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SEISMIC VELOCITY AND Q-STRUCTURE OF THE UPPER MANTLE LID
AND LOW VELOCITY ZONE FOR THE EASTERN GREAT BASIN

K. H. Olsen, 1 L. W. Braile, 2 and P. A. Johnson I

IGeosciences Division, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545
2 Department of Geosciences, Purdue University, West Lafayette, Indiana 47907

Abstract. A 100-km-long record section of NTS (8 km) and yet long enough (,,100 km) to identify at least
explosions recorded in the eastern Snake River Plains three distinct (T, ) branches for P waves whose
(70<A <80) shows the cusp of critical refractions raypaths bottom in the uppermost mantle beneath a
from the steepened P velocity gradient at the bottom small area in east-central Nevada. Modeling of the
of the upper mantle LVZ. Synthetic seismograms arrival times, amplitudes, and waveforms using a
calculated with a modified reflectivity program have reflectivity method synthetic seismogram program
Keen used to derive a regional velocity model of the (Kind, 1978; Fuchs and Mitler, 1971) enables us to
upper mantle beneath the eastern Great Basin. The perturb the generic western U.S. models into a
model suggests that observed very weak Pn arrivals crust-upper mantle model which gives fine details of
are due to a slight negative velocity gradient below the the LVZ transition in this region.
Moho and that no high velocity mantle lid exists in this
region. Observations

Introduction
Our observations are recordings of two NTS nuclear

The seismic velocity versus depth structure of the explosions obtained while our equipment was deployed
upper mantle and lower crust beneath tectonically in eastern Idaho during the Yellowstone-Snake River
active areas of the western United States has been Plains (Y-SRP) cooperative seismic profiling experi-
studied extensively for nearly 20 years. This has been ment (Braile et al., 1979). Twelve special high-explosive
possible because Nevada Test Site (NTS) underground shots plus blasts at two quarries were used as sources
explosions and western U.S. and Mexican earthquakes for crustal profiles in eastern Idaho and Yellowstone
provide frequent seismic sources in an area well Park. Figure la shows the area of the Y-SRP
covered by seismograph stations. Compressional experiment; Figure lb indicates those stations that
velocity distributions have mainly been determined by were recorded on an approximate radial line to two NTS
integrating the slope of the travel time curve, dT/d,, explosions on September 27, 1978 (Table 1). Because
using the Herglotz-Wiechert method. The required RUMMY and DRAUGHTS explosion sites were within
travel time (T) versus distance (A) data have been 3kn of each other, our observed record sections are
analysed from short-period recordings obtained along nearly identical except DRAUGHTS amplitudes are
long-range profiles (Archambeau et al., 1969; Masse et about 1/4 RUMMY amplitudes. We discuss only the
al., 1972) and/or from apparent velocities measured better signal-to-noise RUMMY seismograms.
directly across large seismic arrays (Johnson, 1967). Instrumentation consisted of 13 vertical component
Recently, availablility of high speed computers and short-period (1 Hz natural frequency) seismometers.
development of sophisticated synthetic seismogram Ten of these were telemetered to a centrally located
modeling techniques make it practical to fit the travel site and recorded on analog magnetic tape; the three
time and amplitude data by a trial and error procedure southernmost instruments were recorded on portable
(Burdick and HelImberger, 1978; Wiggins and smoked paper units and FM tape recorders. All records
Helmberger, 1973). The important advantage of the were digitized at 100 samples per second and filtered
synthetic seismogram method is that it makes optimum (0-3 Hz) for this analysis.
use of amplitude data and detailed waveform fitting to The reduced-time, true relative amplitude record
derive P velocity structure. section for the RUMMY explosion is displayed in

Many compressional and shear wave studies show Figure 2. Three separate compressional phases within
that a major feature of the mantle structure beneath the first four seconds are marked on Figure 2a; our
the western U.S. is a low velocity zone (LVZ) in the reasoning in so identifying these arrivals is as follows:
depth range between 60 and 300 km. It is well known (1) The very first arrivals with an apparent velocity
that significant lateral variations in LVZ properties of 7.8-7.9km/s are so weak that they could easily be
(thickness, depth, values of minimum S and P velocities, missed on initial irspection. From the Y-SRP refrac-
presence or absence of a lithospheric "lid," etc.) occur tion data, we determined that the M-discontinuity is
over distances of several hundred kilometers and 40km below these stations and the mantle Pn
perhaps to even finer scales (Burdick and HeImberger, velocity is close to 7.9km/s. An enlarged view of the
1978; York and Helmberger, 1973; Romanowicz and first 12 seconds is shown in Figure2b where the
Cara, 1980). On the other hand, Burdick and consistency of the Pn arrivals across the spread is
Helmberger (1978) suggest mantle structure deeper more apparent. These Snake River Plains seismic
than about 300 km is more uniform over a global scale stations had quite low background noise so the
and therefore amenable to modeling using widely implication is that a true headwave Pn arrival will
spaced sources and seismograph stations if emphasis is rarely be seen at distances beyond 600kn in the
placed on long period body wave arrivals at distances western U.S., except from events of mb Z6. In these
beyond 100. Here we report on a record section of SRP seismograms the ratio of the amplitudes of the
NTS explosions taken with matched short-period P0 arrivals to those of the P phase is smaller than
instruments having a sufficiently small station spacing 0.005. (The P energy arrives at reduced times greater

than 32 seconds so is not shown in Figure 2a). Other
This paper is not subject to U.S. copyright. Pub- investigators (e.g., Hill, 1972, 1973) have commented
lished in 1980 by the American Geophysical Union. that Pn energy at these distances is probably very
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1030 Olsen et al.: Great Basin Velocity and Q Structure

WermN u.S. then used a reflectivity method program developed by
SIN Kind (1978), which properly accounts for the effects of

a buried source and thus allows computation of
complete seismograms. One advantage of the

4L reflectivity method over Cagniard-de Hoop techniqe
(Helmberger, 1973; HeImberger and Burdick, 1979) is
that Q values can be individually assigned to each
model layer rather than distributed over the entire path

4W as part of a linear operator.
low Burdick and Helmberger's (1978) T-7 model was

adopted as the starting model for compressional wave
velocities in the crust and mantle. The generic T-7

--W, model was constructed mainly from long period data to
S4.I .Althe NW and SE of NTS-with emphasis on velocity

30 1.5W tINS structure below 200km (arrivals for A >10o). Since
18b) our observations are in the range 70<A<8o, we(a) W perturbed the initial model only at depths above

Figure 1. (a) Location map of the western U.S. with 250 km. The T-7 model has a Pn velocity of
relative positions of the Nevada Test Site and the 7.95 km/s with a positive gradient below the
Y-SRP refraction line. (b) Enlargement showing seismic M-discontinuity to 8.05 km/sec at the bottom of the lid
stations in Idaho used for the September 27 at 65km. A substantial LVZ for P-velocities is
observations. Asterisk denotes the approximate area in included below 65 km (Figure 5).
the Great Basin for mantle ray turning points from NTS We did not calculate synthetics for shear wave
explosions, phases but were required to include a realistic

S-velocity structure because shear wave velocity
contrasts can have a major influence on P-wave

weak and that care must be taken when attempting to reflection coefficients-especially for large angles of
extend the Pn branch during long range refraction incidence. Priestly and Brune (1978) used dispersion of
profiling, fundamental mode Rayleigh and Love waves to derive a

(2) Following Pn by about three seconds are shear velocity model in the eastern Great Basin very
stronger arrivals also having apparent velocities close close to the area of the mantle turning points of this
to 8km/s. A striking feature of Figure2a is that study. The combined P- and S-velocity model, T-7/PB,
beyond 780km the amplitude of the second arriving is shown in Figure 5 along with Poisson's ratio (a)
phase increases rapidly with distance and the dominant calculated from the tabulated velocities.
frequency is noticably lower (-0.6 Hz) than the The modified reflectivity synthetics for the T-7/PB
frequencies for A<780 km and for the Pn phase (both velocity model are shown in Figure 4a for an extended
1-1.6 Hz). This qualitative observation strongly suggests range from 600ikm to 960km. The P1 phase can be
that the rapid increase of the low frequency phase for seen only for distances beyond 840 km and reduced
A< 780km is a manifestation of a critical distance times greater than 13 seconds. In order to bring the
effect and that the high frequency energy has been synthetic P1 phase into agreement with the observed
attenuated along the travel path. The obvious place for arrival times and to shift the cusp from "-820km back
this to occur is during the two-way transit of energy to '780 km it was necessary to bring the gradient at the
through the mantle LVZ (which also has a high
anelasticity, i.e., low Q). These critical refractions are 20
shown schematically in the ray diagram of Figure 3; we
follow the convention of Archambeau et a. (1969) in
labeling this cusp phase P1 ..

(3) The higher frequency second arrivals for
A< 780 km we attribute to large angle reflections from
an interface lying mainly above the LVZ. These 0 10 ---- -_ - .-
reflections are overtaken and overwhelmed by PI for -
A<780. Because of the apparent velocity near 8km/s, 0

the high frequency content, and travel time just longer ' 5 .
than Pn, the synthetic seismogram modeling dis-
cussed below suggests this reflection occurs at the base
of the mantle lid and hence our notation of Plid- 700 720 740 760 780 80D 820 840

Modeling 12 o ISTANCE )I

Our technique in modeling the record section was to i k
first use a fast asymptotic ray theory computer Cj flo
program (6erveny, 1979) to fit travel times and W
approxim ate amplitudes. For more exact modeling we4

"- 0
700 720 740 760 780 800 820 840

DISTACE IKMI
0,,qo T.- roodi-.,. .. p, S,r-r .. Mw., RUMMY

Figure 2. (a)True relative amplitude record section of
flRAVTS 17000,07) 37074N IMOWIAV 4 126 50 P-wave arrivals from RUMMY. (b)Same as (a) with

i7,W 0.078 37.080N It0.05N 640 1s3 5 Increased amplitudes to show weak Pn phase.
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Figure 3. Schematic ray diagram showing the head xId
wave phase Pn, the P1 phase critically refracted a
from the gradient near the bottom of the LVZ, and the
Plid phase reflected from the base of the mantle lid.

bottom of the LVZ to shallower depths and to make A- 10

slight adjustments to its curvature. Also note from T7+P/B ............
Figure 4a that the T-7/PB model gives too large Figure 5. P-velocity (a) and S-velocity (B) versus depth
amplitudes for Pn arrivals, and the Plid phase from plots for t, T-7/PB and A-10 models. Assumed
the discontinuity at 65km depth arrives about 2.5 Q-structure foi both models shown at left. a is
seconds too early so is superimposed on the Pn phase Poisson's ratio.
throughout much of the 600-960km range. The result
of perturbing the T-7/PB velocity model to better
match the observations of Figure 2 is model A-10 shown contrasts (-0.3 km/s for P, - 0.3 4 km/s for S) are used at
in Figure 5. The A-10 synthetics are compared with the a depth of ,L100km. In fact, by including the effect of
original T-7/PB model in Figure 4b and with the more S-velocity contrasts on the P-wave reflection co-
limited distance range observations in Figure 6. efficients, we can match observed Plid amplitudes by

keeping the P-velocity contrast at zero and relying
Discussion entirely on an S contrast of -0.15 km/s to produce the

effect on these wide angle reflections. In moving the
We can summarize the nature and reasons for the bottom of the S-velocity lid from a depth of 65km

various model perturbations as follows: proposed by Priestly and Brune to the "100km required
(1) The steepened positive P-velocity gradient in the in our A-10 model, we introduced a negative gradient in

lower part of the LVZ has been raised in order to fit the S-velocities between these two depths; a similar
the arrival times and cusp distance of the PI phase, negative gradient can be seen in the higher mode

(2) In order to match the observed weak Pn, a inversions by Cara (1979), but these are not plotted in
slight negative gradient just below the M-discontinuity Figure 5. Hill (1972) and Hales (1969) previously re-
is required instead of the positive gradient of the ported arrivals following Pn by two to three seconds
generic T-7 model. In fact, our A-10 P-velocity model at distances of %.600 km in sections from long range
suggests that, beneath this part of the Great Basin, the refraction experiments in the Columbia Plateau
LVZ may be in contact with the crust at the (EDZOE experiment) and the central U.S. (EARLY
M-discontinuity. Similar indications of the absence of a RISE), respectively. Their interpretations-using travel
high velocity lid in parts of the western U.S. have been time information only-suggest a thin ('%10kin), sharp,
cited by Arehambeau et al. (1969) (especially for their but high velocity (8.0 to 8.4km/s) lid at depths of
SHOAL-FALLON SE profile). 90-100 km is present in those regions. Our Great Basin

(3) The large negative discontinuity at a depth of data agrees in placing a discontinuity (which is perhaps
65km present in both the T-7 P-velocities and the the "boundary" between the lithosphere and the
Priestly-Brune model appears to be too shallow to athenosphere) at ,100 km but our P-velocity contrast
properly match the observed Plid-Pn travel time cannot be as pronounced as those implied by Hill and
delay. The observed delay is better reproduced if the Hales and still give rise to the comparitively weak
discontinuity is at about 100 km depth. amplitudes that we observe in the 750 km range.

(4) The calculated amplitudes of the Plid re- (5) the Q-structure (for P-waves) used for the A-10
flection are much too large if the T-7/PB velocity model was a generalization of proposed values that

have appeared in recent literature. The most Important
segment is the low value centered in the LVZ. A Qm,

2f .. value in the range between 50 and 100 appears to
adequately attenuate the higher frequency components

.. .. ... '.. . in.. . . . -in

(b) 
. .

Figure 4. Synthetic seismograms (Z-component) of
early compresslonal phase arrivals from (a) the generic 0 740 0 7 8 M ,0 .
T-7/PB model and (b) the A-10 mantle model (Figure 5) 01,e ,W 891
which match the observations in the 720 to 820-km (0) (b)
range. Travel time curves calculated from the Cerveny Figure 6. Comparison of observed (a) and synthetic (b)
program. Amplitude multiplied by distance for seismogram record sections for the 720 to 820-km
convenient plotting, distance range.
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of the P1 phase. Q. > 100 in the LVZ does not Burdick, L.J. and Helmberger, D. V., The upper

attenuate PI enough, whereas Qa " 25 completely mantle P velocity structure of the western United

obliterates the P1 phase in the synthetics. Our value States, J eolhys.Res., 83, 1699-1712, 1978.

of 50<Q 0 <OO is of the same order as that deduced by Cara, M., L varations of S velocity in the upper

Helmberger (1973) from Cagniard-de Hoop techniques, mantle, Geophys. J. Roy. Astron. Soc., 57, 649-670,
(6) One possible shortcoming of the A-10 model is 1979.

the failure to reproduce details of the oscillations of 6erven9, V., Accuracy of ray theoretical seismo-

the observed P1 phase. We do not believe this to be a grams, J. Geophys., 46, 135-149, 1979.

result of an inadequately detailed source spectrum, Fuchs, K. and Muller,G., Computation of synthetic
since a comparison of the explosion source spectrum seismograms with the reflectivity method and
algorithm used in the modified reflectivity code is comparison with observations, Geophys. J. Roy.

reasonably represented by the source spectrum plus Astron. Soc., 23, 417-433, 1971.
instrument response function calculated from known Hales, A. L., A seismic discontinuity in the litho-

physical parameters of these explosions (Mueller and sphere, Earth and Planet. Science Letters,7 _, 44-46,

Murphy, 1971). Archambeau et al. (1969) observed 1969.

compressional wave energy spread out in long, rather Helmberger, D. V., On the structure of the low

complicated oscillatory wave trains near caustics and velocity zone, Geophys. J. Roy. Astron. Soc., 34,

attributed this to interference between refracted and 251-263, 1973.
reflected components near the cusp. Our model layer Helmberger, D. V. and Burdick, L. J., Synthetic

thicknesses (-5 kin) in the region of the lower depths of seismograms, Ann. Rev. of Earth and Planetary

the LVZ (120-150kra) are of the same order as the Sciences, 7, 417-442, 1979.
wavelengths ( 10 km) of the dominant short period Hill, D. P., Critically refracted waves in a spheri-

energy. Thus, we believe the oscillatory P1 trains cally symmetric radially heterogeneous earth model,

may be due to small details of fine structure in the Geophys. J. Roy. Astron. Soc., 34, 251-263, 1973.
transition zone which we have not yet attempted to Hill, D. P., Crustal and upper mantle structure of the
model at the required resolution. Columbia Plateau from long range seismic-

In conclusion, relatively minor adjustments in the refraction measurements, Geol. Soc. America
T-7/PB model for the western U.S. yield an uppermost Bulletin, 83, 1639-1648, 1972.
mantle structure that reproduces in detail the upper Johnson, L. R., Array measurements of P veloci-
mantle arrivals and very weak Pn observed in the ties in the upper mantle, J. Geophys. Res., 72,
Great Basin. 6309-6323, 1967.

Kind, R., The reflectivity method for a buried source,
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ABSTRACT. Seismic energy propagating through vertically and
laterally varying structures of the earth's crust and lower
lithosphere-uppermost mantle is responsible for the numerous and
complex seismic phases observed on short-period seismograms at
regional distance ranges (100 to 2000 kin). Recent advances in
techniques for computing synthetic seismograms make it practical

to calculate complete seismograms that realistically model many
features of regional phases. A modified reflectivity method
program is used to interpret some details of record sections of
Nevada Test Site (NTS) underground explosions that were observed
700 to 800 km from the sources.

I. INTRODUCTION

Regional seismic phases recorded by high-gain, short-period or
broadband instruments are likely to play an increasingly im-
portant role in seismic source location and identification as
acceptable magnitude thresholds are pushed to lower levels.
From the standpoint of complexity of seismograms, the epicentral
distance range between -200 km and the transition to simpler
teleseismic waveforms around 2000 km presents many challenges to
the seismic analyst. In this range, propagation paths can
traverse the crust, the lower lithosphere, and the uppermost
mantle where both vertical and lateral heterogeneities strongly
influence waveform characteristics. Good observational data are
rare for testing analysis techniques developed for regional
problems. In contrast to the numerous detailed crustal refrac-
tion/reflection profiles that have been obtained from many parts
of the world out to distances -200,km, relatively few long-range



profiles exist where station spacing is sufficiently tight to
facilitate a clear interpretation of the onset, development, and
amplitude vs. distance behavior of the many observable phases.
Thus, although signals from sources of interest may be easily
observable at regional distances, derivation of source para-
meters from observations at sparsely located observatories or

arrays will require careful analysis and modeling of the in-
tricacies of wave propagation at these scales.

Phases of interest in regional identification studies fall
into two main categories, large amplitude, long duration, but
somewhat indistinct wave groups such as Lg and P; and body waves
(mainly compressional) that appear either as first arrivals or
closely following as possible wide angle reflections/near-
critical refractions from interfaces and/or steep velocity
gradients in the deep crust, lower lithosphere, and uppermost
mantle. The Lg and P phases are often the largest amplitude
features on regional short-period seismograms, but a clear
explanation of how Lg and P propagate is still lacking [11;
this lack perhaps is reflected in the fact that seismologists
frequently use the notations P or Pg interchangeably in
reference to a broad, large amplitude phase following Pn" We
adopt the P notation here. The phase in question propagates

very well in the western United States, but attenuates rapidly
in the eastern U.S. A group velocity around 6 km/s implies P
propagates as compressional waves multiply reflected within the
crust--which may thus act as a waveguide. Similarly, the -3.5
km/s group velocity for Lg suggests shear waves multiply re-
flecting within the crustal layers. Some authors [21 prefer to
treat Lg as a superposiion of higher mode Love and Rayleigh
waves propagating in a nearly laterally homogenecus, vertically
layered crust. In any case, the propagation physics is com-
plicated and will require quite sophisticated synthetic seismo-
gram codes to properly model and interpret observed waveforms.

Record sections of long-range seismic refraction profiles
often show one or more nearly parallel travel time T) vs. dis-
tance () branches following within several seconds of first
arrivals [3, 4, 5). Each secondary branch may be traceable only
over a distance interval of 50 to 200 km before being replaced
in a "shingle-like" fashion with another branch or set of ar-
rivals [5, 6, 19]. These are usually interpreted as parts of
cusp phases arising from critical refractions and/or wide-angle
reflections from first order discontinuities or steep velocity
gradients in the upper mantle. Archambeau et al. [7] and
Burdick and Helmberger 181, for example, have derived velocity
vs. depth models for the major features of the upper mantle
beneath the U.S. by a joint analysis of travel times, amplitude
vs. distance variations, and waveform fitting of the first few
compressional arrivals observed at widely separated seismograph



stations throughout the U.S. These and similar models by others
are most valid for depths greater than about 250 km. Although
these analyses suggest that the main features of mantle structure
at depths below about 300 km (corresponding to compressional
first arrivals at epicentral ranges beyond -1500 km) may be more
uniform over a global scale [81, it is known that significant
lateral variations in lower lithosphere and uppermost mantle
properties occur beneath the continents on regional and perhaps
even finer scales [8, 9, 10, ll. In the depth range between
the Moho and -300 km, several types of structural variations
have been suggested in the literature that would give rise to
wide angle reflections, converted phases, and similar closely
spaced arrivals on selsmograms at regional ranges. These in-
clude the presence or absence of the S-wave and/or the P-wave

low velocity zone (LVZ) in the asthenosphere, high velocity
mantle lids (12, 13], alternating lamellae of positive and
negative velocity gradients (6, 19], etc. These early arriving
phases often have better defined onsets than the P and Lg phases

and, since they are observed at distances beyond that where a
true head wave Pn arrival can be expected, they may be useful in
regional source location and identification. In order to make
use of the information contained in these arrivals (especially
the amplitude vs. distance behavior for particular paths of
interest), it will be necessary to use modern sophisticated

synthetic seismogram techniques to derive localized fine scale
details from generalized crust-mantle models.

The purpose of this paper is to explore a few of the prob-
lems in modeling regional short-period seismograms by means of a
modified reflectivity method [14] computer program developed by
R. Kind (151. This numerical program accounts for the effects
of a buried source and is thus car-able of computing 'complete'
seismograms--including refracted waves, surface reflected body
waves such as the pP phase, and surface waves. The effects of
anelastic attenuation (Q) for each layer are included as an

integral part of the method 115]. The most severe limitation of
the technique for studies of regional seismograms is the assump-
tion of lateral homogeneity (this is also a limitation for nor-
mal modes summation techniques). An item of interest will be
the extent synthetics can be made to match observed waveforms
under this restriction.

Two problems are considered. The first, labeled the B-3
model for brevity, employs a simple model consisting of three

layers in the crust without velocity gradients and an almost
uniform velocity mantle. A large range of apparent surface

phase velocities is used in order to display S phases and sur-
face waves. The second calculation, the A-10 model, treats the
mantle structure in detail, but confines attention to compres-
sional phases near ther start of the seismogram. The more
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Fig. 1. (a) Location map of the western United States with
relative positions of the Nevada Test Site and the Y-ESRP
recording line. (b) Enlargement showing positions of stations
that recorded the 27 September 1978 RUMKY explosion. Asterisk
denotes approximate area for mantle ray turning points from NTS
explos ions.

important conclusions of the A-10 model are sunmmarized here--a
fuller discussion of this calcuiation and the implications for
uppermost mantle structure beneath the western U.S. can be found
in a previous publication [16].

A comparison of the synthetic seismogram calculations has
been made with a 100-km-long record section of short-period ver-
tical component seismograms obtained in eastern Idaho during the
1978 Yellowstone-Eastern Snake River Plains (Y-ESRP) seismic
profiling experiment. For these observations, the sources were
underground nuclear explosions at the Nevada Test Site (NTS) at
distances between 720 and 820 km from the nearly radially ori-
ented linear station array (Fig. 1). Only the records from the
largest NTS explosion, the mb - 5.7 RU14Y event at 1720:00.076
GMT, 27 September 1978, are reproduced here since they have the
beat signal-to-noise ratio of the three NTS explosions observed
during the experiment. Additional details of the Y-ESRP instru-
mentation, experiment, and data can be found elsewhere [16].

i r



2. COMPUTATIONAL TECHNIQUE

As discussed by Kind [15] and by Fuchs and MIller [141, the
reflection coefficient and time shift calculations in the re-
flectivity method are carried out in the frequency domain and
then Fourier transformed to plot seismograms. We included
iller's [17] earth flattening approximation in both of our

problems to account for earth curvature effects. Both P and S
velocities are independently specified in all calculations,
since the reflection coefficients are functions of both P and S
velocity contrasts at non- *nrmal incidence angles and are
required even when only computing P phases over a narrow time
window. In the A- 3 calculation, for example, the departure of
the P/S velocity ratio in a layer from that given by Poisson's
ratio - 1/4 is an important factor in our interpretation 116).
Densities are given by a Birch's Law relation (density - 0.252 +
0.3788*P velocity). The attenuation factor Q0 for P waves was
chosen as 25 in the source layers, 200 in the upper crust, and
1000 in the lower crust and the uppermost mantle layers; for the
LVZ modeling of the A-1O model, Qs in the asthenospheric
layers was adjusted as part of the fitting procedure (see
Fig. 5). The attenuation factor for S waves was always assumed
to be 4Qj9 [20]. The explosive source algorithm [16] was used
with the source buried at a depth of 0.640 km in a layer of P
velocity - 3.55 km/s. These were close to actual field values
for the NTS RUMMY explosion. Time intervals, number of samples,
and computed lengths of seismograms were chosen so that the
dominant frequency of the source spectrum was 1.6 Hz for the
A-10 calculation--again close to the observed value. In order
to save computer time for the extended duration B-3 seismogram
sections, the parameters were chosen so that the dominant fre-
quency of the source was shifted to 0.25 Hz; although this was
low compared to observed frequencies, we felt it was adequate
for the puposes of this initial study. To avoid long computer
runs, the wave field was only computed within a limited phase
velocity window. 1 km/s to 20 km/s for B-3, and 6.5 km/a to
1000 km/s for A-10. These integration limits sometimes in-
troduced spurious single cycle "phases" at these apparent velo-
cities in the computed record sections. The limit velocities
were chosen so as to not overlap or interfere with arrivals of
interest in the observations. In the record section plots, the
amplitudes of each trace have been multiplied by station dis-
tance to maintain a convenient scaling of the amplitudes of the
phases which are subject to geometrical spreading and attenua-
tion due to anelasticity.

.V
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Fig. 2. Vertical component low time resolution seismic record
section of the RUMMY explosion as recorded at Snake River Plains
stations. The time scale is compressed to show envelope be-
havior; individual waveforms not readily seen. The P phase is
the broad feature at reduced times between 30 and 60 a. Upward
ground motion to the left.

3. DISCUSSION

3.1 The Extended Time Seismograms; B-3 Model

Figure 2 is a true relative amplitude vertical component record
section of the RUMMY explosion recorded on ten matched short-
period (1 H1z natural frequency) instruments deployed in the
eastern Snake River Plains (Fig. 1). Although the time scale is
too compressed to reveal many details of the waveforms, several
important overall features can be noted. The broad (-40-second-
long) envelope of the P phase appears at reduced times between
approximately 30 to 60+ seconds, and is the largest amplitude
feature on the record. In contrast, the Lg phase expected at
reduced times of -130+ seconds (an average velocity of about 3.5
km/s) is poorly developed on these unfiltered records; it is
only obvious at the 770-km station. A few impulsive arrivals
can be seen (such as the first arrivals at reduced time -10
seconds, which will be discussed in Sec. 3.2, and perhaps an
Sn [?) phase at tred - 80 seconds and -780 ki), but the



impression one gets by viewing this observed section is that the
correlations seem to be better described as broad energy
correlations rather than phase correlations. A similar con-
clusion is suggested by seismograms from central Asia shown in
the paper of Ruzaikin et al. [1]. A coherent structure in the P
and Lg phases is difficult to trace from station to station even
though the stations are only separated by 8 km on the average.

The results of an attempt to model late time arrivals over

a regional distance range is shown in Fig. 3. A rudimentary,
almost trivial, crust/mantle velocity structure was assumed that
consisted of three constant velocity layers in the crust over-
laying a nearly constant velocity halfspace. (A slight negative
gradient in P velocity was introduced just below the Moho in
order to suppress the Pn amplitudes as required by the observa-
tions; see Sec. 3.2.) We note several points.

(a) The seismogram section from 100 to 900 km and the enlarged
individual record for 800 km shows a surprising amount of
complexity at times beyond the first arrivals even though
an extremely simple earth model and source function is
used. Groups corresponding to the P and Lg phases can be
identified.

(b) There appears to be a considerable amount of S-wave energy
although none is present in the explosion source algorithm.
This is probably due to P-to-S and S-to-P, etc., conver-
sions at interfaces and to multiples which the program
adequately includes.

(c) The calculated dispersed fundamental mode Rayleigh wave is
very large. There are at least two reasons this Rayleigh
wave is not representative of the observations. First, no
corrections for the short-period bandpass response of the
seismometers were included in the synthetics. Second, the
assumed source spectrum has too much energy at the longer
periods as compared with a near point-source representative
of a NTS explosion, thus over enhancing the Rayleigh waves.
Long-period Rayleigh waves from actual underground explo-
sions are probably generated or modified and enhanced by
mechanisms such as spall closure and/or tectonic strain
release; these mechanisms are not adequately treated by the
explosion algorithm used for the present calculation.

(d) Because the calculated seismogram sections are quite com-
plicated even for this simple earth model, they give the
impression that broad "packets of energy" can be more
readily correlated than any well defined phases--for at
least the P and Lg phases. This was the case with the
observations in Fig. 2. In order to better understand the
gross behavior of these phases with distance and to
identify the origin of obscure features, it will be
necessary to include calculations of the horizontal
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(radial) component and to perform calculations at small
station separation to increase recognizability of phase
correlations.

These results suggest that the modified reflectivity method,
even with the restrictive assumption of lateral homogeneity, can
be a useful technique in understanding the intricacies of Lg and
P phases and the types of earth structures that most affect them.
In addition, these studies suggest that observations of complex
and apparently-incoherent seismic phase arrivals--even over short
distances--do not necessarily imply strong lateral heterogeneity
in crustal structure. Parameter studies would help identify
those aspects where refinements due to lateral heterogeneity
and/or scattering need to be considered in order to better match
observations.

3.2 Early Time Arrivals. A-10 Model

Figures 4a and 4b are enlarged portions of the first few
seconds of the digitized RUMMY vertical component seismograms
(see also Fig. 2) that show details of the earliest arrivals.
We have interpreted [16] this record section in terms of three
different compressional phases, all having apparent velocities
close to 8 kn/s; (a) an extremely weak leading arrival labeled
Pn, which was lost in the background noise for the two other,
lower yield, NTS shots that were also recorded during the Y-ESRP
experiments; (b) a stronger phase labeled Plid follows Pn by
about two or three seconds for epicentral distances between 700
and 780 km; (c) beyond 780 kin, the Plid phase appears to be
overtaken and overwhelmed by a low-frequency phase, PI, whose
amplitude increases rapidly with distance out to at least the
farthest station of the linear array. The detailed reasons for
these labels and identifications are discussed in [161; they can
be suimmarized as follows.

The phase labeled Pn could be a wide angle reflection from
a weak P-velocity contrast in the lower lithosphere below the
Moho rather than a true headwave (in the strict sense of the
mathematical definition) that travels along the M-discontinuity
interface over the entire 800-km path. However, the sub-Moho
P velocity (7.7 to 7.9 km/s) in this region of the Great Basin
is known to be close to both the average and the apparent ve-
locity observed in Figs. 2 and 4. This, plus the fact that
other travel time arguments 116) suggest there is no evidence
for mantle lids or other thin but fairly high gradient zones
down to a depth of about 100 km, argues that the most straight-
forward explanation for this arrival is that it is a Pn-type
phase. We calculate that the energy at 800 km is greatly re-
duced because the wave travels in a region beneath the Moho that
has a slight negative velocity gradient.
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The sudden onset at about 780 km and subsequent rapid

amplitude growth of the P1 phase indicates it is the cusp of
the critically refracted P-waves from the steep velocity gradi-

ent at the base of the asthenospheric low velocity zone. The

observed dominant low frequency content is then explained by the

attenuation of the high frequency components as the energy

travels first downward and then back up through the very low-Q

region of the LVZ. The notation of P1 for this phase follows
the convention established by Archambeau et al. (7).
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The travel times, moderate amplitudes, and relatively high
frequency content imply the phase identified as Plid is a wide
angle reflection from a discontinuity near the base of the
mantle lid (- top of LVZ) in this area.

The conclusions concerning these three early arriving corn-
pressional phases summarized above were confirmed by using the
modified reflectivity program to quantitatively model the arri-
val times, amplitudes, and waveforms in the first 15 seconds of
the record sections. The procedure was to begin with a generic
P-velocity vs. depth model for the western U.S. (the T-7 model)
derived from a wider data set by Burdick and Helmberger [8] and
then to perturb the model to achieve a better fit [161. Because
of the influence of S-velocity contrasts on the P-wave re-
flectivity calculations, an S-velocity vs. depth model derived
by Priestly and Brune [18] from an analysis of Rayleigh and Love
wave dispersion on paths crossing the area of interest in the
Great Basin of Eastern Nevada was incorporated into the syn-
thetic seismogram modeling. The starting T-7 and Priestly-Brune
(P/B) velocity models are shown by dotted lines in Fig. 5. The
generic T-7 P-wave model has a pronounced mantle lid with a
strong positive P-velocity gradient beneath the Moho for depths
from 33 to 65 km. Calculation of synthetics for this lid
structure gave very large amplitudes for the "Pn" arrival,
which was superimposed on a strong reflection from the base of
the lid at 65 km [161. Thus, the T-7 + P/B starting model gave
results very different from observations. However, as seen in
Fig. 5, only small changes to the initial model were necessary
to match the observations. To bring the calculated synthetic
seismograms into agreement with observations, the gradient at
the base of the LVZ had to be raised to shallower depths and the
positive gradient lid replaced with a smooth but gradual nega-
tive gradient starting at the H-discontinuity. The final model,
A-10, that matches observations is shown by the solid lines in
Fig. 5. Figure 6 is the comparison between the observed and

synthetic record sections. Interestingly, no discontinuity in
P-velocity is necessary to explain the Plid reflections; the
reflections can be adequately modeled by a small negative step
in S velocities at a depth of about 100 km. The synthetics,
however, do not seem to adequately model the long oscillatory
trains following the PI phase onset. This is probably due to
interference effects caused by fine structure in the lower LVZ
velocity gradient that we have not yet modeled by thin enough
layers in the calculation [161.

These calculations illustrate that synthetic modeling tech-
niques can be helpful in phase identification and in quantitative
calculations of amplitude vs. distance behavior and waveform

characteristics. With a sophisticated reflectivity method cal-
culation we were able to model several important features of

9m
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Fig. 5. P-velocity (a) and S-velocity (11) vs. depth plots for
the T-7/Priestly-Brune and A-10 models. Assumed Q structure at
left. a (dimensionless) is Poisson's ratio.

regional short-period seismograms. The technique appears
promising in advancing knowledge of wave propagation and source
identification at regional distance ranges.
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