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FINAL REPORT, NASA GRANT NSG- 7417
Abstract
Velocity Model of the Shallow Lunar Crust
Anthony F. Gangi

Department of Geophysics
Texas A&M University {
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The travel times of the seismic waves obtained for the Apollo-14 and -16
Active Seismic Experiments and the Apollo-16 grenade launches are shown to be ‘
consistent with a powder-layer model of the shallow lunar crust. The velocity é
variation with depth determined from these data is: v(z) # 110 21/6 m/sec

for z less than 10 meters and v(z) = 250 m/sec for z greater than 10 meters.

The velocity values found for the 10 meter depth are similar to those found by
Kovach, et al. (1972). The 21/6 depth dependence for the velocity of the topmost
layer is that predicted on the basis of a powder layer (Gangi, 1972). The
Amplitude variation of the direct waves as a function of source-to-receiver
separation, x, is A(x) = Abx'n exp(-ax) where 1.5 < n < 2.2 and a = 0.047
neper/m.

Velocity-spectra analyses of the direct, surface-reflected, bottom-reflected
and refracted waves give results that are consistent with the velocity model

inferred from the traveltime data.
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Introduction. The data from the Apollo-14 and Apollo-16 Active Seismic

Experiments (ASE) as well as the Apollo-16 grenade launches and the Apollo-17
Lunar Seismic Profiling Experiment (LSPE) were used to study the velocity
structure of the shallow Lunar crust.

We found that the powder-layer model — which has a theoretical depth
dependence for its velocity given by (Gangi, 1972): wv(z) = 110 21/6 m/se¢,
for z in meters — is consistent with the traveltime data for depths of the order
of 9 to 11 meters. Beneath this depth, there is a discontinuous increase in
the velocity to approximately 250 m/sec for the Apollo-14 site and to
approximately 300 m/sec for the Apollo-16 site. The latter value is not as
accurate as the Apollo-14 site value because of the data quality, The velocity
of 250 m/sec at a depth of about 10 meters is consistent with the results found
by Kovach, et al., (1972) for the Apollo-16 site. However, the velocity jump
found in this study for that depth is from about 161 m/sec to 250 m/sec rather

than the 114 m/sec to 250 m/sec found by Kovach, et al., (1972).

Results obtained. The results of the investigations performed under this grant

have been presented in two publications (copies are attached as Appendicies):
'"Velocity Structure of the Shallow Lunar Crust", A. F. Gangi and T. E. Yen,
The Moon and the Planets, v. 20, 1979, pp. 439-468 which is given in Appendix 1

and Velocity Determination of the Very Shallow Lunar Crust, Tzuhua E. Yen, M.S.

Thesis, Department of Geophysics, Texas AGM University, August, 1979, 107 PD + .
xiii which is in Appendix 2.

In these publications, the velocity model for the shallow lunar crust was
determined and refined using the traveltimes and amplitude data from the Apollo-
14 and -16 ASEs as well as the Apollo-16 grenade launches. Various data-
processing techniques were used to improve the quality of the original data:

1) the original data were deglitched by hand, Z) they were frequency-bandpass
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filtered, 3) traces with the same shot/receiver separation were stacked and 1
4) variation on the velocity-spectra method of Taner and Koehler (1969) were
performed on direct arrivals, surface-reflected arrivals, bottom-reflected
arrivals and the refracted arrivals. The velocity-spectra technique is a
beam-steering or array-focusing method which gives a maximum response for the f

output of a receiving array when the proper time delays are inserted in each

element of the array. E

Velocity-Spectra Analyses. In the velocity-spectra analyses, it was assumed

that the velocity in the top layer of the lunar crust varied as 21/6 and the ]
purpose of the analyses was to determine: 1) the reference velocity (taken as

the velocity at 1 km depth in Yen's thesis and as the velocity at 1 meter in

this report — the difference between the two values is a factor of vI0 or
3.162), 2) the depth to the discontinuous velocity change and 3) the value
of the.velocity at or below the velocity discontinuity. From the velocity ?
spectrum for the direct waves, the reference velocity was found to be 101 m/sec |
(for the 1-meter reference depth; for the 1-km reference depth, the value ;
becomes 320 m/sec, see p. 84f., Appendix 2). This value was also obtained o
using the surface-reflected waves (ibid). From the velocity spectra of the 1
reflected waves (i.e., those reflected from the velocity discontinuity) the i
reference velocity was found to be 100 m/sec (318 m/sec) and the depth to the

reflector was found to be 8.4 meters (see p. 86f., Appendix 2). The velocity
spectra of the refracted waves gave 9.4 + 0.3 meters for the depth to the

velocity discontinuity and 230 + 16 m/sec for the velocity of the refractor

(see p. 90f., Appendix 2). These values are to be compared with the values
109 m/sec (345 m/sec) for the reference velocity, 11 meters for the depth to ' {

the velocity discontinuity, and 254 m/sec for the underlying refractor {

found using the traveltime data (see p. 53f., Appendix 2, especially, Fig.26, j
p.64). o
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Apollo-17 LSPE Data., We found that it was not possible to incorporate the

Apollo-17 LSPE data into the program to obtain traveltimes for the larger
distances. This was due to the fact that the signal-to-noise ratio was too

small to allow these data to be used. The same was true for the Apollo-16
grenades.

Apollo-16 Grenade Launches. The Apollo-16 grenade launches did provide useable

‘data even though only two of the geophones (geophones 1 and 2) had useable
amplitudes for all three launches and even though the launch times of the
grenades were not known accurately. We found arrivaltimes at geophone 1 for
the launching of grenades 2,3 and 4 to be 177, 151 and 121 milliseconds, res-
pectively, despite the fact that all the grenade launches were from the same
‘location (see Table 14, p. 67, Appendix 2). Nevertheless, the time differences
between the arrivals at geophones 1 and 2 ( which were approximately the same
for all three launches, see Table 14, ibid) were used to test the velocity
model as was one (low-quality) determination of the arrivaltime at geophone 3.
This latter reading was used to determine the velocity of the high-velocity
layer ( the refractor) which underlies the powder layer at about 10 m depth.
These data showed that a powder-layer depth of 9 meters, a reference velocity
of 110 m/sec (350 m/sec), and a refractor velocity of 250 m/sec were consistent

with the data (sée P.66f, Appendix 2),

Deconvolution. The data on the Apollo-14 and the Apollo-16 ASEs were de-

convolved to try to improve the determinations of the arrivaltimes of both the
first and later arrivals. This procedure is used to both narrow the waveform
of the seismic events in time and to decrease the rise time of the onset of
the puises. Narrowing the pulses would decrease the overlap and interference

of different arrivals while decreasing the rise times would allow more accurate
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determination of the arrival times. We found that there was little or no
benefit to the procedure because the signal-to-noise ratio of the original
data were so low. While it was pcssible to decrease the rise time and decrease
the pulse widths, the concommitant increase in the noise prevented any im-
provement in the determinations of the arrivaltimes of the various events.

This could be predicted from the spectral analyses made of the signal traces

which showed that the signal-to-noise ratio of the traces was low.

Amplitude Analvses. The amplitudes of the direct waves were reanalyzed
assuming that there was exponential attenuation of the amplitudes with
distance due to absorption (or scattering) in the powder layer. It had been
previously predicted that the amplitudes of the c.irect waves should decrease
as x (13-m/12 for the 1/6-th power velocity variation and as x"% for the
constant-velocity model. The measured variation with the source-to-receivér
separation, x, was found to be x 1‘5¢q x"2:2 (see Appendix 1, Abstract and
P. 453 £.) when no exponential attenuation term is included. When the as-
sumed amplitude variation was taken to be:
A(x) = on'nexp(-ax)

(where x is the source-to-receiver separation, Ab is a reference amplitude,
n is the exponent that measures the spreading of the wave surface as it
Propagates away from the source and a is the attenuation coefficient) the
measured parameters, which were obtained by a least-squares fit to the data,
were found to be: n=1.46, Ab=71’7 and a=0,047 nepers/meter (see p. 68f.,
Appendix 2, especially p. 74),

This large'decrease in amplitude with distance due to the "absorption"
term (i.e., a=0.047 nepers/m) is not consisten* with the high Q values (low

attenuation coefficients) found by Latham, et al, (1970). It is not proposed

that the exponential term — exp(-ax) = is due to absorption in the powder
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layer, but rather is due tc the change in waveform that can be expected for

waves propagating in an inhomogeneous medium; in particular, the powder

layer with its 1/6th-power variation in the velocity with depth.

Scattering and Full-wave Analysis. No progress was made on the scattering or

the full-wave analysis part of the proposed program. We encountered difficulties

in reading the data tapes on our computer system which held up progress and

took more time that anticipated. Also, those parts of the program that were

Az Ve

completed took more effort that anticipated, leaving no time to work on these

two tasks. We feel these are important tasks and should be completed, if not
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now, at least some time in the future.

Errata. Two errors exist in publication in Appendix 1. The date of receipt

of the manuscript is given as 3 January, 1973 and this should read 3 January, 1979
instead. Also, the acknowledgement that the work was performed under NASA

Grant NSG-7417 was deleted from the manuscript.

Summary. The results on the analysis of the Apollo-14 and Apollo-16 ASE data,

the Apollo-16 Grenades and their launches, and the Apollo-17 LSPE data show

that the velocity structure of the shallow lupar crust istl) there is a powder
layer about 10 meters thick which has a velocity variation given by v(z)==110(z)l/6
m/sec for z in meters and 2) there is a discontinuous increase in the velocity

from about 161 m/sec to about 250 m/sec at a depth of 10 meters. These results

were obtained by using the traveltimes of direct and refracted waves and by
using the velocity spectra of direct waves, waves reflected from the surface, K
waves reflected from the discontinuous velocity jump at 10 meters depth and the i

waves refracted along the velocity discontinuity. ; j
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APPENDIX I

VELOCITY STRUCTURE OF THE SHALLOW LUNAR CRUST

ANTHONY I, GANGl and TZUHUA E, YEN
Department of Geophysics, Texas A & M University, College Station, Texas, U.S. A.

9
(Received 3 January, 1974)

Abstract. The date from the Apollo-14 and Apollo-16 Active Seismic Experiments have been
reanalyzed and show that a power-law velocity variation with depth, ¥(z) = 110z2"*ms™ (0<z <
10 m), is consistent with both the travel times and amplitudes of the first arrivals for source-to-
geophone separations up to 32m., The daia wete improved by removing spurious glitches, by filtering
and stacking. While this improved the signal-to-noise ratios, it was not possible to measure the arrival
times or amplitudes of the first arrivals beyond 32 m. The data quality precludes a definitive distinc-
tion between the power-law velocity variation and the layered-velocity model proposed previously.
However, the physical evidence that the shallow lunar regolith is made up of fine particles adds weight
to the 1/6-power velocity model because this is the variation predicted theoretically for self-
compacting spheres.

The 1/6-power law predicts the travel time, #(x), varies with separation, x, as #(x) = 2,(x/x0)%"¢ and,
using a first-order theory, the amplitude, A(x), varies as A(x) = 4,(x/x,)"*"M¥12 m > 1, the layer-
velocity model predicts #(x) = t,(x/x,} and A(x) = A,(x/x,)"?, respectively. The measured exponents
for the arrival times were between 0.63 and 0.84 while those for the amplitudes were between — 1.5
and — 2.2. The large variability in the amplitude exponent is due, in part, to the coarseness with which
the amplitudes are measured (only five bits are used per amplitude measurement) and the variability in
geophone sensitivity and thumper-shot strengths.

A least-squares analysis was devised which uses redundancy in the amplitude data to extract the
geophone sensitivities, shot strengths and amplitude exponent. The method was used on the Apollo-16
ASE data and it indicates there may be as riuch as 30 to 40% variation in geophone sensitivities (due
to siting and coupling effects) and 15 to 20% variability in the thumper-shot strengths. However,
because of the low signal-to-noise ratios in the data, there is not sufficient accuracy ot redundancy in
the data to allow high vonfidence in these results.

1. Introduction

The first lunar seismograms recorded by the Apollo-11 seismometers (Latham et al.,
1970a, b) surprised many seismologicis. Their unusually long durations (see Figure 1)
gave ris¢ to numerous theoretical speculations. Proposed mechanisms ranged from second-
ary-ejecta effects (Latham et al., 1970a; Chang et al., 1970; Mukhamedzhanov, 1970) to
scattering of the waves by shallow internal fractures and inhomogeneities (Latham et al.,
1970a, b) or by topographic irregularities (Gold and Soter, 1970). It soon became clear
that the secondary-ejecta mechanisms were not viable ones because the same long dur-
ation occurred for seismograms from moonquakes with foci in the lunar interior.

Early data indicated that the compressional-wave velocity was very low near the lunar
surface (~ 0.1 kms™'; Latham et al., 1970c, Sutton and Duennebier, 1970) and increased
to approximately 6kms™ at a depth of 20km (Latham et al., 1970d). Latham et al.
(1970a, b) showed that the variation of the amplitude envelope with time and distance
was consistent with a diffusive-scattering mechanism provided the Q of the medium was
greater than 3000,

The Moon and the Planets 20 (1979) 439--468. 0165--0807/79/0204 -0439$04 50
Copyright © 1979 by D. Retdel Publishing Co., Dordrecht, Holland, and Boston, U.S.A.
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LM impact
r [om

Oecember 10

'
December 16
l 1 1 { 1 ]
0 10 .1} 2 L] 50 60
Time, min

Fig. 1. Long-period, vertical component (LPZ) lunar seismograms, Apollo-11 Passive Seismic
Experiment, 1969. (From Latham er al., 1970a).

IMPACT TO SEISMOMETER
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Fig. 2. Seismic ray paths for a linearly increasing velocity variudion with depth and topographic
i;regulnrities. (From Gold and Soter, 1970).

Gold and Soter (1970) interpreted the Apollo-12 data to imply that the shallow lunar

crust consisted of a deep layer of powder. They assumed a linear velocity variation with

depth and, through computer simulation using ray acoustics, they were able to approxi-

mate the actual signal very well. They showed that the long duration could be explained

by scattering of the nearly vertically-incident waves by topographic irregularities (Figure

— e 2). They also showed that the seismic amplitudes are greatly enhanced in such a medium,

so that it required less power to transmit seismic waves than previously believed,

X Kovach et al. (1971) proposed a layered model with a stepwise-increasing velocity vari.

e ation based on the data of the Active Sei~mic Experiment (ASE) at the Apollo-14 landing

site. They obtained a p-wave velocity (V,,) of 104 ms™ for a top layer of 8.5 m thickness
and a ¥, =299ms™! for an underlying layer (the Fra Mauro formation) of 38 to 76 m t.

thickness. A similar model was used to interpret the Apollo-16 ASE data and gave a

Vp = 114ms™ for a 12.2m thick top layer and a Vp =250ms™ for an underlying layer
70 m thick (Kovach et al, , 1972), ¥

Gangi (1972) proposed a self-compacting-powder model which gives a velocity varying

.
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us the sixth root of the depth; in this model the velocity at the lunar surface goes to zero,
This, in tum, gives o long duration to the signal by scatteripg from topographic ivregu-
larities, very low correlation between horizontul and vertical displacements, a chunging
signal erivelope that varies with souree-to-recelver separation and a varying spectrum over
the signul duration, These effeets have heen noted by Latham ot al, (1970c¢, d) and they
also are explined by the diffusive seattering model (Latham er al,, 1970¢) and the
surface-irregularity scattering model (Gold and Soter, 1970),

Kovach and Watkins (1973) extended and refined the layered model by incorporating
the traveltime of the Apolio-14 Lunar-Module ascent, However, they pointed out that:
“the exact details of the veloeity variation in the upper 5- 10km of the Moon cannot yet
be resolved (i.c., whether it is smooth as depicted or a stepwise incrcase) but one simple
observation cun be made. Self-compression of any rock puwder such as the Apollo 11 o
12 soils or terrestrial sands cannot duplicate the observed magnitude of the lunar velocity
change and the steep velocity-depth gradient (=~ 2kms™'km ™), However, it is not
expected that a self-compacting-powder layer of 5 km thick would exist on the Moon; if
such a layer exists, it would be, most likely, thinner than 1 km and probably thinner than
100m.

Dainty et al. (1974) performed a detailed analysis of the diffusive-scattering mechan-
ism and compared their theoretical results both with lunar data and seismic-modelling
data. They showed they could match the envelopes of the lunar scismograms using this
theory if, for a frequency of 0.45Hz, the apparent thickness of the scattering layer is
25km, the mean distance between scatterers at the buse of the layer is ~ 5 km and the Q
of the medium is 5000, The c0..¢sponding values for a frequency of 1.0Hz are: 14 km
scattering-layer thickness, ~ 2 km between scatterers and a @ of 5000. The thickness of
the scattering layer (and its variability with frequency) seem to be inordinately large and
n.  indicate that the model used is not appropriate for the lunar crust. A similar analysis
shuwd hold for body-wave scattering by topographic irregularities; in this case, the
Sca.ering-layer thickness would correspond to the surface area over which the nearly
vertically-incident waves are efficiently scattered and the spacing between scatterers in
the layer would correspond to the spacing between surface scatterers (of wave-length
size).

Cooper et al. (1974) used the data of the Active Seismic Experiments of Apollo 14
and 16 along with the Lunar Seismic Profiling Experiment (LSPE) data of Apollo 17 and
othet man-made impacts to obtain a model of the velocity structure of the shallow lunar
crust. They assumed a layered model and assumed that the first arrivals (beyond about
10m) were seismic refractions, They found their travel time data were consistent with a
five-layer model in which the velocity is: (1) 100ms™ in the top layer of 4 m thickness,
(2) 327ms™ in the next laver to a depth of 32 m (thickness of 28 m), (3) 495 ms~! to a
depth of 390m, (4)960ms™ to a depth of 1385 m and (5)4700ms™ fora depth down
to at least 1800m. However, this last velocity is determined from a single source (the
LM impact) at distances of the order of 8.7km from the geophone array (four geo.
phones). The shallower structure is obtained from the traveltime data rosulting from the
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eight explosive-package detonations and the LM ascent; all these sources are within 3hm
of the geophone array, Cooper ef al. (1974) show these datu can be fitted well with 3
continuous, linearly-increasing velocity with depth, 2, namely, 1~ 195 + 7782 (ms™')
for 2 in meters, They also state that “*Various power law veloeity models can be made to
fit the ohserved data .. ." when only the explosive-package and LM-ascent data are used,

It is clear there is still some question regarding the velocity variation with depth in the
shallow lunar crust (2 << 1km), Since the shallow lunar crust severely modifies the
received signals, even those from large distances. it is important to hnow this shatlow
velocity variation well, Therefore, it is worthwhile to reanalyze the data to determine
which velocity variation with depth is the most probable, The data from the Apollo-14
and Apollo-16 ASE's have been reanalyzed and the results are given below,

2. Apolio-14 and -16 ASE Data

The data used in this analysis are from the astronaut-activated thumper device of the
Apollo-14 and Apollo-16 ASE's. In both experiments, three geophones were sited on
the surface in a linear array with 45.72m (150 ft) spacing between geophones (Lauderdale
and Eichelman, 1974). The thumper device was fired at 4.57m (15 ft) intervals between
the ends of the arrays (see Figure 3). Firings (shots) 5, 6. 8.9, 10, 14,15 and 16 of the
Apolio-14 ASE misfited and no data are available for them. For the Apollo-16 ASE, two
shots were vuntted between geophones 1 and 2: namely, those at the 4.57m spacing
from the two geophones.

The signals from the geophones ate sampled every 1.887ms. corresponding to a
Nyquist frequency of about 265 Hz. Because of data transmission limitations, a trade-off
between sampling rate and the number of bits per sample had to be made. The result was
that only five bits were available for each sample. In order to cover the maximum poss-
ible dynamic range with only 32 possible binary numbers, the seismic signals were log
compressed for large signal levels. The correspondence of the binary-data values (0-31)
and the voltage from geophone 1, Apollo 16 is shown in Table 1. The other geophone
voltages have similar correspondence with the binary data. With only 32 levels possible
for the geophone output voltage, the resulting traces will have a coarse character. This
makes it difficult to obtain accurate amplitude information if no processing of filtering
is performed on the data. Fortunately, it is possible to process the data to obtain reason-
ably accurate amplitude values,

- e I order to achieve meaningful results from the analysis, it was necessary to itnprove

the original ASE data. Figure 4 shows three representative traces of the raw data from
the Apollo-16 ASE. These data are from the tenth thumper shot and the source-to-
receiver separations are 50.29m (165ft), 4.57m (15ft) and 41.14 m (135ft) for geu-
phones 1, 2 and 3 respectively. The thumper-firing time is 1.2s after the beginning of
the traces. While a high signal-to-noise ratio (S/N) exists for the shortest separation, the
S/N for the other two traces is so low that it is difficult, If not impossible, to pick the
first arrivals or to measure their amplitudes. In addition, geophone 1 shows severe
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a) APOLLO- |4 ACTIVE SEISMIC

EXPERIMENT, (21 shots)
Shots 5,6,8, 9,1

0,14,15 ang 16 mistired.

- 1
SHOT No.
19 18 17 16 15 14 43 2 Hl098765432'
x X X x x x x x xxxxxxxxxxx
o) ) O
Geop | 4.57m Geop 2 Geop 3 1
"*\4572m\>§<-~4572rn\—-4
b) APOLLO

~16 ACTIVE sEismic EXPERIMENT. (19 shots) f

Fig. 3,  Plan view of the geophone siting and thumper-shot and Apollo-16
Active Seismic Experiments, (Geophones: o: shots: x; mis

(B.D.) with

phone 1, Apollo 16) :
B.D. v B.D. V. B.D. v ;
0 ~2.299 11 - 0.00363 22 0.02101 ~
1 -1.279 12 ~0.00202 23 0.03783
2 ~0.7115 13 -0.00112 24 0.06813
3 ~0.3958 14 ~0.00047 25 0.1227
- 4 -0.2202 15 ~0.00000 26 0.2209
- -t 5 ~0.1225 16 + 0.00048 27 0.3973
‘ 6 ~0.06817 17 0.00111 28 0.7164
L 7 -0.03793 18 0.00200 29 1.290
S 8 —~0.02110 19 0.00360 kli} 2323
o ' 9 ~0.001174 20 0.00648 31 4.183 1
‘ 10 ~0.000653 2 0.01167 :
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are seen on the other tWo traces, A close look ar the data showed that there are smaller
glitches throughout the records; these gre recognized by the fact that they are of short )
duration generally, only one Or two samples  and had valyes which were inconsisteny g
with breceeding and following sample valyes, T ¥
The first dala-impmvitm operation performey was to go through the data by hany and ' E
remove the extraneous valiies and replace them by values interpolated from neighboring :
values, A computer program was ot used in this Process because: (1) there are relatively '
few glitches (excluding the regular, periodic ontes in geophone L, there are fewer than 1), '
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Fig. S, *Deglitched™ versions of the traces in Vigure 4.

and (3)a number of different criteria were used simultancously to identify and correct
the bad sample values. The result of the ‘deglitching’ process is shown in Figure § for the
same traces shown in Figure 4. While this improved the records considerably, it is clear
the S/N ratios for the geophone-1 and -3 traces are still too low to allow positive identifi.
cation of the first arrivals,

To imporve the $/N and smooth out the traces. the data were handpass filtered with a
four-pole, anti-aliased, Butterworth filter (~ 12 dB/octave slopes at both low and higl; fre-
quencies) which had 3dB frequencies at 10.5 Hz and 66.25 Hz, The result, for the same
three traces, are shown in Figure 6. While this improved the S/N significantly and
improved the character of the traces (compare Figures § and 6), the S/N for separations

larger than 9.14 m (30 £t) was still low because of the decrease in the dircet arrival's
amplitude.

——

Y et

ot et e ks

coifmdlsotalae . oo



o
oy
T T Ty - ﬁ
T N e

S T TTE T

1
446 ANTHONY ¢, GANGE AND TZURUA K, YEN
THUMPER AP-16-10 FILTERED
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Fig. 6. Bandpass-filtered versions of the traces in Figure 4. (348 frequencies: 10.5 and 66.25 Hz). *

Spectral analyses of the seismic traces were made to determine the frequency band of
the seismic energy and to see if there was significant aliasing of the data. The amplitude
spectr-n (for geophone 2, shot 10, Apollo-16 ASE) of the first two seconds (1024
samples) is shown in Figure 7. While only half of the full amplitude spectrum (0 to
265 Hz) is shown there, it is clear that there is little, if any, aliasing because most of the :
signal energy is contained between 10 and 90 Hg with the major part between 10 and : .
40 Hz. This is the spectrum of the middle trace shown in Figures 4, § and 6.

To further improve the data, the traces with the same source-to-receiver separation for
both ASE's were summed (or “stacked™) together. The implicit assumptions being made
here are: (1) the velocity variation with depth is the same at both the Apollo-14 and -16
sites and (2) there s lateral homogeneity for the direct waves at both sites. The first
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Fig. 7. Amplitude spectrum of the first two seconds of the signal from geophone 2, thumper shot
10, Apollo-16 ASE. (Separation: 4.57 m).

Table 11
Shot-to-geophone separations
Separation No. of Apollo-14 Shot Nos.* Apollo-16 Shot Nos.*
(ft) (m) traces  GP-1 GP-2 GP-3  GPl GP:2 GP-3
0 0.00 6 21 1 1 19 11 1
15 4.57 H] 20 12 2 - 10 2
30 9.14 7 19 13 3 18 9,12 3
45 1371 6 18 - 4 17 8,13 4
60 18.29 6 17 7 - 16 7,14 1]
75 22.86 4 - - - 15 6,15 6
90 27.43 6 - 17 7 14 5,16 7
105 32,00 6 - 4,18 - 13 4,17 8
120 36.58 7 13 3.19 - 12 3,18 9

* Thumper-shot numbers which had the proper separation from the three geophones.

I L SO RN

it

[PV WSS

o



SOy TR T T TRE TR T TR R

e

448 ANTHONY I, GANGY AND TZUHUA &, YEN
STACKED, FILTERED AND AMPLIF IED j
F ‘ 4
G.M . !
NQ o) , 9
2 ]
8 .
. 1
4
4.57M b
1\; :
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8 }
“1
’-
9. 14yM
8

Fig. 8.  Stacked, filtered and amplified traces for shot-to-geophone separations of 0,4.57and 9.14 m.
. (Apollo-14 and Apollo-16 signals combined; Bandpass: 10.5 to 66 H2).
) ‘ ."

SR e sccna b rcuan. o

assumption is reasonably consistent with the results found by Kovach er al. (1971) for ‘ ]
the two sitcs: the second assumption is consistent with the equivalent assumption made
by Kovach et al. (1971) in their interpretation of the data at each site.

The traces that had the same Source-to-receiver separation are listed in Table I for
both the Apollo-14 and .16 ASE’s. The thumper-shot numbers, corresponding to the
given shot-to-geophone separations, are listed in the right half of the table. Among the
two experiments, there were between 4 and 7 traces with the same scparation. If the
B, background noise is random and the assumptions cited hold, the stacking should give
b= improvements in S/N between 2 and V7. The resulting sum signals were amplified so that
] the peak excursions would be plotted almost full scale for cach trace. A representative
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STRCKED, FILTERED AND AMPLIF IED (20 M2+ 50 M)
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Fig. 9. Stacked, filtered and amplified ASE profile (Apollo-14 and Apollo-16 signals combined;
Bandpass: 20 to 50 Hz).

[

result is shown in Figure 8. The second trace in Figure 8 is at the same separation as the
middle traces in Figures 4, 5 and 6 (i.e., the geophone-2 trace for the 10th thumper shot
of the Apollo-16 ASE). For this trace, the S/N improvement should be better than a
factor of 2; however, this degree of improvement was not achieved. Nevertheless, improve-
ments in S/N were achieved for this trace, and for._the. other traces at larger separations,
by the stacking technique. Frmmmnria

The result of summing the deglitched traces is shown in Figure 9. These signals were
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Fig. 10.  Single-geophone profile, filtered and amplified. (Geophone 1, Apollo-16 ASE; Bandpass:

20 to 50 Ha).

filtered, before summing, with a 4-pole, anti-aliased, bandpass, Buttervorth filter with
3dB frequencies at 20 and 50 Hz. Arrival times can be determined with some certainty

for separations up to 32.00m (105 ft); it is difficult, if not impossible, to pick arrivals
beyond that distance.
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3. Results

The travel times and amplitudes of the direct (fi

st arriving) seismic signals of the Apollo-
14 and -16 ASE’s were analyzed. The trave] tj

mes and amplitudes for separations up to

quality of
; however, the
is a reasonable

could be as high as one or two sample times,
Log/log plots of travel time versus Separation were used t

power-law velocity variation, It can be shown, using Kaufman’s (1953) work
ocity variation with depth, z, given by

'U(Z) = z’0(2/20)" [}

results in a direct
1972)

1)
“wave travel time (x) with Separation x, given by (sec also Gangi,

1x) = tox/xo)! ",
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Table 111
— - Travel times (millissconds) {
Measured travel times ¥ Calculated travel times !
Separation b
x (m) 1 2 3 4 5 A B c
4.57 55 53 56 52 - 51,7 440 40.1 ', 1
9.14 91 9 - 87 99 921 879 802 !
131 123 123 124 - 128 129.1 1319 1203 A
18.29 151 149 152 - 155 164.2 1758 1604
22.86 - - - -~ 1777 197.7 219.8 200.5 v
2743 206? 230 196? 229 1997  230.1 *245.0 240.6
32.00 2587 2747 2647 274? - 261.7 *260.3 280.7

1—n 0.76 080 074 0.84 063 5/6 - 1 !
v, (ms™') 590 430 630 340 1200 350 104 114 y

Times with question marks (?) indicate cifficult time determinations.
Traveltimes of the first refracted wave (earliest arrival). ]
Measured from Apollo-14 and -16 stacked data (366 Hz2). i
Measured from Apollo-14 (only) stacked data (3-66 Hz). '
Measured from Arollo-16 (only) stacked data (3-66 Hz2).
Measured from Apollo-14, geophone-2 profile (3-66 Hz).
. Measured from Apollo-16, geophone-1 profile (3-66 Hz). ]
. Self-compacting-powder model; t = 14.57x** (ms).

. Apollo-14 layered model (Kovach and Watkins, 1973).
. Apollo-16 layered model (Kovach and Watkins, 1973).

NEPrswN=- s w

a logflog plot would be a straight line whose slope, m, would be determined by the ‘
power-law exponent (m = 1 —n).

The slopes of least-squares-fitted straight lines are given in Table 111 along with the vel- 1
ocity ¥ which corresponds to the velocity extrapolated to 2o = ! km. As indicated earlier, |
it is not expected that the powdered layer would extend to 1km; therefore, %y is ot an !
estimate of the velocity at that depth but is merely a constant used to characterize the 1

j
i

SRR PRty

- velocity. The depth zo = 1 km is chosen only for convenience; the reference depth could
have been chosen to be 1m, in which case, the vy’s in Table 1l would be multiplied by
(0.001)'/® =0.3162. While the measured slopes are variable, they are all consistently
lower than m =1 --n = 1, the value that would be obtained for the constant velocity
model. The measured values tend to cluster near the value predicted by the self-
compacting-powder model; namely, m = 1 — 1/6 = 0.833, .
| The variation in the reference velocity, vy, is much greater than that of the slopes; its
"_ values vary between 340 and 630ms™. The slope of 0.63 and reference velocity of
) 1200 ms™! for tts Apollo-16, geophone-1 profile (Column 5, Table 11I) are not very accu-
= _ rate becanse there aic only three good data points (the traveltimes at 9.14, 13.71 and
18.29 m) for determining these values. It gave the least consistent values for n and vy. In
computing the least-squares lines, the questionable data were given a weight equal to one-
- quarter that of the high-S/N data. ! 1
: Travel times were calculated from the Apollo-14 and Apollo-16 velocity models given ‘

T T T T e v e 1 013 g il e
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by Kovach and Watkins (1973). These are shown in columns B and C of Table 111, In
column A, the travel times for a powder-layer model with v, = 350ms™ and n = 1/6 are
tabulated, This latter model was an average model found from all the cases treated when
the vclocity exponent, n, was constrained to be 1/6, Overall, there are not large differ-
ences between the measured travel times and the calculated travel times using any of the
models. However, the biggest differences between the Kovach and Watkins models and
the measured values occur at the sinall separations, precisely where the S/N ratios are
highest and where the travel times can be picked with the greatest certainty, Their models
can be made to fit the close-in data simply by introducing a thin, lower velocity layer at
the surface. But it should be recalled that they already have low velocities for the top
layers (104 and 114ms™ for Apollo-14 and -16, respectively) which are relatively thin
(8.5 and 12.2 m, respectively).

The travel time data for the combined Apollo-14 and -16 stacked traces (Columin 1,
Table 1II) are shown in Figure 11 along with the least-squares-fitted line. These data are
from the deglitched traces which have been bandpass filtered with a fourth-order,
Butterworth filter having 3 dB points at 3 and 66 Hz. 1t can be seen from Figure 11 that
the straight line is an excellent fit to the data and that it would be difficult to change the
slope from its given value (0.76) to 1.0, the latter value corresponding to the constant.
velocity model. Equally good fits of data points to straight lines were found for the
Apollo-14-only and Apollo-16-only stacked data.

S. Amplitudes

_ The travel times of the first arrivals over the 0-32 m range do not demonstrate a clear dis-

tinction between the powered-layer and the layered-velocity models. The data accuracy is

400

300
£ 00
w
3
g
-4
w :
g i
= 100
!
i
!
30 ~1
- 1 1 - - 1
3 10 20 30 40

SEPARATION (m)

Fig. 11. Log-log plot of the travel times versus separations for the stacked and filtered traces.
(Apollo-14 and Apollo-16 ASL signals combined; Bandpass: 3 ta 66 Hz; measured slope: » = 0.76 and
reference velocity: v, = 590ms™').
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such that either model can be accepted. To try to distinguish between the two models,
the amplitudes of the first arrivals were measured and compared with the expected dis-
tunce variation predicted by the two models.

Since the thumper shots give piimarily vertical forces ana the geophones are vertically
oriented, the amplitude of the direct p-wave arrival in the layered medel should vary as
the inverse square of the separation - ic.,

A(x) = Aolx/xo), (3)

for small separations (sce, for example, White, 1965; p. 215). On the other hand, for a
power-law velocity model, the amplitude variation with separation is given by (see
Appendix A)

Ax) = l— 4)

E(.p‘—)gl{ 1/2
2nx dx?|

where S(p)dp is the cnergy radiated in a bundle of rays having ray parameters lying
between p ~ dp/2 and p + dp/2, the ray parameter is given by p = sin 8(2)/v(2), 6(2) is
the angle between the ray and the vertical (2) direction, v(2) is the velocity variation with
depth and ¢ is the travel time for the ray (with ray parameter, p) which returns to the sur-
face at separation x. For the self-compacting-powder model, the amplitude variation is
estimated to be (see Appendix A)

A(X) = Ag(x/xo) 3 mM2 . ;> 1, (5)

where m is a measure of the source radiation pattern in the power-law-velocity medium.
To insure integrability of

o]

" S(v) d,

where E is the energy radiated by the thumper source, we find m > 1 (see Appendix A).
This indicates the amplitude decrease of the direct wave with separation is less in the
powder-layer model than that in the constant-velocity model. This is consistent with the
conclusion of Gold and Soter (1970) based on their analysis for a linearly increasing vel-
ocity witli depth,

The determination of the amplitude variation with separation for the Apollo-14 and
-16 ASE data is more difficult than determining the travel time data because of: (1) the
coarseness of the amplitude sampling, (2) the variability of the thuraper-shot strengths,
(3) the variability of the geophone sensitivities (primarily due to siting and coupling of
the geophones) and (4) the low S/N ratio for the larger separations. The coarseness of the
amplitude data is significantly reduced by the interpolatir3 effect of bandpass filtering.
The variability due to the shot strengths, the geophone sznsitivities and the low S/N ratio
are reduced by the averaging inherent in stacking o1 summing traces (provided the signals
are sufficiently coherent for a given source/receiver separation).

On the basis of the measured arrival times (at least for separations less than 22.86 m —

o — = o

s
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Table IV
Amplitude data tarbitrary units)
A, Bandpass: 3 66 He
A L A TL I T L PR B PR PR R s 16-29 14,16-21
457 462 391 468 419 5.82 534 569 395
9214 27 2,08 ” 3.36 143 0.7 A7 082 116
1371 L * + 113 081 0.32 0.8 031 040
1829 (.82 . . .52 056  0.45 042 026 030
3286 . . » . T IR 0.237 ?
27.43 . 0.18 0.17 017 013 9 0187 0q0 007
32.00 » o0 . 0007 ? 9 70197 ?
Stope  1.55 1.83 215 1.78 177 - 2,01 ~ 201 197 - 2.04
B. Bandpass: 20- 40 Hiz
e 14T -y 1431 14-xT 16T 16238 16-3% 1539
457 238 217 265 2.26 - 294 248 234
9.14 175 093 1.49 L75 066 0.39 1.70  0.44
1371 056 . 022 056 038 020 ? 0.17
1829 0.24 * * 024 029 022 021 013
22.86 * * * * ? ? 011 0
2743 . 0.13 0.05 009 006 ? 010 0.5
32.00 . ? . ? ? ? ? ?
Slope 163 1.9  -234 -.1.87 -—207 —1.98 —2.00 —2.08

¥ 14-1 means Geophone 1, Apollo-14 ASE, etc.

14-X means stacked traces, Apollo-14 ASE,

8 14-2(1) means traces on Geophione 2, Apollo-14 ASE, sources between Geophones 1 and 2, etc.
* Misfired shot.

— No shot available,
? Low S/N ratio.

see Table 111, sufficient coherency of the signals exists so that averaging of the amplitudes
should be possible by summing of traces. The measured amplitudes are given in Table IV.
Both the amplitudes for individual traces and for stacked traces are given. Measurements
were made on data that had been bandpass filtered by anti-aliased, fourth-orde: Butter-
worth filters with 3 dB frequencies of 3-66 Hz and J0-40Hz. It can be seen that there is
4 great deal of scatter in the data. Some of this is due to the thumper-shot variability and
some due to geophone siting, but the major part is due to low S/N ratio and the coarse-
ness of the amplivude data. Straight lines were fitted, by least-squares, through the data
points (on a log-og graph) and the slopes of these lines are included in Table 1V. A repre-
sentative plot of the amplitude data along with its least.squares-fitted line is shown in
Figure 12, This represents one of the most complete sets of amplitude data available for a
single geophone; namely, geophone 3 for the Apollo-16 ASE. The original traces were
bandpass-filtered (3 dB frequencies at 3 and 66 Hz) prior to measuring the amplitudes,

Because of the low S/N ratio at the larger separations, it is not certain that o straight
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Fig. 12, Log-log plot of the amplitudes versus separations (Single geophone amplitudes; Geophone : : : 1
3. Apollo-16 ASF; Bandpass: 3 to 66 Hz; measured slope: - 2.01). i i
{

line (on a log-log plot) is the appropriate fitting function. While all the data are fairly
well fitted by the line in Figure 12 (with a slope equal to — 2,01), it is clear that the two
largest amplitude values (at 4.57 and 9.14 m), which have the best S/N ratios, suggest a
lower slope,

The slopes found for all the cases with fairly good data lie between - 1.5 and - 2.1.
However, the possible errors on these slopes are of the order of + 0.5. The fact that the
slopes are more negative than - - 1 and close to - 2, the siope predicted by a simple flat-
layer model, does not mean the amplitude data verifies that model. From Equation (5),
the slope predicted by the powder-layer model would be more positive than -- 1. How-
ever, this equation and the theory used to predict a slope of — 2 for the flat-layer model ‘
are based on simplyfying assumptions; namely, that all the sources are of equal strength,
the geophones are equally coupled to the regolith, there is no attenuation by absorption
in either model, there is no energy loss by conversion of p-wave energy into s-wave energy
(for the powder-layer model) and there are no scatters in the lunar regolith. The latter
three effects would increase the amplitrde loss with distance so that the predicted slopes
(--2 for the flat layer and — (13 —m)/12 for the powder layer) should be considered
upper bounds on the measured ones. The variability of the thumper-shot strengths and of
the geophones would increase the scatter in the data.

While the amplitude data do not preclude either model conclusively {as they would
have if the measured amplitudes decreased more slowly than inverscly with separation),
they do favor the powder-layer model. All the loss mechanisms lead to a greater decrease
in amplitude than predicted by the simple analyses of the two models. However, the
amplitude data do not show a more rapid decrease than that predicted for the
homogencous-ayer models proposed by Kovach and Watkins (1973) while the data
clearly do show a more rapid decrease with separation than that predicted by the simple

e
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(first-order) theory for the powder-layer model. This discrepancy in the amplitude vari.
ation with distance can nor be explained by interference of other waves with the direct
wave, For the short separations where amplitude data is available (generally less than
27.43 m), interference from reflected or refracted waves would not affect the amplitudes

tude variation when there is sufficient redundancy in the data,
If it is assumed that either the flat-layer model or the powder-layer model is valid,

the measured amplitude at a particular geophone due to a particular source will be given
by

Ay = GiSjlx; —x;I™, (6)

where G; is the sensitivity of the jth geophone (including coupling and siting effects)
located at x,, S; is the strength of the Jth shot located at X; and m is the exponent of the
amplitude variation.

Equation (6) can be normalized to the sensitivity of a particular geophone, say G
(=1, 2 or 3), and to the strength of a particular shot, say S,. This normalization is
necessary because, quite clearly, each geophone sensitivity can be multiplied by some

constant factor and each shot strength divided by the same factor without changing the
resulting amplitude,

Letting G5, = 4,, Equation (6) becomes
Ay = A(GIGI)SIS)x, ~ x,i™. ()]

4

Equation (7) can be linearized in terms of the relative geophone sensitivities, the relative
‘'shot strengths, the exponent m and the arbitrary constant 4o by taking its logarithm

log4y = log Ag +10g(G/Gy) + log (S}/8,) + m log |x; — Xl
or, for convenience in writing,

Gy = ao g +s;+mXy, ®)
where a;; = log 4 1 Xy = log |x; - X4 1,8 =10 (G,/G}) and §; = log (S;/Sy).

The optimum values, in a least-squares sense, of @o. 81, 8; and m can be determined by
finimizing the summed, weighted and squared error

LI 4
EXaq,m,g,5) = 'z IZ wylae + mXy, + g, +s—ay), - (9)
nt fa)
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as a function of these parameters. The result (sce Appendix B) is the matrix equation
8 =A*p (10)

where a is a vector whose components depend only upon the measured amplitudes (ay),
the weights (wy;) and the measured separations (X;): A is 9 square matrix whose com-
ponents depend only upon the weights and the measured separations while p is a vector
whose components are the unknown parameters: g,. ... .5,.... .@oand m. (The detailed
form of this ¢equation is given in Appendix B.) The solution to this matrix equation is

p=A-|'C. ‘“)

If there is sufficient redundancy in the data, the matrix will be well conditioned and non-
singul~r.and will have a stable inverse.

T.e weights are established from the quality of the data. The weights for the Apollo-
16 data are shown in Table V. From the table it is seen that only 14 of the 19 thumper
shots gave useful amplitude data (shots 1, 11, 13, 14 and 19 were not useable) and, of
these 14, only three (shots 6, 7 and 17) give measurable first-arrival amplitudes on more
than one geophone. (Shots 12 and 17 gave amplitudes of 0.89 and 0.06?, respectively, for
the 3-66 Hz bandpassed traces on geophone 2:all other amplitudes are given in Table IV).
Therefore, only six amplitude measurements (two tor each shot) are available to deter-
mine the six parameters @o. m. gy.£5. 56. 512 (when geophone 2 and shot 7 are used as the
reference geophone and shot. respectively). With the relative geophone sensitivities, the
constant a@o and the exponent m set by these data, the remaining relative shot strengths
will be determined by the assumed amplitude variation (Equation (6) or -7)) a1d the
measured amplitude.

Having only six correlative amplitude measurements to determine six unknowns (by
means of the linear equations (8) or (10)) means there is litile redundancy in the ampli-
tude data. Nevertheless, the solution of these six equations in the six unknowns do con-
stitute a least-squares solution. This is because weighting factors are used in the equations;
the weights can be interpreted to mean that more than six measurements of equal weight
were made, some of which were identical measurements (i.c., same shot location), and the
results combined together to give a single result of greater weight.

If we usc six available corrclative amplitude values, the matrix equation becomes

oy T [ oegXp e e e owa | (e ]
Tovmuxpl |- OgX® i vy Xap e Xio) WX |
(wagy) § wy? 0 W)  (wyg9) . {)

s | - eg)  (wad gy &l
(Wydye) ) 0 S

_< Wi, u)_ i - - = (wy 42 1 L]
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Table V
Data weights and separations; Apollo-16 ASK
Weights: wy Separations: 1x; - x;i ]
. G .
Shot Geophone No. () cophone No. ()
No. (/) i 2 3 | 2 3
1 0 0 0 91.44 45.72 0
2 0 0 | 86.87 41.14 4.57 i !
3 0 0 1 82.30 36.58 9.14 . A
4 0 0 1 7772 32.00 13.71 J
s 0 0 1 73.15 27.43 18.29 : i
6 0 j H 68.58 22.86 22.86 . :
7 0 1 . 64.08 18.29 2743 : -
8 0 1 0 5944 13.711 32.00
9 0 1 0 54.86 9.14 36.58 -
10 0 i 0 $0.29 4.57 41.14 §
1 0 0 0 45.72 0 45.72 ' B
12 0 1 0 36.58 9.14 54.86 -
13 0 0 0 32.00 13.71 59.44
14 1 0 o 27.43 18.29 64.05
s 0 0 o 22.86 22.86 68.58 B
. 16 1 0 0 1829 2743 73.15 =
17 1 i 0 13.71 32.00 1172 !
. 18 1 0 0 9.14 36.58 82.30
H 19 0 0 0 0 45.72 91.44 .
" where i=1, 2and 3andj =6, 7, 17. In terms of assumed values of u':‘, and the measured :
values of .X;; and g;;. this equation becomes ]
3.734 350 1035 100 075 100 1.25] [a 3
. -nmoef |- 3084 262 239 313 348) |m | ;
- - 0211 - - 100 0 0 1.00 £ 1
- 1164 - -~ 075 050 0 £ i
- 1592 - - - 100 O Se k
- 0914 - - - : - 125 | sn) '

If we solve this matrix equation, the relative geophone sensitivities and relative shot
strengths are found to be

G;]Gz = 0.724; G;’("g = 140,
SQIS': = 0.803: S"IS'; = 0.848.

and the exponent is .
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Unfortunately, these values appear to be unreasonable; this is not surprising consider-
ing the lack of redundancy and quality in the amplitude data. The 30 to 40% differences
in the relative geophone sensitivities are not too unreasonable, but are higher than
expected. Also, the 15 to 20%. variations in the shot strengths are possible, but again seem
large. The value of the exponent (m = - 3.57) is different by almost a factor of two com-
pared to the values obtained using single-geophone profiles and stacked profiles (compare
Table IV). The 30 to 40% differences in geophone sensitivity have no effect on the
amplitude variation with distance as determine § by a single-geophone profile. The 207
differences in shot strengths (of shots 6 and 17 relative to shot 7) would not cause
appreciable differences in the slopes (or exponents) obtained from single-geophone pro-
files (provided, of course, that these differences are representative of the differences in
the other shots). It is concluded that the least-squares analysis given above does not give
reliable values for the parameters (m, G, /G,. G3/G3,8¢/S7.812/8+). However, the method
is a valid one and the reason for the unreliability in the parameter values is the lack of
redundancy and quality in the data.

While the method is not useful for this data set, it is presented in detail because there
may be other instances where it would give valid results. It provides a rationale for the
design of seismic experiments which test amplitude variation with separation when vari-
ability in source strengths and geophone sensitivities is anticipated (as is generally the
case).

The same amplitude analysis could not be performed on the Apollo-14 ASE data
because there were not correlative amplitude values for geophones 2 and 3 (due to mis-
fires and poor signal-to-noise ratios).

7. Summary

The data from the thumper shots of the Apollo-14 and Apollo-16 ASE’s have been
reanalyzed to test whether the velocity variation in the shallow lunar crust (depths < 10m)
can be represented by a self-compacting-powder-layer as proposed by Gold and Soter
(1972) and Gangi (1972) or by constant-velocity layers as proposed by Kovach et al.
(1971, 1972, 1973).

Both the travel times and the amplitudes for the first arrivals were remeasured and
compared with the values predicted by the self-compacting-powder-layer model proposed
by Gangi (v(z) = vo(2/20)"®) and the layered-velocity model proposed by Kovach er al.
To improve the quality of the data, they were ‘deglitched’ to remove spurious values and
bandpass filtered. Four-pole, anti-aliased Butterworth filters with bandpasses between 3
and 66 Hz and 20 and SOHz (3dB frequencies) were used to improve the signal-to-noise
ratio (S/N). In addition, traces from different thumper shots and with the same source-
to-geophone spacing were summed together to improve the S/N. While these techniques
improved the S/N. it still was not possible to measure travel timos of amplitudes of the
first arrivals for separations greater than 32 m.

While there is variability in the results obtained (see Tablc H1), the travel times for the
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direct arrival over a separation of 32m can be fit by the 1/6-power velocity model. The
measured values of the exponent for an assumed power-law velocity varied between
approximately 1/3 to 1/7; that is, 0.67<1- n <0.86 (see Table 11I) where n is the
exponent for the depth variation of the velocity. The best (or average) model for both the
Apollo-14 and Apollo-16 sites is v(2) > 350(z/24)"* ms™! for 2o = 1 km or v(z) > 110z"8,
0<z<1Nm. This is fairly close to the velocity variation, v(z) ~ 190z"¢, predicted by
Gangi (1972) on the basis of Gassmann's analysis (1953) and the measured mechanical
properties of the lunar soil,

The measured travel times of the first arrivals over the 32 m separation are in reason-
able agreement with the values predicted by the layered model (see Table III). However,
the biggest percentage de.iations occur at the two shortest distances (4.57 and 9.14m)
where the S/N is high and the travel times can be measured most accurately. At these
separations, the measured arrival times, which are accurate within at least one sample
interval (or .89 ms), differs from those predicted by the layered model by 10 to 15 ms.
The corresponding differences for the power-law model is generally less than 2 ms. While
this indicates that the self-compacting-powder-layer model is probably the correct one,
the quality of the data precludes a definitive distinction between the two models.

No comparison was made of the measured travel times with those predicted by the
linear velocity variation used by Gold and Soter (1970), namely, v(z) = v, + az, because
it was an assumed velocity variation which is not based on any physical mechanism. The
travel time relationship for this velocity variation, t = (2/a) sinh™! (ax/2v,), should also fit
the data to the same accuracy as that of the layered-velocity model. It, too, would have
the largest percentage deviations at the shortest distances.

An analysis of the amplitudes of the first arrivals was performed to test the models.
The predicted amplitude variation with separation, x - assuming no amplitude loss due to
attenuation, scattering or conversion of p-wave energy into s-wave cnergy - for the layer
model is x 2 while that for the 1/6-power velocity model is x ~(13-m¥ 2 m>1. The
measured exponent varied from -- 1.55 to — 2.34 (see Table 1V) with the average value
near - - 2.0. While this result, at first glance, seems to favor the constant velocity model,
the fact that there will be amplitude loss due to scattering, attentuation and wave-type
conversion makes this result more consistent with the power-law model. However, the
large errors in the amplitude data - which are more severe than the errors in the arrival
times — pre~lude a definitive conclusion regarding which is the appropriate velocity model.

An aitempt was made to eliminate the errors in amplitude, due to variations in the
geophone sensitivities and shot strengths, by using a least-squares method. The method
requires that the signals, from individual shots, be detected on two or more geophones.
Unfortunately, only three thumper shots were detected on pairs of geophones, and no
thumper shots gave detectable first arrivals on all three geophones. Consequently, there
was too little redundancy in the data to give reliable values for the relative geophone
sensitivities, relative shot strengths or the exponent for the amplitude variation with
separation. Only for the Apollo-16 ASE was there sufficient data to perform this analy.
sis at all, and it indicated that there could be 30 to 40% variability in the geophone
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sensitivities and 15 to 207 variability in the thum
ation with separation equal to x~36
to give much credence to these valyes
small and had large variability,

In conclusion, it has been demonstr,
(1) the measured arrival times of the
layered-velocity model does and (2) th
that model does. The quality of the da
between the two models, However, the

per-shot strengths, An amplitude vari.
was obtained from this analysis. It is not possible
because the amplitudes used in this analysis were

ated that the power-law-velocity model predicts:
first arrivals as well as, if not better than, the
e amplitude variation with separation as well as
ta does not allow a definitive choice to be made

Moon is due to scattering by even sh

1970 and Gangi, 1972). The power-law velocity model also predicts that the lunar

regolith is composed of fine particles (soil) down to a depth of 5 to 6 m. The power-law

model indicates that the velocity below 6 meters is not ‘sampled’ by the first arrivals
detected over separations less than or equal to 32 m,
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Appendix A. Variation in Amplitude with Distance in 3
Vertically Inhomogencous Medium

An approximate analysis of the variation in amplitude of a compressional wave in a verti-
cally inhomogeneous elastic medium can be made using ray theory. The analysis closely
follows the developments givne in Bullen (1963) and Officer (1958).

The analysis is approximate in that it does not take into account either the variation in
waveform of the Propagating wave (i.e., dispersion) or the conversion of p-wave energy
into s-wave energy (these assumptions are also made in the above references),

We assume that, for a source on the surface, the energy, d£, contained in a ‘bundle of
rays’ with ray parameters between p - dp/2 and P +dp/2 is equal to the intensity (or
NeIgy per unit area), /, times the area subtended by the ray parameters (see Figure Ala)

dE(p) = Ix',p)dA = S(p)dp, (A.1
where X(x’, p) = the wave intensity for a ray with fay parameter, p, at a horizontal djs.

tance, x’, away from the source point, d4 = area contained between the circular ‘cones’
given by p- dp/2 = constant and P +dp/2 = constant (dA4 = 2qx’ dw), 5(p) = energy

e,

i it
—amdile
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Fig. A-l. (a) Ray paths for a power-law velodity variation: v(2) = v,

(2/2,)". (b) Detail of the wave-
front, dw, in a ray bundle. .

per unit change in the ray parameter, p = the ray parameter = sin 6(2)/v(2), 6(2) = the
angle between the ray and the vertical z axis and is measured counterclockwise from the 2
axis, and v(2) = the velocity variation with depth.

The intensity for any point along the ray can be expressed as

fow om wdeilivaas Al shogris

'y = XP) P
l(x ,P) - 21“! dW’ (A.2)
At a fixed depth, 2, and for a particular ray bundle centered about ray parameter p, (see
Figure A.1b) dw dx'
‘ dw(x',p) = cosf@dx'; or — = cosf-—. A3)
w(x', p) . " (A3)

When the ray reaches the surface (z = 0), 8(0) = m (cos 6(0) = — 1) and
x'(p,2=0) = x(p). (A4)

The intensity at the surface receiver then becomes

SRR AL Ly e s n N e A
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S A3

Ix.p) = 2x dx

Note that the intensity is positive since both S(p) and x are positive but dp/dx is negative

at the surface.
The general relationship for vertically inhomogeneous media

p = de/dx (A.6)
holds good, where #(x) is the traveltime; therefore, we have
Ix,p) = —‘2—%)-%:%. (A7)
It can be verified directly that p = dt/dx for a velocity variation of the form
v(x) = v(2/29)" (0<n<1) (A.8)
by using (1); the fact that
dr/dx = (dt/dp)/(dx/dp) (A9)

and (2) the parametric equations for the traveltime, #(p), and the source/receiver
separation, x(p), (see, for example, Kaufman, 1953)

wp) = Cp™ ™", x(p) = (1 -mCpp™"", (A.10)

where C,, is » constant and equal to

- El/%:ﬁ r(/2n +1/2) A1)

nv, r(1/2n)
The problem: that remains in determining the intensity is to express S(p) in terms of x.
The rays from a source at the surface propagate, initially, vertically; therefore, for a
vertical-force source. most of the energy will be directed along the z-axis with little or no
energy propagating along the surface. The rays received at the surface near the source
correspond to large values of the ray parameter p, because

p = 1/uzr), (A.12)

whete 27 is the turning depth of the ray: i.e., its maximum depth of penetration. There-
fore, if we assume an asymptotic expansion for S(p) of the form (forp > 1)

Sp) ~p A +1lp+1pi+. ) m>], (A.13)
and use the fact that (from Equation A.10) i
~ x'n.
we have .
S(p) ~ x™". {A.14)

This indicates that the sousce radiation pattern contributes an increase to the intensity
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as the separation increases, This is due to the fact that the rays detected at the larger
separations come from that part of the radiation pattern where the intensity is higher;

namely, closer to the z-axis, In order to insure integrability of S(p) for the large values of
. P (1 <p <) the exponent m must be greater than 1,

If we take advantage of the fact that
1 d%
- - A ~(n ’2)
a2~ % . (A.15)
the intensity variation with separation x becomes

I(x) ~ x-lisna -m)I;

465

(A.16)
and the amplitude variation is
AWX) ~ ' ~ x-laena-min (A17)
For the self-compacting-powder model, n = 1/6 and we have
AR) = Alxo)x/xp) U3 mmiz, s, (A.18)
Appendix B. The Relative Geophone Sensitivities, Shot Strengths and the Amplitude

Variation; Least-Squares Analysis

The optimum values, in a least-squares sense, o
the relative shot strengths and (3) the expone
can be determined if there js sufficient redun

f (1) the relative geophone sensitivities, 2)
nt of the amplitude variation with distance
dancy in the amplitude data and the func-
own. The direct-wave-amplitude variation has
the functional form given by Equation (6) both for a half space (i.e., constant velocity)

(ie., v(x, v, 2) = (z) only).

Foedd |.'| 1-""’;-;-".."' ] "I‘.;;if IR

S tude values and the values predicted by the functional form (as expressed in Equation
- (8); see Equation (9)) is
1y
, E*ao,m,g,5) = ¥ 2 wylao + mXy +g + 5 ~ay), (B.1)
{= =1 jmy

where g, = log (G1Sy), G is the reference-geophone sensitivity,
, ) strength, g is the (vector of) relative geophone sensitivities, g, is

the ith geophone, s is the (vector of) relative shot strengths, s; is the relative strength of
the jth shot, Xy is the log of the separation between the ith geopaone and the jth shot

and ay; is the log of the amplitude measured at the ith geophune for the jth shot,
We define a parameter vector p in the

8y is the reference-shot
the relative sensitivity of

parameter space made up of the aq, &1,

s; and
x m as
1 4 I+d4+2
s - PZbatLim+imiig =~ 3 pp, - grgtmen,
== iy =1 n=i
) (B.2)
)i
s
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where the symbols with caret

space. They are assumed 1o be

[ Pm = Smn

s above them (e.8.. &) are unit vectors in tl
orthogonal (or independent), that s

or él.ék = 6[*. éj'ér
m‘lo = 5o'§4 = éo' $

1¢ parameter
= 61"'
(B.3)

a°+mX,/ +g +s

: 4
=P (aotmX, +g + $). (B4) : >
The summed, weighted and squared error, £%(p), will have a minimum in the parameter
space where its gradient js zeroie,,

13,2 =Y v Wildo + mXy; +g, +5, TauN3o + Xy + g+ 5) = 0; E
‘o (B.5) ;
or
;; W80 + Xy + 4 + 5) = ; 3 wyl(a, + Xy +§ + §)
T o
X (o + X, + 5, + 9 p. (B.6)

where the term inside the brackets is a square, Symmetric matrix obtained by the dyadic
Product of the two vestors,

Y Y Wu z Z WuXU Zw,l Z w,, Zw“ ZW‘, PR .

TT ) i
ZEWUXU ZZW‘/X‘; Zw,,x,, Z”’u"'zi NN ZW,,X;, zwl,z\'}, c &
]
Ywy, ):w:lx,, Zw ] 000 w, Wy, ;
J )
A= Zw,, ZW,IX,J 0 zw,/ 000 w, Wy, %
) !
. ) .80, j
0 0.0, . ;
0 00. . e LT :
Z ZWI. thxh wy Wy Coe s Z“’l: 0 600 |
f
Zz Wy ZW;,X,, wy, Wy, T | T '-~"""Z’W“ 000 ,
0 0 .00
+ 0 0 0.0 *
] 0 0 00. | '
®.7) ._ :
The resulting set of equations can be written in matrix form as S %
B = Ap,

(B.8)

J
:f;
1
.
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where a is the vector

a = Z Prdy

]

Z Z W‘/au(éo + lﬁXu -+ ﬁl + 61), . (B‘g)

the squarc-symmetric matrix A is defined in Equation (B.7) and the vector p is defined in
Equation (B.2).

The parameter values (aq, m, g, and 8;) are just the components of the vector p and
they are determined by inverting Equation (B.8) to give

p=Ata (B.10)

This is the solution to the problem of determining the optimum (in a least-squares
sense) parameters and it can be seen from Equation (B.10) that the accuracy of the sol-
ution depends upon the stability of the inverse of the matrix A and the errors in the
vector 8. These, in turn, depend upon the accuracy of the measurements of the separ-
ations, Xy;, and the amplitudes, a;;, and the values of the weights, wy;. The weights them-
selves are established by the accuracies of ay; and Xj;. In the analysis of the amplitude
data from the Apollo-16 ASE, it was assumed that the separations were measured with
high accuracy; consequently, the weights were established only on the basis of the accu-
racy of the amplitude measurements.

From the form of matrix A (Equation (B.7)), it can be seen that it will have a stable
inverse if there is high redundancy in the data; that is, the sums of the weights over the
geophones (subscript /) and over the shot strengths (subscript /) as well as the double
sums (over { and ) have large values. This will occur when the amplitude from each shot is

measured accurately at each geophone; that is, all the wy; = 1. Unfortunately, this is not
the case in the Apollo-14 or Apollo-16 ASE’s.
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ABSTRACT

Velocity Determination of the Very Shallow Lunar Crunt
(August 1979)
Tzuhua Edward Yen, B.S.
National Central University; Rep. of China

Chairman of Advisory Committee: Dr. A.F. Gangi

The very shallow lunar crust (for depths less than i5 m)
at the Apollo 14 and 16 landing sites has been determined to
be a self-compacting powder layer overlying a homogeneous
layer., The velocity function of the powder layer is given
by V(z)=Vo(z/zo)1/6. where Vo=340326 m/sec is a reference
velocity at a depth of zo=1 km., The thickness of the powder
layer is approximately 10+1 m. The constant velocity in the
homogeneous layer is approximately 250420 m/sec with an
unknown thickness.

The data of the Active Seismic Experiments of Apollo 14
and 16 missions are improved by degliteching, filtering} and
stacking. However, the measurements of the traveltimes and
the amplitudes of the first arrivals from the stacked
profiles are difficult for separations beyond 32.0 m, while
the traveltime determinations of the first arrivals from the
single geophone profiles are difficult for separations

beyond 45,72 m,

The traveltim‘e‘ determinations of Apolle 16 ASE grenade
launchings at Gebpﬁone 3 are also difficult because of the
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low amplitudes. Also, there ic g maximum of 57 msec time
offset among the instants of fFrenade launchings. The
amplitude measurements for the frenade launchings are
impossible at Geophones 2 and 3. Because of the high noise
levels existing in the frenade data of the Apollo 16 ASE,
the measurements of both the traveltimes and ampli tudes
have low accuracy.

The slope, m, on the log/log traveltime graph is
related to the exponent, n, of the velocity function,
V(z)=V°(z/zo)n. That is, the slope, m, is 5/6 for the
one-sixth power variation (n=1/6) while m equals 1 for the
constant velocity function (n=0). The measured slope lies
between 0.65 and 0.82. The best-fitted reference velocity,
Vo. at the Apollo 14 and 16 landing sites are 345 and
357 m/sec, respectively, by forcing the slope to be 5/6.

A homogeneous layer with a constant velocity of 254 and

302 m/sec at Apollo 14 and 16 landing sites, respectively,

is found underlying the surface powder layer. However, the
constant velocity, 302 m/sec, at Apollo 16 landing site is

questionable because of little and poor data.

An amplitude analysis (Gangi and Yen, 1979) indicates

that the amplitude/separation variation is x‘(IB'S)/IZ. where

S > 1, for the powder layer model and x~2 for the homogeneous
and layered model. These variations are based on the
assumptions that: 1) there is no energy loss either by
conversion or by attenuation, 2) there are no scatterers in

the lunar regolith, 3) all the thumper shots are of equal
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strength, and 4) all the geophones are equally oriented and
coupled. The exponent of the amplitude variation from the
measured data, for separations up to 32.0 m, lies between
~1.5 and -2.5. These values seem to favor the homogeneous
and layered model; however, the predicted values of the
exponents for these two models should be treated as upper
bounds for the measured data. We also find that there are
30 to 4O% differences in the relative fFeophone sensitivities
and 15 to 20% differences in the thumper-shot strengths.
These variations seem high but are not too unreasonable.

The coefficient of atten:ation which dominates the amplitude
variation at larger separations is 0.047 /m.

A velocity-spectrum analysis indicates that the

signal-to-noise ratio for the Apollo 14 and 16 ASEs varies !
from 0.5 to 1.5. Velocity spectra of the direct and i
reflected waves for the Apollo ASE data sugeest that the

reference velocity of the powder layer, Vo. is approximately

320 m/sec. From the velocity spectra of the reflected and

refracted waves, the thickness of the surface powder layer

is evaluated to be approximately 9 m and the constant

velocity in the homogeneous medium is 230 m/sec. These

values of the parameters are consistent with those vlaues

found from the traveltime investigations. All of them are

within 10%.
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CHAPTER I, INTRODUCTION

Before the first astronauts landed on the surface of
the moori, NASA hagq tried sending seismometers to it, but
without success. The first seismometer for the Passive
Seismic Experiment (PSE) was installed on the moon by
astronauts Aldrin and Armstrong of the Apollo 11 mission on
July 20th, 1969. The seismic data sent back showed some
unusual characteristics which are not found on Earth's
Seismic records (Figure 1; from Toksoz et al, 1974). These
unusual characteristics (summarized by Gangi, 1972) are;

1) the long duration of the signal.

2) the variable character of the signals (variable
durations, variable onset and shape of the
envelope).

3) the lack of correlation between the vertical
and horizontal displacement components.

4) the variation of the spectrum of a signal over
its duration.

5) the variation of the near-surface, P-wave velocity
(measurements from 45 m/sec to 104 m/sec).

Motivated by those characteristics, various authors

v ww——f‘\,ﬂ—w\jw‘ww—
‘e

The citations on the following pages follow the style
of Geophysics.




Figure 1.

o . TIME ptiN “© »

The Al nroonquake. May 23, 1970, as
received by the ALSEP 12 station.

Here X is the N-S component (S positive),
Y is E-W (W positive), and 2 is

vertical (up positive). Seismogram

starts at 1305 UT. Distance between
traces is 22 digital units.

(From Toksoz et al, 1974)
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(Gold and Soter, 1970; Gangi, 1972) suggested that the
topmost layer of the lunar crust consists of compacted
powder.

Gold and Soter (1970) investigated seismic-wave
propagation for an assumed linear velocity increase with
depth for a self-compacting powder layer; i.e., V=V°(1+az)
with V =395 m/sec, a=1.97 /km, and z in km. At full
compaction, at whatever depth this may occur, they assumed
the P-wave velocity may be as high as 6 km/sec. 1In such a
situation, there would be a propagation channel in which
the velocity gradient is éteep between the top and the depth
of full compaction.

Gangi (1972) proposed a sixth-power velocity model for
the lunar surface layer based on Hertz's theory of the
deformatior of spheres in contact and Gassmann's (1951)
determination of the P-wave velocity for dry, hexagonal-
closed-packed, self-compacting, uniform spheres. This
velocity variation has a rapid increase of velocity with
depth near the surface. Rays in such a velocity variation
come back to the surface at (or near to) 0° from the
vertical because the velocity at the surface is zero. This
would explain the lack of correlation between the vertical
and horizontal components.

Kovach et al (1971, 1972, 1974) took a more
conventional approach in interpreting the data from the

Apollo 14 and 16 Active Seismic Experiment (ASE) shown in




Figure 2 (from Kovach et al, 1971). They assumed the lunar
crust was horizontally layered with each layer having a
constant veloecity., The velocity of cach layer ig determined
by assuming there are refraction arrivals which travel, for
most of their pathg, along the interfaces between the layers,

Latham et al (1970) explained the long duration, the
variable character of the signals and the lack of correla-
tion between vertical and horizontal components of motion by
postulating a high quality factor (Q =~ 3000) for a highly-
fractured or brecciated crustal layer. They proposed that
the long duration was due to multiple scattering of the waves
from the fractures and showed that this would give rise to
signals similar to those shown in Figure 1 if the intrinsic
Q of the medium was as high as 3000.

A comparison of the traveltime curves of the first
arrival using the models of Gold and Soter (linear velocity
variation), Gangi (power-law velocity variation) and Kovach
et al (horizontally-layered crust) is shown in Figure 3
(from Cooper et al, 1974). A1l three models can be made to
fit the traveltime reasonably well. Also included in
Figure 3 is the z% velocity variation suggested by Carrier
(1971) to Gangi and which is described in detail in Gangi
(1972).

If the wave velocity incrcases in a stepwise fashion
with depth, the traveltime curve for the first arrival wiil
be composed of linear segments. If the velocity function is

continuous, the traveltime curve will be a smooth continuous




TTR T ThWAL T T W e

Ty Ty T e e

(1461 ‘Te 19 yomaoy WOZJ) ‘W 9*4 ST UOTIBOOT 3 0YS
Jadunyi usamiaq S0UBISTP !4y Se pajedTpur aae sjutod
9T} 3SI3A3Y °*pPapI0dI3X aIam BlBD 3yl yotym uo auoydoad
3yl 031 Jaqunu puodas ayy ‘dutary aadunyy ayy 03} sJ3jaa
J3quUNU 3SITF 8Y3 ¢SaTOITO JOB[Q SEB umoys aae sjurtod
BlBD aYJ] ‘gSy #1 oTtrody aoy ydea3d 30uelsTp/auWT} [3aBIY

€ uo pajjord siutarr Jadunyy ayy woayg STeAlaIe OTWSTI3 *Z aandr-

£ 3uoudos) 2 suoydoag 1 3uouydosg
£ ¥ § 9 1 8 6 @ U A g M g ou Sl ® ©® 2
¥ ) L L L -Bn-_-am- vV v L | -NM—q y— ¥ 1 -—'0—- | L Q
) € ot - € esupr
€ ¢ ot Pownsse . ra tH —.8&&
diy e = - S P
- {5 . mzto.oN €1 298/W 662" : Z-61 i
2t 23 €L / A e
N 0 nﬂ . ..\ K .
2 F 2as1ut 662 =1 A R S |
“ e
Y €€l 0
e ®1- Jasju 1]} ;
s w U €12 .
€81 o 78
® 1
o1
01
Ll (. BT

25 ‘awnjanesg

—pa—.— -

Y

-

o



o

'y

(7461 ‘Te 3@ xedooy woxy) -cdrysuoriersa
gpawm\hvﬁooﬁm> Jamod Y3 XTS-3U0 B 01 SI3JaX IAIND ysep-3op agqnop ayy,
*A13AaT1303dsax ‘sdtysuorieraa y3dap/£3 tooTaa mer-aamod pue IeBautll J0J

PIATISD SIAIND JWTITAARIY FUTR}TF-1S9Qq ade S9AIND pP3ysep pue ysep-joq
*sadeyoed satsordxe ayy ATuo J0J aAand aurt)ytasRI} TeuotSaa (41 orrody

SY3IL3IN0N ‘3IINVLSIO
£ 4 |

— ———— e —

-4

€dlo
¢ d3-
bd3l-
8d3-
1uedso W -

on 2016 =A
1ojown ) 0}
kowep sco -
86 125’
% id S

€ aanaty

SANOD3S ‘3niL




¥ g fond
ST T TR TR T T L e e w— TR

curve. The accuracy and Sparseness of the data shown in
Figure 3 do not preclude any of the models. The question
of which is the correct or best-fitting velocity function
will have to be answered by more accurate determination of
the traveltime data and- by determining which of the models
explain most of the unusual characteristics of the lunar
seismogram.

Kovach et al (1971, 1972, 1974) do not address the
question of the long duration of the lunar seismogram which
lastsfor over 50 minutes. Both Gold and Soter (1970) and
Gangi (1972) suggest that "random walking" of the seismic
waves, caused by undulations of the lunar surface, would
explain this phenomenon. Latham et al (1970) suggest the
long duration is due to the multiple scattering of the waves

from the fractures in the shallow lunar crust.




CHAPTER II. PREVIOUS GEOPHYSICAL INVESTIGATIONS

For Apollo 12 Passive Seismic Experiment (PSE), Latham
et al (1970) constructed three lunar seismic-velocity models
(Figure 4; from Latham et al, 1970) based on the measurements
of the physical properties of lunar samples to estimate the
velocity-depth variation.

Model I assumed the Same variation in elastic parameters
with pressure (or depth) as measured in the laboratory on a
breccia sample. Model III was based on the laboratory
measured properties of a homogeneous, igneous, lunar rock.
Model 1I was an attempt to combine the properties of the
igneous-rock and breccia samples to produce a model that
would have the elastic parameters of ga highly fractured
igneous material. The traveltimes for the first and second
arrivals, which were assumed to be the direct P and S waves,
respectively, fall in between those predicted for the
homogeneous, igneous model III and the fractured igneous
model II. Thus, the correct model for the upper 20 km of
lunar material in the vicinity of the Apollo 12 landing site
must have a velocity-depth function that falls between models
II and III but is closer to the model of homogeneous igneous
rock (model I11).

From the thumper firings of Apollo 14 ASE, Kovach et al
(1971) obtained the traveltime curves shown in Figure 2.

They found velocities of 104 m/sec and 299 m/sec for the

e oA e
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direct and refracted waves, respectively (See Figure 2),

Kovach et al (1972, 1974) assumed that the lunar erust-

is homogeneous and horizontally layered with constant veloeity

and thickness in each layer. Within each layer, the velocity

may increase slightly with depth without violating the
assumptions of the interpretation, but the first arrivals

observed on the surface must have travelled either as direct

waves or as head waves; that is, waves critically refracted

along the top of each layer. Thus, each layer generates a

straight-line segment in the traveltime curve. They obtained

the velocity structures shown in Figures 5 and 6 (from
Kovach et al, 1972 ang 1974) for the Apollo 16 and 17 landing
sites, respectively.

A deep layer of dust on the moon may provide a very good

seismic-wave transmission channel. In order to investigate

the seismic properties of such a medium, Gold and Soter (1970)
performed a computer simulation using ray theory for a linear

velocity/depth variation, V(z)=V°(1+az). If the surface of

the moon were perfectly flat, g ray, leaving the origin
initially at an angle Oo. would be reflected back at the
angle Oo at each subsequent step and, after n cycles, would
have moved a distance nx in a time nt,. However, the lunar

surface in the vicinity of the seismic experiment isg not flat
but is gently undulating as is characteristic of mare regions.,

If the undulations are random, the ray, at the i-th
reflection, will be reflected from the surface at an angle
® = 8;.y%2Q;

. T —— e - - ——
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where (11 is the angle of the random slope encountered
(positive if tilted up away from the origin). After n+i

reflections, the ray would have travelled from the origin a

net distance

n
Y. tan @

2
R =—
N a |i=0 i

Since the ai have random signs and magnitudes (up to
some cutoff (xmax)' tan Oi would occasionally change sign;
that is, the ray would be reversed in direction. Thus, a ray
encountering random slopes would have travelled a
considerably smaller net distarice from the origin in a given
time than would be the case for a perfectly flat surface.

The introduction of random walking would explain the long-
duration characteristic of the lunar seismograms.

Dainty et al (1974) interpreted the long duration of the
seismic record as a result of scattering in a surface layer
overlying a non-scattering elastic medium. Seismic-model
experiments (Dainty et al, 1974) were used to demonstrate
this interpretation. Figure 7 (from Dainty et al, 197L)
diagrammatically illustrates the seismic-modelling apparatus
used to produce the seismograms shown in Figure 8 (from
Dainty et al, 1974). Two experiments (Dainty et al, 1974)
are illustrated: 1) propagation across a plate with grooves
cut half-way through, and 2) propagation along the edge of a
plate with holes drilled within a skin depth (for Rayleigh
waves) of thev edge. The first experiment produces a

seismogram of the nature of that shown in Figure 1. They




Figure 7.

(b)

Figure 8.

(a)

Block diagram of model seismic experiments
on scattering. (a) Retangular plate (body
wave) experiment. (b) Surface wave
scattering experiment. (c¢) Lunar seismo-
ram simulation experiment.

%From Dainty et al, 1974)

| msec

Production of the scattered envelope.

(a) Retangular plate 36 cm wide, 24 cm
across as in Figure 7(a) without scatters.
(b) Same platg with 0,6-cm-diameter holes,
0.56 holes/cm“. The P-wave velocity is
5.6 mm/ls; a Poisson's ratio of 0.25 is
assumed. (From Dainty et al, 1974)

14
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found that most surface-wave energy scattered into body
waves and the surface wave disappeared.

Gangi (1972) proposed a 1/6-power velocity-depth
variation (i.e., V=azl/6) for the lunar surface layer.

This variation is based on Hertz's theory of the deformation
of spheres in contact and Gassmann's (1951) determination

of the P-wave velocity for dry, hexagonal-closed-packed,
self-compacting, uniform spheres. Gassmann found

vhp = BO(gz)l/6

where Bo is a constant.

By using the values obtained from lunar samples by

Kanamori et al (1970, 1971), Gangi (1972) found

Vhp% 600(z/zo):"/6 m/sec
where z°=1 km. This depth dependence of the vertical
P-wave velocity (Figure 9; from Gangi, 1972) gives rise
to a very rapidly varying velocity with depth. This
velocity dependence is consistent with the measured velocity
dependence on pressure for lunar samples (Figure 10; from
Gangi, 1972).

The ray parameter, p, which is given by Snell's law,
p=sin 6(z)/V(z), is a constant along any ray in a
horizontally homogeneous but vertically inhomogeneous
elastic medium. Since, for the power-law velocity model,
the velocity at the surface (z=0) is zero, a finite ray-
parameter value requires all rays to be normally incident
to the surface. This would explain the lack of correlation

of the vertical and horizontal displacement components.
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3
> 8
7
6
5 FOR HEXAGONAL PACKED, LUNAR -
’ GLASS SPHERES
4 Vo 600 m/sec 2o i km
3 ] | ] 1 |
A .2 3 4 .5 .6
2/2,

Figure 9. Velocity-depth variation for
self-compacting dry sphere
(From Gangi, 1972)

10 T T 1 | T T
9 LUNAR SAMPLES -
T i ey :
= 1206 6 WP =3 .
E,'; 6l 10065  nOp=2.35 Py 4""’1
-4 L m=1/6 -
A \
a 4r a n
> "
3 o -
1 1 1 1 N [ ]

.2 3 4 56 8 ;O 15 2 3
PRESSURE P (Kbar)

Figure 10. P-wave velocity vs. pressure

(Lunar samples 12052(35), 12065(68)

and 10065). Refs: Kanamori et al (1971)
and Kanamori et al (1970).

(From Gangi, 1972)
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In addition, rays emanating from a surface source would all
be directed vertically into the lunar interior at the
surface,

Carrier (1971) suggested to Gangi that the velocity
may increase us the fourth-root of depth neair the surface;
i.e., V=V°(z/z°)i. Gangi (1972) and Cooper (1974) found
that the traveltime curves with Vo, equals 0.748 km/sec and
0.914 km/sec, respectively, and z°=1 km will fit the

results from Kovach's model very well. But the values of

Vo were so chosen to make a good fit. Because the velocity
at the surface is zero, this model would also require all

rays to be normally incident to the surface.

- A e a




‘- CHAPTER II1. FIELD FROCEDURES

‘ The Active Seismic Experiments (ASE) are part of the

{' Apollo Lunar Surface Experiment Package (ALSEP) of the :
d Apollo 14 and 16 missions. The purpose of the experiments 1
g (Lauderdale et al, 1976a) is to study the internal p
structure and characteristics of the moon to » depth of
less than one hundred meters. The purpose of the Apollo 17 :
Lunar Seismic Profiling Experiment (LSPE) (Lauderdale et al,

1976b) i~ to determine these characteristics to a depth of :

about one kilometer.

Locations and Site Description::

On Feburary 5th, 1971, the Apollo 14 Lunar Module (ILM)
landed at 3.65° S latitud: and 17.48° W longitude (Figure 11 ]
and Table 1) (Lauderdale et al, 1976c). At about 1100 m
east of the landing site is the Cone Crater which is
located on a ridge of Fra Mauro Formation (Lauderdale et al,
1976c). Cone Crater is a sharp-rimmed crater. The Fra
Mauro Formation is an extensive blanketlike deposit lying

on a broad band around the basin and is interpreted as J

ejected from the impact. Detailed studies (Lauderdale et al, ;
1976c) by the geologists indicate that the Fra Mauro j
Formation is mainly composed of moderately coherent

breccias. The main characteristic features of the Fra Mauro
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Figure 11. Map of the locations of Apollo
14, 16, ond 17 landing sites.

Table 1. Locations of the landing sites and
the relative distances to each other.

Distance, km, to Apollo-
Apollo Location
- 14 16 17
14 3.65 S; 17.48 W - 1007 1607
16 8.97 S; 15.51 E - - 994
1?7 20.1? N; 30.77 E - - -
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Formation are ridges which are mostly 1 to 4 kp wide and a

few to severa) tens of meters high in the vicinity of the
landing site. They also fuggested that the ridges were
formed by flowage of material along the ground during the
excavation of the tasin by meteori tes.

On April 21st, 1972, tpe Apollo 16 LM landed at 8.97° g
latitude and 15,51° E longi tude (Figure 11 ang Table 1)
(Lauderdale et al, 1976c) which is at about 1007 km
Southeast of Apollo 14 landirg site. fThe LM landing site
is at the western edge of the Descartes Highlands which is
the lunar central highlands encompassed by highland plains
and adjacent mountainous areas of hilly and furrowed
terrain (Lauderdale et al, 1976c). fThis area, which is .
underlain by impa:t-generated breccias, may represent a
remnant of an ancient lunar surface Sculptured by impact of
material. It may also be eattributed to igneous and volcanic
activity from within the moon.

On December 12th, 1972, the Apollo 17 LN landed at

landing si tes, respectively (Figure 11 and Table 1)
(Lauderdale et al, 1976c). The LM landing site is on the
floor of a deep valley, the Taurus-Li ttrow Valley, which is
at the eastern rim of and is radial to the Serenitatis
basin (Lauderdale et al, 1976c). fThe Taurus-Li ttrow Valley

is interpreted as a deep graben formed by the Serenitatis
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impact. Ejecta around many. craters on the valley floor
consists of basalt. It shows that the Araben is partly
filled by lava flow underlying a relatively thick layer of

unconsolidated material.

Apparatus:

The Lunar-Surface-Experiment Package (ALSEP) of both 1
Apollo 14 and 16 consisted of three feophones deployed in a
linear array, a thumper, a mortar package assembly (MPA)
which contained four £renades, and the ALSEP.central

station (Lauderdale et al, 1976a). The Apcllo 14 and 16

Active Seismic Experiment (ASE) data were obtained from an
astronaut-activated thumper, four mortar-launched €renades,

: and four grenade launchings. fThe Apollo 17 ALSEP consisted

of four geophones deployed in a T-array, eight explosive

packages (EP), and the ALSEF central station (Lauderdale

et al, 1976b). The Apollo 17 Lunar Seismic Profiling
Experiment (LSFE) data were generated by eight EpP's weighing
| ﬁ from 57 grams to 2722 grams (Cooper and Kovach, 1975),

Thumper shots. The astronaut-activated thumper was a
short staff (Figure 12; from Kovach et al, 1972) which was

R

used to detonate small explosive charges. The thumper was
So mounted that it was Perpendicular to the base plate at
the lower end of the staff. An arm-switch and an

initiator-selector switch were located at the upper end of

. .
13 - ——————— .
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Figure 12, Drawing of the ASE.
(From Kovach et al, 1972)

the staff. 4 pPressure-switch in the base Plate detected the
the instant of Shot initiation. A cable connected the

thumper to the central station to transmit the firing time
of the shot.

Apollo 14 ASE and nineteen thumper shots Planned for the
Apollo 16 ASE (Lauderdale et al, 1976a). But thumper shots
5—6, 8, 9, 10, 14, 15, and 16 of Apollo 14 ASE misfired.
The amount of explosive used for the thumper shots are

not known. The firs+ thumper shots for both Apollo 14 ang
16 ASE's were fired at Geophone 3. The Thumper/beophone-B

Geophone 1 for the rest of the thumper shots (Table 2; from
Lauderdale et al, 1976a): that is, thumper shots 11 for both
the Apollo 14 ang 16 ASE's were fired at Geophone 2, ang

et



Table 2. The ASE geophone/thumper distances.
(After Lauderdale et al, 1976a)

Distance, m, to -- Shot No.
Geophone 1 | Geophone 2 Geophone 3 | AP-14 | aP-16
91.44 45,72 0.00 1 1
86.72 41.14 L.57 2 2
82.30 36.58 9.14 3 3
77.72 32.00 13.71 L
73.15 27.43 18.29 5 5
68.58 22.86 22.86 6 6
64.00 18.29 27.43 7 7
59.44 13.71 32.00 8 8
54 .86 9.14 36.58 9 9
50.29 .57 1.14 10 10
L4s.72 0.00 4s.72 11 11
L41.14 4.57 50.29 12 -
36.58 9.14 54.86 1 12
32.00 13.71 59.44 1 13
27.43 18.29 64.05 15 14
22.86 22.86 68.58 16 15
18.29 27.43 ?73.15 17 16
13.71 32.00 ?77.72 18 17
9.14 36.58 82.30 19 18
4.57 Li.14 86.87 20 -
0.00 45,72 91,44 21 19

Note: Shots 5, 6, 8, 9, 10, 14, 15, and 16

of Apollo 14 ASE misfired.

23
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thumper shots 21 and 19 for Apollo 14 and 16 ASE's,
respectively, were fired at Geophone 1. However, two
thumper shots were omitted between Geophones 1 and 2 for the

Apollo 16 ASE; namely, those at a distance of 4.57 m from

these two geophoenes.

The mortar-package assembly (MPA). The MPA consisted
of a mortar box, a f¢renade-launch-tube assembly, and
connecting cable (Figure 12: from Kovach et al, 1972). fThe
launch-tube assembly, which contained four grenades, was
mounted in the mortar bex. The mortar box was deployed at
approximately h5° to the surface so that the grenades would
be sent to their maximum distances, ranging from 150 m for
Grenade 4 to 1500 m for Grenade 1. The four grenades were
identical except for the amount of launching explosive,
which weighed from 10 grams to 42 grams, and the high-
explosive charges, which weighed from 45 frams to 454
grams (Table 3; from Lauderdale et al, 1976éa). The MPA was
located about 14 m north-riorth-east of Geophone 1 (Figure 13;
from Kovach and Watkins, 1973). The grenade firing
direction was parallel to the g€eophone array and toward
Geophone 3. The geophone/source distances (Table 33 from
Lauderdale et al, 1976a) ranged from 61.87 m to 1017.42 m.

The Apollo 14 ASE grenades were not fired because a
study of the photographs and the astronaut's descriptions
of the pocition of the MPA suppested that the back-blast
might effect other experiments (Lauderdale et al, 197¢a).

The decision war that the rrenades would not dbe fired until

J P S
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all other experiments fail. Three of four grencdes of
Apollo 16 ASE were launched in a sequence of 2-4-3,
Grenade 1 was not launched because the angle sensor went
off scale.

Geophones. The geophones of both ASE's and the LSPE
were miniature seismometers of the moving-coil, magnet type.
The coil was the inertial mass suspended by springs in the
magnetic field. Above the natural resonant frequency of
the geophone (at 7.5 Hz), the output was proportional to
the ground motion. The three geophones of Apollo 14 and 16
ASE's were deployed in a linear array at approximately 3 m,
49 m, and 9% m from the ALSEP central stations and were
connected to it by cables (Figure 13; from Kovach and
Watkins, 1973). The four geophones of the Apollo 17 LSPE
were deployed in a T-array at approximately 150 m west of
the LM and were also connected to the ALSEP central
station by cables (Figure 14; from Cooper et al, 1974).

The ASE's and LSPE characteristics are given in
Tables 4 and 5 (from Lauderdale et al, 1976a,b),
respectively. The output voltages from the amplifiers for
a 5 nm zero-to-peak signal at 10 Hz are given in Table 6.
Note that there is a 0.02 V (or 12%) difference between
Geophone 2 (GP 2) of Apollo 14 ASE and Geophone 3 of
Apullo 16 ASE. These differences in amplitude sensitivities
will cause moderate errors when we measure the amplitudes.

It is necessary to correct the output voltages from the

Sttt
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6. Output voltages from the ASE amplifiers
Table forpa 5 nm zero-to-peak signal at 10 Hz.

Apollo 14 Apollo 16

GP 1 GP 2 GP 3 GP 1 TP 2 GP 3

Voltage, V 167 162 163 178 .1{
Nor;algged. % | 100. 97. 97.6 | 106.6 104.2 109,

Pull ring | ==+ Pull ring 3

Pull ring 2

Receiving antenna
extends to 165 cm

Notes: (1) Pyl ring 1 - pulls one pin to start SAFE/ARM slide timer
(@ Pull ring 2 - wing up ring; rotete 90° counterciockwise;
pull pin 1o release SAFE/ARM plate
{3} Pull ring 3 - pulis two Pins K free firing pin and start
thermal battery timer
Figire 14, Arming requence for an
LSPE cxplotsive packop:.
(From Lauderdale et al, 1976b)
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the amplifiers for the differences In the fains and
generator constants,

The Explosive Packages (EP). An EP (Figure 15; from

Lauderdale et al, 1976b) was activated by removing three

pull pins. Removal of the first pull pin activated the
SAFE/ARM slide timer. Removal of the gsecond pull pin
released the SAFE/ARM slide from its constrained SAFE
position. Removal of the third pull pin removed a
constraint on the firing pin and activated the thermal
battery timer.

The eight EP's were placed on the lunar surface by the
Apollo-17 astronauts at various locations (Figure 14; from
Cooper et al, 1974), and were identical except for the
amount of charges (weighing from 57 grams to 2722 grams,
Table 7; from Cooper and Kovach, 1975) and the preset
runout time of the timers. The farther the distance,
the larger the amount of explosive used. The geophone/
source distances (Table 7; from Cooper and Kovach, 1975)

ranged from 101 m (GP 2-EP 8) to 2870 m (GP 4-EP 1),

Log Compression:

The seismic data from the geophones were sampled
every 1.9 msec and 8.5 msec (which correspond +to Nyquist
frequencies of approximately 265 Hz and 59 Hz) for the ASE's
and the LSPE systems, respectively (Lauderdale et al,

1976a,b). To cover a large dynamic range with only a few

h o Mmoo AR oA s Aa et —ah e




Table 7. The LSPE geophone/LCP distances.
(Modified from Cooper and Kovach, 1975)

; Distance, m, to --

Explosive

EP No. :

Weleht, & | gp.1 | gp-2 | ¢p-3 | Gp-t

1 2722 2855 | 2758 | 2818 | 2870
2 . 113 327 425 371 366
3 57 242 341 288 287
b 57 269 172 215 220
5 1361 2230 | 2330 | 2290 | 2320
6 L5k 1195 | 1240 | 1195 | 1095
7 227 800 865 810 672
8 113 179 101 122 112

bits per sample, the seismic data were log compressed.

The analog output of the logarithmic compressor was
converted into five-bit binary data for the ASE's, and into
seven-bit binary data for the LSPE by an analog-to-digital
convertor and transmitted to the earth through the ALSEP
communication networks.

The binary data stored on the tapes had to be expanded
from the output, vout' of the log compressor to obtain the
actual seismic data. The relationships between the binary
levels and the outputs, Vout' of the log compressor are
given in Table 8 (from Lauderdale et al, 1976a). For the
Apollo 14 and 16 ASE systems, Equations la and 1b give the
relationships between the output, Vout' and input, Vin'
voltages of the "log compressor" (Lauderdale et al, 1976a).

Vin = % exp ((Vout'vl)/vz)° (1a)

For binary levels 0 to 13, the "-" sign was used, and 17 to

33
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Table 8.

The ASE has 32 binar
log-compressed data.
is between 2.170 and 2

Binary level

34

Apollo ASE log compression

(From Lauderdale et al, 1976a)

Oo\v O (SRS VRS T Yo

Y levels for representing the
Compression
0670 V.

Log compressor output, Vv

1s linear if Vout

out

Linear portion
of compressor

0.059060
«216540
« 374020
« 531500
. 688980
846460

1.003940
1.161420
1.318900
1.4726380
1.633860

1.791340
1.948820
2,106300
2.263780
2.421260

2.578740
2.736220
2.893700
3.051180
3.208660

Negative
input signals

Linear portion
of compressor

Positive
input signals

e in i e oA e m
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31, the "+" sign was used; and

Vin = (Vout-2.l620)/v3 (1b)
for binary levels 14, 15, and 16.

The values of Vl‘ V2. and V3 for the Apollo ASE

systems are given in Table 9 (from Lauderdale et al, 19%6éa).
For example, if the binary level is 27 for Geophone 1 of the
Apollo 16 ASE, then the true input voltage is

Vin = exp ((4.311020-4.55779)/0.267730)
0.3978 volts

For the Apollio LSPE system, the logarithmic compressor
has the function (from Lauderdale et al, 1976b)
Vout = +M 1n
where V: voltage

\ +b

in

M:—constant which determines the slope of the
transfer function
b: is specified by the DC offset of the compressor
output and the system noise level
The values of M and b are determined by calibration
of the system to provide at least 6% accuracy of the data

referenced to the level of the input signal.
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CHAPTER IV. DATA ANALYSES AND INTERPRETATIONS
OF APOLLO 14 AND 16 ASE'S

The ASE data are obtained from: 1) an astronaut-
activated thumper (thirteen thumper shots for the Apollo 14
ASE and nineteen thumper shots for Apollo 16's), 2) three
mortar-launched grenades for the Apollo 16's, and 3) three
grenade launchings for the Apollo 16's. The geophone/
thumper-source distances are increased, in increments of
4.57 m, from O m up to 91.44 m (Table 2; page 23). The

amount of charge used for the thumper shots is not known.

- ;‘A‘A“A_‘__L___‘_u________‘_m

The three grenades of the Apollo 16 ASE are launched, in a
sequence of 2-4-3, to distances of 900 m, 150 m, and 300 m,
respectively. Grenade 1, planned for a launch distance of
1500 m, was not launched because the angle sensor went

off scale. The geophone/source distances ranged from
61.87 m to 1017.42 m, and the explosive charges weighed
from 45 grams to 454 grams for the grenades and from

10 grams to 42 grams for the thrusts of the grenade
launchings (Table 3; page 25). The three grenade
launchings had the same distances to Geophones 1 (14 m),

2 (50 m), and 3 (95 m).

Deglitching:

The lunar seismograms from the Apollo ASE thumper shots

and grenades show severe "glitches". Most are almost

A ———— b e e
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uniformly spaced and of uniform amplitude at binary level 27
but others are of varying amplitudes and locations in
Geophone 1, while extraneous random gli tches exist in the
data for Geophones 2 and 3 for both Apollo 14 and 16 ASE*s.
Figure 16 shows three representative traces of the raw
data from the Apollo 14 and 16 ASE thumper shots and
€renades. These data are from the tenth thumper shot and the
geophone/source distances are 50.29 m, 4.57 m, and 41.14 p
to Geophones 1 (GP 1), 2, and 3, respectively. The thumper
firing time is .21 seconds aftzr the beginnings of the
traces. The data show that there are glitches throughout
the records; they are recognized by the fact that they are
of short duration -- generally, only one sample value --
and have values which are inconsistent with the preceding
and/or following sample values. Figure 17 shows another
three traces of raw data. These data are from the second
€renade launching of the Apollo 16 ASE. fThe geophone/source
distances are 14 m, 50 m, and 95 m to Geophones 1, 2, and 3,
respectively. The grenade launching time is approximately
0.60 seconds after the beginnings of the traces. Figure 17
shows there are relatively fewer glitches for these data
than there are for the ASE thumper shots (see Figure 16)
and grenades, Furthermore, no glitches are found in the
grenade launching data for the second and third geophones.
The first data-improving operation performed is to go

through the data by hand and remove the extraneous values
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THUMPER AP-16-10

GPI

GP2
LR

GP3

Figure 16. Representative raw data which is from
the tenth thumper shot of Apollo 16
ASE. The geophone/source distances
are 50.29 m, 4.57 m, and 41.14 m to
Geophones 1 (GP 1), 2, and 3,
respectively. The firing time is
1.21 seconds after the beginnings
of the traces.




Lo |
AP-16-GRENADE LAUNCH-2 |
i 1
. , 1
) LM j
a Lttt ‘ ,
O R F |
L
{
; | sec
r B
N !
Q
o
i
-F
M
Q.
O
Figure 17. Representative raw data which is from
the secund grenade launching of Apollo
16 ASE. The geophone/source distances
are 14 m, 50 m, and 95 m to Geophones

1 (GP 1), 2, and 3, respectively.
The firing time is 0.64 seconds after
the beginnings of the traces.
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and replace them by values interpolated from neighboring
values. A degli tching program is not used in this process

e e et —— o~ A——

because: 1) there are relatively few glitches (excluding C
the regular, periodic ones in GP 1, there are fewer than
1%), 2) the coarseness of the amplitude values precludes
automatic, computer interpolation, and 3) a criteria is
used to identify and correct the bad sample values; that is,
we change the value of the binary level of the bad sample
by one bit and this makes its amplitude consistent with |
the preceding and/or following sample values. The results
of the "deglitching" Process is shown in Figure 18 for

the same traces shown in Figure 16. The seismic traces

are smoother and much clearer than before.

Ampli tude Spectrum Analyses and Filtering:

For the ASE thumper shots, the inconsistency of the
amplitude spectra is observed. The spectra shown in this
section are taken from approximately the first one
second, 512 sample points, of the data after the firing
time. Figure 19 shows the amplitude spectrum from the
second geoshone of the tenth thumper shot of the Apollo 16
ASE. The geophone/source distance is 4.57 m. Most of the

energy of the signal is concentrated between approximately )

10 Hz and 40 Hz. There are two peaks in the amplitude
spectrum (with amplitudes of approximately 0.6 and 0.5) at
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Figure 18. Representative of deglitched data

of the ASE. 1It is from the tenth
thumper shot of Apollo 16 ASE.
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about 18 Hz and 33 Hz, respectively. The noise level
(with amplitude of approximately 0.1) i3 reached at
frequencies greater than 90 Hz. Figure 20 shows the
amplitude spectrum from the first geophone of the
seventeenth thumper shot of the Aponllo 14 ASE.

The geophone/source distance is 18.29 m. The energy of
the signal is still concentrated but harmonically
distributed between approximately 10 and 40 Hz. The
maximum amplitude (at 18 Hz) is approximately 87% that of
the maximum amplitude in Figure 19.

The amplitude spectra of the ASE grenades and grenade
launchings show more consistency than those of the ASE
thumper shots. The amplitude spectrum has the broadest
frequency band (approximately from 4 to 30 Hz) for the
shortest geophone/source distance, 61.87 m; namely, the
signal at Geophone 3 of Grenade 4. In general, the
frequency band of the signal narrows when the geophone/
source distance increases, both the maximum amplitude and
the frequency band shift toward lower frequencies. The
longer the distance the seismic waves travel, the more
high frequency components the moon filters out. For
example, the amplitude spectrum of the signal from Geophone
3 for Grenade 3, whose geophone/source distance is 353.26 m,
has a frequency band from about 7 Hz to 25 Hz and a maximum
amplitude at about 17 Hz. The frequency band of the signal
from Geophone 1 for Grenade 2, which has the largest

geophone/source distance (1017.42 m), is from about 5 Hz +to
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Le
20 Hz, and itg maximum amplitude is at about 11 Hz,
To improve the S/N ratio, the ASE thumper data are

bandpass filtered by a four-pole, anti-aliaged, Butterworth

filter with -3 4B frequencies at about 3 Hz and 66 Hg

(0,01 fn and 0,25 fn' respectively, where fn:§:265 Hz 18 the

Nyquist frequency). The ASE grenade and grenade launching

data are bandpass filtered by a similar Butterworth filter

with -3 dB frequencies at 3 Hp and 40 Hz (0.01 f, and
0.15 f,» respectively). The Butterworth filter (Oppenheim
and Schafer, 1975) has the Properties: 1) the amplitude
response is maximally flat in the passband and 2) the
approximation is monotonic in the passband and stopband.
The amplitude, A(n), and the phase, ©(n), functions of a
ZN-point version of a Butterworth bandpass filter ure;
A(n) = ((1+8%)(14c%))-2
e(n) = tan~! (V2¢/(1-C?))-tan"1 (/2B/(1-B%))
where  B=tan (ny/2M*1)/tan (7 £,/21,,)
C=tan (J7f,/2f )/ tan (nj/2M*1)
fy and f1t are the high and low cutoff
frequencies, respectively.
n=0, 1, 2, ..,.,, 2N,
These improve the S/N ratio significantly.

Representative results are shown in Figure 21 (compare with

Figure 18). The traces are Smoother, and the high frequency

noise and the low frequency characteristic have been
eliminated.
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Figure 21, Representative of the bandpass
filtered ASE data. It is from
the tenth thumper shot of
Apollo 16 ASE.
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While a high S/N ratio exists for the shortest ASE
thumper distance (4.59 m, GP 2; Figure 21), the S/N ratios
for the other two traces in Figure 21 are So low that it
is difficult, if not impossible, to pick the first arrivals
or to measure their amplitudes. The low S/N ratio at
larger distances is caused by the decrease of the first-
arrival amplitudes. Kovach et al (1972) also indicate
that the onsets become emergent when the separations are
larger than 15 m and the determination of the signal onsets
from the background noise is difficult for the Apollo 14
and 16 ASE thumper shots for separations greater than 45 m,
Consequently, large uncertainties arise when picking
traveltimes for greater separations. Furthermore, there
is strong noise throughout the data for the third geophone
of Apollo 14 ASE thumper shots. Strong reveberations exist
in the data of thumper shots 1 through ? for the second
€eophone of Apollo 14 ASE. The first breaks of the signal
onsets can not be determined with any accuracy for these
data. Also, the amplitudes of the first arrivals of Apollo
16 ASE thumper shots are smaller than those of Apollo 14's
at the same geophone/source distances.

There is little noise in the grenade launching data.
However, the onsets on the third geophone (95 m) of all the
€renade launchings are still too low to determine first-
arrival times. The traveltimes of the first arrivals are

expected to be the same at each feophone for these three

4 e meraa aoka
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grenade launchings because they have the same £eophone/
Source distance to each £eophone. But we find a maximum of

57 msec difference in the traveltimes between Grenade

Launchings 2 and 4. The traveltime differences might be
caused by the difficulties in recording the initiations of
the launchings. For the ASE grenade data, the first
arrivals at all three geophones merge into the background

noise so that the traveltimes of the first arrivals can

not be determined.

Stacking and Amglifxigg:

To further improve the data, those traces which have
the same geophone/source distances were stacked together.
The stacking would be destructive to the noise and
constructive to the sifFnal because of the randomness of
the noise from trace to trace and the coherence of the
signal. Consequently, Stacking the traces for equal
separations will increase the amplitude of the signal by
the number of traces Stacked while the noise will increase
by the square root of the same number. This gives a S/N
ratio improvement equal to the square root of the number
of traces stacked.

For the ASE thumper-shot data, those traces which have
the same geophone/source distances are listed in Table 10.
The numbers listed on the right-hand side of the table are

the thumper-shot numbers which have the given separations at

e I
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their left. However, those thumper shots with an asterick
above their numbers (ten are from the Apollo 14 ASE and one
is from the Apollo 16's) have such high noise levels that
they were not used in stacking. The number of traces
stacked are given in the second column of Table 10. There
are between 2 and 7 traces with the same separations for
the ASE thumper shots. The stacking would give S/N
improvements between .2 and\/7. The stacked data are then
amplified so that they are plotted at almost full scale for
each stacked trace. This helps us pick the first arrivals.
The amplifications used are given in the third column of
Table 10.

Figure 22 shows the results of the stacked, filtered,
and amplified profile of Apollo 14 and 16 ASE thumper shots.
Remember that the thumper firing time is 1.21 seconds
after the beginnings of the traces, and the increment of
the geophone/source separation between traces is about
4.57 m. The first arrivals could be determined easily
and accurately for separations up to 32.0 m.

Figure 22 also shows a smooth curve for the first
arrivals on the profile which suggests that the continuous
velocity variation model might be the better one. If the
velocities increase in a stepwise fashion, the traveltime
curve of the first arrivals on the profile will then be
straight lines. However, it was still not possible to pick

first-arrival times for distances greater than 32.0 m,
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Figure 22. Stacked, filtered, and amplified
profile of Apollo ASE's.
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The stacked profiles and the single geophune profiles
of Apollo 14 and 16 ASE thumper shots are compared with the
results of the stacked profile of the Apollo 14 and 16 ASE
thumper shots. If there are any significant differences
in the velocity structures at these two sites, the results
of these profiles will show the differences. Little

difference is found.

Traveltime Variations:

Using Kaufman's (1953) result, a ‘relocity function
with depth, z, given by V(z)=Vo(z/zo)n has a traveltime
function, t(x), with separation, x, given by

t(x) = cxm/V°
where ¢ is a constant, m equals 1-n, and vy is the velocity
at a depth of 2, The above equation also represents the
traveltime/separation function of the direct waves for
the homogeneous and layered model (m=1); where c/V°=1/V'
and V' is the constant velocity of the surface layer.

The slope of the traveltime data plotted on a log ¢
(traveltime) versus log x (geophone/source separation)
graph would determine the exponent, m.

The traveltime data of tine first arrivals measured

from the Apollo 14 and 16 ASE stacked profiles for

separations up to 32.0 m are listed in Table 11 (from Gangi

and Yen, 1979). The questionable data are given a weight
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of one quarter that of the high-S/N data; the V,'s are
calculated from the slopes of the least-square—fitted
8traight lines ang extrapolated to zo=1 km. However, the
Vo at a depth of 2, 1 km does not imply that the powdered
layer would extend to 1 km. The Vo at 1 km is, for
convenience, a constant of reference used to characterize
the velocity model. The depth, 25+ Can be chosen at any
other depth, Say 2, then the Vo's in Table 11 will be
multiplied by zl'l/£. Table 11 (from Gangi ang Yen, 1979)
shows a greater variation of the reference velocities,
Vo’s, than of the slopes. The reference velocities
vary between 430 m/sec and 630 m/sec while the slopes
vary between 0.74 and 0.80. While the measured slopes are
variable, they are all consistently lower than m=1-n=1,
the value that would be obtained for the homogeneous ang
layered model. They tend to the value predicted by the
self-compacting~powder model; namely, m=1-1/5=0.833.

The traveltimes of the first arrivals calculated

for the Kovach and Watkins models (1973) at the Apollo 14
and 16 landing sites are tabulated in Columns A and B of
Table 11 (from Gangi and Yen, 1979). There are not large
differences between the measured traveltimes and the
calculated traveltimes. However, the biggest d! fferences
between tre Kovach and Watkins models and the measured
values occur at the Smallest separations. They assumed

that the traveltimes at zero separations are zeros, and
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they fitted most of the data points simply by forcing the
least-squared traveltime curves to pass through the zero
separations (Figure 2, page 5).

In stacking, we assume that the separations are
exactly the same for each trace. Stacking should
improve the S/N ratio by the square root of the number of
traces stacked. However, the S/N improvement obtained
from the stacked data is not that expected theoretically.
This might be due to the time offsets introduced into the
individual traces by differences in separations and small
differences in elevations at the source and receiver
locations. Figure 23 shows the second geophone profile
of the Apollo 14 ASE thumper data (the firing time is
approximately 1.21 seconds after the beginnings of the
traces). Thumper shots 14, 15, and 16 of Apollo 14 ASE
(corresponding to separations of 13.71 m, 18.29 m, and
22.86 m, respectively) misfired. Notice that some good
first arrivals can be found at separations greater than
32.0 m (Figure 23). However, strong reveberations exist
in the data of thumper shots 1 through 7; the first
arrivals could be detected but the accuracy of the onset
determinations is very questionable.

In Table 12, the traveltime data from the first and
second geophone profiles of Apollo 14 ASE thumper shots
up to 45.72 m are tabulated; that is, traveltimes from
thumper shots 11 through 21 are listed except for those
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Figure 23. Filtered and amplified profile of ttre .
second geophone of Apollo 14 ASE.
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Table 12. Measured and calculated travaltimes of

the first arrivals.

Traveltime, msec

Separation, m Measured® Calculated
GP 1 GP 2 A B

L.s57 53 53 53 52
9.14 ol ol 95 93
13.71 132 - 132 131
18.29 164 - 168 166
22.86 - - 201 200
27.43 - 230 234 233
32.00 - 260 *259 *259
36.58 ? 276 *277 *277
41,14 ? 293 *#295 *295
bs.72 312 315 *313 *313
Slope 0.82% 0.82 | 0.833
Vi, m/sec 254t 254 254

oo

™

<+ -+ WD)

Measured from the first and second geophone
profiles of Apollo 14 ASE. Data are filtered
between 20 and 40 Hz.

For V=373(z/z.)°‘18 in the surface powder layer
overlying a homogeneous medium with V1=254 m/<ec.

For V=345(z/z°)1/6 in the surface powder layer
overlying a homogeneous medium with V1=254 m/sec.
Refracted first arrivals

Misfire

Noisy data
Least-square fitted, for separations less than 30 m.

Least-square fitted, for separations between
32.0 m and 45.72 m, inclusive,

The thickness of the powder layer is 11 nm.
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misfired. Beyond those separations, the first arrivals
are amblguous. The third-geophone profile of Apolla-14
ASE thumper shots is not used because of the low S/N ratio.
On a linear tvaveltime/separation plot (Figure 24), the
first arrivals show a smooth curve up to approximately
30 m; no straight line could be fitted to those data
points which would pass through the origin in the same
time. It strongly suggests that the power-law velocity
model might be a more suitable representative for the
velocity structure on the very shallow lunar crust.
Beyond 30 m, a straight line is observed. Those data
points are assumed to be associated with refracted waves
from the second layer which is assumed to be homogeneous
with a constant velocity of 254 m/sec. However, the
velocity in the second layer is still questionable because
there only are five data points and uncertainties increase
in the data at larger separations.

The log/log traveltime plot for the single geophone
profiles of Apollo 14 ASE thumper shots is shown in
Figure 25 along with the least-square-fitted line with a
slope of 0.82. It can be seen from the figure that the
straight line is an excellent fit to the data. The
reference velocity, V,=373 m/sec, is evaluated from the
slope of the least-square-fitted line and the time
intercept at x=1 m. If the exponent of the traveltime

function, t(x)=cxm/Vo (where x is in meters), is 0.82,

—
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Figure 24. Theoretical and measured traveltime curves.
Measured data are obtained from the first
and second geophone profiles of Apollo 14
ASE thumper shots 11 through 21. Direct
waves are in dashed line. Refracted waves
are in dot-dashed line. Reflected waves
are in solid line.
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Figure 25. Least-square-fitted traveltimes in log/log
- plot from the first and second geophone

R profiles of Apollo 14 ASE thumper shots
R for separations up to 27.43 m.




¢ equals 5.77. However, the slope of the least-square-

fitted line is almost identical to the value, m=1-1/6=0,833,

predicted by the self-compacting-powder model that the
one-sixth power velocity variation is very possible.
Using Kaufman's (1953) result, a velocity function with
depth, 2z, given by

V(z) = Vc.(z/zo)j‘/6
has a traveltime function, t(x), with separation, x,
given by

t(x) = 1.2(15/720/8)1/6x5/6/vo. (2)

A least-squares fit of this function to the measured

traveltimes gives V°=3h5 m/sec. The theoretical traveltime

curve of the direct waves with V°=345 m/sec fits the data

points very well (Dashed line; Figure 24, page 60).
If this is the velocity model for the very shallow
lunar crust, we can derive the traveltime equations for
the refracted and reflected waves. That is, we assume
there is a one-sixth power velocity variation of a self-
compacting-powder layer on the lunar surface with a
reference velocity of 345 m/sec at 1 km and a thickness
of H overlying a homogeneous layer with a constant
velocity of 254 m/sec. For the traveltime equation, t

RO
of the refracted waves, we have

ty = x/Vy+ (20, 5/4v C)F(e,) (3)
= x/Vl*to
where Xt separation

RPN S P U SRS
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Vos reference velocity of the powder layer
at z°=1 km
Vlz constant velocity of the homogeneous layer
F(Gc) = 36,-sin 6,cos Qc(3+2sin2 Qc-8§inu Gc)
6.t critical angle; where sin Gc=(V°/V1)(H/z°)1/6
H: thickness of the powder layer
to: intercept time
The thickness, H=11 m, of the powder layer is calculated
from the Vo’ Vl' and to using the fixed-point iterative
method (see, for example, Conte and de Boor, 1972, page 44),
The maximum separation for the direct waves is
x=5.89H=64.8 m (Gangi, 1972).
The traveltime equation of the reflected waves must
be expressed in a parametric form. That is, the traveltime
and separation relationships, tr(p) and xr(p). for the
reflected waves are (in terms of the ray parameter, p,
which is given by the Snell's law, p=sin e(z)/v(z))
t.(p) = (320/'2pvc‘2)(3aus.’m-1 (b/é)-(3a2+2b2)bc)
x.(p) = (zo/"-b)(15a6sin'1 (b/h)-(15au+10a2b2+8bu)bc)

(4)

where a= 1/'pv°
b= (H/zo)l/6
c = (az—bz)%

((1/pV,)2-(/2,) 1/ 3y}
The theoretical traveltimes for the refracted and reflected

waves, dot-dashed and solid lines, respectively, are also

e e v




|

St

|
c e i
L,

self -compacting powder layer
V=345(2/1000)'/® m/sec.

zZis in m.
DEPTH= Iim
| J —
A
homogeneous layer
DEPTH: UNKNOWN V, =254 m/sec.
v

Figure 26. Velocity structure at the Apollo 14 landing
site.

shown in Figure 24 (page 60) based on the values found.
Figure 26 shows the velocity model at the Apollo 14
landing site. Notice that the velocity at the lunar
surface, 2=0 m, is zero based on the velocity function,
and the thickness of the second layer, the homogeneous
layer, is unknown. However, whethar the second layer
is homogeneous is still unknown.

For the first geophone profile of Apollo 16 ASE, the
first arrivals can be picked for separations up to 18.29 m
and, with difficulty, for 27.43 m (see Table 13).

After 27.43 m, the first arrivals are buried in the noise.
The slopes (see Table 13) of the least-square-fitted lines
are, again, lower than that predicted by the Kovach and
Watkins model (1973). For the three single~geophone

profiles, the variation of the reference velocities is
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Table 13. Traveltimes measured from single geophone
profiles of Apollo 16 ASE thumper shots.
Data are filtered between 20 and 40 Hz.

Traveltime, msec

Separation, m + +
GP 1% | GgP 2 GP 3

4.57 - 57 58
9.14 98 o4 89
13.71 128 121 -
18.29 155 145 151
22.86 - 1857 189
27 .43 201 - 1967
Slope 0.65 0.71 0.71

V,» m/sec 1059 773 789

* Thumper shots 12 through 19

T Thumper shots 1 through 11

PP S ey
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greater than that of the slopes; the values of the
reference velocities vary from 1059 m/sec to 773 m/sec.
The values of the reference velocities are almost doubled
or tripled that of Apollo 14 ASE. The slopes of the
least-square-fitted line vary from 0.65 to 0.71.
Empirically speaking, the velocity variation on the lunar
surface at the Apollo 16 landing site tends to the fourth-
root velocity variation rather than the sixth-root velocity
variation. However, if we also assume that the velocity
variation on the lunar surface at the Apollo 16 landing
site is one-sixth power, a least-squares fit of the
traveltime function (Equation (2), page 62) for the direct
waves to the measured traveltimes gives Vo=357 m/sec.

The traveltimes for the Apollo 16 ASE grenade
launchings are tabulated in Table 14, Notice that there
is a maximum time offset of 57 msec between Grenade
Launchings 2 and 4. The time offsets between the other
two pairs of grenade launchings are approximately 30 msec.
The same traveltimes are expected at each geophone
because the geophone/source separations are the same.
Furthermore, the first arrivals for Grenade Launchings 3
and 4 at Geophone 3 are undetectable, and the first
arrival at Geophone 3 of Grenade Launching 2 is also
questionable because of the extremely low amplitudes.

Based on the previous knowledge obtained, we assume that

the direct waves are the first arrivals at Geophone 1 (14 m)
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; Table 14. Traveltimes measured from grenade
A ‘

launchings of Apollo 16 ASE. Data
are filtered between 3 and 40 Hz.

P
=

B
L

e

Grenade Traveltime, msec
Launching
Number GP 1(14 m) GP 2(50 m) GP 3(95 m)
2 177 359 50872
3 151 338 -
4 121 302 -

while the refracted waves are the first arrivals at
Geophones 2 (50 m) and 3 (95 m). We find the velocity,
302 m/sec, of the refracted waves from the traveltime data
of the second and third geophones of the second grenade
launching.

An attempt was made to correlate the grenade launching
data with the results of the thumper-shot data of
Apollo 16 ASE. Using the reference velocity, 357 m/sec, of
the powder layer and holding the traveltime differences
among those at the geophones of the grenade launching 4o pe
the same, we correct the traveltime at Geophone 1 for
Grenade Launching 2 to 129 msec, determine the intercept
time of the refracted waves to be 145 msec and find the
thickness, H=12 m, of the (surface) powder layer.
It is of some interest to notice that the deviations of the
velocity structures between the Apollo 14 and 16 landing
sites are within 16%; namely, 4% for the reference

[
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velocity, 8% for the thickness of the powder layer, and

16% for the constant velocity of the homogeneous layer.
However, it is not surprising that a larger deviation occur
for the constant velocity of the homogeneous layer because
we essentially have only two data points to be interpreted
for the constant velocity of the refracted waves, and the
one at Geophone 3 of Apollo 16 ASE grenade launching is
very questionable because of the extremely low amplitude

of the first arrivals. If we let the constant velocity, Vo
of the homogeneous layer be either 302 m/sec or 254 m/sec
and vary the reference velocity, Vo' of the powder layer

from 300 to 420 m/sec, we find the depth varies from 11
to 13 m and 9 to 10 m, respectively (Table 15).

Amplitude Variations:

The amplitudes of the first arrivals for separations
up to 32.0 m are measured from the profiles. The
measurements of the amplitudes for the ASE data are more
difficult than that of the traveltimes. These difficulties
(summarized by Gangi and Yen, 1979) are caused by: 1) the
coarseness of the amplitude sampling, 2) the variabilities
of the thumper-shot strengths, 3) the variabilities of
the geophone siting and coupling, and 4) the low S/N ratio
for larger separations. However, the interpolating effect
of the Butterworth bandpass filter reduces the coarseness

of the amplitude data, the stacking reduces the
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Table 15. Calculated values of the intercept time,
To. and their related depth, H

T, Voo V,=302 m/sec V,=254 m/sec
msec m/sec To' msec H, m To' msec H, m
150 300 169 11 137 9
139 330 155 11 122 9
128 360 144 12 112 9
118 390 134 12 102 10
110 420 126 13 oL 10
Tls traveltime at Geophone 1 based on the Vo on
its right
TO: intercept time, if we assume ga V1 given on
above it

AT12=182 msec; traveltime difference between the
first arrivals at Geophones 1 and 2

AT23=149 msec; traveltime difference between the
first arrivals at Geophones 2 and 3
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variabilities of the Shot strengths and the &eophone
gsensitivities. The amplitude data, again, are Plotted on
a log/log graph and compared with the amplitude/separation
variation predicted by the two models.

Since the thumper shots give Primarily vertical
forces and the geophones are vertically oriented, the
amplitude function of the direct arrivals for the
homogeneous and layered model is given by

A(x) = Ao(x/'xo)'2
for small separation (see, for eéxample, White, 1965,
page 215), while the ampli tude/separation variation for

the bPower-law-velocity model is estimated to be (Gangi and
Yen, 1979)

Ax) = A (x/xg)~138)/12 | oy, (5)

where s is a measure of the source radiation pattern in

the vertically inhomogeneous medium. The decrease of the

amplitude with separation of the direct waves in the
powder-layer model is less than that in the homogeneous
and layered model.

The measured amplitudes along with the slopes of the
least-square-fitted lines are given in Table 16 (from Gangi
and Yen, 1979). Both the amplitudes for the single geophone
profiles and the Stacked profiles are given in the table.
Measurements are made on the data that have been bandpass

filtered with -3 4B frequencies of 3 to 66 Hz and 20 to

40 Hz. Notice that there is g great deal of scatter in the

70 ‘1
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Table 16. Amplitude data (arbitrary units)
(From Gangi and Yen, 1979)
A, Bandpasscd: 3-66iis
o T M L T LT TR L P 6 LTI 14,16-2"
457 .62 3.91 4.68 419 . 5.82 5.34 .69 3.95
9.14 3.17 2.08 ? 5.36 1.43 .76 3.17 .82 1.16
15.71 1.13 . ? 1.13 .81 .32 .54 31 .40
18.29 .52 . . .52 .56 45 42 .26 .30
22,86 . . . . ? .18? 237 ? ?
272,43 . .15 a7 17 a3 ? .18? .10 .07
32,00 . .10? . .10? ? ? ? .19? ?
Slope  .1.s5 -1.83 218 L . -2.01 2,01 .3.97 -2.04
B. Bandpassed: 20.40p;
LILLD B U A T e L st et 1620 g6t gt
.57 2.38 2.17 2.65 2.26 . 2.9 2.48 2.3
9.14 1.78 .93 1.49 1.75 .66 .39 1.70 "
13.7 .56 . .22 .56 .38 .20? ? a7
18.29 24 . . .24 .29 .22 .22 .13
22,86 . . . . ? ? a1 ?
27,43 . .13 .08 .09 .06 ? .10 .08
32,00 . ? . ? ? ? ? ?
Slope  -1.¢3 -1.59 23 18 . -1.98 -2.00 2,08
14-1 means Geophane 1, Apollo-14 ASE, etc.. 14 I moans stacked traces, Apollo-14 ASE
&
14-2(1) means tnces 1o-14 ASE, sources between tween Geophones 1 end 2, etc.
“misfired shot; -, no sho mumeo‘? low S/N ratio, '

kvt
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-dgfa. Some of it is because of the variabilities of the
sh;%'strengths and geophone sitings, while gome 1is due
to the low S/N ratio and the coarseness of the amplitude
sampling. Figure 27 (from Gangl and Yen, 1979) ghows a
representative amplitude plot (for Geophone 3, Apollo 16
ASE). While all the data are well fitted by the straight
line‘with a slope of -2.01 in the figure, the two largest
amplitude data, which have the highest S/N ratio, suggest
a lower slope.

Table 16 (from Gangi and Yen, 1979) shows the slopes
for the fairly good data 1lie between -1.5 and -2.5,
The slopes are closer to the slope predicted by the
homogeneous and layered model than that predicted by the
powder-layer model. However, the slopes predicted by
these two models are made on the following assumptions:
1) all the thumper sources are of equal strength, 2) all
the geophones are equally coupled and oriented to the
lunar surface, 3) there is no attenuation, 4) there is no
energy loss by conversion of P-wave energy into S-wave
energy, and 5) there are no scatterers in the lunar
regolith. The first two effects would increase the
scatter in the data, while the latter three effects would
decrease the amplitudes. Therefcre, the two predicted
slopes should be considered as upper bounds on the measured
data. However, erergy loss does exist when seisnic waves
propagate through a medium. The cnergy loss is called

the attenuation or absorption. 1In general, the attenuation

e N e ¥
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P TTd

GEOPHONE 3
APOLLO-16 ASE
BANDPASS: 3-66 Hz
SLOPE: -2.01

I N B N | |

1 i 111l

4

S 6 7 8 910 20 30

SOURCE /GEOPHONE SEPARATION (m.)

Figure 27, Log/log plot of the amplitudes
versus separations.

(From Gangi and Yen, 1979)
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in a medium is an exponential function with distance
(sea, for example, Dobrin, 1976, page 39) as follows

A(x) = on'ne' ax
where (1 is the coefficient of attenuation. Using the
amplitude data ¢f the third geophone profile of Apollo 16
ASE thumper shots, we find (also see Figure 28)

A, = 71.66 |
, n = 1.463 !
a = 0.047 m~1

For the powder-layer model, the exponential factor, -n,

results in a negative value for s which contradicts the

condition s )1 (also see Equation (5), page 70). However, |
the exponential factor, -n, is close to but less negative

than the slopes shown in Table 16, and the predicted

values for the powder-layer model and the homogeneous and

layered model are treated as upper bounds on the measured

data. This value, -n=-1.463, seems to favor the powder- ;
layer model. Figure 28 shows that the amplitude decreases
exponentially at larger separations, while the factor

x" " dominates the amplitude variation at small separations.

A ot

Velocity-Spectrum Analyses:

The velocity-spectrum technique used in this research

was pioneered by Taner and Koehler (1969). The semblance
of the velocity spectrum shows the power of the signals

arriving at different vertical two-way traveltime, ty» over
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a spectrum of (assumed) root-mean-squared (RMS) velocities,
V.

This technique is used to Search for the parameters of

the (assumed) velocity model for the direct, reflected,

and refracted waves by delaying and summing the traces

along a profile. The delay is computed on the basis of

the (assumed) velocity model and the maximum amplitude

. . . . ' i
for the sum over a time window is obtained when a proper ;

velocity model is used. That is, the semblance is

calculated for the digitized data by

J*N M {
2 (Z a2 1

_ j=d, i=1 1
S(tOQV) = J°+N M (6) !
Mo Ta, .l |

j=d, i=1%J

where Aij is the amplitude of the j-th sample point of the

i-th trace on the profile, M is the number of the traces,

and N is the width of the time window.

bkt 3 e me

The sampling
point, Jo' in the i-th trace is obtained by

!
Jo = INT( T(t,,V,X,)/at ) (7) 3

where to is the vertical two-way traveltime or the

intercept time, V is the RMS velocity, xi is the geophone/

source separation for the i-th trace, At=

i
1.89 msec/sample J
. is the sampling interval, INT represents INTEGER in
L

computer language, and T is the traveltime function based

on the (assumed) velocity model and the event of interest.

The velocity spectrum is generated by measuring the

semblance, using Equation (6), for various to and V.

" P e Yot s e s
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o is chosen and the Semblance ig !

calculated for Vv, which varijes (in increments of AV) from

min to Vmax' The intercept time is then increaseq in

An intercept time, ¢

from Taner ang Koehler, 19¢9), The
Semblance valye of the velocity Spectrum i

S also relateqd
to the S/N ratio in the data.

The amplitude, A s in

i
Equation (6) consists of both the signal, Sjj» and the !

nolise, ni J

JotN M
% Z (s, ))2
- J=Jo i=1
s(toov) =_——J N —

0
J _+N
M2 %E SI'2
j=aq 79
= J N J N W
HY Z SI .2 + M Z Z ni -2
j=ag, *d j=d_ i=1 1j

o

Where we assume that the Summation of noise ig zero and

the signal ang noise do not correlate. lLet Ps and Pn

be the average signal ang noise powers,

respectively, of
the data in the time window,

the above equation then
can be rewritten ag

5(t,,V) = Pe/(Pg+p )

NEE o "
¢ L . I A
B ! S . T & Lo
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1‘h) 79
& or
Ps/'Pn = S/(1-8)
Notice that the maximum value of the semblance is 1 when
there is only signal in the time window and its minimum

N a0

value is 0 when there is no signal but noise. The S/N
ratio can then be estimated by taking the square root of
Ps/Pn. The semblance read on the peaks of the velocity
spectra varies from approximately 0.2 to 0.7 which

correspond to S/N ratio of 0.5 to 1.5, respectively.

PO PP TP

The assumed velocity model based on the previous

investigation is that there is a self-compacting, powder

layer overlying a homogeneous medium. For the direct

waves, the traveltime function T(to.V.Xi) of Equation (7)
(page 76) has the form

- - 5/6 -
T(to,v,xi) AXi /¥
where to equals zero, A is a constant (also see

Equation (2), page 62), and V, in this case, is the

reference velocity at 1 km for the powder layer. Also,
Gangi (1972) demonstrated that the traveltime, T, for
&g a ray reflected n times (the nth-surface-reflected waves )

from the surface is
_ 1/6
Tn = (1+n) To

,3. where To is the traveltime of the primary direct waves.

The above equation shows that the apparent velocity of the n-

AL

o e—— B S e

th~surface-reflected waves is equal to the product of

(1+n)'1/6 and V for the direct waves.

For the reflected waves, Taner and Koehler (1969)

|
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find that the traveltime equation (also see Equation (4),
prage 63) can be approximated by

t(x) = (cl+c2x2+c3x4+ Nt
where ¢y = a,

cx = a,/a, = V2
- 2 L

¢y = (a, -alas)/'#a2

a, = Z‘YH Vzm'B(z)dz

V(z): the sixth-power velocity function

with depth
H: the depth of the bowder layer
Furthermore,

they conclude that the first-two-term

appreximation of the above equation will converge quite

rapidly and accurately to the exact traveltime/éeparation

curve for most caseg of pratical interest. The first-

two~term approximation hag the same form as

Dix's (1955)
formula. That is,

= - 2 2, =24
For (n-1)-tn multiply reflected waves,

the above equation
is also valig.

Its intercept time, to n’ is n timesg that of
1

pparent RMS velocity
The relationships among the ci'

and V can be obtaineg immediately as follows

remains the same.

o,n'

0
[y
L

t
4

H
on " 21'1‘(o dz/V(z)

n(288/5)*ﬁ5/6/vo
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H H
-1 =2

=V 2 V(z)d 2 dz/v(z)
¢, nfo z) z/nro 2/V(z

2n (H
= V(z)dz
t0,1‘(“0
= n(r2/245)by 5776y
or
H %o.ugﬁto’ 1/n
Vo k.2107/6(t | /n)-1/6
where t nt

on” 1+ Obviously, we would expect to have the
’ o,

Semblance peaks at every grid point of (nto 1.7') for
’

the (n-1)-th multiply reflected waves;

respectively, of the pPrimary reflected waves and n is

equal to or greater than 2.

For the refracted waves, the traveltime function

T(to,V,xi) (also see Equation (3), page 62) is
T(to,V.Xi) = t°+Xi/ \'4

where V is the constant veloci ty, Vl. of the homogeneous

nedium. This velocity remains unchanged for the n-th

multiply refracted waves, while its intercept time is

n*l times that of the primary refracted waves. However,

the intercept time is a transcendental function in terms

of Vo, H, and Vl' Either Vo or H has to be assumed to

determine the other one.

A synthetic seismogram and computer program have

been used to test this velocity-spectrum technique.

ot sac

il
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The synthetic seismogram consists of the primary direct,
surface reflected, reflected, and refracted waves; the
assumed velocity model is a powder layer, with a thickness
of 10 m and a reference velocity of 330 m/sec at a depth
of 1 km, overlying a homogeneous layer with a constant
velocity of 250 m/sec. The geophone/source distances of
the synthetic profile are from 4.57 m, in increments of
4.57? m, to 45.7 m. The arrival signals are one and half
cycles of a sinc function with a duration of approximately
57 msec (Figure 30 (a)). Random noise is introduced in
the synthetic profile. Figure 30(b) shows a synthetic
veloc;ty spectrum of the direct waves. The first-sur-
face-reflected waves are contained in the profile and
its reflection coefficient is 0.35. The S/N ratio is
approximafely 2.6. The solid, dot, and dash curves
represent the semblances for time windows with durations
of approximately 19, 38, and 57 msec, respectively. The
speétrum indicates that the longer the duration of the
time window, the lower the semblance value at the peak
and the wider the spread of the semblance peak. Notice
that the semblance curves shift to the right at the
neighborhood of the velocity, 330 m/sec, of the primary
direct waves and shift to the left at the velocity,

294 m/sec. of the surface-reflected waves as the duration
of the time window increases. These tests also show

that interfering signals on one or more seismic traces or

high noise may cause spurious peaks and lower the

82
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Figure 30. (a) The arrival signal which is one and
half cycles of a sinc function with a
duration of approximately 57 msec.

(b) The velocity spectrum of the direct
waves for the synthetic profile. The
solid, dot and dash curves represent the
semblances for time windows with durations

- of approximately 19, 3&, and 57 msec,

B respectively.
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gsemblance values at the peaks on the velocity spectra.
This would explain the low semblance values and the
spurious peaks on the velocity spectra of the Apollo
ASE data.

Figure 31 shows a representative velocity spectrum of
the direct waves for the ASC data which is from the
second geophones profile of Apollo 14 ASE. Since the
semblance is very sensitive to the interference and
noise, only clear traces can be used; that is, thumper
shots 12 through 21 are delayed and stacked (also see
Figure 23, page 57). The solid, dot, and dash curves,
again, represent the semblance curves for the time
windows with durations of approximately 19, 38, and
57 msec, respectively. The semblance peaks near
370 m/sec are believe to be spurious because the peak
of 19 msec time window is not stationary for the other
two time windows and the semblances drop almost by a
factor of 2 in that region. However, the semblance
curves at the neighborhoods of approximately 320 and
282 m/sec show similar character to that found in the
synthetic velocity spectrum; that is, the curves
shift to the right and left at the neighborhoods of the
velocities of the Primary direct waves and the surface-
reflected waves, respectively, when the duratior. uf the
time window increases (Figure 30(b)). This similar character
Suggests that the values of 320 and 282 m/sec may correspond

to the velocities of the primary direct and the first sur-
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face-reflected waves, respectively. Furthermore, if the
value of 320 m/sec is the velocity of the primary direct
waves, the velocity deviation between the theoretically
expected value for the first surface-reflected waves and
282 m/sec is only about 14. However, the determination
of the velocities for higher orders other than that of the
first surface-reflected waves is difficult because their
apparent velocities are so close to each other that the
determination from <the velocity spectrum is impossible.
Figure 32(a) and 32(b) show the synthetic velocity

Spectra, using a 19 msec time window, for the reflection
and refraction, respectively. The expected values of
the intercept times and the RMS velocities for the
synthetic reflected and refracted waves are 157 msec

and 130 m/sec, 134 msec and 250 m/sec, respectively.
There are offsets between the locations of the expected
peaks, marked "o", and the measured peaks, marked ".",
found in the synthetic velocity spectra. The offsets of
peak locations are caused either by the interfering of
the seismic signals or the noise. However, the centers
of the semblance contour are not far away from the
expected ones; therefore, the semblance-contour centers
for the reflected and refracted waves of Apollo ASE data
will be used to evaluate the rarameters of the assumed

velocity model.

Figure 33 shows a representative velocity spectra
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Figure 32(a).
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Synthetic velocity spectrum for the
reflected waves using a 19 msec time
window. The S/N ratio is 2.6. The
dot represents the measured semblance
peak and o represents the expected
semblance peak.
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Figure 33. The velocity spectrum for the reflected
waves is from the first geophone profile
of Apollo 14 ASE using a 19 msec time
window. The dots indicate the semblance

peaks and x represents the center of the
semblance contour.
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for the reflected waves of the Apollo ASE data. The

velocity spectrum is from the first geophone profile of
Apollo 14 ASE using a time window of 19 msec duration.

The dots indicate the Semblance peaks and x indicates the

center of the semblance contour. The contour shows g

similar character to that of the synthetic profile. The

time windows of longer duration will only broaden the

contour of the semblance peak but have similar character.

The intercept time and the RMS velocity at the contour
center of the velocity spectrum are at approximately

140 msec and 121 m/sec, respectively, which gives for

the thickness, H, and the velocity, Vo. 8.4 m and

318 m/sec, respectively. This independent evaluation

verifies the reference velocity of the surface powder
layer, Vor is approximately 320 m/sec.

Figure 34 shows the velocity spectrum for the
refracted waves which is from the second geophone profile

of Apollo 14 ASE using a time window of 19 msec duration.

The dots and X, again, represent the semblance peaks

and the center of the semblance contour, respectively.

There are only seven clear seismic traces on the second
geophone profile of Apollo 14 ASE (also see Figure 23,

page 57). However, those traces with geophone/source

distances less than the critical distance can not be

used for <+the velocity spectrum analysis of the refracted

waves because refracted waves do not exist before the
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Figure 34,

The velocity spectrum for the refracted
waves is from the second geophone profile
of Apollo 14 ASE using a 19 msec time
window. The dots indicate the semblance

peaks and x represents the center of the
semblance contour.
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critical distance. The critical distance is assumed to

be less than 13.71 m. fThat is, there are only five
available traces for this analysis of the refracted waves.
The semblance peak is distributed in a very narrow belt
area. The region for the intercept time and refraction
velocity is from 120 msec and 213 m/sec to 135 msec and
246 m/sec, respectively. If we assume the reference

velocity of the powder layer be 320 m/sec, then the

corresponding thickness of the surface powder layer vary
from 9.0 to 9.7 m, respectively. Furthermore, the

center of the semblance contour for the refracted waves

is approximately at 128 msec and 230 m/sec which

corresponds to a thickness of the surface powder layer
be 9.3 m.

The previous investigation in the section of

"Traveltime Variations" show that the—reference velocity 3
of the surface powder layer is approximately 350 m/sec.

The thickness of the powder layer is approximately 11 m.

;%;: The constant velocity of the honogeneous medium is !
fﬁli 250 m/sec. The results of the velocity-spectrum analysis |
| are consistent with those values found in the previous
investigations. The differences of the reference

velocity, the thickness of the powder layer, and the

ek constant velocity of the homogeneous medium are 9.6%,
; | 15.5%, and 8.0%, respectively. These percentages of the 1

differences are reasonable and possible.
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Geophone-Cogpling and Snot-Strength Variabiltities:

An analysis of the amplitude data is made to
investigate the exponent of the amplitude variation and
the variabilities of the geophone sensitivities (in place)
and the thumper-shot Strengths, if there are sufficient
redundancy in the data. The amplitude variation of the
direct waves can be written in a general form both for
the constant velocity medium and for a powder-layer
medium as follows (Gangi and Yen, 1979)

Ayy = Gisjlxi-xj|m
where Giz the sensitivity of the i-th geophone at Xi
Sj: the strength of the J=-th thumper shot at Xj
m : the exponent of the amplitude variation
The above equation is normalized and linearized in terms
of the relative geophone sensitivities (gi=Gi/CI).
relative thumper-shot strength (sj=Sj/SJ). the exponent, m,
of the amplitude variation, and an arbitrary constant by
taking the logarithm. The arbitrary constant is the product
of the reference geophone sensitivity and the reference
thumper-shot strength (ao=GISJ)' Minimizing the summed,
weighted, and squared error function as a function of
those parameters (gi's. sj's. a, and m), the above
equation results in a matrix form (for details, see

Gangi and Yen, 1979)
a = kp (8)

e g g
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where a is a vector, whose components cdepend on the measured

amplitudes, the weights, and the fgeophone/source distances;
iisa Squared and symmetric matrix whose compdnents

depend on the weights and distances while p is a vector
whose components are the unknown parameters: €9 +00y 8 l

ot ]

2,0 and m. We assume that the distances are measured . ‘
with high accuracy and we establish the weights which ]
depend on the qualities of the data. Consequently, the j
stability of the inverse matrix K-l and the errors of }
the vector a are established only on the accuracy of 1

the amplitude measurements. *

The weights for the Apollo 16 ASE thumper shots 1
are tabulated in Table 17 (from Gangi and Yen, 1979).
Table 17 (from Gangi and Yen, 1979) shows that 14 of 19
thumper shots give usefyl amplitude data and only 3
(Thumper-shots 6, 7, and 17) of these 14 thumper-shots |
give first-arrival amplitude data on more than one geophone p
(also see Table 16, page 71; from Gangi and Yen, 1979), i
Geophone 2 and Thumper-shot 7 are used as the reference
g€eophone and the reference thumper-shot, respectively.
Consequently, we have six amplitude measurements (two for
each thumper-shot) to Solve six unknowns 850 &1 g3. Sgo
Syp» and m. The matrix equation (Equation (8)) - in terms
of the weights, distances, and correlated and measured

amplitudes - becomes

Marnars




Table 17. Weights applied to the
measured amplitude data
of Apollo 16 ASE.

(From Gangi and Yen, 1979)

Weightst w, .

1]
Geophone No., i
Shot No., j

1 2 3

1 0 0 0

2 0 0 1

3 0 0 1

: L 0 0 1

| 5 0 0 1

6 0 3 %

- 7 0 1 1

' 8 0 1 0

5 9 0 1 0

B 10 0 1 0

, 11 0 0 0

1. 12 0 1 0

1Y 13 0 0 0

) 14 3 0 0

1 15 0 0 0

N 16 i 0 0

Iy 17 1 3 0

] 18 1 0 0
RE

ot 19 0 0 0
g
3
-
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[-3.73%]  [3.50 1.00 .75 1.00 1.25 10.357 [a,]
-0.211 - 1.00 o 0 1.00 2.62 &
1,164 | - - .75 .50 0 239] | &y
-1.592 - - - 1.00 0 3.13 S¢
-0.914 - - - - 1.25 3,48 840

-1t.710) | - - - - - 30.84) [m _

Solving this matrix equation, we find that the

relative geophone sensitivities and thumper-shot

strengths are

Gl/Cz = 724

GB/CZ = 1,40

86/57 = .803

317/37 = .848
m= -3,57

Unfortunately, those values seem to be unreliable. The
reason for the unreliability of the values is because of
the lack of redundancy and the quality of the data.

The 30 to 40% differences in the relative geophone
sensitivities are higher than that expected, but are not
too unreasonable. The 15 to 20% variations of the relative
thumper-shot strengths are possible but larger than
expected. The values of the exponent, m, is almost
doubled compared to that of the single geophone profiles
and stacked profiles (also see Table 16, page 71; from
Gangi and Yen, 1979).

A similar treatment can not be made on the

LYoy
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amplitude data of Apollo 14 ASE thumper shots because
there are no correlated amplitude data for Geophones 2
and 3 of Apollo 14 ASE due to the misfires and poor
S/N ratio. Neither can it be performed on the grenade
or grenade launching data of Apcllo 16 ASE due to

the difficulties in measuring their amplitudes.

orket s s e B




CHAPTER V. SUMMARY AND CONCLUSIONS

The seismic data used to determine the velocity
structure of the very shallow lunar crust are from
thirty-two thumper shots (thirteen from the Apollo 14
ASE and nineteen from Apollo 16's) and three grenade
launchings of Apollo 16 ASE. The data are used to
compare two velocity models; namely, the homogeneous
and layered model (Kovach et al, 1971, 1972, 1974) and
the self-compacting-powder layer model (Gangi, 1972).

To cover the maximum dynamic range, the seismic
data are log compressed into thirty-two binary levels
for the ASE's which gives a coarseness to the ampli tude
sampling. Furthermore, severe glitches are found in the
lunar seismograms (Figure 16, page 39). They are
recognized by the fact that they are of short duration
and have values which are inconsistent with the preceding
and/or following sampling values.

To improve the quality of the data, they are
"deglitched"” to remove the extraneous values and filtered
by four-pole, anti-aliased Butterworth bandpass filters
with -3 dB frequencies at 3 and 66 Hz,and 20 and 40 Hz
(Figure 21, page 47). In addition, the Apollo 14 and 16
stacked profile, the Apollo 14 stacked and Apollo 16
stacked profiles, and the single geophone profiles of
Apollo 14 and 16 ASE's are used to examine the velocity

variation on the lunar crust at these two landing sites.

98
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If there are any significant difference in the velocity
gtructures at these two sites, the results of these
profiles will show the differences. Little difference
is found.

For the traveltime variation, Gangi and Yen (1979)
indicate that the traveltime data plotted on the log/log
graph will give +the exponent of the velozity function.
That is, the traveltime/separation function, in general,
has the form

t(x) = cxm/Vo

where ¢ is a constant, V_ is the reference velocity at

o
1 km, and m=0.833 predicted by the self-compacting
powder layer or c/V°=V'. where V' is the constant velocity
on the surface layer, and m=1 predicted by the hcmogeneous
and layered medium.

The traveltimes of the first arrivals (Table 11,
page 54; modified from Gangi a2nd Yen, 1979) can be
determined accurately only up to separations of 32.0 m
for the stacked profiles. While the reference velocities
vary between 430 m/sec and 630 m/sec for.the stacked
profiles, the values of the exponent, m, vary between
0.74 and 0.80. The values of the exponent are all
consistently lower than that predicted by the
homogeneous and layered model and tend to that predicted
by the powder-layered model.

However, there are some good first arrivals

found in the single geophone profiles at larger separations.
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The traveltime data of the single geophone profiles of
Apollo 14 ASE (Figure 24, page 60) show a smooth curve
up to approximately 30 m; no straight line can be fitted
to these data points which will pass through the origin
at the same time. Furthermore, the value of the
exponent, m=0.82, for those data points is close to that
proposed by Gangi (1972). These strongly suggest that the
continuous velocity model might be a more proper
representative for the velocity variation on the lunar
surface. We find the reference velocity at a depth of
1 km for the sixth-root velocity variation to be 345 m/sec
with a thickness of 11 m. Beyond 32 m, a straight line
is observed and those data points are assumed to be
refracted waves from the (second) homogeneous layer with
a constant velocity of 254 m/sec (Figure 26, page 64).
Unfortunately, the first arrivals for the Apollo 16
single geophone profiles can not be determined with any
accuracy for separations greater than 30 m because of
the quality of the data. The values of the reference
velocities vary from 1059 m/sec to 773 m/sec for
separations less than 30 m, while the values of the
exponent, m, vary from 0.65 to 0.71 (Table 13, page 65).
The exponent, again, is closer to that predicted by the
self-compacting powder layer (Gangi, 1972) than that
predicted by the homogeneous and layered model (Kovach et al,

1971, 1972, 1974). If we assume that the velocity of the
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surface layer at the Apollo 16 landing site has a one-
sixth power variation and we correlate the grenade
launching data with the thumper-shot data of Apollo 16
ASE, we find a reference velocity of 357 m/sec at 1 km
with a thickness of 12 m for the (surface) powder layer
and a constant velocity of 302 m/sec for the (second)
homogeneous layer. It is of some interest to notice that
“he deviations of the velocity structures between the
Apollo 14 and 16 landing sites are within 16%; namely,
L% for the reference velocity, 8% for the thickness of
the (surface) powder layer, and 16% for the constant
velocity of the (second) homogeneous layer.

For the amplitude variation, Gangi and Yen (1979)
indicate that the theoretical amplitude/separation
function for the homogeneous and layered model is x 2
while the approximated amplitude/separation variation for
the self-compacting powder layer is x'(13's)/12. where
g>1, if we assume that: 1) there is no energy loss
either by conversion or by attenuation, 2) no scatterers
in the lunar regclith, 3) all the thumper shots are of
equal strengths, and 4) all ‘the geophones are equally
coupled and oriented. The amplitudes of the firs:
arrivals (Table 16, page ?1; from Gangi and Yen, 1979)
are measured up to separations of 32.0 m for all the
stacked and single geophone profiles. However, the
measurements of the first-arrival amplitudes are more

difficult than those of the traveltimes because of the
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coarseness of the amplitude sampling and the poor S/N

ratio at larger Separations. The values of the exponent

from the measured data (Table 16, page 71; from Gangi

and Yen, 1979) all lie between -1.5 and -2.5. They

tend to the value predicted by the homogeneous anc¢ layered
model, not that predicted by the powder layered model.
However,_the two predicted values of the exponent should
be treated as the upper limits for the measured data.

We—-also find the value of the coefficient of

attenuation,. 0.047 m'l. which dominates the amplitude

variation at larger separations. .The investigation of the

variabilities of the geophone sensitivities and thumper-

shot strengths (Gangi and Yen, 1979) indicates that there

are 30 to 40% differences in the relative geophone

sensitivities and 15 to 204 variations of the thumper-
shot strengths for the Apollo 16 ASE. These variabilities

seem high but are not too unreasonable. This analysis

requires accurate amplitude measurements and correlative

amplitude data at two or more geophones. The same

analysis can not be performed on the amplitude data of

Apollo 14 ASE thumper shots because of the misfires and
the poor S/N ratio.

The semblances are calculated by delaying and summing

the traces along a profile over a spectrum of the

The maximum

velocity, V, and the intercept time, t_.
=) value of the semblance will oceur at the values of t, and

V which are associated with the traveltime curve of the

ot
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event for the assumed velocity structure. The semblance
is also related to the S/N ratio in the data. The maximum
lﬁwi- semblance is 1 when there are only signals. The semblance
| is 0, if the S/N ratio is zero.

The semblances of the Apollo ASE data vary
between approximately 0.2 and 0.7 which suggests that
the—S/N ratio is between approximately 0.5 and 1.5.
However, spurious peaks are distributed over the velocity
spectra. Tests of the velocity spectra of-the synthetic

seismogram indicate that the narrower the duration of

the window, the higher the semblance value. Furthermore,

- o

. 11

the semblances of the velocity spectra are sensitive to
interference of the signals and to noise; also, the
semblance pedks shift to the right and left at the
neighborhoods of the velocities of the direct and multiply
direct waves, respectively. There are .offsets between

the locations of the expected and measured peaks of the
velocity spectra of the reflected and refracted waves.

The centers of the semblance contours for the reflected
and refracted waves are used to evaluate the parameters

of the assumed velocity model.

The assumed velocity model is that there is a powder

w
f layer whose velocity function is V(z)=Vo(z/z°)1/6, where
2 Vo is a reference velocity at a depth of 24 overlying
i a homogeneous layer with a constant velocity. The
{
i reference velocity at a depth of 1 km is approximately
l
)
), b
.&___
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320 m/sec which is verified by: 1) comparing the

velocity spectra of the direct waves with.that of the

synthetic velocity spectra, 2) the velocity, 282 m/sec,
of the first multiply direct waves which should be 2"1/6
times the reference velocity, and 3) the independent %
determin:s tion of the reference velocity, 318 m/sec,
from the velocity spectra of the reflected waves.
The thickness of the surface powder Layer evaluated from
the velocity spectra of the reflected and refracted waves
are 8.4 and 9.3 m, respectively. The constant velocity ]
of the lower layer is 230 m/sec. These barameters of the ?
velocity model are consistent with those found in the
pPrevious investigation. All of them are within 104.
An uneven powder-layer surface may explain some of the 1
unusual characteristics found on the Passive Seismic
Experiment seismograms (summarized by Gangi, 1972). i
The one-sixth power velocity variation of the powder ‘
layer predicts that the velocity at the near lunar surface 1
is zero and the seismic rays return back to the surface
at (or near to) 0° from the vertical. This will explain
the lack of correlation between the vertical and
horizontal components of the Passive Seismic Experiment ]
seismograms. The uneven lunar surface of the powder

layer will cause the "random walking" ol the seismic

rays which, in turn, has a long duration of the signal

(Gangi, 1972; Gold and Soter, 1970).
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