10. Lunar Seismic Profiling Experiment
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The successful installation of a geophysical station
at the Taurus-Littrow landing site of the Apollo 17
mission marked the culmination of an exciting period
of manned lunar exploration and vastly improved
current knowledge of the lunar interior. Before the
Apollo 17 mission, there was a gap in our knowledge
concerning the upper 10 km of the lunar crust
because of the large hiatus in pertinent traveltime
data between the coverage provided by the previous
active seismic experiments on Apollo 14 and 16 and
that of the earlier lunar module (LM) and SIVB
impacts. In particular, it was not possible to resolve
whether the seismic velocity increased smoothly or
stepwise in the upper 5 km of the Moon.

The purpose of the Apollo 17 lunar seismic
profiling experiment (LSPE) was to record the
vibrations of the lunar surface as induced by explo-
sive charges, by the thrust of the LM ascent engine,
and by the crash of the LM ascent stage. Analyses of
these seismic data were planned to determine the
internal characteristics of the lunar crust to a depth
of several kilometers. The traveltimes of seismic
waves are inverted to determine the seismic velocity
structure with depth and to provide the direct means
of probing the lunar interior. A secondary objective
of the LSPE was to monitor lunar seismic activity
during periodic listening intervals.

Strong seismic signals were recorded from the
detonation of eight explosive charges that were armed
and placed on the lunar surface by the crewmen at
various points along the traverses. Recording of these
seismic signals generated traveltime data to a distance
of 2.7 km.

One of the more significant events of the Apollo
17 mission was the recording of the seismic signals
from the LM ascent stage, which struck the lunar
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surface 8.7 km southwest of the landing site. The
characteristic reverberation from this impact spread
outward and was first detected at the Apollo 17
station approximately 6 sec after impact. The seismic
signals received from this impact provided a valuable
traveltime datum for determining the variation of
seismic velocity with depth in approximately the
upper 5 km of the Moon.

The most significant discovery resulting from the
analysis of the data recorded by the LSPE is that the
seismic velocity increases in a marked stepwise
manner beneath the Apollo 17 landing site (fig. 10-1).
A surface layer with a seismic velocity of 250 m/sec
and a thickness of 248 m overlies a layer with a
seismic velocity of 1200 m/sec and a thickness of 927
m, with a sharp increase to approximately 4000
m/sec at the base of the lower layer. The seismic
velocities for the upper layers are compatible with
those for basaltic lava flows, indicating a total
thickness of approximately 1200 m for the infilling
mare basalts at Taurus-Littrow. Major episodes of
deposition or evolution are implied by the observed
abrupt changes in seismic velocity.

INSTRUMENT DESCRIPTION AND
PERFORMANCE

The LSPE consists of a geophone array, eight
explosive packages, and electronics within the Apollo
lunar surface experiments package (ALSEP) central
station. Four identical geophones are used in a
triangular array; the geophones are miniature seismo-
meters of the moving coil-magnet type. The coil is the
inertial mass suspended by springs in the magnetic
field. Above the natural resonant frequency of the
geophones (7.5 Hz), the output is proportional to
ground velocity. The LSPE geophone array was
deployed without difficulty in the nominal configura-
tion at the Apollo 17 site approximately 148 m
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FIGURE 10-1.—Seismic cross section at the Taurus-Littrow landing site (no vertical exaggeration).

west-northwest of the LM (fig. 10-2). Figure 10-3is a
photographic panorama from geophone 2 to the LM
as viewed from geophone 3.

A four-channel amptlifier and a logarithmic com-
pressor condition the geophone signals before conver-
sion into a digital format for telemetering to Farth.
Because the LSPE signal levels are distributed
throughout the dynamic range of the system, loga-
rithmic compression is used. This compression gives
signal resolution as some constant fraction of signal
amplitude. The logarithmic compressor used in the
LSPE has the transfer function

v = M 1n ]Vin| + b’

out (10-1)

where V is voltage, the constant M determines the
slope of the transfer function, and 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-percent
accuracy of the data referenced to the level of the
input signal. The properties of the LSPE system are
listed in tables 10-1 and 10-1I, and the nominal fre-
quency rtesponse is shown in figure 10-4. The output
of the logarithmic compressor is referenced to 2.5
Vdec.

The analog output of the logarithmic compressor
is converted to a 7-bit binary element in the LSPE
contro! electronics by an analog-to-digital converter
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—The LSPE nominal deployment.
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FIGURE 10-3.—Panorama from geophone 2 to the LM as viewed from behind geophone 3
(AS17-147-22546, 22548, 22550, 22552, 22554).

TABLE 101.—Apollo 17 L.SPE Characteristics

Channel no.
Component characteristics
1 2 3 4
Amplifiers:
Noise level, mV rms atinput ........ 0.75 0.75 0.83 0.83
Dynamic range, rms signal to rms noise
indBatlOHz ................ 734 76.2 75.6 75.8
Geophones:
Resistance,ohm .., ............. 5970 5953 6080 6153
Generator constant, V/my/sec at 40 Hz . . 235.6 239.2 2371 2353
Natural frequency, Hz . ........... 7.38 7.31 7.40 7.35
System:
Signal-to-noise ratio (rms signal to rms
noise in dB for a 6-nm rms signal at
10Hz) ....... ... .. ... ... ... 24.4 26.9 26.8 26.8
Amplitude sensitivity (measured at input
to log compressor), V/um of peak-to-
peak ground displacement at 10 Hz . . 7.33 7.02 7.12 7.13
TABLE 10-11.—LSPE System Sensitivity and transmitted to Earth through the ALSEP com-

— munications network. The 7-bit binary encoding
Frequency, Sensitivity, V fum provides for an amplitude resolution of 1.277 dB
Hz Channel 1 | Channel 2 | Channel 3 | Channel 4 (=16 percent). Each geophone channel is sampled
118 times/sec to provide a minimum of 5 samples/sec
1 0.1 01 0.1 0.1 at a frequency of 20 Hz,
2 i .8 .8 .8
3 1.7 1.7 1.7 1.7
4 2.4 2.5 2.5 2.5 Digital Portions of the LSPE
6 4.3 4.2 4.3 4.3
8 6.0 5.8 5.5 5.8 The data format used is shown in figure 10-5. A
io 13'3 1(—;.(5) lg'é lg'é data frame consists of three subframes, each consist-
5 : . ’ ) ing of twenty 30-bit words. The first word of each
20 13.2 12.8 12.8 13.0 R .
subframe consists of one 10-bit synchronous word
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FIGURE 10-5.—The LSPE data format. Each data frame
consists of three subframes of twenty 30-bit words each.
Geophone data words are normally 7 bits long except for
those in word 1, which are 5-bit samples.

and one 5-bit seismic data sample from each of the
four seismic data channels. Words 2 to 20 of each
subframe are 7-bit samples from each of the four
seismic data channels. Engineering data are inter-
leaved and subcommutated, using the remaining 2
bits to form 30-bit words.

In words 2 to 19, geophone samples are sampled
on the bit preceding the word on which they are read
out; the most significant bit is read out first. In the
first word of each subframe, the timing of the data
sampling is the same as that in words 2 to 19 except
that the samples are stored and read out in the last 20
bits with one 5-bit word/channel.

The time of the RF fire pulses must be accurately

known. When the LSPE is commanded to the fire
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Pull ring 1
Pull ring 2

Receiving antenna
extends to 165 cm

=

Notes: (1) Pull ring 1 - pulls one pin to start SAFE/ARM slide timer

{2) Pull ring 2 - swing up ring; rotate 90° counterclockwise;
pult pin to release SAFE/ARM plate

3) Pull ring 3 - pulls two pins to free firing pin and start
thermal battery timer

FIGURE 10-6.—Arming sequence for an LSPE éxplosive
package.

puises “on” mode, a fire pulse set is transmitted once
every 29.55 sec and is flagged in word 3 of subframe
1. This occurs once every 58 frames.

A command system provides for 11 commands
associated with the LSPE. Two commands turn the
LSPE on and off; two commands control the bit rate;
and two commands control down-link formatting. In
addition, commands are used to control amplifier
gain status, transmission of fire pulses, and calibration
of the geophones.

Explosive Package Description
and Performance

An LSPE explosive package is shown in figure
10-6. The ecight explosive packages are identical
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except for the amount of high explosive and the
preset runout time of the mechanical timers. An
explosive package is activated by removing three pull
pins (fig. 10-6). Removal of the first pull pin activates
the SAFE/ARM slide timer, which is preset at 89.75,
90.75, 91.75, or 92.75 hr. Removal of the second
pull pin releases the SAFE/ARM slide from its
constrained SAFE position. Removal of the third pull
pin removes a constraint on the firing pin and
activates the thermal battery timer.

The LSPE transmitter, which is located within the
ALSEP central station, transmits a repetitive pulsed
carrier signal. A series of three pulses properly spaced
in time is required to elicit a FIRE signal from the
signal processor within the explosive package and to
detonate the explosives train. The thermal battery,
activated by the timer, has a minimum life of 2 min,
This 2 min provides a time window long enough to
ensure that at least one fire pulse set is received while
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the explosive package is energized electrically. Be-
cause the seismic data subsequently collected must be
accurately referenced to the instant of detonation, it
is necessary to establish which specific set of pulses is
effective. This is done by comparing known times of
pulse-set transmission with the time of arrival at the
geophones of the initial seismic data. Pulse sets are
spaced at 29.55-sec intervals to make such identifi-
cation possible without ambiguity .

No difficulty was experienced in the deployment
of the explosive packages during the periods of
extravehicular activity (EVA) (fig. 10-7). The 454-g
explosive package (EP-6) was deployed at station 1,
and the 227-g explosive package (EP-7) was posi-
tioned on the return to the LM from station 1.
Explosive packages 4, 1, and 8 were armed and placed
on the lunar surface during the second EVA. During
the third EVA, explosive packages 3, 5, and 2 were
deployed. It was necessary to place the 1361-g
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FIGURE 10-7.—Extravehicular activity traverses showing positions of deployed explosive packages at

the Apollo 17 landing site.
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explosive package (EP-5) at station 9 when it became
apparent that insufficient time remained for a visit to
the crater Sherlock. All the explosive packages were
successfully detonated (table 10-II), and the detona-
tion of EP-7 was visible from the television camera on
the lunar roving vehicle (LRV). Figure 108 is a
photograph showing FP-8 on the lunar surface
approximately 296 m west of the LM.

DESCRIPTION OF RECORDED
SEISMIC SIGNALS

The Apollo 17 LSPE was planned to contribute to
the understanding of the shallow lunar structure in
two major ways: (1) by providing traveltimes of the
seismic signals from explosive packages, which were
to be detonated on the lunar surface at distances
ranging from 100 to 2700 m, to the LSPE geophone
array and (2) by impacting the Apollo 17 LM at a
nominal distance of 10 km to provide traveltime data
for deciphering the variation of seismic velocity with
depth in the upper 5 km of the Moon. In addition,
monitoring of the seismic signals generated by the LM
ascent engine at lunar lift-off provided useful data.

Lunar Module Ascent

The LSPE was commanded on at 22:24:00 G.m.t.
on December 14, 1972, to record the impulse
produced by the thrust of the LM ascent engine. The
effective zero time for the seismic impulse from the
IM ascentengine ignition was determined from
NASA postflight analyses, which gave engine buildup
pressure data at 5-msec intervals for the LM lift-off.
The assigned ignition time of 22:54:38.424 G.m.t.

TABLE 10-[I1.—Detonation Times of Explosive

Packages
Charge no. Explag.m?leb;vezght, Date, 1972 | Time, G.m.t.
EP-6 454 (1) Dec. 15 23:48:14.56
EP-7 227 (1/2) Dec. 16 02:17:57.11
EP-4 571/8) Dec. 16 19:08:34.67
EP-1 2722 (6) Dec. 17 00:42:36.79
EP-8 113 (/4 Dec. 17 03:45:46.08
EP-5 1361 (3) Dec. 17 23:16:41.06
EP-2 113 (1/4) Dec. 18 00:44:56.82
EP-3 57(1/8) Dec. 18 03:07:22.28
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FIGURE 10-8.—Photograph of EP-§ on the lunar surface 296
m west of the LM (AS17-145-22184).

corresponds to the time when the LM ascent engine
achieved 20 percent of its maximum propulsion
pressure. Clear seismic signals were recorded by the
LSPE geophone array at distances of 148, 244, 190,
and 187 m (fig. 10-9). Interpretation of the travel-
time data is presented in the subsection entitled
“Shaliow Lunar Structure.”

Lunar Module Impact

The LSPE was commanded on at 06:36:00 G.m.t.
on December 15 to record the LM ascent-stage
impact. The impact occurred at latitude 19.91° N,
longitude 30.51° E, 8.7 km southwest of the Apollo
17 landing site. Other pertinent parameters for the
LM impact are given in table 10-IV.

A portion of the seismic signal from the Apollo 17
LM impact is shown in figure 10-10 in a compressed
time scale. The impact signal is similar in character to
previous impact signals; that is, these signals have an
emergent beginning and a long duration. The initial
portion of the impact signal on an expanded time
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FIGURE 10-9.—Seismic signals recorded by the LSPE geophones from the lift-off of the Apollo 17
LM ascent stage (Dec. 14). Arrows point to onset of the first seismic arrival,

TABLE 10-1V.—Parameters of Apollo 17 LM Impact

Parameter Value
Day, Gmit. ................... Dec. 15,1972
Range time,? G.m.t., hr:min:sec . . ... 06:50:20.84
Real time, G.m.t,, hr:min:sec ... .... 06:50:19.60
Velocity, km/sec ............... 1.67
Mass, kg .........c.c. ..., 2260
Kineticenergy,J ............... 3.15x 10°
Heading, deg . ................. 283

aRange time is the time the signal of the event was ob-
served on Earth.

scale is shown in figure 10-11. The arrival time of the
first compressional wave (P-wave) is marked at
06:50:25.35 G.m.t., giving a traveltime of 5.75 sec.

The amplitude of the impact signal is of interest
when compared with the P-wave amplitudes for
previous LM and SIVB impact signals. Comparison of
previous LM impact and SIVB impact signal ampli-
tudes demonstrated that the LM impact data had to
be adjusted upward by a factor of 17.4 to allow for
the lower kinetic energy and a shallower angle of
impact. Extrapolating the earlier LM impact data to a
distance of 8.7 km leads to a predicted peak-to-peak
amplitude of 26 nm. The Apollo 17 LM impact signal
is centered at 4 Hz and has a measured peak-to-peak
amplitude of 400 nm. This amplitude was caused by

P-wave }
LE:zophone 14

Ge

Geophone 3

Geophone 4 |
Iy

Begins at 06:50:14.027 G.m.t.

FLGURE 10-10.—Compressed time-scale record of the seismic
signal received from the Apollo 17 LM impact (Dec. 15).
Arrows point to measured first and second seismic
arrivals.

the Apollo 17 LM ascent stage striking the side of the
mountainous South Massif rather than grazing the
lunar surface. In other words, if the predicted
amplitude of 26 nm is multiplied by the factor 17.4,
the resulting figure is 452 nm, which agrees well with
the observed amplitude of 400 nm. The LM impact
traveltime data are discussed in the subsection entit-
led “Shallow Lunar Structure.”
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FIGURE 10-11.—-Expanded time-scale record of the seismic
signal from the Apollo 17 LM impact.

Analyses of previous lunar seismic impact signais
(ref. 10-1) have demonstrated that many of their
characteristics (signal rise time, duration of signal,
and lack of coherence between horizontal and vertical
components of motion) can be explained by wave
scattering. Seismic energy is considered to spread
with a diffusivity £ proportional to the product of the
average seismic velocity and the mean distance
between scattering centers; that is, the larger the
value of diffusivity, the smaller the amount of
scattering. For a surface impact, the theory predicts
(ref. 10-1) that the signal rise time (the time from
signal onset to its maximum value) is given by R%J%
where R is the range.

The Apollo 17 LM impact seismic signal rise time
of 56 sec leads to a diffusivity of 1.35 km?/sec,
which is significantly larger than the value of 0.033
km? /sec inferred at the Apoflo 16 site (ref. 10-2)
from analysis of the seismic signals generated by the
LRV at distances of approximately 4 km. The
implication is that the Apollo 17 landing area is more
homogeneous, for the dimensions of the seismic
waves considered (approximately 25 m), than either
the Apollo 15 or 16 landing areas. Such a difference
in near-surface properties of these landing sites may
be atiributable to differing ages of the different areas
and to the effects of differing amounts of comminu-
tion and gardening by meteoroid impacts.

Explosive Packages

All eight of the explosive packages placed on the
lunar surface were successfully detonated. The seis-
mic data recorded for EP-5, which was detonated at
station 9, are shown in figure 10-12. The arrows point
to the measured onset of the first seismic arrival.
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FIGURE 10-12.—Seismic signals produced by detonation of
EP-5 on the lunar surface (Dec. 17). Arrows point to
onset of seismic arrival.

Transmissions of the fire pulses at 29.55-sec intervals
from the LSPE antenna (fig. 10-2) were observable as
crosstalk on the individual geophone data channels
and produced convenient, accurate references for
selecting the detonation time of the individual ex-
plosive packages.

The locations of the explosive packages with
respect to the LSPE geophone array were taken from
preliminary postmission analyses (refs. 10-3 and
104). Adjustments in the absolute distances of the
explosive packages will undoubtedly be necessary
when subsequent analyses of the appropriate Apollo
17 lunar surface photographs are completed. How-
ever, it is not anticipated that any revisions in the
distances will have a major effect on the traveltime
data discussed in the following subsection.

SHALLOW LUNAR STRUCTURE

The traveltime/distance data obtained from the
detonation of the eight explosive packages are shown
in figure 10-13. Two sets of seismic wave first arrivals
were observed traveling at velocities of 250 and 1200
m/sec. The shortest explosive-charge-to-geophone dis-
tance was approximately 100 m. If a seismic velocity
of 100 m/sec is assumed for the regolith at the Apollo
17 site, a regolith as thick as 25 m would not have
been detected. The depth of penetration of seismic
waves is nominally one-fourth the explosive-charge-
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FIGURE 10-13.-Seismic arrivals from the detonation of the explosive charges plotied on a

traveltime/distance graph.

to-receiver distance. However, it is probable that the
regolith is significantly thinner than 25 m, inasmuch
as the 250-m/sec velocity curve extrapolates to a zero
intercept time.

The faster seismic arrival with a velocity of 1200
m/sec was observed beginning at a distance of 612 m,
indicating that the thickness of the 250-m/sec mater-
ial was 248 m. Considering uncertainties in the charge
distances and in the inferred seismic velocities, the
depth estimates are considered accurate to 10 per-
cent. The 1200-m/sec velocity was observed to a
distance of approximately 2.5 km. At this distance,
the observed traveltimes for EP-1 were offset by
approximately 0.5 sec with respect to the 1200-m/sec
line.

Examination of the path between EP-1 and the
LSPE geophone array revealed that the seismic path
was affected by the presence of the 600-m-diameter
crater Camelot. The observed time delay on the
seismic path can be explained by postulating that
low-velocity material extends to a greater depth
beneath the crater Camelot than along the remainder
of the traveltime path. A simple model approxima-
tion for Camelot Crater that explains the observed
traveltime delay is shown in figure 10-14.

The traveltime data from the LSPE explosive
charges can be combined with the observed traveltime
for the LM impact to provide information about the
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FIGURE 10-14.—Model approximation for seismic ray path
from EP-1 to LSPE array that crosses Camelot Crater.
Observed time delay is produced by presence of low-
velocity material (of thickness Z) beneath crater.

seismic velocity to a depth of several kilometers.
Traveltime data from the seismic signals produced by
the LM impact and the explosive charges are shown in
figure 10-15. A line with an apparent velocity of 4
krn/sec can be fitted through the LM impact data
peint to intersect close to the corrected traveltime
data point for EP-1. Because of obvious uncertainties
in allowing for the time delay through the crater
Camelot, there is no a priori reason to force a specific
apparent-velocity line through the EP-1 data point.
The first-order conclusion is that high-velocity mater-
ial (=4 kmfsec) must lic beneath the 1200-m/sec
material,
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corrected for Camelot Crater delay, and LM impact
traveltime has been corrected for 1.2-km elevation dif-
ference between the impact point and the LSPE array.
These corrections shift the position of the 4-km/sec
apparent velocity slightly downward as shown.

Inasmuch as the LM impacted at an elevation of
1.2 km (fig. 10-1) above the valley floor at the Apollo
17 landing site, the LM impact traveltime can be
adjusted to the same reference elevation as the LSPE
geophone array. The 1.2-km difference in elevation
contributes an additional delay time equal to the
ratio of the elevation difference to the seismic
velocity of the material traversed multiplied by the
cosine of the angle of incidence at which the
particular seismic arrival under consideration de-
parted the source (impact point). Inserting the
appropriate values in this case leads to a time
correction of 0.18 sec. This correction will shift the
position of the 4-km/sec apparent-velocity line down-
ward as shown in figure 10-15 such that its zero
distance time intercept is decreased. The end result is
a decrease in the derived thickness of the 1200-m/sec
material from 1020 to 927 m.

It is possible that a dipping interface exists
beneath the 1200-m/sec material that might result in
a high apparent velocity, or that the particular seismic
ray passed through a high-velocity heterogeneity
somewhere along its path. Some of the uncertainty
may be resolved by subsequent digital velocity
filtering (beam steering) of the LM impact signal on
the LSPE array.
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FIGURE 10-16.—Inferred compressional-wave velocity pro-
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rocks measured in the laboratory as a function of
pressure. Lunar rocks are identified by sample number.
Lunar models 1 and 2 are based on results available
through Apollo 16. Apollo 17 results reveal a marked
stepwise increase in seismic velocity in the upper 2 km of
the Moon.

Before the Apollo 17 mission, the best estimates
of the seismic velocity variation in the upper 20 km
of the Moon were as depicted by lunar model 1 or 2
in figure 10-16. The seismic velocity was known to
increase very rapidly from values of 100 to 300 m/sec
in approximately the upper 100 m to a value of ~4
km/sec at a depth of 5 km. Even though the seismic
velocity variation was depicted as a smooth increase
with depth, it was surmised (ref. 10-5) that such a
rapid increase of velocity (=2 km/sec/km) could not
be explained solely by the pressure effect on dry
rocks with macrocracks and microcracks nor by the
self-compression of any rock powder.

Laboratory velocity measurements on returned
lunar soils (refs. 10-6 to 10-10) and recent measure-
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ments under hydrostatic pressure conditions on ter-
restrial sands and basaltic ash have indicated velocity-
depth gradients of 0.4 to 0.8 km/sec/km, but such
gradients occur only to pressures of ~50 X 10° N/m?
(a lunar depth of =1 km). The measurements on
unconsolidated sands and rock powders also have
demonstrated that no unique relation exists between
seismic velocity and porosity in granular material. An
examination of these experimental data led to the
inference that compositional or textural changes must
be important in the upper 5 km of the Moon (ref.
10-5).

The LSPE results have shown that, at least beneath
the Taurus-Littrow site, the seismic velocity increases
in a stepwise manner in the upper several kilometers.
It is of interest to examine the in situ velocity
information with reference to the surface geological
investigations at the Apollo 17 site, the laboratory
velocity measurements from retumed lunar samples,
and the seismic velocity measurements on terrestrial
lunar analogs.

Premission analyses indicated that much of the
Apoilo 17 landing site area is covered by a dark
mantling material, possibly volcanic ash (ref. 10-11).
Crew observations of the lunar surface revealed that
there was no readily discernible boundary between
the overlying thin regolith and the dark mantling
material, The thickness of the dark mantling material
was estimated to be between 5 and 10 m (ref. 10-3).
As pointed out earlier, whether the dark mantling
material/subfloor interface represents a sharp seismic
discontinuity or is gradational cannot be determined
because the shortesi explosive-charge-to-receiver dis-
tance was approximately 100 m.

The dominant rock type observed underlying the
dark mantling material is a medium-grained vesicular
basalt believed to be primarily mare-type basalt. Crew
observations of the crater walls revealed textural
variations that suggest the involvement of individual
flow units. Seismic observations have indicated 248 m
of 250-m/sec material overlying 927 m of 1200-m/sec
material.

The abrupt change in seismic velocity from 250 to
1200 mfsec and, by inference, in other physical
properties suggests a major change in the nature of
the evolution or deposition of the Apollo 17 subfloor
basalts. However, a similar range of seismic velocities
has been observed with refraction surveys on terres-
trdal lava flows. Some insight can be gained by
considering specific lava flows that have been exam-
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ined in some detail as possible lunar analogs: the
Southern Coulee, the SP flow, and the Kana-a flow
(refs. 10-12 and 10-13).

The Southern Coulee is a recent lava flow near the
Mono Craters in eastern California. Seismic velocities
range from 160 mfsec at the surface to 2000 m/sec at
depth. The higher velocities are found in more
competent, denser lava that underlies higher porosity,
lcwer density surface material. The SP flow is a
blocky basalt flow located in the northern part of the
San Francisco volcanic field near Flagstaff, Arizona.
Vesicularity ranges from 5 to 50 percent, and in situ
seismic velocities range from 700 to 1100 m/sec. The
Kana-a flow, also located near Flagstaff, is an olivine
basalt flow intermingled with ash; seismic velocities
range from 700 to 1200 m/sec.

QObserved velocities on terrestrial lava flows
bracket the velocities measured at the Apollo 17 site
and therefore support the presence of lava flows in
the Taurus-Littrow valley. Whether the 250-mfsec
velocity is representative of a separate flow or is
merely the manifestation of shatiered near-surface
basalts mixed with pyroclastic materials cannot be
resolved from the seismic data. Nevertheless, a surface
layer of fractured, loose, blocky material merging
into more welded flows is a common occurrence on
Earth. Photographs of the walls of Hadley Rille (ref.
10-14) also attest to the blocky nature of the
near-surface mare basalts. Because of the similarity in
structure and the analogous seismic velocities on the
Earth and the Moon, the sum of the 248 m of
250-m/sec material and 927 m of 1200-m/sec mater-
ial, 1175 m, is designated as representing the full
thickness of the subfloor basalts at the Apollo 17 site.

The material underlying the basalts with a seismic
velocity of ~4 km/sec is difficult to classify by rock
type. Based on the geological evidence, it seems likely
that the hightand massif material that rings the
narrow, grabenlike valley at the Apollo 17 site
underlies the basalt flow or flows. Several rock types
were recognized in the North and South Massifs, but

" the dominant rock type is apparently a coherent

breccia believed to be similar to the breccias sampled
at the Apennine Front (Apollo 15) and at Descartes
(Apollo 16).

Laboratory velocity measurements have been re-
ported for iwo Apollo 15 breccias, 15418 and 15015
(ref. 10-15). Sample 15418 is described as a dark-gray
treccia of chemical composition similar to that of
anorthite-rich gabbro. Sample 15015 is a more friable
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breccia of unknown composition. The in situ value of
~4 km/sec is close to the seismic velocities measured
in the laboratory for sample 15015 and shown in
figure 10-16.

CONCLUSIONS

Before the Apollo 17 mission, the question of how
the P-wave velocity increased from 100 to 300 m/sec
near the surface (refs. 10-16 to 10-19) to ~6 km/sec
at a depth of 15 to 20 km (ref, 10-2) was unex-
plained. The main reason for the uncertainty was the
gap in traveltime data between the range of a few
hundred meters (previous active seismic experiments)
and 67 km (Apollo 14 LM impact as recorded by the
Apollo 14 passive seismic experiment). The Apollo 17
lunar seismic profiling results have demonstrated that
the seismic velocity increases in a sharp stepwise
manner in the upper 2.5 km. A surface layer with a
seismic velocity of 250 m/sec overlies a layer with a
velocity of 1200 m/sec. Beneath the 1200-m/sec
layer, the seismic velocity increases sharply to 4000
m/sec. The velocities of 250 and 1200 m/fsec agree
with those observed for basaltic lava flows, indicating
a total thickness of approximately 1200 m for the
infilling mare basalts at Taurus-Litirow. When the
Apollo 17 results are combined with earlier traveltime
data for direct and surface-reflected seismic arrivals
from LM and SIVB impacts (ref. 10-2), it will be
possible to construct a velocity model for the upper
lunar crust betieved to be representative for a mare
basin. Such work is now underway.
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