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Abstract-In spite of the large scattering of lunar seismic waves, an indication of a P-wave reflection 
from a discontinuity at a depth of about 300 km is obtained by means of polarization filtering of 
seismic data from recordings of artificial impacts. The directions of elliptical motions of surface 
waves in the later parts of lunar seismograms have been determined by investigating elliptical 
motions based on moving window analysis. From this a strong correlation between the results for 
different events as well as between the directions of scattering ellipses and those of surface 
lineaments obtained from photogeology has been established. It follows that scattering is of 
importance only near the recording site. It seems to be caused by scattering fractures down to a 
depth of at least 8-10 km. This suggests a connection between these fractures and the photogeologi-
cally obtained lunar grid system mapped at the moon's surface. 

INTRODUCTION 
IT IS WELL KNOWN that scattering affects all parts of lunar seismograms (Latham 
et al., 1970a,b; Steg and Klemens, 1970). While scattering is still small enough in 
the first part of the records to reveal some body wave arrivals the later parts of 
seismograms are completely determined by the scattering process. It is supposed 
that scattering is caused by multiple reflections and diffractions at in-
homogeneities ( = scatterers) of differing size near the surface. Such scatterers 
may involve all kinds of cracks, voids, or faults in the upper 20-100 km of the 
moon. They are not filled with any fluid or gaseous phases, so scattering in the 
brecciated outer layers of the moon is much more intensive than on earth. 
Moreover, as a result of the moon's low gravity and the high viscosity of the 
outer layers the closing of small cracks and voids due to increasing pressure will 
not be completed down to depths of at least 20-100 km. Therefore scattering 
should depend on the penetration depth and on the ray path of the different 
seismic waves. For example, a prominent fracture near a seismograph will block 
energy transmission through it and serve as a reflector for waves from other 
directions. If there is a system of fractures it will serve as a wave guide. Wave 
propagation will depend on the lengths of the seismic waves with respect to the 
dimensions of single fractures, the fracture system, and therefore change with 
frequency. In analogy to similar fractures on earth scatterers most probably are 
oriented preferentially in a vertical direction. Thus a vertical ray path, as for 
instance a near vertical reflection, should not be affected too much by scattering. 
It seems quite probable that first arrival Pg- and Pn-waves which cross a vertical 
fault pattern nearly perpendicularly are much more affected by scattering than 
are near vertical reflections. Surface waves and especially those of the Love 
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type show the strongest scattering effects. These waves determine the later parts 
of seismograms, and investigation of their particle motion should reveal prefer-
red strike directions and the depth range of the scatterers. 

The existence of some open fractures penetrating to great depths even 
provide a basis for the explanation of the observed lunar transient phenomena 
(Middlehurst et al., 1968). Reports on large scale systems of linear structures on 
the surface (the lunar grid system) have been provided by Fielder (1965) from 
telescopic observations of the moon, and also by Swann et al. (1971) and 
subsequent investigators using near moon photography. Although some main 
directions of the global and the local grid system are very similar, the reality of 
the lineaments is much debated. Correlations of these lineaments with deep 
cracks or faults which may be identified by seismic data have not yet been 
attempted. 

POLARIZATION FILTERING 

Because of the scattering phenomena clear arrivals of body waves or surface 
waves are seldom observed in lunar seismograms. Moreover, as the "scattering-
noise" and the signals show the same frequencies, a discrimination between 
them with linear band-pass filters is nearly impossible. 

The polarization of waves, however, is characteristically different for scat-
tered arrivals and signals. As scattering is a diffusion-like process (Dainty et al., 
1974) it should definitely not show such consistent polarization, as do reflected 
or refracted arrivals. 

In order to improve the reliability of the identification of arrivals within the 
first minute of recording time, i.e., the time period after the very first arrivals, a 
polarization filter as given by Shimshoni and Smith (1964) was applied to the 
data. The data set consists of 22 records of artificial impacts of the lunar 
modules and the Saturn IV B rocket-stages, recorded by the three component 
long period Apollo seismometers. Since the energy of impacts was too small to 
produce ground motions at large distances, recordings of events with distances 
only up to 400 km have been used. From the 12 seismograms in this range only 7 
were selected because one impact (SIVB-16) has not been located precisely 
(tracking signal was lost), because the vertical seismometer of the station Apollo 
14 failed to operate properly, and because of several other reasons for poor 
quality of the seismograms. 

First, the data were filtered in the frequency band of 0.3-3 Hz. As all 
digitized amplitude values are not sampled at exactly the same time but at 
certain ~t-di:fferences (Lauderdale and Eichelman, 1974), an interpolation for-
mula had to be used. All xi and Yi values were calculated with respect to the 
zi-time according to 

Xi= 0.25 * Xi+I + 0.75 * Xi 

Yi= 0.125 * Yi+l + 0.875 * Yi 
(1) 
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X;, y; = interpolated amplitude values of horizontal seismometers, X;, y;, Z; = 
sampled amplitude values. 

Next, the radial component L(T) of ground motion (direction to the source) 
was computed from the horizontal ones. 

L(TJ = L; = X; cos a+ y; sin a (2) 

a = azimuth of recording station to impact point, corrected for seismometer 
orientation. 

Each data-point L; of this time series was multiplied with the corresponding 
value of the vertical component Z;. The result was averaged within moving time 
intervals in order to give the averaged cross-product 

1 n 

R; = 2 + l -~ L;+j * Z;+j• 
ll 1=-n 

(3) 

Various window-lengths (2n + 1) were used, but the best results were achieved 
with a length of 19 data points or 2.87 sec. The enhancement of rectilinearly 
directed motion is better when larger intervals are used, but the time resolution 
for the arrivals gets worse. Finally the averaged cross-product R was multiplied 
by the vertical component Z;, thus enhancing the vertical motion. 

The results are plotted as a seismogram section (Fig. 1). The time scale has 
been reduced with a velocity of 8.0 km/s, the time interval being 0-80 sec. Each 
trace has been normalized individually. The hyperbola-like curve in the record 
section indicates a possible p-p reflection from a discontinuity in the moon's 
lithosphere. Model calculations assuming an average velocity of 7 .6 km for the 
upper lithosphere lead to a depth of about 300 km for this boundary. Nakamura et 
al. (1974), too, found evidence for a boundary at that depth, observing a strong 
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Fig. 1. Seismogram section with polarization filtered seismograms and the theoretical 
travel time curve for a reflection from the 300 km discontinuity. 
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phase in the seismograms of deep focus moonquakes about 30 sec before the arrival 
of the direct shear wave. This is explained as the arrival of a compressional (P) 
wave converted from a shear (S) wave at this discontinuity. Also from petrological 
reasons a boundary at that depth has been suggested (Binder, 1975). So, the 
polarization filtered seismograms of artificial impacts provide an additional 
indication for this boundary. A deterioration of the correlation of the hyperbola 
with larger distances has to be expected because of increasing deviations from the 
near vertical ray path. A predominantly vertical system of cracks must be very 
sensitive against such deviations and would strongly enhance the scattering effect 
for increasing angles of incidence. Although it is well known that randomly 
rectilinearly polarized oscillations may occur in scattered sections and lead to false 
events, the fact that nearly all traces show these strong amplitudes supports the 
interpretation as a reflection. Only the recordings of the lunar module 15 impact at 
the station Apollo 15 show strong amplitudes before the theoretically calculated 
reflected arrival. The Apollo 15 site, however, is situated more than 1000 km from 
Apollo 12 and 14 and could possibly have another subsurface structure. 

INVESTIGATION OF SCATTERING ELLIPSES 

A moving window analysis similar to that described by Landisman et al. 
(1969) has been applied to the horizontal components of lunar seismograms to 
obtain the complex spectral values X(T, w) and Y(T, w) for the frequency w/2-rr 
at the time of the center of the window T. Throughout the analysis a window 
length of 5 * 2-rr/ w, that is 5 times the length of the period, and a tapering function 
cos2 have been used. The same linear operators as given by Eq. (1) have been 
applied to the raw data as a correction for the differing sampling times of the 3 
traces. 

Transformation of the spectra into the time domain separately for each 
frequency gives 

x(t, T, w) = IX(T, w )I · COS (wt - ({)x) 

'Px = -tan-1 (lm(X(T, w))/Re(X(T, w)) 

(4) 

(5) 

y(t, T, w) similarly. x(t, T, w) and y(t, T, w) combined describe an elliptical 
particle motion in the horizontal plane. During the moving window analysis the 
ellipses change continuously. In the following they will be called "scattering 
ellipses." 

The lengths of the axes ro and r1 of an individual scattering ellipse and their 
azimuths ,J,o and ,J,1 are given by 

ro = Y X02 + y02 (6) 

,J,o = tan-1 (yo/ Xo) (7) 

r1 = Yx12 + y/ (8) 

,J,1 = tan-1 (y1/X1) (9) 
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where 

x0 = Re(X(T, w)) · cosi+Im(X(T, w)) · sini (10) 

x 1 = -Re(X(T, w)) · sini+Im(X(T, w)) · cosi 

and similar expressions for Yo and Y1 

(11) 

tan A = Re(X(T, w )) * Im(X(T, w )) + Re(Y(T, w )) * Im(Y(T, w )) (1 2) 
Re(X(T, w ))2 - Im(X(T, w ))2 + Re(Y(T, w ))2 - Im(Y(T, w ))2 

From r0 and r1 the larger one is selected to be rMax, its azimuth is called o/Max• An 
azimuth distribution of the scattering ellipses is obtained by summing up all the 
values rMax for different T whose azimuths o/Max fall into the same 10° intervals. 

Calculations have been made for several seismic events recorded at stations 
Apollo 12 and 14. Plots are given in Figs. 2 and 3. The time intervals used for 
these plots typically start 10 min. after the first arrivals of the event and have a 
duration of 15-20 min.; see Table 1. Of individual ellipses 2-5% have been 
neglected because the ratio of their axes was less than 5/4, and thus the ellipses 
were nearly circular. The determination of their direction is numerically possible 
but of little physical significance. The graphs have been normalized to equal 
length of the maximum sector. 

As there seems no principle difference in the overall picture of horizontal 
seismograms of the same station no corrections have been applied for a possible 
difference in gain of different seismometers. Corrections for the frequency 
response of the seismometers are irrelevant because of the use of a single 
frequency for each plot only. Possible small differences in the phase response of the 
two horizontal seismometers and their effect on the distribution of the scattering 
ellipses will be investigated in the future. Figure 2 shows the distribution of the 
scattering ellipses aS- obtained from the recording of a deep moonquake (A 1) and a 
meteoroid impact at the Apollo 12 station. In Fig. 3 the scattering ellipses for the 
SIVB 15 and 16 impacts, recorded at the Apollo 14 station, are compared. 

Comparing the plots of the two recording sites for different events, quite a 
remarkable similarity is observed at each frequency though the sources of 
seismic energy as well as the propagation paths were different (see Table 1). This 
similarity must be caused by the subsurface structure near the recording site. 
The remaining differences may be explained by the azimuth of the source or by 
minor glitches, which have not been detected in the seismic data. 

For most frequencies the azimuth distribution is not completely random. For 
the frequency of 0.4 Hz three main directions are observed at the Apollo 12 site. 
For higher frequencies (and shorter wavelengths) a more uniform distribution is 
obtained. 

At Station 14 the north and northwest directions are predominant in the high 
frequency range which are less pronounced in the 0.4 Hz plots. 

Figure 4 gives the azimuth distribution of surface lineaments at the Apollo 12 
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Fig. 2. Scattering ellipses distribution at the Apollo 12 site for different frequencies as 
obtained for two different seismic events. The plots have been normalized for equal 

lengths of the maximum sector. 
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Fig. 3. Scattering ellipses distribution at the Apollo 14 site for different frequencies as 
obtained for two artificial impacts in differing directions. For scale see Fig. 2. 

Table 1. Seismic events used for calculation of scattering ellipses. 

Station Event time Type of event No. of data points used 

12 4/26/70 A1 moonquake 7400 
12 6/4/70 Meteoroid impact 7400 
14 7/29/71 S IVB 15 impact 7400* 
14 4/19/72 S IVB 16 impact 7400 

* A gap in the data of ½ min duration has been omitted. 
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E 

Apollo 12 - Station Apollo 14 - Station 

Fig. 4. Photogeologic observations of the azimuth-distribution of surface lineaments in 
the vicinity of the Apollo 12 seismic station (left, taken from Schaber and Swann, 1971) 

and the Apollo 14 seismic station (right, taken from Swann et al., 1971). 

and 14 landing sites. They are reproduced from Schaber and Swann (1971) and 
Swann et al. (1971). They have been obtained by evaluation of small scale (cm) 
to large scale (100 m and more) lineaments from surface photographs. Their 
correlation with the directions of the scattering ellipses seems well established 
and will be discussed in the conclusions. 

CONCLUSIONS 

Body wave arrivals within the first minute of recording time could be 
detected by applying a polarization filter. So, in spite of the scattering a possible 
P-wave reflection from a discontinuity at a depth of about 300 km is revealed in 
the reduced record sections of the artificial impacts. A boundary at this depth 
has also been suggested on the basis of petrologic considerations (Binder, 1975) 
and some seismological evidence (Nakamura et al., 1974). It seems probable that 
in the early stages of the lunar history some differentiation process has led to a 
division of the lunar mantle into depth regions with differing petrology. Ac-
cording to Binder (1975) an upper mantle of about 300 km may consist mainly of 
peridotite while below it a more dunitic composition is assumed. If this 
interpretation is correct, a velocity increase should take place at this boundary. 

By comparing the scattering directions of two different events, i.e., a deep 
moonquake and a meteoroid impact, a remarkable correlation between both 
scattering patterns is obtained. As the ray path of both events are completely 
different, this means that scattering takes place preferentially around the 
receiving station. 

The scatterers around the stations are not completely random and those 
corresponding to the lower frequencies of the scattering ellipses must have 
dimensions of at least 8-10 km according to a velocity model of Weinrebe et al. 
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(1976). It has to be assumed that scatterers have depths of the same order of 
magnitude and may represent cracks and faults in certain directions. 

It is tempting to compare the scattering directions with the local lunar grid 
system which also is supposed to consist of lineaments, possibly also a result of 
fractures, cracks, and faults. Comparing these lineaments of Apollo 12 and 14 
stations with the corresponding scattering ellipses certain similarities are ob-
served. As the EW-direction cannot be obtained from photogeological ob-
servations a comparison has to be restricted to the other directions. The strong 
enhancement of the NW-directions of both plots of Apollo 12 station is evident. 
For the Apollo 14 station the N to NW-direction is prevailing in the scattering 
plots. This is in agreement with the direction of the global lunar grid system 
(Fielder, 1965) as well as with the small peak in the local grid and with the 
direction of the Imbrium ejecta in the Fra Mauro area. The change with 
frequency of the distribution of the scattering ellipses may be used to estimate 
the penetration depths of the scatterers. 

Near the surface more randomly distributed scatterers (possibly craters) 
contribute to the scattering at the Apollo 12 site, while at the Apollo 14 site the 
N to NW-direction is prevailing. 

It seems that a general decrease of scatterers with increasing depth has an 
important influence on the strong velocity gradient in the upper 20 km of the 
moon in both mare and terra regions. Even the boundary at 20 km in depth 
postulated by Toksoz et al. (1974) can be explained by a more smooth transition 
from the scattered to the nonscattered part of the lunar crust (Meissner et al., 
1976). 

In addition to the NW-SE and the NE-SW directions a NS-direction is 
revealed in some of the scattering figures and in the lunar grid system. If 
scatterers really were stronger oriented in the NS-direction then an anisotropy 
should be observed for body waves: P- and SY-waves should travel faster and 
should be less attenuated in NS- than in EW-directions. This suggestion is in 
accordance with the observations of the first arrivals of the artificial impacts. In 
Fig. 5 it is observed that the two ray paths, which are lying in the NS-direction 
(14 S IVB at Apollo 12 and 16 S IVB at Apollo 14) show strong arrivals 
compared to the other, E-W running travel paths. Also the N-S running rays of 
S IVB 16 to Apollo 12, not presented in Fig. 5, produced very strong amplitudes. 

The origin of the lunar grid system, which seems to be formed by deep going 
faults or cracks aligned preferably in NW-SE, NE-SW, and NS, must be 
connected with forces which have acted on the moon's rigid body in the first part 
of its evolution. The stronger NW-SE and NE-SW pattern might be explained 
by either an EW and/or a NS couple of forces. A force in EW-direction would 
result either from a decreasing ellipticity of the moon's orbit or from a 
decreasing spin moment. An EW acting force could also explain the weaker 
NS-direction of the grid system by assuming some normal faulting or some 
thrusts perpendicular to the directions of tension, respectively compression. It is 
hoped that additional investigations will reveal more items on the nature of the 
scatterers. 
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