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Seismographs operated successfully at the Apollo 12, 14, 15, and 

16 landing sites for a duration between 5.5 and 8 years. Although the 

study of the seismic data revealed more about the lunar interior than 

other data produced by the Ap~:lo Scientific Experiments, the sparse 

lunar seismic network, the weak seismic sources, the strong scattering 

of the seismic waves, and occasional noise bursts impose severe limita­

tions on enlarging our knowledge about the velocity distributions in the 

moon. In order to learn more about the physical state of the moon, much 

effort has been spent to improve the techniques for identifying direct 

shear and secondary wave arrivals on the lunar seismograms. In this 

study, inverse filters were designed to correct for the instrumental 

response and for near-surface effects and, thus, to facilitate the com­

parison of the ground motion at the various sites. 

The constants of the long-period lunar seismographs were deter­

mined from a least-squares inversion of the observed calibration pulses. 

The noise, especially the digitizing ~oise, was reduced by using two 
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positive and two negative calibration pulses. Knowledge of the seismo­

graph parameters permits calculation of the transfer functions for 

each seismograph and accurate correction of the seismograms for the 

instrumental response. 

The instrumental deconvolution was carried out in the frequency 

domain after removal of the predictable digitizing errors from the 

seismog-ams. The amplitude spectra of the instrument-deconvolved seismic 

records revealed that other important filtering effects characteristic 

of each recording site remained in the lunar seismograms. In order to 

remove these effects. whitening filters were designed by averaging the 

spectral amplitudes of the largest long-period seismic signals component 

by component. These average amplitude spectra where shown to be 

primarily affected by the coupling of the seismometer to the ground and 

by the near-surface structure. The relative amplifications between the 

horizontal components were also estimated from these average amplitude 

spectra. 

Average horizonta1-to-vertical spectral amplitude ratios 

computed for a number of major seismic impact signals were compared with 

spectral ratios calculated for fundamental-mode Rayleigh waves in media 

consisting of homogeneous, isotropic. horizontal layers. The shear 

velocities of the best fitting models at the different sites resemble 

each other and differ from the average for all sites by not more than 

20%, except for the bottom layer at station 14. The shear velocities 

at the various sites increase from 40 m/sec at the surface to about 

400 mlsec at depths between 95 and 160 meters. Within this depth range, 

the velocity-depth functions are well represented by two piecewise linear 
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segments; although the presence of first order discontinuities cannot be 

ruled out. 

The seismograms corrected for both instrumental response and 

near-surface effects were found to be comparable at the various sites 

and were used to obtain readings for the direct shear and secondary wave 

arrivals. To explore the constraints that direct arrival times could 

impose on the velocity dit:tdbutions in the lunar interior, the largest 

natural impacts ana shallow moonquakes were located by two velocity 

models. The first model consisted of a thicker crust (55 km) and higher 

compressional and shear velocities (8.1 and 4.6 km/sec, respectively) in 

the upper mantle, and the second model had a thinner crust (45 km) and 

lower upper-mantle veloCities. (7.7 and 4.4. km/sec). The arrival times 

observed for impacts and Shallow moonquakes could not be used to distin­

guish between these two models because the travel time residuals for 

both models are similar and are well within the uncertainty of the 

obs~rv~d travel times. Although the identification of the secondary 

arrivals suggests that a velocity discontinuity exists at a depth of 

about 25 km and that the crust is thinner than 55 km, no conclusive 

evidence was found for a discontinuity in the mantle or for laterally 

varying crustal thickness. 
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INTRODUCTION 

1. Research objectives. 

Since most of the information related to the interior of the Earth 

was obtained either directly or indirectly from the study of the travel 

times, amplitudes, and apparent velocities of seismic body waves and dis­

persion of seismic surface waves, it was anticipated that the Apollo 

passive seismic experiments would provide the seismic velocity distribu­

tion in the lunar interior. These velocities as well as other constraints 

were expected to contribute to the development of models of the composition 

and temperature distribution in the moon. 

Although the first decade of lunar seismology greatly expanded our 

knowledge concerning the physical state of the interior of the moon, the 

primary goal of studying the lunar seismograms remained the same. De­

tailed studies of travel times and amplitudes lead to more and more re­

fined velocity distributions in the moon. Owing to the small number of 

seismic stations (4) in the Apollo network, these studies required appli­

cation of some new techniques in order to extract more information from 

the lunar seismic Signals. Improvement in technique~ for identification 

of'shear and secondary arrivals, as well as maximum use of amplitude 

information were obvious needs. ~his dissertation addressess the problem 

of designing inverse filters to correct for the effects of instrumental 

response, coupling of the seismometer to the ground, and near-surface 

structure, thus making the comparision among the various components of 

the ground motion at the four lunar seismometer sites possible. This, 
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as well as conventional filtering techniques, applied in order to decrease 

the noise contamination of the seismic signals, should result in better 

identification of seismic phases. 

The steps to achieve these goals were as follows. 

1. Select the most energetic events from the complete data set 

2. Obtain instrumental parameters and transfer functions 

3. Remove predictable digitizing errors from the seismograms 

4. Correct seismic records for instrumental response 

5. DeSign whitening filters to remove near-surface effects 

6. Apply these whitening filters 

7. Determnne the compressional and shear wave arrival times from the 

original and deconvolved seismograms 

8. Locate the seismic events with these seismic wave arrivals ~y 

assuming the compressional and shear velocity distributions in the moon 

9. Apply conventional filters to enhance seismic arrivals 

10. Make seismic sections and obt~i~ consistent secondary arrivals 

11. Refine velocity distributions and determine discontinuities 

12. Repeat steps 8 through 11 with the improved velocity models 

Although the primary objective is to obtain secondary arrivals 

and interpret them with respect to the internal structure of the moon. 

the present analysis ~ yield other results: 

a.) Quantitative description of the differences among the seismometers 

b.) Estimation of noise; detennination of the frequency range in 'Ilhich one 

may expect to find seismic wave arrivals 

c.} Empirical amplitude ratios of the horizontal components of the 

ground motion at a given station 



d.) Structural parameters of the near-surface zone 

e.) More precise locations of the seismic events 

3 

f.) Station corrections and quantitative description of lateral hetero­

geneities 

The dissertation is divided into four parts. Part 1 describes 

how the instrumental parameters and transfer function were obtained. 

Part 2 deals with inverse filtering, estimation of noise, and designing 

the whitening filters. The average horizonta1-to-vertical spectral 

amplitude ratios are interpreted in terms of structural properties of the 

near-surface zone in Part 3. The improved arrival times for the various 

seismic phases and their implication for the deeper lunar interior are 

discussed in Part 4. The following sectio~ briefly reviews existing 

studies in lunar seismology. 

2. Literature review. 

Seismic stations were deployed by the astronauts at the Apollo 11, 

12, 14, 15, and 16 landing sites. While station 11 operated for several 

weeks and station 12 for almost eight years, stations 12, 14, 15, and 16 

were operating simultaneously for about five and a half years. This four 

station network spans the near face of the moon in an approximately equi­

lateral triangle with a separation of about 1100 km between the corners 

with stations 12 and 14 occupying one of the corners. Each station has 

one short-period and three long-period seismometers. Table 1 gives the 

location, orientation, and operational history of these seismometers 

(e.g., Lauderdale and Eiche1man, 1974). Further details on the instru­

mentation are given in Part 1. 
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Most of the features of t~~ 1unar seismograms were totally 

unexpected by seismologists. who found these siesmograms quite differ­

ent from those of earthquake seismograms. The long duration, contin­

uous reverberation. emergent body wave beginnings, the almost complete 

lack of correlation between various displacement components. and the lack 

of coherently dispersed seismic surface waves were explained by relative­

ly small source magnitudes, intensive scattering. rapidly increaSing 

velocities with depth near the surface. and very low seismic wave attenu­

ation (e.g., Gold and Soter, 1970; Latham et !L .• 1969 and 1970). The 

latter three features are related to the lack of volatiles in the 

heterogeneous. porous material which makes up the outer several kilo­

meters of the moon. An uppermost limit of 20 km is given for the 

thickness of this scattering zone by ToksQZ et !L. (1972). 

Rayleigh1s perturbation theory (Rayleigh, 1945, p. 149) as used 

by Miles (1960), diffusion theory as used by Wesley (1965), by Latham 

~!L. (1970), and by Warren (1972), as well as experiments by Dainty 

et!L. (1974b) showed that the raypaths of seismic wave arrivals remain 

unchanged from those predicted by ray theory. although the amplitudes of 

these arrivals are diminished greatly by intensive scattering. Thus, it 

was concluded (ToksQZ !t!l., 1974) that conventional travel time and 

amplitude studies were useful starting points in determining the velocity 

distribution of the Moon. This work was aided greatly by the availabili­

ty of artificial impacts of known location and origin time as well as of 

natural seismic sources. 

Classification of natural lunar seismic sources is based upon 

characteristic envelopes of the whole seismic signal (see Figure 1). upon 
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the relative strength of the shear wave, and upon the waveform matching 

of particular signals. Nearly identical seismograms which are repeatedly 

observed at a given site must be produced by the same source mechanism 

repeating at the same site. Two types of such matching sources were 

found: thermal moonquakes and deep moonquakes. Almost all of the natural 

events can be classified into these two types plus meteoroid impact and 

shallow moon quake categories. 

The thermal moonquakes can be identified by matching the short­

period waveforms and by 29.5-day periodicity of occurence (Duennebier and 

Sutton, 1974; Cooper and Kovach. 1975; Duennebfer. 1976j. Each of these 

signals is recorded at one station only. The source of these signals is 

believed to b~ dislocation caused by thermal stress on. or very close to, 

the surface at distances not greater than several kilometers from the re­

cording site. Most of the repeating waveforms did not change in four to 

five years, and the source locations are associated to some degree with 

large rocks and craters (Duennebier, 1976). Thus, it appears that the 

source of thermal moonquakes is propagation of small cracks in exposed 

rocks and, possibly. slumping of material along steep slopes (ibid.) 

The deep moonquakes are the most numerous type of seismic sources 

in the r.1oon (Latham !t!l.., 1972 and 1973; Lamnlein !l!l., 1974. 

tammlein, 1977. Nakamura, 1978). ~~re than 100 different deep moon quake 

categories were confirmed by their nearly identical long-period waveforms. 

These signals are less affected by intensive scattering than the meteroid 

impact signals and exhibit the best shear wave arrivals noticeable on the 

lunar seismograms. The deep moonquakes occur at depths between 700 and 

1100 km. below which partial melting possibly begins (Nakamura !1 !l .. 1973~ 
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The times of occurence of these deep moonquakes correlate very well with 

the variation of the tid~l forces in the moon. Nakamura (1978) demc~­

strated that the energy re'/eased by deep moonquakes is controlled by the 

tidal stress field and does r~ot require tectonically accumulated strain 

energy. The matching waveforms within each source group enabled investi­

gators to improve the signal-to-nofse ratio of these Signals by Simple 

stacking Ulakamura !t!l.., 1976; lammlein, 1977; Goins, 1978; Goins !t 

!l.., 1978). 

The most energetic moonquakes are those which originate at shallow 

depths. The ~~gnitude cf the largest ones is estimated to be about 4 on 

the Gutenberg-Richter scale (Nakamura !l!l.., 1974). Variation of the 

amplitude of the Shallow moonquake signals with distance indicates that 

shallow moonquakes occur in the upper mantle (Nakamura J!Jl., 1979). Only 

four to five shallow moonquakes were found yearly. ttJst likely they are 

true tectonic moonquakes releasing strain energy which accumulates as the 

moon cools. 

The similarity of the envelope characteristics of the natural 

impacts to those of artificial impacts distinguishes impacts from 

moonquakes. The shear wave arrivals are usually buried in the scattered 

wave train. The energies and distributions of meteoroid impacts both in 

space and in time were studied by latha~ ~!l.. (1973), Duennebier and 

Sutton (1974b). Duennebier et al. (1975), and Dorman et al. (1978). -- --
Petrologic and mineralogic studies. laboratory measurements of 

the returned samples, and active seismic experiments resulted in the 

determination of the velocity distributions and the composition of the 

uppermost few kilometers of the moon. The low velocities and their large 



gr~d1ents with depth (e.g., Cocper et al., 1974) were attributed to the --
presence of porous. brecciated material and to the absence of volatiles 

in this zone (Gangi. 1972; Talwan1 !t!l., 1973. Todd !l!! .• 1973; 

T1ttman et al •• 1974). The compressional velocity is about 100 mlsec --
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at the surface and reaches 4 to 5 km/sec at depths of 1.5 to 2 km. The 

near-surface velocities and densities are described in greater detail in 

Part 3. 

The velocity distribution in the deeper crust was determined 

from the study of artificial impact signals. Since the shear wave 

arrivals are obscured by intensive scattering. TOksoz !!!l., (1972 and 

1974) assumed the ratio of the compressional and shear velocities to be 

1.7. At depths greater than a few kilometers the compreSSional velocity 

increases slowly, attaining values of about 6.1 km/sec at 20 km (ibid). 

The lower crust, defined as the layer below this depth. has a rather 

homogeneous compressional velocity of about 6.8 km/sec. 

The transition between the upper and lower crust is by no means 

considered to have been uniquely defined. Possible refracted wave arrivals 

(ToksQZ !!!l .. 1972 and 1974) and peg-leg multiples (Goins. 1978; Goins 

!t!l .• 1978) indicate that there is a first-order discontinuity at a 

depth of 20 to 25 km. This first-order discontinuity could be the conse­

quence of compoSitional changes from a basaltic upper crust to gabbroic 

a~orthosite in the lower crust (Mizutani and Newbigging. 1973; Wang !i!l .. 
1973). A second-order velocity discontinuity would not require composi­

tional changes but implies the closing of impact-induced microcracks in the 

basaltic crust (Todd et !l., 1973). The crust was possibly formed by 

large scale igneous differentiation early in the history of the moon. The 
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highland soils were derived from a suite of highly feldspathic rocks Reid. 

1974). This feldspathic material is believed to represent the initial 

crust which was cratered by impacts and was flooded by basalts in moria. 

This sequenr~ of events implies the existence of a first-order discontinu­

ity above the feldspathic layer only in mare areas (Dainty et al. 1974). --
Goins (1978) identified peg-leg multiples from a depth of about 20 km also 

at highland areas. If this interpretation is correct, the compOSitional 

change should not be restr1cted to mare areas and should be the result of 

the or1ginal crustal d1fferentiation, and the 20-km d1scontinuity ai~o 

should have remained undisturbed by impacts in later times. 

The thickness of the crust is given at 55 to 60 km under stations 

12 and 14 in most studies published since the beginning of lunar seismic 

investigation. New arrival times by Koyama and Nakamura (1979) for the 

compressional wave read from two artif1cial impact records at station 12 

indicate a crustal thickness of about 45 km. Peg-leg multiples from the 

base of the crust (Dainty ~!l., 1977. Goins. 1978) i~ply a crustal thick­

ness of either 60 or 90 km at station 15 and of about 75 km at station 16. 

The velocities in the lunar mantle have been ~etermined by a pro­

cess of successive approximation starting with a homogeneous sphere beneath 

the crust. The average velocities between depths of 60 and 920 km were de­

termined ;y ToksQZ et al.(1974) as 8.0 and 4.2 km/sec for the compressional --
and shear waves, respectively. Lammlein et !L.(1974} and Lammlein (1977) 

used a model of linearly decreasing velocities in the mantl«8.1 and 4.7 kmV 

sec at a depth of 60 km and of 8.0 and 4.3 km/sec at 800 km for the com­

pressional and shear waves. respectively. Nakamura .!!.!l. (1974b) showed 
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that the differences between the arrival times of the shear and compres­

sional waves require a drop in the shear wave velocity at a depth of 

about 300 kin. They later refined the velocity distributions in the mantle 

by using more events and by analyzing the declY of the shear wave amplitude 

as a function of distance (Nakamura et al •• 1976). They showed that a con---
t1nuous decrease of the velocities with depth satisfies both the travel 

time data and the shear wave amplitude data. A discontinuity at a depth 

of about 300 Ian was also indicated by reflected compressional wave 

arrivals (Voss !~!l .. 1976) and by converted shear wave arrivals (Nakamura 

et al •• 1 974b:; Latham et a1., 1977). Indications for lateral variations -- --
of the seismic velocities in the upper mantle were found by Nakamura !! 

!.L. (1977). 

Goins (1978) and Goins et al. (1978) inverted the observed arr1---
~al times for a two-layer mantle. Compressional and shear velocities of 

7.7 and 4.45 km/sec were determined in the upper mantle and 7.54 and 4.25 

km/sec in the lower mantle. Although the bounds given on these velocities 

permit the velocHies to be constant in the mantle. their final model 

consists of continuously decreasing velocities in the upper mantle and of 

a first-order discont1~uity at a depth between 400 and 480 kin. This dis­

continuity was determined by reflected arrivals on sections of polayi:.",­

tion-f11tered seismic records (Dainty et a1 •• 1976; Goins et al •• 19l8; -- --
Goins, 1978). The latest results by Koyama and Nakamura (1979) also indi-

cate small negative velocity gradients in the entire mantle. The mantle 

velocities at a depth of 45 km were found to be 7.85 and 4.31 kin/sec for 

the compressional and shear waves, respectively. 

Although the bounds on the velocities of the deeper lunar interior 
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are rathlr llrge (Nakamura et al., 1976. Goins, 1978), the various upper --
mantle velocities are cuns1stent with a composition of olivine-pyroxene 

(ibid.). Small negat1v~ velocity gradients can be attributed to the in­

crease of temperature with depth and to cQnpositional change caused by 

increasing pyroxene or iron content (Nakamura et al., 1976). The in---
creased attenuation, especially of shear waves, and the deep moonquake 

activity in the lower mantle support the hypothesis that the temperature 

incrtase itself can account for the velocity distributions. 

The c~licated waveforms of the lunar seismic signals and low 

coherency among the different components of the ground motion make con­

vincing identification of reflected or converted arrivals quite difficult. 

These secondary arrivals are needed to clarify the discontinuities and to 

narrow the bounds on the velocities of the lunar interior. The major tool 

for searching for secondary arrivals has been the rart1c1e mot'fon filter. 

Although the application of these filters assumes that the hor~zontal 

seismographs are matched, Jarosch (1977) ccncludedthat the method seems 

to work in spite of the mismatch among the instrumental responses and of 

the slnall Ingle of incid.nce for lI".ost body \,/ave arrivals at the free surface. 

Goins (1978) scaled the sign~l amplitudes of the three components to the 

same level ~fore applying the particle motion filters. Although this 

normalization may also lead to incorrectly rotated transverse· lad radial 

components, Goins (1978) also concluded that it is a reasonable approach. 



PART 1. DETERMINATION OF THE TRANSFER FUNCTION OF THE LONG-PERIOD 

LUNAR SEISMOGRAPHS. 

1.1. Introduction. 

A seismograph measures the relative motion between the frame of 

the seismometer and the mass of the pendulu~. The relation between this 

motion and the ground displacement, velocity, or acceleration can be 

described by an integral equation, a differential equation, or the 

equivalent Laplace transform equation. These equations are functions of 

frequency and of certain controlled parameters of the seismograph. 

It is often useful to obtain the actual ground motion from the 

seismic signal. This process is called instrumental deconvolution. In 

order to calculate the ground motion with reasonable accuracy, one has 

to answer two basfcal1y different groups of questions. 

1. What are the characteristic equations of the system? What 

is the accuracy of the solution to these equations under the specified 

conditions? Are the assu~ptions used in deriving the solution reasonable 

approximations to the actual operating conditions? What is the noise 

introduced by the instrumentation? Do significant changes occur in the 

instrumental constants during operation? 

2. What is the reliable frequency band for a meaningful 

deconvolution, that is, what is the accuracy of the deconvolution 

process? Ho\'/ do errors in the i nstrumenta 1 response and in the di gi -

tizing process propagate? What is the signal-to-noise ratio of the 

sei smic records? 

Answers to the first group of questions are independent of ti1S 
11 
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seismic records and come from the design, testing, and calibration of 

the seismographs. Part 1 answers these questions for the long-period 

lunar seismometers. The second group of questions is related to t~ 

deconvolution process itself and is discussed in Part 2. 

If the laplace transfonm or Fourier transform equation is 

used to solve the integral or differential equations then the 

function which describes the seismograph is called the transfer 

function whose inverse laplace or Fourier transfonm is the impulse 

response (Bith, 1973, p. 234). The transfer function or the impulse 

response can be obtained in the following ways: 

1. The empirical method involves Fourier analysis of the 

output of the system for an input which is equivalent to a known 

ground motion and is produced by some electrical or mechanical technique. 

This output is termed the calibration pulse or signal. Shaking 

table experiments (Silverman, 1939; Kelly, 1939). sine wave simulators 

(Murphy et !L., 1954), application of the Maxwell impedance bridge 

(Willmore, 1959~ and tapping tests (Matumoto, 1958; MacE1wane and 

Sohon, 1932) are some examples for this technique. 

2. The theoretical method consists of deriving the impulse 

response or transfer function analytically. The impulse response can 

be obtained as a solution of the equations of motion (Chakrabarty. 

1949. Chakrabarty and Choudhury. 1964; Landisman et !L., 1959). 

The transfer function may be derived by applying electrical network 

theories (Neugeberger, 1970; Kollar and Russell I 1966; Dopp, 1964; 

Hagiwara, 1958; Sutton and Latham, 1964). These methods require 

knowledge of the values of the instrumental constants. 



The first technique does not yield the impulse response if 

the input is not an impulse in the desired domain (displacement, 

velocity, or acceleration). In this case, additional numerical 

integration or differentiation is needed to derive the impulse 

response from the calibration pulse. These operations introduce 

additional numerical noise, which would obscure the comparison of 

the various seismometers and would reduce the width of the frequency 

band for a reliable instrumental deconvolution. For example, if the 

input is obtained from a tapping test (MacElwane and Sohon, 1932, 

p. lll) then the il~pulse-displacement response of the seismograph 

is the tWice-differentiated calibration pulse. If Lagrangian inter­

polation polynomials are used to obtain the derivatives, numerical 

nofse can severely limit the passband. Increasing.ither the number 
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of points used for the interpolation polynomials or the noise level of 

the pulse will narrow the frequency band for a predetermined signal-to­

noise ratio for the instrument-deconvolved seismic records. 

To decrease such noise and thus to broaden the reliable 

frequency band, and to learn more about the seismograph, it is desirable 

to combine the empirical and theoretical methods. First,the 

instrumental constants are determ~ned from the calibration pulse, and 

then these constants are used in the analytical description of the 

impulse response of the transfer function. Espinosa et!I. (1962) 

showed that the instrumental parameters can be determined by comparing 

the calibration pulse with a set of theoretically calculated responses 

at several points only. Mitchell and Landisman (1969) used the 

numerical least-squares technique for an electromagnetic seismograph. 



They calculated the theoretical transfer function with a formula. 

given by Hagiwara (1958), and transformed it into the time domain 

with the fast Fourier transform algorithm. Their experiments showed 

that this method was superior to the direct Fourier analysis of the 

pulse in yielding the values of the seismograph constants and in 

approximating the true transfer or response function in the presence 

of noise. The least-squares method was improved by deriving explicit 

expressions for the theoretical impulse response in the time domain 

(Jarosch and Curtis, 1973) and also by in:luding the scale factor 

between the observed and theoretical calibration pulses (ibid.) and 

the origin time of the observed calibration pulse (Mitronovas and 

Wielandt, 1975; Mitronovas, 1976) in the inversion. 

In the present analysis, the least-squares technique is used 

to determine the instrumental constants' and the transfer functions of 

the direct-digitizing, feedback-controlled, long-period lunar seismo­

graphs. These lunar seismographs are described briefly in the next 

section; Section 1.3. provides computational details. The influence 

of noise and the results of these calculations are discussed in the 

final sections. 

1.2. Description of feedback-controlled lunar seismographs. 

14 

The Apollo lunar seismic stations have a sensor unit and a 

central station electronics module. Each sensor unit consists of one 

short-period vertical component seismometer (SPZ) with a resonant period 

of 1 second, three closely matched. orthogonal, long-~eriod seismometp.rs 

(LP) with resonant periods of about 15 sec, and uncaging, leveling, and 
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temperature control devices. In the short-period instrument, a moving 

magnet mass is suspended from the frame with a LaCoste spring. By its 

movement, this magnet induces voltage 1n a coil, which is fixed to the 

frame. This voltage is therefore proportional to the relative velocity 

between the frame and the suspended mass. A LaCoste type spring is 

also used for the suspension of the mass in the vertical long-period 

seismometer (Z), while the horizontal sensors (X and Y) employ a 

swinging-gate system. Since the relative motion between the mass and 

the frame of the long-period seismometers is measured by capacitor­

type displacement transducers, the electrical output is proportional 

to the relative displacement between the mass and frame. Long-term 

stability of the instruments is accomplished by feedback circuits, 

which can be switched between the normal (flat) and the modified 

(peaked) modes o~ operation. In the latter mode, the feedback filter 

is bypassed and the transfer function was sharply peaked at a period 

of about 2.2 sec. 

The filtered and amplified signals of all four seismometers, as 

well as the feedback signal (also called the tidal output), and the 

output from the temperature sensor unit were digitized in 10-bit words 

and multiplexed in the cent~al electronics unit. The 10-bit words were 

transmitted through a shift register in frames of 0.60375 seconds each. 

These frames comprise four samples from each of the LP components, 

28 (station 15 only) or 29 SPZ samples, and alternately the two 

horizontal tidal samples or the vertical tidal sample and the output 

of the temperature sensor. Although the SPZ at station 12 never worked 

and occasionally a few of the other components functioned erratically, 
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most of the sensors operated normally for approximately 5.5 to 8 years 

until ~he time of the turn-off of the lunar passive seismic network on 

September 30. 1977. More detailed descriptions of the instrumentation 

are given elsewhere (e.g •• Sutton and Latham. 1964; Earth Sciences, a 

Teledyne Company, 1968; Latham !l!l., 1969 and 1970; Lauderdale and 

Eichelman, 1974). 

The calibration of all twelve LP seismographs was accomplished 

periodically by commands (e.g., Latham et al., 1969 and 1970). A suddenly 

applied electrical current, I. through the damping coil at time tat' 

produces a force, which is equivalent to a step of ground acceleration 

(Sutton and Latham, 1964; Kollar and Russell, 1966; Jarosch and Curtis, 

1973) : 

dy (t) dY~ ( t) dy (t) 
my (t) = m v a m 2 = ~IH(t-t'), or m a = ~Io(t-t') (lA) 

a dt dt dt 

where y is the ground motion and subscripts a, v, and d denote 

acceleration. velocity. and displacement, respectively; ~ is the 

damping coil constant: Histhe Heav1side step function, 6 is the 

Dirac dr(jta or impulse function and m is the seismometer mass. The 

relative displacement measured between the mass of the long-period 

pendulum and the frame of the seismometer is the calibration pulse, 

C(t), which is proportional to the response to a unit step of 

acceleration, Ro(t). 

The response to a unit impulse of acceleration, Rl(t), 1s 



given by applying the differentiation and integration theorems of 

convolution 

(18 ) 

where * stands for convolution, x is a dummy variable, and the system 

was ass umed to be c'ausa 1 • From (18) 

dRO(t) 
--.:.- = Rl (t) 
dt 
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The responses to a unit impulse of velocity or unit impulse of displace­

ment, R2(t) and R3(t), respectively, are obtained by the definition of 

t~e responses, 

(lo) 

and by the differentiation and integration theorems of convolution, 

dR (t) dR (t) d2R1(t) 
y (x)dx* 1 = y (t)* 1 = Yd(t) 2 
a dt v dt dt 

(1 E) 

Relations among Rk(t)'s described by equations (18) through (lE) can be 

summarized by 

OF) 



18 

or (lG) 

Equations (IF) and (lG) can be expressed in the frequency domai~ as 

follows 

(2A) 

(2B) 

where w is the angular frequency, j.r-r, and C(w) and T k (w) are the 

Fourier transforms of C(t) and Rk{t), respectively, 

at 

t'(IiI}· f C( t)exp{ -jwt}dt (2C) -
at 

Tk(w) • ~ Rk(t)p.xP{-jlilt}dt (20) 

If the seismograph responds linearly to the ground motion, the 

Fourier transform of the calibration pulse for the long-period lunar 

seismographs can be approximated analytically by using the equivalent 

electric current analog shown in Figure 2 (Sutton and Latham, 1964; 

Earth Sciences, a Teledyne Company, 1968) ~$ follows 
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(3A) 

(3B) 

where superscript c denotes calculated values, 

(3C) 

is the transfer function of the seismometer if the input is considered to 

be frame acceleration and the output is the displacement between the 

seismometer mass and the frame (Sutton and Latham, 1964), 

(3D) 

is the transfer function of the demodulator low-pass filter, 

(3E) 

is the transfer function of the feedback low-pass filter, 

F ( ) .. jw 
'" w +J' ~ wa W 

(3F) 



( 
is the transfer function of the high-pass filter in the output 

amp 11 fi er, 
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(3G) 

is the transfer function of the output low-pass antialias filter, and 

K, K" ~, ~, 8, ~o' wd' wf' wa' and ~ are defined in Table 2. 

Equations (lA) and (38) are valid when the feedback circuit is 

operated in the flat mode and the peaked mode, respectively. 

The transfer functions to an impulse of acceleration, velocity, 

or displacement, Ti(~) (k+l.2,3), can be calculated from equations 

(2) and (3) 

where R(~) and I(w) are the real and imaginary parts of the calculated 

transfer function to a step of acceleration, A(w) and F(w} are the 

calculated amplitude and phase spectra of the response to a step of 

acceleration 

~(w) • R(w) + jI(w} • A(w)exp{jF(w)} (48) 

(4C) 
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The nomi na 1 values for t:le ':' ,,1smograph constants used in 

equations (3) and in Figure 2 are listed in Table 2. The nominal 

responses to a step of acceleration calculated with the inverse 

Fourier transform of equations {3) differ from the observed calibration 

pulses shown in Figures 3 and 4 for the peaked mode and the flat 

mode, respectively. In these figures, the positive and sign-reversed 

negative pulses were averaged. The averaging and the determination 

of the beginning of these calibration pulses are discussed in the 

following section. These pulses were taken during the relatively 

quiet lunar nights when the instrument temperatures were 125+0.SoF 

and the background noise was lower than that during the lunar days •. 

Table 3 gives the dates when these calibration pulses were recorded 

and summarizes the visually obtained properties of these pulses. 

There are Significant differences among the amplitudes of the 

pulses for the different components. Some of the differences in the 

amplitudes are attributed to the different currents applied through 

the damping coils. Although the current level was set to provide 

about one-fourth full scale output or 256 digital units (DU) in the 

f~at mode (Earth Sciences, a Teledyne Company. 1968). all of the 

calibration pulses in the peaked mode, except for component lSZ, 

are much smaller (13 to 20 DU) because the effective stiffness of the 

suspension is increased in the peaked mode. The larger calibration 

pulse for component lSZ in both modes is primarily due to an 

undetermined failure in setting the calibration current. The cali­

bration pulse for component l2Z looks similar to the others in the 

peaked mode but differs from the others in the flat mode. 
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To est1mate the effects of temperature on the response of the 

lunar long-period se1smographs and the long-term dr1ft, the fIIIX111U11 

aMPlitudes, durations, and time 1ntervals between successive peaks 

were compaNd for calibration pulses taken in the peaked mode between 

1971 and 1975. In the flat mode,. the times of the zero crossings 

were COIftpared instead of the time intervals between successive peaks 

for cal1brat1on pulses recorded in 1975 and 1976. 

The changes in most calibration pulses for a given component 

were wi thi n the se1 lIIi c background no1 $I level except 1 n tht, peaked-mode 

calibration pulses for component 15Z. For these pulses, the time inter­

vals between successive peaks ~ined unchanged and the maximum ampli­

tudes were 14% lower at 137°F than at l?SoF. Most of the differences 

can be explained by a smaller calibration current and/or output gains at 

1370F thar, at 1250 F. In the following sections, those calibration pulses 

are analyzed which were taken during the lunar nights, when the tempera­

ture was 125!p.SoF. and the s1gnal-to-noise ratio was highest. 

1.3. Computational details for determining the instrumental constants 

b¥ least-squares fit of the observed and theoretical calibration 

pulses. 

The least-squares scheme, described in the Appendix, can be 

construr.ted either in the ti~ doma;n or in the frequency domain. 

The fonner scheme ffts the calibration pulse with the calibrated 

response to a step of acceleration. In the latter scheme. either 

the calculated amplitude or the calculated complex transfer function 

. serves as a fitting function to the Fourier transform of the observed 
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cal1bratl~n pulse. The schematic flow chart of the computer program 

15 shown in Figure S. Thl first method is preferred to the second one 

because it. 1:'lVolves numerical operations on the calculated transfer 

function instead of the observed calibration pulse and because the 

observed-minus-calculated (O-C) curve is measured in digital units •. 

Since this scheme requires the calculation of the inverse Fourier 

transform of the partial derivatives. and thus, longer ~omputational 

time, it was used only to investigate the effects of noise and to 

judge the goodness of the fit. 

In order to understand the limitations of this numerical 

techr:,que and to interpret tlK results correctly. I shan discuss ttle 

iterational process in some detafl (see Figure 5 and Appendix). 

The first step in the iterational loop requires the 

calculation of the transfer function to a step of acceleration. The 

nominal values of the seismograph constants, listed in Table 2, were 

used for the first iteration. If the sampling interval in the time 

domain is T(T-0.15094 seconds for the long-period lunar seismograms) 

and the number of points to be calculated in the time domain is N 

(~I was an integral power of 2, because the fast Fouri er transform I'las 

used). then the N~quist angular frequency, ~Nq' Q~d the sampling 

interval in the angular fre(!uency domain, a. ar, 

(5) 

The transfer function was evaluated at angular f:-equencies of :.l - mer 

(m-O.l.2 •••.• N/(-1) according to equations (3) and (4). The analytical 
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txpressions for the partial dtrivativts of the transftr function with 

resptCt to thl instrumental paramettrs were tvaluated according to 

formulas dtri'ed from equations (3): 

aTO(w) • _ To(~)Glw)ja3w 

~ D(w) 

aTO(w) To(~) jw 
3a4 • a4b(~) a4+j~ 

'aTc>(~) • _ T9(~)a7G(w)Fd(~)_ .1w 
31a laot ~) la+31&1 

(6A) 

(68) 

(6C) 

(60) 

(6E) 

(6F) 

(6G) 

(6H) 

(61) 
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Parameters am(m-l,2 ••••• 7 or 8) are given in Table 2 and Ff(~) is 

taken as unity in the peaked mode and aTo{w)/aa& applies in the flat 

mode only. The real and imaginary parts of the partfai derivatives are 

shown in Figures 6 and 7. The theoretical calibration pulse and its 

partial derivatives were calculated by the inverse Fouri~r transform 

of equations (3) and (6) when the time domain was used fr~· '!itting 

(see Figures 8 and 9). When the amplitude spectra wpre fitt~dt the 

amplitude and phase responses to a step of acceleration were obtained 

from (3) and (4), while the pa~tial derivatives (see Figures 10 and 11) 

were calculated with formulas derived from (4): 

m::r1 ,2, ... ,7 or 8 (7A) 

m:.l ,2, ... ,7 or 8 (78) 

As seen from Figures 6 through 11, some of the partial deriva­

tives are practically identical. The linearly dependent partial 

derivatives cannot be used in the least-squares scheme (see Appendix). 

In fact, the iteration did not converge if partial derivatives with 

respect to paral':1aters a2, a3, and a4 were used simultaneously in the 

peaked mode. Similarly, only one partial derivatives could be used 

from parameters a: and a8, from a4 and a6, and from as and a7 in the 



flat mode. Beside the seismograph parameters, the exact origin time 

of the calibration pulse was also unknown and had to be determined 

in the least-squares scheme, which required calculation of the 

partial derivative of the calibration pulse with respect to time. 

The time derivative is similar to the partial derivative with 

respect to a6 in the peaked mode and with respect to a4 and a6 in 

the flat mode. 

The'value of a4 was fixed in both modes of operation because 

its effect on the calibration pul~e is negligable. The nominal 

value of a6 was also accepted as the correct one because shifting 

the beginning of the calibration pulse by one sample changes a6 
by about 25%. In the peaked mode. only the product of the damping 

constant and the free frequency of the pendulum can be determined 

because w~ is much smaller than are the other terms in the denomi­

nator of equation (3C) at those frequencies where the amplitude 

response is significant. I assumed 2w/wo=lS sec in the peaked mode 

in order to determine one constant from a2 and a3• Finally. in the 

flat mode, a3 and a7 were adjusted to permit comparison of the 

calc~lated values for a7 in the two modes of operation. Also, the 

pendulum constants are more readily affected by unusual conditions 

than are the electrical constants. 
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The next step involves the calculation of an approximate scale 

factor. c, which relates the observed pOints, Yi' and the theoretical 

function, y (x'), such that (compare to equation (A3)jn. the Appendix): 



27 

M 
t {y; - CY(Xi )}2 - minimum with respect to conly, (8) 

i-l 

where x and y are either the time and the calibration pulse or the 

frequency and the transfer function (amplitude or complex spectrum), 

and M is th~ number of points to be fitted. c is given by the 

calibration parameters (~, I, and m, see equations (lA), (10), 

(JA), and (38»): 

c = J4. m 

Equation (8) yields 

M 
!: YiY(x i ) 

c = ...;.,i=rso"ol __ _ 

~ Y(Xi)2 
;-1 

(9) 

( 10) 

The sample number k closest to the origin time of the calibra­

tion ;:ulse was calculated b!' the fornula 

M-k+l 
~ {C((i+k-l)T) - CR~(iT)}2=minimum with respect to k, (11) 

i=l 

except \'Ihen the amplitude spectra was used in the least-squares scheme. 

This criterion cannot be applied in the flat mode because the 

relative change between two consecutive amplitudes of the calibration 
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pulse is smaller. thus the minimum expressed by (11) is much less 

affected by the improper beginning in the flat mode than in the peaked 

mode. 

Next. 'the difference between the observed and calculated 

functions, termed O-C error or O-C vector, and the root mean square 

(RMS) error were calculated according to equations (A2E) and(A3) of 

the Appendix. The following steps were straightforward: check for 

convergence, scale the theoretical function, and calculate the 

inverse Fourier transfo~ of the partial derivatives if needed. 

Finally, the adjustments were calculated according to (A3) of the 

Appendix with subroutine 'LLSQ' of the IBM Scientific Subroutine 

Package (IBM Application Program, 1970). Before the iteration was 

repeated, the adjustments in the origin time of the calibration pulse 

was checked; if it was more than half of the sampling interval then 

the first sample of the observed calibration pulse was changed 

accordingly. 

This iteration process converged very fast; after 3 to 5 

interations the adjustments were of the order of 10-5, and after 5 to 7 

iterations the RMS error started increasing because the limit of 

resolution was reached. 

1.4. The influence of noise. 

Special attention should be given to the effects of noise in 

the determination of the seismograph parameters because the signal-to­

noise ratio is rather small for most calibration pulses. Noise in the 

calibration pulse may force the least-squares scheme to adjust 
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an instrumental parameter incorrectly when the product of the needed 

adjustment to this parameter and the partial derivative of the spectrum 

of the calibration pulse with respect to this parameter changes with 

frequency in the same way as the noise spectrum. nle following error 

sources will be discussed in some detail: 

a) Digitizing noise and instrumental nonlinearity 

b} Instrumental noise except nonlinearity 

c} Ground noise 

d) Numerical noise 

a) The lunar seismometers used truncation-type analog-to­

digital converters (Gold and Rader, 1969, p. 99). The digitizin~ errors 

can be important for the calibration pules in the peaked mode because the 

signal amplitudes were only 13 to 20 digital units (DU). Instrumental 

nonlinearity did not affect the largest calibration pulses Significantly 

as demonstrated in connection with the numerical noise by the satisfact­

ory fit obtained between the observed and calcillated calibration pulses 

for station 15. The positive and the negative calibration pulses of 13 

to 20 DU are slightly different from each other in the peaked mode and 

the neg~tive calibration pulses resulted in higher values for the damping 

constant, for the scale factor, and for 2~/wa than did the positive cali­

bration pulses. From these results, I conclude that the sum of the posi­

tive and the sign-reversed 'negative pulses must be used for determining 

the seismograph parameters, whic~ also results in cancelling the d.c. 

level caused by digitization. In the flat made, the digitizing errors 

and the nonlinear effects of the instrument are less important than 
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either the seismic ground or instrumental noise. 

b) and c). The instrumental noise is described in the 

literature in great detail (e.g., Byrne, 1961; SuttOh and Latham, 1964). 

~ purpose was to determine the effects of the instrumental and seismic 

ground noises on the accuracy of the determination of the seismometer 

constants. The high frequency noise, which is caused by the amplifier­

transducer nois~ does not affe~t the calculations because the instru­

mental response is low at high frequencies. Studies by Byrne (1961) 

and Sutton and Latham (1964) showed that the feedback and thermal 

noises increase with period and are inversely proportional to the 

square root of the mass of the pendulum. Since the mass of the lunar 

seismometers is very small (0.75 kg for the long-period instruments), 

most of the long-period noise can be attributed to these noises, 

especia11y to the thermal noise. This long-period noise and the 

seismic ground noise influence the determined values of as and, to 

a lesser extent, the scaling factor in the peaked mode (see the partial 

derivatives in Figures 8 and lO). Since the noise is about 1 DU in 

the peaked mode, the seismic ground noise cannot be separated from 

the errors of digitization. In the flat mode, the long-period grouild 

noise influences all five partial derivatives used in the least-squares 

process since the corresponding constants can be determined best from 

the long-period portion of the calibration pulse spectra, where the 

amplitudes of the partial derivatives are largest. The damping 

constant 1s more sensitive than the other constants to noise at periods 

of 15 to 25 seconds. The rest of the parameters are influenced by 

the noise at longer periods (see Figures 9 and 11). 
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d). The numerical noises are introduced by the finite number 

of samples used in the fast Foul'ier transform. by the simplification 

of the model i~m which the theoretical transfer functions are cal cu· 

lated. and by the rounding errors. These numerical errors were 

investigated in the time domain USing calibration pulses for station 15. 

The O-C values for the calibration pulse for the vertical component in 

the peaked mode were less than 1 OU for most of the 379 points used 

(10 points had values between 1 and 1.2. another iO between 1.48 and 

2). if the sampling interval in the angular frequency domain was 

a~Nq/4096. When the sampling interval in the angular frequency 

domain was increased, the O-C values increased, but the calculated 

constants. except as' remained essentially the same. as incr.eased 

by 5% or so \'1ith each doubl ing of t'le sampling interval in the 

angular frequency domain up to a=~Nq/S12. These observations reflect 

the sensitivity of as to long-period noise (see Figures 8 and 10) 

and the long duration of the calibration pulse (Table 2). In the 

flat mode, however, the Rt~ errors for the horizontal components 

did not decrease for sampling interval in the angular frequency domain 

smaller than a·~Nq/512 and the O-C values were comparable with the 

estimated noise in Table 3 (7.1 DU for 15X and 9.2 DU for 15Y). These 

results show that although the O-C values are affected by the length 

of the fast Fourier transform, 1024 samples in the time domain are 

sufficient for obtaining the instrumental constants in both operating 

modes. 
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1.5. Results and discussion. 

In the previous sections. I discussed the limitations 

inherent in calculating the constants of the long period lunar seismo­

graphs. They C'ln be sumnari zed as fo 11 ows : 

1. The d.c. level can be suppressed and the signal-to-noise 

ratio can be improved by averaging the positive and sign-reversed 

negative calibration pulses (I refer to this sum as a set of pulses). 

2. The transfer function and its derivatives should have at 

least 512 complex points. 

3. The computation is faster in the frequency domain. 

4. The nominal value of 0.72 sec for 2w/wl is acceptable as 

the best estimate because its determined value i's sensitive to the 

origin time of the calibration pulse. 

5. The nominal value of 100 sec for 2~/wa is acceptable as 

the correct one in both operating modes because its derived value is 

strongly influenced by long-period noise in the peaked mode and by 

K1Kz in the flat mode. 

6. In the flat mode, long-period noise affects every partial 

derivative very strongly. 

7. The scale factor, the origin time of the calibration 

pulse, the product of Kl and K2, and the product of sand Wo can be 

calculated in the peaked mode. 

8. In the flat mode. the scale factor, the origin time of the 

calibration pulse, the product of Kl and K2 which is influenced by wa, 

the damping constant and the free frequency of the pendulum which is 
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i nfl uenced by wf can be adj us ted • 

9. S and the scale factor are oYer- and underestimated using 

the negative and the positivI pulses, respectively, in the peaked mode. 

Table 4 lists the average.of the constants determined from the 

sum of two sets of calibration pulses (one from 1972 and another from 

1975) in the peaked mode and for one set of pulses (from 1976) in the 

flat mode. The nominal values for those constants which cannot be 

calculated are also given in Table 4. Since the determined values for 

Wo sand Kl ~ are di fferent in the peaked and in the fl at modes. Kf and 

Sf were calculated from the constants. Kf would be 1 and Sf would be 

Sf if. the noise were negligible and the partial derivatives with 

respect to every seismograph parameter were linearly independent. 

Relative amplifications were also calculated assuming the amplification 

to be 1.0 for component l5X, whose calibration pulse possesses a 

relatively low noise level in the flat mode (see Table 3) and wh9se 

determined constants are closest to the averages of the constants in 

both modes. The errors in ,the determination of the seismograph 

constants were calculated by taking the maximum of the differences 

between the values given in Table 4 and the values determined from one 

positive and one negative pulse only. These errors. as well as the 

relative differences in the damping coefficients. in Kl~' and in the 

scale factors. are given in Table 5 and correlate strongly with the 

estimated noise fn the flat mode (see Table 3). The noise and the 

relative errors are larger for the horizontal components than for the 

vert1 ca 1 ones. 

Although the nofse and the chofce of the seismograph constants 
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to be aQJ~sted in the least-squares scheme influences the determined 

values of the seismograph constants, the transfer functions of the 

seismographs can· be calculated with good accuracy. The good fit 

between the peaked-mode calculated and observed amplitude and phsse 

responses to a step of acceleration is shown in Figures 12 and 13 for 

l5X and 15Z. It should be noted that the relatively large O-C values 

at long periods are caused by the finite length of the Fourier 

transform (see Section 1.3.). 

The peaked-mode amplitude responses to an impulse of displace­

ment, which were calculated with the constants of Table 4, with KK1K3-1 

OU/cm, and with equations (2)-(4), are shown in Figure 14. Tab1~s 6 

and 7 and Figures 15 and 16 give the absolute values of the relative 

differences between these individual amplitude responses and the 

amplitude response of. components 15X and 15Z. These relative differ­

ences are the relative errors which could be made in the deconvolution 

process by using the transfer function of 15Z, which was determined with 

the smallest errors, and of l5X, which represents the average of the 

transfer functions. As seen from Figures 15 and 16, the errors are 

most sensitive to K1K2 which can.be determined with the best accuracy 

in the peaked mode. The maxima of' the errors generally exceed lOS, which 

corresponds to the largest determined difference between the average 

and the individual damping constants (see the curve for 14Z in Figure 

15). 

1.6. Conclusions. 

Although precise seismograph constants cannot be calculated from 
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the calibration pulses, a theoretical transfer function whose inverse 

Fourier transform 'its each individual calibration pulse best can be 

determfned for each seismograph. The results allow one to deconvolve 

the records with instrumental response having errors of less than 101, 

but do not permit to compare the absolute amplitudes among the various 

components. Therefore, any studies using the amplitudes of the seismic 

records should be based on sound experimental and/or statistical 

investigations of the individual amplification factors. More precise 

determination of the transfer functions can be obtained by stacking the 

calibration pulses. by studying the long-period noises in the flat mode 

for the vertical and horizontal components separately. and by merging 

the calibration pulses of peaked and flat modes into the same least­

squares scheme. It is also possible that a satisfactory explanation 

can be found for some of the irregularities in the operation of the 

seismographs and that the temperature effects on the free period and 

damping coefficient of the seismometer can be determined by stacking 

the calibration pulses for different time intervals. 

l. 
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PART 2. INSTRUMENTAL AND WHITENING DECONVOLUTION OF THE LONG-PERIOD 

LUNAR SEISMOGRAMS. 

2.1. Introduction. 

The first part of this d1ssirtation dealt with the long-period 

lunar seismographs. The theoretical transfer function of these 

instruments was determined individually by a least-squares process. 

Thi s was necessary in order to correct the sei smi c records for 

instrwnental response in the peaked mode because the calibration 

pulses of the various components exhibit certain differences but are 

generally too small to be used directly for calculating the actual 

ground motion. The instrumental deconvolution may increase the noise at 

those frequencies where the instrumental response is low in comparison 

to the noise. It is therefore necessary to control the noise at 

these frequencies. IIfferent deconvolution and quality control techni­

ques are reviewed in the following section. Then. the most suitable 

technique is used to remove the instrumental effects from the long­

period lunar seismic Signals recorded in the peaked mode. For signals 

recorded in the flat mode. the influence of instrumental response can 

be ignored by comparison with local site effects and noise, because the 

instrumental response is nearly constant in the frequency band of 

interest. Section 2.4. shows that the amplitude spectra of the ground 

motion are characteristic of each recording site. These near-surface 

effects were removed by inverse filters derived from the average 

spectral amplitudes of the ground motion. These inverse filters are 

termed whitening filters. because they were designed to diminish 
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dominant peaks in the amplitude spectra. The application of these 

whitening filters permits the comparison of the various seismic 

records without the strong instrumental and near-surface effects. 

2.2. Wavelet-deconvolution techniques. 
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The seismic Signals carrying information about the transmission 

properties of the medium are modified by the source, the receiver, and 

the local structure at the recording site. The mathematical model for 

describing these modifications consists of the convolution of the 

response functions of the different linear physical processes. This 

type of model permits correction for any of these effects if its response 

function is given. 

The convolution equation for a linear system is given by 

ret) • w{t)*g(t) + net) (12) 

where t is the time variable, wet) is the impulse response of a system 

whose input and output are get} and r{t}, respectively, net) is additive 

noise, and * represents the convolution operation. If wet) is the 

impulse response of the seismograph, then get) is the ground motion, and 

ret) is the seismogram. 

An inverse filtering process can be defined as a process of 

calculating get) from ret) and wet). This process is called wavelet 

deconvolution and can be carried out either in the time domain or in the 

frequency domain. In the time dor~in, the standard wavelet deconvolution 

is performed by the Wiener or optimum least-squared filtering 



(Robinson and Trlitel. 1967). 

The frequency domain deconvolution can be Plrforme~ after 

taking the Fourier transform of equation (12) (functions denoted by 

lower-case and capital letters are Fourier transform pairs): 
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(13) 

The Fourier tran~fo", of the calculated input. r(w). is obtained by 

spectral division: 

(14) 

.nere su~rscript • denotes complex conjugate, and g(w) is the Fourier 

transfonn of the wavelet used and may differ from that of the true 

~velet, W(,..): 

(15) 

or in the time domain 

wet) • wet) + met) (16) 

The error met) will contribute to the total error of the deconvolution. 

The relation between the Fourier transforms of the actuallnd 

calculated inputs is obtained from equations (13) - (16): 

(17A) 



where pew) is the relative difference between the calculated and 

actual inputs: 

pew) a G(w) - G(W) a 1 _ l-N(w)/R{w) 
G(w) l-M{w)/W{w) 

If M(w)=O for all frequencies, then (178) becomes 
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( 178) 

(17C) 

The absolute values of the relative errors can be estimated from (178) 

if IN(w)I«/R{w)1 and IM(w)I«/w(w)l: 

Ip{w)1 < IM(w)1 + IN(w)! = 
/W{w)1 /R(w)1 

IM(w) I + _ ... IN;.;.,.J,(.;;;.ow) ..... I_ 
l\l(w) I IG(w) IIW(w) / 

( 170) 

Although equation (14) is satisfactory in the noiseless case 

(IM(w)I=O and IN(w)l= a for all frequencies), lp(w)1 is large (see equa­

tion (170» at those frequencies where lW{w)1 becomes small in compari­

son with IN{w)l/IG(w)1 (Rice, 1962). Therefore, it is necessary to 

control the signal-to-noise ratio of the calculated input at these 

frequencies. This quality control can be achieved by suppressing either 

the nois~ N(w~ or the amplitudes of l/W(w). The latter process will be 

discussed in the following paragraphs. 

One can add white noise to the wavelet, wet), before the ground 

motion is calculated. This process is called whitening and is a 

standard procedure in least-squares f;ltering. The equivalent process 



\ ' 

40 

in the frequency domain is called v-Fourier filtering, which modifies 

the power spectrum in the denominator of (14) by adding a term pro­

portional to the signal or to the noise level (Deregowski, 1971): 

(l8A) 

where 
GO 

Es. !1~(w)!2dw 
.CD 

(188) 

CD 2 
En· !IG(w) - G(w)1 dw 

-CD 

( 18C) 

(180) 

It can be easily shown (ibid.) that this process increases the central 

auto-correlation value of the wavelet w(t) by the factor (l+y). just as 

the whitening does, whereyis the ratio of the energy of the added 

white noise to the energy of the wavelet. 

One can avoid changing R(w)/i(w} at those frequencies where the 

signal-to-noise ratio is acceptable by introducing a minimum wavelet 

amplitude or waterleve1 (Helmberger and l~iggins. 1971; Clayton and 

Wiggins. 1976), which is expressed as the fraction of the maximum wavelet 

amplitude. 1R'(w) IMax: 



minimum wavelet amplitude • kIW(w) I Max (19A) 

where k is called the waterlevel parameter. Expression {19A} 

is used in the denominator of (14) at those frequencies where the 

wavelet amplitudes are low: 

( 19B) 

The noise also can be supressed by dete~ining the frequency 

band, (w,. , w.'a ), in which the signal-to-noise ratio is acceptable m n Ii x 

and by introducing constant amplitudes outside this band: 
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R(w)/W(w) , if w. < w < wMax m1n - - (20A) 

G(w) = (20B) 

The amplitudes of the calculated input can also be zeroed outside this 

band (Plesinger et !l.t 1970): 

G(w) = { 
(21A) 

0, if W < wmin or w~1ax'; w (216) 



Although there is not much practical difference between (20) 

and (21) in case of large signal-to-noise ratio, (20) is closer to 

reality, since the input seldom is a band-limited signal. 

All of these techniques for quality control involve the 

estimation of the signal-to-noise ratio, that is pew) or its inverse 

Fourier transform. This estimation leads to the percentage of white 

noise to be added to the wavelet, the value of y in the y-Fourier 
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filter, the waterlevel, or the reliable frequency band, and it requires 

the estimation of net) and met) or N(w) and M(w). The reliable frequency 

band can also be defined by trial and error; the spectra) amplitudes 

of the calculated input would increase at those frequencies where the 

Il/i(w)I becamessmall in relation to the noise (Plesinger et !l., 1970). 

2.3. Instrumental deconvolution of the peaked-mode long-period 

lunar seismograms. 

As shown in the previous section, the noise in the calculated 

ground motion should be suppressed. This noise depends on the noise 

level of the recorded seismograms to be corrected for instrumental 

response and may be estimated from the difference between the observed 

and theoretical calibration pulses. In this section, I describe how the 

calibration pulses were used to estimate the reliable frequency band 

for instrumental deconvolution of the peaked-mode long-period lunar 

seismograms. 

The simplest and most rapid way to estimate the signal-to-noise 

ratio of the calibration pulse is by inspection of its phase spectrum 

(see Figure 12 for components 15X and l5Z). Oscillations of the phase 
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spectrum of the observed calibration pulses increase with decreasing 

signal-to-noise ratio. The phase spectra of the peaked-mode calibra­

tion pulses are oscillatory at frequencies higher than about 1.3 Hz 

(l.6Hz for component 15Z)(see Figure 12). Near this frequency the 

amplitude of the noise is about that of the signal. The lower limit 

for the reliabl~ frequency band was estimated assuming the additive 

noise to be white, i.e., the signal-to-noise ratios are about the 

same at those frequencies where the signal amplitudes are the same. 

Thus, the lower limit is the frequency where the amplitude response 

of the seismograph is about the same as that at the upper limit and is 

about 0.28 Hz for most components and about 0.17 Hz for component 15Z. 

The estimate for the reliable frequency band for instrumental 

deconvolution was refined by calculating the residuals between the 

theoretical and observed calibration pulses (Kulhanek and Lima, 1970, 

used an analytically calculated amplitude spectrum to estimate digitiz­

ing errors). The lower curves of Figure 13 show the absolute value of 

the differences between the amplitude spectra of the observed and 

theoretical calibration pulses in the peaked mode. The Fourier 

transforms of the observed and the calculated calibration pulses C(w) 

and CC(w), respectively, are given from equations (1), (2), (3), (9), 

and (13): 

(22A) 

(228) 
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where Nc(w) is the additive noise in the observed calibration pulse. 

The difference between the Fourier transforms of the calculated and 

observed calibration pulses, aC(w), is given by equations (22A), (~28). 

and (1S): 

(23A'>. 

And the absolute value of the difference is 

(238) 

Since M(w) and N(w) were assumed to be random, and 8 C<W) was found to be 

random, 

(23C) 

With (23C), (238) becomes 

(230) 

Figure 13 also gives the absolute values of the relative errors 

defined as the ratio of the observed-minus-calculated values to the 

theoretical amplitude spectra of the calibration pulse. Table e lists 

the upper limit for the frequency band in which the relative errors are 

less than 0.4, 1.0,and 2.5. These relative errors were used to estimate 

the relative difference between the observed and calculated ground 
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motions. If the primary source of noise is the digitizing process and 

the transducer-amplifier system (see Section 1.4.), then the noise is 

signal-independent and 

(24A) 

(170) can be simplified assuming IM(~)I~O and using (24A) and (230): 

!p{w)! :I loC(w) I 
IR(w)i 

(248) 

This equation can be freed from R(w) if get) is assumed to be a 

stationary random time sequence. This is an acceptable assumption at 

those frequencies where the noise amplitudes are comparable to the 

signal amplitudes. This assumption means that 

1~(w)1 = e :I rlc(t)ldt 
IR(w) I rlr(t)ldt 

(2SA) gives the simplest error estimation using (248); 

= I o~( w) I E: 

!e( w) ! 

(2SA) 

(258) 

The least-squares technique of fitting the calibration pulse 

with the theoretically calculated pulse also yielded relative noise 

parameters, such as the maximum and the average of the residuals in the 

frequency band of 0 to WNq divided by the amplitude spectrum of the 
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calibration pulse at the peak frequency. The schematic flow chart for 

calculating these values is shown in Figure 17. These relative noise 

parameters can be used as waterlevels if they were corrected for the 

amplitudes and the noise of the records which may be different from those 

of the calibration pulse (compare with equation (25B}). Since most of 

the long-period lunar seismograms are weaker and noisier than the 

calibration pulse for component 15Z and are more energetic than the 

calibration pulses for the other components, two waterlevel parameters 

were chosen: 0.03 for seismograms with amplitudes larger than 30 to 50 

digital units and not too noisy and 0.1 for the smaller Signals. The 

re li abi1 i ty of '~hese water 1 eve 1s was tested by deconvo 1 vi ngsome- Qf the 

records with different waterleve1 parameters before the routine process­

ing. These trial deconvolutions showed that the above choices were 

satisfactory except for the very noisy records. 

The noises which are easily spotted and classified by inspection 

are the following: 

1. Most of the "gl itches" are those impulsive-type noises 

in the peak~d mode which look like distorted calibration pulses and 

can be described rather accurately by the following empirical formula 

where cl and c2 are constants, C(t) is the theoretical or observed 

calibration pulse, C is given by equation (9), and w(t} is the impulse­

displacement response of the seismograph. The times of occurence of 
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these glitches correlate strongly with temperature changes near the 

station. A glitch was easily removable by the model described by 

equation (26) if the power spectrum of the seismic signal was stronger 

at frequencies a~ove the peak frequency of the seismometer than at the 

peak frequency. However, if there were many overlapping glitches and 

the seismic signal was strong near the peak frequency of the seismograph 

response. removing the glitches by fitting the seismograms with equation 

(26) distorted the signals considerably. This distortion was caused by 

not having been able to resolve the exact beginnings of the individual 

glitches. 

Other techniques, such as the prPdiction error operation (Wiggins 

and Miller, 1972) and adaptive filters (Sims and D'Mello. 1978), were 

not tried in this study. They also would distort the signal. because 

the distortion increases rapidly with the unpredictability of the 

glitches in comparison to the unpredictability of the signal (Wiggins 

and Miller, 1972). 

2. Bit-holds and bit-jumps of the analog-to-digital converter 

were observed only at station 14. These types of digitizing errors are 

illustrated in Figure 22. It is clear from Figure 22 that the bit-holds 

cannot be removed from the setsmograms lnd that the bit-jumps can be 

removed without any information loss. The correction for bit-jumps was 

done by checking six-minute sections of the seismograms for missing 

levels of digitization. 

3. Most of the spikes were also removed from the seismograms 

by checking the changes insf'gnal amplitudes in. windows .of few seconds. 



The instrumental deconvolution was carrie~ out in the frequency 

domain as the schematic flow chart of the computer program shows in 

Figure 19. Aftar a time section of the seismogram was corrected for 

bit-jumps and for spikes. the d.c. level was removed. and cosine-bell 

tapers were applied at both ends of the time section. The Fourier 

transform of this tapered Signal was divided by the peaked-mode complex 

transfer function of the seismograph according to (19). The transfer 

functions were adjusted with the waterlevels by a separate computer 

program whose schematic flow chart is shown in Figure 18. The 

instrumental deconvolution was completed by taking the inverse Fourier 

transform. The amplitude spectra of the deconvolved records reveal 

that other important filtering effects characteristic of each recording 

site remained in the lunar seismograms. These filters cause most of 

the amplitude spectra to deviate systematically from a rather uniform 

spectrum and prevent. an easier comparison of the different seismograms. 

The removal of these effects is discussed in the following section. 

Naturally the approach cannot be deterministic, as correcting the 

seismograms for the instrumental response, and should rely on statistical 

means. 

2.4. Design of the whitening filters to remove the filtering effects 

of the near-surface zone. 

In addition to the effects of the peakedoomode instrumental 

response, the following major processes also influence the observed 

amplitude spectra of the long-period lunar seismograms. 

1. Source effects 
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2. Propagatfon effects, e.~., frequency-dependent attentuatior. 

3. Noises, e.g. spfkes and glftches 

4. Near-surface effects, e.g., large velocfty gradfents, 

lateral inhomogeneitfes 

5. Coupling between the sefsmometer and the ground. 

Although all of these effects are important fn shapfng the lunar 

sefsmograms, the filtering effects of the near-surface zone and the poor 

coupling ar~ considered to be primarily responsible for most of the 

differences observed among the signals recorded by the various components 

(Lammlein et al •• 1974; Nakamura et al •• 1975; Mark and Sutton, 1975). 
~-- --

Apart from scaling the sfgnal amplitudes of all three long-period 

components of the ground motion to the same level (Goins, 1978) the 

seismograms were not corrected in the past for these effects. 

Sfnce no determfnistic way is available to reduce these filterfng 

effects one must resort to statistical methods. Ideally, the statistical 

approach would mean choosing a set of events for each similar group of 

sources such that the hypocenters are evenly distributed in space and the 

noise level is rather low. It would also mean combining the amplitude 

spectra properly within each group; that is. the statistical combination 

of the indivfudal amplitude spectra would result in cancellation of all 

influences except those attributed to the near surface and the source 

effects. 

Initially, I selected 65 of the largest events from the complete 

seismic data set. These 65 events include 40 impacts (8 artificial and 

32 natural), 10 shallow moonquakes. and 15 deep moonquakes. At least 

one time section of 2048 samples (309 seconds) was chosen from each 
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record starting just before the beginn1ng of the se1smic signal. For 

s1gnals from some d1stant events, another sect10n of the same length, 

follow1ng the first by 3 or 4 minutes, was also selected. These 65 

events and the beginnings of the approximately five-minute sections are 

11sted in Table 9. The first letter of the code in this table refers 

to the type of source: A to deep moonquakes, H to shallow mocnquakes 

(also called high frequency teleseismic events), C to impacts. The two 

digit numbers following the first letter 4r8 used to denote source loca­

tions for deep moonquakes and are arbit,~ary sequence numbers for Shallow 

moonquakes and impacts; A46 was reclassif~,d as AOl by Nakamura (1978). 

The artificial impact records are distinguished from the natural impact 

records by USing a letter and a number following the first letter. The 

letter denotes the source (L for Lunar Module and S for Saturn IV 

booster), the number is the second digit of the Apollo missfon number 

{12. 14, etc.}. 'WL' is the waterlevel parameter in percent used in 

the peaked-mode instrumental deconvolution process (see Section 2.3.). 

'Com' gives information about the various components for each st~tion. 

such that integers 1, 2. or 3 imply that the X, Y. or Z component. 

respectively, did not operate properly for that event and thus no signal 

can be s,en; the letters X. Y. or Z Are used to denote those time 

sections whose amplitude spectra peaked in the frequency band of 

approximately 0.3-2 Hz. Since this selection elim~nated those time 

sections which possess inadequate signal-to-noise ratios. sections 

marked with X, V, and Z were used for deSigning the whitening f11ters. 

Table 10 lists the number of time sections used in this study 

by components and by event types. Those listed in Table 10 as 'Good' 
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met the above signal-to-noise ratio criterion; those in column 'Noisy' 

were not used to design the whitening filters. Table 10 also lists the 

number of time sectionr which were recorded in the flat mode. 

To obtain the relative magnifications for the various components 

at each station, the same events should be chosen for each component. 

Since the small number of time sections meeting the abo~ signal-to-noise 

ratio criterion ~not permit this, it was necessary to compromise by 

selecting the same events for the horizontal components only, Qxcept for 

the few events listed in Tabl. 9. The present selection of events per­

mits rotation of the horizontal components into radial and transverse 

directions and particle-motion studies. 

It was also likely that unbiased statistical analysis cannot be 

performed with the small number of events within each of these event 

type~. It was reasonable, nevertheless, to expect that the seismic 

records can be corrected for the average near-surface effects at each 

site if the other effects, such as the spectral density functions of the 

individual sources and the propagation effects along the various raypaths, 

produced smaller alterations in t:. spectral amplitudes than the near­

surface effects. To test this supposition, amplitude spectra of time 

sections from the three major source types were combined at each site as 

weight .. d arithmetical averages. 

(27A) 
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(278) 

(27C) 

where n • 0.1.2 ••••• 1023; superscript s denotes the source types, 

Xsi ' Ysi • and Zsi art the amplitude spectra of the individual time 

sections, rtcorded in the peaked mode and corrected for the instrumental 

response, Ix' fs' and Is are the average of the NSH and NxZ number of 

individual amplitude spectra. 0 is the sampling interva' in the angular 

( -1 frequency domain a-2,,-0.003235 sec ), and ci are indiddual weight 

factors. 

The flow chart of the computer program for calculating 

spectral amplitude averages according to equations (27) is shown in 

Figure 20. The averaging can be done after the individual amplitude 

sr,,-:':tra have been S'Jnoothed and I if desi red, wei ghted. The smooth; ng 

will not be considered at this point since the associative law holds for 

summing and smoothing with moving averag~~ in rectangular windows. When 

no weighting 1~ applied to the individual spectral amp~itudes (c;-l). 

the sefsmi c records wi th larger amp 1i tudes have grea ter wei ght in the 

average amplitude spectrum than the weaker records. When the energies 

or the amplitudes of the sections are scaled to the same level before 

summation, the individual amplitude spectra are treated with approxi­

mately the same weight, except that a noisier record contribute less in 

the frequency band of intertst than the records with good signal-to-noise 
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ratio if the noise is stronger outside this band. Weighting does not 

permit derivation of relative magnification ratios for the two hori­

zontal components at a particular site. but allows dR empirical 

reliability test for the consistency of the shapes of the determined 

average amplitude spectra. 

In addition to this test for the consistency of the average 

amplitude spectra, subsets were selected within the most numerous 

groups. The average amplitude sp~ctra of these different groups are 

similar to each other for" a given component except in certain frequency 

bands-in which noise, discussed" in the following section, is obviously 

present, and except for impact signals which are mast affected by distance 

dependent attentuation. Based upon the similarity among the average 

amplitude spectra of the different groups and upon the similarity between 

the amplitude spectra of two consecutive five-minute sections, I 

conclude that the five minute sections starting at about the beginning 

of the seisndc Signals adequately defines the statistical properties of 

the amplitude spectra. The average amplitude spectra obtained by 

simple addition of the amplitude spectra for the different components 

and source types are shown in Figures 23 through 28. 

Although there are sone differences among the average amplitude 

spectra of the different source types, I stacked these spectra for every 

component because the number of sections is small for some of these 

groups and I wanted to derive only one whitening filter for each compon­

ent. These average amplitude spectra are shown in Figures 29 through 32 

after they were smoothed with moving averages in a rectangular window of 

17 samples (0.055 Hz). Figures 29 through 32 also show the average 
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horizontal amplitude spectra at each station defined as 

n-o,l ,2, ••• ,1023 (28) 

where r and V are the average amplitude spectra for components X and Y. 

respectively. 

These average amplitude spectra can be considered as the 

amplitude spectra of the near-surface effects for an average source 

and attentuation. The whitening filters can be obtained from the 

smoothed average amplitude spectra assuming the filters to be either 

zero phase or minimum phas~. In the latter case, the filter is causal 

and the phase spectrum can be calculated with the Hilbert transform of 

the logarithm of the amplitude spectrum. The minimum-phase assumption 

contradicts the fact that the signal was dominated by scattered surface 

waves and the zero-phase assumption violates causality. However, I 

adopted the assumption of zero phase in calculating the whitening 

filters because the true phase spectra of the direct shear and secondary 

arrivals were not expected to be determir.ed from the amplitude spectra 

of the long time-sections (five-minute sections were required to 

describe the average spectral properties of the scattered surface waves). 

To avoid the undesirable sidelobes of a rectangular window, the average 

amplitude spectra were smoothed with moving averages over a 0.109 Hz 

window which was cosine tapered at both ends around the central fre­

quency of the window. Thus, the amplitude spectra of the whitening 

filters differ slightly from those of Figures 29 through 32. 

To reduce the numerical errors, the zero phase whitening filters 
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were multiplied by the complex transfer function of the seismograph and 

equation (20) WIS used to stabilize the inverse filtering process in 

the p~aked mode. (Figure 21 shows the flow chart of the computer 

program). The reliable frequency band was chosen to be (0.2 Hz. 1.5 

Hz). The upper limit of this band could have been slightly higher 

far a few of the largest signals. Seismic signals recorded in the flat 

mode were also corrected with the whitening filters. This inverse 

filtering process did not require suppression of the noise because the 

whi~ning filters contained some noise thought to be white. The 

whitening filters in the peaked mode could have been designed such 

they also included the instrumental effects. Although this approach 

would have eliminated the necessity of determining the transfer function 

of the seismographs. it would not have yi.elded information of the 

seismographs, of the near-surface structure, and of the noise, and 

would not have permitted correction of the flat-mode seismograms for the 

near-surface effects. 

Although the zero-phase nature of the whitening filters caused 

the seismic arrivals to be observed slightly earlier, the inverse 

filters diminished the sharp peaks in the amplitude spectra considerably. 

Tests conducted in the time domain also showed that the invc.'se filters 

made the comparison among the different components possible. This is 

demonstrated in Figure 33 with the deconvolved Y components of gt'ound mo­

tion at stations 14 and 16. The knowledge of the average amplitude spectra 

also permits derivation of the average relative amplification between the 

horizontal components, which is discussed in the following section. 



2.5. Some properties of the amplitude spectra of the long-period 

lunar seismograms. 
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The average amplitude spectra derived in the preceding sections 

permitted empirical detenmnat10n of the relative amplitude ratios between 

the horizontal components of the long-period lunar seismographs. 

The ratios of the average horizontal amplitude spectra (X/Y) 

of all sections with good signal-to-noise ratio are shown in Figure 34 

after they were smoothed with moving averages in a rectangular window 

of 17 samples (0.055 Hz). The relative average amplifications calcu­

lated for two frequency bands are listed in Table 11. Although the 

X/V ratios at some frequencies differ from the average by as much as 

30% and might indicate the presence of lateral inhomogeneities, the 

differences among the amplifications at the different stations are 

primarily attributed to the coupling between the seismometer and ground. 

The cable connecting the sensor unit to the central electronics unit 

is thought to be the most important factor in the coupling (Lammlein 

et !L.t 1974). This cableoomes out at an angle of about 300 to the 

positive V direction and possibly acts like a fourth leg. Sharp 

increases in the amplitude spectra at the peak frequency of the ampli­

tude responses of the horizontal components at station 16 are also 

interpreted to be a result of this mechanical effect. 

At certain frequencies most of the time sections show unusually 

high amplitudes which are associated with noise. The large amplitudes 

at less than 0.2 Hz correspond to the frequency content of the 

glitches as mentioned in Section 2.3. They can be buried in the signal 
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and unnoticed in the seismograms recorded in the peaked mode. These 

glitches are abrupt ground motions caused by thermal expansion of the 

temperature insulating shroud and of the soil surrounding the 

seismometer. 

Other types of instrumental noises, such as bit-jump and bit-hold 

errors of the analog-to-digital converter and spike~ were discussed in 

Section 2.3. Some of the long-period signals show a spectral peak 

at the frequency of 1.6563 Hz or half of the Nyquist frequency, which 

corresponds to one data frame (see Section 1.2. for details about 

instrumentation) and is probably caused by varying reference voltage 

in the analog-to-digital converter. Other noises of possibly instru­

mental origin an! present in the seismic records from stations 12 and 14 

at periods of 3-4 seconds. Station 12 seismograms also show a spec­

tral peak at periods of 8-10 s~conds. Both of these noises are 

attributed to the on/off switching of the temperature control unit. 

The mechanism of this interaction is unknown. 

2.6. Summary of Part 2. 

This part of the dissertation has described the methods used for 

correcting the long-period lunar seismograms for instrumental response. 

To control the noise, waterlevel parameters of 0.10 for most seismo­

grams and of 0.03 for seismograms with good signal-to-noise ratio were 

determined from the analysis of the signal-to-noise ratio of the 

calibration pulses. The instrument-corrected seismic records were used 

to determine the whitening filters for each component in order to 

reduce the characteristic near-surface effects and to make uniform 
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filtering of the different seismic records possible. These filters. 

which can be considered to be the amplitude spectra for an average 

source and propagation character. work satisfactorily. Although the 

zero-phase nature of the whitening filters causes the ~eismic arrivals 

to be observed slightly earlier, the sharp spectral peaks of the 1cng­

period lunar seismograms are diminished considerably. The rather white 

nature of the amplitude spectra permits comparison of the seismograms 

from different stations as described in Part 4. The avera~e spectral 

amplitudes were also used to derive relative amplitude ratios between 

the hori zonta 1 components. , 



PART 3. NEAR-SURFACE SHEAR WAVE VELOCITIES AS INFERRED FROM THE 

SPECTRAL AMPLITUDE RATIOS OF THE LONG-PERIOD LUNAR SEISMOGRAMS. 

3.1. Introduction. 

In the preceding part of this dissertation. the amplitude 

spectra of the most energetic long-period seismograms were studied in 

30g-second sections. Although the amplitude spectra depend on the 

source depth and distance, they are similar in two consecutive sections 

of the signals. The average amplitude spectra calculated for the three 

major types of sources at a given site also show a high degree of 

consistency. These observations suggest that the average amplitude 

spectra may be interpreted in terms of near-surfac~ effects. This 

interpretation is important because other information on the physical 

properities of the near-surface zone is very limited. 

Similar compressional velocities of 92 to 114 m/sec were 

obtained for the topmost layer, the regolith, by active seismic experi­

ments at the Apollo 14, 16, and 17 sites (Cooper et !l., 1974) and by 

analyzing the signals from the Lunar Module lift-off at the Apollo 11, 

12, 14, and 15 sites (Nakamura et !l., 1975). Cooper ~!l. (1974) 

characterized the regolith as a rather homogeneous layer of differing 

thicknesses at the different sites (8.5, 12.2, and 4.0 m at stations 

14. 16, and 17 respectively) and determined the compressional velocities 

to be about 300 m/sec for the underlying material at all three sites. 

The results of the seismic profiling experiment at the Apollo 17 site 

gave velocities of 495, 960, and 4700 m/sec at depths of 32, 390, and 

1385 m (Cooper et !l., 1974). The last two velocities are less certain 
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because the few arrivals measured at distances greater than l.i ~ 

had to be corrected for topographY. Although the velocities were given 

as stepwise increases with depth, the investigators recognized the 

possibility of a continuous increase of the velocities with depth. In 

fact, the travel times and amplitudes at the Apollo 14 and 16 sites 

were re-interpreted in tenns of a power-law vel~c1ty variation with 

depth, v(z) • 110zl/6 mlsec. where z is the depth in meters down to 

10 meters (Gangi. 1978). 

These low velocities and their rapid increase with depth were 

shown by laboratory measurements to be reasonable for porous, 

brecciated material with no volatile content. Measurements ~y Stesky 

and Renton (1977) on lunar soil samples under low loads yielded 

velocities appropriate for the uppennost 100 m and suggest that the 

compressional velocities and the Poisson's ratio did not depend 

strongly on the density of the soil samples. The Poisson's ratio ;s 

about 0.46 at near-zero pressure and is rather constant at 0.40-0.43 

in the pressure range of 0.2 to 5 bars. The compressional velocity 

increases from 250 mlsec at the near-zero pressure to 750 mlsec at 

5 bars. Laboratory measurements on Apollo 17 rock powders by Talwani 

et!I. (1973 and 1974) yielded compressional velocity gradients between 

0.5 and 0.1 (~/sec)/km at confining pressures of 0 to 0.5 kbars, and 

10 to 20 times less at higher pressures of up to 2.5 kbars. The 

ve loci ties and thei r gradients are hi gher for the "li ght mantl e 

material". which is a product of a variety of breccias. than those for 

the "dark mantle material", which has a composition similar to that of 

mare basalt samples (Talwani !t!l., 1974). 
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Soil densities were measured in the laboratory (Carrier !1!l., 
1973i Stesky and Renton, 1977) and by 5011 mechamcs experiments in situ 

(e.g., Mitchell !1!l., 1972i Houston !1!l., 1974). The results, which 

were summarized by Heiken (1975), show widely varying densities of 

less than 1 to more than 2 g/cm3. Sutton and Ouennebier (1970) obtained 

densities of 1.1 to 1.5 g/cm3 at the landing sites of Surveyor space­

craft by modeling the influence of the soil on spacecraft vibrations. 

The ratios of the horizontal to vertical long-period spectral 

amplitudes were studied by Nakamura !!!l. (1975) and by Mark and Sutton 

(1975). The former group obtained the thickness and the shear velocity 

of the regolith from the maximum of the spectral amplitude ratios, 

assu~ing that it was produced by quarter-wavelength interference of 

shear waves trapped in the regolith. An average shear velocity of 

37 mlsec was found in a layer of 4.4, 3.7, and 4.4 meters thick at the 

Apollo 11,12, and 15 landing sites, respectively. Mark and Sutton 

(1975) fitted the spectral ratios of a few impact records with spectral 

ratios calculated theoretically for the fundamental-mode Rayleigh waves. 

They found that the shear velocities, increase from about 35 mlsec at 

the surface to about 400 mlsec at a depth of 120 m under stations 12 and 

15. It was also shown that the velocity stratification obtained at the 

Apollo 14 site by Cooper et!l. (1974) results ina theoretical infinite 

value near the peak of the observed spectral ratio curve. 

In this part of the dissertation I also used the spectral ratio 

technique, modeling the observed amplitude ratios with ellipticities 

calculated for the fundamental-mode Rayleigh waves, to obtain the shear 

velocity distributions at the Apollo 12, 14, 15, and 16 landing sites. 
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First. the spectral amplitude ratios for many of the largest events are 

shown to be similar at a given site. Then. the average spectral 

amplitude ratio curves are fitted with theoretical curves. A discussion 

of the velocity distributions thus obtained concludes this part of the 

Q~ssertation. 

3.2. The observed spectral amplitude ratios. 

The spectral amplitude ratios, 'If. were calculated from 1:he 

average spectral amplitudes (see equations (27) and (28)) according to 

the following relation 

""(na) • HOR{na) • v'x(na)_2 + V(na)2, ( ) ~I n.0,1.2 •••• ,1023 29 
Z{na) Z(na} 

where I, V. and! are the average amplitude spectra calculated from the 

spectral amplitudes of all t~me sections having adequate signal-to-noise 

ratios. These spectral -ratios are shown as the top curve of Figures 35 

through 38 after they were smoothed with moving averages in a rectangu­

lar window of 17 frequency samples. If the attenuation and source 

effects were the same for the vertical and horizontal components and 

the same events were used, then these average spectral ratios would be 

free of such effects. Since the events used in calculating the average 

horizontal and vertical amplitude spectra (see Tables 9 and 10) are 

different. the spectral ratios calculated by (29) may include effects 

other than tho~ of near-surface origin and may be distorted at least by 
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a scale factor. To test the importance of these effects on the spectral 

ratios and to obtain the correct values for these ratios. the spectral 

ratios were calculated according to the following equation for those 

time sections which met the signal-to-noise ratio criterion described 

in Section 2.4. 

where R; are the individual spectral ratios. Xi. Vi, and Zi are the 

spectral amplitudes in the horizontal and vertical directions after 

they were smoothed with Hamming-Tukey smoothing coefficients (Sith. 

1974. p. 179). To obtain a better estimate f'Jr the spectral ratios. 

these individual spectral ratios were averaged for each source t~pe: 

( 31) 

where subscript s stands for the source type and Ns is the number of 

sections. The flow chart for calculating these average spectral ratios 

is given in Figure 20, and the average spectral ratios are shown as the 

lower three curves of Figures 35 through 38. 

As seen from these figures. the average spectral ratio curves 

calculated by (29) and (31) are very similar at a given station, except 

those at station 15 and that for deep moonquakes at station 12. At 
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station 15. the dominant peak in the average spectral .mplitude ratio 

curve is apparently shifted toward lower frequencies with increasing 

source depth, while at station 12, there is no dominant peak in the 

spectral ratio curve for deep moonquakes. The moonquake signals are 

generally s~aller than those of impacts. and stations 12 and 15 have 

:i,llller horizontal aqJl1tudes than stations 14 and 16. Since the 

spectral amplitude ratios are dominated by the noise at those frequen­

cies where the signal amplitudes and/or the instrumental sensitivities 

are low in comparison with the noise level. the apparent source depend­

ency of the spectral ratios may be attributed to the use of less 

energetic signals recorded by the ver,y sharply peaked seismometers at 

the least sensitive stations. Indeed. the spectral ratio curves of 

the largest moonquakes are mtlch more 11ke those of impacts than those 

of weak moonquakes. 

Thus. the spectral ratios at a given station are generally 

independent of the source depth and distance. Furthermore. the spectral 

ratios of the two different sections of the Signals from the distant 

events are quite similar. The hypothesis that spectral ratios are 

determined primarily by the physical parameters of the near-surface 

zone fits these facts very well. Scattering and ground coupling mIY 

also influence the spect,.a ratio curve. 

The problem of comparing the measured spectral ratios for the 

isotropically arriving scattered s!Jrface wives with theoretical ratios 

for plane Rayleigh waves was solved by introducing a multiplying factor 

of 212/w-0.9 to equation (30) (Mark and Sutton. 1975). H~~evert I 

omitted ~his factor because the relative amplifications ~)ng the 
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, 
components are not precisely known (see Part 1 of this dissertation) 

and imperfect coupling between the seismometer and the ground 1s 1150 

suspected of causing certain irregularities, such as the sharp increase 

of the station 16 spectral amplitudes at 0.45 Hz (see Section 2.5.). 

Since the signal amplitudes of the Y component of ground motion are 

about 1.7 times larger than those of the X component for station 16. 

(see Section 2.5.), and since the sharp peak of the spectral ratio 

curve at about 0.45 Hz corresponds to the peak magnification of the Y 

component operated in the peaked mode, the observed spectral ratios at 

around this frequency were excluded from the frequency band in which 

the observations should be fitted with theoretical curves. The lower 

limit for this frequency band is the frequency at which the long-period 

noise h sufficiently small and is about 0.3 Hz for all stations. The 

higher limit is the frequency where the horizontal-to-vertical spectral 

ratio becomes that of the noise. i.e~ 2.3,1.6,2.1, and 1.7 Hz for 

stations 12, 14, 15. and 16. respectively. 

3.3. The theoretical spectral amplitude ratios calculated for the 

fundamental-mode Rayleigh waves. 

Assuming the vertical velocity variations to be much larger than 

the lateral ones! the near-surface strllcture was model ed as a series of 

homogeneous, isotropic. horizontai layers. The validity of this model 

can be partially tested by calculating the ratio of the average X and Y 

amplitude spectra for all sections having good signal-to-noise ratio. 

The X/V spectral amplitude ratios were discussed in Section 2.5. and are 

shc,wn in Figure 34. Some of these ratios differ froin the average 
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(listed in Table 11 for two frtquency baneSs) by as much IS 3OS. and 

follow a pattern similar to the horizontal-to-vertical spectral 

amplitude ratios near the dominant peak of the horizontal-to-vertical 

spectral ratios. These variations may indicate a tilt in the particle 

motion ellipse, which ~ be produced by anelastic effects of the 

medium (Boore and Tokso!, 1969). by the presence of anisotropy. by' 

lateral inhomogenities. or by ground coupling effects (e.g., a rocking 

motion of the instrument). Variations of the X/V spectral ratios are 

not conSidered to be dominant .ffects. 

Assuming a horizontally l~ered medium. the ratio of the 

horizontal and. vertical axes of the particle motion ellipse, Ilso 

called el11pticity of the Rayleigh type surface waves, was calculated 

theoretically with the Haskell matrix technique (Haskell, 1953). Since 

the distribution of energy among the different Rayleigh modes is 

unknown. I Ilso assumed that Rayleigh waves of the fundamental mode 

dominates the ground motion in the frequency band of interest. Disre­

garding the possible contribution of bo~ waves, Love waves and higher­

mode Rayleigh waves appears to be justified quantitatively by the good 

agreement between the results presented here Ind those from refraction 

experiments. as described in the following section. Some additional 

qualitative arguments can also be given. The long time-windows used and 

the Similarity between the spectral ratios in two consecutive five-min­

ute windows support the assumption that the contribution of the body 

waves is negligible: If the ~nergy of Love waves vlr18j wi th frequency 

in the same way as the energy of the horizontal ground motion of Rayleigh 

waves, then the observed spectral ratios would differ from those 
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calculated for Rayleigh waves by a scale factor only. The low veloci­

ties and large velocity gradients near the surface. as well as 

heterogeneities concentrated n!ar the surface, support the assumption 

that higher-mode Rayleigh waves may be neglected because surface sources 

p!'~duce fundamental-mode surface waves primari ly and because the 

conversion from fundamental-mode surface waves to higher-mode waves is 

small in a scattering medium (Malin, 1978). To emphasiz~ the contri­

bution of the fundamental-mode Rayleigh waves and to use the most 

energetic events, only Signals from meter~id impacts were used. 

The censities and the velocities should satisfy certain con­

straints established by other investigations, which were reviewed in 

Section 3.1. In order to simplify the comparison among the different 

sites and to handle as few variables as possible, I varied the thickness 

and the shear .... elocity of the layers and kept the compressiona1-to-shear 

velocity rltios and densities identical in the corresponding layers at 

all sites. These restrictions are also justified by the fact that the 

theoretical el1ipticities of the fundamental-mode Rayleigh waves in the 

0.3-2.3 Hz band are most sensitive to shear velocities and least to 

compressional velocities and densities. Since the theoretically calcu­

lated ellipticities are invariant to a COnJn('l'" scale factor simultaneoIJs1y 

applied to the thicknesses and velocities (Haskell, 1953), the shear or 

compressional vcl10city must be fixed at a given depth in order to obtain 

unique solutions. A compressional velocity of 104 mlsec in the 

regolith, ~.',1('h is t~( a"f:;, age of the observations at the four sites, 

was u~ed to fix this scale factor. Moreover, the density of the super­

firial layer also was filed because the theoretically calculated 
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ellipticities are affected by the density ratios only. Finally. it 

was also Iny objective that the theoretical models consisted of as few 

layers as were necessary to model the spectral amplitude ratios. 

Two different compressional-to-shear velocity ratio and densi~ 

profiles were assumed for calculating the theoretical ellipticities. 

In the first model, model 'A', which is similar to the model of Mark 

and Sutton (1975), the compressional-to-shear velocity ratios are 

higher and the densities are lower in the four uppermost layers than in 

model 'B'. Average spectral ratio curves for impacts were fitted with 

theoretical curves by adjusting the thicknesses and the velocities of 

the layers of the model. These adjustments were made by examining the 

partial derivatives of the theoretical ellipticities with respect to 

these variables (a least-squares iterative scheme was also tried, but 

the infinities in the calculated ellipticities caused the iteration to 

diverge). The fit in the frequency band of interest was judged by 

eye on plots having linear frP.quency and amplitude scales, such as 

those of Figures 35 through 38. The spectal ratios calculated for the 

final models are shown in Figures 35 through 38 as a dot-dash line for 

model 'A' and a dashed line for model 'B'. 

The structural parameters of these models are given in Tables 12 

and 13. The agreement between the theoretical and observed ratio curves 

is reasonably good except at high frequencies, where noise dominates the 

spectra, and at the low frequency end of the spectral ratio curves for 

stations 14 and 16. The sharp increase in the station 16 spectral 

ratios at 0.45 Hz is attributed to a rocking motion of tl ~eismometer, 

as was discussed earlier. The decrease below 0.8 Hz at station 14 



could not be modeled without the introduction of infinities in the 

theoretical curves. 

3.4 The near-surface velocity distributions. 
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The discontinuities introduced to facilitate the theoretical 

calculations do not necessarily represent actual interfaces. Although 

I cannot rule out the presence of discrete layers, such as the regolith, 

the velocities of models 'A' and '8', which are remarkably similar, may 

be interpreted as varying continously with depth. Figure 39 shows the 

shear velocity distributions of model '8'. This model, which possesses 

smaller compressiona1-to-shear velocity ratios and higher densities, is 

preferred to model 'A' because its theoretical spectral ratio curves fit 

the observed curves more closely, the velocities at the various sites 

differ less from one another, and the theoretical arrival times of the 

compressional waves (Figures 40 through 44) are closer to the first 

arrivals from the Lunar Module lift-offs (Nakamura et !l., 1975) at 

stations 12, 14, and 15. 

All model 18' velocity distributions are similar and differ 

from the average for all sites by not ~ore than 20%, except for the 

bottom layer at station 14. The velocities at stations 14 and 15 are 

almost the same down to about 50 meters, ,e1ow which the velocities are 

much higher at site 14 than at 15. The thicknesses of the layers having 

the same velocities are about 20% larger at station 15 than at 12 in the 

uppermost 41 meters, below which the shear velocities are about the 

same at these sites. The velocities at station 16, except for the 

topmost layer, which is fixed, are lower than those at any ot:~~r station. 
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If the calculated velocities are taken as the averages in any 

layer and are assigned to the center of thi~ layer, marked with crosses 

in Figure 38, then a piecewise linear increase of the shear velocities 

with depth in two segments. as shown with dashed line in Figure 38, 

describes the shear velocities of model IBI rather well. Each segment 

of these continuous shear velocities, a, is described as 

S = a + bz 

where z is depth in meters, and a and b are constants, which were 

determined by least squares and are listed in Table 14. Table 14 

(32) 

ilso lists the depths where the gradient, b in equation (32) changes, 

i.e., where a second-order discontinuity occurs. Although these depths 

and a in (32) are affected by the same scale factor which was used to 

fix the compressional velocity of the regolith, the value of b in (32) 

is not affected by the choice of the surface velocity. 

The shear velocities obtained by Mark and Sutton (1975) are 

higher in the uppermost 80 to 100 meters than those of models IAI and 

IBI at station 12. The differences are attributed to the way the fit 

was obtained. The details of the spectral ratio curve at short periods, 

which are controlled by the physical parameters of the shallower layers, 

weigh little if fitted on plots of the logarithm of the spectral 

amplitude ratios versus period, as was done by Mark and Sutton (1975). 

They specified the velocities and the density at site 12 down to 413.5 

meters, which was not necessary in this study. Their velocities are 

closer to those of models 'AI and 'B I at station 15 than at 12. 

Although power-law functions were found to fit the shear 
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velocities of model 'B' rather poorly, the compressional velocity, a, 

can be described adequately by a power-law function in the 

uppermost 10 to 13 meters: 

(33) 

where z is depth in meters, and c and p are constants, which were also 

determined by least squares and are listed in Table 14. The exponent 

in (33) is also invariant to the scale factor applied to fix the 

compressional velocities at the surface. Table 14 also lists the 

number of layers, where this power-law fit is adequate, and the average 

compressional velocities in these layers. 

Compressional velocities of model '8 ' agree very well with those 

obtained from the seismic signals of the Lunar Module lift-offs 

(Nakamura et !l., 1975). The first arrivals at stations 14 and 15 are 

within 10 msec of the theoretical arrival times of refracted compress­

ional waves calculated for model 'B' (Figures 41 and 42) and within 

80 msec at station 12 (Figure 40). 

The average compressional velocity calculated with Gangi's 

(1978) power-law formula is about 134 mlsec in the uppermost 10 m 

which is close to those found in this study at stations 14 and 16 

(see Table 14). From equation (33) the travel times, t, of the com-

pressional wave arr'jvals at distance x is 

t = t (xix )l-p o 0 
(34A) 

where to is the travel time at distance Xo (Gangi, 1978). Obtaining p 



from the best fitting power-law models, p·l/3 (Table 14), and using 

the first arro;val from the Lunar Module lift-off at station 14, 

to·67D msec and xo=178 meters (Nakamura et al., 1975), 

t = 21.2·x2/ 3 msec (348) 
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where x is in meters. Table 15 compares the travel times calculated 

for various velocity models with those observed from the Apollo 14 and 

16 stacked data. As seen in Table 15, travel times calculated with 

equation (348) agree best with the observed ones. 

The compressional velocities of models 'AI and 'BI increase 

more smoothly with depth than those obtained by Cooper et!l. (1975) 

at the Apollo 14, 16, and 17 sites. They obtained a compressional 

velocity of 4.7 km/sec at a depth of 1385 m at site 17. If the 

gradient of the shear velocity for the bottom zone (see Tabl~ 14) 

is extended to a depth of a few kilometers and the compressional-to­

shear velocity ratio is assumed to be the same (2.0), then the extra­

polated compressional velocities are much higher than theirs between 

depths of D.l and 1.0 km and reach 4.7 km/sec at depths of 125D to 

150D meters at stations 12, 15, and 16. The differences at depths 

less than 1 km are attributed to the large uncertainties in the 

travel time data of the seismic profiling experiments at distances of 

1.1 to 3 km. The linear extrapolation of the compressional velocity 

of model IBI at station 14 yields a value of 4.7 km/sec at a depth of 

790 m. These comparisons suggest the velocity gradients of Table 14 

may be correct in the uppermost one or two kilometers at all sites 

except at 14, where the velocity gradient obtained in this study 



should decrease with depth. 

The unusually high velocities at depths between 50 and 100 

meters at station 14 also can be supported by the following argument. 
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If the spectral peaks observed at 0.85 Hz for the horizontal component 

of the ground motion and at 1.6 to 1.7 Hz for the vertical component 

(see Figure 30) were caused by resonance of the shear and compressional 

waves in a layer, respectively, then the peak frequencies must be 

proportional to the velocities in this layer and. therefore the layer 

must have an average compressiona1-to-shear velocity ratio of about 2.0. 

Since the compressional-to-shear velocity ratio was found to be much 

higher than 2.0 in the regolith (see Section 3.1), the spectral peaks of 

the ground motion at st,tion 14 must be explained by a deep velocity 

discontinuity. 

3.5 Discussion and conclusion. 

Results from this study indicate that processes acting at the 

surface of the moon have produced a surface zone of remarkably uniform 

phYSical properties. Although the presence of discrete layering is 

not ruled out by these results, the obtained layered velocity-depth 

functio~s can be well fitted with two piecewise linear se1rnents 

Continuous velocities, thus derived, are characterized by two zones; 

a thin (10 to 25 m thick) superficial zone of high velo~ity gradient, 

overlying a zone of decreased velocity gradient extending to a depth of 

at least 150 to 200 m, the maximum depth accessiblp. to the method. 

Based on the velocities of these two zones, except the bottom 

zone at site 14, the sites fall into two groups. At the older sites 
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(14 and 16). the shear velocities of the piecewise linear model and 

the average compressional velocities in the uppermost 10 to 13 meters 

are lower. and the uppermost layers of the layered models are thicker 

than at the younger sites (12 and 15). The velocities are lower at site 

16 than at the other sites. The lower velocities at the .older sites 

may simply reflect longer exposure to meteroid bombardment at these 

sites. 

The velocity gradients of the bottom zone at station 14 are 

significantly higher than those at the other three sites. The higher 

velocities under station 14 at depths between 50 and 100 meters may 

be those of an older surface layer preserved by deposition of the Fra 

Mauro formation 4 billion years ago, i.e., at the time of the Imbrium 

impact. Alternatively, the higher velocities may correspond to the 

basal portion of the Fra Mauro Formation itself, indurated by sintering 

at the time of deposition. 

In conclusion~ the observed horizontal-to-vertical spectral 

amplitude ratios were shown to be characteristic of each site and 

were fitted with the theoretically calculated spectral ratios. Owing 

to differences between the spectra of the two horizontal components of 

ground motion, the limitations caused by using only the fundamental 

mode Rayleigh waves for ellipticity modeling, and disregarding lateral 

inhomogeneities, this technique may not be used to model fine details 

of the structure. The results should be interpreted as representing 

gross velocity distributions as shown by the rather good fit of the 

p;ecewise linear shear velocity models to the obtained layered models. 



PART 4. ANALYSIS OF THE LONG-PERIOD LuNAR SEISMIC SIGNALS CORRECTED 

FOR INSTRUMENTAL RESPONSE AND NEAR-SURFACE EFFECTS. 

4.1. Introduction 

In the first two parts of this dissertation, I described how 

inverse filters were designed to remove the instrumental response and 

the near-surface effects from the long-period lunar seismograms. The 

application of these inverse filters resulted in comparable seismic 

Signals from the various seismographs. (See Section 2.4. and Figure 

33). It was expected that the seismic s~gnals containing no dominant 

spectral peaks would yield better-defined direct shear and secondary 

wave arrivals than those derivable from the original, uncorrected 

seismograms. There are large uncertainties in the seismic event 

locations and in the velocity distributions (see Section 2.) because 

the small number of seismic stations (4), the small seismic sources, and 

tha intensive scattering produced few seismic arrivals which can be 

observed on the lunar seismograms with uncertainty less than a few 

second~; most first arrivals are emergent and most direct shear and 

secondary arrivals are buried in the scattered wavetrain. 

Identification of direct shear wave arrivals is important in 

order to narrow the bounds on the velocity distributions for the lunar 

interior and on the source location. The recognition of secondary 

arrivals may clarify the depths of velocity discontinuities in the 

lunar interior. Velocity discontinuities were ident1fied at depths 

of 20 to 25 km 1n the crust (ToksQZ etJU., 1974; Goi~s, 1978; Goins, 

~JU., 1978), at depths of 45 to 90 km for the bottom of the crust 
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(Latham et !l .. 1972; TOksoz et !l., 1974; Dainty et !l.t 1977. Goins. 

1978. Koyama and Nakamura, 1979), and at depths of 300 to 480 km in the 

mantle (Nakamura lill .• 1974b and 1976; Voss !ill .. 1976; Latham 

1111., 1977; Goins, 1978; Goins !ill .• 1978). Well-constrained first­

order discontinuities would narrow the bounds on the average velocities 

in the upper mantle. The determined values of the velocities in the 

upper mantle vary from 8.1 to 7.75 km/sec for the compressional waves 

and from 4.7 to 3.7 km/sec for the shear waves. The velocity gradients 

determined for the mantle also vary widely (e.g., Latham !1!l., 1973; 

Dainty ll!l .. 1974; Nakamura g1!l., 1974b and 1976; Goins et !l .• 1978; 

Koyama and Nakamura, 1979). 

To search for secondary arrivals, I located the seismic events 

with assumed velocity distributions, and then seismic record sections 

were made for the three source types, impacts, shallow moonquakes, and 

deep moonquakes. Seismic sections of the radial, transverse, and 

vertical components of ground motion were examined for consistent sets 

of secondary arrivals, as discussed in Section 4.~. Th~ diffi:ulties 

in locating the seismic events are presented in the following. section. 

The most important question tr be answered is whether the compressional 

and shear wave arrivals are sat1sfactory to distinguish among the 

possible velocity distributions in the lunar interior; primarily, 

whether they are able to resolve the thickness of the crust and the 

average mantle velocities. 

4.2. Direct compressional and she~r wave arrivals, and locations of 

major lunar seismic events. 
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The sparse array, strong scattering, emergent beginnings, 

unrecogn1zableshear wave arrivals from surface sources, and occasional 

glitches impose severe limitations on the number of locatable seismic 

events. Furthermore. rather large differences occur in the observed 

arrival times for stations 12 and 14. which are relatively close to 

each other. These differences are partially attributed to the different 

amplifications of the near-surface zones at stations 12 and 14. and to 

the facts that the short-period vertical seismometer at station 12 did 

not work normally and that the 1cng-p~riod vertical seismometer at 

station 14 only operate~ intermittently. Thus. most of the first 

arr; va 1 s were read fro:" the long-peri ad vert; ca 1 comoanent for 

station 12, and from either the short-period vertical ,omponent Qr the 

horizontal components for station 14. The number of reliable direct 

body· wave arrivals obs~rvable for a seismic event is f!jrther limited 

by the facts that ;mpact~ produce weak shear waves and ~hat moonquakes 

tend to produce weak compres.:ional waves. The amplitud~~s of the seismic 

wave arrivals, especially those from impacts, are further obscured by 

intensive scattering. 

The emergent beginnings and obscured shear wave arrivals resulted 

in different estimates for the arrival times, as read by different 

investigators (see Table 20). The observed-minus-calculated arrival 

times, the residuals, may not be distributed randomly for emergent 

arrivals. This contradicts the assumptions involved in finding the 

locations of the seismic events by minimizing the residuals in the 

least-squares sense (e.g., James ~!l., 1969). To increase the 

reliability of the observed arrival times, I read the direct shear wave 
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arrivals from the long-period seismic records and ignored the emergent 

first arrivals when better-defined arrivals could be observed at other 

stations. This should lead to increased stability of the least-

squares solutions of the locations (ibid.). The direct shear arrivals 

were read using both the original seismograms and the seismic records 

corrected for the instrumental response and near-surface effects. 

Preliminary seismic sections containing records filtered with a three­

pole Butterwurth filter in various frequency bands were also used to aid 

the search for consistent sets of direct shear arrivals. Generally. it 

was easiertto read the direct shear arrivals from deconvolved seismic 

records filtered in a frequency band of 0.3 to 0.5 Hz and rotated into 

the transverse direction. The seismic sections and the rotation of the 

horizontal components of ground motion are described in the following 

section. 

As described in Section 2.4 .• from the complete data set I 

initially selected 65 large events (se~ Table 9). I expected to obtain 

the locations of these events with residuals less than a few seconds. 

Two different velocity models w~re used to locate these events. These 

two models are given in Tables 16 and 17 and are shown in Figures 44 and 

45, Velocities in Table 16 correspond to those published by Nakamura 

!t!l., (1976)~ velocities in Table 17 are similar to those of Koyama 

and Nakamura (1979). Goins et!l. (1978). and Goins (1978). These 

velocity models were only working models; they were used to locate the 

seismic events and to c!1culate theoretical arrival times ~nr reflected 

and converted seismic waves. 

As seen from Figures 44 and 45. the velocities are continuous, 
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except at depths of 25. 60 or 45. 200, 425 and 1350 km. The continuous 
.- v 

velocities were obtained by Mohorovici~'s relation (Bullen, 1965, 

Chapter 7): 

(lSA) 

where v is the velocity inside a spherical shell at radius r, vi is the 

velocity at the outside radi us of the shell. ri . If the velocity is 

v1+1 at a radius r-ri+l (where ri'2'.1'~i+l)' then 

(35B) 

Tables 16 and 17 specify two compressional and two shear velocities at 

certain depths. The velocities change abruptly at such depths. which 

represent first-order discontinuities. where reflection and/or 

conversion can take place. 

If the angle of incidence is ii at radius r;, then the rldius of 

the deepest point of the downgoing ray, Ri' is 

(35C) 

If the seismic ray traverses this shell only once. then the contributions 

of this shell to the travel time and distance, Ti and 0i' respectively. 

are 
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where i1+1 is calculated from the following relation 

( 35H) 

The travel times and distances for the upgoin9 rays are given by (35E) 

and (35G), respectively, and 11 is calculated from (35H) since ii+l is 

known. 

Some of thp. weak impacts listed in Table 9 could not be located 

without having large residuals. Table 18 lists those events which could 

be located with residuals of a few seconds or les~. The origin times 

and locations in Table 16 are based upon the observ~d arrival times 1n 

Table 19 and upon the velocity distributions in Table 17. Table 19 also 

lists the calculated arrival times. I assumed surface sources for events 

classified as impacts and a source depth of 80 km for shallow moonquakes 
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because the focal depths could not be resolved (e.g., Nakamura !1!l., 
1979). Figures 46 and 47 give the epicenters of the impacts and of 

the shallow moonquakes, respectively. I also attempted to 1ecate the 

deep moonquakes, but the observed arrival times led to residuals of 

up to 10 to 15 seconds. Therefore, I did not list the observed arrival 

times for the compressional waves in Table 19, and I decided to use 

those deep-moonquake locations which were published by Lammlein (1977). 

Although LammJein'~ locations may not be consistent with the observed 

shear wave arrival times in Table 19, the seismic record sections 

for deep moonquakes may be used to search only for those seismic wave 

arrivals which are converted at or reflected from a discontinuity 

closer to the surface than to the source. 

I also decided to use events H07, HOB, H09, C02, and CO~which 

were recorded at two stations only. For these events, the locations in 

Table 18 are preferred to those in the footnote of Table 18. The 

seismograms of HOl and H07, as well as of COl and C02, are very similar 

at a given station. The first several seconds of the seismograms of 

C03 and C04 also show some degree of similarity. Finally, the loca­

tions for HOB and H09 are near mare areas like those for other shallow 

moonquakes located in this study. The locations and origin times for 

the artificial impacts were determined by spacecraft navigation and are 

given by Lauderdale and Eichelman (1974), except for event CS6, which 

had to be located by seismological methods because the tracking signal 

was lost before impact. 

The origin times, locations, and residuals calculated for 

natural impacts and shallow moonquakes with the velocities 1n Table 16 

C-L 
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(source depth of 100 km was assumed for shallow moonquakes) are 

very similar to those calculated with the velocities in Table 17. 

82 

Since most residuals are within the uncertainties in the observations, 

the arrival times of the direct compressional and shear waves from 

natural lunar seismic sources cannot be used to distinguish between 

these two velocity models. The uncertainties in the observations were 

estimated by the differences in the arrival times as read by the 

different investigators (see Table 20). For artificial impacts from 

distances between 11.2 and 35.70 , the residuals calculated with the 

velocities in Table 17 are a few seconds smaller than those calculated 

with the velocities in Table 16. Thus, the distances for aligning the 

seismic records in the sections and the arrival times for reflected and 

converted seismic waves were calculated with the velocities in Table 17, 

as discussed in the following section. 

One important result of the locations obtained in this study is 

that two shallow moonquakes, H01 and H07, occured at the same source 

region almost two years apart. This finding provides further evidence 

that shallow moonquakes are true tectonic quakes (Nakamura et !l., 1979). 

4.3. Secondary arrivals. 

It was expected that secondary arrivals would be recognized 

most readily when the true ground motions could be compared among the 

various sites. Thus, the seismograms were corrected for instrumental 

response and near-surface effects, were filtered and were rotated into 

the radial, R, and transverse, T, directions according to 
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R(t) • -X(t)cos a - Y(t)sin a (36A) 

T( t)· X( t)s1n a - Y( t)cos a (36B) 

where X(t) and yet) are the deconvolved and filtered X and Y components 

of ground motion as the function of time. t, and a is the angle from 

the positive X axis of the seismometer to the direction toward the 

source from the station (positive is clockwise). a'S are listed in 

Table 18 under the column 'Azimuth'. R is positive away from the 

source, T ,is positive to the right looking from the source. 

Seismic sections were made for the three major source types, 

artificial. shallow moonquakes, and deep moonquakes, by aligning the 

radial, transverse, and vertical components of ground motion according 

to the distance between the source and the station (see Table 18). 

and using the arrival times of either the direct compressional'or the 

direct shear wave (see Table 19). The seismic record sections given in 

the pocket consist of seismic records filtered with a three-pole 
o 

Butterworth filter (Bath, 1973, p. 260) having high-pass and low-pass 

frequency cut-offs at 0.4 and 1.5' Hz. respectively. The Signal ampli­

tudes on these seismic record sections are positive toward 

increasing distances. The seismic records are identified by a 

sequence number, a four-character word, and a scale factor used for 

scaling the amplitudes of the seismic records by division (see also 

Seismic Section Captions). 

If one of the components was not working normally (see Table 9), 

, ) 



then the corresponding seismic record was zeroed. This process 

resulted in plotting one horizontal component of ground motion on 

both the radial and transverse sections when the other one was 
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zeroed. No seismic record was plotted when either both horizontal 

components or the vertical component were missing. The glitches were 

also zeroed, and the seismic record was not plotted at those times when 

the amplitudes were clipped. Since some of the seismic records are 

shifted slightly along the distance axis for clarity of the sections, 

a line is drawn between the correct di~tance (see Table 18) and the 

beginning of the record, which is marked by a small t.ickmark. The 

background noise may be estimated for impact and shallow-moonqtake 

seismic records from that portion of the record which lies between 

this tickmark and the compressiona: wav· ... arrival. 

Other seismic record sections, not included in the pocket, were 

also made using cut-off frequencies other than 0.4 and 1.5 Hz in order 

to compare the seismic Signals in various frequency bands. The len~ths 

of the sei smi c records were a.1 so vari ed f n order to compare vari ous 

parts cf the seismic records. Polarization filters were also used for 

enhancing rectilinear motions. as discussed below. 

Low coherency among the displacement components of ground 

motion and weak onsets of seismic arrivals in comparison with the 

amplitudes of the ambient signal make the identification of direct 

shear and secondary arrivals difficult. To enhance the rectilinear 

motion, thus to reduce the number of possible readings for direct shear 

and secondary wave arrivals, polarization filters were designed by 

Voss et al., (1976), Jarosch, (1977), Dainty et al. (1977), Goins (1978), -- --
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and Goins !!!l. (1978). The practical and theoretical difficulties 

in applying the polarization filters for the long-period lunar seismo­

grams are significant. In addition to the low coherency among the 

various ground motion components and to the strongly scattered bodY 

wave arrivals, unknown relative magni~ication among the seismographs, 

almost vertically arriving bodY waves, missing or very small vertical 

components of ground motion, and the fact that the polarization filters 

also pass Signals which are energetic only on one component made the 

application of the polarization filters doubtful. In fact, the polari­

zation filters did not aid the identification of secondary arrivals, 

because most arrival times read from the polarization-filtered seismic 

record sections coincided with the increase in the Signal amplitudes 

only on one component of the ground motion. 

Apart from the increase of the signal amplitudes, no criterion 

could be set to read any set of secondary arrivals. Theoretical travel 

times were calculated for many possible reflected and converted seismic 

waves and were compared with the times where the Signal amplitudes 

increase. Uncertainties in the distances and in the arrival times at 

which the seismic records are aligned were estimated to result in 

seismic waves arriving up to several seconds earlier or later than pre­

dicted by theoretical calculations. Possible variations in the veloci­

ties and the fact that the source depths for moonquakes cannot be deter­

mined accurately additionally complicate the identification of the 

converted and reflected seismic wave arrivals. 

The most energetic reflections are normally those from the free 

surface, which may be important in the impact and shallow moonquake 
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seismograms. The theoretical arrival times for shear waves reflected 

once. twice, and thrice from the free surface (SS. 3S. and 4S, respec­

tively) were calculated with .the model in -Table 17 and are given on the 

impact sections. No consistent increases in the signal amplitudes 

were found at arrival times predicted for compressional waves reflected 

from the free surface. The most impulsive arrivals observed for SS are 

at distances 4 to 5.30 • for 3S are between 6.5 and 9°. and for 45 are 

between 9 and 120 (see the transverse compon&nt of ground motion). 

These arrivals indicate that the direct shear wave arrivals are 

rather energetic between 2 and 3°. which. according to models in 

Tables 16 and 17. corresponds to an abrupt increase in the shear velo­

cities at a depth between 20 and 30 Ian (see Bullen, 1965, Chapter 7). 

Possible peg-leg shear wave multiples in the upper crust. corresponding 

to the theoretical travel time curve 525. also suggest a velocity 

discontinuity at a depth of about 25 km. Peg-leg shear wave multiples 

in the whole crust. corresponding to the theoretical travel time cur'le 

545. appear to be recognizable at distances of 70 to 90°. The direct 

shear waves are a1so slightly more impulsive at distances greater than 

70° than between 50 and 70°. The increased impulsiveness of the shear 

wave arrivals at distances of 70 to 90° indicates that the shear wave 

velocities decrease at a smaller rate below 200k~ than above this 

depth. The absence of recognizable shear waves at distances greater 

than 90° may be the result of either increasing atte~ation or an 

increasingly negative shear wave· velocity gradient at depths from 400 

to 450 km. 

Although the minimum distance at which surface reflections 
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can be observed increases with increasing source depth. the SS arrivals 

do not constrain the depths of shallow moonquakes because no consistent 

S5 arrivals were recognized on the shal10w-moonquake sections. The 

amplitudes of some of the shallow-moonquake signals increase at arrival 

times predicted for peg-leg multiples in the upper crust and in the 

whole crust (see curves S25 and 545 on the transverse component). 

S to P conversio:!~ at the 25 and 45 kin discontinuities can also 

be observed at about 5 and 8 seconds before the direct shear arrival on 

some of the vertical seismic records for deep moonquakes. Latham !l!l. 
(1970) explained high frequency trains of waves beginning on the 

horizontal components at the Apollo 14 site about 8 sec after the direct 

compressional waves as shear waves converted at a depth of approximately . . 
25 km. Based upon models of Tables 16 and 17 and upon similar arrivals 

at 4.5 to 5 seconds after the first arrivals, I interpret the arrivals 

following the first arrivals and preceding the shear wave arrivals by 

4 to 5 and 8 to 9 seconds as seismic waves converted at depths of 

approximately 25 and 45 krn, respectively. The depths of discontinuities 

where these conversions take place cannot be constrained by more than 

3 and 5 km, respectively, because the uncertainties of these observations 

are about 1 second. 

Seismic arrivals preceding the direct shear wave arrivals by 

20 to 30 seconds were observed by Latham !1!l. (1974) and by Nakamura 

~!l. (1974b) on the vertical seismograms from deep moonquakes. Accord­

ing to velocity distributions in Table 17. these seismic arrivals can be 

identified as conversion of the shear wave to a compressional wave at a 

depth slightly greater than 200 km (see the theoretical arrival time 



curve for the shear-to-compressional wave conversion at the 200 ~ 

discontinui~ on the deep-moonquake seismic record sections.) 
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Beside the high-frequencY trains foll~ng the first arrivals 

by about 8 seconds. which are most characteristic at site 14, no 

station dependency of any of the above discussed secondary arrivals was 

found. 

4.4. SlIIII1Iry of Part 4. 

In this part of thedissertatio~tthe study of the long-period 

lunar seismograms corrected for instrumental response and near-surface ef­

fects has been described. It was my objective to identify cons1stent sets 

of direct shear and secondary wave arrivals, and thus to constrain the 

velocities in the lunar mantle and the depths of the velocity discon­

tinuities. Two velocity models, one with a thicker crust (55 km) and 

higher upper mantle velocities (8.1 and 4.6 km/sec) and the other with a 

thinner crust (45 km) and lower upper mantle velocities (7.7 and 4.4 

km/sec), were used to locate the natural impacts and the shallow moon­

quakes and to obtain the travel time residuals. Although most residuals 

for both node1s are within the uncertainty of the observed arrival 

tin~s. the model with thinner crust and lower upper mantle velocities 

is preferred because it gives smaller residuals for the arrival times 

observed for artificial impacts at distances between 11 0 and 360 • Seismic 

sections were made of the radial, transverse, and vertical components of 

ground motion in order to search for consistent sets of secondary 

arrivals. The only criterion for reading the secondary arrivals was the 

increase of the signal amplitudes. The velocities and the depths of the 



velocity discontinuities cannot be severely constrained by 

secondary arrivals. However. based upon the amplitudes of the shear 

wave arrivals reflected from the free surface and upon the arrival 

times of converted waves, it is likely that the crust is thinner than 
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55 kin and that a first-order discontinuity separates the upper and lower 

cru~t at a depth of about 25 kin. Also. some indications were found for 

a fi rst- or a second-order di sconti nui ty at a depth of about 200 kin. 
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CONCLUSIONS 

ihe small number of lunar seismic stations (4). the small 

magnitudes of seismic sources, and strong scattering imposed severe 

limitations on locating the natural seismic events and on deriving 

structural informrdon about the lunar interior from the available seis­

mic data. Since these conditions cannot be improved for the time being, 

it was necessary to correct for those effects which influenced the 

detection of seismic signals. In this study. inverse filters were 

designed to correct for the instrumental response, for the coupling of 

the seismometer to the ground. and for the near-surface structural 

effects. By removing the predictable digitizing errors and by applying 

these inverse filters, the calculated 9t'ound motions were found to be 

more comparable at the various recording sites than were the recorded 

ground motions. The deconvolved signals permit reading the shear wave 

arrivals with smaller uncertainty than is possible from the original 

seismograms. and thus yield' better-constrained locations. However, no 

conclusive set of secondary arrivals could be recognized on the seismic 

sections made for impact. shallow-moonquake, and deep-moonquake records. 

Although this study of the long-period seismic ~ignals did not result in 

severe constraints on the structure of the lunar interior, the transfer 

function of the long-period seismographs and the near-surface 

velocities were derived from the analysis of the calibration 

pulses and of the horizontal-to~vertical spectral amplitude ratios of 

the long-period lunar seismograms, respectively. 

The finding of consistent sets of secondary arrivals remains the 
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most important goal fbr the analysis of the lunar seismic ~1gnals in the 

future. Beside further limiting the n~~er of impacts and shallow 

moonquakes to only the largest of those used in this study, stacked 

deep-moonquake seismic signals should be used as the continuation of 

this ~rk. 
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APPtriUIX: LEAST-SQUARES FIT TO NON-LINEAR FUNCTION WITH A 

LINEARIZATION OF THE FITTING FUNCTION. 

If the observations 11 at xi (i·l.2 •••• ,M) are to be fitted 

with a function y(x.al.a2, ••• ,an). which is the fun(t1on of the inde­

pendent variable x and of the paw'ameters I j (j.l.2, •••• n) then the 

methOd of linear least squares can be used to detel"llline the opt1nun 

val ues for the parameter 1 ncraents 41 j. Fi rst. the fi tt1 ng funct10n 

is expanded to first order in I Tlylor's expansion IS a function of 

the parameters: 

(Al) 

where yo(x) • y(x.a~ ••••• a~). 

ray(x.', ••••• an) 

- [ elt j { \ n J ~ n • 

SkJ k.' • \a~ Ik.1 

and {a~\ n are the starting values for the set of parameters. Jk-l 
The partial deri~atives. YOj(x), may be calculated either analytically 

or numerically from the analytical expression of the fitting function. 

The differences between the observed and calculated values Ire 

given by 



The lISt equation can be abbreviated by a matrix equation: 

b-Ax-r - =- - (A2A) 

where once-underlined lower-case letters indicate column vectors, and 

twice-underlined capital letter denotes a matrix: 

(A2B) 

is the observed-minus-calculated column vector, 

Yol(Xl } ••• Yon(x,) . . 
A _. • 

= IY01(XM) ••• Yon(~) 
(Ale) 

is the matrix of the partial derivatives, 

x -
• (A20) 

is the parameter increment or adjus~~nt column vector, and 
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Yl-Y(Xl ) rl 
• • 

r = • • • - (A2E) 
• • 

YM-Y(~) rM 

is the residue or error colurm vector. 

Tt.e unknown vector, ~t is calculated by minimizing the sum of 

the squared residues, that is the mean-square error, E, 

E = II!.II Ilb-~1I = minimum (A3) 

M must be equal to' or greater than n, and the column vectors of matrix 

A must be linearly independent. This process can be repeated with the 
:It 

new values of the parameters (aj+oaj , j=1,2, ••• ,n) as long as the 

iteration converges, that is as long as the mean-square error decreases. 
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Table 1. The lunar seismic network. 1) 

Station Installation Location (degrees) Azimuths2) Total number of days3) 

Latitude Longitude (degrees) in peaked in flat mode 
" " 

11 July 21.1969 0.68 N 23.42 E O. 21 4) 

12 Nov. 19,1969 3.04 S 23.42 W 180. 20557) 8175,6) 

14 Feb. 5,1971 3.65 S 17.48 W o. 22888) 

15 \lu1y 31,1971 26.08 N 3.66 E O. 1615 6386) 

16 Apr. 21,1972 8.97 S 15.51 E -25.5 1350 6386) 

1) The network was turned off on September 30, 1977. 

2) The listed azimuths are the directions of the ground motion which give 

positive signals on one of the horizontal components (X) and no signal 

on the other (Y). Azimuths are measured clockwise from North. The 

direction of the ground motion which gives positive signals on Y is 

900 clockwise from the direction listed. 

3) Only those days were excluded f"rom this count when the Signal was lost 

for at least one full day. This happened at station 14 only between 

March 1 and Harch 5, 1975, between January 18 and February 19, 1976, 

between March 17 and May 20, 1976, between June 8 and June 10, 1976, 

between Qctober 9 and November 12, 1976, and between July 30 and 

August 4, 1977. 

4) Station 11 was turned off for the lunar night between August 2 and 

August 17, 1969. 

5) Station 12 was operating in the flat mode between November 19 and 

November 22, 1969, and between October 14, 1974 and April 9, 1975. 
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Table 1. (continued) 

6) Stations 12. 15. and 16 were operating in the flat mode between 

June 28. 1975 and Harch 27. 1~77. 

1~ 

7) The short-period vertical seismometer at station 12 never worked 

properly. 

8) The 1ong-period vertical seismometer at station 14 did not work 

properly most of the time. 



Table 2. Nominal values of the seismograph constants. 

Constant . Nominal value 

A/D converter transfer function K • 0.2049 DC/~v 

Displacement transducer transfer f. Kl • SOOOV/em 

Output gain 

Pendulum damping constant 

Pendulum free period 

Demodulator low pass cutoff frequ. 

Output high pass cutoff period 

Output low pass cutoff period 

Coil-magnet transfer function 

Feedback low pass cutoff period 

s • 0.85 

2Tr /w • 15 sec o 

2Tr/wl • 0.72 sec 

K2 • 0.0016 gal/V 

2Tr / wf • 6300 sec 

1) As referred to in the text and in the figures. 

Parameterl ) 

2) The attenuator had four settings with 10dB increments from 0 dB 

to 30 dB (0 dB was used most of the time). 

lOS 
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Table 3. Description of the calibration pulses. l ) 

Peaked mode2) Flat mode 

(,;"74. day 175) (1976. day 149) 

Comp Maxima Length3) Maxima Minima Zero Length3) Noise 

(OUls) (sec) (DUls) (sec) (au IS) (sec) 
crossing 

(sec) (sec) (DUls) 

12X 14.5 45 257.0 7.6 -49.0 43.0 24.0 150 15 

12Y 14.5 42 236.0 7.0 -40.5 42.0 22.5 60 28 

12Z 15.5 43 361.0 9.8 -189.5 34.3 22.2 11(: 9 

14X 14.5 35 
Station 14 is unstable 

14Y 16.0 35 

14Z4) 
in flat mode 

14.5 45 

15X 15.5 40 281.5 7.6 -54.5 45.0 23.1 160 7 

15Y 15.5 40 304.0 8.0 -67.0 39.4 21.5 120 11 

lSZ 124.0 SOS) 511.56) -345.0 44.0 23.6 210 6 

16X 19.5 45 318.0 7.4 -64.0 41.0 23.4 110 11 

16Y 13.5 40 263.5 7.7 -56.0 40.0 21.2 60 16 

l6Z 19.0 50 338.5 7.5 -71.0 38.0 20.6 100 11 

1) Quantities were measured fran the Iferage of the posi-ti". and the s1gn­

reversed negative ca'fbration pulses (see Figures 3 and 4). 

2) The noise was about 1 digital unit (DU) for all calibration pulses in 

the peaked mode. except for component l6Y and for the positive calibra-

tion Dulse for component lSZ, for ~"h;ch thp. nois'! ''''as 2 DUls. 

3) Length refers to the approximate duration of the calibration pulse, 



Table 3. (continued) 

that is the time difference between the beginning of the calibra­

tion pulse and the return to the background noise level. 

4) Calibration pulse of 1971 day 170 was used for component 14Z. 

5) The positive calibration pulse follows 56 seconds after the 

negative one. while the signal from the negative pulse 1s still 

about 2 DUls above the noise level. 

S) The amplitudes of the calibration pulse are clipped. 

107 
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Table 4. Se'lsmolraph conJtants obtained in this study. 1) 

, 
Peaked mode (2w/flio,-15see) Flit mode (2w/ll,.630Osec) Ie,· a' • , 

. -
~ Coatp Cp Sp 170 Pelk2) C, 8, 2" a7f 172 III - wo' op 

~f 17f 
gal/em 'req. period s.e gil/em 

12X 0.92 0.126 7.04 0.430 2.32 0.85 0.670 14.9 6.06 1.16 0.731 

12Y 0.95 0.763 7.50 0.443 2.26 0.81 0.602 14.2 6.43 1.17 0.723 

12Z 0.93 0.704 6.87 0.424 2.36 0.87 l.l'7 21.6 7.43 0.92 1.01 

14X 0.97 0.74l 7.73 0.450 2.22 
Station 14 is unstable 

14Y 1.10 0.739 8.48 0.469 2.13 
in flat mode 

14Z 0.93 0.719 7.69 0.450 2.22 

15X 1.0 0.715 7.61 0.446 2.24 1.0 0.691 14.5 6.49 1.17 0.692 

15Y 1.03 0.678 8.10 0.459 2.18 0.99 0.732 15.6 7.31 1.11 0.705 

lSZ 7.89 0.670 7.68 0.446 2.24 cal pulse is clipped 

16X 1.13 0.717 6.46 0.414 2.42 1. 04 0.721 15".4 5.94 1.09 0.736 

16Y 0.91 0.726 8.12 0.459 2.18 0.85 0.691 15.4 7.36 1.10 0.742 

lSZ 1.22 0.069 7.46 0.440 2.27 1.12 0.680 15.2 7.84 0.95 0.678 

Mediln 0.717- 7.61- 1.10- 0.723-

0.119 7.68 0.446 2.24 0.691 4)15.24)6.494) 1.11 0.731 

Average 
2.25 0.94 0.6844)15.04)6.784) 1.013)0.714 7.56 0.444 1.08 0.752 

1) Tlble 2 lists the symbols used; C's are relative amplifications. 
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Table 4. (continued) 

C ~ (cal )/(cal for component 15X) (see equation (lOll. Subscripts 

p and f refer to the peaked mode and the flat mode, respectively. 

Nominal values for lila' IiId' and IAIl are given in Table 2. 

2) ~!termiend from the amplitude responses to an impulse of displace­

ment; frequency is in Hz and period is in seconds. 

3) Constant of lSZ was not used for calculating this value. 

4) Constant of l2Z was not used for calculating this value. 
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Table 5. The errors in the determination of the seismograph constants.1) 

Peaked mode (S) Flat mode (S) 
Sf-Sf' l-K} C~-Cf . 2T' Cp Sp ·7~ Cf Sf - a7p' 

S i 

"'of f f 

12X 1 3 1 6 3 3 6 -0.08 -0.16 0.08 

l2Y 1 1 1 3 1 2 5 -0.17 -0.17 0.17 

l2Z 1 5 1 1 1 1 3 0.06 0.08 0.07 

l4X 1 3 2 

l4Y 6 3 1 

l4Z 2 6 1 

l5X 5 4 1 1 1 1 2 -0.01 -0.17 0 

15Y 3 1 1 1 1 2 3 -0.04 -0.11 0.04 

l5Z 1 1 1 

16X 1 2 1 7 4 3 10 -0.02 -0.09 0.09 

l6Y 3 3 2 2 4 1 8 -0.07 -0.10 0.07 

l6Z 3 6 1 1 1 1 2 0.01 0.05 0.09 

l)Tables 2 and 4 give the symbols used. 



Table 6. Absolute values of the relative differences between the amplitude responses of Figure 12 and 

component 15Z in the peaked mode. 

Sca1e1) Frequency (Hz) 

Camp factor 0.2 0.3 0.4 0.45 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

12X 0.93 33.37 38.66 51.69 7.40 7.51 8.70 13.45 15.75 16.94 17.73 18.22 18.58 

12Y 0.82 25.23 26.02 23.99 0.00 7.00 17.25 19.38 20.29 20.74 21.03 21.21 21.33 

12Z 0.85 34.43 41.78 62.88 12.51 13.44 4.08 9.53 12.22 13.63 14.58 15.17 15.60 

14X 0.87 13.69 13.00 8.05 0.04 10.83 14.54 14.74 14.76 14.76 14.74 14.74 14.73 

14Y 0.95 6.52 10.51 24.16 18.56 35.32 18.78 12.73 10.03 8.68 7.81 7.27 6.89 

14Z 0.91 9.92 9.62 6.79 0.00 6.73 9.67 9.97 10.06 10.10 10.12 10.13 10.14 

15X 0.91 11.29 11.53 10.54 0.00 3.87 8.31 9.21 9.55 9.72 9.83 9.89 9.94 

15Y 1.03 9.06 11.17 18.46 7.71 14.59 3.52 0.59 0.73 1.39 1.82 2.08 2.27 

16X 0.79 55.56 69.67 98.12 21.68 18.19 5.62 13.65 17.75 19.94 21.42 22.36 23.05 

16Y 0.95 1.03 3.58 13.14 7.48 20.62 12.72 9.77 8.38 7.68 7.22 6.93 6.73 

16Z 0.98 6.03 7.48 12.79 1.03 5.93 0.97 0.45 1.12 1.46 1.69 1.84 1.94 

l)The scale factors are the ratios of the maximum of the amplitude responses of each component (see 

Figure 12) to that of component 15Z. The amplitude responses of Figure 12 were divided by the scale 
-.I -

factors. -
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Table 7. Absolute values Qf the relative differences between the amplitude responses of Figure 12 and 

component 15X in the peaked mode. 

Scale1) Frequency (Hz) 

Comp factor 0.2 0.3 0.4 0.45 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

12X 0.92 19.54 24.44 36.54 7.70 10.15 0.02 3.62 5.31 6.25 6.87 7.24 7.53 

12Y 0.91 12.24 12.74 11.57 0.26 3.42 7.91 9.05 9.52 9.76 9.91 10.01 10.08 

12Z 0.94 20.74 27.68 46.78 . 12.64 15.59 4.11 0.24 2.28 3.44 4.17 4.66 5.02 

14X 0.96 1.78 0.86 2.82 0.40 6.39 5.31 4.68 4.38 4.21 4.10 4.03 3.98 

14Y 1.05 16.23 20.31 32.03 18.70 29.38 9.41 2.93 0.26 1.15 2.01 2.57 2.97 

14Z 1.00 1.32 1.84 3.54 0.08 2.54 1.11 0.61 0.38 0.26 0.18 0.13 0.09 

15Y 1.14 18.33 20.57 26.41 7.71 8.70 4.48 7.96 9.39 10.14 10.60 10.90 11.12 

15Z 1.10 10.15 10.35 9.34 0.00 4.34 7.73 8.44 8.72 8.86 8.95 9.00 9.04 

16X 0.87 40.02 53.61 75.64 21.68 19.48 2.54 4.21 7.48 9.36 10.56 11.37 11.95 

16Y 1.04 11.12 13.81 2'1.75 7.48 15.24 4.01 0.44 1.07 1.88 2.37 2.70 2.93 

16Z 1.08 4.70 3.50 2.44 1.03 9.53 8.62 8.01 7.70 7.52 7.41 7.33 7.27 

l)The scale factors are the ratios of the maximum of the ampl1tude responses of each component (see 

Figure 12) to that of component 15X. The amplitude responses of Figure 12 were divided by the scale --N 

factors • 



Table 8. Relative noise for instrumental deconvolution in the peaked 
mode. 

Component Freq. (Hz) where the sIn is Relative noise 1) 

2.5 1.0 0.5 Maximum Average 

all but lSZ 1.1-1.3 1.4-1.5 1.6-1.7 0.10-0.18 0.02-0.03 

lSZ 1.5 1.7 1.9 0.04 0.01 

1) The maximum or the average of the residuals between the amplitude 

113 

spectrum of the calculated and observed cal~bration pulses in the 

frequency band of 0 to ~q divided by the amplitude spectrum of the 

calculated calibration pulse at the peak frequency (see Table 4). 
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Table 9. List of the most energetic long-period lunar seismic events. 1) 

Event Station 12 Station 14 Station 15 Stati on 16 

Yr:day Code Com WL Hr:mn:sec Com WL Hr:mn:sec Com WL Hr:mn:sec Com Wl Hr:mn:sc 

71:051 AOl XYZ 10 15:07 

75:086 AOl flat 18:47 

75:113 AOl Z 3 11:54 

75:304 A01 flat 6:34 

73:148 A14 weak 

72:145 A16 weak 

73:001 A17 XVZ 10 11:34 

74:116 A20 XVZ 10 9:20 

72:341 A33 weak 

72:138 A34 weak 

74:166 A42 1 Z 10 13:21 

74:084 A44 XYZ 10 14:33 

73:243 A46 XYZ 10 0:04 

74:343 A46 

77:1~7 A73 weak 

69:324 Cl2 flat 22:17 

71:038 Cl4 Z 3 0:45 

71:215 CLS weak 

70:105 CS3 3 1:09 

71:035 CS4 XYZ 3 7:41 

71:210 CS5 XYZ 3 20:59 

XVZ 10 15:07 

1 3 

1 3 11 :54 

1 3 6:34 

weak 

weak 

XY3 10 11 :34 

XY3 10 9:20 

weak 

weak 

XY3 10 13:21 

XY3 10 14:32 

XY3 10 0:04 

weak 

no records 

10 0:45 

weak 

no records 

no records 

Z 3 20:59 

no records 

XYZ 3 11 :55 

flat 6:37 

weak 

weak 

XYZ 10 11:32 

XYZ 10 9:19 

weak 

XVZ 10 23:33 

XVZ 10 13:22 

XYZ 10 14:31 

XVZ 10 23:49 

weak 

no records 

no records 

XYZ 3 3:03 

no records 

no records 

no records 

no records 

XVZ 3 11 :55 

flat 6:35 

XYZ 10 18:56 

Z 10 9:24 

XYZ 3 11 :34 

XYZ 3 9:19 

XVZ 3 13:29 

XVZ 3 13:32 

XYZ 10 23:33 

XYZ 10 13:23 

XYZ 10 14:32 

XYZ 10 23:46 

XYZ 10 17:13 

no records 

no records 

no records 

no records 

no records 

no records 
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Table 9. (continued) 

Event Station 12 Station 14 Station 15 Station 16 

Yr:day Code Com Wl Hr:mn:sec Com WL Hr:mn:sec Com WL Hr:mn:sec Com wt Hr:mn:sc 

.72:110 CS6 3 21:02 

72:345 CS7 XYZ 3 20:33 

72:134 COl 3 8:47 

71 : 143 C02 XYZ 3 22:20 

71:163 C03 XYZ 3 10:51 

XY3 3 21:02 

3 3 20:33 

3 3 8:47 

XYZ 3 22:20 

XYZ 3 10:51 

XYZ 3 21:04 

XYZ 10 20:35 

XYZ 3 8:48 

no records 

no records 

no records 

X2Z 10 20:34 

XYZ 3 8:48 

no records 

no records 

71:193 C04 XYZ 3 18:08 XYZ 3 18:08 XYZ 3 18:08 no records 

. 72:199 COS XYZ 3 21:57:45 XY3 3 21:57:45 XYZ 3 21:56:45 Z 3 21:57:15 

XYZ 3 22:01 

72:213 C06 XYZ 10 18:11 

72:324 C07 XYZ 10 18:26 

73:113 C08 

73:262 C09 

10 13:56 

10 9:32 

73:269 Cl0 XYZ 10 20:53 

74:038 Cl1 Z 10 6:21 

74:181 C12 XYZ 10 17:44 

74:187 C13 Z 10 14:17 

74:305 C14 flat, weak 

74:325 C16 flat 13.18 

74:343 C17 flat, weak 

74:349 C18 flat 9:08 

XY3 3 22:01 

3 10 18:10 

XY3 10 18:25 

X 3 10 13:56 

3 10 9:32 

XY3 10 20:50 

XY3 10 6 :21 

3 10 17:44 

XY3 10 14:17 

XY3 10 11 :44 

XY3 10 13: 18 

XY3 10 9:32 

XY3 3 9:07 

XYZ 3·22:00 

XYZ 10 18:08 

XYZ 10 18:24 

Z 10 13:55 

Z 10 9:34 

XYZ 10 20:48 

XYZ 10 6:22 

weak 

XYZ 10 14: 14 

Z 10 11 :45 

XYZ 10 13:18 

XYZ 10 9:33 

XYZ 10 9: 10 

YZ 3 22:00 

3 18:11 

10 18:25 

Z 10 13:55 

XYZ 10 9:32 

XYZ 10 9:35 

X2Z 10 20:49 

10 6:21 

weak 

Z 10 14:16 

Z 10 11 :43 

Z 10 11 :46 

XYZ 10 13: 15 

XYZ 10 9:29 

XYZ 10 9:09 

(J 
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Table 9. (continued) 

Event Station 12 Station 14 Statton 15 Station 16 

Yr:day Code Com WL Hr:mn:sec Com WL Hr:mn:sec Com WL Hr:mn:sec Com WL Hr:mn:sc 

75:064 C20' flat, weak 1 3 10 21 :53 XYZ 10 21:54 Z 10 21 :51 

75:085 C22 flat, weak 1 3 10 12:04 XYZ 10 12:07 Z 10 12:06 

75:102 C23 XYZ 10 18:16 1Y3 10 18:16 XYZ 10 18:15 XYZ 3 18:14 

XYZ 3 18:18 

75:124 C25 Z 3 10:05 1 3 3 10:05 XYZ 3 10:06 Z 3 10:05 

77:107 C26 XV3 10 23:35 XVZ 10 23:35 XVZ 10 23:37 Z 10 23:36 

77:179 C27 Z 10 22:25:30 3 10 22:26 XYZ 10 22:27 X Z 10 22:27 

76:025 C28 flat· 16:09 123 flat 16 :11 flat 16:11:45 

76:109 C29 flat 8:46 123 flat 8:47 flat 8:48 

76: 121 C30 flat 11 :54 123 flat 11:55 flat 11:52 

76: 137 C31 flat, weak 123 flat, weak flat 12:47 

76:240 C32 flat, weak weak flat, weak flat 4:31 

77:007 C33 flat, weak weak flat, weak flat 3:49 

77:153 C34 weak weak weak XYZ 10 14:26 

76:319 C35 flat 23:16 123 flat 23:17 flat 23:18:30 

77:256 C36 20:33 3 20:34 weak weak 

73:171 HOl XVZ 10 20:24 XV3 10 20:24:48 Z 10 20:26 Z 10 20:27:30 

74:192 H02 Z 10 0:52 3 10 0:52 Z 10 0:50 XYZ 10 0:50 

Z 10 0:56 XV3 10 0:56 Z 10 0:54 XYZ 10 0:54 

75:003 H03 flat 1 :46 XV3 3 1:46:30 Z 3 1:46:30 3 1:47 

XY3 3 1:50:30 Z 3 1:50:30 3 1 :50 

75:012 H04 flat 3: 19 V3 10 3: 19 XVZ 10 3: 17 XYZ 10 3:20 
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Table 9. (continued) 

Event Station 12 . Station 14 ·Station 15 . Station 16 

Vr:day Code Com WL Hr:mn:sec Com WL Hr:mn:sec Com WL Hr:mn:sec Com WL Hr:mn:sc 

73:072 H06 XVZ 10 8:01 X23 10 8:01 12Z 10 8:02:30 XVZ 10 8:01 

XVZ 10 8:05 23 10 8:05 12Z 10 8:05 XVZ 10 8:05 

71: 192 H07 XVZ 10 13:27 Z 10 13:28 no records no records 

71: 140 H08 XVZ 10 17:28 XYZ 10 17:28 no records no records 

Z to 17:32 XVZ 10 17:32 no records no records 

71:107 H09 XVZ 10 1:04:45 XVZ 10 7:04:45 no records no records 

XYZ 10 1:08:45 XYZ 10 7:08:45 no records no records 

76:066 H10 flat 10: 15 XY3 10 10:15 flat· 10: 14 fiat 10:16 

76:068 Hl1 flat 14:43' XY3 10 14:43 flat 14:45 flat 14:43:45 

1) 
Yr:dy;Hr:mn:sec is the beginning of the 309 minute time sections. 

Code is the event designation as used in the text, in the seismic sections, 

and in Tables 18, 19, and 20. The first letter of the code is the type of 

source; A is deep moonquake, C is impact, H is shallow moonquake. The 

two-digit numbers are arbitrary sequence numbers for natural impacts and 

shallow moonquakes and are source locations for deep moonquakes. The 

artificial impacts are denoted by the letter C followed by a letter. 

giving the source (L is for Lunar Module and S is for Saturn IV booster). 

and by a number. giving the second digit of the mission number. WL 1s 

the waterlevel parameter (in %) used for instrumental deconvolution. Com 

is 1, 2, or 3 if the X, Y, or Z component, respectively, did not operate 



118 

Table 9. (continued) 

properly at the time of the event. and X. Y. or Z are used to denote 

those time sections which were recorded in the peaked mode and were 

used for computation of the wh1tening fflters. 'flat' indicates 

that the long-period seismographs were operated 1n the flat mode 

at the time of the event and the seismograms of all three components 

were used in the seismic sections. 'weak' indicates that the Signal 

amplitudes were too small to be used in this study. 



Table 10. Number of time secticr,:: classified according to source type 

and to components. 

119 

Deep moonquakes Shallow moonquakes Impacts Total 

Peaked Flat Peaked Flat Peaked Flat Peaked Flat 

Good Noisy Good Noisy Good Noisy Good Noisy 

12X S 2 2 1 3 4 14 10 1 26 15 13 

12Y S 2 2 1 3 4 14 10 7 26 15 13 

12Z 1 2 10 4 18 5 7 35 5 13 

14X 6 1 11 4 16 7 33 12 

14~ 6 3 11 2 16 11 33 16 

14Z 1 5 5 11 

lSX 1 1 1 5 2 21 3 4 29 8 1 

l5Y 1 1 1 5 2 21 3 4 29 8 7 

lSZ 7 1 8 2 24 4 39 7 

16X 11 1 , S 3 2 11 14 7 27 18 10 

16Y 11 1 1 5 3 2 l' 12 7 27 16 10 

16Z 12 6 2 2 22 3 7 40 5 10 

l)The number of time sections listed in column 'Good" were recorded in the 

peaked mode and were used for computation of the whitening filters. in 

column 'Noisy' were not so used. The number of time sections listed in 

column 'Flat' were recorded in the flat mode and were used in the seismic 

record sections. 
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Tabl. 11. ~lative amplification of the hor1zontll components (Y/X)l 

Sta Deep moonquakes Shallow quakes Impacts Total 
0.2-1.5 0-2.5 0.2-1.5 0-2.5 0.2-1.5 0-2.5 0.2-1.5 0-2.5 

12 1.02 

14 1.49 

15 1.30 

16 1.39 

0.99 1.02 0.93 C.9S 

1.29 1.14 1.21 1.23 

1.27 1.26 1.13 1.40 

1.21 1.36 1.27 2.07 

0.91 0.98 

1.21 1.21 

1.27 1.40 

2.00 ~ .. 80 

l)Average amplifications in two frequency bands, 0.2 to 1.5 Hz and 

o to 2.5 Hz. 

0.92 

1.21 

1.26 

1.70 
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Table 12. Structural parameters of the near-surface zonei model tA~l) 

Station 12 Station 14 Station 15 Station 16 

p a./s z· II z S z • z S 

1.5 2.9 1.2 36 2.9 36 1.7 36 4.4 36 

1.6 2.7 4.1 62 5.0 49 6.2 62 9.9 56 

1.7 2.4 11.3 96 8.6 68 13.0 96 25.1 96 

1.8 2.2 19.5 136 18.0 98 25.4 136 49.6 1~6 

1.9 2.0 41.1 204 28.1 117 59.3 204 104.6 204 

1.9 2.0 84.3 226 64.4 183 104.6 283 168.4 283 

1.9 2.0 127.5 340 86.4 277 149.9 3~0 

1.95 2.0 • 430 • 360 • 480 • 400 

1 
p is density in g/em3, z is depth in meters. a. and S are compressional 

and shear velocities in m/sec. 
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Table 13. Structural par_tars 0' the near-surface zon.; lIIOd.l 'B,.l) 

Station 12 Station 14 Station 15 Station 16 

«II z I z I z I z S 

1.8 2.6 1.9 40 3.2 40 2.8 40 5.1 40 

1.85 2.5 7.5 68 5.5 55 9.5 68 10.9 62 

1.9 2.25 10.3 93 9.5 76 12.8 93 27.1 106 

1.9 2.16 18.7 135 19.0 109 22.8 135 51.5 150 

1.95 2.08 33.6 167 30.3 131 40.7 167 111.2 227 

1.95 2.06 80.1 205 70.8 2()4. 74.2 205 178.5 313 

2.0 2.0 135.9 302 95.5 309 141.2 302 • 440 

2.0 2.0 • 395 • 400 • 395 

lp is density in 9/om3, z is depth in meters, ~ and a are compressional 

and shear velocities in m/sec. 



Table 14. Description of the velocity distributions of model IBI in 

the forms of S = a + bz and a = czp• 1) 

. .--
Top zone Bottom zone Power law 

Station a b h a b c p N 

12 33.1 6.9 16.1 118 1.7 106 0.31 3 

14 29.6 6.1 10.1 62 2.9 89 (1.32 3 

15 31.7 5.7 19.2 107 1.8 93 0.34 3 

16 29.8 4. 1 25.2 95 1.5 75 0.35 2 

123 

-a 

159 

134 

156 

126 

1) S and a are the shear and compressional velocities, respectively, in 

mlsec, Z ; s depth ; n m, a, b, c, and p. are constants, his the depth in m 

where the gradient (b) changes its value, N is the number of uppermost 

layers in which the power law adequately describes the compressional 

velocities, and elis the average velocity in the zone consisting of these 

1 ayers. 



Table 15. Travel times from the Apollo 14 and 16 Active Seismic 

Experiments. 1) 

x tm t1/6 t14 t 16 

4.57 55 51.7 44.0 40.1 

9.14 91 92.1 87.9 80.2 

13.71 123 129.1 131.9 120.3 

18.29 151 164.2 175.8 160.4 

27.43 206 230.1 245.0 240.6 

124 

t1/3 

58.3 

92.6 

121.5 

147.1 

192.9 

1) x is the separation of the geophones in m (Gangi, 1978, Table III), tm 

is measured from the Apollo 14 and 16 stacked data in msec (ibid.), tl/6 

is calculated for the self-compacting-powder model: tl/6 = 14.57 x 5/6 

msec (ibid.), t14 is calculated for the Apollo 14 layered model in msec 

(ibid.), t 16 is calculated for the Apollo 16 layered model in msec (ibid.), 

t1/3 is calculated for the 1/3 power law model: tl/3 = 21.2 x 2/3 msec. 
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Table 16. Velocity models used in this study with thicker lunar crust 

and higher lunar mantle velocities. 1) 

Depth 

Clem) 

0.0 

0.25 

1.0 

5.0 

9.0 

17.0 

25.0 

55.0 

200.0 

425.0 

1350.0 

1738.0 

Compr. vel. 

Clem/sec) 

0.1 

1.0 

2.1 

4.1 

5.0 

5.9 

6.4 

6.6 

6.8 

8.1 

8.0 

7.9 

7.8 

7.8 

7.9 

8.0 

8.0 

Shear vel. 

(km/sec) 

0.05 

0.5 

1.2 

2.4 

2.9 

3.4 

3.7 

3.8 

3.9 

4.6 

4.5 

4.4 

4.2 

3.9 

3.7 

2.0 

2.0 

l)First-order discontinuities are at those depths where two compressional 

and two shear velocties are given. The velocities between the depths 

listed in this table are continuous and are given by equations (35~. 
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Table 17. Velocity models used in this study with thinner lunar crust 

and lower mantle velocities. 1) 

Depth 

(km) 

0.0 

0.25 

1.0 

5.0 

9.0 

17.0 

25.0 

45.0 

200.0 

425.0 

1350.0 

1738.0 

Compr. vel. 

(kin/sec) 

0.1 

1.0 

2.1 

4.1 

5.0 

5.9 

6.4 

6.6 

6.8 

7.7 

7.6 

7.6 

7.6 

7.6 

7.6 

7.6 

7.6 

Shear vel. 

(kin/sec) 

0.05 

0.5 

1.2 

2.4 

2.9 

3.4 

3.6 

3.9 

4.0 

4.4 

4.35 

4.25 

4.20 

4.10 

3.80 

3.50 

3.50 

l)First-order discontinuities are at those depths where two compressional 

and two shear velocities are given. The velocities between the depths 

listed in this table are continuous and are given by equations (35). 



Table 18. Reference times, origin times, and locations for selected major lu~ar seismic events. 1) 

Code Reference time Origin Epicenter (degree)2) Distances ( dt!grees ) 3) Azimuths (degrees,,4 ) 

yr:day hr:mn (sec) latitude longitude 12 14 15 16 12 14 15 16 

Cl2 69 324 22 17 17.7 3.94 5 21.21 ~J 2.4· 67.8 

Cl4 71 38 45 25.7 3.42 5 19.67 W 3.7 2.2 -84.1 -84.1 

Cl5 71 215 3 04 -23.0 26.36 N 0.25 E 3.1 -84.0 

CS3 70 105 1 10 -19.0 2.75 5 27.86 W 4.5 93.6 

C54 71 35 7 41 -4.6 8.09 S 26.00 W 5.7 26.8 

C55 11 210 20 59 -17.1 1.51 S 11.80 W 11.7 6.1 -97.3 69.5 

C56 72 110 21 02 -2.4 2.33 N 24.02 W 5.4 8.9 35.7 173.6 -47.7 127.2 

C57 72 345 20 33 -17.7 4.21 S 12.30 W 11.2 5.2 34.0 28.0 -83.6 96.4 -151. -56.5 

COl 72 134 8 47 -20.0 1.40 N 16.76 U 8.0 5.1 31.5 33.8 -124. 8.2 -138. -48.2 

CO2 71 143 22 20 -22.5 0.65 N 17.23 W 7.2 4.3 -121. 3.3 

C03 71 163 10 51 -98.5 32.42 N 29.04 W 35.9 37.7 171.9 -16.1 

C04 71 293 18 08 -108. 30.70 N 28.58 W 31.1 36.0 28.6 172.1 -16.4 -73.2 

COS 72 199 21 56 . -335. 31.50 N 148.90 E 150.6 149.3 113.5 131.3 -167. 23.l 32.0 81.0 

C06 72 213 18 08 -4.3 33.90 N 3.92 U 41.3 39.7 10.2 46.7 -155. 17.8 -38.2 -126. 

C07 72 324 18 24 -160. 61.18 U ~6.27 H 64.3 65.2 40.5 77.4 178.5 -4.1 -21.7 6.3 -N ..., 
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Table 18. (continued) 

Code Reference time Origin Epicenter (degree) Distances (degrees) Azimuths (degrees) 

yr:day hr:mn (sec) latitude longitude 12 14 15 16 12 14 15 16 

e16 74 325 13 16 -29.3 6.14 S 21.77 E 45.1 39.2 36.7 6.8 -84.4 95.2 148.~~ 91.4 

e23 75 102 18 14 -55.0 3.20 N 34.37 E 58.2 52.3 37.3 22.4 -95.7 83.1 122.:7 83.4 

C25 75 124 10 05 -362. 35.00 S 131. 70 W 103.1 107.4 140.9 126.2 52.9 -129. -114. -121. 

C26 77 107 23 35 -166. 20.09 S 61.00 W 40.5 45.5 77.9 74.4 62.1 -115. -120. -83.0 

e28 76 025 16 09 -148. 5.45 S 72.51 H 49.0 00.1 87.2 85. '-101. -69.6 

C30 76 121 11 52 21.7 9.04 S 12.10 E 35.8 36.4 3.4 -78.2 165.9 -71.3 

e31 76 137 12 47 -8.2 10.48 S 9.83 E 33.8 37.1 5.8 -75.6 169.9 -BO.1 

C35 76 319 23 16 -216. 19.37 N 89.01 W 6B.2 83.9 106.6 112.3 -71.4 -46.8 

e36 77 256 20 34 -13.7 1.43 S 22.61 '4 1.8 5.6 -153. -66.7 

HOI 73 171 20 24 -160. 20.01 S 72.41 ~ 50.7 55.9 87.0 85.0 66.5 -112. -114. -84.0 

H02 74 192 50 -IB5. 19.12 r. 73.54 E 97.6 92.2 64.2 63.7 -109. 71.0 BO.3 88.9 

H03 75 3 1 46 -237. 28.47 N 92.45 U 73.3 7B.7 82.7 110.0 121.3 -59.7 -61.5 -37.1 

H04 75 12 3 17 -161. 59.59 N 53.65 E 86.1 83.8 47.8 75.0 -150. 28.8 31.6 44.4 

H06 73 72 8 01 -275. 84.98 S 110.50 W 86.7 86.6 118.0 84.0 5.0 -175. -175. -150. 

H07 71 192 13 28 -201. 20.16 S 72.16 W 50.5 55.7 66.2 -112. -N 
ClO 



Table 18. (continued) 

Code Reference time Origin Epicenter (degree) Distances (degrees) Azimuths (degrees) 

yr:day hr:mn (sec) Latitude Longitude 12 14 15 16 12 14 lS 16 

HOB 71140 17 29 -168. 39.44 N 18:62 W 42.7 43.1 -175. -l.j 

H09 71 107 07 05 -247. 49.45 tl 20.69 E 69.0 66.4 -147. 3O.B 

HI0 76 66 10 14 -91.6 49.22 t4 26.01 '·1 52.3 53.4 32.6 6B.6 177.8 -7.t -40.0 -2.3 

H11 76 68 14 43 -46.0 18.13 S 11.83 W IB.9 15.5 46.7 28.1 -36.2 159.5 -160. -86.4 

A01 75 113 11 545) 10.80 S 31. 30 W 11.0 15.5 50.2 46.1 44.8-118. -133. -70.9 

A14 73 143 18 58 22.50 S 35.30 W 50.5 -86.3 

A16 72 145 09 24 5.90 N 6.80 E 17.2 .. 5.1 

A17 73 001 11 33 33.50 N 33.10 W 37.7 40.0 32.6 62.7 166.7 -20.5 .. 68.0-19.2 

A20 74 116 09 20 20.80 N 27.00 W 24.1 26.2 28.6 51.3 171.8 20.5 -94.1-28.5 

A28 71 288 06 29 7.00 N 24.20 E 42.9 75.7 

A33 72 341 13 30 7.10 N 1.05 E 90.6 108.4 

A34 72 138 23 33 7.50 N 6.70 W 21.0 27.6 -150 ... 28.5 

A42 74 166 13 21 23.10 N 45.70 W 34.0 38.4 44.7 67.9 141.4 -44.5 -82.7-35.0 

A44 74 084 14 33 61. 70 N 16.80 E 70.4 70.7 16.5 26.1 -AOa -91.8 
N 77 107 17 15 26.30 N 32.40 W 48.5 \D 
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Table 18. (continued) 

1) Origin times and locations of C and H events were obtained by using 

arrival times listed 1n Table 19 and·thl ve~ocity distributions g1ven 

in Table 17. Source depths were ass~med to be 9 km10r~ events 'and 80 

km for H evertts. tocations of A ev~nts·are·from Lammlein et al. (1977) 

and were used for calculations of the distances and azimuths only. 

2) Aiternate locations of those events which had arrival times observed at 

two stations only are as follows: 

Code 

C02 

C03 

H07 

H08 

HOg 

7.91 S 

36.30 S 

24.06 N 

45.38 S 

62.61 S 

Longitude (0) 

18.09 W 

37.25 W 

67.29 W 

29.81 W 

23.93 E 

3) No distance and azimuth are given if there was no long-period seismogram 

available at a given station or if the seismic signal was not used in 

the seismic sections. 

4) Azimuth is the angle from the positive X axis of the seismometer to the 

direction toward the source from the station (see Table 1 for the 

orientation of the long-period seismometers). Positive is clockwise. 

5) Reference time of the seismic signal at station 14 is 71:051; 11:54. 



Table 19. Observed and theoretical arrival times for events listed in Table 18. 1) 

Code Station 12 Station 14 Station 15 Station 16 

Pobs Peal Sobs Seal Pobs Peal Sobs Seal Pobs Peal Sobs Seal Pobs Peal SobS Seal 

Cl2 38.0 37.6 55.5 52.8 

Cl4 51.5 52.0 67.5 72.3 44.5 44.5 60,0 59.0 

Cl5 -0.5 0.5 24.5 28.3 

CS3 10.0 10.8 34.() 34.8 

CS4 31.0 31.1 59.0 55.9 

CS5 41.0 40.6 87.5 85.0 19.5 20.0 47.1 

CS6 31.5 31.5 56.5 56.5 47.0 47.0 flB.O 81.0 lSO.0 147.0 259.0 258.8 

CS7 39.0 39.2 79.0 81 .. 7 14.3 15.4 44.0 39.6 134.5 125.6 232.8 105.0 103.1 193.4 

COl 25.0 25.5 55,0 57.6 12.5 12~5 36.5 36.6 114.0 114.0 216.0 214.3 121.5 122.4 228.9 

CO2 19.5 19.5 50.0 50.2 6.5 6.5 28.0 28.0 • 
C03 52.0 51.7 164.0 164.0 58.5 58.5 176.0 176.0 

C04 35.5 35.5 143.0 142.9 41.5 42.4 155.0 15.0 15.0 107.0 107.1 

C05 114.5 114.5 . 508.3 123.5 113.1 505.1 55.0 55.0 300.5 89.0 88.9 451.0 

C06 165.9 293.2 160.0 160.0 282,9 51.0 51.0 88.0 88.0 185.6 327.8 

C07 90.0 91.4 286.0 282.2 94.5 94.5 292.0 288.0 7.0 7.0 132.0 132.2 131.5 133.7 363.2 -w -
...,.,.oIl,", 
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Table 19. (continued) 

Code Station 12 Station 14 Station 15 Station 16 

PObs Peal Sobs Seal Pobs Peal Sobs Seal PObs Peal Sobs Seal PObs Peal Sobs Seal 

e16 149.0 155.1 294.0 293.1 132.0 133.2 252.0 254.8 124.0 124.0 239.0 238.7 11.0 11.0 40.5 40.5 -
e23 171.5 175.8 350.0 348.8 157.0 155.2 313.0 312.4 100.5 100.5 210.0 216.8 44.5 44.5 124.0 118.9 

C25 2.0 4.1 304.9 14.5 14.5 325.8 76.5 76.5 455.4 53.5 53.5 405.8 

e26 6.0 1.5 141.0 126.6 19.5 20.0 160.0 158.9 130.0 130.0 361.0 361.0 119.0 119.0 340.0 

C28 50.0 50.0 196.0 198.4 154.0 154.0 90.7 175.0 175.0 430.3 

C30 171.r 284.0 284.0 174.7 286.0 287.5 46.5 46.5 64.5 65.3 

e31 134.4 241.0 241.0 146.4 262.0 262.1 27.5 27.5 54.0 53.8 

C35 49.0 49.0 251.4 67.0 98.0 98.0 345.0 344.6 158.5 158.5 467.8 

C36 3.0 3.0 16.0 15.8 21.0 21.0 46.6 267.1 

HOI 35.7 182.0 102.0 54.0 54.0 215.0 215.0 156.0 151.7 399.7 146.1 388.7 

H02 155.4 434.4 128.0 141.2 404.1 57.0 57.0 242.0 242.0 55.5 55.5 240.0 239.3 

003 34.0 34.0 245.7 51.0 50.6 275.0 276.5 62.5 62.4 298.6 133.0 133.0 442.3 

H04 147.7 393.4 140.0 140.9 380.1 24.0 24.0 161.0 162.7 114.7 331.0 331.0 

H06 34.0 35.3 .. 282.6 35.0 35.0 .. 282.1 109.0 111.3 438.1 27.5 27.5 266.0 267.3 -.. 

H07 -5.7 140.0 140.0 12.5 
w 

12.5 173.0 173.0 N 



Table 19. (continued) 

Code Station 12 Station 14 Station 15 Station 16 

Pobs P cal Sobs Scal Pobs P cai Sobs Scal Pobs P cal Sobs Scal Pobs Peal Sobs Seal 

H08 -1.1 1~3.5 123.5 0.0 0.0 126.0 126.0 

H09 10.0 10.0 210.0 210.0 1.5 1.5 192.0 192.0 

HI0 109.7 262.5 260.6 113.5 113.5 267.5 267.4 38.5 38.5 132.5 135.9 164.5 363.3 

H11 32.8 91.7 20.0 20.0 69.0 69.4 139.5 135.3 271.0 271.0 66.0 67.1 150.0 151.8 

AD! 106. 116. 213. 192. 

AI4 22.5 

AI6 170. 

All 29. 29. 50. 107.5 

AlO 27. 30. 37. 105.5 

Al8 38. 

A33 218.5 

A34 39. 52.5 

A42 58.5 71. 93. 170.5 

A44 26.5 51. -w 
AOa 4. w 
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Table 19. (continued) 

1) Reference times are listed in Table 17. Arrival t1mes are given 

for those signals only which were used in the seismic sections. 

The seismic records of C and H events are a11gned fn the sections 

according to either the observed or, if underlined, the calculated 

arrival times of the compressfonal waves. The seism1c records of 

A events are aligned according to the observed shear-wave arrivals. 
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Table 20. Arrival times observed by other fnvestigators. 1) 

a) Artificial impacts 

Event Stat Latham et a 1. Toksoz et al. Koyama & Naka- Ja rosch (1977) -- --
Code (1972b) (1974) mura (1979)2) 

p S P S P S P S 

CL4 12 -0.8 3.2 -2.0 3.4 

14 -1.0 -l.l -0.3 0.3 0.5 -2.4 

Cl5 15 -0.5 -0.5 -9.7 -10.3 

CSl 12 0.4 -2.5 -1.0 0.0 -3.3 -0.2 

CS4 12 0.1 -4.9 0.2 -3.1 0.2 1.0 

CSS 12 -2.6 -2.6 1.0 -2.1 4.6 1.4 

* * * 14 0.0 43.4 -0.5 0.1 44.9 1.1 37.5 

CS7 12 0.2 2.2 3.4 -3.3 

14 0.5 -6.2 0.1 . -16.7 

15 * 210.9 

16 -0.8 185.2 * 

b) Meterofd impacts 

Event Stat Nakamur~ et ale Goins (1978) Koyama & Naka---
(1977) rnure (1979)2) 

p 5 P 5 P 5 

COl 12 0.2 0.2 7.7 0.3 

14 -0.2 0.5 0.0 O.l -0.1 0.5 

15 0.1 4.0 0.3 1.0 0.4 1.0 

* * 16 -1.3 220 -0.9 -1.1 222.5 
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Table 20. (continued) 

COS 12 -0.5 0.5 -0.5 
• • 14 0.4 630 0.3 0.5 630 

15 4.7 380· -8.7 -8.5 380· 

16 -'j.2 530· -12.3 -12.9 530* 
* * * 338* C06 12 19~.1 196.4 196.1 

• 14 16.4 280 18.1 17.5 307* 

15 . 1.9 2.0 0.3 7.5 2.0 2.0 

192* 320* * * * 16 199.5 193 331 

C07 12 -2.4 

14 0.1 8.0 -0.2 -1.8 

15 15.1 -2.0 14.3 

16 -1.1 360* -0.2 

C16 12 13.1 

14 9.8 18.0 

15 0.0 1.0 

16 0.1 9.5 

C23 12 0.1 0.3 -58.0 0.2 2.0 

14 -13.0 1.0 1.0 7.0 

15 0.3 10.0 0.3 0.3 10.0 

16 -0.2 -4.0 0.1 6.S -0.1 -4.0 
* C25 12 0.3 -0.7 0.3 282 

* 14 0.4 320 1.0 1.6 320 * 

* * 15 1.2 510 1.0 41, ..... 1.3 416 

460* * 16 0.3 0.1 0.3 375 



137 

" 
Table 20. (continued) 

C26 12 0.9 0.6 37.0 

14 -1.2 -0.5 38.5 

15 -2.1 -1.8 

, 16 7.5 0.5 

C28 12 1.1 -2.5 
* 15 0.5 372.2 

16 -4.3 

c) Sha1 iOW moonquakes 

Event Sta. Nakamura ll!l. Go; ns (1978) Koyama & Naka- lammlein 

(1979)2) mura (1979)2) (1977)3) 

p S P S P S P S 

HOI 12 56.0 * -2.0 55.0 * 3.3 * 56.0. 5.5 0.0 

14 13.0 4.0 12.5 13.0 -7.5 17.0 165.3 
* * 145.7* * * * 15 148 360 147.5 346 98.0. 316.5 
* 430* * * .* 

16 191 198.5. 412.5 422.5. 
* * * * * H02 12 139 459 138'.5 138.7. 417. 167.2 

439* * 14 1.0 -2.7 0.6 407 153.4 

15 1.0 13.0 -0.5 0.5 21.0 85.0 184.5 

16 4.5 30.0 -5.2 4.5 30.0 81.8 179.5 
* * 

H03 12 0.0 -0.4 269 -0.5 256. 0.0 217.2 

14 0.0 5.0 0.3 0.2 10.0 17.8 

* * 15 -1.5 300 -2.0 -1.4 315 29.0 

* 453* 
'If 

16 2.0 510 -5.5 2.0 510. 100.6 
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Tdble 20. (continued) 

* * H04 14 -2.0 368 -2.5 356 

15 -4.0 1.0 6.0 1.0 0.0 130.9 

16 125 * 0.0 125 * 0.0 94.4 295.2 

* * * H06 12 0.0 267 0.1 272 0.2 267 6.5 239.3 

* * 14 -1.0 280 0.9 0.5 272.5 

* * 15 -9.0 465 -9.3 -9.0 398.5 71.0 

16 -0.5 4.0 0.3 -6.6 0.5 2.6 0.0 230.9 

H07 12 -2.0 * 0.0 126.8 

14 10.0 -S.O 0.0 151.3 

* HOS 12 0.0 -0.5 123.3 

14 0.0 -2.0 0.0 123.S 

H09 12 0.0 2.0 7.0 207.7 

14 0.5 -10.0 0.0 192.2 

* * * HIO 12 118 0.5 110.8 -1).5 110.8 0.5 

14 -0.5 0.5 -0.2 1.2 -0.5 0.5 

15 -0.5 -8.5 0.7 3.3 -0.5 - 2.S 

* * * * * 16 168 347 346 161 355 

Hll 12 * 98.8 

14 2.0 0.0 4.2 1.3 2.0 0.0 

15 10.5 -5.0 10.0 -5.9 9.5 -5.0 

16 -6.0 -16.0 3.9 -6.0 -16.0 

l)Oifferences between arrival tin.es read by other investigators and used 



Table 20. (continued) 

in this study (see Table 19) are given in seconds. Arrival times 

read only by other investigators are marked with * and were 

measured from the reference times given in Table 18. 

2)Observed arrival times we~ used in the publications but were un­

published, the arrival times were provided by the first authors. 

3)Only relative arrival times were given by lammlein (1977). 

139 
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Figure 1. Compressed time-scale seismic records for the three 

major types of natural seismic sources (from Nakamura !t!l. t 

1974) • 

PRECEDING PAGE aLi' NI'\. NOT (:'~ tilt 



142 

-JC '! 
- 2 

i 0 
U') - CD 

~ 0 - " 

! 
~ 
~ .. 
N 
~ 
<n -

-J 

0 

! 
0 

~ .. 
N 
~ 
0 .. 

~ 
ttl 
~ 

~ 

~- -J 
0 

I 
0 
= ., 
(Q 

~ 
U') -., 
tt') 

a. ~ • 
UJ 

(7) p-4 

~ -J ~ x :>- N N 1-4 

a. a. a. a. ra. 

-' -' -' en 

oRIGINAL PAP- . 
nF pOOR Qtl ' 



143 

Figure 2. Simplified block diagram of the feedback controlled. 

direct digitizing long-period lunar seismographs. 
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Figure 3. Average of the positive and the sign-reversed 

negative calibration pulses in the peaked mode. The 

maxima of the calibration pulses are given in Table 3. 

The minima are O. 
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Figure 4. Average of the positive and the sign-reversed 

negative calibration pulses i" the flat mode. See Figure 3 

for explanation; the minima are also given in Table 3. 
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FIGURE 4. 
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Figure 5. Schematic flow chart for calculating the seismograph 

parameters. 
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Figure 6. Real and imaginary parts of the partial derivatives 

of the transfer function to I step of Icceleration in the 

pelked mode. The parameters. 11' and thei r uni ts Ire 

listed in Tlble 2. The :alculations were carried out with 

se1sllOgraph constants obtained for component l5X ($ ~e 

Tabl. 4) and with KK1K3-10 DU/c:m. The minima and ~:<1ma 

are given in DUSIC3/cm/unit of each parameter. 
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Figure 7. Real and imaginar,y parts of the partial derivatives 

of the transfer function to a step of acceleration in the 

flat mode. See Figure 6 for explanation. 
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Figure 8. Partial derivatives of the response to a step of 

acceleration in the peaked mode. See Figure 6 for explana­

tion. The minima and maxima are given in ousec2/cm/unit 

of each parameter. 

; . 
'-- . 
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Figure 9. Partial derivatives of the response to a step of 

acceleration 1n the flat mode. See Figure 8 for 

explanation. 
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Figure 10. Partial derivatives of the amplitude and phase 

response to a step of acceieration in the peaked mode. 

See Figure 6 for explanation. The minima and maxima are 

given in Dusec3cm/unit of each parameter for the amplitude 

spectra and in radian/unit of each parameter for the phase 

spectra. 
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Figure 11. Partial derivatives of the amplitude and phase 

responses to a step of acceleration in the flat mode. 

See Figure 10 for explanation. 



162 

FlOOD 11. 

4.4 ~ .--- Cl.38 
, , , , , , , , 

0 •• 10-5 
-232 -OJ 

U 017 

07 
-10 -0. 

QO~ 

0 6 
0 , 

0 
, , 

-3298 , , , , 
as 

, , , , 

!6 

O.j'104 
-102 I , , , , , , , 0 

0 3.6 

Os 
, , 
I . ' 

O2 
-0.44 , , , I , , , , 

0 1 
0 

HZ ~2 2:4 FREQUENCY L2 2j4HZ 
AMPLITUDE PHASE 



163 

Figure 12. Observed and theoretical amplitude and phase 

responses to a step of acceleration for components lSZ and 

lSX in the peaked mode. The minima and maxima are -

and ,respectively, for the phase responses. 
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Figure 13. Absolute values of ~~e differences between the 

observed and theoretical amplitude responses to a step 

of ace.leration for components 15X and lSZ, and the rela­

tive errors in relation to the amplitude r!sponses in the 

peaked mode. The relative errors are clipped in order to 

utilize the full amplitude scale in the frequency band 

of interest. 



~~~40 
r 

Io-CIISTEP J~il 'II I IO.-Cll STEP ACCEL. 

O.L -- -- ~~J O.L __ _____ _____ __ _ .,-J 

I, 
I 

i ' IO-CI OF CAL. PULSE 
• I 

0J t.t.\~~M~~.J.."" 
I 2 .. . 

FREQt.£N:V(HZ) 

15X I ~ 0 15Z 
FIGURE 13. 

...... 
'" '" 



16 7 

Figure 14 . . Amplitude responses to an impulse of displacement 

in the pea ed mode. The calculations were done with con­

stants listed in Table 4 and with KK1K3-l DU/cm. Th units 

are DUsec/ cm. 
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Figure 15. Absolute values of the relative differences 

between the amplitude responses of Figure 12 and the 

amplitude response of component l5Z in the peaked mode. 

The differences were not calculated at frequencies where 

the amplitude response is less than 3% of the peak 

amplitude response. The amplitude responses of the 

various components were normalized by multiplying them 

with scale factors given in Table 6. 
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Figure 16. Absolute values of the relative differences 

between the amplitude responses of Figure 12 and the 

amplitude responses of component 15X in the peaked mode. 

See Figure 15 for explanation. The scale factors are 

given in Table 7. 
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Figure 17. Schematic flow chart for calculating the 

waterlevel parameters the reliable frequency bands 

and the relative errors bet~een the observed and 

theoretically amplitude responses to a step of 

acceleration. 
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Figure 18. Schematic flo\~ chart for calculating the transfer 

functions of he seismographs and for adjusting the 

transfer functions \~ith a given waterlevel parameter. 

Fi gu re 19. Schematic flow chart for performing wavelet 

deconvolution by spectral divisio n. 
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Figure 20. Schematic flow chart for stacking the amplitude 

spectra of the seismic records corrected for instrumental 

response in the peaked mode. 

Figure 21. Schematic flow chart for calculating the total 

transfer unction of the instrumental and nea r- surface 

effe.cts . 
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Figure 22. Illustration of the noise of the analog-to-digital 

converter at stat'on 14 . 
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Figure 23 . Sum of the amplitude spectra for the horizontal 

components (X and Y f station 12. The selected events are 

listed in ables 8 and 9. The following abbreviations are 

used: A - deep moonquakes, H - shallow moonquakes, 

C - impacts (artificial and meteoroid impacts) . The minima 

and maxima of the curves are given in narant~eses~ Units are 

DUsec. 
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Figure 24 . Sum of the amplitude spectra for the horizontal 

components of station 14 See Figure 23 for explanation . 
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Figure 25. Sum of the amplitude spectra for the horizontal 

components of station 15. See Figure 23 for explanation. 
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Figure 26 . Sum of the amplitude spectra for the horizontal 

components of station 16 . See Figure 23 for explanation . 
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Figure 27 . Sum of the amplitude spectra for the vertical 

components (Z) of stations 12 ar.d 14 . See Fi gure 23 for 

explanation . 
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Fi gu re 28 . Sum of the amplitude spectra fo r he vertical 

components of stations 15 and 16. See Figure 23 for 

explanation. 
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Figure 29 . Sum of the amplitude spectra for station 12. HOR 

is the ~orizcntal component calculated with equation (28). 

The amplitudes are smoothed with moving averages in a 

rectangular winaow of 00 055 Hz. 
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Figure 30. Sum of the a~plitude spectra for stati on 14 . See 

Fiaure 29 for explanation 
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Figure 31 . Sum of the a~p1itude spectra for station 15 . See 

Figure 29 for explanation . 
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Figure 32 . Sum of the amplitude spectra for station 16 . See 

F"gure 29 for explanation . 



FIGURE 32 . AMPLITUDE SPECTRA AT STATION 16 
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Fi gure 33. T\'/O exampl es for; nstrumenta 1 and wh; ten; ng deconvo­

lution. The P \'1ave arrival times at which the records are 

aligned are given in Table 19. 
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Figure 34. Ratio of the average horizontal spectral amplitudes 

eX to V). See Figure 29 for explanation . 
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Figure 35. Ratios of the horizontal and vertical spectral ampli­

tudes at station 12 . The rat .os were calculated individually 

and were averaged for deep moonquakes (A), shallow moonquakes 

(H), and impacts (C). Curve 'Total' i$ the spectral ratio 

curve calculated from the average spectral amplitudes (see 

Figures 29 through 32). The amplitudes are clipped at long 

periods in order to utilize the full amplitude scale in the 

frequency band of interest. The average ratios were smoothed 

with moving averages in a window of 0. 55 Hz. The dot-dash 

and the dashed curves are the theoretical curves calculated 

for models 'A' and '8', given in Tables 12 and 13, 

respectively . 



'''-., 

, 
I 

'--

" 

\ 
\ 

; 

' - , 

" 

.. ( 

x ' -~ , 

/ 
,./ 

/' 

" 

) 

-
, i , , i Ii 

~ O~ O~ O~ 0 
N N V to 

SOl.l'1~ l't~.l.:)3dS l'1JI.l.~3" -Ol-l'tlNOZJ~Oh 

-..... 
:I: -

. 
11"\ ..., 

206 



207 

Figure 36 . Ratios of the horizontal and vertical spectral ampli­

tudes at station 14. See Figure 34 for explanation . 
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Fi gure 3i. Ratios of the horizontal and vertical spectral ampl i ­

tudes at station 15 . See Figure 34 for explanation . 
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Figure 38 . Ratios of the horizontal and vertical spectral ampli­

tudes at station 16. See Figure 34 for explanation. 
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Figure 39. Near-surface shear velocity profiles obtained 

for the Apollo 12, 14, 15, and 16 landing sites. The 

model parameters are given in Table 13. The center of 

the layers is marked with a cross. The dashed line is 

the piecewise linear shear velocity function described 

in Table 14. 



-(/) 

a::: 
I.LJ 
~ 
I.LJ 
~ 

:c 
~ 
Q.. 
~ 
0 

& 
In 

& 
& ... 

& 
It) ... 

100 200 100 200 100 200 100 200 300 400 

~'6 t-. , 
\ , , , , 

, 
\ \ 

\ , , , 
\ 

\ 
\ 
\ 
\ , 

\ \ \ , 
\ , \ , 

\ \ \ 
\ , \ \ , , , , 

\ 
, , , , 

\ 
\ \ , , 

\ \ 
\ \ \ \ \ \ \ 

\ 
\ 

\ 

100 200 ~ 400 3()) 400 XX) 400 ~ 400 

SHEAR-WAVE VELOCITY (~EC) 

FIGURE 39 . 

214 



215 

Figure 40 . Travel time curves of the refracted compressional 

waves for station 12 . The model parameters are given in 

Table 13. The first arrival from the Lunar Module 1i ~t-off 

is indicated with a star. 

Figure 41 . Travel ti me curves of the refracted compressional 

waves for station 14 . See Figure 39 for explanation . 
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Figure 42. Travel time curves of the refracted compressional 

waves for station 15. See Figure 39 for explanation . 

Flgure 43. Travel time curves of the refracted compressional 

waves for station 16. The model parameters are given in 

Table 13. 



218 

FIGURE 42. 
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Figure 44. Velocity Models used in this study for the whole 

moon . The velocities of the model with thicker crust ann 

higher ~antle velocities (continuous line) are given in 

Table 16. he velocities of the model with thinner crust 

and lower mantle velocities (dashed line) are given in 

Table 17 . 
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Figure 45. Velocity models used in this study fr the lunar 

crust and upper mantle only o See Figure 43 for e:'p~ mation . 
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Figure 46 . Locations of impacts as determined in this study . The 

base ~ap is the whole moon in an equal area projecticn . Table 

17 lists these events. The location of the seismic stations 

are a1so given . 
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FIGURE 46 . 
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Figure 47. Epicenters of shallow moon~uakes as determined in 

this study. See Figure 45 for explanation . 
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FIGURE ':'7. 



SEISMIC SECTION CAPTIONS 

'IM~~CTS (R,O.4-l.SHZ)' R~dial component of ground motion, distance 
~ 

range is 0 tn SQ~. Seismograms were corrected for instrument response 

and near-surface effects, filtered with a J-pole Sutterworth filter, 

and rotated into the above direction with azimuths given in Table 18. 

The distances, at which the records are ali gned, are given i~ Table 18. 

and are indicated by drawing a line from the given distance to the be-

ginning of the seismic record. The arrlval times of the direct waves, 

compressional (P) or shear (S), at which the seismic records are lined 

up, are given in Table 19. The seismic records are identified with 

a sequence number, ',."ith a four-character \vord (first three characters 

are the codes given in Tables 9 and 13, the fo rth character is the 

second digit of the stati01 number), and with a number giving the 

sr .,le factor which Ivas used to normalize the amplitudes by division. 

Glitches were zeroed. If a c mponent Iva s not operating normally (see 

Table 9), then the seismogram was zeroed. The part of t he seismic 

records Ivhere the amplitudes are clipped Wel"e not pl otted. he 

following arri val times were calculated with veloc ity dist r ibutions 

given in Table 17 and in Fi gures 43 and 44 nd '.vel'e rawn with co ntin -

uous lines: S - direct shear wa ve arrival; PS- P to S ref l ecti on t 

the free surface~ SS , 3S and JS - shear' Ivave is )'efleC'::ed once, 

tlvice and three times at ~ he free sUI'fa ce; S"S - peg eg mul iple in tile 

upper crust; 45-oeg leg multi le in he vhole crust; :L e 1 eg 

"00 multi ple in the lower crus t ; S.::..-::.:Jl - S "0 Lonversi on at 200 ' m. 

' IMP~CTS (T,O.4-1.5HZ) ' Transverse component f ground 1II0ti n, i 5ta r. ce 

range is . 00 t o:> . See Se i smi c ec tion I ~PA~ S (R t O . J- l . 5 H~) ' 
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for explanation. 

'IMPACTS (Z,0.4-l.5HZ)' Vertical component of ground motion, distance 

range ;s a to 50°. See Seismic Section :IMPACTS (R,0.4-1.SHZ ) ' 

for explanation. 

'IMPACTS (R,0.4-l.SHZ)' Radial component of ground motion, distance 

range is 60 to 160°. See Seismic Section 'IMPACTS (R,O.4-l.SHZ)' 

for explanation. 

'IMPACTS (T,0.4-1.SHZ)' Transverse component of ground motion, distance 

range is 60 to 160°. See Seismic Record Section 'IMPACTS (R,0.4-l.5HZ)' 

for explanation. 

'IMPACTS (Z,0.4-1.SHZ)' Vertical component of ground motion, distance 

range is 60 to 1600
• See Seismic Section 'IMPACTS (R,O.4-l.SHZ)' 

for explanation. 

'SHALLOW MOONQUAKES (R,0.4-1.SHZ)' Radial component of ground motion; 

distance range is 0 to 120°. See Seismic Section 'IMPACTS (R,0.4-l.SHZ)' 

for explanation. 

'SHALLOW MOONQUAKES (Z,0.4-l.SHZ)' Vertical component of ground motion, 

distance range is ° to 1200
• See Seismic Section ' IMPACTS (R,0.4-l.SHZ)' 

for explanation. 

'DEEP MOONQUAKES (R ,0.4-l.SHZ)' Radial component of ground motion, 

distance range is ° to 1000. See Seismic Section 'IMPACTS (R ,0.4-l.SHZ)' 

for explanation. 

'DEEP MOONQUAKES (T,0.4-l.SHZ)' Transverse component of ground motion , 

distance range is ° to 1000
• See Sei smic Section ' IMPACTS (R ,0.4-1. SHZ)' 

for explanation. 
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'DEEP MOONQUAKES (Z)I Vertical component of ground motion as 

recorded with seismographs operated in the peaked mode, distance range 

is a to 100°. See Seismic Section 'IMPACTS (R,0.4-l.SHZ)' for 

explanation. 
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