 1,058 1,173 950 1,093 1,057 933 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
•fSailor and Dziewonski [1978]. 
$Ness et al. [1961], Smith [1961, 1972], Slichter [1967], Dratler et al. [1971], Buland and Gilbert 

[1978], and Sailor and Dziewonski [1978]. 

TABLE 5. First Toroidal Overtone Q 

Data• 

Mode Period,* s SL2 SL3 SL7 SL8 1 2 

•T7 474.70 306 220 272 262 238 
•Tg 407.23 291 208 254 250 178 
•Tn 358.92 271 198 239 238 176 176-249 
•T•2 339.49 262 194 233 232 195 
•T•g 249.62 217 177 206 204 141 151-208 
•T2• 225.32 206 173 196 194 133 133-172 
•T2s 218.38 202 171 193 190 149 139-182 
•T•4 211.92 199 170 190 187 164 124-164 
•T•s 205.89 196 169 187 184 192 192-286 
•T•6 200.26 194 167 183 181 227 202-227 
•T•7 194.98 190 166 180 178 222 222-300 
•T2s 190.02 188 165 178 175 208 155-284 
•T• 185.36 185 164 178 173 208 172-208 
•Tao 180.97 183 163 172 170 189 165-207 
•Ta• 176.82 181 162 170 168 179 
•Ta• 172.89 179 161 167 166 182 173-191 
•Tss 169.17 177 160 165 163 192 
•Taa 165.63 176 159 162 161 192 155-192 
•Ta• 162.27 174 158 161 159 192 172-255 
•Ta6 159.07 172 158 159 158 200 145-249 
•Ts7 156.01 171 157 157 156 196 147-239 
•T,• 153.10 169 156 155 154 185 169-310 
•Ta• 150.30 168 156 153 153 179 134-245 
•Tao 147.63 167 155 152 151 175 163-180 
•Ta• 145.06 166 154 150 150 161 145-179 
•Ta• 142.59 165 154 148 148 159 152-209 
•T4a 140.22 164 153 147 147 161 122-193 
•T, 137.93 163 153 146 146 161 145-173 
•Ta• 135.73 162 152 145 145 167 151-202 
•T•o 125.80 158 150 140 140 152 122-193 
•T•s 117.33 155 149 135 136 135 
•T• 111.38 153 147 132 134 134 
•T• 108.64 152 147 13t 132 138 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
•Column 1 data are from Deschamps [1977] and Jobert and Roult [1976]. Range of data (from column 1 

and sources given in the text). 
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TABLE 6. Toroidal Overtone Q 

Mode Period,* s SL2 SL3 SL7 SL8 Data•' 

2T2 447.57 288 205 232 197 320 
2Ts6 133.12 219 176 2!7 214 183 
2Ts? 130.58 216 176 214 212 172 
2T46 111.88 197 168 192 190 189 
2T47 110.19 195 168 190 187 182 
2T49 106.99 191 166 185 181 207 
2Ts• 104.01 188 165 180 175 178 
2Ts2 102.60 186 164 178 172 162 
2T, 99.92 183 162 173 172 144 
2T62 90.79 172 157 160 159 143 
aT26 147.11 309 203 260 241 264 
aT2? 143.66 304 202 258 240 296 
•T•o 134.27 290 198 252 239 215 
sT, a 91.02 219 176 217 214 236 
4T•1 200.02 261 210 245 247 208 
4T•? 170.29 257 226 259 254 204 
,T9 174.62 260 201 240 219 243 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
•'Roult [1975], Smith [1972], and Sailor and Dziewonski [1978]. 

in pure shear and pure compression. Since Q• and Q•: must be 
positive, Q, and Qo must satisfy 

Qo/Q, > L (4) 

When QK-• is identically zero, i.e., all losses occur in shear, the 
ratio of Qt• to Q, is equal to L. Larger ratios occur when finite 
dissipation occurs due to bulk modulus relaxation. Such losses 
occur, for example, if phase changes or intergranular thermo- 
elastic effects contribute significantly to the attenuation. We 
have examined and discuss below the consequences of assum- 
ing finite Q•:-x values in the earth. 

For a given distribution of Q versus, depth the mode Q is 
[Anderson et al., 1965] 

Toroidal 

• •, ( •C•\ 
Spheroidal 

e. -'= 
(6) 

In (5) and (6), p is the density, C is the phase velocity or 
frequency, subscript l is the layer or shell index, and subscripts 
S, T, a, and • associated with Q refer to the modes or wave 
type. Other subscripts refer to the quantities being held con- 
stant. The density p is real, while a and • are complex. The 
equations can be used to relate modal and layer Q in both the 
forward and inverse problems. 

The parameters of interest in the simple earth models are Q• 
and Q• in each shell and the location of the boundaries. We 
are particularly interested in the thickness of the upper mantle 
1ow-Q region, the effects of a 1ow-Q transition zone at the base 
of the mantle, a 1ow-Q inner core, and finite Q•-t. We there- 
fore do a series of parametric calculations. The results are 
summarized in a series of figures for the toroidal, spheroidal, 
and radial modes. 

P,•,•TmC Q MOV•LS 

The main defect of model MM8 is the predicted high Q 
relative to published observations for the low-order spheroidal 
modes and the radial modes [Anderson and Hart, 1978]. One 

way to decrease these values is by decreasing the average Qt• of 
the mantle. We take several simple starting models which have 
low-Q upper mantles and high-Q lower mantles and decrease 
the average mantle Q by increasing the depth to the transition 
and by decreasing the Q of the lower mantle. The basic models 
are given in Tables 9 and 10. The models have a high-Q litho- 
sphere, a low-Q upper mantle, and a high-Q lower mantle. In 
these models there is no dissipation in the core, and all dis- 
sipation occurs in shear, i.e., Q•: = oo. Figure 1 shows the Q of 
the three mode types as a function of depth to the transition 
and the average mantle Qt•. The low-order spheroidal modes are 
brought into an acceptable range for a thick (> 1000 km) low- 
Q upper mantle, but the radial mode Q are too high (cf. Table 
4). Also t•* and tt•* are greater than 1.4 and 6.4 s, respectively, 
at 40 ø . 

One way to bring the radial modes Q down is to introduce 
bulk dissipation. Numerical experiments show that even a 
small K*/•* throughout the mantle is unacceptable. However, 
a finite K*/#* ratio in the upper mantle has a large effect on 
the radial modes and only a small effect on the spheroidal 
modes. Figure 2 shows the effect of finite K*/#* in the upper 

TABLE 7. Q of Spheroidal Overtones 

Mode Period,* s SL2 SL3 SL7 SL8 Data• 

2S15 308.92 297 258 266 252 244 
282a 202.08 387 474 571 407 514 
2826 179.21 216 193 206 202 158-275 
28•o 160.62 193 171 180 179 150-207 
28• 156.61 191 179 179 178 143 
28s• 131.05 179 161 172 169 179 
28•? 97.60 170 155 163 160 174 
2S6o 93.83 168 154 159 158 151 
•S12 297.35 307 227 270 261 179-239 
•Si• 285.05 300 222 262 255 227-271 
•S14 273.43 290 218 254 249 274 
sS•s 262.43 281 213 245 242 163-394 
3S16 252.11 271 209 237 236 259-285 
3816 233.38 253 201 224 223 157-232 
•82o 217.00 237 194 212 212 229 
•842 111.43 225 187 211 211 180 
48• 488.38 590 434 557 534 560 
4814 225.24 332 240 304 296 288 
48• 192.06 344 226 301 294 291 
482• 180.71 343 221 298 291 275 
482• 170.45 336 219 293 287 312 
4S2s 161.21 324 216 286 281 260 
4826 156.95 319 214 282 278 306 
4Ssx 138.75 284 205 259 258 264 
48a2 135.65 278 204 254 254 299 
4S•4 129.88 265 200 245 245 219-234 
4Sa, 127.19 259 199 240 240 246 
48• 117.61 238 192 222 223 193 
sS• 154.37 358 236 310 303 306-346 
,Sa4 146.94 355 231 302 298 308-339 
sSa, 143.48 351 229 298 294 231-433 
,826 140.18 347 226 293 291 236-299 
sSso 128.51 324 219 277 276 248 
sS•6 110.61 293 210 265 263 223 
68• 505.47 1002 649 893 873 613-700 
686 267.93 281 283 275 263 286 
68• 252.47 341 327 325 314 292 
6S•s 191.19 304 249 273 264 291 
,S• 138.16 375 283 332 325 186-299 
sS26 128.86 371 259 320 249 368 
6831 116.33 375 242 314 244 391 
6S36 105.95 368 236 308 247 342 
6S47 88.87 308 221 264 237 276 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
tRange of data (see text fm data sources). 
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TABLE 8. High-Q Modes 

Mode Period,* s Data•' SL2 SL3 SL7 SL8 

•S, 604.18 484 599 315 498 473 
2S2 1049.00 546 299 298 577 544 
2&8 202.08 .514 387 474 571 407 
8S• 1060.82 1020 1001 774 964 902 
• 488.38 560 590 434 557 534 
4S• 170.45 312 336 219 293 287 
4S•8 156.95 306 319 214 282 278 
5S7 303.76 496 717 442 592 589 
8S• 505.47 613-700 1051 649 893 873 
•S• 348.31 704 1108 861 1023 1004 
8S9 192.02 483 485 466 516 477 
•oSa 247.85 870 860 699 887 853 
•oS•8 95.61 399 361 292 348 332 
nS• 224.05 368-696 631 442 546 533 
•S4 209.62 652 1095 720 920 904 
•S• 228.48 574-1573 968 767 841 824 
•8S2 206.50 1125 1090 891 960 941 
•S•o 88.77 463 737 503 619 604 
xTSa4 79.82 435 583 450 521 515 
•9S•3 95.89 496 633 536 597 581 
•oS• 83.19 630 840 596 723 712 

*Model 1066A [Gilbert and Dziewonski, 1975]. 
• Sailor and Dziewonski [ 1978 ], Buland and Gilbert [ 1978 ], Nowroozi 

[1974], and Dratler et al. [1971]. 

mantle on the radial and spheroidal modes with and without 
inner core dissipation. The basic model is given in Table 10. A 
relatively large K*/•t* (•) brings 0S0 into agreement with the 
data, but the radial overtones are still too high. With inner 
core dissipation in shear the radial modes are in better agree- 
ment with the data for relatively small bulk dissipation in the 
upper mantle. 

In these models, dissipation in the inner core is entirely in 
shear. We will show later that by allowing for bulk losses in the 
inner core we can satisfy radial mode, core mode, and body 
wave data with no bulk dissipation in the mantle. 

Figure ,3 shows the 6ffect on the radial modes of the depth of 
the transition for a model with inner core dissipation, with and 
without upper mantle bulk dissipation. Series C has only shear 
dissipation, and series D has K* = •t*/8 in the upper mantle. 
Also indicated is the average mantle Q. The basic model is 
again given in Table 10. Both series suggest that the transition 
from 1ow-Q upper mantle to high-Q lower mantle occurs be- 
low some 800 km. However, t•* is greater than 1.2 s in the 
distance range between 30 ø and 90 ø for models having this 

TABLE 9. Models With Variable Thickness Low-Q Zone at Base 
of Mantle and Inner Core Dissipation in both Bulk and Shear 

(Series A and B) 

Depth, km Series A Series B 

0-45 1500 1500 
45-79 200 200 
79-148 85 85 
148-353 110-150 110-150 
353-1626 200-500 200-500 
1626-1800 600-800 500 
Lower mantle 2000 500 

Low-Q zone 100 100 
Outer core Q• = •o 

Inner core Q• = 200-600 
Q• = 450-900 

amount of bulk dissipation above 800 km. The models with no 
bulk dissipation in the upper mantle give t•* of about 1.02 s, 
consistent with the body wave data. 

An alternate way to decrease the values of Q of the low- 
order spheroidal modes is by the introduction of a low-Q zone 
at the base of the mantle, as suggested by body wave studies. 
Figure 4 shows the effect of a 1ow-Q (Q•, - 100) zone at the 
base of the mantle as a function of its thickness. The model 

parameters are given in Table 9. Note the dramatic effect of 
even a relatively thin 1ow-Q zone on the low-order spheroidal 
modes and the odd-numbered radial overtones. The even- 

numbered radial modes, the high-order spheroidal modes, and 
the toroidal modes are not much affected. Note that some 

other perturbation is still required to the basic model in order 
to satisfy the radial mode data. It should be pointed out that 
the Q values for the low-order spheroidal models are still 
uncertain. 

It appears that bulk dissipation somewhere in the earth is 
required by the radial mode data. We now investigate the 
effect of finite Q•r in the inner core. We start with a two-layer 
inner core with Q• of 400 and 1000, respectively, in the outer 
and inner half and vary Q•, and Q•, maintaining these values of 
Q• which are suggested by the PKIKP data. Figure 5 shows the 
radial mode Q as a function of Q•, and Qn of the outer half of 
the inner core. Note that Qn • Q•, gives good agreement. If the 
observed attenuation of PKIKP is all in shear, then not only 
are the radial mode data violated, but an extremely low Q•, is 
implied. This would be inconsistent with both the observation 
of inner core shear modes and the values inferred for inner 

core Q•, by Julian et al. [1972]. On the basis of this evidence we 
conclude that the source of the required bulk dissipation prob- 
ably resides in the inner core. 

NORMAL MODE Q DATA 

A fairly complete summary of published normal mode Q 
data is given in Tables 1-8. In many cases the mode designa- 
tions given by the original authors are based on period alone. 
on the basis of excitation calculations many of the assign- 
ments are clearly in error, and we have made some redesig- 
nations; see, for example, Anderson and Hart [1978]. The ta- 
bles also give theoretical values for two models, SL2 and SL3, 
derived by Anderson and Hart [1978] and other models to be 
discussed later. 

In model SL2 an attempt was made to satisfy the t* body 
wave attenuation data discussed earlier. The constancy of t* as 
a function of distance leads to models with Q increasing with 
depth. SL2 provides a more or less upper bound to the longer- 
period spheroidal mode data. It has a 1ow-Q zone at the base 
of the mantle, inserted to decrease the Q of the spheroidal 
modes at long period. In model SL3 this same purpose was 

TABLE 10. Models Showing the Effect of Varying the Thickness 
. 

of the Low-Q Upper Mantle and Finite Qt{ in the Upper Mantle 
(Series C and D) 

Depth, km 

0-45 
45-79 

79-h 
Lower mantle 

Qg Q•:* 
(Series C and D) (Series D) 

1500 •o 
200 1600 
125 1000 
400 •o 

*Qtc = Q•,/8 in upper mantle; core is same as that in series 
A and B; Qn = •o in mantle for series C; h is depth to top of lower 
mantle. 
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Fig. 1. Relationship between average mantic Q• and modal Q of 
radial, spheroidal, and toroidal modes. 'Depth' is the location of the 
boundary between the low-Q upper mantic and highcr-Q (400) lower 
mantle. All losses are in shear, and there is no dissipation in the core. 
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Fig. 2. Effect of finite K* in the upper mantle on radial and 
spheroidal modes with and without inner core dissipation. K* and •* 
are the imaginary parts of the bulk modulus and rigidity. Q, = [K + 
(4/3)tz]/[K* + (4/3)tz*], and Oa = O, = u/tz*. 
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Fig. 3. Effect of depth of low-Q upper mantle layer on radial 
modes. Series C has only shear dissipation in the mantle; series D has 
K* = •t*/8 in the upper mantle. Inner core has shear dissipation only. 

accomplished by decreasing the Q of the whole lower mantle. 
This model provides a rough lower bound allowable by the 
spheroidal data for periods greater than about 600 s. SL3 has 
unacceptable t,* (Table 13) both in absolute value and in the 
variation with distance. Both models are too high to satisfy the 
shorter-period data, indicating a frequency dependence of Q 
or a more attenuating upper mantle. The latter alternative is 
tested below. In a later paper we give frequency dependent 
Q models. 

[ I I i 1 
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2000 •,,,,.. 
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i00 • • I 
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Fig. 4. E•cct of low-• zone at the base of the mantic (• = 100) 
on low-order radial, spheroidal, and toroidal modes, as a function of 
thickness • of low-• zone. 
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Fig. 5. Effect of Q•, and Qn for fixed Q, of inner core on radial 
modes. 

O MODELS 

As mentioned earlier, there is considerable scatter and am- 
biguity in the normal mode Q data. Fortunately, there is a 
considerable amount of short-period Love and Rayleigh wave 
data, and trends which are hidden by the scatter of individual 
observations become evident when groups of modes are con- 
sidered. We are initially interested in the Q structure of the 
upper mantle. Modes which are sensitive to Qo of the upper 
mantle and for which many observations are available are 
summarized in Table 11. Also given is the depth region to 
which they are most sensitive. At least 50% of the data have 
values in the range given. The mode groupings were picked on 
the basis of available data and have 10% or less variation in 

theoretical Q over the range of modes considered. Although 
there is overlap in the observed values between adjacent mode 
groups, there is a tendency for the observed values to increase 
with period for a given mode. It is also clear, upon examina- 
tion of the depth range of sensitivity, that Qo increases from 
420 to 670 km and also from 200 to 670 km. Models having 
constant Q above 670 km do not satisfy these trends. The near 
constancy of t* between 30 ø and 80 ø or the small decrease over 
this range [Mikumo and Kurita, 1968] indicates that Q contin- 
ues to increase below 670 km to some depth above the core- 

mantle boundary. Therefore a realistic Q model for the earth 
must involve a general increase of Q with depth below some 
200 km. 

Rather than attempt to invert the normal mode data directly 
as an independent data set, we prefer, at this point, to test its 
consistency with inferences from other sources and to deter- 
mine what, if any, additional information is available. The 
final model, found by successive approximations, is compat- 
ible with the data, but no claim is made that it is unique. 

Our first step was to take the relatively smooth model SL2 
from Anderson and Hart [1978] and adjust large areas of the 
mantle in order to match the modal data and retain agreement 
with body wave data. The result was model SL7. This model 
was then smoothed and iterated until a satisfactory fit to all 
d_ata was achieved. This gave model SL8, which is our pre- 
ferred frequency independent model. Parameters are given in 
Tables 14 and 15; comparisons with the data, along with 
models SL2 and SL3, are in Tables 1-13. Model SL8 is shown 
in Figure 6. Results are given in some cases for the four-layer 
Q model QBS of Sailor and Dziewonski [1978]. Model SL8 is 
discussed below. The models are given in Tables 14 and 15. 

Qt• is infinite in the whole mantle; i.e., all losses are in shear. 
Q, decreases slightly in constant Qa regions of the mantle 
because of the a/• effect on the relation of the two (equation 
(2)). These decreases are not significant. 

Model SL8 has a 45-km-thick 'lithosphere' with relatively 
high Q (Qt• = 500, Q, • 1100). A low-Q channel (Qt• = 90) 
occurs between 79 and 148 km. Qa remains low (105) down to 
353 km. It then increases smoothly to 515 at 2235-km depth, 
where it levels off and then decreases at the base of the mantle. 

This trend keeps t,* relatively constant from 30 ø to 80 ø, at 
which point it starts to increase rapidly as required by the body 
wave data. 

The high value of Qa for the lithosphere is supported by the 
short-period observations of Tsai and Aki [1969], Press [1964], 
Bhattacharya [1975], and Mitchell [1973]. These studies also 
indicate a smaller Q (•200) in the uppermost lithosphere, an 
effect beyond the resolution of the data we have used. The high 
average Q of the lithosphere is a consequence of its low tem- 
peratures. The lower Q at its top is presumably due to cracks 
and volatiles. 

We now reconsider the question of bulk dissipation in the 
mantle. We have already shown that bulk dissipation in the 
inner core is consistent with the radial mode data. Some high- 
Q overtones have been observed which have a relatively high 
sensitivity to compressional losses. These are given in Table 8. 
Also given are model values. Model SL8, having only shear 

TABLE 11. Range of Q for Selected Model Groups 

Number 
of 

Observations 

Mode Q 

Data* QBS•' SL8 Region, km 

* 50% of data included in this range. 
tSailor and Dziewonski [1978]. 

105-126 122-130 122-134 above 670 

102-118 122-127 111-121 above 420 
145-161 130-144 146-158 200-670 
134-154 119-129 130-145 200-670 
175-200 153-165 I84-201 above 670 
164-203 138-150 160-180 above 670 
139-151 130-135 141-155 above420 
132-152 128-129 131-136 above 420 
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TABLE 12. Average Mantle Q 

SL2 SL3 SL7 SL8 

Depth, km Q• Q, Qt• Q, Q• Q• Q• Q• 

0-671 147 374 144 365 128 325 130 328 
671-2886 415 1047 258 645 396 998 360 912 
0-2886 268 678 208 524 243 615 235 593 

dissipation in the mantle, is not consistently higher than the 
observations, as one would expect if there were bulk dis- 
sipation processes in the mantle. In fact, it is lower than the 
observations in half the cases. Most of the data (57%) is 
satisfied to within + 15%, an estimate of the data uncertainty if 
the modes have been correctly identified, by model SL8. We 
conclude that there is no evidence for bulk dissipation in the 
mantle and that the bulk dissipation required by the radial 
modes is probably in the inner core, substantiating conclusions 
reached earlier on different grounds. 

The average Qo of the mantle for model SL8 is 235. This is 
within the range of the published ScS Q data discussed earlier 
and is near the bottom of the range which encompasses 66% of 
the data. It is much lower than the majority of data from 
continents but is close to the values measured in some oceanic 

and tectonic regions (see summary by Anderson and Hart 
[1978]). It is close to values measured for the southwestern 
United States (230), Hawaii (230), the Solomon Islands (230), 

TABLE 13. Parameters t,* and t•* 

Surface Focus Intermediate Focus Deep Focus 
(0 km) (110 km) (600 km) 

A, deg t•* t•* t** t•* t•* t•* 

Model SL2 
30 0.83 3.79 0.79 3.65 0.64 2.82 
40 0.95 4.28 0.91 4.14 0.76 3.35 
50 0.99 4.57 0.95 4.32 0.75 3.49 
60 0.97 4.58 0.93 4.42 0.74 3.52 
70 0.90 4.42 0.86 4.27 0.67 3.20 
80 0.83 3.97 0.79 3.75 0.60 2.93 
90 0.92 3.82 0.88 3.63 0.97 2.79 

Model SL3 

30 0.91 4.13 0.87 4.01 0.73 3.31 
40 1.08 4.88 1.05 4.76 0.91 4.05 
50 1.21 5.57 1.18 5.32 1.01 4.56 
60 1.28 5.95 1.25 5.82 1.08 4.98 
70 1.33 6.27 1.29 6.13 1.12 5.22 
80 1.35 6.33 1.32 6.15 1.13 5.39 
90 1.33 6.45 1.29 6.25 1.12 5.44 

Model SL7 
30 0.90 4.12 0.86 3.94 0.67 2.89 
40 1.00 4.51 0.95 4.33 0.75 3.26 
50 1.01 4.63 0.96 4.39 0.75 3.41 

60 1.04 4.82 1.00 4.63 0.80 3.69 
70 1.06 5.07 1.02 4.88 0.81 3.81 
80 1.05 4.94 1.00 4.71 0.79 3.79 
90 1.03 4.96 0.99 4.74 0.83 3.81 

Model SL8 

30 0.91 4.15 0.86 3.97 0.68 2.98 
40 1.02 4.61 0.97 4.43 0.79 3.42 
50 1.04 4.77 0.99 4.50 0.76 3.50 
60 1.04 4.82 0.99 4.63 0.79 3.65 
70 1.06 4.93 1.01 4.75 0.81 3.78 
80 1.06 4.99 1.01 4.77 0.82 3.87 
90 1.12 5.07 1.07 4.87 0.96 3.97 

and some values measured for Japan (260). Since the data used 
in the present paper represent global means, the implication is 
that the mantle under oceans is more attenuating than it is 
under continents. 

The upper mantle Qa for model SL8 is 130. This again is in 
the range of published observations and again is at the lower 
end of the majority of the data. This reinforces the conclusion 
just drawn. Average values of Q and t* results are given in 
Tables 12 and 13 for the models discussed in this paper. 

Sailor and Dziewonski [1978] used 38 modes to determine a 
relatively simple layered Q model for the earth. The modes 
included 21 0&, two 0T•, and seven ,S0 modes, one toroidal 
overtone, and seven high-Q overtones. They used no body 
wave data in their analysis. Their preferred model has Q• of 
110 in the mantle above 670 km and 403 in the lower mantle. 

In order to satisfy the radial modes they propose a Q•r of 433 
in the upper mantle. Their inner core has infinite Q. On the 
basis of body wave and inner core mode data we prefer a 
dissipative inner core. 

The Sailor and Dziewonski model QBS and model SL8 are 
compared with the data in Tables 4, 11, and 16. For the 
spheroidal modes, predicted model Q increase more rapidly 
from 150 to 300 s for SL8 and more slowly from 700 to 2000 s. 
The mode data are in agreement with the rapid increase at the 
shorter periods and cannot discriminate between the models at 
the longer periods. Decisive measurements of Q for 0S, and 
could resolve the differences. For example, the Q for 0S• is 
predicted to be 540 for SL8 and 576 for QBS. If the high values 
between 300 and 100 s and the low values for periods beyond 
1200 s are supported by future investigations, then the case for 
an increasing Q with depth in most of the lower mantle and a 
1ow-Q zone at the base of the mantle would be strengthened. 

Model SL8 was designed to give t,* = 1.0 + 0.1 s between 
30 ø and 90 ø for shallow focus events. Model QBS gives 1.2-1.4 
s over this range; ta* is 5.2 q- 0.7 and 3.0 q- 0.5 s for shallow 
and deep focus events, respectively [Burdick, 1977]. SL8 gives 
4.6 q- 0.4 and 3.4 q- 0.5 s, and QBS gives 4.8 q- 0.6 and 3.5 
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TABLE 14. Q Model SL7 

Radius, Depth, 
km km 

Thickness, 
km Q• 

6371.00 0.0 5.50 500.00 
6365.50 5.50 5.50 500.00 
6360.00 11.00 34.20 500.00 
6325.79 45.20 34.16 110.00 
6291.62 79.37 34.16 90.00 
6257.46 113.53 34.16 90.00 
6223.29 147.70 34.16 105.00 
6189.13 181.86 34.16 105.00 
6154.97 216.02 34.16 105.00 
6120.80 250.19 34.16 105.00 
6086.64 284.35 34.16 105.00 
6052.47 318.52 34.16 105.00 
6018.31 352.68 34.16 105.00 
5984.15 386.84 34.16 105.00 
5950.00 421.00 41.68 110.00 
5908.30 462.69 41.66 200.00 
5866.64 504.35 41.66 200.00 
5824.97 546.02 41.66 200.00 
5783.31 587.68 41.66 200.00 
5741.65 629.34 41.66 200.00 
5700.00 671.00 86.06 235.00 
5613.93 757.07 86.92 280.00 
5527.00 843.99 86.92 320.00 
5440.09 930.91 86.92 355.00 
5353.15 1017.84 86.92 385.00 
5266.23 1104.76 86.92 385.00 
5179.31 1191.68 86.92 385.00 
5092.39 1278.60 86.92 385.00 
5005.47 1365.52 86.92 385.00 
4918.54 1452.45 86.92 385.00 
4831.62 1539.37 86.92 385.00 
4744.70 1626.29 86.92 385.00 
4657.78 1713.21 86.92 385.00 
4570.86 1800.13 86.92 518.00 
4483.93 1887.06 86.92 532.00 
4397.02 1973.98 86.92 546.00 
4310.09 2060.90 86.92 560.00 
4223.18 2147.82 86.92 568.00 
4136.25 2234.74 86.92 576.00 
4049.33 2321.67 86.93 584.00 
3962.41 2408.59 86.93 592.00 
3875.48 2495.52 86.93 600.00 
3988.55 2582.45 86.93 698.00 
3701.62 2669.38 86.93 616.00 
3614.70 2756.30 86.93 400.00 
3527.76 2843.24 43.46 100.00 
3484.30 2886.70 1157.87 0.00 
2326.40 4044.60 1096.92 0.00 
1229.50 5141.50 614.75 450.00 
614.75 5756.25 614.75 900.00 

1242.22 0.0 
1244.11 0.0 
1047.31 0.0 
240.20 0.0 
207.14 0.0 
218.50 0.0 
265.92 0.0 
273.85 0.0 
279.38 0.0 
282.06 0.0 
282.18 0.0 
280.41 0.0 
277.89 0.0 
275.19 0.0 
285.61 0.0 
515.20 0.0 
511.56 0.0 
507.94 0.0 
504.18 0.0 
499.63 0.0 
578.62 0.0 
680.00 0.0 
771.19 0.0 
852.04 0.0 
925.11 0.0 
931.93 0.0 
941.71 0.0 
951.49 0.0 
959.93 0.0 
967.10 0.0 
973.45 0.0 
979.08 0.0 
983.57 0.0 

1326.86 0.0 
1362.99 0.0 
1397.09 0.0 
1432.49 0.0 
1456.86 0.0 
1486.98 0.0 
1522.30 0.0 
1560.92 0.0 
1599.26 0.0 
1633.42 0.0 
1661.64 0.0 
1079.53 0.0 
268.99 0.0 

1,000,000.00 0.100E - 05 
1,000,000.00 0.100E - 05 

450.00 0.222E - 02 
90.00 0.111E - 02 

Read 0.100E - 05 as 0.100 X 10 -5. 

0.8 s. The average Q• for the mantle is about the same for both 
models. 

Sailor and Dziewonski [1978] state that models which do not 
have bulk dissipation in the mantle cannot satisfy the radial 
mode data. They infer a Q• of 433 in the upper mantle. SL8 
has an average error of 15% for the radial mode data of Sailor 
and Dziewonski compared to 11% for QBS; both are within 
the data uncertainties. If the average of published values for 
the radial modes is used, the errors are 21% for SL8 and 25% 
for QBS. Comparisons are made in Table 4. Thus we conclude 
that the radial modes do not require bulk dissipation in the 
mantle and that they can be satisfied with bulk dissipation in 
the inner core. This option is also favored by the body wave 
and inner core mode data. 

Two new sets of great circle data have recently become 
available. Mills [1977] and Nakanishi [1978] have determined 

Rayleigh wave attenuation coefficients for 9 and 33 paths, 
respectively. These data have been combined with previous 
great circle data to obtain 'global average' Q values (Table 16). 
The standard deviation in Table 16 refers to the variation of 
the mean value between individual studies. These obs 'eations 

are relevant to the Q structure between 200- ancl 1000-km 
depth. The data indicate a rapidly rising Q from 160 to 300 s, 
in agreement with model SL8. Model QBS predicts a much 
more slowly increasing Q over this period range. The two 
models have about the same average Q• above 350 km, but 
SL8 has Q increasing from 350 km to 671 km in the region 
where QBS has a constant Q. SL8 has a high-Q lithosphere, a 
low-Q channel in the upper mantle, and no bulk dissipation in 
the upper mantle. These features, plus the gradient mentioned 
above, are responsible for the differences between the preclic- 
tions of the models in Tables 11 and 16. 
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TABLE 15. Q Model SL8 

Radius, Depth, 
km km 

Thickness, 
km 

6371.00 0.0 5.50 500.00 
6365.50 5.50 5.50 500.00 
6360.00 11.00 34.20 500.00 
6325.79 45.20 34.16 110.00 
6291.62 79.37 34.16 90.00 
6257.46 113.53 34.16 90.00 
6223.29 147.70 34.16 105.00 
6189.13 181.86 34.16 105.00 
6154.97 216.02 34.16 105.00 
6120.80 250.19 34.16 105.00 
6086.64 284.35 34.16 105.00 
6052.47 318.52 34.16 105.00 
6018.31 352.68 34.16 120.00 
5984.15 386.84 34.16 124.00 
5950.00 421.00 41.68 140.00 
5908.30 462.69 41.66 150.00 
5866.64 504.35 41.66 166.00 
5824.97 546.02 41.66 180.00 

5783.31 587.68 41.66 196.00 
5741.65 629.34 41.66 215.00 
5700.00 671.00 86.06 230.00 
5613.93 757.07 86.92 260.00 
5527.00 843.99 86.92 287.00 
5440.09 930.91 86.92 310.00 
5353.15 1017.84 86.92 338.00 
5266.23 1104.76 86.92 360.00 
5179.31 1191.68 86.92 370.00 
5092.39 1278.60 86.92 390.00 
5005.47 1365.52 86.92 410.00 
4918.54 1452.45 86.92 425.00 
4831.62 1539.37 86.92 440.00 
4744.70 1626.29 86.92 455.00 
4657.78 1713.21 86.92 465.00 
4570.86 1800.13 86.92 477.00 

4483.93 1887.06 86.92 485.00 
4397.02 1973.98 86.92 495.00 
4310.09 2060.90 86.92 505.00 
4223.18 2147.82 86.92 510.00 
4136.25 2234.74 86.92 515.00 
4049.33 2321.67 86.93 515.00 
3962.41 2408.59 86.93 515.00 
3875.48 2495.52 86.93 510.00 
3788.55 2582.45 86.93 500.00 
3701.62 2669.38 86.93 300.00 
3614.70 2756.30 86.93 200.00 
3527.76 2843.24 43.46 100.00 

348•.30 2886.70 1157.87 0.00 
23•6.40 4044.60 1096.92 0.00 
12•.50 5141.50 614.75 425.00 
614.75 5756.25 614.75 850.00 

1242.22 0.0 
1244.11 0.0 
1047.31 0.0 
240.20 0.0 
207.14 0.0 
218.50 0.0 
265.92 0.0 
273.85 0.0 
279.38 0.0 
282.06 0.0 
282.18 0.0 
280.41 0.0 
317.59 0.0 
324.98 0.0 
363.50 0.0 
386.40 0.0 
424.59 0.0 
457.15 0.0 

494.09 0.0 
537.10 0.0 
566.31 0.0 
631.43 0.0 
691.66 0.0 
744.03 0.0 
812.18 0.0 
871.42 0.0 
905.02 0.0 
963.85 0.0 

1022.26 0.0 
1067.57 0.0 
1112.51 0.0 
1157.09 0.0 
1187.94 0.0 
1221.83 0.0 
1242.57 0.0 
1266.60 0.0 
1291.80 0.0 
1308.10 0.0 
1329.50 0.0 
1342.44 0.0 
1357.89 0.0 
1359.37 0.0 
1343.27 0.0 

809.24 0.0 
539.77 0.0 
268.99 0.0 

1,000,000.00 0.100E - 05 
1,000,000.00 0.100E - 05 

425.00 0.235E - 02 
850.00 0.118E - 02 

Read 0.100E - 05 as 0.100 X 10 -5. 

The lowermost mantle is the most unconstrained part of the 
earth and therefore the most uncertain feature of the models. 

This is because body waves penetrating this region are sub- 
jected to diffraction effects, excessive scattering and inter- 
ference. The low Q in this region may not be an intrinsic Q but 
an apparant value resulting from a combination of the above 
effects. Nevertheless, it is the appropriate value for many 
applications. Unfortunately, the scatter of the available low- 
order spheroidal mode data does not permit a resolution of 
this problem. All that can be said is that the mode data are 
consistent with a low-Q zone at the base of the mantle of the 
nature proposed on the basis of body wave studies. 

SUMMARY AND CONCLUSION 

Surface wave data for many great circle paths have been 
used to determine the Q structure of the upper mantle. This 
structure should represent a good global average. Body wave 

data are used to estimate the gradient of Q in the lower mantle 
and the Q in the inner and outer core. Normal mode data, 
after some reassignments of overtone designations based on 
excitation calculations, are then checked for consistency with 
the model. A constraint has been imposed that t* should be 
close to values determined from body waves and that it should 
be relatively constant with distance between 30 ø and 80 ø . This 
leads to a Q that increases smoothly with depth in the lower 
mantle. The ability to find a model that fits body wave and 
normal mode data is consistent with, but does not require, a 
frequency independent Q. This assumption is dropped in a 
forthcoming paper. 

Normal mode and body wave data have been used to argue 
that there is bulk dissipation, as well as shear dissipation, in 
the inner core. No bulk dissipation is required in the mantle. 
Both the body wave and normal mode data suggest that Q 
increases with depth from 200 to 1000 km. 
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TABLE 16. Average Values for High-Order Spheroidal Model 
and Values for Two Models 

Mode T, s Q S.D., % SL8 QBS N* 

oS:5 297.75 212 11 201 165 81 
oSag 268.54 204 9 180 151 69 
oS4o 212.48 170 6 149 134 81 
oS5o 178.29 143 6 136 130 72 
oS• 175.44 138 4 135 129 84 
oS•7 159.99 128 5 131 129 100 
oS6o 153.18 123 4 129 129 56 

*Number of great circle paths used in computing average (•)) 
and standard deviation (S.D.). Data are from Deschamps [1977], 
I•'u [1972], Kanarnori [1970], Sailor and Dziewonski [1978], Nakanishi 
[1978], and Mills [1977]. 
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