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1 TIntroduction

Lg waves observed over continental paths are commonly accompanied by long durations of coda.
Since the pioneering work of Aki (1969) on modeling seismic coda as scattered waves, the Lg
coda has been utilized to study seismic wave attenuation of continental crust by many authors (
eg., Herrmann 1980, Kopnichev 1980, Singh & Herrmann 1983, Raoof & Nuttli 1985, Shin

1985). These results suggest that single station analysis of Lg coda provides a promising means

to estimate crustal Q.

We define Lg/fR coda as coda associated with Lg waves which have propagated to dis-
tances of 200 km and more. At shorter distnces the coda is mainly associated with shear waves.
Several diffemces may be seen between these two types of coda. These include the following:
(1) In Lg coda, scattered surface waves scem to dominate, whereas scattered body waves are
unlikely to appear due to their geometrical spreading and propagation velocities.

(2) Lg coda haz a lower frequency content compared to local coda because of the low-pass effect
of anelastic attenuation at large distances.

(3) The possibility of observing multiple scattering in Lg coda should be proportional to epicen-
tral distance. On the other hand, the higher mode surface waves comprising the Lg phase
penetrates more deeply (Kennett 1984; Der ¢ al, 1964} and are less affected by the presumably
stronger scattering caused by near surface heterogeneities. In addition the Lg coda has longer
wavelengths due to its lower frequency content and is thercfore affected by larger scatterers.
The latter factors may well decrease the order of scattering. The dominant order of scattering
should be a compromise between the distance effect which increases the order of scattering and
these latter effects which decrease it.

(4) The cumulative effect of heterogeneities in the crust encountered by Lg and its coda may
cause significant mode conversions. Morsover, the fundamental mode may be excited at shal-
lower depths and arrive at the same time as a portion of Lg coda (Nutthi, 1986). This mode is

sensitive to the local geclogy. In summary, characteristics (1) and (2) make it sasier to study Lg
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coda than local coda, but (3) and (4) make it move difficult,

Despite these complexities, efforts have been made to model Lg coda using stochastic
approaches. Kopnichev (1980) proposed s simple model for the joint interpretation of Lg and
cods. Der and others(1984), extending the single isotropic scattering model of Sato (1977) (hen-
ceforth denoted by "SIS model™) to the 2D case, computed Q from the later part of the Lg coda
recorded by stations in North America. Consistency was found between the Q values thus
obtained snd those derived from time domain measuroments of Lg. It was also found that the
observed relative amplitude level of the coda, compared to that of Lg, was too high to be
explained by the SIS model. Factors (3) and (4) above were suggested to be responsible for this
discrepancy.

In what follows, T will discuss the effects of the seismic source, dispersion, scattering,

and mode conversion on Lg coda and discuss three methods for measuring Lg coda Q.

2 Stochastic modeling of Lg coda

In this paper we assume that the Lg wave is a superposition of higher-mode surface waves
with little dispersion; and that the coda of Lg Is caused by the acattering and mode conversion of
Lg waves. We define the coda travel distance, r, as the total distance traveled by the scattered
coda waves. Denoting the lapse time of any part of Lg coda by r and the average group velocity
of the Lg wave by Vi, we have

revV T, ¢

For single scattering, r is the sum of the distances between the seismic source and the
scatterer and between the scatterer and receiver, Taking the m™ time window centered at
lapse time, 7,, with length T, we assume that the coda wave within this window can be
approximated by those scattered Lg waves with a constant coda travel distance, 7., given by

Tm = Vig Ta « -1
provided that the window length T is small compared o <,

T <<, . (2
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In previous stochastic models, the siatistical mean of coda power spectra has been
expressed as the product of terms describing the selsmic source, attenuation and scattering.
melnﬂerindudnlgeomeuiwsmdingwrmwhichi:hpu-ﬁmedcpmdem.mda
medium term, such as turbidity, which describes the degree of scattering of the medium (eg.
Akl & Chouet 1975; Sato 1976).

We now extend this relationship for the mean of coda power (or equivalendy, of the
coda amplitude spectrum) to the phase spectrum of the dispersive, stochastic Lg coda. By
virtue of the convolution theorem this is equivalent to assuming a convolutional relationship in
the time series. We assume that the physical process which generates the scattered coda over a
constant coda travel distance, 7,,, can be described by a time-domain convolution, in which the
signal generated by the seismic source is passed through the systems describing the velocity
dispersion, geometric spreading, anelastic attenuation, the instrument, and the "medium hetero-
gereity” of the carth. The latter includes (1) scattering due to those scatterers with a constant
coda travel distance r, and (2) the effects of heterogeneity on Lg modal superposition and
mode conversions (Kennett 1984). Thus by sampling the windowed Lg coda at equal intervals
4t, we can express the resulting Lg coda time series o, , by

G = G (0,0 Spdt e Veuoin ) $°12,..., N1 6]
where the subscript "t” is an integer whose product with A¢ gives the time measured from the
beginning of the m™ window, "m” stands for the specific window whose center lapse time is
given by equation (1-1), ™7 denotes the discrete convolution, G,, is the geometric spreading,
Wy s 8ty At s Vi,m a0d 4, are, respectively, the time series of the window, elastic wave radiation
from the seismic source, velocity dispersion, anclastic attenuation, and the recording instrument.
Ny, is & time series describing the medium heterogeneity as mentioned above, N, is the total

number of samples in one window, N, At = T.
We define the discrete Fourier transform of (3) as

Nt Nl
A Eq,uz—;’ﬂ@—+}'§q,m% At k01,2, N1 . )

Neglecting the window effect and assuming a power law for Lg coda Q, one can apply the

| e o yr—r— ———r 1210

YN
discrete convolution theorem to equations (3) and {4) to obtain

A = Gu [ Dy g’tp(-:‘f%:i) L Nrul k=0,1,......N,-1, 5}
where capital letters are used for the discrete Fourier transform of the time serles in equation
A QuilQat1hz.qisthefrequoncydapendonuofo.mdkislimewmupondingtoa
discrete frequency, f;, through

fek ©

Another assumption, implied by equation (4), is that the recording site effect can be
ignored. As we will see later, this assumption will not affect the resulting Q values obtained
withommethod.pmvldndhtﬂuﬂbeeﬂecthshﬂsﬂaﬂyshﬂmwy. In the following sec-

tions, the effects of the different processes expressed in equations (3) and (5} will be dis-
cussed in detail.

2.1 DISPERSION

Dispersion, expressed by d, . in equation (3) and Dy o, in equation (5), tends to spread
the energy in the coda time series. Denoting the maximum and minimum group velocities of
the higher modes comprising Lg by V.. a0d Ve, #n impulse type of source radiation will
have its energy spread over a time length U, near the coda lapse time 7,,, with

Uy = (Wontn - W) 1%
Potmntincnnlshlcldreg!omweukeV"tobeS.ﬁskaucuuiV..mbeilkmlnc. We
assume that the energy spreading due to dispersion is homogeneous within the time duration
U,. If there is no attenuation, the energy spectra of the dispersed source radiation should
remain constant by the conservation of energy law. For this case, since the expectation of
SIDE /T gives the average distribution of power with frequency (Jenkins & Watts 1965, equa-
tlon 6.2.1), and since for propagating waves the energy is twice the kinetic energy (Sato 1976,
equation (1)), we have

W, = :[m;-s-"i;*iu.] . ®
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where W, is the statistical mean of the energy spectrum of the source radiation, E stands for
the statistical mean or expectation, p is the density of the medium and w, is the discrete
angular frequency.

2.2 GEOMETRICAL SPREADING

The geometrical spreading term, G,,, is perhaps not only the most important, but also
the most controversial factor for Q inversion. For local coda that is tich in high frequency
content, the validity of the SIS model has been questioned and various alternative models
have been proposed ( ez. Gao et al. 1983; Wu 1984; Frankel & Wennerberg, 1987). Unfor-
tunately, only the SIS model is resclvable in single-station Q inversions. Other models intro-
duce additional medium parameters, such as turbidity or scattering Q, which are not well
constrained even when more stations are used in inversion.

Sato{1976) first proposed a SIS model for body wave scattering. The extension to the
two-dimensional case is outlined in Der ¢f al. (1984) and Shin (1985). In Appendix A we have
derived the formula in continuous form, and adapted it to the discrete, stochastic form,
obtaining

1 -1
G, = @nRYV [3%1-1] \ ®

where R is epicentral distance, and Vi, and 7,, are defined above.

2,3 RANDOMNESS

The randomness of observed coda may be due to many causes, such as the random
effects of scattering, mode conversion, velocity dispersion, lateral changes of Q. and irregu-
larity of the seismic sources. In order to express the randomness quantitatively, we introduce
apectra F; o and W, .., which are defined as:

Fiv = E(S2DRMTEuN ) (10)

and

Fio (DaTeaten) - @y

It is easy to see that F;,, is deterministic and W, , is the spectrum of band-limited white

Wim "
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noise, since

E(Wia)=1. 12)
Wi and its inverse discrete Fourier transform, w,,, describe the randomness of coda.
Since w,,, is caused by many factors, we can approximate It by Gaussian noise by virtue of
the central limit theorem. The effective pass band of coda does not incude the DC com-
ponent, therefore

Ewa}=0. a3
A uniform treatment of coda requires w, , to be stationary with varying m. If the modeling,
especially the geometrical term G, is reasonable, this requirement should be satisfied.

The last property of w, , is the independence of spectra W, s for different m’s. Of all
the factors that cause randomness, only the seismic source term remains unchanged when the
window nunber, m changes. If the source effect dominstes the randomness, the W, ‘s for
different m would be dependent. To see if this is the case, we use the fact that the Gaussian
character of w, , will lead to W, , being Gaussian (Jenkins & Watts 1965). Therefore it is
equivalent for W, , to be uncorrelated or to be independent. We now make use of the com-
mon experience that the fluctuations in the source spectral data sets obtained for the same
event, but from two well separated stations, are uncorrelated, although the smoothed shapes
can be similar. Compared to this situation, spectra of coda from two windows that are
separated long enough in lapse time should tend to be less correlated, because of the scatter-
ing randomness. Therefore it is reasonable to assume that the W, ‘s with different m’s are
uncorrelated, or independent.

To summazize, the randomness of Lg coda is expressed by w, ,,, stationary, band-limited
wﬂu. ’Gauuhnnoiuwiﬂ'lzaomwl.

2.4 THE POSSIBLE ROLE OF MODE CONVERSIONS
As mentioned in the discussion of the geometrical spreading term, the SIS model gives a

satisfactory geometrical term, but fails to match the observed coda amplitude level relative to
the Lg amplitude level. Der and his coworkers (1984) suggested that a possible explanation




for this discrepancy is mode conversion.

Ammwﬂwﬂsm,h&emdmoamvmionormyothapmﬁue
process that could be responsible for the above-mentioned discrepancy, the mathematical
expectation of the square of N, (see equation (5)) would be 2nf AV, Q. ), where f, is the
discrete frequency, and Q,. is the scattering Q of the medium. This can modified to incor-
porate the observed discrepancy, by introducing an empirical spectrum C;. Then

E (V2. - % . (14

For the SIS model without mode conversion, C; should be of the order of /[, because
V2n¥,, is very close to one. If C; is due to mode conversion, it leads to the following two
conclusions: First, i dominant cortversions occur from higher modes to lower modes (Der o
al. 1984), where the energy is "packed” into shallower depths, then C2 becomes as big as
Qu - Second, mode conversions must accompany the scattering process, since the Lg coda is
omni-directional.

3. Method of Inversion

3.1 AMPLITUDE DECAY

The most commonly used method in coda Q inversion is that due to Aki & Chouet
(1975). In this method, Qs at different frequencies are calculated from the amplitude decay
of band-pasa filtered coda records. These values are then compared to estimate the frequency
dependence of Q. The widths of the filters used in the study of Aki and Chouet (1975) varied
from 1.0 hz to 16.0 hz; the frequency resolution is therefore limited to, at best, 1.0 hz. This
limited frequency resolution is acceptable for broad-band local coda data.

In the Lg coda the total effective pass band is typically nammow (roughly from 0.5 hz to
2.5 hz); this makes it difficult to set & width for band-pass filtering which would give an
acceptable trade-off between frequency resalution and varianwces of Q in each frequency band.
This is because we want to keep the frequency resolution as great as possible. It is much
better not to separate the coda amplitude spectra at different frequencies, but to
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simultaneously fit Q, and n over the total effective pass band. In this way only two degrees
of freedom are allowed for the QO model through powerlaw parameterization, while the
number of discrete amplitude spectral estimates of coda is kept at & maximum. The variance

of this inversion is much easier to control.

3.2 PREDOMINANT FREQUENCIES

Herrmann (1980) proposed a predominant frequency analysis in which Q, and 7 are
simultaneously fitted. This method provides a good estimator of Q when coda records with
very large lapse titnes are available, or when the Q is low. In other conditions, the Q esti-
mate is subject to ambigulty, partly because the recorded amplitudes are not used.

3.3 STACKED SPECTRAL RATIOS

In this section we describe a spectral ratioc method, which allows us to overcome prob-
lems associated with the previous methods. We also describe an extension of the method by
which it is possible to invert for the seismic source by jointly using the Lg coda and the direct
Lg phase.

First we substitute equations (8), (11) and (14} inko (5) to gt
uup[ /i ]Cn/t‘TJEG. 1h1 i Wea as)
]

! WIT
VAm 1 U po? Q
where G, is given in equation (9), Wy , is the discrete Fourier transform of w; ,, & station-

ary, band-limited white, Gaussian noise. Calculating the coda amplitude spectrum from each
of two windows of the same length T, but with different center lapse times 7, and 1., from
the same selsmogram, we define the scaled logarithmic ratio of the amplitude spectza,

'RI,-r,-v as

1 GV m.,,.]
Remm Wt log [G-l At

il 1 P Wy I Wyl ) - a6
o * ooy s (1 W 1 -1 W )

The probability distribution function of | W, | is of Rayleigh type:
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P[lw,,,l]-zaw,,“exp(-lwr,,..l*). (1n
and the theoretical mean and variance [ 9 —
E(Remou) = 900 a8)
and
1
VAR [ '.',-I] " 12('-:""-\)2 ' (19)

In general, the observational range of v is between 0.0 to 1.0, the order of Q, is 10 to
1%, and 1,7, is on the order of 10° sec. From equation (19), the resulting standard error in
R mimi Wil be of the same order as {10, for frequendcies close to 1 Hz. Thus Ry o, 18 an
unbiased estimator of f;WQg, but is subject to large standard error, This is & common prob-
lem associated with spectral ratios (Aki & Richards 1980, § 11.5.5).

In order to reduce the variance we have designed a two-step procedure. First, we
replace Ay o, by the geometrical mean of the coda amplitude, <A; >, defined by

k4 .
A= J] VA 180, (20}
fakad
where 21 +1 ilﬂwnumbaofpdnumcdinuchgemm«llvmm. The new scaled loga-

rithmic ratio is

(16-1)

R ' e 1 x1 Gm v um(Al e
1, MM og G'“; ;U.‘<Ai,.,> ’

Second, we perform a moving-window stack, Since the window length T satisfying
equation (2) is normally much shorter than the coda duration, one can obtain many time-
shifted windows with their centered lapse times covering the whole coda time series with
acceptable signal/noise ratios. For convenience of discussion we assurne that there is no over-
lap of adjacent windows. If there are Ny windows, we define the stacked ratio, Fy, as

14 .
Foeor ElRm.un- . 2y

where M is given by

{Nw/z if Ny is even
M » | Nw2-1 ¥ Ny is odd -

R et I e e -a . e e L.
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Substituting (16-1) into (21) results in

1M 1 Gpiom VU <Ay 0>
F=-i 1 =
¥ Mn}::l.‘('.l(m"ru))dos[cl Ustsm <Apman™ | il
The theoretical mean and variance of F;, are
E[F]-f—'l:‘- @3
)0, )
and
1
VAR|F, ] » .
=) 1202 $1)M (T~ 4

For non-overlapping windows, Ty .n~Ts * M XT is a constant independent of m. From (23),
F, is an unbissed estimator of f~¥Q,. From {24) and (19} we can see that by using F;, the
large variance assaclated t0 Ry, u,u, has been reduced by a factor of 1/ M (27 +1).

The Q estimation may be done by taking the common logarithm of equation (23):
logioFy = (1-n)} logofs —log1oQy + € , (25
where ¢ represents the random etror. Equation (25) defines & standard linear regression prob-
lem in which v and log;,Q, can be estimated. Equation (25) holds when the SIS model is
applicable. The effect of seismic sources, mode conversions and the recording site effect will

cancel, kprovided thay are stationary processes,
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1 INTRODUCTION

Developments in seismic tomography in recent years have greatly advanced the study of
lateral varlations of velocity structure in continental areas. By contrast, little progress has
been made in imaging lateral variations of Q of the Earth using tomographic algorithms
{Nolet 1987). This is largely due to the lack of precision and stability in Q measurements, as
well as the lack of a sufficiently large and well-distributed data base.

Vertical-component, high-frequency (~ 1 Hz) Lg waves can be’treated as a superposi-
tion of higher-mode Rayleigh waves propagating within the continental crust (Knopoff et al.
1973, Der et al. 1984, Kennett 1984), It is reasonable to assume that in the abssnce of large-
scale disruption of the crustal wave guide, Q derived from L or its coda is governed by Q in the
continental crust. In
this paper we define Lg Q as Q derived from the direct Lg phase and Lg coda Q as Q derived
from Lg coda Measuring Lg Q requires either records from two stations on the same great circle
path or a record from one station produced by an ovent for which we have knowledge of the
source spectrum (Cheng and Mitchell 1981, Campillo 1987). With data currently available, these
requirements will likely result in very poor ray path coverage for studying Iateral variations of Q.
Lg coda Q can, however, be measured at a single station without knowledge of the source spec-
trum (Aki and Chouet, 1975; Herrmann, 1980; Xie and Nuttli, 1988); it is therefore more useful
than Lg itself for the study of large-scale lateral variations of Q. The interpretation of Lg coda,
however, is more difficult than that of Lg. Because high-frequency coda is highly random, it is
difficult to model Lg coda properly and regionalized coda Q values resulting from inversion may

be characterized by large uncertaintics.

In order to improve the precision and stability of Lg codaQ measurements,
Xie and Nuttli (1988) proposed a stochastic model for Lg coda. They discussed the effects of
various physical processes (eg., dispersion, mode conversions, scattering) which affect the gen-
eration of Lg cods. They approximated the randomness of Lg coda by band-limited white,
Gausian noise. This approach allows a quantitative estimnate of the variance of @ determined

.2.

by the inversion process. A stacked spectral ratio (henceforth denoted as SSR) method was
proposed for Lg codaQ inversion which allows cancellation of station site effects (provided
that those effects are stationary) and results in a large reduction of the varlance, Improved Q
values obtained by the SSR method, plus the rapid evolution of techniques used in seismic
tomography, make It possible to develop more quantitative, or computerized, methods to
image lateral variations of Lg codaQ, with more rigorous analysis of error and resolution.

2 INVERSE METHODS

As in velocity tomography, the imaging of lateral variations of Lg codaQ proceeds in
two steps. First, individual seismograms containing coda are collected and processed to
obtain Q values, each being a functional of the distribution of regional Lg Q {or more strictly,
of reglonal Lg codaQ) inside an area sampled by the single-trace coda record. Second, many
single-trace measurements are combined to image the lateral variations of Q. A major differ-
ence between Lg coda Q tomography and velocity tomography is that the forward modeling
involved in the former method must take into account the eliptical region over which scatter-
ing occurs whereas the latter considers seismic waves that are restricted to single paths.

§ 1.1 Single-trace measurement of coda Q

High-frequency coda is highly random and the generation of Lg coda involves vatious
complicated physical processes such as scattering, dispersion, mode summation, and mode
conversion (Der et al 1984, Snieder 1987, Xie and Nuitli 1988). Consequently, two problems
arise in the interpretation of the single-trace coda records. First, because of the randomneas of
coda it is difficplt to obtain a Q estimator which is stable enough to provide an acceptable vari-
ance (Der et al. 1984). Second, a coda Q estimator may be subject to systematic deviations from
an i.g Q’ estimator due to imprecise forwurd modeling. In order to solve these two problems
Xie and Nuttli (1988} derived a stochastic model and an inverse method for the interpretation of
single-trace Lg coda signals. They used a convolutional relationship to model the processes of
Lg coda generation. That relationship allows the effect of those processes to be expressed and
examined separately in the frequency domain. In particular, they found that the single isotropic
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scattering (SIS) model can satisfactorily explain previous observations on seversl major con-
tinonts, and that the randomness of the Lg coda signal can be approximated by simple band-
limited white, Gausian noise. The latter approximation allows a quantitative estimation of the
theoretical variance of coda  inversion. Xie and Nuttli found that unacceptably low confidence
levels in the Lg coda Q inversion results could occur if a carefully designed variance reduction
procedure was not used. At large epicentral distances this problem of low confidence levels can
be very serious due to the narrow pass-band of the Q filter. They therefore proposed a stacked
spectral ratio (SSR) method to reduce the variance resulting from the inversion. For conveni-
ence of discussion we briefly summerize the SSR method in the following peragraphs.

First, the Lg coda time series is divided into a number, Ny, of non-overlapping time
windows with a constant window length, T, where the mth window has a centered lapse
time 7,, and m » 1,2,...,, Nyy. For each window of the time series the discrete Fourier
transform is performed to obtain the geometrical mean of the amplitude spectrum, <A, , >
at the kth discrete frequency f, = kT, defined as

k+l

<A ‘l;l 1Am! e ’ n
where the subscripts i,k represent discrete frequencles, and m denotes the window number.
1A, 1 is the ith discrete amplitude spectral estimate obtained by applying the
discrete Fourier trangform to the mth windowed time series and 2 + 1 is an integer, which

gives the number of amplitude spectral estimates used in each geometrical mean.

The SSR is defined as

z GH+- \/_<At L] ] s (2)

M ""("'Hv-""-) [ ;UM..<A,, >

where M is given by

Nw/2 if Ny is even
(N +1)2 1 Nyy 8 0dd ' &)

U, is the length of each group velocity window for Lg given by

Uy = 0 T (Woa-Woans) 4

- mp————— e
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where 7, v.-andu..mﬂ\enwnga,mndmm,mdnh\hmmmpvdodﬁudﬂ\eq
wave train, respectively. G, is the geometrical spreading term which can be expressed as

1 -2
Xl ey - .Y Y =
where 84 is given by
[
Ap= [dé=drd; . 5
[ L]

We have replaced the symbol 1 in X3e and Nuttli (1988) by ¢ in order to avold confusion with
the frequency dependence of Q in equation (7) of this paper. Equation (6) is obtained using
equations (A1) through (A5) of Xie and Nuitli (1988) but Is more general than equation (AS5)
because here we have generalized the limits of integration for &. When part of the integra-
tion path, which is an ellipse, is missing, the numbers ¢, and 4, can be found using equation
(AG)dXhlndNutﬂi(lQBﬂ).Mmpled&dldmﬂmhﬂwmuwhmﬂledlipninhr-
cepts a continental boundary which is non-transmissive to Lg waves. Otherwise A is 2w
and the resulting G,, from equation (5) becomes

Gu = (ZARYVi(plr2 R3-1yA | 57
The right-hand side of equation (2) is calculable from a coda time series.

Assuming a power law for Q
QU= Qf" . @
where (3, and n are Q at 1 Hz and the frequency dependence of Q, respectively, Xie and
Nuttli (1968) used linear regression to find v and @, from
logFy = (1-m) logfy - logQq +¢ , ®
where « represents a random error. Both theoretical and observational calculations show that
the the SSR provides a statistically stable Q estimator, with the resulting standard error in Q,
being an order of magnitude smaller than 0, itself,

A possible source of major systematic deviations of the Lg codaQ estimator from the Lg

Q estimator is the use of an incorrect geometrical spreading term, G, in equation (2}. Using
available observations conducted in various areas, induding central Asia, North America, and
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southern Africa, Xie and Nuttli (1988) made a comparison between the Lg Qo and Lg codaQ,
calculated from applying the single isctropic scattering (SIS) model to digita? coda data, and
concluded that the geometrical spreading term G,, calculated using the SIS model can be used
to calculate the value of Lg codaQy and that that value is close to Lg Q, averaged gver the
same area. These areas have widths of about 10° km. This conclusion is semi-empirical and
many aspects on the the generation of Lg coda sill remain unclear. For instance, we do not
yet underatand the detalls of mode conversion, nor why the SIS model appears to be valid. A
further complication is that the stochastic modeling of Lg coda may be non-unique (Xie and
Nutthi 1988).

§2.2 Spatial interpretation of single trace coda Q measurements

In order to obtain an image of lateral variation of Lg coda Q which closely resembles
the laterul variation of Lg Q. one has to interpret single-trace measurements of Lg coda Qin
terms of laterally varying Lg Q, ie. one has to make an & priori assumption about how the
single-trace measurements of Lg codaQ depend on the laterally varying Lg Q inside the atea
sampled by Lg coda. >From considerations of the afore-mentioned non-uniqueness in modeling
Lg coda and the unclear aspects of Lg coda generation, we think it is premature to assmime a
detailed, perhaps non-linear, functional relationship of such a dependence to image
lateral variation of Lg coda Q. Additional problems in any attempt at using such a detailed
functional relationship comes from the tremendous computation time and computer storage
involved, and probability of numerical instabilities (Xie and Mitchell, 1988). On the other hand,
the Lg coda time series is typically longer than 300 seconds, thus the moving window stacking
defined by equation (2) utilizes many windows and results in a stable measurement of Q.
Assuming an Lg group velocity of 3.5 km/s and single scattering, the arca sampled by the single
trace Lg coda will always have a width greater than 10° km. This distance is about the same as
the widths of the areas over which the consistency between aversged Lg Q, and Lg codaQ,
were observed (§2.1). Therefore we assume that the Lg codaQ obtained by applying the SSR
method (with G, calculated from the SIS model} to a single-trace record of Lg coda gives the
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areal average of Lg Q inside the elliptical area corresponding to the maximum Ty, Which will be

denoted as 1., of this record. The major and minor axes of this cllipse are given respectively

by

a=vt2 1 .. )
where v is the same as in squation (4), and
b= Vouiril,, (10)

(Xie and Nuttli 1988, equations (A3) and (A4). Note that r, + r2 = v and that the delta func-
tion in equation (A3) results in a being equal to vi/R ).

Since the 7., of a coda record, under the single-scattering Assumption, gives the largest
possible area sampled by the Lg coda, the above assumption attributes each coda Q value
measured from a single-trace record to the average Lg Q over the largest possible area. We
will use this assumption exclusively in imaging lateral vartations of Lg coda Q.

It appears that the above assumption will lead to limited resclving power in the imaging
of lateral variation of coda Q. Previous practice in determining lateral variations of coda Q
(Singh and Herrmann, 1983; Racof and Nuttli, 1985; Jin and Aki, 1988) have assigned single-
trace  measurements to spatial points, instead of areas. We think that our assumption is
more reasonable since high-frequency seismic coda samples an area rather than a spatial
point. Moreover, spatial resolution in imaging lateral variations of coda Q is also limited by
the random nature of the high-frequency coda sigral. This causes more basic and more
severe restrictions in resolution compared to any restrictions artificially caused by the
assumptions used in our inversion. This basic restriction is very impartant and profound but
has not been addressed previously. We shall give a detailed discussion on this limitation in
the following pqagnphn.

There is a trade-off between the stability of single-trace coda Q measurements and spa-
tial resclution. As mentioned by Kopnichev (19680), Der et al. (1984) and Xie and Nuttli (1988),
the high-frequoncy Lg coda is highly random. Thus in order to estimate coda  using spectral
ratios, stacking technigues should be used to overcome large variances or uncertainties. Stacking




-7

can be applied either to coda data from repeated paths if they are available, of to coda obtained
from many time-shifted windows applied to the same single trace. Moving-window stacking can
provide better data coverage since only one record is required for multiple measurements. In
this method, as one moves toward luter parts of the coda, the area sampled by the signal succes-
sively increases and the spatial resolution becomes poorer. This is a special case of the usual
trade-off between variance and resolution in inverse problems (Bakus and Gilbert 1970). In
measuring coda Q using the master curve method (Herrmann, 1980), better constrained coda Q
estimates require use of predominant frequencies measured from the later p..rt of coda, unless Q
is very low (Singh and Herrmann 1983, Xie and Nuttli 1988). The method of Aki and Chouet
(1975) applies linear regression to amplitudes over lapse time for each of several frequency pass-
bands. More data points are needed in these regressions to reducs the uncertainty in the estima-
tion of slope (which gives Q); thus the later part of coda is alsc needed in the method of Aki and
Chouet. Therefore the randomness of coda is an inherent cause of the limited resolving power
of coda Q imaging, regardless of the method used. Compared to this. primary limitation in the
spatial resolution inherent in narrow-band coda signal, the limitations associated with our
assumptions are secondary and probably trivial. At short distances the low-pass effect effect of
attenuation is not as serious as it is at large distances where Lg coda is observed; therefore for
-Iocal S-wave coda recorded by broad-band instruments, the variance could be reduced by
increasing 2! +1 {equation (1)) at the cost of frequency resclution if the SSR method is used, and
the trade-off could be set toward a higher spatial resolution.

¥ 2.3 Tmaging lateral variations of Lg coda Q

In this section we propose a back-projection algorithin to image lateral varlations of Lg

coda Q. Suppose we have a number (N,) of Lg coda time series collected from a continental .

region. We shall denote the Q value calculated by applying the SSR method to the nth time
series by Q,. We divide the whole area under study into a number of N, grids with widths
of Wy degrees in a north-south direction and Wpy degrees in a east-west direction. We

parameterize the unknown lateral variation of Lg coda Q by assuming it to be a constant

(Qu) Inside the mth grid. Following the assumption in §2.2, (3, gives the areal average of Lg
Q (strickly speaking, Lg coda Q) in the eiliptical area sampled by coda waves received at the
maximum lapse HMe, Ty, of the whole time trace. Denoting the area that the nth ellipse
overlaps with the mth grid by s, we have

:

L
slal

1 L)
= _ ,n=12,..N, 11
o Q. ten 2,....Ny, am

Sy = ~2‘h
and ¢, is the residual due to the errors in modeling Lg coda and in the Q measurement.
Equation (11) is a sparse linear systemn because many of the 1, ‘s ate zero. We shall use a
back-projection, or ART technique (eg., Gordon 1974, Dines and Lytle 1979, McMechan 1983,
Suetsugu and Nakanishi 1985, Humphreys and Clayton 1988) to solve equation (11). This tech-
nique iz an iterative "raw-action” procedure. Qur adopted version of this technique to image
lateral variation of Lg coda Q is briefly mummerized as follows:

(1)calculate s,,, for all the (m,n)'s and store all the non-zero &, valuas.

(2)construct a starting mode! for Q,'s, denoted by QL. for m1,2,3,....N,, and i=0 (the
superscript 1 will be used to indicate the last iteration completed over all the coda records).

(3Mor each of the n records (1=1,2,3,....N;), calculate the updated residual A, defined
through

Alee-R 1., 12)

4 ] mel

(i)for each of the m grids (me1,2,..., N;), & new estimate of Q,,, denoted by Q4" is
made by back projecting A! into the inverse of the QL's:

a3

{5)a nine-point spatial smoothing proposed by Suetsugu and Nakanighi (1985) ig applied
to smooth and stablize the inversion. If we denote the mth grid by m(!, /), whete ] and | are
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grid numbers in the east and north directions, respectively, then the smoothed model
QLYY is given by

S S Y S S S S S

QadpY P QW Qs sen Qv Qg

1 1 1 1 9
H(—+ + + .
Ld.]-l) Q‘-"d,j +1) Qifdul,j) QL’(’QI,]) )+ Q:"(i,]) ] (14)

This smoothing procedure is much like a spatial Gaussian filter, and we have found that
unreasonably low (or even negative) Q-1 values could result if this smoothing is not applied,

{6)repeat the iterative procedures in (3) through (5} untll one of the following criteria is
satisfied:

1, , 1s)

Na Ne
%(AI*‘F-Z(A!)‘
i =1
Ne
PO o
f
whete iy, is an integer which gives the maximum fteration acceptable and 3 is the relative
change in the overall residual, or the relative improvement of the degree to which the model

fits data. Both numbers were chosen by experience after several tests of the method, Both
imex and 3 are set before the iteration procedure begins,

= 8§ (16)

The advantages of using back-projection techniques include the minimal computer
storage involved, and the rapid convergence achieved. These advantages are very important
when an entire continent is being studied. The disadvantage of using this technique is that
back-profection does not provide formal estimates of resolution, bias, and error (Suetsugu and
Nakanishi 1985). Humphreys and Clayton (1988) suggested using the "point spreading func-
tion”, which we shall denote as p.s.f., as an approximation of the resolution kemel. To
obtain the p.s.f. one simply constructs & model composed of one grid with unit-valued Q' at
the geographic point of interest. The Q! values in all the other grids are set at zero. Syn-
thetic data using this model are then computed and inverted. The resulting image gives the
p-s.f. at this geographic point, which in turn gives a measure of spreading of the resolution
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kernel.

ﬂweﬁeﬂnfmdmndumdmlh@e-quesmmmﬂ\eﬁnﬂimapm
be empirically tested utilizing the sample standard ervor in (3, due to the randomness of the
SSR’s (Xie and Nutti 1988), To do 50 we denote the standard error assoclated with (3, by
8Q., 1=1,2,3,.,N; (note that &Q, is always positive due to the way standard emor is
estimated), and assume that 8, gives a good measure of the absolute value of real error
preserved in the corresponding (3, messurements. We then empirically construct a number,
N;,ofnduseﬂu,whounﬂ\memberhnvemabwlutevalueequﬂl:o&Q,,mdlsignthntis
chosen randomly. The nth term of this noise series is then added to (3, to construct a new
set of (J,, which we shall denote as
. Qi +8Q, .
Q.'valuuwerctheninvertedhoobuhlner_ model. The difference between the new
inugeon,.valueuusingE,'-mdtheodgimlimageon. values will give us an emor esti-
mation for the Q) values. This process empirically measures the effect of random noise on
the Q. image. lhelignoftln&Q.uﬁucmhelimuhtedbypluedonndenuygemu-
tminammpummdlheprouummtbeuputedmudﬁmutoobhinmlverased,md
more stable error measurement of Q,, values.

§4.2 Imaging Iateral varistions of %

Imaging the lateral variation of frequency dependence, v, requires another procedure.
First, we obtained Qy and n for each coda record using the SSR method. This allowed us to
calculate single-trace measurements of Q at a frequency cther then 1 Hz, say at 3 Hz. These
single-trace measurements were then used as Q, in equations (11) and (12) to calculate Q,,
values at 3 Hz for each of the m grids, m=12,...,N,. Finally, using Q. for each grid calcu-
lated at 1 Hz (§4.1) and 3 Hz and assuming exponental frequency dependence of Q, we cal-
culate 1) for the same grid using the relationship

S 9—‘4’%!&] . _ an
[

in3

R
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It is interesting to compare our resolution in imaging lateral variation in Lg coda Q to
the resolution of two-dimensional surface wave velocity tomography. Several authors have
conducted studies of lateral variations of long-period surface wave phase and/or group velocl-
ties in recent years. Suetsugu and Nakanishi (1985), Montagner (1986), and Hadiouche and
Jobert (1988) mapped lateral varistions of surface wave dispersion in the Pacific Ocean, the
Indian Ocean, and Africa, respectively, using data at periods between a few seconds and a
few hundred seconds. In all these studies the spatial resolving power was generally limited
to wavelengths of 15 to 20 degrees or mare. Resolving power in some cases was locally lim-
ited to 40 degrees for situations where the ray coverage was poor (Suetsugu and Nakanishi
1985). Thersfore the resolving power in this study using Lg coda waves at frequencies
between roughly 0.5 and 2.0 Hz is comparable to that achievable in surface wave tomography
at longer periods. This is somewhat surprising since surface wave tomography uses direct
paths whereas imaging of lateral variations in the Lg codaQ uses scattered waves, thus
requiring smoothing over broadet areas. A closer lock at this comparison suggested that the
ruolvingpowerohurhee-wuvemmognphyhundbdbypp-bctwmnypnﬂuwmd\m

typically about 20 degrees. The smoothing techniques used in surface-wave tomography
remove these gaps in the inverted velocity image at the cost of resolution. The limitations in

resolution in the present study are, howeves, largely due to the random nature of coda data
itself (§2.2). Moreover the Q image may be subjected to greater systematic errors in the
single-trace measurements of Q and in their spatial interpretation than are velocity images

from surface waves.

The effect of the random error in single trace measurements of Lg coda Q on the image

of lateral variations in @ was estimated empirically using the method described in §2.3. Five

tests were run to estimate the error in the image of Qp and n. In each of the five tests we first
constructed two naise, or erTor series. The absalute values of the nth terms of the first and
theaeoundm'inequnlﬂwumplenhndlrdmhaqmdqahuhnd&mﬂ\enﬂ\coda
seismogram, respectively. Mslgudﬁunﬂlurmdboﬂlndunﬂuwmnndomlygm-

o mm——e, = mmeepwemmeeme o reres
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erated by a random binary generator. The nth terms of the two noise series were than added

to the nth Q, and 7 measurements to construct o new synthetic set of Q and = values. The
new sets of synthetic Qo and m values were then Inverted using the back projection method to
obtain Qg and m for all of the grids. The differences between the Q, and m values for the new
imagemdﬂuuﬂsimlhnmwaemwaﬂandmdlmdnﬂumddud\uu. After
ullﬁvemu,huhduuvduadﬂ\eﬂvediffminQomdnforud\grldwmwm
aged. mnvmpdvduaﬂmsobhhudglw-nplrkaluﬁmamdnhdutemk\ﬂu
imaged Q and 7 values.
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Abstract

Observed Q values for 1-Hz Lg waves which traverse the Basin and
Range province exhibit a dependence on frequency which varies as 406,
By contrast, the frequency dependence of intrinsic Q for shear waves in the
crust of the .same region is much lower and may be nonexistent. These
apparently conflicting observations can be explained by a frequency-
independent layered model of shear-wave Q which has very low values in
the upper crust and rapidly increasing values at greater depths. The shear-
wave Q model which best explains reported values of Qg and its frequency
dependence consists of an 8-km thick low-Q layer (60 or less) overlying Q
values as high as 1000 or more at mid-crustal depths. The low Qp values in
the upper crust are best explained by the presence of fluids in interconnected
cracks and pore space. At greater depths, increasing lithostatic pressure
closes the cracks, leading to the higher Qp values. This model also predicts
fundamental-mode Rayleigh wave attenuation coefficients which agree with
observed values. The result of this study contrasts with that of earlier work
in high-Q regions of the eastern United States where shear-wave Q in the
upper crust must vary with frequency to explain the observed attenuation of
both fundamental-mode Rayleigh waves and Lg.

These results indicate that whereas the frequency-dependence of shear-
wave Q is an intrinsic property of crustal material, the frequency dependence
of Q4 arises from both the intrinsic frequency dependence of crustal material
and its layered structure. A notation is suggested which distinguishes
between the frequency dependence of Qy; and shear-wave Q.

-2.

Introduction

Data that can be used to study the attenuation of the phase Lg and its
coda, especially at frequencies near 1 Hz, has increased tremendously in
recent years. Observations indicate that Q for thesé waves varies regionally, -
being relatively high in old stable regions and relatively low in younger, tec-
tonically active regions (Nuttli, 1973; Singh and Herrmann, 1983; Cong and
Mitchell, 1988). Q values for both Lg (Qrg) and its coda (Q,) at frequencies
near 1 Hz exhibit similar values, being within 10-15% of one another for all
regions in the world where both have been determined (Nuttli, 1988). The
regional variations of QLg and Q. occur in patterns which vary in the same
way as regional variations in crustal shear wave Q (Qp) in the upper crust
obtained from surface wave attenuation studies (Mitchell, 1975; Cheng and
Mitchell, 1981; Hwang and Mitchell, 1987). The frequency dependences of
Qg and Q. also vary regionally, but in the opposite sense as the Q values;
they are lower in stable regions and higher in tectonically active regions
(Nuttli, 1988). '

Since Lg is a guided wave, controlled predominantly by crustal proper-
ties, it can be expected that the regional variation of Qrz and Q. and their fre-
quency dependences are caused by lateral changes in the anelastic and
scattering properties of crustal rock. Models of Qp which explain the attenua-
tion of both Lg waves at 1 Hz and fundamental-mode surface waves at inter-
mediate frequencies have been developed for several regions of the world,
incdluding the eastern United States (Mitchell, 1980) and western United States
(Mitchell, 1981). An important result of those studies is that the frequency
dependence of Qg must be relatively high in the high-Q crust of the central
and eastern United States, but is low or non-existent in the low-Q crust of the
western United States for frequencies of about 1 Hz and lower. Later work
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{(Cong and Mitchell, 1988) confirmed the earlier results in North America and
showed that the same conclusion also holds for South America and India.
The results described above, that the frequency dependence of Qg usu-
ally decreases with increasing values of Qp, whereas the frequency depen-
dence of Qp increases with increasing Qp, seem to be contradictory. The
main purpose of this paper is to explain that apparent inconsistency. It will
be shown that the frequency dependence of Qr, in the Basin-and Range can
be produced by a layered Qp structure. Thus, frequency dependence of Qj,
such as that which characterizes crustal rocks of the eastern United States, is
not required in the Basin and Range. A standard notation will be proposed
which distinguishes between the frequency dependence of Qpz, Q. and Q.

-4-

Observations of QLs and Q. in the
Basin-and-Range

Xie and Mitchell (1990) have recently determined Q and its frequency
dependence for both Lg and Lg coda waves in the Basin-and-Range province.
Using the relation Qg (f) = Qof", where Q; is Qg at 1 Hz and 7 is a
frequency-dependence exponent, they found that Qp, can be described by
Quglh) = (267 = 56)f0370%) and that Lg coda Q can be described by Qu(f) =
(275 = 26)f*%%00) 5t frequencies between 0.2 and 2.5 Hz. Their determina-
tions utilized a stacked spectral ratio (SSR} method (Xie and Nuttli, 1988)
which provides stable determinations of Q with variances which are much
smaller than those associated with previously used methods. Singh and
Herrmann (1983) obtained QJ(f) = (250 = 50)f0-45x0.05 yging a predominant
frequency analysis and Chavez and Priestley (1986) obtained Q(f) = (214 *
15)f0-54%0.0) 55 average values over a somewhat broader region centered in

the Basin-and-Range province.

The similarity of the Q values for Lg waves and coda waves and the
similarity of their frequency dependences found by Xie and Mitchell (1990)
suggest that Qp; and Q. can be used interchangeably when using those
waves to infer anelastic properties of the crust or in using the attenuation of
one or the other of those waves to measure magnitudes of earthquakes or
nuclear explosions from Lg waves, at least in low-Q regions like the Basin-
and-Range province. That similarity is particularly convenient when deter-
ml.nmg crustal models of Qg which explain Lg attenuation. It means that
amplitudes of Lg waves from synthetic selsmograms at various distances can
be used to determine Q;, values predicted by crustal models and these can
be compared with observed Q. values which are more abundant than
observed Q;; values.
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Implications of the equivalence of Q;; and Q. were discussed by Xie and
Mitchell (1990). They noted that if the energy flux model of Frankel and
Wennerberg (1987) is valid at distances of several hundred to 2000 km in the
Basin and Range province the equivalence would suggest that intrinsic Q is
the dominant factor affecting wave attenuation there and the effect of scatter-
ing Q is much smaller. Very low values of Qp in the upper crust of the
Basin-and-Range have been reported by Cheng and Mitchell (1981), Patton
and Taylor (1984), and Lin (1989) from studies of surface waves at intermedi-
ate frequencies, Because of the relatively long wavelengths used m the sur-
face wave studies (20 - 150 km) it is likely that those low Qp values
correspond to intrinsic values. Because those Qg values are so low (50 - 100),
it is likely that attenuation over the frequency range 0.2 to 2.5 Hz used by Xie
and Mitchell (1990} is also dominated by intrinsic Q effects, as suggested by
Frankel and Wennerberg (1987) for the Anza region of southern California.
In the following sections, we consequently assume that attenuation at both
low frequencies and frequencies near 1 Hz is dominated by intrinsic Q and

can be modeled using that assumption.
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Crustal Qg Models for the Basin-and-Range

Crustal Qg models for the Basin-and-Range province have recently been
obtained by Patton and Taylor (1984) and Lin (1989). Although they both
exhibit Qg values which are low compared to models for eastern North Amer-
ica, they differ from one another in the distribution of those values. Q!
values for the model of Patton and Taylor (1984) increase continuously from
the near surface to upper mantle depths whereas the model of Lin (1989)
includes a high-Q zone (low Q™) at depths between about 12 and 25 km
(Figure 1). Both models were obtained using the assumption that Qp is
independent of frequency. Frequency-independent models can explain the
attenuation of both fundamental-mode surface waves and 1 Hz Lg waves in
that region (Mitchell, 1981). Figure i also shows a model of the eastern
United States (Cong and Mitchell, 1988) which must be frequency dependent
in order to explain the attenuation of both fundamental-mode surface waves
and Lg.

Differences between the two Basin-and-Range models probably occur
because the two studies used different methods to determine the attenuation
of surface waves, Patton and Taylor (1984) usedl the method of Tsai and Aki
{1969) which obtains spectral amplitudes at many stations surrounding a
seismic event and solves simultaneously for fundamentai-mode surface wave
attenuation coefficients and the moment of the events. The method is most
effective in regions where Q has little lateral variation, but is susceptible to
systematic errors, which can give attenuation values which are either too high
or too low, depending on path configuration, in regions where Q varies
laterally (Yacoub and Mitchell, 1977). Observations by Singh and Herrmann
(1983) in the Basin-and-Range indicate that Lg coda Q varies between about
200 and 300 in that region. Thus, the model of Patton and Taylor _(1984)

s e i a
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could be biased due to systematic errcrs in surface wave attenuation determi-
nations.

The model of Lin (1989) was obtained by inverting two-station measure-
ments of both fundamental-mode and first higher-mode Rayleigh waves.
Those measurements should give average values even along paths where Q
varies laterally. That model includes a high-Q zone at mid-crustal depths.
Hough and Anderson (1988), in a study of local earthquake recordings,
reported a similar zone of high Q values at somewhat shallower depths (5-12
km) beneath the Anza array in southern California.

The model of Lin (1989) will be used as a starting point for the computa-
tions of this study. Three modified forms of his model.are used, all of which
include a low-Qg layer with a value of 60 in the upper crust. Stacked spectral
ratios are computed for three models, one in which the low-Q layer is 6 km,
another 8 km, and another 10 km thick. At greater depths the Qg values of
Lin (1989) are used.

R e S
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Predicted Values for Q¢

If attenuation in the Basin-and-Range province is dominated by intrinsic
effects, then the attenuation of Lg can be predicted for crustal models which
have been determined for that region. In the present study, synthetic
seismograms for the Lg phase were computed at several distances for velocity
and Qg models for the crust and upper mantle of the Basin-and-Range and
the attenuation of Lg was determined using the stacked spectral ratio (SSR)
method of Xie and Nuttli (1988); predicted Lg Q values were thus determined
using the same method that was used to obtain observed Q values. The SSR
method was applied to synthetic seismograms of Lg computed by mode sum-
mation (e.g., Wang, 1981). 20 seismograms were computed over the distance
range 300 - 1250 km for Qg models and velodity models obtained by Patton
and Taylor (1984) and Lin (1989). Example seismograms computed at dis-
tances between 400 km and 1200 km appear in Figure 2 for the velocity and Q
models of Lin (1989). The rapid loss of high frequencies caused by low-Q
material in the upper crust is readily apparent.

The solid lines in Figure 3 denote stacked spectral ratios predicted by
three modified forms of the model of Lin (1989) in which a low-Qp surface
layer overlies much higher Qg values at greater depths. The calculated
values for those models are compared to cbserved values of Xie and Mitchell
(19%0) over the frequency range 0.3 - 3.0 Hz. The best-fitting model is that
with an 8 km thick low-Q zone; the SSR for this model is described by the
relation Q= (248 + 27)f®5*%2) The model with a 6 km thick low-Q Iayer
produces higher Q, and 7 values and the model with a 10 km thick low-Q
layer produces lower values. Results for the model with an 8 km thick layer
compare well with the relation Q4 = (267 = 56)f%4*%!) gbtained by Xie and
Mitchell (1990) from stacked spectral ratios of observed Lg waves. The model
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also predicts attenuation coefficient values of the fundamental Rayleigh mode
at intermediate periods (6 - 35 s} which agree satisfactorily with the cbserved
value of Lin (1989) as shown in Figure 4. The only discrepancy is at a period
of 6 s where the predicted value is slightly outside the one standard deviation
range of the observations. The model with a 10 km thick low-Q zone predicts
values which are in even better agreement in the 6 - 7 s range, whereas the
model with the 6 km thick layer predicts values which are substantially lower
than observed values. Because it provides the best fit to both Lg and funda-
mental Rayleigh wave data, the model with an 8 km thick low-Q zone is
taken as the best model for this region. The dramatic increase of Qg at mid-
crustal depths is most easily explained as being caused by the dosure of
cracks due to increasing lithostatic pressure. As suggested by Mitchell (1975,
1980), tﬁe low Qp values in the upper crust imply the presence of fluid-filled
cracks and pore space. Reductions in Q due to fluid movement through the
crust have been described quantitatively by Mavko and Nur (1975) and
O'Connell and Budiansky (1977). Brace and Kohlstedt (1980} summarized the
results of Brace (1972) and Brace (1980) indicating that relatively high crustal
permeability extends to 8 km and could extend to greater depths. The depth
to the high-Qg zone obtained in this study is therefore consistent with depths
commonly associated with enhanced crustal permeability. The dashed line in
Figure 3 was produced by the model of Patton and Taylor (1984). The
absence of a high-Q layer in that model causes observed QLS values and
frequency-dependence values to be too low.

The modified Qg model of Lin (1989) which produced excellent agree-
ment with observed values of Qp; and its frequency dependence is a

frequency-independent model. This result indicates that the frequency
dependence of Q; near 1 Hz which is observed in the Basin and Range can
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be produced by a layered structure in which Qg increases rapidly with depth
at mid-crustal depths. It is possible, however, that Qg in the deeper portions -
of the model, particularly the high-Q region, can be frequency dependent.
When Qg is high, resolution of Qp values is relatively poor, so that frequency
dependence cannot easily be detected (Mitchell, 1980).

A high-Q layer was also inferred by Hough and Anderson (i9§8) using
body waves from local earthquakes at frequencies between 15 and 100 Hz for
the Anza region in southern California. Their Qg model consisted of a high-
Q layer (> 2000) at depths between 5 and 12 km sandwiched between a 5-km
thick surface layer with Qg values of about 500 and deeper material with Qg
values of about 800. Those values are much higher than those of the present
study even though Q. values there are lower than those of the Basin and
Range (Singh and Herrmann, 1983). Their model therefore suggests that cru-
stal Qp values increase with frequency beginning at frequencies somewhere
between 5 Hz and 15 Hz.

The depth range of the high-Q zone in the model of Hough and Ander-
son (1988) corresponds to the range over which most earthquakes occur in
that region. The high-Q zone in the model of Lin (1989) lies between depths
of about 12 and 25 km. The depth distribution of earthquakes has been
determined in the western Great Basin in a region near the western extent of
our region of study (Vetter and Ryall, 1983). The greatest number of earth-
quakes occur at depths between 10 and 15 km in a zone which overlaps the
high-d'zone of the model of Lin (1989), and earthquakes occur in smaller
numbers at depths down to the base of the high-Q zone. Thus, it is possible
that the depth distribution of earthquakes in the Basin-and-Range province is
related to the Qp distribution there.
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A Classification for the Frequency Dependence
of Q'-s' Qo and Qg
Expressions for the internal friction (Q™'} of surface waves, assuming that
damping losses are small enough that Q% can be neglected, were given by
Anderson et al. (1965). The equation for Rayleigh waves is

day wfl @)
where the subscript 1 is the layer index, the subscripts R, o and B identify

Qrl(w) = 5 {[
R P

=1

Rayleigh, compressional, and shear waves, respectively, w is angular fre-
quency, and Cy is Rayleigh wave phase velocity. The subscripts @, o, and B
indicate that those quantities are held constant when the partial derivatives
are computed.

This equation can be used to calculate Qg™ for any Rayleigh mode by
using the appropriate velocities, partial derivatives, and intrinsic Q values.
Mitchell {1980) extended this expression to incorporate shear-wave @ values
which vary with frequency as

Qpilf) = Cff @
where { is an exponent which describes the frequency dependence of Qp.
Nuttli (1986) assumed that the frequency dependence described by Mitchell
(1980) for Qp also pertained to Q. However, equations (1} and (2) indicate
that frequency dependence of Q™! can be caused either by frequency-
dependent Qg in the crust or by an appropriately layered structure in which
Qp is independent of frequency. Results of the present study indicate that
the layered structure in the Basin and Range causes Qug to increase with fre-
quency. That increase occurs because higher frequencies include a greater
number of higher modes than low frequencies and those higher-order modes

sample more deeply in the crust than lower order modes. A high-Q lower
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crust will therefore produce a positive frequency dependence of Qrg- Thus,
the frequency dependence of Qig and Qg should be described by two dif-
ferent parameters. [ therefore propose that the frequency dependence of the
attenuation of Lg waves be described by the parameter n and that the fre-
quency dependence of internal friction for shear waves be described by the
parameter {. Qp, would then be described by

Que(® = Q" 3
If the crust and upper mantle were comprised of flat layers with laterally
uniform elastic and anelastic properties, equations (1} and (2) could provide a
good approximation for the effect of anelasticity on the attenuation of Lg
waves which, as indicated by equation (3), may have a different frequency
dependence. It is known, however, that heterogeneities distributed
throughout the lithosphere produce a long coda following the Lg wave which
cannot be replicated in synthetic seismograms computed for plane-layered
structures (Aki and Chouet, 1975). Since the Lg coda is composed of scat-
tered waves which travel longer paths than that taken by Lg, it appears that
the frequency dependence of the attenuation of Lg coda should be described
by yet a third parameter which I tentatively designate n'. Then
Q) = Q.. @
In low-Q regions, such as the Basin-and-Range, it appears that very low
intrinsic Q material in the crust attenuates scattered waves at the same rate as
it attenuates the direct Lg wave. Thus the relations Q' = Qo and 1’ = n may
b;!' appropriate for all low-Q regions. Further work, using methods capable
of providing stable measurements of Qg and Q. and their frequency depen-
dences, will be necessary in high-Q regions to see if the relations Q' = Q,
and m’ = n hold everywhere.

el




-13 -

Conclusions

All of the frequency dependence of Qi in the Basin and Range provi.nce'
can be explained by a layered frequency-independent model in which Qg
increases rapidly with depth from very low values (< 100) in the upper 8 km
of the crust to high values at greater depths. It is possible that the high-Q
layer is frequency dependent, but that that dependence cannot be detected
because of poor resolution in high-Q material. The change from low to high
values of Qp most likely occurs because of the dlosure of cracks produced by
increasing lithostatic pressure with depth. The frequency independence of
this model contrasts with results from the central and eastern United States
where frequency dependence of Qg in the upper crust is required to explain

the attenuation of both fundamental-mode Rayleigh waves and Lg waves.

Frequency dependence of Q4 and its coda at frequencies near 1 Hz can
therefore be caused by at least two factors, by layering in a frequency-
independent Qp model or by an intrinsic frequency dependence of Qg. It is
likely that both factors will prevail in many regions. The frequency depen-
dence (m) of Qrg and the frequency dependence ({) of Qg are thus fundamen-
tally different parameters and can differ greatly from one another. The fre-
quency dependence {(n") of Q. may, in general, be different from both m and
{, but in the Basin and Range, at least it appears that m = %', at least near 1
Hz. Since that equivalence occurs because of the rapid attenuation of scat-
tered waves, it is likely that m = m’ in other low-Q regions. Further work is

necessary to ascertain whether or not this is also true of high-Q regions.
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Figure Captions

Figure 1. Models of Qa'l obtained from surface wave attenuation. The solid
lines indicate a frequency-dependent model for the eastern United States
for which Qg varies as f% (Cong and Mitchell, 1988). The dashed lineis a
frequency-independent model for the Basin-and-Range province. Both
models explain the attenuation of fundamental-mode surface waves and

1-Hz Lg waves in the regions they represent.

Figure 2. Synthetic Lg seismograms computed by model summation (Wang,
1981) for distances between 400 and 1200 km. The seismograms were
computed for along an azimuth of 45° from a vertical strike-slip fault at a
depth of 5 km and oriented in a north-south direction. Seismograms were
computed at 20 distances and stacked to obtain stacked spectral ratios
using the method of Xie and Nuttli (1988). The time scale is reduced at

each distance R using a reduction velocity of 5.0 km/s.

Figure 3. Stacked speciral ratios (circles) obtained by Xie and Mitchell (1990)
for the Basin-and-Range province over frequencies between 0.3 and 3.0
hz. A least squares fit to this data gives Quq = (267 = 56)f®+*%1. The
solid lines represent theoretically predicted values for modified versions of
the model of Lin (1989) in which the upper crust is assigned a Qg value of
60 and allowed to vary in thickness between 6 and 10 km. The dashed

line represents theoretically predicted values for the model of Patton and
Taylor (1984).

Figure 4. Attenuation coefficient values observed by Lin (1989) in the Basin
and Range province. Vertical bars denote one standard deviation. Solid
lines indicate values predicted by the Qg model of the lower crust and
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upper mantle in Figure 1 combined with an upper crust with a Qg of 60.

The thickness of that upper crustal layer varies, being 6, 8, and 10 km
thick for three computations.
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