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CRUSTAL STRUCTURES INFERRED FROM RAYLEIGH-WAVE 
SIGNATURES OF NTS EXPLOSIONS 

BY THOMAS C. BACHE, WILLIAM L. RODI, AND DAVID G. HARKRIDER 

ABSTRACT 

An improved method for determining plane-layered earth models that accu- 
rately represent the important features controlling the amplitude and wave form 
of surface waves is presented. The method includes a formal inversion of phase 
and group velocity data determined from observed seismograms and is applied 
to the Rayleigh waves from Nevada Test Site (NTS) explosions recorded at 
Albuquerque, New Mexico and Tucson, Arizona. For both paths the observed 
dispersion agrees with that from the models with a maximum residual of only 
O.01 km/sec. Further, the models are consistent with other available information 
about these paths (e.g., from refraction surveys). To properly account for local 
differences in the material at the source, an approximate theory is constructed 
in which the amplitude excitation is computed in a source structure and the 
dispersion in a separate path structure. Using this theory and the crustal models 
from the inversion, synthetic seismograms are computed that match the ob- 
served seismograms remarkably well. 

INTRODUCTION 

We present an improved method for determining plane-layered earth models that 
accurately represent the important features controlling the amplitude and wave 
form of the Rayleigh waves propagated along particular paths. Since dispersion data 
provide valuable information about earth structure, it is desirable to develop 
effective inversion techniques for interpreting them. Further, the better our models 
account for path effects, the more confidently we can relate the amplitudes of 
Rayleigh waves to source parameters, source structure, and dissipation effects. This 
is particularly important in problems related to the monitoring of underground 
nuclear explosions. 

As an application, we use Rayleigh wave recordings of Nevada Test Site (NTS) 
explosions at the WWSSN stations ALQ {Albuquerque, New Mexico) and TUC 
{Tucson, Arizona) to infer the crustal structure for the NTS-ALQ and NTS-TUC 
paths. These paths, or portions of them, have been previously studied using body 
waves (e.g., Prodehl, 1970; Warren, 1969; Langston and Helmberger, 1974) and 
surface waves {e.g., Keller et al., 1976; Alexander, 1963; Wickens and Pec, 1968) and 
these previous solutions provide a useful check, 

Our inversion method includes a direct determination of phase and group veloci- 
ties from the recorded Rayleigh waves and a formal linear inversion of these data 
for earth structure. It is similar to previously applied techniques (e.g., Keller et al., 
1976), but  represents an extension and improvement. 

Since both phase- and group-velocity data are used, our data have considerably 
greater resolving power than do group velocities alone. Also, the formulation and 
solution of the inversion problem is done by a more efficient and flexible method 
than previously used. Further, an interesting corroboration of the models is that 
theoretical seismograms computed with them show remarkable agreement with the 
obServations. 

Both phase and group velocities can be rather easily determined from explosion 
recordings because the phase and group delays at the source are nearly zero. The 
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methods used for determining group velocities (narrow band filtering) and phase 
velocities (unwrapping the phase spectrum) produce nearly independent estimates 
for the two. Nonetheless, we find the values for these paths to be quite consistent 
from event to event and in excellent agreement with the differential relationship 
between phase and group velocity. 

The earth models found by the inversion are rather simple and are consistent 
with refraction data where it is available. The NTS-TUC path is chm'acterized by 
a crustal thickness of 31 km and the average crustal thickness for NTS-ALQ is 42 
km. The phase- and group-velocity data are all fit within 0.01 km/sec. The phase- 
velocity data are especially important if theoretical seismograms are to match the 
observations, as they do here. For example, a seismogram, its negative and its 
Hilbert transform all have the same group-velocity dispersion. 

To compute synthetic seismograms, we must address the fact that conventional 
surface-wave theories (e.g., Harkrider, 1964) cannot be used in a consistent way 
when events in close proximity occur in different source materials, as is common at 
NTS. Therefore, we begin by constructing, albeit in a somewhat a d  h o c  way, a 
theory in which two structures are used to model the source-receiver travel path. 
The amplitude excitation is computed in a source structure and the dispersion is 
computed in a separate path structure. A transmission coefficient accounts for 
passage of Rayleigh waves between the two. 

RAYLEIGH WAVES FROM PROXIMATE EVENTS IN DISSIMILAR SOURCE MATERIALS 

A computationally convenient formulation of the theory for the surface waves 
generated by a point source in a plane-layered earth model was given by Harkrider 
(1964, 1970). The formulation of the theory is entirely in terms of linear elasticity, 
although the effect of anelastic attenuation can be included via an empirically 
determined Q operator. The source representation may be in terms of elementary 
point forces (Harkrider, 1964) or a general expansion of the outgoing elastic waves 
in terms of spherical harmonics (Harkrider and Archambeau, 1978). For spherically 
symmetric explosions a convenient source representation is the reduced displace- 
ment potential ~(r) defined by 

u ( R ,  t) = - ~-~ 

T = t - R / a ,  (1) 

where u is radial displacement, t is time, a is the P-wave velocity, and R is the 
distance from the explosion. 

For direct application of the theory the entire source-receiver travel path is 
modeled as a single plane layered medium. The Fourier-transformed vertical com- 
ponent of the fundamental mode Rayleigh wave generated by an explosion at depth 
h is then 

* K A h ) A R  (~_~) 
&(r, ~o) = -4qr~(w)  Ho (2) , 

c 
(2) 

where 

1 as*(h) us*(h)  
Ks(h)  . . . . .  , 

2tL~ (Oo/C (Oo 
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and the stress and displacement eigenfunctions are defined by Harkrider (1964, 
1970). In equation (2) /~ is the shear modulus of the source layer, r is epicentral 
distance, c is the phase velocity, 4 / is  the time derivative of ~I, and a positive w 
displacement is upward. The amplitude response of the layered medium is repre- 
sented by the real, positive quantities AR, which is source-depth independent, and 
K~(h). Harkrider (1970) tabulates c, AR, and the terms in Ks for several representative 
earth models. Finally, to account for anelastic attenuation and the sphericity of the 
earth, ~b(r, ~) is multiplied by 

r )½, 
e-~r ae s in  (3) 

where ), is an empirically determined attenuation factor, h is range in degrees, and 
ae is the radius of the earth. 

Using equation (2), amplitudes cannot be computed in a consistent way when the 
material near the source is not the same as that at the source depth in the average 
path model. This problem is particularly important in nuclear explosion seismology 
where there is considerable interest in the relative amplitudes of surface waves from 
explosions detonated in a wide variety of source materials (e.g., tufts and granites at 
the Nevada Test Site). 

A natural way to compare events in close proximity, but in different source 
materials, is to use two earth models, one for the source region and one for the 
remainder of the path. Alewine (1974) gives an approximate transmission coefficient 
that  accounts for propagation of Rayleigh waves across a vertical boundary. It is 
based on results given by McGarr (1969) and McGarr and Alsop (1967). Using this, 
the equation for explosion generated Rayleigh waves in a two-structure earth model 
is 

*" K~AR~ T(w) Ho(2) (wr~ + ~r2 I 
w(r, ~) -- - 4~tt~ ~!,'(¢o) cl \ cl c2 } 

X exp (-~,1rl - y2r2) ~ sin (A1 + z~2) (4) 

where the source and receiver portions of the path are denoted by subscripts 1 and 
2, respectively. 

The transmission coefficient, T(~), is derived by assuming the total horizontal 
energy flux remains constant during the transmission of Rayleigh waves across the 
boundary and is 

[C2 AR2~ ½ 
T(w) = \ c l  AR-----~J " (5) 

The derivation assumes no mode conversion and includes no refraction effects. 
For comparing events in close proximity as at NTS, we note the following points. 

First, known structural differences are restricted to the top few kilometers of the 
crust. Thus, at least for long periods, the boundary is nearly transparent and T(~) 
plays a minor role since it is near unity. Second, it is reasonable to let rl --* 0 because 
the dispersion and attenuation are average path quantities that, to the extent they 
are derived from events in the source region under study, already incorporate any 
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mixed path effects that might be present. These points will be clarified by some 
examples in later sections. 

Letting rl --* 0 in equation (4), the formula to be used for computing the surface 
waves from underground explosions becomes 

~(r, w) = -4~r#s ~'(~0) KS,c1AR1 T(~) H0 (2) ~2 e-~r \ae sin h i '  (6) 

where r is the range and the other quantities are as in equation (4). With this 
formulation a single average path model can be used for all events in a region while 
accounting for changes in the local source material in a consistent way. 

SURFACE-WAVE DISPERSION FOR N T S - A L B U Q U E R Q U E  AND N T S - T u c s o N  

Data from the WWSSN stations ALQ and TUC were collected for a number of 
NTS explosions. A striking characteristic of these data was the consistency of the 

I ALQ I I TUC I 
RLEDRIVER (Climax Stock) STARWORT (Yucca Flat) PILEDRIVER (Climax Stock) STARWORT (Yucca Flat) 

DURYEA [Pahute Mesa) SHAPER (Yucca Flail DURYEA (Pohute Mesa) MIERA (Yucca Flat) 

TAN (Yucca Flat) GRAPE A (Yucca F!at) TAN (Yucca Flat) REX . (Pahute Mesa) 

FIG. 1. Typical seismograms are shown for six events recorded at each station. The first three events 
in each column are plotted from hand-digitized data while the others are tracings from the film records. 
All seismograms are not on the same time scale--1 min is indicated on each record. 

wave forms at each station. For example, the period of the maximum phase was 
measured for some 56 events recorded at ALQ and was found to be 11.0 _ 0.5 sec. 
The analogous period for 59 events observed at TUC was 8 _ 0.5 sec. Some typical 
examples are shown in Figure 1. The pertinent data for these events are summarized 
in Table 1 (from Springer and Kinnaman, 1971). 

The path dispersion characteristics were determined by analysis of three repre- 
sentative recordings at each station, those for events PILEDRIVER, TAN, and 
DURYEA. These events were in three geophysically distinct testing areas at NTS 
and their surface waves represent the range of variation seen at ALQ and TUC. The 
six seismograms were digitized by hand from reproductions of the WWSSN film 
chips. 

The phase and group velocities for the seismograms were determined using a 
computer program (Multiple Arrival Recognition System, MARS) developed pri- 
marily by C, B. Archambeau and described in several Systems, Science and Software 
contract reports (e.g., Bache et al., 1976). In this program each seismogram is 
Fourier transformed and filtered by a narrow-band, Gaussian filter. The inverse- 
transformed narrow-band output and its Hilbert transform are constructed to obtain 
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the envelope as a function of time. The peaks of the envelope function occur at the 
group arrival times of energy in a narrow band of frequencies near the filter center 
frequency. Generally, the narrower the filter, the less the contamination by energy 
from adjacent frequencies, but the less accurate the arrival time determination. For 
this reason each seismogram was analyzed using several filter widths. The group 
velocity was then determined as a function of period for each seismogram, assuming 
zero group delay at the source. 

Using the far-field approximation for the Hankel function in equation (6), the 
Rayleigh wave phase delay is 

r 3~r 
T -- T8 + -- + (7) 

C2 ~' 

where Ts is the phase delay associated with the source function ~z(¢0). Theoretical 
(e.g., Bache et al., 1975) and empirical (e.g., Haskell, 1967) studies of the source find 
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FIG. 2. The observed phase and group velocities are shown for three events at NTS to ALQ (left) and 
TUC (right). The lines denote the values determined from each event, while the closed circles are the 
average values used in the inversion. The closed triangles are the phase velocities implied by using values 
for n in equation (8) +_. 1 different from those actually used. 

T8 to be no more than a few tenths of a second at periods in the range of interest, so 
it can safely be ignored. Phase velocity is then determined by unwrapping the phase 
of the Fourier-transformed seismogram (removing jumps of 2~r) and substituting 
into 

--ra;  
c 2  - , ( 8 )  

3~ 
+ %- + 2n~r 

where 0 is the unwrapped phase and n is an integer selected to give reasonable 
values for c2. The phase- and group-velocity data determined from each seismogram 
are plotte d in Figure 2 together with the average values for each path. The phase 
velocities for n being +1 from the value chosen are also indicated. These phase 
velocities lead to unrealistic earth models. 
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Comparing the phase and group velocities, we see that they both are remarkably 
constant from event to event, especially for the NTS-ALQ path, and appear to 
provide equally accurate data sets. Since the two velocities were determined using 
entirely different methods, an excellent check is that they are found to agree closely 
with the relationship 

U2 - do~ ~ (9) 

where U2 is the group velocity. 

EARTH STRUCTURE FROM INVERSION OF SURFACE-WAVE PHASE AND GROUP 

VELOCITY 

Systematic linear inversion is an effective method for inferring the average earth 
structure along a surface-wave path from its observed dispersion. The method 
determines an optimal earth model fitting the data and, in addition, offers a 
description of the uniqueness of the model and hence the resolving power of the 
data. 

We assume the structure can be approximated by a plane-layered elastic model, 
described by velocities a, fl, and density p as functions of depth z. The effects of 
lateral variations and anelasticity are not modeled. Linear inversion finds a model 
(~, ]~, ~) whose values at each depth are estimates for spatial averages of the true 
structure. The accuracy of the (~,/~, t6) and the depth intervals over which the true 
structure is averaged are outputs of the inversion. 

A limited number of fundamental-mode Rayleigh-wave phase and group velocities 
in a finite frequency band do not provide enough information to determine a, fi, and 
p individually. The data dependence on a and p is weak compared to that on ft. 
Therefore, we assume that a and p are linearly related to fi and set 

,~(z) = Cl . ( z )  ~(z )  + C2.(z), 
~(z) = Clp(z) ~(z) + C2p(z), (10) 

where C1,, C2,, C1p, and C2p are prescribed. This allows a considerable flexibility for 
specifying a, p, Poisson's ratio, or other functions of the model at various depths. 
The inverse problem is then reduced to finding an optimal estimate for ft. 

An optimal model fulfills three objectives: it fits the data within their experimental 
uncertainty, is consistent with other available information about the regional strdc- 
ture, and it is as simple as possible while satisfying the first two objectives. Linear 
inversion accomplishes these objectives by simultaneously maximizing the fit to the 
data and the "smoothness" of the model. Many smoothness criteria have been used 
in geophysical inverse problems; for example, Backus and Gilbert (1970), Jordan 
(1973), Johnson and Gilbert (1972), Wiggins (1972). Our method for solving for/~ 
has features in common with these, but differs in some important aspects. 

A commonly used smoothing criterion is to minimize I/~ - fi01, where rio is a guess 
model that  is consistent with other available information. We use a different 
approach that  is based on ideas introduced by Johnson and Gilbert (1972) and 
Jordan (1973). In our method other information, such as that from body-wave 
studies, is incorporated through the constraints in equation (10). We also specify the 
depths at which discontinuities in a, fi, p are known or believed to exist. Our 
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smoothness criterion is then to minimize I df l /dz l  in the segments between discon- 
tinuities. Neither the average value of/~ in a segment nor the jump in value across 
a discontinuity is restricted. This increases the number of degrees of freedom 
available for fitting the data while maintaining the simplicity of the model. 

Since the functionals relating phase and group velocity to (a, fi, p) are nonlinear, 
they are approximated by linear expansions about a reference model in terms of 
first-order partial derivatives and fi is found by iteration. With our smoothness 
criterion, fi depends on the reference model only indirectly through the partial 
derivatives. 

For numerical implementation, the method is applied to models with a finite 
number of plane horizontal homogeneous layers. Theoretical dispersion is evaluated 
by the method described by Harkrider (1964). With this technique, exact phase 
velocity partial derivatives with respect to a, fi, and p can be expressed in terms of 
energy integrals (Takeuchi et al., 1964). Approximate but accurate group velocity 
partial derivatives are obtained by a numerical scheme due to Rodi et al. (1975). 

A number of previous studies have suggested models for the crust along the NTS- 
TUC path. Refraction lines have been run along much of this path and have been 
studied by Diment et al. (1961) and Langston and Helmberger (1974). The latter 
study used both amplitude and travel-time information from the refraction seismo- 
grams and supplemented this with group velocity dispersion determined from TUC 
surface-wave recordings of NTS explosions. The authors concluded that the crust 
was about 30 km thick and relatively uniform with a = 6.1 km/sec and fi = 3.6 
km/sec, except for a 1-km sedimentary layer at the surface. The Pn velocity was 7.9 
km/sec, a typical value for the Basin and Range Province. Warren (1969) used 
refraction data to derive a model for central Arizona that is in basic agreement with 
that  of Langston and Helmberger. He found the crustal thickness to increase from 
21 km in southwest Arizona to 40 km in northeast Arizona, with the thickness being 
about 30 km where the profile crosses the NTS-TUC path. His model differs from 
that  of Langston and Helmberger in having a high-velocity (~ = 7 km/sec) layer at 
the base of the crust. 

Data from the NTS-ALQ path  are less abundant, although there is agreement 
that the crust thickens from west to east. From refraction data, Prodehl (1970) 
found crustal thicknesses of 30 km near NTS and over 40 km in north-central 
Arizona. He found Pn velocities between 7.6 and 7.9 km/sec in northern Arizona. 
From a north-south refraction profile in central New Mexico, Toppozada and 
Sanford (1976) deduced a 40-kin crustal thickness and a Pn velocity of 7.9 km/sec. 
Keller et al. (1976) inverted Rayleigh-wave group-velocity data from the Colorado 
Plateau, northeast of NTS. They found fi increasing from 3.5 to 3.9 km/sec in a 40- 
km crust. From Love-wave phase velocities, Wickens and Pec (1968) estimated the 
average crustal thickness and uppermost mantle shear velocity between Dugway, 
Utah and Tucson to be 35 km and 4.4 km/sec, respectively. 

Taking account of these other data, our models for the inversion of the phase and 
group velocities were constrained to have a low velocity sedimentary layer at the 
surface and a crust-mantle boundary at a specified depth. Poisson's ratio (r) was 
fLxed in the crust as were the ~ and p in the mantle. These constraints are 
summarized in Table 2. 

How strongly do our models depend on the constraints in Table 2? First, the 
dispersion data are primarily controlled by fi, so that a-fl and p-fi relationships do 
not greatly affect the ability of the inversion to find a model that fits the data. They 
serve mainly to guarantee a self-consistent model. Since our shortest period data 
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are at 5 sec, the data are also fairly insensitive to the sedimentary layer. The most 
important constraint is the crustal thickness. Trial inversions with crustal thick- 
nesses much different from those in Table 2 gave models that  were unable to fit the 
dispersion data as well and/or gave unacceptable values for the mantle velocity. 
Certainly the dispersion data could be fit with a smooth crust-mantle transition, but 
this would deny the existence of a Pn refractor. 

The models inverted from the data are shown in Figures 3 and 4, together with a 
comparison of model phase and group velocities to the observations. An attractive 

T A B L E  2 

CONSTRAINTS IMPOSED ON THE INVERSION 

ALQ TUC 

Sed imen t  th ickness  
Crus ta l  th ickness  
Crus t  

Man t l e  

2.5 kin 1.0 
42.0 kin  31.0 

a = 1.695fl (~ = 0.23) 
p = 0.273fl + 1.815 

= 7.9 k m / s e c  
p = 3.2 g m / c m  3 

2O 

J =  

5O 

4(: 

5C 

,2 
I 

Shear Velocity ,8 (kin/s) 
Density p (grn/cm 3) 

,3 4 ,S 

i 

I 

5 6 
Compressionol Velocity a (km/s) 

7.9 

5.9 * Observed 
NTS -ALQ Phase / 

Velocity/" 
J __Pred ic ted  by / 

5.5 Inversion Model 

2 5 1  , /I ~ J I J t ,  , , I , l , , I  J J i 
5 I0 20 

Period (s) 

FIG. 3. T h e  invers ion model  (left) for the  N T S - A L Q  pa th  is shown toge ther  wi th  a compar ison  of its 
predic ted dispersion with the  observed N T S - A L Q  dispersion. 

feature of these models is their simplicity; in fact, four-layer models would fit the 
data very well. Clearly, the models are in excellent agreement with the observed 
dispersion data; the largest residual is 0.01 km/sec. Further, both models are 
compatible with refraction data where it is available. However, we should point out 
that the refraction studies primarily determine the P velocity while our study 
primarily determines shear velocity. 

The best-resolved portion of each model is that between 5 and 20 kin. In this 
region our estimate for fi at each depth is actually an average value over an 8-km 
interval and is determined to approximately 1 per cent (assuming the data are 
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accurate to 1 per cent). This resolving power is not enough to make the slight 
velocity minimum at 12 km in the NTS-ALQ model a significant feature. Also, the 
upper few kilometers of each model are poorly resolved, so the thickness and 
properties of this layer are not well-determined. 

While it is difficult to resolve, a Conrad discontinuity in both models is suggested 
by the velocity increase in the lower crust. However, the gradual increase found by 
the inversion is an equally plausible feature. 

A difficulty with interpreting the NTS-ALQ model is the evidence (from refraction 
studies) for a strong east-west variation in crustal thickness. The crustal thickness 
of our plane-layered model represents in some way an average of this lateral 
variation. A number of trial inversions were done with different crustal thicknesses 
and a tradeoff between crustal thickness and upper mantle shear velocity was found. 
A thin crust, say 35 km, results in an unreasonably low mantle shear velocity. On 

I0 

2O 

@ 3o 

40 

5(: 

Sheer Velocity /~ (kin/s) 
Density p (grn/cm 3) 

2 3 4 5 
I I I I I 1 _ ~ / -  I 

3.21 

p c 

g 6 
Compressionol VBIocity a (~/s) 

3.91 

3.5 

25 

• Observed vePh~i~'~ 
NTS - TUC / 

~__ ~::~Ct:: MboYdel / 

/ 

Velocit 

I J I ] I i J J J a i l i i l l [  i 

5 I0 20 
Period (s) 

| 

Fro. 4. The inversion model (left) for the NTS-TUC path is shown together with a comparison of its 
predicted dispersion with the observed NTS-TUC dispersion. 

the other hand, a crustal thickness of 45 km or more gives a more reasonable mantle 
shear velocity, but seems too thick to be the average thickness for this path. The 
value chosen, 42 km, was judged best, though thicknesses a few kilometers different 
can also be justified. 

Since the inversion determines the mantle shear velocity while the refraction data 
was used to fix the mantle P velocity, the mantle Poisson's ratio is a result of the 
inversion. Our mantle shear velocities are somewhat lower than those in other 
models (e.g., Langston and Helmberger, 1974), but still imply reasonable Poisson's 
ratios. For the NTS-TUC path fi = 4.4 km/sec, v = 0.27 in the topmost mantle. The 
corresponding values for the NTS-ALQ mantle are 4.3 km/sec and 0.29. 

CALCULATION OF THEORETICAL SEISMOGRAMS 

Using equation (6) and the earth models of the previous section, we now calculate 
theoretical seismograms for comparison to the observations. The model for the 
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NTS-TUC path is thought to be the more appropriate for NTS, primarily because 
of its relatively thin crust. Therefore, for the source region we use this model, 
altering the top few kilometers to represent the specific test area (Climax Stock, 
Pahute Mesa, or Yucca Flat). The velocity-density profiles for this portion of the 
source models are shown in Figure 5. 

From equation (6), when the path is fixed, the Rayleigh waves from explosions in 
different source materials are proportional to 

#, ~t'(~) Ks, AR1 T(w). (11) 
Cz 

.A 
For the periods (>4 sec) and yields (50 to 500 kt) of interest, ~(0~) is essentially 
equal to a constant, xt'(~), which represents the source coupling into elastic waves 

.¢: 

4 

Climax . . . . .  Yucca . . . . . .  Pahute 
Stock Flat Mesa 

, .Li71 ~, ~ .... = i L I I 

i ,  i 

3 

i 2 2 3  3 5 
p (gmlcm 3) B(km/s) c~ (kmls) 

Fro. 5. The density, shear  and compressional wave velocities are plotted versus depth for the three 
test areas at NTS. Below 3.5 km the source region models are the same as the NTS-TUC model in 
Figure 4. 

I~"L CL, .~  STOCK 
~ , , , \  Fs=206 ktmr 
/ \ .  - - - -  YUCCA FLAT 
~ \ \  Fs=31.4 kl~r 

,~ i~21 _ ~ .  - . . . .  PAHUTE MESA 

, I . . . .  i , , ,  "" 
"- 3 5 I0 20 

Period (s) 

FIG. 6. The  source amplification factor is shown for the three source areas studied. 

and depends on the local rock properties (see Haskell, 1967; Bache et al., 1975). 
Aside from this coupling term, the source excitation is given by ~sK~ ARJcl and is 
plotted in Figure 6 for the three test areas. The other quantity in equation (11), 
T(o~), is plotted in Figure 7 for the six source-path structure combinations. The T(w) 
is intended to represent, albeit approximately, the transmission of Rayleigh waves 
from the source model to the path model. In Figure 7 we see that T(¢0) = 1.0 _ 0.15 
for periods greater than 5 sec for most of the paths. The exceptions, which are not 
severe, are for the ALQ path where the source and path models are quite different. 
Where T(o~) deviates substantially from unity, it is at least qualitatively correct, 
amplifying the waves generated in the high-velocity material and vice versa. 

The relative source excitation terms (Figure 6) fat Pahute Mesa and Yucca Flat 
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differ by a nearly constant factor over most of the frequency range. This constant 
is essentially the ratio of the shear moduli, the/t~, for the two regions. On the other 
hand, the excitation function for the granite structure has a different period 
dependence and, for the range plotted, is much smaller than expected from the ratio 
of the shear moduli. 

To complete the computation of theoretical seismograms, it is necessary to specify 
a Q or y model. The models used are based on the western U.S. attenuation data of 
Mitchell (1975). Since these data were derived from observations of events in the 
Colorado Plateau, they were assumed to be appropriate for the NTS-ALQ path. 
Assuming Q is a function of depth and independent of period, these data were 

CLIMAX STOCK 
2D \ \  . . . .  YUCCA FLAT 

\ ~ _  . . . .  PAHUTE MESA 

~ 1.5- 

,.. " \ \  ALQ 
L O - " - - . ~ ~  

@ 
~" / / / / "  TUC 

0.5~'J 'S,  , ; , j I  . . . .  I , 
3 5 I0 20 30 

Period (s) 

FIG. 7. The transmission coefficient T(oJ) is plotted for the six source-path combinations studied. 
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0 ~ - ~ ,  j , , , , I  ~ J J , l  , 
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FIG. 8. The Qz models used to derive 7(~o) are shown at left for the NTS-ALQ and NTS-TUC paths 
with d denoting layer thickness. At the right the amplitude attenuation is plotted for the two paths. 

inverted for a four-layer NTS-ALQ Q model with layers corresponding to the 
distinct layers of our NTS-ALQ (a, fi, p) model. We then assumed that the Q-fi 
relationship was the same for the two paths and constructed a Q model for the 
NTS-TUC path. The Q models, which are different for the two paths (Figure 8), 
were used to compute ~/(~0). Figure 8 also shows the resulting attenuation for the 
NTS-ALQ path (using 900 km as a representative distance) and for the NTS-TUC 
path (using 700 km). 

COMPARISON OF THEORETICAL AND OBSERVED SEISMOGRAMS 

Theoretical seismograms for the three events are compared to the ALQ and TUC 
observations in Figure 9. The wave-form agreement is remarkably good for all six 
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seismograms, even in some rather subtle details. One difference is in the half-cycle 
just ahead of the main pulse in the TUC seismograms which is too small in the 
synthetics. This may be due to the ~/model or failure to precisely duplicate the Airy 
phase near 8 sec in the TUC dispersion. Aside from this, deviation between the two 
is either at periods (<5 sec) for which we could not extract dispersion data or, for 
ALQ, ahead of the main pulse where there is coherent energy that  may be a higher 
mode Rayleigh wave. This comparison is an excellent check on the consistency of 
our approach. 

v v  . . . . . . . . .  

- -  ~k] V V V v v PILEDRIVER (Climox Slock) V V ~ . . . .  

" V  .......... . . . . . . . . . .  
DURYEA (Pahuie Meso) 

XJ IIVVVVV~ . . . . . . . . . .  \IUVW ......... 
V TAN (Yucca Flol) u v ,  

one minute 
I I 

FIO. 9. Theoretical and observed seismograms are compared at ALQ (left) and TUC for events in 
three test  areas at NTS. A bar indicating 1 min is shown. In each pair the observed (top) and theoretical 
records start at the same time with respect to the explosion detonation and this time is indicated as To. 

CONCLUDING REMARKS 

We briefly summarize the main features of crustal structure determination. A 
large number of recordings of NTS explosions at two WWSSN stations (ALQ and 
TUC) were collected and the wave forms were found to be quite consistent. For one 
event in three different test areas the records were digitized and analyzed to 
determine the phase and group velocities. For the phase velocities we used a 
straightforward unwrapping of the phase spectrum of the entire seismogram plotted 
in Figure 1 and no special windowing was found to be necessary. The group velocities 
were determined by a more sophisticated approach relying on the Hilbert transform 
envelope of the narrow-band filtered seismogram. The two sets of data were entirely 
consistent and varied little from event to event. 

Using an average phase- and group-velocity curve from the data at each station, 
a linear inversion was done to determine the earth structure for the two paths. The 
models found agreed with the dispersion data with a maximum error of 0.01 km/sec. 
Further, these models are consistent with other available information on these 
paths, including that  from refraction studies. 

As an additional test of the models, synthetic seismograms were compared to the 
observations and the two were found to be in remarkable agreement. Thus, our 
models quite accurately account for the propagation of surface waves along these 
paths. Within the resolving power of the data and the restrictions imposed by the 
assumption of plane layers, the crustal structures in the regions sampled by the two 
paths must then closely resemble our models. 
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