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Abstract. The amplitude of the Pg phase, as recorded in
explosion seismology studies, is analyzed with the aid of
synthetic seismograms. Parameters such as source fre-
quency, low-velocity cover above the crust (sediments or
weathered layer), low-velocity layers within the upper crust,
velocity gradients, thickness of the gradient zone, attenua-
tion and Poisson’s ratio strongly influence the amplitude-
distance pattern of the Pg phase. A systematic study clearly
shows that different models of the continental upper crust
display distinct amplitude-distance characteristics. These
models could not be distinguished by travel-time interpreta-
tion alone.

In the presence of gradient zones the amplitude-distance
curve shows different patterns depending on the source fre-
quency. The higher the frequency, the more pronounced
are the relative maxima in the amplitudes. The presence
of a low-velocity cover at the surface accentuates the char-
acter of the amplitude-distance curves even if the cover
is thin (a few hundred meters). Moreover, a low-velocity
cover produces P to S conversions and multiples following
the Pg which obscure possible secondary crustal phases.
The thickness of the velocity gradient zone influences the
amplitude decay and the width of the relative maxima.
Low-velocity layers within the upper crust cause a faster
drop-off of the amplitudes than would be expected from
ray theory. Detailed Pg amplitude studies are thus useful
in improving the knowledge of the physical properties of
the upper continental crust. The application of the derived
criteria to two sets of real data allow us to determine fine
details of the velocity-depth function which are of great
importance for the understanding of the earth’s crust.

Key words: Explosion seismology — Upper continental crust
— Seismic amplitude — Source frequency — Low-velocity
layer — Velocity gradient.

Introduction

Understanding the fine structure and physical properties
of the continental crust is one of the principle goals of
explosion seismology. Interpretation of seismic refraction
data using traditional travel-time methods gives only a
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rough picture of the velocity-depth structure. The increasing
use of the ray tracing interpretation techniques and meth-
ods derived from the Herglotz-Wiechert travel-time inver-
sion (including 7-p methods) result in velocity models of
the upper crust that include velocity gradients which are
very often poorly defined. In fact, layers with constant ve-
locity, the simplest model, fit the travel-time data equally
well in most cases. Healy (1963) has shown that very differ-
ent velocity-depth models, from homogeneous layers to
continuous gradient zones can fit equally well the travel-
time data for a particular phase. However, as will be shown
below, the amplitude-distance character of these models
may be significantly different. At present, either very de-
tailed travel-time information or amplitude studies are the
only techniques available for accurate determination of
velocity gradients in the earth’s crust.

In the following discussion, we use the term upper crust
for the upper 10-15 km of the crystalline continental base-
ment lying immediately beneath the surface sediments and
above the lower crustal layer. The P-wave velocity of the
upper crust normally varies between 5.7 and 6.3 km/s.
These velocities are characteristic of sialic rocks at the ap-
propriate upper crustal temperature and pressures. The
compressional seismic wave critically refracted (head wave)
in the upper crust is usually called Pg. In explosion seismic
studies, the Pg phase is normally recognized as the first
arrival in the distance range of about 10-100 km. The nota-
tion Pg is also used in earthquake seismology studies but
in these cases it often refers to a different phase at larger
distances.

Studies of the Pg phase recorded in refraction profiles
(Miiller and Fuchs, 1976; Miller and Mueller, 1979; Banda
and Ansorge, 1980; Braile et al., 1982) have shown how
amplitude information can be used to greatly reduce the
range of models fitting the travel-time interpretation. As
refraction surveys are becoming more detailed, with closely
spaced recordings and improved amplitude control, we feel
that the qualitative comparisons attempted so far in most
amplitude studies are not enough, and that understanding
the variation of Pg amplitudes as a function of various
parameters will provide further insight into the velocity
structure of the upper crust. In turn, this information will
serve as a basis for comparison with laboratory measure-
ments and petrological studies leading to a better knowl-
edge of the physical properties of the basement.

In this paper we discuss, on the basis of synthetic se-
ismograms, the Pg amplitude-distance curves and their vari-
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ation with parameters such as frequency content of the
source, presence of low-velocity cover and of low-velocity
layers within the upper crust, velocity gradients, thickness
of the gradient zone, attenuation (Q ~ ') and Poisson’s ratio.
We also present examples of amplitude-distance modelling
for observed Pg amplitude data from central Europe and
western North America.

Methods of Computation

Synthetic seismograms can at present be calculated by a
variety of methods. For our purposes we have used the
reflectivity method developed by Fuchs (1968) and Fuchs
and Miiller (1971) with the fundamental modification by
Kind (1978) and the asymptotic ray method described by
Cerveny et al. (1977). These two methods and others have
been extensively discussed in the literature (see Chapman,
1978 and Spudich and Orcutt, 1980 for reviews).

Since the objective of this paper is to describe in detail
the amplitude-distance behaviour of the Pg wave and to
understand related later arrivals (multiply reflected, re-
fracted and/or converted), we have used mainly the reflecti-
vity method. The modification by Kind (1978) includes
these secondary effects by taking into account the free sur-
face and placing the source in the reflectivity zone. This
technique requires velocity models consisting of laterally
homogeneous and isotropic layers. Velocity gradients are
approximated by a stack of thin layers with small velocity

contrasts. For our computations we have used thicknesses
corresponding to less than one wavelength of the frequency
range considered.

Record sections of the vertical component of ground
displacement have been calculated for all the models with
a distance interval of 5 km between 0 and 100 km (Fig. 1).
Except where stated, the Vp/Vy ratio was assumed to be
1/ 3" (Poisson ratio=0.25) and the Q, values were fixed at
100 for the sediments or weathered layer and at 500 for
the basement with Qg equal to 40Q,/9. The depth of the
source was fixed at 100 m depth.

All record sections were plotted with a reduction veloci-
ty of 6.0 km/s and the amplitudes of each trace were multi-
plied by the distance for a more accurate reading of the
amplitudes (Fig. 1). Amplitudes were read taking the maxi-
mum (peak-to-peak) of the first cycle (reading the first pulse
has given identical results for theoretical seismograms). Fi-
nally the amplitude readings were plotted as function of
distance, as shown in Fig. 1.

The phase velocity interval used to determine the range
of angles of incidence over which the reflectivity program
integrates was 0.2-0.4 km/s below the minimum velocity
in the models and 1.0-2.0 km/s above the maximum. This
range includes all of the compressional and shear waves
of interest propagating in the upper crust. The large phase
velocity range leads, especially for high frequencies, to very
long computer runs (e.g. for the model in Fig. 1, 23.3 min
CPU time on a Cyber M0722A). However, it is worthwhile
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Fig. 1. Example of synthetic record-section calculated using the reflectivity method with a dominant frequency of 4 Hz for model
PG11K, displayed in the left inset. The amplitude-distance curve (solid line) is shown together with the curves for 1/x and 1/x? decays
in the right inset. Note the prominent secondary phases: Pw, whispering gallery (see Cerveny et al., 1977), Pg(S), direct Pg converted
to S at the base of the sediments, PgPg, Pg reflected once at the free surface, PgPg(S), reflected Pg converted to S



Table 1. Model parameters

Model Lower  Layer Ve Number Gradient
limit thick- of
of layer ness layers
(km) (km) (km/s) (km/s/km)
PG1 2.0 2.0 4.0 2 0.0
15.0 13.0 6.0 5 0.0
20.0 5.0 6.5 2 0.0
PG3 2.0 2.0 4.0 2 0.0
15.0 13.0 5.9-6.1 S 0.015
20.0 5.0 6.1 2 0.0
PG6 20 2.0 4.0 2 0.0
15.0 13.0 5.75-6.25 5 0.038
20.0 5.0 6.25 2 0.0
PG11 2.0 2.0 4.0 2 0.0
15.0 13.0 5.5-6.5 S 0.077
20.0 5.0 6.5 2 0.0
PG11K 2.0 2.0 4.0 2 0.0
7.0 5.0 5.5-5885 5 0.077
20.0 13.0 5.885 3 0.0
PG11KK 2.0 2.0 4.0 2 0.0
10.0 8.0 5.5-6.12 10 0.077
20.0 10.0 6.12 2 0.0
PGI11L 2.0 2.0 4.0 2 0.0
7.0 5.0 5.5-5.885 5 0.077
12.0 5.0 5.5 1 0.0
20.0 8.0 6.3 1 0.0
PG11LL 2.0 2.0 4.0 2 0.0
10.0 8.0 55-6.12 8 0.077
15.0 5.0 5.5 1 0.0
20.0 5.0 6.3 1 0.0
PG12 2.0 2.0 4.0 2 0.0
15.0 13.0 6.1-59 5 —0.015
20.0 5.0 6.5 2 0.0
PG22 2.0 2.0 4.0 2 0.0
15.0 13.0 5.3-6.7 S 0.108
20.0 5.0 6.7 2 0.0
SULZ3 1.0 1.0 4.5 2 0.0
1.3 0.3 4.8-5.6 1 2.67
5.0 3.7 5.6-5.9 5 0.081
10.0 5.0 5.9-6.1 7 0.04
21.0 11.0 6.1 2 0.0
SULZ4 1.0 1.0 43 2 0.0
1.3 0.3 4.8-5.6 1 2.67
6.3 5.0 5.6-6.0 6 0.08
17.0 10.7 6.0 2 0.0
SULZ6 1.0 1.0 4.6 2 0.0
5.7 4.7 5.6-595 7 0.074
8.2 2.5 5.95-6.0 4 0.02
17.0 8.8 6.0 1 0.0
SULZ7 1.0 1.0 4.6 2 0.0
5.7 4.7 56-595 7 0.074
7.0 1.3 595-598 3 0.023
17.0 10.0 5.98 1 0.0

performing these computations to reveal the influence of
the sediments. Many tests were run before choosing the
best illustrative models for the purpose of this paper, which
are listed in Table 1.

To compare the performance of the reflectivity method
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Fig. 2. Amplitude-distance curves (peak-peak) of Pn phase for
model EC4 (Cerveny, 1979) computed using reflectivity (continuous
line) and using ray-method (dotted line)

with the asymptotic ray theory method, we started by deter-
mining the amplitude-distance curves for one of the models
published by Cerveny (1979) for which he used both meth-
ods (Fig. 2). Although this case deals with a gradient zone
in the upper mantle, the situation is analogous to a gradient
zone in the upper crust with a sedimentary layer above.
The ray method obviously sharpens the peak of the ampli-
tude-distance curve. This is because the asymtotic ray meth-
od represents a “high frequency approximation” to the
wave equation (Cerveny et al., 1977; Chapman, 1978). As
is shown below, similar results were obtained from other
computations in this study. The ray method is inexpensive
and for much of the available data and some crustal models,
which can also include lateral inhomogeneities, this approx-
imation is accurate enough. For more detailed studies, in
which the models can be approximated by flat homoge-
neous layers, the reflectivity method is more appropriate
and has therefore been used in this paper.

The synthetic seismograms computed in this study rep-
resent ground displacements instead of ground velocities,
as measured in observed seismograms. As shown in the
example in Fig. 3, for which both velocity and displacement
were calculated, the difference in the amplitude-distance
behaviour is not significant. At least for the models pre-
sented here, the results from displacement can thus be
applied directly to observed velocity data. Moreover, it
should be noted that the dominant frequency used in dis-
placement computations is increased when the displacement
seismograms are differentiated to obtain velocity (see
spectra in Fig. 3).
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Fig. 3. Comparison of amplitude-distance curves of displacement
(continuous line) and velocity (dotted line) seismograms for model
PG11KK (upper right inset). The corresponding spectra show the
frequency shift between displacement and velocity signals. The
bottom insets show the signals (at 35 km) for displacement and
velocity; the intervals used to calculate the spectra are marked
by vertical bars

Discussion of Model Parameters
Source Frequency

The frequency content of seismic refraction data varies from
about 2 Hz to more than 20 Hz depending on the shooting
technique, charge size, frequency response of the instrument
and local geological environment. Comparison of the shape
of the amplitude-distance curves for low frequency source
signals (~2 Hz) with those for high frequency (&8 Hz)
shows significant differences when velocity gradients are
truncated at shallow depth or low-velocity layers are pres-
ent in the model. For that reason we have computed most
of the models for frequencies 2-8 Hz.

Figure 4 shows an example of the results for model
PG11K computed for 2.5, 4, 6 and 8 Hz dominant frequen-
cies. The fact that the velocity structure of the upper crust
changes, from a positive gradient (0.077 km/s/km) to zero
gradient at 7 km depth produces a different response of
the medium depending on the source frequency. The varia-
tion of amplitude with distance is more pronounced at the
higher frequencies. As discussed in more detail below, this
is due to the fact that shorter wavelengths are affected
mainly by the focusing effect of the gradient zone, thus
producing strong relative amplitude-maxima at a distance
of 45 km. At the same distance, longer wavelengths are
already affected by the homogeneous layer beneath the gra-
dient zone. Higher frequencies are thus more informative
in amplitude studies.
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Fig. 4. Amplitude-distance curves for model PG11K (upper right
inset) for frequencies of 2.5, 4, 5 and 8 Hz (Fourier spectra in
the lower inset) computed using reflectivity method (continous
lines). Dotted line corresponds to ray-method computation with
program SEIS4

For the same model, amplitudes were computed with
the asymptotic ray theory and are also displayed in Fig. 4.
As was to be expected, the ray method works reasonably
well for high frequencies, although the slope of the ampli-
tude decay is somewhat enhanced. Asymptotic ray theory
accounts for the influence of different frequencies on the
amplitudes of waves reflected at first order discontinuities
(Cerveny et al., 1977) but not for waves refracted from a
gradient zone (Banda, 1979). Therefore, if we are dealing
with good quality data, suitable for amplitude studies, it
is of fundamental importance to compute the theoretical
seismograms using the reflectivity, or other wave theory
method, with a source which has a dominant frequency
similar to that of the experimental data.

Thickness and Velocity Structure of Sediments

Qualitative differences in the character of the wave field
due to the presence of sediments are well known. Their
influence was studied quantitatively with models which are
identical except for the velocity structure of the sediments.

Figure 5 shows the results for models with 0, 0.2, 2 and
5 km of sediments overlying an upper crust containing a
velocity gradient of 0.077 km/s/km. Beyond about 60 km
the shapes of the amplitude-distance curves are essentially
identical. The most important difference is that even for
models with as little as 0.2 km of sediments, a relative maxi-
mum of the amplitude curve is observed which is missing
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Fig. 7. Record-sections for model PG11 (4 Hz) with and without
low-velocity cover (0.2 and 0.0 km, lower and upper sections re-
spectively). Note the difference in the wave field of secondary arriv-
als (see also Fig. 1)

for the model without sediments. We interpret this as an
effect of the change of the angle of incidence affecting the
transmission coefficient. On the other hand, models with
a low-velocity cover alone and without a gradient in the
upper crust do not have a relative amplitude maximum.

Results for models with different velocity structures in
the sediments are displayed in Fig. 6, which show that there
is no significant difference in the overall shape of the Pg
amplitude-distance curves. However, the level of the ampli-
tudes at the local maximum around 60 km relative to the
amplitudes at 15 km is lower for sediments with a velocity
of 5 km/s than for those of 4 km/s or for sediments with
a velocity gradient starting with 4 km/s at the surface. This
again is due to the fact that the angle of incidence is stee-
pened by the lower velocity at the surface, thus producing
higher P-wave amplitudes on the wvertical component
seismograms studied here.

As a result, we can state that any influence of the thick-
ness and velocity structure of the sedimentary layer on the
amplitude-distance behaviour of the first cycle of the Pg
phase is restricted to shorter distances. However, the total
wave fields for models with and without sediments are radi-
cally different. Reverberations within the sediments and P
to § conversions result in conspicuous seismic phases that
appear after the Pg phase (Fig. 7, see also Fig. 1).

Thickness of Gradient Zone and Low-Velocity Layers

Significant differences in the amplitude-distance curves for
models having the same gradient but different thickness
of the gradient zone are shown in Fig. 8 The models include
structures with a continuous gradient between 2 and 15 km
(model PG11), 2 and 10 km (model PG11KK) and 2 and
7 km (model PG11K) on top of a half space. A decrease
in the thickness of the gradient zone leads to a faster drop-
off of the amplitudes with distance.

The introduction of a low-velocity layer below a gra-
dient zone between 2 and 7 km and 2 and 10 km (models
PG11L and PG11LL) show another interesting effect. A
significant shift of the maximum and a change in the slope
of the amplitude decay is evident when a low-velocity layer
is present at the same depth at which the gradient is termin-
ated (compare PG11K and PG11L in Fig. 8).

The influence of the frequency content of the source
in the presence of a low-velocity layer is shown in Fig. 9.
The main effects are to sharpen the maximum and to shift
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Fig. 8. Amplitude-distance curves for models PG11, PG1iK,

PG11KK with variable gradient zone thickness (continuous, dashed

and dotted lines, respectively in the lower inset) and PG11L and

PG11LL with low-velocity layer at different depths (dashed and

continwous lines, respectively, in the upper inset) computed for a

frequency of 4 Hz

it to larger distances as the frequency is increased. Model
PG11L peaks very smoothly for 2.5 Hz at about 30 km
whereas it peaks sharply at 40 km for the higher frequen-
cies. The waves behave as if they “sense” the low-velocity
layer well before this would be expected from ray considera-
tions. To illusirate the effect of the truncated gradients,
the ray tracing for model PG11K is shown in Fig. 10. Here,
even though the gradient zone is terminated at a depth
of 7km, we observe rays emerging at distances out to
58 km, which is in disagreement with the results from these
amplitude calculations. As stated above, a decrease in thick-
ness of the gradient zone causes the Pg-amplitude drop-off
to occur at smaller distances than expected. For models
PG11K and PG11L, in which the gradient zone is termin-
ated at 7 km depth, the amplitudes start deviating from
those of model PG11, whose gradient extends down to
15 km, at distance as short as 45 km. As is shown in Fig. 10
rays arriving at this distance reach a maximum depth of
only 4.9 km, which is well above the bottom of the gradient
zone. In fact, the distance between the turning point of
the ray and the bottom of the gradient zone is greater than
one wavelength (about 1.5 km at 4 Hz). This phenomenon,
which can not be explained by geometrical ray theory, is
analogous to the Fresnel-zone effect in the case of electro-
magnetic waves: the energy arriving al a receiver is due
not only to the ray propagating with minimal travel-time,
but, as a consequence of Huyghens' principle, consists of
difractions interfering with each other, whose travel-times
are greater than that of the direct wave (Born, 1933). Modi-
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Fig. 9. Amplitude-distance curves for models PG11LL and PG11L
(continuous and dotted lines respectively, in the inset) computed
for 2.5 and 4 Hz
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Fig. 10. Ray-trace for model PG11K, with the ray emerging at
45 km and the ray grazing the lower boundary of the gradient
zone emerging at 58 km (solid curves). The lower dashed curve
shows the edge of the first Fresnel-zone (corresponding to a phase
shift of T/2) while the upper dashed curve corresponds to a phase
shift of T/4 for a signal with 4 Hz dominant frequency

fications of asymptotic ray theory which take this effect
into account have been introduced by various authors (see
Spudich and Orcutt, 1980 for a review). In particular,
Wiggins (1976) approximates the wave behaviour by en-
visaging the energy transported by a ray as being distributed
over a disk travelling with that ray, and constructs a synthet-
ic seismogram by summing the contribution of neighbour-
ing rays as their disks intersect the surface at the distance
of interest. As can be seen from the dashed ray-paths in
Fig. 10, the first Fresnel zone, which contains the most sig-
nificant contributions to the amplitude of the signal,
extends to a depth beyond the limit of the gradient zone
for energy arriving at a distance of 45 km. Thus, changes
in gradient will influence the amplitudes of waves with lon-
ger periods at smaller distances than those with shorter
periods. This is also the reason for the marked shift of
the amplitude peak in models PG11L and PG11LL between
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2.5 and 4 Hz, and for the frequency dependence shown
in Fig. 4.

Reflections originating from the low-velocity layer have
also been studied. Our results do not differ from those pub-
lished by Braile and Smith (1975), Smith et al. (1975) and
further modified by Banda (1979): the reflection from the
top of the low-velocity layer will only be seen as a separate
phase when the upper crust has a very small or zero gra-
dient, the frequency is high enough and the transition is
nearly a first order discontinuity. In this case the interfer-
ence of Pg with the reflection changes the Pg amplitudes
at larger distances (this has not been studied in detail in
this paper). If the above mentioned conditions are not ful-
filled the Pg amplitudes will barely be affected by the reflec-
tion from the top of the low-velocity layer.

Variation of Gradients

It is well known that even a slight positive velocity gradient
greatly influences the amplitude of refracted phases
(Cerveny, 1966; Hill, 1971). Thus, we have tried to vary
systematically the velocity gradient in the basement models
in order to determine the corresponding amplitude-distance
curves. We have arbitrarily chosen the gradient to be linear.
Amplitudes for models with various gradients between
—0.015 and 0.108 km/s/km were computed and are shown
in Fig. 11, From a comparison with a calculation for model
GP11 at higher frequency and from the discussion in the
previous section, it can be stated that, although these curves
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dotted lines and Q =2000 (dashed line for model PG11)

were calculated for 2.5 Hz, they are also representative of
higher frequencies as long as the gradient zones extend to
sufficient depth. The results shown in Fig. 11 illustrate that
small positive velocity gradients in the upper crust will be
resolvable by amplitude measurements on reasonably good
experimental data. For example, the amplitude-distance
characteristics of Models PG1 and PG6 are significantly
different although the velocity structure differs only by the
presence of a small (0.038 km/s/km) gradient in Model
PG6.

Atrenuation { Q)

We have tested models with Q0 values for compressional
waves of 200, 500 and 2000 for the upper crust to investigate
the influence of attenuation upon the amplitude of the Pg
wave. The curves shown in Fig. 12 are not sufficiently dis-
tinct for us to infer apparent @ from Pg amplitude calcula-
tions. As already demonstrated by Hill (1971) a slight chan-
ge in the gradient could make up for the differences shown
in Fig. 12 without taking the attenuation into account. To
estimate @ in the basement one could use the method pro-
posed by Braile (1977) which requires that the Pg ampli-
tudes be modelled simultaneously with the amplitudes of
the reflection from the bottom of the upper crust. Alterna-
tively, if the geometrical spreading factors are sufficiently
well known, and the band-width of the source is broad
enough, it is conceivable that spectral ratio methods (see
Béth, 1974 for a review) might be adequate to infer @ in
the upper crust.



160

| | | | L T L | ! | | 1 |
To IS R % N B B R } i | |
0 10 20 30 40 S0 60 70 80 30 100 110 120
 dprree S S S S S80S 05 955 93355358 6 8 S S 438 S9ddd S
0 : ‘.E- ]
-
b = E
o f il =35y s
> g =5 SSASL L5 258 e = =r ]
I - 7 3
— 0:Lu.....l.........n..m“..J....m..l....;....|....|....|.........|L.J......1....m.l.“......|....|u4.1...‘|....|....5
0 10 20 30 40 50 60 70 80 30 100 110 120
DISTANCE IN KM
0 10 20 30 ug 50 60 70 80 90 100 110 120
= - ]
‘5:__% —
h = \
— ]
o i \
w ]
[am]
-10
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component, bandpass filtered 8-16 Hz, trace normalized. Travel-time curve corresponds to ray-trace below. Top. synthetic record section

of flat layer approximation of model Sulz-7 (see Fig. 14 and Table 1)

Poisson’s Ratio (o)

Seismic velocity studies of the crust show that a Poisson
ratio of 0.25 is in general a good average. However, in
some cases strong deviations from this value have been
found. The influence of ¢ has been studied for a few models
with values 0.2-0.35. The resulting amplitude-distance
curves do not differ significantly from each other. Only
curves for models involving a sudden change of ¢ at a
discontinuity produce distinct features in the Pg versus re-
flection amplitude ratio as already shown by Olsen et al.
(1979).

Examples of Data from the Black Forest (Germany)
and the Basin and Range (U.S.A.)

Between 1974 and 1980 several quarry blasts near Sulz,
southern Germany, were recorded along a 113 km long
profile running south along the eastern margin of the Black
Forest into the Swiss Alpine foreland. The first 2 s of the
resulting seismic record-section are shown in Fig. 13 togeth-
er with the travel-time curve corresponding to the ray-trace
model in the lower part of the figure. The ray tracing was
performed using the method of Gebrande (1976).

The velocity structure of the sediments (including a
wedge of late Paleozoic and early Mesozoic sediments with
P-velocity of 3.8 km/s between 0 and 40 km) and the shape
of the basement/sediments boundary were modelled to fit
the available bore-hole data (Buechi et al., 1965; Boigk and

vertical component velocity amplitude multiplied by distance

Schoeneich, 1968 ; Lemcke et al., 1968). The velocity struc-
ture of the basement was then adjusted until the general
shape of the travel-time data was matched. No attempt
was made to model the local variations in sedimentary
structure and basement depth which produce the small time
discrepancies, limited to one or two consecutive records.
This applies particularly to the local anomaly between 94
and 101 km which, because of the poor signal to noise ratio,
cannot be resolved with these data alone.

For plotting convenience, the seismograms in Fig. 13
were trace normalized. The peak-to-peak amplitudes of the
first cycle were multiplied by the scale factor marked above
each seismogram to obtain the true particle velocity values
in pm/s. The amplitude data for the Pg phase are plotted
as crosses with corresponding shot and station numbers
in Fig. 14.

The size of shot number 1 was only 700 kg while the
others were around 2,000 kg, so that the corresponding am-
plitude values were multiplied by a correction factor of 1.4,
equal to the cube root of the charge ratio, which seems
to be appropriate for this specific quarry. The remaining
scatter seems to be independent of the shots, and although
it amounts to about a factor of two, the data define an
amplitude-distance behavior characterized by a rapid de-
crease in the first 20 km, a local maximum at about 40 km
and a smooth decay out to about 100 km.

In order to be able to apply the reflectivity method to
the data, the curved layers derived from the ray-tracing
technique were approximated by flat layers in model
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four models

number 7 (insets in Fig. 14 and Table 1) and the sediments
were simplified to a single layer. The resulting synthetic
record section (vertical ground velocity with a dominant
frequency of 8 Hz) is reproduced at the top of Fig. 13. The
offset of the calculated amplitude-distance curve as a whole
was adjusted to the experimental data by a least-squares
method (Fig. 14, curve 7). For three other ray-trace models
which satisfy the travel-time data equally well, amplitude-
distance curves were calculated in the same way and plotted
in Fig. 15 together with their velocity-depth functions. This
illustrates some of the possible model variations. A compar-
ison between models 3 and 4 shows how a second gradient
zone of sufficient strength and extent can significantly in-
crease the distance at which the amplitude decay occurs.
Models 6 and 7 illustrate the effect of small changes in
the extent of a second zone with slight gradient. The loga-
rithmic standard deviations of data points from these curves
range between 0.23 and 0.27, which correspond to ampli-
tude factors of 1.7 and 1.9 respectively., The amplitude-
distance behaviour of the models presented here do not
differ from each other sufficiently to be able to discriminate
between them on the basis of this data alone. However,
as the insets in Fig. 14 show, the velocity-depth variations
of these models are very small, so that the results are good
evidence for a strong gradient (0.07-0.08 km/s/km) in the
upper 5-6 km of the basement.

It should be noted that computational techniques re-
strict us to consideration of flat-layered models for the am-
plitude modelling even though small lateral variations are
evident in the travel-time model for the Sulz data as shown

in Fig. 13. Shooting up-dip over the first 50 km and down-
dip beyond that distance will have a slight focusing effect
on the rays, thus contributing somewhat to the observed.
relative amplitude maximum at that distance. However, be-
cause the lateral changes in velocity structure indicated in
Fig. 13 are small (note that the model is plotted with 2 x

vertical exageration) and because the positive velocity gra-
dients in the flat-layered models which satisfy the amplitude
data also fit the travel-time data modelled with a curved
sediment-basement boundary, we anticipate that the ampli-
tude-distance effects of the two-dimensional structure will
be negligible.

A very different amplitude-distance character of the Pg
phase is observed for the Basin and Range province of
the tectonically active western North American continent.
A Pg data-set from this region was analyzed for this study.
The seismic records are from the northern Basin and Range
(NBR) (shotpoints Mountain City, Eureka and Elko) in
Western United States and were originally studied by Hill
and Pakiser (1966) and presented by Prodehl (1970, 1979).

Partial record sections emphasizing the Pg arrivals for
the NBR data are shown in Fig. 15. The record sections
are from Prodehl (1979) and the travel-time curves shown
are the results of ray-trace modelling by Fauria (1981). Am-
plitudes of the Pg phase were read from the sections shown
in Fig. 15 and corrected for plot scaling factors using the
calibration signals presented on the original sections
(Prodehl, 1979). The Pg amplitudes were adjusted to
account for the differing shotpoints and plotted as a func-
tion of distance in Fig. 16. Although there is considerable
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scatter in these data (the range is illustrated by the shaded Conclusions

area of the plot) it appears that Pg amplitudes for the NBR
decay rapidly with distance and do not display the local
maximum which was characteristic of the Sulz data and
which indicated a velocity gradient. In fact, the NBR Pg
amplitude data are fitted best by the PG1 model consisting
of homogeneous upper crust. The scatter in the data shown
in Fig. 16 and the fact that the data represent a compilation
from several different refraction lines preclude more de-
tailed analysis. Note that the very small positive or negative
gradients (less than that for model PG3) and virtually any
Q value could be present in the upper crust of the NBR
based on these data alone. However, because no strong
gradient or low-velocity effects are observed in the ampli-
tude distance data, the upper crust in the NBR appears
to be nearly a homogeneous velocity layer.

The fine structure of the continental basement, i.e. the dis-
tribution of physical parameters with depth, can reveal sig-
nificant aspects of the crustal evolution and the interaction
of different crustal units as well as its thermal and composi-
tional history. Very often the upper part of the crust does
not show pronounced interfaces with discontinuities in ve-
locity and density. Vertical incidence reflection cannot
resolve velocity structure in the absence of distinct imped-
ance boundaries. On the other hand, combined travel-time
and amplitude analysis of refraction data can give more
detailed insight into the velocity structure. Therefore com-
bined reflection and refraction surveys should be carried
out in crustal investigations.

A representative velocity-depth structure requires either
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detailed and highly accurate travel-time data, i.e. a spacing
of observation points on the order of a few hundred meters,
or a combination of travel-time and reliable amplitude data
obtained from an average record spacing of a few kilome-
ters. The following conclusions drawn from this study can
help to achieve a better interpretation of the amplitude data
and hence lead to a more reliable estimate of velocity-depth
structure of the upper continental crust.

1. The frequency content of the source is a critical parame-
ter when gradient zones and/or discontinuities of velocity
are present. Higher frequencies produce more pronounced
variations of amplitudes with distance. The amplitude vari-
ations are likely to be resolvable within the scatter of the
data and thus high frequency source signals lead to better
resolution.

2. A low-velocity cover of the basement accentuates relative
maxima in the amplitude-distance curve when velocity gra-
dients are present in the crystalline upper crust. Layer thick-
nesses of only 0.2 km, i.e. even weathered layers, can cause
this effect. In addition, multiple reflections, refractions and
conversions in the low-velocity cover contribute considera-
bly to a complicated wave field following the initial Pg
arrival and probably make later arrivals from deeper parts
of the crust undetectable.

3. Reflections from the top of a low-velocity layer within
the upper crust will affect the Pg amplitudes by interference
only if they are strong enough. This requires low gradients
in the basement above, a first order discontinuity at the
bottom of the upper crust and a high frequency source
signal.
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4. The increasing thickness of the gradient zone in the base-
ment reduces the amplitude decay with distance and broad-
ens the width of the relative amplitude maximum.

5. The Pg amplitudes decay with distance much faster in
the presence of a low-velocity layer than would be expected
from geometrical ray theory.

6. Reliable Pg amplitude data, characterized by a continu-
ous decrease, or a steady value over some distance or even
a local maximum, allows us to distinguish between homoge-
neous constant velocity layers and various gradient zones
in the upper crust.

7. Apparent Q values cannot be extracted from the ampli-
tude distance behaviour of Pg data alone.

8. Synthetic seismogram calculations based on asymptotic
ray theory can be used only as a first approximation to
determine detailed velocity depth structures.

These results, of course, apply only to a crust which
can be approximated by lateraly homogeneous models. Fo-
cusing effects due to lateral heterogeneities may completely
mask the amplitude-distance behaviour due to vertical
structures and must be studied by other methods.
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