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SUMMARY

The research performed under the contract during this period was directed toward the
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SEISMIC VELOCITY AND Q MODEL FOR THE SHALLOW STRUCTURE
OF THE ARABIAN SHIELD FROM SHORT PERIOD RAYLEIGH WAVES

T. A. Mokhtar*, R. B. Herrmann}, and D. R. Russell}

ABSTRACT

The shear velocity and @, structure for the upper 1 km in different tectonic
regions of the Arabian shield has been investigated using high frequency vertical com-
ponent records of Rayleigh waves (1-20 Hz), which were recorded to distances of 55-80
km during a deep seismic refraction survey. The group and phase velocities of the fun-
damental and first higher modes were inverted for the shear wave velocity structure.
The Rayleigh-wave attenuation coefficients were determined from the decay of the ampli-
tude spectrum of the fundamentai mode and used to invert for the Q4 structure. These
models were tested by calculating synthetic seismograms for the fundamental and the
first higher modes using surface-wave theory. A center of compression was used to
represent the source, and both step and Dirac delta source time functions were tested.
Modeling indicates that the shear wave velocity of the shield increases from 2.6 km/s to
3.4 km/s in the upper 400 m of the crust. Q4 increases from 30 in the upper 50 m to
150 at 500 m depth. The underlying material has a Q4 of 400-500 for the outcropping
igneous rocks such as granite and may reach values higher than 700 for the metamorphic
green schist rock. A Dirac delta source time function produces the best fit with observa-

tions.

INTRODUCTION

In February 1978, the United States Geological Survey in collaboration with the

* Faculty of Earth Sciences, King Abdulaziz University, P. O. Box 1744, Jeddah, Saudi Arabia 21441
1 Department of Earth and Atmospheric Sciences, Saint Louis University, P. O. Box 8099 - Laclede Station,
Saint Louis, Missouri 63156, U.S.A.
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Directorate General of Mineral Resources of Saudi Arabia recorded a deep seismic refrac-
tion profile along a 1000 km line that traverses the Arabian shield. The seismic line
begins in the mesozoic cover rocks in the northeast, continues to the southwest across the
shield, and terminates at the outer edge of the Farasan Island in the southern Red Sea
(Figure 1a). Using two dimensional ray tracing techniques in the data analysis, the
recorded data were modeled primarily with horizontal layers (Healy et al., 1982; Mooney
et al., 1985). The results indicate that the shield consists of two crustal layers, each
about 20 km thick, with average compressional velocities of 6.3 km/s and 7 km/s for the
upper and lower crust, respectively. The depth of the Moho discontinuity beneath the
shield varies from 43 km in the northeast to 38 km in the southwest. The upper mantle

velocity is 8.2 km/s in the northeast and decreases to 8.0 km/s in the southwest.

Surface wave signals have been extensively used to determine the velocity structure
of the crust and the upper mantle in many regions of the earth (e.g, Kovach, 1978;
Knopoff, 1972). Previous surface wave studies of the Arabian shield have been limited to
very few paths and long periods, using Rayleigh waves generated by earthquakes (Niazi,
1968; Knopoff and Fouda, 1975). Shear-wave velocity models from these studies show a
pronounced low velocity zone, the top of which is at a depth of 100-140 km. The phase
velocities of the Arabian shield are lower than those of the Canadian shield; however,

they are higher than those of the United States Gulf Coastal plain.

Studies that use surface waves from near explosion sources to investigate the pro-
perties in the upper crust are not very cgmmon. Al-Husseini et al. (1981) studied the
dispersion patterns of ground roll in northeastern Saudi Arabia. They analyzed observa-
tions of high frequency Rayleigh waves (10-80 Hz) from exploration data, supplemented
with geologic information as well as bore hole measurements of P-wave velocities, to pro-
duce maps of the distribution of minimum and maximum phase velocities of the Rayleigh
waves in the region for use in group array design for reflection studies in an area

northeast of the refraction profile.
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The USGS seismic line displays high quality, coherent, dispersed short period Ray-
leigh waves which were recorded on record sections from several shot points to distances
of 55-80 km. The signals can provide information on the elastic and anelastic properties
of the upper portions of the crust. The purpose of this paper is to analyze the recorded
short period Rayleigh waves to determine the properties of the shallow regions of the

upper crust in the different tectonic provinces of the shield.
GEOLOGY ALONG THE PROFILES USED

The refraction profile traverses three major tectonic provinces in the Arabian Shield.
Greenwood et al. (1980) suggested that the northwest trending Najd fault system divides
the Precambrian shield into the Shammar, the Najd, and the Hijaz-Asir tectonic pro-
vinces. Of the 19 shots that were fired, three were detonated and recorded within these 3
provinces. These were at Shot Point 2 (SP2) in the Shammar province, at Shot Point 3
(SP3) in Najd province, and at Shot Point 4 (SP4) in the Hijaz-Asir province (see Figure
1a).

The Arabian shield has a complex geological history and composition. It consists
predominantly of Precambrian crystalline rocks which are bounded to the east by a
Phanerozoic sedimentary cover (Brown and Jackson, 1979). The shield is considered to
have been formed from island arcs of west dipping subduction zones that were shifted
successively to the east (Schmidt et al., 1978). Since we are concerned with limited por-
tions of the shield, only a brief description of the geology of the areas where the seismic
traces were used is given here. This description is taken primarily from Healy et al.

(1982), Brown and Jackson (1979), and Greenwood et al. (1980).

Figure 1b shows an approximately 1 km thick geological cross section inferred from
surface geology. The profile immediately northeast of SP2 traverses regions that are
composed of andesite and granite gneiss, followed by the Abt schist formation in the
region of the Al Amar-ldsas fault. This fault is a suture zone that extends north-

northeast in an arc that is truncated at both ends by the northern boundary of the

T~ v —

TR T T T ——————y

T



-4-

shield. To the southwest of SP2, the crust is composed of andesitic rocks of the Halaban
formation for a distance of 30 km where it contacts the Murdams formation, composed
of basal conglomerate containing clasts of rhyolite, andesite, and granite. The Murdama
formation is followed by granite and granite gneiss. To the northeast of SP3, the region
consists of calc-alkaline granite that is bordered by the andesite rocks of the Halaban for-
mation at about 40 km to the northeast. The granite continues to the southwest of SP3
to about 20 km where it is again bounded by the Halaban formation andesite. SP4 was
detonated in granite, while the material adjacent to it, on both sides of the shot point, is
carbonaceous and graphitic schist of the Hali schist formation. There is a greenschist
unit 10 km southwest of SP4 that is composed of metaandesitic and metabasaltic schist
and forms the remainder of the profile. To the northeast, the Hali schist is bordered by

alkaline granite that alternates with units of greenschist facies.

DATA

Each data trace consists of 20 seconds of digital data with a sampling interval of 5
milliseconds. Standard 2 Hz vertical geophones were used. The signal was recorded using
an analog recording instrument and was digitized subsequently. The traces were
corrected for instrument response before processing to make ground velocity time his-
tories. All seismic traces from the three shot points that show the fundamental mode
Rayleigh waves were used in the analysis. These are the traces of SP2 at the locations
268-343 (Figure 2), traces of SP3 at the locations 378-138 (Figure 3), and traces of shot
number SP4 at the locations 482-558 (Figure 4). In most cases, all traces from a given
side of a shot point were used to obtain an average velocity structure for that side. Thus,
small lateral heterogeneities were averaged, leading to one dimensional shear velocity
models. In the case of 'the profile northeast of SP2, where Rayleigh waves at larger dis-
tances (locations 268-281) displayed a very different dispersion than those at shorter dis-

tances, two models were obtained.
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METHOD OF ANALYSIS

The data required for inversion are the values of phase velocity, group velocity and

¥

anelastic attenuation as a function of frequency and surface-wave mode.

Phase velocity determination

McMechan and Yedlin (1981) described a method to obtain phase velocity from a
dispersed wave in a common-shot wave gather. The method consists of performing a
slant stack on the data to obtain a wave field in the p—7 domain (phase slowness-
intercept time) followed by a one dimensional Fourier transform over 7 to present the
wavefield in the p—w plane. The p —w stack of a multi-mode surface wave can be writ-

ten as

Ulp,w)=534 (wr;)e ) (1)

il
where A(w,r;) is the amplitude spectrum of a trace at distance r; and ¢, is its phase
spectrum. The observed spectrum is assumed to be the result of the superposition of M
surface wave modes such that

: M .
Afwr)e’® = kz Sp(w,r; )¢’ ol 1wpal)r) @)
-1

where S;(w,r;) is the amplitude spectrum of the k’th mode and the phase is separated
into distance independent, @y;(w), and distance dependent, wpg,(w), components. If the
modulus of U(p,w) is plotted on a two dimensional plot as a function of p and w, the
p—w locus corresponding to the largest values in U(p,w) wave field is exactly the phase

velocity dispersion curve of that particular mode, excluding the problems of aliasing.

R A p-w stack was performed on the set of traces on each side of the shot points. For
example, the phase velocity contour plot for the area northeast of SP3 is shown in Figure
5. For all but one data set, the signals of the Rayleigh wave fundamental mode are

coherent and the results indicate a negligible effect of lateral heterogeneity on the phase
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velocity. In one data set however, the northeast profile of SP2, strong variation in the
phase velocity is found. On this profile, traces that are beyond about 30 km from the ori-
gin (268-281, (Figure 2)) indicate lower phase velocity than the closer traces (283-297).
Figure 6 is the p—w stack using all traces northeast of SP2. This figure shows two
dispersion curves. The lower velocity one corresponds to traces 268-281 and the upper to
traces 283-297. These were recorded on the Abt schist rock formation located southwest
of Al-Amar Idsas fault zone. Mooney et al. (1985) had difficulty in modeling the upper
and lower crust and the upper mantle between SP1 and SP2 of the seismic profile. They
suggested the presence of a strong lateral heterogeneity northeast of SP2, in which the
velocity of the crust and upper mantle increases toward the northeast. The boundary
they suggested to mark the transition intersects the surface about 25-30 km northeast of
the shot point. This is consistent with the location of the phase velocity change. How-
ever, the phase velocities for this area are lower than the rest of the profile and the other
sections by 0.3 km/s and will be shown from the inversion of this data, the velocity of
the near surface material decreases to the northeast instead of increasing as do the cru-

stal and upper mantle velocities.

From the p —w analysis, we were able to determine the phase velocity of the funda-
mental mode for frequencies of 1-5 Hz. For frequencies greater than 5 Hz, the signal
began to lose coherency and the function U(p,w) no longer had a well defined maximum,
due to the increase of the noise level and the effect of spatial aliasing at high frequencies.
The phase velocity of the fundamental mode ranges between 2.9 km/s at 5 Hz to 3.2
km/s at 1 Hz. The maximum values on the contour plot of Figure 5 define the phase
velocity dispersion curve on the northeastern side of SP3 and is plotted as curve RPF in

Figure 7.

Group velocity and anelastic atténuation determination

The multiple filter technique of Dziewonski et al. (1969) was used to determine the

group velocity of the different modes. Each trace was Fourier transformed and narrow
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band pass filtered in the frequency domain using a Gaussian filter (Herrmann, 1973).
Relative maximum spectral amplitudes and their group velocities were determined for
each filter center frequency. The modal amplitudes from all the traces on one side of a
shot point for each frequency window were plotted as a function of distance. Linear
regression analysis was performed on the points to determine the mean and standard
deviation of the group velocity. We were able to isolate the fundamental and the first
higher mode by this procedure. Modes higher than these were difficult to isolate. In
addition, the spectral amplitudes of the fundamental mode for each frequency window
were multiplied by square root of the distance to correct for geometrical spreading. The
decay of the corrected amplitude spectrum with distance was then used to estimate the
Rayleigh wave anelastic attenuation coefficient v, using linear regression analysis accord-
ing to the model
InA(r,.w) =InAdgy — g (W)r

The results indicate that the group velocity of the fundamental mode ranges
between 2.5 km/s at 5 Hz and above to 3 km/s at 1 Hz. An example of the group velo-
city dispersion curve of the fundamental mode for the region northeast of SP3 is shown
in Figure 7 (RGF). The first higher mode has a group velocity of about 3.4 km/s at 5
Hz, which decreases to 3.1 km/s at about 20 Hz (RGH1 in Figure 7). Due to the pres-
ence of lateral variations northeast of SP2, the group velocities for the distant set of
traces of this shot point were determined by using the interstation arrival times of the
various frequency components at the nearest and the farthest stations of this subset (two
station technique). The group velocities in this section of the profile are about 0.3 km/s

lower than the other profiles.

The decay of surface wave amplitude with distance is often difficult to measure due
to a number of factors such as local site effects, scattering and lateral lithological
changes. Despite this difficulty, it was important to try to obtain amplitude attenuation

data so the anelastic properties of the earth can be determined. Meaningful measure-
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ments of amplitude decay require accurate amplitude data at closely spaced stations over
a considerable distance range. It is not practical to measure the decay along each geolog-
ical unit to determine individual 7z’ s because of the relatively short spatial horizontal
distances of these units. Thus, lateral homogeneity in anelasticity was assumed. An
example of the variation of vz as a function of period is shown in Figure 8 for the profile
SP3 northeast. Its behavior is similar to those determined from long period surface wave
across continental and oceanic paths (Mitchell et al., 1977), being larger at higher fre-
quencies. Generally, in all the profiles analyzed, 7, decreases monotonically from 0.3
km~! at 0.1 s to 0.1 km~" at 0.2 s. The values of 75 slowly decrease for periods higher
than 0.2 s and reach 0.006-0.015 km~! at 0.8 s periods. Strong amplitude variations due
to site effect are very noticeable especially in the sections SP2 northeast and SP3
northeast. Because all the traces were used on each section, the effect of these variations

on the measured 75 was minimized.
INVERSION FOR SHEAR VELOCITY AND @,

The observed dispersion data combined with an initial model were used to invert
for the shear velocity structure. Because of the non-linear nature of the problem, an
iterative linear inversion was performed in which the model was updated after each itera-

tion. The general linear inverse problem is governed by the equation
y=Az, (3)

where y is the difference between observed data and those predicted by the model used,
and z represents the model parameter changes which are to be determined and added to
the starting model after each iteration in order to minimize y. A is the matrix of partial
derivatives of phase and group velocity.. Russell (1980) concluded that the first order
difference technique provides the best constraint on the inversion of surface wave data,
especially in the presence of noisy data. This differential damped least square inversion
controls the smoothness of the resulting models by seeking to minimize the differences in

the interlayer model changes (Twomey, 1977). This type of constraint was used in this
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study, and the inversion of shear velocity was performed using a starting model that con-
sisted of very thin layers (50-100 m) with the same model parameters at all depths, for
an inversion unbiased by the initial model. We started with a P-wave velocity (o) of 7
km/s and a Poisson ratio of 0.25 for the initial mode! ( S-wave velocity, 8=4.04 km/s) in
each layer. During the inversion, Poisson’s ratio was fixed and the shear velocities

allowed to vary.

Inversion of the observed 7, values to determine @z was performed following

Mitchell’s (1975) formulation of the problem, where the spatial attenuation coefficient is

written as
T n aCR O"- -1 n 3cR ﬁi -1
TR="% — @ai + — &pi 4
K T IZ:I aai (473 |§l B'B: (43 Qﬂ ( )

In (4), n is the total number of layers, cg is the phase velocity of Rayleigh waves, a and
B are the compressional and shear velocities of the layer i, and T is the period. Assum-

ing no bulk losses, @, is related to @; by (Anderson et al., 1965)

ot =3 Lyos ©

This equation was used to simplify (4) which was then put in the form of (3) for the pur-
pose of inversion. The partial derivatives of the phase velocity were determined for the
inverted shear velocity model for the profile. Singular value decomposition of A for both

the shear velocity and Q' was performed as described by Lawson and Hanson (1974).

The inverted shear velocity and Q4 models are shown in Figures 7 and 8, respec-
tively, for the SP3NE data set and in Figure 9 for all the profiles. In general, the velocity
structure consists of two regions: a surface layer 0.3-0.4 km thick in which the shear
wave velocity increases rapidly from 2.6 km/s to 3.3 km/s, overlying a half space with
shear wave velocity of 3.4-3.5 km/s. The resolution decreases with depth and the velo-
city for the layers deeper than 1.0 km is considered unresolved. The use of the higher

mode group velocity data in the velocity inversion resulted in better resolution and a
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stable model for depths greater than 400 m.

The velocity structures along the profiles SP2 northeast and SP2 southwest showed
the most complexity and variation. The group and phase velocities are higher to the
northeast of the shot point (283-297) than to in the southwest, and in both cases a
region of low velocity was required by the inversion. In the southwest, 8 increases from
2.8 km/s near the surface to 3.4 km/s at 0.3 km depth and then decreases to 3.25 at 0.5
km depth. The velocity increases again in the deeper layers. To the northeast (Figure 9.
SP2NE(a)), the velocity increases from 2.7 km/s near the surface to 3.5 km/s at 0.25 km
depth. It decreases to reach 3.35 km/s at 0.45 km depth and then it increases again to
reach 3.6 km/s at about 0.75 km depth. Further to the northeast (Figure 9, SP2NE(b))
a low shear velocity of 2.8 km/s extends to 0.25 km depth. The velocity increases below
this depth to reach 3.2 km/s at 0.5 km. These resuits indicate that the granite gneiss
located northeast of the shot point has a higher seismic velocity in the Shammar pro-

vince than the Abt schist.

The results of the @' inversion are also shown in Figure 9. A decrease in Q5!
with depth is coincident with the increase in §. Q4 increases from 30-50 near the surface
to 150 at a depth of about 0.5 km, below which the inverted models are not very well
resolved. The Q;! models indicated by the dashed lines represent the modifications

required to the models in order to match synthetic seismograms to observed data.

Attenuation in the northeastern section of SPd is higher than to the southwest, as
indicated by the inversion. Q;' decreases from 0.018 near the surface to 0.007 at 0.5
km depth. To the northeast, Q' decreases slowly from 0.02 near the surface to 0.014 at
0.5 km. However, the attenuation model for the northeast profile required by the syn-
thetic modeling is similar to that of the southwestern section. Similar models found from
the inversion of 75 on both sides of SP3 show a decrease of @4 ! from about 0.025 near
the surface, to 0.004 at 0.5 km depth in the northeast and from 0.025 to 0.0075 in the

southwest. The results of the Q5! inversion for SP2 indicate higher attenuation than
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other shot points, coinciding with the lower shear velocity. Q;l decreases from 0.027

near the surface to 0.016 at 0.5 km depth for the distant traces northeast of SP2 (Figure

9, SP2NE(b)).

WAVEFORM MODELING

To verify the correctness of the inverted models and to understand the poorly
resolved deeper Qﬂ_l, surface-wave synthetic seismograms of both the fundamental and
the first higher modes were calculated using the computer programs developed by Wang
(1981). The computations are made stable at high frequencies for relatively complex
models by the introduction of compound matrices in the Haskell-Thompson propagator
matrix technique. Wang and Herrmann (1980), Herrmann and Wang (1985), and Wang
(1981) give explicit formulas for ten Green functions to describe the wave field due to an
arbitrary point dislocation source and a point explosion. The calculations performed in
this study are for the vertical component of motion due to a center of compression

seismic source.

With the velocity and @ structure determined by inversion, we need only to specify
the time history of the explosion sources in order to compute the synthetic seismograms.
We tried both a step and a Dirac delta source time functions for the three orthogonal
force dipoles of the source. It is commonly assumed that a step is an adequate representa-
tion of the source time function for long period surface waves from explosions (Tsai and
Aki, 1970). O’Brien (1967) uses an exponential step to describe the source spectrum of
small charges. The analysis of our study indicates that a step source time function does
not generate enough of the high frequency components observed on the seismograms.
Although the exact source spectrum is not known, we prefer a Dirac delta function to
represent the source time function at this distance range. In addition to producing the
proper frequency content of the signal, the use of this type of source time function results

in a better fit to the onset of the observed signal.
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Both the recorded data and the computed synthetics are the output voltage of the
geophone, being proportional to ground velocity at frequencies greater than the natural
frequency of 2 Hz. The instrument response was included in the synthetics by using a
recursive digital filter, and the source depth is fixed at 60 m for all shot points. Theoret-
ical phase velocities calculated from the inverted seismic models were corrected for the
dispersion due to anelasticity using the correction factor given by Liu et al. (1976). Since
we are interested in the decay of amplitude with distance rather than the absolute ampli-

tude, all synthetics were generated using a constant source size

Examples of the results of the waveform modeling are shown in Figure 10. Each
observed and synthetic trace was filtered using a bandpass Butterworth filter with
corner frequencies 1 and 10 Hz. The amplitudes were normalized and a 9 second reduced
travel time window that contains both the fundamental and the higher mode signal was
plotted. The Q4! of the very upper most layers were adjusted to obtain a better fit
between the observed and the synthetic fundamental mode waveforms by trial and error
(as shown by the dashed line in Figure 9). This is justified by the lack of resolution in
the inversion for Qp‘l in these layers. However, the velocity models were used without
any change. Qg of the layers beneath 500 m could not be resolved in the same way since
it does not affect the fundamental mode wave dispersion. An estimate of the attenuation
of the deeper layers is obtained by using the ratio of the maximum spectral amplitude of
the fundamental to that of the first higher mode. The site effects were canceled out by
taking the ratio of two signals from the same trace. The synthetic seismograms were
first computed on the basis of the models obtained from inversion. @5 at depth was
then adjusted to obtain agreement between the change with distance of the higher mode
amplitude relative to the fundamental mode amplitude. The fundamental and higher
mode signals were isolated in the time domain and the spectral amplitude of each was
determined. A search was performed to determine the maximum spectrum of each signal,

and the ratio of the maximum spectral amplitude of the fundamental to that of the
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higher mode was compared with that of the synthetic for estimation of QEI at depth,

as shown in Figure 11.

Figure 10b shows that the fundamental mode arrival times and waveforms are suc-
cessfully modeled for the section SP3 northeast using @ 3=30 for the first 100 m, which
increases gradually below this depth to reach about 150 at a 400 m depth (Figure 9). We
were not able to reproduce the observed higher mode amplitudes using a step source time
function even for very high Q values (@4~ 2000), as shown in Figure 10c. Reasonable
correlation was obtained from a delta source using a Qg of 500 at depth (Figure 10b).
The wide scatter in the amplitude ratio of the spectral maximum of the fundamental and
the higher mode is shown in Figure 11. This might be due to complexity in the vertical
distribution of Q due to structural or lithologic variations that is not revealed by the
surface geology. The ratio oscillates between 3 and 8 where the profile traverses the
granite and drops to 3-4 in the Halaban formation. For the profile SP3 southwest, the
waveform modeling requires a Qs model that increases from 30 in the first 50 m to 110
at 400 m depth. Below this depth the average Q4 of the Halaban formation southwest

of SP3 is about 400.

Similar results were also obtained for the profiles of SP4 northeast and southwest.
Although the signal to noise ratio is low compared to that of the sections from SP3, the
various components of the fundamental mode can be correlated with the synthetics
throughout the length of the profiles. @ in profile 4 northeast is 30 near the surface
and increases slightly to 50 at 100 m depth, continues unchanged to 300 m. An increase
in the high frequency content of the signals is observed at distances beyond about 35 km
northeast of SP4 where the stations are located on alternating units of granite and green-
schist. It is clearly evident in Figure 11 that we could not fit the observed data for the
close and distant stations by one @ model. The synthetics of SPANE were obtained using
Qs of 500 below 400 m. At distances short to the shot point where the Hali schist and

the granite outcrops, this value is higher than the apparent shear quality factor. Where
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the greenschist outcrops at greater distances, Qg is probably higher than 500. Thus, the
Hali schist and the adjacent granite of the Hijaz-Asir tectonic province have lower Q4
than the greenschist. This conclusion is more obvious for the section to the southwest
where Q4 of about 700 is used to produce the synthetics traces southwest of SP4. Again,
the attenuation in the formations at close distance is higher than the distant formation.
where the stations are located on greenschist rock, as is evident by the drop of the ratio
in Figure 11. Qg increases from 28-30 near the surface to about 150 at 500 m depth for

this profile.

Waveform models of the seismic traces from southwest of SP2 were also computed.
The one dimensional velocity model and the @ model in Figure 9 were used to produce
the synthetic seismograms. A good fit was obtained using Q4 that increases from 30 in
the first layer to 150 at a depth of 600 m. The synthetic ratio of the maximum spectral
amplitude could not be correlated with the observed one using a low attenuation zone at
depth. Although large scatter exists at short distances in Figure 11, a ratio of about 2 is
maintained at distances greater than 35 km. The observed higher mode signal is
strongly attenuated at short distances where the stations are located on the Halaban and
the Murdama formations, and as soon as the granite and the granite gneiss are crossed,
the higher mode amplitude and in general the high frequency content of the traces are
increased. The Q4 for the granite and the granite gneiss is higher than 500, and the
observed ratio can be fit using @4 of 700. Due to the strong lateral heterogeneity in the

velocity northeast of SP2, no synthetic seismograms were calculated for this section.
CONCLUSION

A straightforward method for determining seismic structure of the upper few hun-
dred meters using high frequency surface waves has been presented in this study. The
data used are short period Rayleigh waves obtained from recorded deep seismic refraction

profiles across the shield at distances of up to 55-80 km from the shot points.
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The shear wave velocity increases from 2.6 km/s near the surface to 3.4 km/s at
about 0.4 km depth. The average Q4 for the Arabian shield is found to be very low near
the surface, increasing from 30 near the surface to 150 at a depth of about 0.5 km. The
@5 for the crust between 0.5 and 1.0 km depth ranges from 400-700 and is probably
higher. Metamorphic rocks that are characterized by lineation, such as schist, have a

lower Q4 than igneous rocks, such as granite.

The uniform distribution of the velocity structure of the upper crust of the shield
found from the P-wave travel time data (Mooney et al., 1985) also characterizes the S-
wave structure in the upper one kilometer of the shield. The major crustal inhomo-
geneity at the northeast end of the profile (northeast of SP2) is also reflected in the sub-
surface material in the region covered by the Abt schist. This rock formation may con-
tain unidentified thrust faults as suggested by Delfour (1979), which may explain its low
seismic velocity and @ values. The presence of faulting and lineations in the rock may

lower their shear wave velocities and Q.

Gettings and Showail (1982) measured the heat flow at several drill holes of the shot
points in the refraction line. The results of their measurements indicate that the heat
flow increases toward the Red Sea margin. The heat flow at SP2 is probably lower than
that in SP3 and SP4, but large uncertainities of the data does not permit any definite
conclusions. We can not establish any relation between heat flow and the distribution of
the shallow Q at these three shot points. In fact, the attenuation is lower southwest of
SP4 where the heat flow is presumed to be relatively higher. Despite the geological com-
plexity of the region, these results show that high frequency si'rface waves can provide
information about the upper crust that would be difficult to determine using other

methods.

The techniques presented here will also wortk with ground roll signals observed in
exploration data sets. Ground roll signals can be used to study the lateral variation of

shallow shear-wave velocities and attenuation in the weathering layers which can be
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useful in constraining shear-wave statics, and more importantly, in understanding the
nature of the ground roll signal so that data acquisition and processing can be designed

to remove it from the desired exploration signal.
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Index maps of the study region showing (a) the location of the seismic deep
refraction profile (heavy line) with tectonic provinces and (b) a geologic cross sec-
tion across the Arabian shield. The extent of the profiles used in this study are
shown by heavy lines in (b). The lithologic units of the geologic cross section are
as follow: a - Abt schist, b - greenstone, ¢ - clastic rocks, d - granodiorite and dior-
ite, g - calc-alkaline granite, gr - granite, h - andesite, m - Murdama formation, n -
granite gneiss, r - peralkaline granite, s - greenschist, w - Hali schist. F indicates

faulting.

The recorded seismic traces from SP2 plotted in reduced travel time (reproduced
from Healy et al., 1982). Positive and negative distances are to the northeast and

the southwest of the shot point, respectively.

The recorded seismic traces from SP3 (reproduced from Healy et al., 1982). Posi-
tive and negative distances are to the northeast and the southwest of the shot

point, respectively.

The recorded seismic traces from SP4 (reproduced from Healy et al., 1982). Posi-
tive and negative distances are to the northeast and the southwest of the shot

point, respectively.

Dispersion contour plot showing the modulus of U{p,w) from the SP3 northeast
profile as a function of frequency and phase velocity (see text). The maximum
values of the contour plot define the dispersion curve. The contours are at 0.9,

0.8, 0.7, 0.6, 0.5 of the maximum of U(p,w) at a given frequency.

Dispersion contour plot for the SP2 northeast profile. The plot suggests two dis-

tinct dispersion relations. The higher phase velocities are associated with the set
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of traces at distances < 31 km (283-297). The lower phase velocities are associ-

ated with the traces at distances > 31 km (268-281).

Observed Rayleigh wave dispersion curves (x’s) and theoretical curves (lines)
obtained from the shear velocity model at the left for the section SP3 northeast.
RPF is the phase velocity of the fundamental mode, RGF is the group velocity of

the fundamental mode, and RGH1 is the first higher mode group velocity.

Observed (circle) and theoretical (line) spatial attcnuation coefficient of the funda-
mental mode Rayleigh waves as a function of period for the profile SP3 northeast.

The inset is the Q4 model inverted from the observed data.

The results of shear wave velocity and Q! inversions for the different profiles
used as indicated at the top of the figure. For the section SP2 northeast, (a) is for
the region occupied by stations 283-297, and (b) is for the region occupied by sta-
tions 268-281. The dashed lines in the Q5! models show the adjustments made
in the inverted models to successfully match observed seismograms with synthet-

ics.

F1G.10. Waveform modeling results for the profile SP3 northeast. The plots represent 9

second windows of the reduced travel time. (a) is the observed data bandpass
filtered between 1.0 and 10.0 Hz. (b) and (c) are obtained using delta and step

source time functions, respectively.

FiG.11. The ratio of the maximum spectral amplitude of the fundamental to that of the

first higher mode plotted as a function of distance from the source. The asterisks

are derived from synthetics using the dashed Q™! models in Figure 9.
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FiG.1. Index maps of the study region showing (a) the location of the seismic deep refraction
profile (heavy line) with tectonic provinces and (b) a geologic cross section across the Ara-
bian shield. The extent of the profiles used in this study are shown by heavy lines in (b).
The lithologic units of the geologic cross section are as follow: a - Abt schist, b - greenstone.
¢ - clastic rocks, d - granodiorite and diorite, g - calc-alkaline granite, gr - granite. h -

andesite, m - Murdama formation, n -

w - Hali schist. F indicates faulting.
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FI1G.5. Dispersion contour plot showing the modulus of U(p,w) from the SP3 northeast profile as a
function of frequency and phase velocity (see text). The maximum values of the contour
plot define the dispersion curve. The contours are at 0.9, 0.8, 0.7, 0.6, 0.5 of the maximum
of U(p,w) at a given frequency.
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F1G.6. Dispersion contour plot for the SP2 northeast profile. The plot suggests two distinct disper-
sion relations. The higher phase velocities are associated with the set of traces at distances
< 31 km (283-297). The lower phase velocities are associated with the traces at distances >
31 km (268-281).
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COMPUTER PROGRAMS IN SEISMOLOGY
INTRODUCTION

Following the installation of a PDP 11/70 minicomputer in 1979 [or use in seismic
network analysis, a persistent effort has been made to use this tool for research. Because
of an obligation felt for use of the PDP 11/70 as well as a desire to do something for the
world wide seismological community, a set of computer programs emerged. The programs
actually developed reflect research interests of the department as well as a desire to look
at data in the manner of other investigators. In doing so, the hope is that these tools

will permit research to progress rapidly.

The programs are oriented toward wave propagation in plane layered media. While
not as significant as recent developments in wave propagation in heterogeneous media,
these programs are useful to test these new techniques in the special case of lateral homo-
geneity as well as to provide Green’s functions required for boundary integral solutions of
wave propagation in complex media. To guard against major errors, synthetic seismo-
grams have been computed using wavenumber integration and surface-wave superposi-
tion based on Haskell matrices and Cagniard-de Hoop techniques for a comparison using
independent formulations. The formulations used and numerical techniques have been

published in a series of papers for reference.

Since graphical output is essential to data analysis, a output device/computer
independent graphics package is provided that provides a CALCOMP/PLOTI10 graphics
interface to the FORTRAN and C programmer. All programs in the VOLUMES use this

package, thus guaranteeing that the VOLUMES are a unified package of programs.

The programs have been developed and run under various flavors of UNIX. All of
the FORTRAN code has been compiled and tested on a RIDGE 32, MASSCOMP 545,
SUN 3/260 and an HP 9000. Some parts of the package have been run on a PDP 11/70
running 2.9BSD UNIX and on a CRAY 2 running CSOS. This testing eflort has hope-

fully led to a formulation in FORTRAN that accounts for the many variations in
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FORTRAN and also for the many flavors of the FORTRAN to C interface.

Substantial effort has been placed to create a computer software platform to do the
research that I would like to do. It is hoped that others will be able to quickly build

upon the work done.

Binary execuatble images for the SUN 3 computers together with documentation
are available on line at the Center for Seismic Studies. The programs maintained on line

at CSS are the most up to date versions.
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The contents of the volumes and a short description of the programs follow. The
annotation 'PC’ indicates that a binary version of the program is available to run on PC
computers under MS-DOS or PC-DOS. The date annotated in the last column indicates

the installation date of new modules to the program distribution. are as follow:

VOLUME I - LIBRARIES

calplot(lib) Calplot graphic libraries PC
calplot(emd)  Device dependent drivers pPC
four FFT tutorial

stoz Bilinear Z transform

butt Butterworth recursive filter tutorial

VOLUME II - GENERAL PURPOSE ‘SPECTRAL ANALYSIS

edabac Epicentral distance, back azimuth, P,S times

exspec spectral analysis format PC

julday julian day -> date

range distance on a sphere

stereo stereographic nets

xspedt edit dispersion curves

xsperd convert digitizer output to X,y stream

xspint convert X,y stream to interpolated y values PC

xspfft convert equispaced y values to Fourier spectra PC

xspdec decimate time series in frequency domain PC

Xspins apply/remove instrument response PC

xspmft multiple filter analysis PC

xspplt plot amplitude spectra PC
Xxsppom get phase velocities from array data PC

xsprot rotate horizontal spectra to form R, T spectra PC

Xspspc Shell script driver for spectral analysis

xsptre plot traces from spectra PC

XSppro plot record section PC 0888
xspgom group velocity stack PC 0888
xspmat batch phase match filter 0888
xspl10 convert exspec to filel0 format 0888
Xyztp convert strike,dip,slip to P, T axes

xyplt general plotter of (x,y) values

VOLUME III - SURFACE WAVE

surface85 obtain dispersion curves
reigen85 Rayleigh wave eigenfunction
leigen85 Love wave eigenfunction

wig85 form G(r,f) spectra

gle85 form G(r,t) time history

spec85 display G(r,f) spectra

dpsri85 display phase velocity dispersion
srfcomb85 de-glitch dispersion curve
dpegn85 display C,U, gamma, etc

deriv85 display derivatives or eigenfunctions
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pickgn85 select eigenfunction for a depth

qapp85 apply Q operator

dpwig85 display output of wig85

glefil85 filter seismograms

gleins85 apply/remove instrument response

glemix85 merge seismograms

glespec85 spectra plot from time history

gle1085 generate 10 greens functions for VOL V programs
supflt FFT for unlimited data points

VOLUME 1V - SURFACE WAVE INVERSION

match Phase matched Filter

surf Inversion Program PC
srfedt Edit surf(1V) dispersion file

Xxspgam interstation gamma

xsprat interstation Green’s function

xspthe VOLIII synthetics -> VOLIV format

dgplt plot observed /theo dispersion PC
vqplt plot inverted vel/Q resolution PC

VOLUME V - Cagniard de Hoop / Trace programs

accel derivative of time history

delay time delay of time history

dslgss halfspace Green’s functions (L. Johnson)
dsploti0 display 10 Green’s functions

genray85 layered halfspace Green’s functions (Langston)
instr apply instrument response

integ integrate time history

mech apply focal mechanism to Green’s functions
plot3 plot 3 component time histories

pulse apply source pulse to Cagniard output
rhri0 plot 10 green’s functions

bfilt Butterworth filter Green’s functions

VOLUME VI - FULL WAVENUMBER INTEGRATION

cspec8 Examine output of hspec8
dspec8 Data setup

fpplot Plot G(f,p)

hspec8 Compute G(f k)

hspec9 Compute G(f,r) directly

hspecp Compute G(f,p)

kfplot Plot G(f k)

mrhwvinta Compute G(f,r)

pltmod Plot velocity model

ranmod Generate random velocity model
refplt Plot theoretical r-t travel times
rhfocl0 put Green's functions into VOLV format
rhlook Examine G(f,k)

rhrprof Plot G(r,t)

rhwvinta G(f,r) from G(f k)

shspec8 G(f.k) in oscillating medium




shspecp
tauplt
tpplot
whotheo
whospc
transiso
transiso8
dtraniso
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G(f,p) in oscillating medium

plot tau-p curves

plot p-tau traces

G(f,r) for wholespace

G(f,k) for wholespace

G(f,r) for transverse anisotropic medium
G(f.k) for transverse anisotropic medium
data setup for traniso8
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