
3. Passive Seismic Experiment

Gary V. Latham, at Maurice Ewing, a Frank Press, b George Sutton, c lames Dorman, _

Yosio Nakamura, d Nafi Toksoz, b Ralph Wiggins, b and Robert Kovach e

The purpose of the passive seismic experiment

(PSE) is to detect vibrations of the lunar surface
and to use these data to determine the internal

structure, physical state, and tectonic activity of

the Moon. Sources of seismic energy may be

internal (moonquakes) or external (meteoroid

impacts and manmade impacts). A secondary

objective of the experiment is the determination
of the number and the mass of meteoroids that

strike the lunar surface. The instrument is also

capable of measuring tilts of the lunar surface

and changes in gravity that occur at the instru-

ment location. Detailed investigation of lunar
structure must await the establishment of a net-

work of seismic stations; however, a single, large,

well-recorded seismic event can provide informa-

tion of fundamental importance that could not

be gained by any other method.

Since deployment and activation of the PSE

on November 19, 1969, the instrument has oper-

ated as planned, except as noted in the para-

graphs entitled "Instrument Description and Per-
formance." The sensor was installed west-north-

west from the lunar module (LM) at a distance

of 130 m from the nearest LM footpad. With

the successful installation and operation of the

first Apollo lunar surface experiments package

(ALSEP), the feasibility of using long-lived geo-

physical stations to study the Moon has been
demonstrated.

Signals of 40 seismic events have been identi-

fied on the records for the 42-day period follow-
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ing LM ascent. Of these signals, 10 are thought

to be produced by noise sources within the LM

descent stage. The remaining 30 signals, classi-

fied as type L, are prolonged, with gradual

buildup and decrease in signal amplitude. This

signal character may imply transmission with

very low attenuation and intense wave scatter-

ing- conditions that are mutually exclusive on

Earth. Because of the similarity with the signal

from the impact of the LM ascent stage, L-sig-

nals are thought to be produced by meteoroid

impacts or shallow moonquakes. Most of the

L-events appear to have originated within 100
km of the ALSEP. The occurrence of similar

L-events during both the Apollo 11 and Apollo

12 missions greatly strengthens the present belief

that, of the various types of signals observed,

L-events are the most likely to be of natural

origin.

The fact that no natural seismic signals with

characteristics similar to those typically recorded

on the Earth were observed during the combined

recording period for Apollo 11 and 12 (63 days

at this writing) is a major scientific result. The

high sensitivity at which the lunar instruments

were operated would have resulted in the detec-

tion of many such signals if the Moon were as

seismically active as the Earth and had the same

transmission characteristics as the Earth. Thus,

the data obtained indicate that seismic energy

release is either far less for the Moon than for

the Earth or that the interior of the Moon is

highly attenuating for seismic waves. Although

the material of the outer region of the Moon (to

depths of at least 20 km) appears to exhibit very

low attenuation in the regions studied, the pos-

sibility of the existence of high attenuation at

greater depths cannot presently be excluded. The
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absence of significant seismic activity within the

Moon, if verified by future data, would imply

the absence of tectonic processes similar to those

associated with major crustal movements on the

Earth and would imply lower specific thermal

energy in the lunar interior than is present in
the interior of the Earth.

However, it is important to remember that

all results obtained thus far pertain to mare

regions. Quite different results may be obtained

for nonmare regions in which the lunar structure

may differ radically from that in the mare.

Instrument Description and Performance

A seismometer consists simply of a mass, free

to move in one direction, that is suspended by

means of a spring (or a combination of springs

and hinges) from a framework. The suspended

mass is provided with damping to suppress vibra-

tions at the natural frequency of the system. The
framework rests on the surface whose motions

are to be studied and moves with the surface.

The suspended mass tends to remain fixed in

space because of its own inertia while the frame

moves around the mass. The resulting relative
motion between the mass and the frame can be

recorded and used to calculate original ground
motion if the instrumental constants are known.

Conventional seismic instruments are prohibi-

tively large and delicate for use on lunar mis-

sions. For example, a typical single-axis low-

frequency seismometer designed for use on Earth

weighs approximately 30 kg and occupies 1 X 105
cm 3 .

The Apollo 12 PSE (ref. 3-1) consists of two

main subsystems: the sensor unit and the elec-
tronics module. The sensor, shown schematically

in figure 3-1, contains three matched long-period

(LP) seismometers (with resonant periods of 15

sec) alined orthogonally to measure one vertical

and two horizontal components of surface mo-

tion. The sensor also includes a single-axis short-

period (SP) seismometer (with a resonant period

of 1 sec) sensitive to vertical motion at higher

frequencies.
The instrument is constructed principally of

beryllium and weighs 11.5 kg, including the elec-

tronics module and thermal insulation. Without

insulation, the sensor is 23 cm in diameter and

29 cm high. Total power drain varies between
4.3 and 7.4 W.

Instrument temperature control is provided by

a 2.5-W heater, a proportional controller, and an

insulating wrapping of aluminized Mylar. The

insulating shroud is spread over the local surface

to reduce temperature variations of tile surface

material. In this way, it is expected that ther-

mally induced tilts of thc local surface will be

reduced to acceptable levels.
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FxcunE 3-1. -- Schematic diagram of the PSE sensor unit.
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The LP seismometers will detect vibrations of 
the lunar surface in the frequency range from 
0.004 to 2 Hz. The SP seismometer covers the 
band from 0.05 to 20 Hz. The LP seismometers 
can detect ground motions as small as 0.3 nm at 
maximum sensitivity; the SP seismometer can 
detect ground motions of 0.3 nm at 1 Hz. 

The LP horizontal-component ( LPX and LPY) 
seismometers are very sensitive to tilt and must 
be leveled to high accuracy. In the Apollo sys- 
tem, the seismometers are leveled by means of a 
two-axis motor-driven gimbal. A third motor 
adjusts the LP vertical-component (LPZ) seis- 
mometer in the vertical direction. Motor opera- 
tion is controlled by command. These elements 
are shown schematically in figure 3-2. As shown 
in figure 3-2, the LP seismometers are mounted 
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FIGURE 3-2. - Schematic diagram of the elements of L 
seismometers. 

in crisscross fashion to reduce the required 
volume. 

Calibration of the complete system is accom- 
plished by applying an accurate increment or 
step of current to the coil of each of the four 
seismometers by transmission of a command from 
Earth. The current step is equivalent to a known 
step of ground acceleration. 

A caging system is provided to secure all crit- 
ical elements of the instrument against damage 
during the transport and deployment phases of 
the Apollo mission. In the present design, a 
pneumatic system is used in which pressurized 
bellows expand to clamp fragile parts in place. 
Uncaging is performed on command by piercing 
the connecting line by means of a small explo- 
sive device. 

The seismometer system is controlled from 
Earth by a set of 15 commands that govern func- 
tions such as speed and direction of leveling 
motors, instrument gain, and calibration. The 
seismometer is shown fully deployed on the 
lunar surface in figure 3-3. 

The PSE instrumentation has operated suc- 
cessfully throughout the first 42 days of the 
experiment, the time period discussed in this 
report. The instrument difficulties that have been 
observed are described in the following para- 
graphs. 

FIGURE 3-3. - Photograph of the seismometer after de- 
ployment on the lunar surface. 
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Short-Period Seismometer

The SPZ seismometer appears to be operating

at reduced gain. The first evidence of this prob-

lem appeared when the instrument failed to re-

spond to calibration pulses. (No calibration

pulses have been detected to date on the SPZ

component•) Detailed comparison between sig-
nals observed on both LPZ and SPZ seismometers

has led to the tentative conclusion that the iner-

tial mass of the SP seismometer is rubbing slightly

on the frame. Response, which is apparently nor-

mal, is observed for large signals, presumably

because such signals produce forces large enough

to exceed the static frictional restraining forces.

Restraining forces introduced by sliding friction

are apparently less important. The threshold

ground-motion acceleration required to produce

an observable signal cannot be determined accu-

rately; however, the smallest signals observed

correspond to a surface acceleration of 8X10 -4

cm/sec 2 (peak-to-peak surface motion amplitude

of 2 nm at a frequency of 10 Hz). Lunar surface

accelerations less than this approximate thresh-

old are apparently not detected by the SPZ seis-
mometer.

A series of square-wave pulses observed on

the SPZ seismometer trace began at 11:00

G.m.t. on December 2, 1969, and lasted approxi-

mately 13 hr. A similar "storm" commenced at

approximately 08:00 G.m.t. on December 28,

1969, and ended some time between 01:00 and

23:00 G.m.t. on January 1, 1970. The pulse

amplitude was constant and was approximately

equal to a shift in the third least-significant bit

of the 10-bit binary ALSEP data word. These

pulses are also observable on the records from

the LP seismometers, but the pulses have reduced

amplitude. The source of these pulses has not
yet been identified, but malfunction of the PSE

analog-to-digital (A/D) converter or of the con-

verter reference voltage is suspected. The fact

that each of these "storms" occurred just subse-

quent to lunar noon, that the second storm was

the stronger of the two, and that the seismometer

temperature rose to 142 ° F at the second lunar

noon as compared to 134 ° F at the first lunar

noon suggests that the high temperatures in the

seismometer may have caused the trouble.

Long-Period Seismometers

The response of the LPZ seismometer to a

calibration pulse was observed to be oscillatory

soon after activation. This effect gradually in-

creased to the point of instability. In the presence

of feedback, this tendency toward instability can

be produced if the natural period of the seis-

mometer is lengthened (or if the feedback-filter

corner period is shortened) beyond the design

value. It is considered most likely, at this point

in the analysis, that vibration effects lengthened

the natural period of the seismometer from 15

sec to approximately 60 sec. Acceptable seis-

mometer operation has been achieved by remov-

ing the feedback filters from all three seismom-

eters by command. In this configuration, the seis-

mometers have responses equal to underdamped

pendulums with natural periods of 2.2 sec. The

instrument response curve corresponding to this

mode of operation is shown in figure 3-4.
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FZCURE 3-4.--Response of LP seismometers with feed-

back filters removed. Seismometer sensitivity for unity

ordinate value is 5-mV output for 0.3-nm ground

motion.
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Thermal Control

The PSE active thermal control system was

designed to maintain constant temperature to
-+-18 ° F about a set point of 125 ° F. The ob-

served range is from + 85 ° F (predicted by ex-

trapolation) during the lunar night to + 142 ° F

during the lunar day. This temperature variation

will not degrade the quality of seismic data but

will greatly reduce the probability of obtaining

useful tidal data. It appears that higher-than-

anticipated heater output is required to maintain

the temperature of the sensor unit within the
-+-18 ° F tolerance.

Deployment

Several points raised by the astronauts relative

to the sensor emplacement are worthy of note.

It appears that tamping the lunar surface mate-
rial with the ribbed soles of the astronauts' boots

is not an effective means of preparing the surface

for experiment emplacement. The total compac-

tion achieved by such tamping is reported to be

small. Secondly, spreading the thermal shroud

smoothly over the surface was difficult. The light-

weight Mylar sheets of which the shroud is con-

structed appeared to resist a fiat-lying configura-
tion. It is not known whether this resistance is

caused by electrical effects or by elastic memory

within the Mylar.

Description of Recorded Seismic Signals

This experiment is a continuation of observa-

tions made during the Apollo 11 mission (refs.

3-2 and 3--3).
Preascent Period

Prior to LM ascent, many signals correspond-

ing to various astronaut activities on the surface

and within the LM were recorded, primarily on

the LPZ component. The astronauts' footfalls

were detectable at all points along their traverse

(maximum range, approximately 360 m). Signals

of particular interest were generated by test fir-

ings of the reaction control system (RCS) thrus-
tors while the LM was on the lunar surface and

by the LM ascent. Signals received from these

sources are shown in figure 3--5. By measuring

the elapsed time between engine ignition and

signal arrival at the PSE for the RCS test firings

and for the LM ascent, the compressional veloc-

ity of the lunar surface material has been deter-

mined to be approximately 108 m/sec. This value
is consistent with estimates derived on the basis

of mechanical properties measured by Surveyor,

as presented in references 3-4 and 3-5 and by
Sutton and Duennebier in "Seismic Characteris-

tics for the Lunar Surface From Surveyor Space-

craft Data" (to be published).

Signals were also recorded from the impacts

of the two portable life-support systems as they

struck the lunar surface after ejection from the

LM. Observed signal amplitudes from these

sources are smaller by a factor of 80 than the

signals observed from tl_e same sources during
Apollo 11. This reduced amplitude of the ob-

served signals is due to the increased separation
of the PSE and the LM during the Apollo 12

mission.
Postascent Period

Forty seismic signals of possible natural origin
have been identified on the records for the 38-

day period following LM ascent (the period for

which data are available): 10 on the SPZ com-

ponent and 30 on the LP components. All but

one of the 10 high-frequency events detected by

the SPZ component were recorded within 8 hr

after LM ascent and may correspond to LM

venting processes. This observation is in contrast
to the thousands of signals assumed to be of LM

origin that were recorded during the first 8 days

of the Apollo 11 seismometer operation. This

drastic reduction in the number of interfering

noises from the LM is due, primarily, to the

nearly eightfold increase in distance from the

LM (130 m for Apollo 12 as compared to 16.8 m

for Apollo 11). Part of the reduction may be

attributed to the reduced sensitivity of the SPZ

component to small signals.

Direct correlation has been made between sig-

nals recorded by the magnetometer (also on the

lunar surface) and those recorded by the SPZ

component. This correlation was particularly

noticeable during passage of the ALSEP through

the transition zone between the tail of the mag-

netic field of the Earth and interplanetary space,

where rapid variations in the magnetic field were

observed on the magnetometer record. It is
assumed that detectable currents are induced in
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Flcvm_ 3-5.- Signals recorded during test fire of the RCS thrustors on the lunar surface and
during LM ascension.
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the main coil of the SPZ component by varia-

tions in magnetic flux. These signals will be

studied with a view toward the possibility of

extending the measurement of magnetic-field

variations to higher frequencies than can be

recorded with the magnetometer because of its
lower data rate.

The two largest events recorded to date are

shown on a compressed time scale in figure 3-6

along with the signal from the LM impact, which
is to be discussed subsequently. The signals are

prolonged (total durations are between 30 min

and I hr), with the gradual increase and de-

crease in signal strength that is characteristic of

all signals, thus far recorded by the LP seismom-

eters. These signals are classified as L-signals

according to the nomenclature adopted in the

"Apollo 11 Preliminary Science Report" (ref.

3-2). It should be noted that this designation

does not refer to a particular type of seismic

wave; the designation is simply a shorthand

means of referring to the class of signals de-

scribed. In general, L-signals are complex, with
little correlation between the three LP seismom-

eter channels. The familiar pattern of signals

corresponding to the various body waves and

surface waves typically observed from earth-

quakes is not observed in any of the recorded

signals. However, there is some indication of the

arrival of body waves (compressional (P) waves

and shear (S) waves) in the early parts of the

larger L-signals and in the LM impact signal.

It is expected that these phases, although indis-

tinct, can be identified by use of more sophisti-

cated analysis techniques and can be used to

determine the velocity structure of the outer

regions of the Moon.

Another interesting feature of L-signals is that

the peak amplitudes recorded on all three LP

seismometers are nearly the same in every case.

The spectrum of the largest event (December

10, 1969) is shown in figure 3-7. The spectrum

of the signal is broad, with maximum energy

near 1.6 Hz. The very-low-frequency peak in

the spectrum is produced by an oscillation pres-
ent on the LPZ seismometer at tile time of the

event and is not related to the seismic signal.

A very significant event was recorded when

the LM ascent stage impacted at a distance of

75.9 km from the ALSEP (azimuth from ALSEP,

E 24 ° S). The angle between the LM trajectory

and the mean lunar surface was 3.7 ° at the point

of impact. The azimuth of the trajectory was

305.85 ° . Signal from the impact was recorded

well on all three LP seismometers. The signal

amplitude built up gradually to a maximum of

10 nm, peak to peak (all components), over a

period of approximately 7 min and thereafter

decreased gradually into the background. The

total signal duration was approximately 55 rain.

The signal is shown with a compressed time

scale in figures 3-6 and 3-8. Except for the very

beginning of the wave train, distinct signals

corresponding to various types of seismic waves
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FIcvm_ 3-6.- The two largest seismic events recorded to date, in compressed time scale,
compared with the signal received from the LM impact. Only LPZ components
are shown.
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(phases) are not apparent. The first few minutes

of the filtered and rotated seismograms are

shown with an expanded time scale in figure 3-9. 15

The first signal, assumed to be the compressional

wave P, is very small in amplitude, and it is 10
difficult to specify the exact arrival time. The

prominent signal that occurs near the beginning

of the wave train was produced by a sudden tilt 5

of the instrument. Such tilts occurred throughout ,_

the recording period, but they are especially
prominent at times of terminator crossings. A ._ 0

possible second arrival, marked "S(?)" in figure

3-9, may be the arrival of the direct shear wave.
_5

There is no visible correlation between com-
ponents after the very first portion of the wave _,

train. A test for coherence was carried out by o-10

generating the cross-spectral matrix for the X,

Y, and Z components. Figure 3-10 shows power

and cross spectra for the first 20 min of the LM -15

impact signal. The data sample starts at 22 hr

17 min 36.43 sec (approximately the onset time
of the emergent first arrival) and ends at 22 hr -20

38 min 12.9 sec. Spectra-are normalized to the

amplitude of the LPX spectrum, and tile raw

data were smoothed by the first finite difference

(high-pass filtering) before the spectral esti-
mates were computed.

I I I I I
0 .5 1.0 1.5 2.0 2.5

Frequency,Hz

FiG_ea_ 3-7.- Frequency spectrum of the event on De-
cember 10, 1969.
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Fzcum_ 3-8. -- Three LP components of the LM impact signal in compressed tLrne scale.
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FxcuB_ 3-9.- Signals from the LM Lmpact in expanded t_ne scale. The data from the two LP.
horizontal-components seismometers are rotated to give transverse (T) and

radial (R) components with respect to the Lrnpact pohat.

In general, the spectra for the LPX, LPY, and

LPZ components are broadly centered at 1 Hz,

with peaks at 0.95 and 1.2 Hz. The phases of the

cospectra between the LPX-LPY and the LPX-

LPZ components do not reveal consistent phase

relationships between these components. Inter-

estingly, there is some indica_on of a possible

consistent phase relation between the LPY and

LPZ components, although shorter time samples

of data do not show this correlation. By using

the real parts of power spectra and cospectra,

the coherence between signal components was

computed, using the definition

/'Sxr Svx_ '/_
Cx_--\Sx__s_,]
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FxcuaE 3-10.- Power spectra, eospectra, and phases of cospectra of the three LP components

of the LM signal for the first 20 rain. The spectral amplitudes are normalized

to the LPX spectrum.

where C is coherence, Sxy and Svx are cospectra,

and Sxx and Syy are spectra of X and Y compo-

nents. In the frequency band of peak power

(/=0.5 to 1.5 Hz), the coherence between the

LPX-LPY and LPX-LPZ seismometer pairs is
quite low (C<0.5). The coherence between

LPY and LPZ components is somewhat higher

(C -_ 0.6), indicating a better correlation. These

results suggest that during the first 20 min of the

impact wave train (1) the coherent motion was

primarily P, SV, or Rayleigh type and (2) the

primary direction of propagation was from the

source (impact site) toward the instrument. The

lack of strong coherence between any of the

components indicates the presence of interfer-

ence either between different wave types or

between arrivals from different directions owing

to reflections or to scattering. No signal was
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detectable on the SPZ component. This is attrib-

uted to the reduced sensitivity of the SPZ seis-
mometer.

The seismic wave velocity corresponding to

the first arrival ranges between 3.1 and 3.5 km/

sec. The range in velocities is due to the uncer-

tainty in the exact location of the emergent

beginning of the wave.

Feedback (Tidal) Outputs and

Instrument Temperature

The PSE LP seismometers are sensitive to tilt

(horizontal components) and changes in gravity

(vertical component). These data are trans-

mitted through separate data channels referred

to as "feedback" or "tidal" outputs. Large tilts

(0.5 to 1 minute of arc) have been observed

during passage of the terminator over the PSE

site, when thermal changes are most rapid.

When the change is from day to night, tilting

begins several hours before local terminator

crossing and lasts for several days. When the

change is from night to day, tilting begins ab-

ruptly at the time of terminator passage and

continues for several days. The close correla-

tion between the time of terminator passage and

the onset of tilting suggests that such tilts result

from thermal effects on the instrument. Rapid

heating and cooling of the Mylar thermal shroud

is thought to be a major source of these dis-
turbances.

Discussion

The background seismic noise at the Apollo 12

site is frequently not detectable by the PSE; that

is, it is below 0.3 nm at 1 Hz. Thus, seismometers

can be used on the Moon at much higher sensi-
tivities than could be achieved on Earth. This

result was also obtained for the Apollo 11 record-

ing site (refs. 3-2 and 3-3).

The occurrence of similar L-events during both

the Apollo 11 and 12 missions greatly strengthens

the present belief that, of the various types of

signals observed, L-events are most likely to be

of natural origin. Equally important, the inclu-

sion of the LM impact signal in this family

shows that L-type signals can be generated by
impulsive sources on the Moon. This observation

suggests that all L-events were produced either

by meteoroid impacts or by shallow moonquakes.

By comparing the various L-phases with the LM

impact signal, it may be concluded that few, if

any, L-events originated significantly farther
from the seismometer than the LM impact. The

LM impact occurred at a distance of 75.9 km.

Many, however, appear to have come from
smaller distances.

To explain the unexpectedly long duration of
the wave train, it must be assumed either that

the effective source mechanism was prolonged

in some manner or that the long duration of the

wave is a propagation effect. An extended source

from an impact might result from (1) triggering
of rockslides within a crater located near the

point of impact, (2) distribution of secondary

impacts of ejecta that would presumably rain

downrange (toward ALSEP) from the primary

impact point, (3) disturbance by an expanding

gas cloud consisting of residual LM fuel (180

kg) and volatilized ejecta, and (4) collapse of

"fairy castle" or other fragile structures triggered

by seismic waves. None of these mechanisms is

considered likely, although the possible effects

of secondary impacts deserve closer considera-

tion. Since the signal maximum occurred approx-

imately 7 min after impact, it is assumed that

the main contribution from secondary impacts

would correspond to a time of flight to 7 rain for

the ejeeta. The range from the primary impact

point to the secondary impact point can then be

computed as a function of the velocity of the

ejected particle. The results of this calculation are

given in table 3-I. It can be seen from table 3-I

that ejeeta velocities would have to be less than

0.4 km/sec and the corresponding ejection angle

greater than 54 ° to account for the arrival of

TAnLE 3-I. Distance From Primary Impact

Point to Secondary Impact Point as a Function

of Ejecta Velocity for a 7-Min Time of Flight

Ejecta Ejection angle
velocity, (]rom horizontal), Range,
km/sec deg km

1.6
1.4
1.2
1.0
.8
.4

1.1
4.4
8.0

12.7
19.4
54.0

493
555
460
381
299

93
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secondaryimpactsin the vicinity of the PSE
(range=76km) 7 min afterthe impact.These
valuesarewell outsidethe expectedrangefor
theshallowimpactangleof the LM. (TheLM
struckthelunarsurfacetravelingat 1.67km/sec
at anangleof 3.7° from thehorizontal.)Since
the signalproducedby the LM impact.began
approximately23.5secafterimpact,not all of
the signalcanbe attributedto ejectalanding
nearthe seismometers.The minimumtime of
flight at near-orbitalvelocitywouldbe approxi-
mately45sec.Thesameremarkappliesto pro-
pellantgasesreleaseduponimpact.Only seis-
mic wavepropagationpermitssignalvelocities
highenoughto accountfor thebeginningof the
disturbance,regardlessof the detailsof the
mechanismpostulated.In addition,thefactthat
thesamesignalcharacteris observedfor events
of naturaloriginsuggeststhatthesignalcharac-
ter isproducedprimarilyby propagationeffects.

If the signaldurationis a propagationeffect,
the attenuationof seismicwavesin the lunar
materialthroughwhich thesewavestraveled
mustbe extremelylow. Attenuationof elastic
energyin a vibratingsystemis frequentlyspeci-
fiedby thequantityQ (quality factor) for the

system; or 1/Q, the dissipation function, where

1/Q is the fractional loss of elastic energy per

cycle of vibration of the system. Thus, a high Q

implies low attenuation. The value of Q for the

lunar material in the region of the Apollo 12 site

ranges between 3000 and 5000. This range is in

contrast with values of Q between 10 and 300
for most crustal materials on Earth.

One hypothesis that could explain the signal

character of L-phases is that the Moon not only

has a high Q but also is very heterogeneous, at

least in its outer regions. Heterogeneity is also

implied by surface evidence. The scattering of

seismic waves that would occur through a highly

heterogeneous material would tend to increase
the duration of the observed seismic wave and

to suppress the appearance of distinct phases
within the wave train. A medium that shows

high Q and high scattering efficiency is unlike

anything observed within the Earth. Cold blocks

of different composition in welded contact might

show these properties. A welded aggregate might

scatter seismic waves and still maintain high Q.
Whatever the mechanism is determined to be,

it will provide important evidence on the origin
and evolution of the lunar interior.

If the outer region of the Moon is composed of

blocks of varying dimensions, seismic waves trav-

eling through this material would be intensely

scattered. In the case of extreme scattering, the

seismic wave energy may be considered to dif-

fuse through the medium in a manner analogous

to the flow of heat through a solid or the move-

ment of gas molecules through a gaseous me-

dium. Such propagation is governed by the laws

of diffusion in which, as applied to the present

case, the seismic energy "flow" is proportional to

the gradient of energy density. The applicable

equations are given by Latham et al. (ref. 3-3).

This hypothesis can be tested by comparing the

observed variation of seismic signal energy from

the LM impact with the signal predicted from

diffusion theory.

Figure 3-11 is the smoothed envelope of the

observed seismic signal from the LM impact

plotted on an arbitrary decibel scale. Two theo-

retical curves based upon diffusion theory are
also shown. One curve assumes that the outward
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train from the LM impact compared with the energy
distribution with time predicted by diffusion hypothesis.
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radiatingenergyis confinedto a near-surface
zone(two-dimensionalspreading),andtheother
curve assumesspherical (three-dimensional)
spreading.Theparameter_ is the productof a
characteristicdistance_,,defineda_sthedistance
overwhichone-halfof the outwardradiating
energyisreflectedbacktowardthesource,and
theaveragevelocityof propagationv. The sym-

bol Q is the quality factor of the lunar material,

as defined previously.

It can be seen from the graph (fig. 3-11) that

the diffusion theory accurately predicts the ob-

served signal envelope except for the first few

minutes, where the theory predicts somewhat

smaller amplitude than is observed. It may be

that conventional ray theory provides the best

explanation for the early part of the signal.

Although this result does not verify the scattering

hypothesis, it is sufficiently encouraging to war-
rant further consideration.

As shown in figure 3-11, the value of _ that

gives the best fit between the theoretical and

experimental curves ranges between 5 and 7

km2/sec. By assuming an average velocity of

3 km/sec and _=6, the characteristic distance x
is 2 km. This value of X means that one-half of

the propagating seismic energy is reflected back
over a distance of 2 km. What this reflection

means in terms of the average distribution of

discontinuities in the medium is not precisely

known. However, it can be assumed that the

linear dimension between scattering surfaces

must be a fraction of 1 wavelength. The pre-

dominant signal frequency is approximately 1

Hz; thus, 1 wavelength is approximately 3

km. Taking 1/10 wavelength to 1 wavelength as

limiting values, the inferred separation between
discontinuities, or dimensions of blocks, ranges

between 300 m and several kilometers. Of course,

heterogeneity may exist on a scale outside the

range, but would not contribute appreciably to

scattering for the observed wavelengths.

The seismic signal detected from the Apollo 12

LM impact (fig. 3-8) demonstrated that pro-

longed wave trains can be produced on the
Moon by relatively small impulsive sources. This

result is extremely important to interpretation of

the long reverberation as a propagation effect

and could be explained by postulating extremely

low attenuation (high Q) for the Moon. While

the evidence for low attenuation is hard to deny,

this phenomenon raises some difficult questions

as to its mechanism. Regardless of the explana-

tion of signal duration, the similarity between

the impact signal and other prolonged signals

suggests that the latter were produced by mete-

oroid impacts or by near-surface moonquakes at

ranges mostly within 100 km of the seismometer.

The seismic energy generated at the point of

impact can be calculated from the observed sig-

nal amplitude. The calculated energy is on the

order of 10 l° ergs if two-dimensional spreading

is assumed and on the order of 1011 ergs if three-

dimensional spreading is assumed. These values

are 10 -0 and 10 -5 , respectively, of the kinetic

energy of the LM at impact. For these calcula-

tions, the signal amplitude at 10 rain into the

wave train is taken to be 4.2 nm. Simple har-

monic motion at a frequency of 1 Hz is assumed.

The density of the lunar material is assumed to

be 3 g/cm 3, and the effective thickness of the

waveguide for the two-dimensional case is taken
to be 4 km.

Although the nature of the signals from the

LM impact and other L-type events indicates

that a considerable amount of scattering of seis-

mic energy has occurred, it is possible that much

of the character of the signal can be explained

as resulting from propagation through a near-

surface waveguide. As mentioned previously, the

compressional wave velocity in the regolith near

the lunar surface is approximately 100 m/sec.

Based upon laboratory measurements on returned

lunar rock samples, as discussed in the following

paragraphs, this velocity should increase to ap-

proximately 6 km/sec at depths of 15 to 20 km,

thus forming the lower boundary of the wave-

guide. Preliminary calculations using ray optics,

on simple models consistent with this velocity-

depth structure, indicate that the first several

minutes of the seismogram can be explained in

this manner. Work is continuing on this approach,

and at this writing it appears that a reasonable

velocity model can be found that will match the

major aspects of the records throughout the wave

train. Most of the seismic energy from a near-

surface source would be trapped in this wave-

guide. Detailed comparisons between the LM

impact signal and other L-signals should allow

determination of which of these two possibilities
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-- scattering or the characteristic of the velocity-

depth function-is the more important mecha-

nism in producing the observed wave trains.

To estimate the near-surface properties of the

Moon from the available data, lunar seismic

velocity models have been constructed on the

basis of the measurements of the physical prop-

erties of returned lunar samples. (See ref. 3-6.)
Model I assumes the same variation in elastic

parameters with pressure (or depth) as meas-

ured in the laboratory on a breccia sample.

Model III uses the measured properties of a

homogeneous igneous rock. Model II is an at-

tempt to combine the properties of the igneous

rock and breccia samples to produce a model

that will have the elastic parameters of a highly

fractured igneous material. For model II, the

bulk density is assumed to be that of the igneous

sample (approximately 3.1 g/cm 3), and the com-

pressibility is assumed to be that of the breccia

sample. Poisson's ratio is assumed to be 0.30 for
model IIa and 0.27 for model IIb.

The travel time curves for these models are

shown in figure 3-12. The corresponding maxi-

mum depths of seismic ray penetration are given
in table 3-II.

The observed travel times for the first arrival

from the LM impact and a later arrival are also

plotted, with a range of times indicating the

possible reading error. The first arrival is assumed

to be the direct P-wave. The wave type o£ the

second arrival, labeled "S (?)," is uncertain. The

travel times for these phases fall in between

those predicted for the homogeneous igneous

model (III) and the fractured igneous model

(II). Thus, if it is assumed that the observed

phases correspond to direct P- and S-wave prop-

agation, the correct model for the upper 20 km

of hmar material in the vicinity of the Apollo 12

landing site must have been a velocity-depth
function that falls between those assumed for

models II and III but is closer to the homogene-

ous igneous rock case of model III. This result

must be taken to be very tentative since sample-

to-sample variations may be large enough that

a single predominant rock type may also be
found to fit the observations.

The average rates of L-events detected during

the Apollo 11 and 12 recording periods are 4 per

day and 0.8 per day, respectively. These rates are
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FmUP,E 3-12.- First and second arrivals from the LM
impact plotted on the travel-time-distance curves based
on Apollo 11 lunar sample data from reference 3-6.

consistent with the numbers of detectable mete-

oroid impacts predicted (refs. 3-7 and 3-8) for

a high-Q Moon. Thus, it is possible that all of

the observed L-signals were produced by mete-

oroid impacts. The difference in the observed

rates of these events on the two missions may

result from failure of the Apollo 12 SPZ seis-

mometer to respond to small signals, as discussed

previously. Most of the Apollo 11 L-signals were

detected by the SPZ seismometer because the

predominant frequencies of these signals are

higher than the high-frequency limit (2 Hz) of
the LP seismometers.

TABLE 3--II. Depth of Ray Penetration of Rays

That Emerge at a 75.9-km Range

Model P-ware depth, km S-ware depth, km

I
IIa
IIb
III

18
15
17
11

21
15
17
8
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In figure 3-13, the cumulative number of

Apollo 12 L-events detected to date by the LP

seismometers is compared with the predicted

number of detectable meteoroid impacts. The

predicted number of impacts assumes (1) the

meteoroid flux estimates given by Hawkins (ref.

3-9), (2) attenuation of seismic signals with dis-

tance as given by the diffusion model described

previously, and (3) that the fraction of impact

kinetic energy that is converted to seismic wave

energy is the same as that calculated for the LM

impact. The conversion efficiency for meteoroids

with trajectories more nearly perpendicular to

the surface than that of the LM may well be

greater than the LM impact efficiency.

In view of the order-of-magnitude estimates
involved in these calculations and the short

recording time available, the agreement between

predicted meteoroid impact signals and the ob-

served data is remarkable. The lack of agree-

ment for small-amplitude signals is probably
explained by the inability of the SPZ seismom-

eter to detect small signals. It is concluded from

this comparison that there are sufficient numbers

of meteoroid impacts to explain all of the ob-

served L-signals as being of meteoroid impact

origin, although the presence of some events
with other source mechanisms ( i.e., moonquakes)

is certainly not precluded. By extrapolating the

results given in figure 3-13 to large amplitudes,

signals with amplitudes equal to that of the LM

impact signal are expected to occur at an aver-

age rate of three per year.

Few, if any, of the observed signals have pat-

terns normally observed in recordings of seismic

activity on Earth (with the possible exceptions

of volcanic tremors, microseisms, and landslide

signals; i.e., signals from sources that have ex-

tended source mechanisms). Phases correspond-

ing to the various familiar types of body and
surface waves are either indistinct or absent in

the lunar signals, and most wave trains are of

long duration with little phase correlation be-

tween components.
The fact that no seismic signals with charac-

teristics similar to those typically recorded on

the Earth were observed during the combined

recording period for Apollo 11 and 12 (63 days

at this writing) is a major scientific result. The

high sensitivity at which the lunar instruments

were operated would have resulted in the detec-

tion of many such signals if the Moon were as

seismically active as the Earth and had the same

transmission characteristics as the Earth. Thus,
the data obtained indicate that either seismic

energy release is far less for the Moon than for

the Earth or the deep interior of the Moon is

highly attenuating for seismic waves. Although

the material of the outer region of the Moon (to

depths of at least 20 km) appears to exhibit

very low attenuation in the regions studied, the

possibility of the existence of high attenuation

at greater depths cannot presently be excluded.

The absence of significant seismic activity within

the Moon, if verified by future data, would imply
the absence of tectonic processes similar to those

associated with major crustal movements on the

Earth and would imply lower specific thermal

energy in the lunar interior than is present in the
interior of the Earth.

Interpretation of present data is not concerned

with tile structure of the deep interior of the

Moon since most of the recorded events appear

to have occurred at relatively short ranges. The

relatively thick zone of self-compaction in which
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elastic wave velocity increases strongly with

depth would perhaps be 20 km thick. The large

increase in velocity with depth results in a sur-

face sound channel that may carry the seismic

energy of these events. The impact of the Saturn

IVB ( SIVB ) stage in April 1970, at a range of

200 km from the Apollo 12 ALSEP, should enable

extension of present interpretation to depths

approaching 50 km into the Moon.
,

It is also important to remember that all results

obtained thus far pertain to mare regions. Quite

different results may be obtained for nonmare

regions in which the structure may differ radically

from that of the mare.

With data from one or two lunar seismic sta-

tions, construction of a picture of the lunar

interior with detail approaching that of Earth

models cannot be expected. Seismic experiments

have, nevertheless, already revealed some unex-

pected phenomena, the understanding of which

will eventually answer some important questions

concerning the structure and dynamics of the

Moon with significant implications for lunar his-

tory. As a result of the reduced level of detectable

lunar seismic activity relative to Earth, results

will come more slowly than had been hoped,

and there will be greater dependence upon the

establishment of a network of stations and upon

use of artificial sources such as impacts of the

S IVB stage and the LM ascent stage.

Meteoroid impacts are a major factor in shap-

ing the lunar surface. Determination of the size

and frequency distribution of meteoroid impacts

is necessary to estimate quantitatively the rates

of crater formation and erosion. The lunar seismic

experiments will provide data that will be

uniquely suited to the study of this problem.
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