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. ABSTRACT.

A primary goal of -the Apollo missions was the exploration
and scientific study of the moon. The nature of the lunar
interior is of particular interest for comparison with the
earth and in studying comparative planetology. The principal
experlment de51gned 'to study the lunar interior was the
passive seisnic experlment (PSE) included as part of the
science package on missions 12, 14, 15, and 16. Thus seis-
mologlsts were prov1ded with a unlque opportunity to study
the seismicity and seismic characteristics of a second
- planetary body and ascertain if analysis methods developed on
earth could lllumlnate the structure of the lunar interior.

The lunar seismic data differ from terrestrlal data in
three major respects. First, the seismic sources are much
smaller than on earth, so that no significant information has
"been yet obtained for the véry deep lunar interior. Second,
a strong, high Q scattering. layer exists on the .surface of
the moon, resultlng in very emergent seismic arrivals, long
ringing codas that obscure secondary (later arriving)- phases,
and ‘the destruction of coherent dispersed surface wave trains.
Third, ' the lunar seismic network consists of only four sta-
tions,- so that after locating- the natural seismic events,
only a small: amount of data is left for structural analyses.
Thus the analy515 metﬁods usaed are - -designed to overcome
these dlfflcultles‘andfextract as much information as
possible concerning the structure of the lunar interior.

. The direct P ‘and S wave arrival times are the primary
data set that can be measured on. the seismograms of natural
lunar seismic events (meteorite impacts, shallow moonquakes,
and deep moongquakes) .- These are inverted using linearized
matrix inversion and parameter search methods to determine
event locations, origin times, and-various structural
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parameters simultaneously. Polarization filtering techniques
allow the enhancement of secondary body wave arrivals and
record section plots are correlated with theoretical travel
time curves to identify the secondary phases and deduce
structural information. Finally, shear wave amplitude vs.
distance curves yield information on the location and magni-
tude of seismic velocity gradients in the interior.

The results of these analyses show that the moon appears
to have a two-layer crust at all four seismic stations: a
20 km upper crust that seems to be constant at all sites
and a lower crust that is 40 km thick at stations 12 and 14
(mare), 55 *10 km at station 16 {(highland), and tentatively
either 40 km or 70 km at station 15. (These values are
dependent on various assumptions used in identifying secon~
dary wave arrivals, and so should be regarded with suitable
caution.) Seismic quality factors Qg and Qp are about 5000
and 3000, respectively. .Between 400 km and 480 km depth
there is a transition zone with a sharply decreasing shear
wave velocity and an accompanying possible small decrease in
Vp. The dominant velocity drop may occur at a 480 km interw
face. The lower mantle extends from 480 km to at least 1100
km depth which is the maximum depth of penetration of all but
a few seismic waves used as data. The average velocities are
Vp = 7.6 km/sec and Vg = 4.2 km/sec, and a small nedative
gradient may again be present. Attenuation is increased, with
Qp " 1500 and Qg v 1000. Below 1100 km there is tentative
indication that the attenuation may increase still further
for shear waves, with Qg dropping to a few hundreds: ' The
velocity structure is not known although further velocity
decrease is possible, and no definitive evidence for or
against a lunar core exists.

The above model is the result of analyzing nearly all
of the seismic data from the Apollo phase of lunar explora-
tion that is useful in determining interior structure. Thus
the structure above 1100 km depth is well-constrained and
uncertainties on the above values are given explicitly by
the analysis methods. The seismic model of the moon given
above therefore serves as a strong constraint on the present-
day lunar compositional and thermal structure and on various
models of lunar evolution.

!
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10
INTRODUCTION.

. 0.1 Statement of Problem and Context

Tradltlonally, selsmology and seismic methods have .
-prov1ded the most detailed and wellwconstralned 1nformatlos
concernlng the- structure and state of the earth s lnterlor.
‘Beglnnlng in 1969, a series of selsmometers were landed on
.the moon by the Apollo missions, providing the first
‘opportunity to attempt similar studiés on another planetary
Sody. As will-be‘discussed.pelew,4the‘lunar seismic data
set is in many ways different from the-data that. is
6btainéd'tefrestriai1§i ﬁresentihg a'variety of analysis
dlfflcultles and challenges, although perhaps surprLSLngly
there are many basic 51m;1ar1t1es.- The prlmary
distinction, of course, is that the lunar data are. far
more limited-than is. the case on eatth, and sinbejtﬂe
" ALSEP stations were turned off in October 1977, no more
seismicédata will be obtained uati; the‘qext phase of
lunar exploration.

. The object of this-thesis is to:determine the “seismic
sttuéture‘ef'the,lunai interior. ~The:analysis of the lunar
data has been approached in a-systeﬁat;c«fashion:using X

. applicable terrestrial techniques so as to minimize 'the
number of nebessary assumptions,.extract the maximum

amount of structural information, determine its
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reliability, and thus highlight the real conclusions

that one can draw. The allowable uncertainties in the
final model are no less important than the model itself.
This seismic model can then be interpreted in cpnjunc&ion
with other geophysical data, such as magnetic.sounding
(Parkin et al., 1973; Duba and Ringwood, 1973; Olhoefit

et al., 1974; Dyal et al., -1974, 1975, 1976; Piwinskii and
Duba, 1975; Vanyan and Egorov, 1977; Schwerer et al., 1974;
Wiskerchen and Sonett, 1977), gravity and .topographic
figure analyses (Kaula, 1971, 1975b; Kaula et gi;; 1974;
Runcorn, 1975; Bills and Ferrari, 1977; Ananda, 1977
Ferrari, 1977; Thurber and Solomon, 1978; Vermilliorn, 1976)
and average degsity and moment of inertia values " (Blackshear
and Gapcynski, 1977; Solomon, 1974; Solomon and Toksdz,
1973; Michael and gla;kshear,_l972; Gast and Giuli, 1972)
~so that the final structural model is compatible with all
info&mation.

The direct_implicatighs of the seismic model will be
on the temperature and compositional distribution within
the moon. This is essentially an inverse-type of proplem,
ggd is assuredly non-unigue. The objective is to fiéﬁ
temperature and composition profiles that will produce the
observed éeismiC'velocity, attenuation, and required
density const;aints (average density and moment of inertia).

While this can be readily accomplished in a qualitative

ORIGINAL PAGE 1S
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Sense (e g. hlgh attenuatlon suggests hlgh temperature)
quantltatlve models depend crltlcally on laboratory
'measurements of veloc1ty attenuatlon, and den31ty as a
'functlon of pressure, temperature, phy51cal structure .

'and rolatlle content in rocks of candldate lunar
composrtlons. Much work has beenraccompllshed 1n'this

"area (Tittman ‘et al., 1976, 1977, 1978; Schrelber, 1977;
;Kanamorl et al., 1972; Mlzutanl et- al., 1977; Talwanl

et al., 1974; Todd et al., 1972, 1973 Warren et al,,

19737 chung, 1970, .1971; Frisillo and Barsch, 1973}, bit
éﬁéféléiéfétiil‘ﬁéhy'btéésiﬁé quéstions. Giéeh this
situatidn}‘thefmost reasonable approach'is«to examine
_specrflc comp051tlonal and temperature models, usée what

rock physrcs data is available and determlne if the selsmlc.
results can be satisfied within the allowable qncertalntles.
Through this process unsatisfactory.models can be eliminated
and families, of_aliomable structures can be generated.

These presént—day=models in turn are coupled in a
;arietyﬁof-ways‘toatﬁehinitial"compositiOndand thermaid.
state of:the’moona' Theie: has.been a great deal of research
on' the. allowable parent rocks and magmas' of the lunar
samples-ﬁaken from both highland and‘mare”regions {Binder,
1976b,c; Binder and Lange, 1978;. brake, 1976; Drake and
Consolmagno, 1976; Herbert et al., 1977a, 1978; Herzburg,

1978; Irving, 1975; Hubbard and .Minear, 1975, 1976:
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Kesson and-Ringwood, 1977; Krihenbthl et al., 1973; Longhi,
1977, 1978; Papike gg;gl;, 1976; Ringwood and Kesson,
1977a,b; Ringwood, 1976, 1977; Shih and Schonfeld, 1976;
Taylor and Bence, 1975: Taylor and Jakes, 1974, 1877;
Taylor,. 1978; Walker et al., 1975; Wood, 1975; many others),
and altbough éhere-a;e many assumptions involved in this
work models of iﬁitial compositions which can-produce-the
observed samples, and the resulting present-day compositions,
have emerged. Interacting with .this is the initial
temperature distribution required to provide appropriate
regions of‘melting at appropriate times, the present-day
temperatures and heat flow, the absence of larée—scale
extensional and compressional tectonic features, and the
material strength_;gquirad to support observed density B
variations. Thesé aspects are treated with thermai,
evolution modeligg‘(A:kani—Hamed,,1973ajb; Bin@er and

Ldnge, 1977; Butt and Basﬁ}n, 1977; Cassen and Young, 1975;
Head, 1976; Herbert et al., 1977b; Kaula, 1975a; Keihm

and Langseth, 1977; Meissner and Lange, 1977; Minear and ]
Fletcher, 1978; Oberli et ilL’ 1977; Palme and W&nke,:l975;
Solomon, 1975, 1977; Solomon and Chaiken, 1976; Solemon

and Longhi, 1977; Solomon.and Toksdz, 1973; Strangway and
.Sharpe, 1975; Toks8z and Solémon, 1873; Toksdz et é;;{_l972d,
1978; Turcotte et al., 1972; Wéod, 1975) and, although again

a number of assumptions are involved, families of possible
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initial teﬁperature models have emeréed
ThlS 1nduct1ve process leads flnally to ‘the questlon of
,the orlgln of the moon, in partlcular the locus of -
:fermatlon, and 1ts relatlon to 1n1t1al terrestrlal
. condltlons, meteorlte formation, - and the"characterlstlcs .
-of the prlmltlve solar nebula, including questlons of .
lnltlal energy sources and the presence or absence of a
* lunar dynamo are also involved (Alfven and Arrhenius, 1972;
Anderson, 1973a,b, 1975; Bindes, 1974, 1976a; Cameron, 1973;
Dolginov, -1975F Fuller,”1974; Ganapathy et. al., 1970;
Ganapathy and Anders;’ 1974} Godwami; 1976;  Hanks and * °
.anderson, 1972; Head,' 1977; Heibert et al.; 1977b; Hovedt,
19767 Kaula,’ 19777 Kaula and Harris, '1975; Lewis,  1974;
Mitler, '1975;-0'Keefe, '1974; Ringwdod,  1978; Singer, 1972;
Smith, 1977; Sonett and Runcorn, 1973; Turner, 1977).

In sum, the detailed seismic structure of the moon
préovides’ the most focﬁssed view of the ?resené-dey luﬁar
inﬁerior and is a major and eriticai constraint that
affects more or less strongly nearly all- -aspects of lunar
sglence-end‘planetology.. The object of ¢ thlS the51s ‘is to
- determine thet sﬁfucture and’ the.alloyab;e;uncertalntmes,_
and briefly discuss possible érelimihéfy‘implications of

the final model.
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0.2 Review of Previous Work

There has been a great deal of research done on lunar
seismology, and many papers have been published. .A fair
amount of ‘duplicate reporting has occurred bécause the
research field essentially began in 1969 and there has
been a need to present the early .results simultaneously to
a variety of forums. I; this section the research will be
reviewed only briefly; detailed discussions of various
papers are included in the appropriate chapters. Nearly all
published papers will be referenced here in order to present
the scope of the research done to date.

Iunar seismology began in 1969 with the description of
the Passive éeismic Experiment (Latham et al., 1969a) that
was to be lagded on the moon later that‘year by the Apollo 11
mission. For the ensging three or four years, all reports
on the seismic results were published jointly by the Apollo
Seismology Team, summarizing the on-going research on r
seismicity and internal sﬁructure as the seismic network
was built up and the data base and analysis ideas
increased rapidly. The preliminary science reports
fLatham et al., 1969b, 19704, 1971b, 1972b, 18724, 1973c)
published by NASA were accompanied by.a series of Science
articles (Latham et al., 1870a, 1970b, 1971la; Tokssz et al.,

1972b; Nakamura et al., 1973) reporting progressively more
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,compleae analyses on all aspecta of the seismic data.
S:?.multaneous;lty reports appeared in the Lunar Science
Confereace Proéeedings (Latham &t al., 1970c, 1972c,‘
Tokséz et al., 1972c), and as the selsmlc network was
‘completed ln 1972 summary papers were publlshed (Latham
et al., 1972a, 1973b Toks&z et al., 1972a)

. With the end 'of the Apollo MlSSLOn program, the
data flow became steady and the research reports dealt.
with specific topics in more depth. At the same time,
.the seismiq éeam‘separaaed into two main.grodpe.iecated
_at M.I.T. and the University of Texas at Galveston, both
l ef'wﬁieh'coatinﬁed'fe contribute -stéadily, while several

other researchers pﬁﬁlishéd reports ﬁdre"of'lesé
eoeeasionally. fn‘reéieWingJEhis woik:_iﬁiié“ﬁéstjﬁd:h‘p
"discuss specific feSea}éﬁ aaeaé,inéofaf as possible.

The natﬁral seismicity of the moon is divided into
folir categories. :Thermal moonquakes (Duennebier and
Sutton, 1974a; Cooper and Kovach; 1975} Duennebier, 1976)

-are smallievents caused by thermal stfesses and .slumping,
and’ are detectable only near the seismic stations. High fre-
queﬁcy‘teleseisms (NakamuraLQE al.,  1974a; Nakamura, 1977a:
Lammlein,:1971¢ Goins et al., 1978b5 are probably shallow
seismic events. --The most studied of Junar-seismic events

have been. the  deep-focis: moonquakes (Melssner et al.


http:Toksdz-.et

1973; Runcorn, 1974, 1977; Lammlein et al., 1974; Goins

et al., 1%76a, 1978b; Lammlein, 1977; Tokséz et al., 1977;
Cheng and Toks&z, 1978; Nakamura, 1978- Smith et -al., 1977)
Finally, meteorite impacts, while not considered a seismic
source on earth, account for some of-the largest seismic
socurces on.the moon .{Duennebier and-Sutton, 1974b;

L1

Duennebier et al., 1975b, 19f6; Dorman et al., 1978; Dainty

et al., 1975b). - Some of this research (Toks8z et al., 1977;

Goins et al., 1976a,b, 1978b) was conducted in conjunction
with the work reported in this thesis, but only those
aspects directly pertinent to the thesis problem will be
discussed in detail. ‘ ’

Another research area has concerned Ehe;apparent -
existence of a strong scattering layer on the lunar surface
(Strohback, 1970; Gold and Soter, 1970; Berckhemer, 1970
Steg and Klemens,ﬁl9jo, Dainty et al., 1974a; Dalnty and
Toksdz, 1977; Nakampra, ‘1976, 1877b). This feature has
profound effects on the character of lunar seismograms,.%s
discussed below.

The very near-surface seismic - structure of the moon,

defined as being within a féw kilometers of the surface and

possibly within the zone of scatterers, has been treated in

several papers (Warren, 1972; Kovach and Watkins, 1973a,b,c;

Mark and Sutton, 1975; Nakamura et al., 1975; Watkins and

17

Kovach, 1973), and~suﬁmarized in Cébper et al. (1974): Their
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results will be used in this work. .

Pérhaps Ehé most research.effért has been. devoéed to the’
problem of lunar seismic structure below the surf1c1al layer,
" .which is the subject of this the31s. In a serles of papers,

. the. Galveston-group presented. thelr developlng lunar model .
(Nakamura et al., 1974b -1976a,b, 1977; Latham et al., 1978).
Concurrently, the M.I.T. researchers publlshed their 1unar
'modellng results (Toksbz et al., 1973; 1974a,b~ Dainty et al.,
1974b, 1975a, 1976; Goins ég al., 1974, 1976b, 1977a,b,c,'
1978a); ranging from crustal structure (earlier papers) to
the deep interior. (Much of the work in the iater‘M.I.T.
papers forms sections of this thesis.) These two seismic
mbdels‘diffe;ﬂéﬁbstantially in several ways, and.an attempt.
to delineate ‘the sdurce ofjtﬁé'diffefeﬁéés‘ahd reconcile the
two models will be ma&é'in’éﬁépter 3, analyzing éhéllatéét:'
feSulté‘f?ém_eadh group. A few oﬁhér‘résearchers have maée
contributions to thé structural models (Simmons &t 'al., -
1973; Burkhard and Jackson; 1975; Nyland‘and Roebrock, 1975;
Voss ‘et al,, 1976; Jaresch, 1977).- They will behdngussed
in laﬁér'sections. -

Finally,-there are several review papers which summarize
sectioﬁs of'the'above research. - Latham et al. (1973a, 197.4)

. dlscuss the Galveston group's selsmlc conclu51ons. Toks"bz.~
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(1974, 1975) presents a somewhat broader view of the
gegphysiqs and geechemistry of planéﬁarf interiors. The
former paper is'eSPecially valuable in supplying extensive
early references (pre~1974) on all aspects of lunar science

in. addition to those included herein. -

0.3 Thesis.Summary

The objective of this thesis is to use the most
efficient analysis methods possible to determine the
structure of the lunar interior from the available
seismic data. The lunar seismogiams, however, ére
markedly different from terrestrial records as a result
of the intense surficial scat;ering layer and extremel&
high Q. As will be discussed below, this produces long
codas after the direct P and S wave arrivals, -effectively
obscuring secondary phases. in additionf surface wave
Propagation is effectivel%,a diffusion_process, and no

coherent, dispersed wave trains are observable. Therefore,

only the direct P and S wave arrival times are directly

"r‘

m%asurable on the lunar seismograms, and these arrivais
constituté the primary, most complete, and most reliable
data set available from the lunar records. , Given that

there are only four‘stations, and that the natural 'seismic



ORIGIVAL “PREE IS
. OF POOR QUALITY

' 'events must be located, both parameter seaarch and ‘matrixe.
inversién (or stochastic) methods are used in this thesis
" to extract structural information from the arrival time

data.: These téchniques complement each other, and allow

LR SR + ~ .ot

exploration of the parameter space, determination of

stébilit&, and calchlation of formal uncértaintiésfin the

model parameters. As a result, it is p0531b1e to determine

the max1mum.anount of’ structural information obtainable

frqm the data.
’ Once this has been accomplished and event locations
and origin times calculated, further processing can produce

sédondary data sets. First, the three—cbmponént'seisﬁogramé

afe'rbtaﬁé&°tp‘radial}'transvefSe, aﬁd vertical directions
féiaiive to the'évant'epicenférs and Easséd through a
'polarlzatlon fllter that °nhances rectlllnear partlcle ‘
motlon relatlve ‘to e111p501dal partlcle motlon.~ The
-’ratlonale for +this i$ that’ secondary seismic waves Wlll
1n1t1a11y arrive with rectilinear partlcle motlon while
the obscurlng direct wave Scattered coda w1ll in- general
contaln e111p501da1 partlcle paths, and so ‘the ‘secondary
phases should be relatlvely amplified. True secondary-

arrivdls- cdn then be recognized by arranging the filtered -

seismograms in record sections so-that the secondary phases

follow -predicted-travel time .curves across mahy reécords.

20
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This procedure hopefully prevents misidentification since
noise pulses, which may also- have rectilinear particle
motion, will not in general line up consisfently across
several seismograms. ‘

Finally, amplitudes of the.direct waves and their
codas as a.-function of source~receiver separation can
be used. to. further infer the structural properties o% the
lunar interior. This has been done in three ways.. First,
spectral amplitude ratios from the short-period records
have been used to deduce effective Q values at various
depths. Second, there is axpronéunced shear waye shadow
zone at about goq‘digtance. Lagtlyj tpe ampiitude—,
diséance curve can bg-f;t quantitativelf to constrain
seismic'velgcitg gradiepts in the moon.- Thi; last "aspect
has numerQus uncertainties due to the assumptions needed
to construct the obSe;vational curve, as discuése@ in
Chapter 3.

These various research efforts are described in this
thesis. Chapter 1, along with Apbendix 1, is concerned
with the lunar seismic data. Its characteristics, their
é;uses, andtfhe consequeﬁces are discussed in'light~o%
previous work. fhe data used herein are presented, ‘along -
with some preliminary proﬁessing results. Chapter 2 deals
with the lunar crustal étruéture.. Previous work is

discussed, and then the present results obtained from

3



ORIGINAL PAGE 1S

. ALY
OF FOCR Q 22

i

secondary phases -on flltered record sectlons are descrlbed.
“In Appendlx 2 the necessary ray tracers are dlstussed,
1ncludrng the calculatlon of theoretlcal amplltudes. ‘

’ "Appendlx 3 contalns the theoretlcal basrs for the
‘polarlzatlon fllter and the necessary consrderatlons for
.appllcatlon to the lunar data. In Chapter 3 the structure
of the lunar mantle is presented, ~ Again, previous Work is

revieweaf‘fotlowed by the results from various analyses.
First, the direct wave arrival time data set is inverted
in varlous ways, and the results are tested and examlned
-'Appendlx 4 descrlbes the ‘theoretical background for each
:lnver51on method, and along w1th Appendlx 2 dlscusses the
specrflc technlques appllcable to “the” 1unar case.. The
latter’ part of Chapter 3 consrders the secondary data sets,
"notably additional seJ.st.c wave arrivals and amplitude<
distance cnrves; Finally, Chapter 4 discusses- thé deeper
structure, below about 1100 km depth. ~ The data. here' is
scarce,"an& only tentative'conclusions‘a;é‘drawn. |
.'The*last chapter.summarizes the resnlts, desérihing,
a consistent: model-of. lunar seismic’ structure. This-model
" is consrdered‘ln conjunctlon with: other geophys1cal data,r
and some tentatlve lmpllcatlons for. composrtlonal thermal,

and evolutlonarv lunar models are dlscussed.
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CHAPTER 1

SEISMIC DATA

1.1 Seismogram Characteristics

- The completed lunar seismic network consists of four
stations located within a few hundred meters of the landing .
sites of Apollo m;ssions 12, 14, .15, and 16. The station
locations!_sepa;ations, and. installation dates ére listed in
Table 1-1 and .plotted in Fig. 1-1. AllL instruments were
shut down in October, 1977, The array is roughiy in the
shape of an equilateral triangle, 1000 km on a side, with 181
km between stations 12 and 14. As a result, although in
theory any three stations will suffice in locating a -natural
seismic éventf in practice it is necessary to observe the’
event at all three corners of the gr;angle to obtain-a étéble
location. Thus observations at stations 15, 16, and at least
one of 12 anq'ié are required. :

Each seismic station is a part of the ALSEP (Apclio
Lunar Scientific Expériments Package), connected by cable to
a central statien tha£ telemeters the seismic:and'other data
back to earth. The stations each contain four seismpmeters,
‘three matched long-period instruments (two horizonté& and
one vertical) and one short-period vertical instrumept.'lThe
orientatioqs of the LP horizontal components are given in
Table 1-2. 1In .addition heaters.and autematic iéveling

devices are provided at each ‘station. Technical descriptions
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~are .given in -Latham et al. (1969a)iand-8utton and’ Latham .
(1964). - |
The frequency responsé of the insEruﬁénts is- shown. in
fFig..lé2L " The overa;l sensitivitg isfabout.3-orders‘of-mag-
nitude gfeatgr than WWSSN stations due to .the extremely low
‘Iunar noise level. The SF instrument has a fixed responseé
’ centereq'at'B-Hz,'while the LP éeismometers are switchable,
with a broadband mode (essentially flat gain from 1 to 10 sec
period) and a more sensitive but narrower peaked mode " (maximum
-&agnifiégtion'éi'le”seé). This iattér'réépénsé”mﬁde ééts,as
a néfjbw baﬁapass filter and the resulting records are very
sinusoical in character.” Thé,SP'seiémomeﬁér‘at'Etéﬁiﬁﬁ i?
failed to dpefaté;'énd the vertical LP instrumént at station
114 has operated only intermitténtly: As a result, three-
* component processing is generally not feasible at ALSEP 4.
In addition, the broadband‘rééponsé mode, obEaineé'mia-é
feedback loob, was initially unstable in several of the LP .
sensors, and-only in the latter part of the seismic array’
operation’was any broadband mode data obtained. Table 1-3 ..
1ists:£he'peribds df‘broadbandﬁmode~o§era;ion fof .each seis-
momgter;- Thus, 6nly-i;mited-longeperiod-data is -available,
and théfﬁastnmajorityaof-géismograms;uséd in this thesis'were
receivedﬂip peaked response mode. - All‘éeismograms shown are
S0 recorded unléss:stated otherwise. |
The stations are located in a variety of tectonic

settings. ALSEPs 12 and 15 are essentially on mare material,
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12 between Mare Cognitum and Oceanus Procellarum and 15 on a
basalt embayment next to the lunar.Appenines. ALSEP 14 is in
a transitional region (Fra Mauro compléx) beétween mare and
highland, and ALSEP 16 is in the central highland area. This
last is the only true highland site. The .seismometer-ground
coupling is different at.each statiﬁn. ALSEPs 12 and 15 are
the least sensitive, with nearly equal amplitudes on}all three
LP sensors. Station 14 is a factor of 2-3 more sensitive, and
the recorded y—componen£ of ground motion is typically 50%
larger than the x-component. This is probably due to the
effect of the central station connecting cable which runs
along the y-d%rection and acts as an extra moment arm- (Dainty,
personal communication). ALSEP 14 is also uqique ih that the
dominant period on the LP seismograms is-épout 1l Hz, ratber
than the 0.5 Hz peak response frequency that dominates at
other stations. This is possibly the result of a resonance
in the near-surface structure that acts as a .strong filter.
Station 16 is the most sensitive, by a factor of 3-4 over
ALSEP 12, and again the y-axis predominates. 1In addition,
the ALSEP 16 records have the most "ringing" character of all
%he lunar stations: The rglative\gains of the components at
each station are quantified in Table A3-i and discgssgd in
gppendix 3} and Lammlein (1977) presents estimates of overall
relative'station';ensitivitf.'

As the passive seismic experiment proceeded, it rapidly

became apparent that lunar seismograms and seismic wave
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propagation in general differed substantially from fhat(ob-
served terresﬁfiaily . The'ambient noiseilevel is far iower
than on earth, generally around one du on the LP 1nstruments,
or about 10 -8 cm of”’ ground dlsplacement All observed signals
are emergent with extended rise times (mlO mlnutes) and long,
ringing codas; a large event typically produces\records with-
an'houn or more of observable seismic energy. In addition,
there are no coherent dispersed surface wave trains and only
little coherence between different components of éround
:ﬁbtion: Essentlally no 1mpu151ve ‘arrivals are observed.
These features can be observed on typlcal compressed—tlme N
seismogrims as shown in' Figs. 1-3 £o 1-5. _Figure‘l~33conteins
‘ the records produced by the SIVB booster from s@oilo 14" when'
it was crashed into the moon, as recorded by the ALsEP 12 Lp-
'seismometers. Figs. 1-4 and 1-5 are nanurel.seismic'evenfs;-
recorded by the tnree—component'LP sensors and the SP ver- -
tical seismometer, respectively. Expanded time playduts are;-
inclﬁded in Appéndix 1.- '

‘ -TnesescharaééerisfiCS?ofﬁshe-lnnar*seismogrdms.were
ettribnted’io fhexcombinetion of'strongﬁsceftering énd‘high
Qﬁvalues*(cf;fLafham et g;é; 1871b; -Strobach, 1970;
Berokhemer) ;9103. ‘This conclusion -has beennconfirmed by
. later research (Dainty et al., 1974a; Dainty and. Toks8z,
19775 Nakémura, 1976, 1977b; Pines,_1973); The following
review is. based on these papers;’ research on scattering

effects in terrestrial seismograms has also been done (Aki,



27

1969, 1973; Aki and Chouet, 1975; Wesley, 1965; Knopoff and
Hudson, 1964).

The fundamental proposition is that strong scattering
can be treated as the diffusion of seismic energy along an
energy gradient. Energy is conserved, and by using the
anisotropic diffusion equation, different hérizontal?and‘ver—
$ical diffﬁsivities are allowed. A term correspondi;g to
gnelastic:éttenﬁation is included. - Assuming. an .impulsive
source, this equation.can be solved to obtain the energy
envelope (rise time and decay) as a function of the diffusi-
vities and the quality factor Q. Such a treatment ignores
the differences between body and surface, and shear and.
compressional waves, but this is in accordance with the
obsgrved three component seismograms in which the three
traces are quite similar except for‘overéli scaling factors.
(See Figs. 1-3 thrgpgh 1-5.) Physically ﬁhis implies that
in the scattering zéne:the different types of energy propa-
gation reach a steady—sté?e balance.

The applicability of this formalism to lunar selismograms
has been tested by model seismology experiments (Pinﬁg, 1873;
ﬁainty et al., 1974a). Briefly, the experimental apéératus
consists of a'metal plate (either rectangilar or circular)
with various configurations of holes drilled in it to repre-
sent scatterers.’ Transducers are attached on opposite edges,
one acting as an impuisive source, and clay is mblaéd around

all édges to inhibit reflections. An-egample of the
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'resultlng records as the scatterers 1ncrease in number and
srze are shown in Flg. 1-6, and they bear close resemblance to.
jlunar selsmograms. Addltlonal experlments have shown that ;&
5snrf1c1al zone of scatterers one’ skin. depth (one wavelength)
thlck sufflces to destroy any coherent dlspersed surface wave
trains. Quantltatrve solution of the diffusion.equation,for’
the rectancular plate situation yields good agreement with the
observed energy envelopes in Fig..1-6. .

To transfer this theory to Jdunar seismograﬁs; it is
.necessary to have a model f£or the scatterlng 51tuat10n. 'énch‘
'a model” is shown in Flg. 1—7 where a surfrclai layer of
1ntense scatterlng overlles a homogeneous, 1sotroplc interior.
There are then three p0551b1e types of selsmlc wave propaga—
tion. *"Near" surface'squrces, shown by 1, produce energy
that travels only through the scattering layer. As the
source-receiver separation increases, the rise time of the
signals should - increase as the square of the distance.

Beyond a critical distance determired by the characteristics
of the - scatterlng layer, the bulk of the seismic energy
arriving at the receiver w1ll have bottomed-.in "the non-
‘scatteringfinterior; and the 'rige-time -should. cease to.

- increase. These‘are “far;‘surface sourceszt2) and ' the energy
traverses the scattering zone twice. Interier sources, or
mocnquakes (3) produce energy which only crosses one thick-

ness of scattering layer, and in fact by the principle of

reciprocity there should be a convolutional relationship
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between far surface event and moonquake envelopes.

To test this model of lunar scattering, the energy
envelopes of signals produced by impacting spacecraft'sections
(Ssaturn IVB booster and Lander Module) were calculated in a
narrow frequency band. Theoretical envelope curves .were
computed using diffusion theory: as shown in Fig. 178, the
agreement is quite good out to about 150 km. Beyondgthis
distance, the observed rise time ceases to increase, ‘indica-
ting that the transition to "far" surface events has occurred,
and producing a mismatch with theory. At greater distances,
of course, the S and P wave envelopes separate due to dif-
ferent propagational velocities in the half-space, as seen in
Fig. 1-5.. 2 range of 150 km is equivalent to a bottoming
depth of about 20 km, gsing the velocity structure given iﬁ
Chapter 2, suggesting that (for 0.45 Hz seismic energ&) the
maximum effective scatteiing laygr thickness is ~20 km. The
actual thiégness_canngt be determined uniquely, only its
ratio with the vertical diffusivity. Finally, the predicted
relationship between "far" surface event_énd moonguake energy
envelopes does in fact hold. .

3 The same sort of ‘diffusion analysis has been applied to
the seismic siénéls éeherated’by the Lunar Rovers on various
traverses, extending to a distance of 4 km‘from the respec-
tive ALSEP (Nakamura et al., 19765: The'application was
again successfui, and the results implied that the scatterer
size distéibution is similar to the observed crater diameter

ORIGINAL PAGE IS
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distribution, suggesting thdt for very close seismic sources,
the heterogeneities assoc;ated with surface topography’are the

méin scattering .agent.

: }Thgérgisgrficia} strong scattéring zone éan-account‘fo;
ﬁhefobserved@féatu;eé of lunar seismoéfémé: Tﬁe‘ibﬂg)décay

© timetis'a conseq&éﬁcé of. the extrémely high ééismic Q: on the
close orden-&f 5000. This value was ﬁsed—in-making the fits
in Fig. 1-8. The lack of surface waves, lack of coherency
between components of ground motion, and emergeﬁt arrivals are
all the resuit”of the diffusional pfocess every‘luna;_seismic
signal must undergd to reach the ALSEP receivers. Thé Te-
maining questions concern primarily the exact size. and depth
Qistribution of the écéftéferé}'éﬁ& thus their physical iden-
tification. ﬁhé'dépéh randé'6f£significéﬁ£ scatterer density’

"(for the“seisﬁic:freduenciés studied) appears to be between '

1 and 20 “km. 1The'deeper Bsﬁnd comes from the "near" to "far"
surface event transition, whiie'the'Shallower béund“defives
from the fact that Hadley Rille does not noticeably’mbdify .
the envelopexof seismic ' ehergy that crosses it (Toksbz'gg EEL;
l974a§;- Various suggestions.haveibeen made concerning the
scatterers thémselves, :including-cracks due to cratering;

. surface, and-related subsurface heterogeneities, and.irreqular.
pqwdér laygfs'IStrobach,rLBiO; Stggfand Klemens, 1970; Warren,
1972; Gold and Sotér; 1970; "Berckhemer, 1970Y. Thé favored

-hyéothesis af'this point is .that cratering éffeété’have

produced a complex series of cracks and fissures .in a layer
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of extremely drx, volatile-poor, outgassed rock. Below a
certain depth, 1 to 20 km, either no cracks were formed
because meteorite impact disruption did not extend that' far
into ;he moon, or pressure-and subsequent processes have
annealed or replaced most 6f the cracked.material (Simmons
et al., 1973).

The actual mechanism producing the surficial scéttering
zone is not crucial to this thesis, but the effects of the
diffusion process on the various seismic signals are. In
particular, they constrain which analysis methods are appli-
cable in attempting to determine.lunar interior structure.

_ Since there arehgé observable surface wave trains, the many
methods available tq.interﬁret dispersion and amplitude rela-
tionships are of no use. ~The. long, ringing codas from the'
direct P and S wave arriyals effectively’magk secondary
arrivals, eliminating a great deal of information. Finally,
the emergent character makes even simple P and S wave arrival
time ﬁeasurements difficu%t.

Nevertheless, the direct wave arrival times are the
primary daté’set that qan-be extrgcted from-the lunar seis-
@ograms. As discussed in Chapter 3, the -arrival timgé'can be
iﬁverted'to obtain sStructural information and determihe the
event locétions. Using these locétions, the Seismbgraﬁs can
be further processed by polarization filtering and record

section plotting (Appendix 3) in an attemﬁt to observe secon-

dary phases. The rest of this chapter and Appendix 1 are
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 devoted to the process of obtaining the direct P and S wave

arrival times despite the scattering layer effects.

1 2 Selectlon of Events
L There are flve classes of selsmlc events that have been
;recorded by the ALSEP selsmometers. Thermal moonquakes are - ‘
very local sources around each statlon,‘and prov1de no‘ struc-
tural 1nformatlon. Artlflclal lmpacts, caused by crashing

) spacecraft sectlons 1nto the moon, generate only enough energy
to illumigate\crustat structure and the very top pf_th qpper
‘mantle. Rays frqm these eyents that penetfate deeper are not
observable. Furthermore, the impacts occurred at known places
_ and times,.so'thatutiavel times can be measured directly
insteaa‘of-cﬁfy"affivai.timesl The analy51s and resultlng
crustal structure will be" rev1ewed in’ Chapter 2. The‘last
three_categor;es are natural.luaar selsmld events: meteorite
'impacts,fnearfsurface'mochuakes’(HFT's)jaaad_deép modnqhakes:
It-is with thesé:eveats that this worX is concerned.

- Hundreds of meteorite“iﬁpacts have been recordedcbygthe
ALSEP network, including some of the largest seismic signals
yet observed. The- apparent mass and time distributions of the
impacting bodies have been"studiedpby_puennebier and Sutton
(19%4b}L.Duennebier et §£;$(1975b,Tl§26Y;yDorman"gE al. (l§78)
and Dainty et-al, &l975bf.-.Chatacteristically, the impacts
produce:little shear . wave ehetgy since-the source is theore-

. tically purely compressional. What shear €nergy -is seen
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usually érrives gradually, and is érobably the result of near-
source conversions. P wave arrivals are similar to those
observed from artificial impacts, indicating that the siénals
traverse the scattering layer at both source and receiver, and
so the impacts apparently do not penétrate below the scat-
tering zone. The SP seismometers generally record some energy
from impact events, but especially the more distant ones are
best observed on the LP .seismograms; the SP records often just
. show an apparent increase in background lewvel. Thus, typical
meteori£e,impact seismograms show good P arrivals, weak and
emergent S arrivals, and small signals on thgﬂSR_instrument.
These features can be observed in Figs. Al-1l-through -Al-5.

HFT's (high-frequency teleseisms) are much rarer events;
less than. 30 have been detected between 1971 .and 1976
(Nakamura et al., 1974a; Nakamura, 1977a; Lammlein, 1977).
They appgaf'to be Qea;—surfacermoonguakeqz Their focal depths
"are shallow, petﬁeen 0 and about 100 km. Several of the
events are gquite iarge, producing recordg comparable to the
iargest impacts. The time and space distribution of the HFT's
is nearly random although Lammlein (1977) proposes that they
occur in "belts" and are related to tidal stresses. As dis-
cussed in Chapter 3, the evidence for .this is slim, and the
HFT's probably release frozen-in stresses in the lunar crust
or upper ﬁantle.

Records from these even£s differ;f:om impact seismograms

in three significant ways. First, the P wawve arrivals are
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'somewhat more impulsive, comparable to those from deep—-focus
-moonquakes. Thls lmplles that the HFT sources occur at least -
: bélow the bulk of the scatterlng zone,.say at flve to ten km
‘depth.‘ Second, there are well-developed shear wave arrmvals,
sugoestlng that.the source is indeed a shear—dislocation type.
‘Flnally, the SP records contain a great deal of hlgh-frequency
energy, espec1ally in the shear envelope, possibly 1mply1ng
small fault areas In sum, the HFT selsmograms show distine-
tive P and S wave arrlvals and substantlal hlgh-frequency
energy. Seé Figs. Al-6 through Al—lO'for,examples.'
=" The 'last #nd oossib;fimost'iﬁtefestihg‘oétﬁral lunar "
'séismic”eveﬁts ete'the'aeei;focﬁs‘moonqtékes; heréinafter
referred to simpiy as'moonquakes; "The numérous references’
cited in the introduction will not-all be repeated since. many
of the results-reported here on'moonquake sources were ob-
téined in conjunction with this thesis. The moonquakes are
.dxfferent from’ nearly all terrestrlal events in that the .
signals form groups of match;ng’recotds;~ Each -group contains
séismogiamS'from“éyents”occurring‘monthS?atd years apart that
‘are ﬁearly-identicél;{fA striking example.'is shown in Fig, 1-0
using e%entsaseparated by neetly-twd yeéis.\ As discussed in
section 1-3, seve;al gtoups.have signals that are of reverse-
polarity relative to other signals in the same group; Fig. 1-9
shoﬁs two such records, and the top trace has been inverted

to match the lower. Phases correspond along the entire length

of the: records, although some amplitude ¥ariations do -occur. -
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The only feasible explanation for this phenomenon is that the
events from a pérticular group are occurring at the same loca-
tion. In particular, in order to produce nearly iden;iéal—
scattered wave trains the ray paths must be very nearly the
same. Correlation measurements along the seismograms suggest
that the source regldh for a matching group of events must be
confined to well within. a wavelength (5 +~10 km), and rYecent
;ork (Nakamura; 1978} seems to imply that -the sources are con-
tained within one kilometer. -, -

The time history of the events provide further clues con-
cerning moonguake sources (Toksdz et al., 1977; Cheng and
Toksdz, 1977; Lammlein et al., 1977). Figqg. 1-16 shows the‘
time history of the Al focus or group of'events,‘each Qar
.representing the aﬁplitude of an Al moonquake. Some bars
represent cumulative amplitudes of two or three events whlch
occurred within a few days of each other. Negative amplltudes
indicate events whose signals were of predominantly reversed
polarity with respect to traceé from the 1970-~71 period.
éhree distinct periodicities, 27 day,. 206 day, and 6 year, are
apparent in éig. 1-10. Tﬁese correspond closely to various
chles and beat periods in the moon's orbital and librational
motion, strongly suggesting that moonquakes are at least
E&iggered by the tidal stresses caused by the earth's gravita-
tional field. These perlodlcltles are manifested at all other

foci, and’ the tldal stresses probably prov1de a domlnant part
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‘of the energy released by the moonquakes." ThiS'concluaioﬁ-is
;further strengthened by the close coincidence of the moonquake
foci depth range (Chapter 3) wrth the _zZone of max;mum tldal
stress within the moon.

The reverse polarlty 51gnals are an interesting puzzle:
’ These have been observed at two moonquake foci, the only two
that have_remalnedAactlve for more than three.years at a time.
(Several foci have‘"turned oﬁfJﬁfor two-to‘three year periods
and then become active agaia ) Cross;correlation analysis,
dlscussed below, has indicated that lf a reverseapolarlty
srgnal is observed at one’ statlon, the &ther stations receive
reverse—polarity signals also. However, the subétantial"pro—
portlon of.noisy records and‘the aear—sinusoldal character of
the lunar seiamograms prerent this from being a definitive
conclusion. -As a result it-is“possiole that total source
motion réversil 'is not reguired, and‘that‘slip vector andthus
fadiation‘ﬁatterﬂ rotation would be eufficient;' The actual”
source*mechanlsms of the- moonquake focd . ‘Have’ been studied. by
comparlng occurrence hlstorles with calculated tidal. stresses,
and by examlnlng s/p amplltude ratios. The moonquakes do .seem
to occur in "belts“'which may imply some sort of .common fault
‘plane orientation. It has also been suggested (Runcorn, '1977)
that the moonquakes cluster around mascon edges and so are
related to surface 'subsiderlce reffects, but the great depth of

the moonquakes-and the ac¢tually weak “Corréelation between
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mascons and epicenters argue against the idea.

In sum, the source characteristics of the moonquakes seem
to result from pefiodic tidal stresses acting upon a passive
system of weaknesses or release points in the lunar interior.
Indeed, except for HFT events.and a possible small ambient -
stress field contributing to the deep moonquakes, the moon is
a passive seismic .system acted upon ey impacting bodies, tidal
stresses, ‘and thermal stresses,. all of which provide the
energy for seismic sources.. Both deep moonquakes and thermal
moonquakes (Duennebier and Sutton, 1974a) occur in repeating
groups, .the former cycling with tides and the latter with
temperature. While such influences do occasionally occur in
terrestrial seismology (Cheng et al., 1978; Heaton, 1975;
Klein, 1976), the earth is clearly an active seismic environ-
ment, releasing 8 Fo 10 orders of magp;tude more seismic
energy than ehe moon.

Returning to the main theme oflthis chapter, the deep
meqnquake seismic sources and resultinghseismograms are muce
weaker then.those from either HFT's or impacts. This is in
agreement with the small values of calculated tidal stress
components (less than one bar) and the extremely slodfevolu—
tion of the repeating foc%. In fact, six years of observation
has revealed almost no documented secular evolution of the
Seismic sources. As a result of the small signal amplitudes,

the initial onset of P.waves is often not well-observed. In
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contrast, clear shear wave arrivals are common, 1n agreement
with a shear dlslocatlon type source Wthh should produce
about flve times as much shear wave dlsplacement as compres—
510na1. One of the largest moonquake srgnals as recorded on a
1horlzontal LP selsmometer at ALSEP 16 is shown in. Fig. l 11
‘and the S/P amplitude 1s roughly 5. (Stacked LP moonquake
records ‘plotted on an expanded time scale can be seen in Figs.
Al-lZ through Al-14, as discussed below and in Appendix 1.)
The moonquakes are not well observed on the sp 1nstruments,
probably as a4 resuit .of the low source stresses which would’
tend not to produce much hlgh-frequency energy, comblned with
‘1ncreased anelastic attenuatlon in the reglons through which - -
all deep moonquake ‘signals must travel (Chapter 3).
7 - The criterion by which seismic sohrces were chosen for
the struéturéi -analyses were determined by ‘the above ch‘a‘récﬂl
terlstlcs and ‘by’ ‘the nature of the’ 'ALSEP ~ array. Spec1f1cally,
as mentloned before, an event ‘must produce measurable arrlval
,tlmes ‘at -each of the three :¢orners of the- array. Statlons 12
and 14 occupy one ‘corner of this network 180 km apart, -and
although three stations, e.g. 12, 14, and 15, are theoreti-
cally sufficient to locate an event,.in practice data from:
‘the above_three_stetions would only weakly constrain the
‘16cation along a particular path determined by the relative
tioes'et,is and the 12, 14 gtation pair. . Thus, arrival -time

meesurementS'from-ALSEPsJiG, 15,.and 14 or 12 are- required.
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In addition to a. triangulation network to locate a seismic
event in space- and time the number of arrlvals (data points)
must at least equal the number of unknown parameters in the
iocation, and a seismic_velocity structure must be assumed.
Additional data points are required to extract any structural
information, as is the purpose of this thesis. TFor events
known to be on the surface, such as meteorite impacts} three
space-time location parameters are -needed (e.g. latitude,
longitude, and origin time) and so only events with four.o;
more measurable arrival times are useful in this work.
Interior seismiccsonrces, sueh as moonqﬁakes, must alsp-be
located in‘depthf so five or more etservable a;tival times
are required.

These considerations were applied to the lunar seismic
data set to select from the large number of recorded events
those which would be useful in determining the lunar struc-
ture. Both the primary event log (Duenneb;er et al., 1975a)
and the selected seismic évent catalogue (Latham, 1975) eere
used; they list all observed events up through the beginning
of 1975, and identify them as meteorltes, HFT's, or ?Pon~
éuakes. In addltlon, spec1a1 llstlngs and tapes of the major
seismic events in late 1975, 1976 and 1977 were klndly
supplied by Dr. Nakamura of the Galveston group. Since in
general only the ‘larger events were of use in thls study,

essentially all of the seismic data collected by the ALSEP
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network that can prQV1de 51gn1f1cant structural lnformatlon
are used. '

The: lnltlal selectlon of events from the catalOgues was
made using. the amplltudes listed for each event at each
estatlon ln .order to reduce the number of candldate events to
a reascnable 31ze. {(The amplitudes llsted 1n the’ Galveston
catalogues are measured on VElOClty selsmograms, Whlch are
tlme-dlfferentlated compressed versions of the or1g1nal data.
Emplrlcal comparlson shows that one Galveston iiad equals
roughly 2" au on the Orlglnal dlsplacement selsmograms for the
domlnant frequency\of 0.5 Hz on the LP records. Dlsplacement
du will .be used hereln, except when noted otherw1se ) The
selsmograms of these candldate events were then examined
individually to sée how many measurable -arrivals were in face
present, and final events were ehoéeﬁ on the basis ofuthe
‘cfiterie discussed ‘dbove.’ In‘all caseés it was found that the
finel'ﬁumbef”of‘uSéful EVenesfwéé‘far smaller than' the -number .
of. candidaté. events, so ‘it is unlikely ehat”any-esefu1=events
were ovefioeked ih the initialncdlling by amplitude:
T Meteorite impacts: 'Most3impacte=do-eot-generate eb~'
servable'sheaf waves, and the few S arrivels that “are séen
are generally too emergent to allow accurate arrival tlme
measurement. Slnce at least four arrival ‘times are needed
for the structural analyses, it was initial;y required that a'

dandidate-event,pnoducé,at least lOIdu'of1signal‘amplitudeaat
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each of the four stations. Thus potentially all four P wave
arrivals could be measured. Tbirty—three events meet that
criterion out of the six-year operation of the full ALSEP net,
excluding  those- noted in the catalogues as containing tiﬁing
errors. Most of these thirty-three . events are on microfilm
supplied by NSSDC, and so each was. scanned visually to see if
the records éctual}y contained at.least measurable P arrivals.
The remaining féw were transferr§d~from magnetic tape to disc,
and then plotted (see Appendix 1). The primary requirement
for further consideratioﬂ of the event was ;hat a good-
quality, relatively unambiguous P pick be present at at least
a triangle of stations, in addition to at least one other pick
to make the necessary total of four. Only eight- events passed
this selection process, indicating that, the initial'criterion
of 10 du of gmplitqag did not pverlook_angupossigi§ useful
events. The eight events are listed in Table 1-4.

HFT's: In most of this work HFT events are assumed to
be surface events, and so:only three space-time locétion
parameters are needed. As mentioned before, the HFT's appear
Eo be shallower than a few hundred km depth, and unfgrtunate—
ly most of them are far outside of the array. as a result,
it is nearly impossible to accurately constrain the depth of
an HFT, and so the depth was fixed at tﬁe surface. In
Chapter 3 this assumption is re-investigated, and the HFT

arrival time data suggest that the best average -source
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location is in fact at the surface. (Lammlein (1977) actually
‘attempted to determlne the depths of 1nd1v1dual ?FT s from the
arrival tlmes,'and often ébtained negatlve depths )
Nevertheless, ‘as dlscussed above, the HFT S Ao seem to be
"beneath the bulk of the scatterlng zone, and thlS, comblned .
w1th thelr good shear wave generatlon, means that quite often
shear arrlval tlmes are measurable. Thus,'although only 27
HFT events have been observed on the moon,‘all 22 that were re-
corded at a triangle of stations were considered as candidate
events. Again, the microfilm records supplemented by domputer
piotS'weEe examined ko identifv.measurabié phases. Eight‘
events met thé crlterla £0F locatablllty and structural
usefulness, as llsted in Table 1< 5. Cas°d result,” thére are a -
“totil ‘of 16'"sunface"'events‘used ‘in"this work. !
Moonquakes; "Roughly 1000 individual moonquake events
representing 68 repeating moonquake sdurces are listed in the
available‘cataloghes; .Recent réports {Lathdm gé al., 1978)
- have indicateéd that about 12 new moonquake sources have since
been iaentified:' This data is not presently available, but -
the additional- foc1 are in- all llkellhood less active and
smaller-than theuorlglnal 58, since they were the ‘last. to be
successfully identified. As shown below, onlv‘24.of'tﬁe
original 68 éfe-suffioientiy'weil—observedufor the purposes
of this work, and so again it -is unlikely that‘anv signifi-
cdnt -information was missed.

GE 1S
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The initial step was to punch all the moonquakes listed
in the catalogue on cards, including the year and date of
Occurrence. A computer program sorted the events by focus
and liéted them in chronological order for each focus,: as
shown in Table Al-12. Then,. for each focus, the catalogued
amplitudes at each station for each event were listed along-
side the year and day, providing a complete picture of the
activity.at each focus. Thirty-nine foci were immediately
eliminated because .no meésurable amplitudes were recorded from
any event at those foci at one or more of the triangle cor-
ners, usually ALSEPs 15 or 16. '

The events from the remaining 29 foci were then plétted
and examined. As discussed in Appendix 1, the inéividual,
moonquake event amplitudes are generally too small to allow
éirect arrival time‘meagugemeﬁt.. preve;, since‘thgngvenpg
occurring at a particu;ar focus prqducé essentially iQentical
records except for raﬁdom‘noise, they can be stacked together
to enhance éhe‘signal—to-ﬁoise ratio (by a factor of about vn)
producing one stacked recerd (three LP component traces) at
each station for each moonquake focus. This effectigely creates
;n artificially large event that represents and summ;rizes
all the availablgﬁdata from a given moonquake focus; thus each
moonquake source' 1s'treated as a single seismic event.-

These stacked. records were then examined for measurable

arrival times, and an additional five foci were eliminated
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because less than four picks were available. -Two-of.the re=
‘mainihg‘24 foci only had four measurable-arriva; times, which
. as discussed'oeﬁose is sufficient for event location'but does
‘ﬁot_ptovide aoy‘redundant data from which- to exttract struc- _
_tural LnformatiopaAgNevertheless,,they were retained in the- .
ﬁinal)data set because the stacking effort_had already been
" invested and the distribution-oflmoohqﬂakellocations is
‘interesting;in itself, in terﬁs of both moonquake sources and
1unar structure. Table 1-6 lists the 24 f001, along with the
reference tlme of the single event to which all events at -a
given focus were stacked (see Appendix 1).

The fihal‘data‘set thus contains-éimeteorite‘impacts, 8
HFT events, aﬁd 24 deeo moonoﬁake %ocd,'for a grand totaiﬁof
40 seismic’ sources, llsted in Tables 1-4 through 1-6.'1The
selsmograms ‘are’ dlscussed and presented in Appendlx l These
_répréséiit ‘all the seismic data presently available to the
‘ M.I;Tv“éfoup'that dan provide'significantystrﬁctural infor-
'mationfiexcluding the artificial:impacts'to be discussed in -
Chapter 2. -Some data remains to‘be processed at'Galveston,-
but all major events.hace’already been sent to M.I.T.

(Nakamura, personal communication)..

1. 3 Arrival Time Measurements

As a result of the scatterlng layer effects, the primary

data set that must be used to locate the SElSmlc events and
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determine interior structure consists of the direct P and S
wave arrival times. At this point it is appropriate to jus-
tify the assumption that the two distinct envelopes present on
most lunar-seismograms do in fact represent direct P and S.
First, the artificial impacts are seismic sources with known
locations and origin times, and so travelttimes for the two
envelopes can be:measured., The times are in agreement With
"reaeonable" compressional and.shear wave seismic velocities,
and any -other assumption would eﬁtail a more complicated
crustal structure. Second, the natural events produce enve-
lopes that are consistent with this assumption.at a wide range
of distances. Third, when redundant arrivals are available
over the minimum‘number required for focal location, they
appear at tiﬁes appropriate for P and S. Finally,_the S phase
is generally strongest on;the horizontal compone;t;, and the

P arrival is often, but by no means always, best observed on
the vertical traces. Thig is appropriate for waves arriving
nearly vertically, which as the case on the‘moon due to the
very low velocity surface layers. Of counrse, due to the un-—
certainties of a limited network, unknown natural event loca-
élons, and unknown interior .structure, it is not p0531ble to
state unequivocally that the appropriate incerpretation of the
dominant phases has been made. Nevertheless, all evidence to

date, 1nclud1ng that developed 1n thlS theSlS, is consistent

with and_prov1des teasonable results from this assumption.
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- The effect .of the ecattering layer is to receive a rela-
tlvely 1mpu151ve seismic phase and spread it out lnto a long
}wave:trarn. ‘Signals from surface sourceées go through thls.‘
{procesé~twice.' The resultlng signal at the selsmometer
_theoretlcally has a small but finite onset, as the packet of
‘enexgy that traversed or "diffused” tnrough the‘scatterlng
layer oithout‘colliding with a scatterer arrives first. This
initial amplitude depends on the length of the travel path of
therarriving.ray through, and the "mean free path” (or equi-
valenti§,'tne‘diffuéivity) 6f the scattering zone. As time
proceeds{ more and more energy packets arrive that have been
scattered a few tlmes, many tlmes, and so-on. As 3 result,
the 1n1t1al arrlval as the 51gnal emerges ‘but of the back—
ground fioise .or the P wave coda is often’ quzte difficult to
measure.

Jo partlally remedy thlS 51tuat10n, the raw selsmograms
have been supplemented with polarlzatlon—flltered versions of
the same records,.as described in Appendlx 3. 'This filter-
enhances the-reécti¥inear particle motlon expected to be
present in. the initial ‘rekatively unscattered arrlval rela-
‘tive to-the later scattered enerqgy which ‘in general will “have
ellipsoidai partrcle motion.fuPicks are_made from both the
raw and- filtered records, but since-the filter ie non-linear
and susceptible to noise,.the Original'seismograma‘are always

‘checked to confirm any measurements made on the filtered
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records.

It is clear from the above discussions that the arrival
time picks on lunaf-seismograms often‘requife judgement. Pub-
lished arrival times for the same events measured on the same
seismograms often differ by as much as minuteés. Every effort
has been made in this thesis to remove as much of the arbi-
trary judgement as possible, and to make it clear when and how
judgement is involved. PFirst, uncertain and ambiguous arrival
time measurements are discarded completely, and from the final
data set a group of "most confident" arrival times are used as
a second data sét_go confirm structural results that are ob-~
tained from the original data. Secqnd, strict procedures as
described below are followed in picking andrmeasuring_arrival
times, using previousiy developed criteria. The rest of this
section will outline the general methodology used in making
the picks, discuss the considerations specific to each class
of natural events, show some typical seismograms, and present
the final arrival time data set. Appendix 1 describes the
lunar seismograms themselves, the individual picks, and the
process culminating in the final data set. Thus, although
judgement ié involved, the points where it gn£ers the process
are made explicit and so tﬁe data and results herein are
readily reproduéible.

In the following discussioq, three different plotting

scales are referred to. Expanded plots are drawn at 2-5
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- inches per minute, allowing acdurate arrival time measurement
' te within 0;1f3}§ seconds. In -addition, ehly-th:ee‘traces‘are-
plotted per 10 inch width, so that the amplitudeissaies ete‘

-flarge enough to. see. l du of ground motion;. ensurlng that no
‘small arrlvals are mlssed. Compressed scale playouts are
plotted at 5 inches- per minute; they '‘are mostly. useful’ for
observ1ng energy envelopes. Finally, reduced scale plots are
1ntermed1ate, either 0.6, 1.1, or 1.2 inches pet minute.
These contain records f£rom ell four stations plotted on a
$ingle page and lined up temporally ‘Thds they are useful in
conflrmlng arrlval ‘Fime measurements ‘Mmade “6n other records |
‘and" in examlnlng ‘the relatlonshxp between'érrivéls at dif-
fefeﬁt‘statieﬁs.'”ﬁxempIes'of the”fi?st‘tWo plot typestfor "
the various classeés of events are shown wWith thisfchapter; a
témplete set of reduced scele‘plots are shown for all events
in Appendix }.

The emergent nature of both P and § arrivals is’ the
primary dlfflculty that must be overcome in maklng arrlval
tlme measurements. As the phases emerge from either the
backgrognd n01se%or the P‘wave‘coda*(often.quite”lerge'on
suxfacegevent'recbfaslf:cbmmbnly‘severai (betweeri-one and
tﬂreef possible "onsets™ of the arrival can be seen. (This
is‘shown in Pigs. 1-12; they are descfibed~beiow.r JIt is -
usually-clear that the arrival begins at one of these points

rather than just anywhere in between; otherwise the pick is
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not used. In other words, the arrival time possibilities ére
nearly always distinct, rather than continuous which would
make accurate arriéal time measurement difficult. These
possible”onsets may be separated by as much as 30 or 40 sec-
onds, and are oftén measured on different traces at the same
station, i,e. the. three LP and. SP records.: All-reasgnable
onsets are measured and considered, and every attempt is made
to observe the earliest possible. onset on each trace in order
to avoid missing the small first arrival. There is of course
the possibility that all first arrivals are missed as their
true beginnings may well be below the ambient noise level.
Three observations argue against this. First, larger events
often proéugg_firs; arrivals that jump abruptly over the
ambient noise level. . Second, redundant phases often arrive
within a cycle (two.seconds) or less of expected. Finally,
as sﬁo&n in Fig. 2-<6, theoretical seismograms reproduce the
first several cycles of the arrival oﬁsets guite well (apart
from a uniform scale factdr), indicating that at least the
initial few energy packets are free from significant scat-
terlng effects. In addition,.if all arrivals from aﬂpartlﬂ
éular event were missed by a roughly constant amount of time,
then the prlmary effect would only be to make the derlved
orlgln time late by that much time. This would have no efféct
on the location or .structural results, and so with care in
iooking-fof the»éarliest onsets, thére'should be no serious.

effects.
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Onee the best options for the P and S arrivals at all
four stations from a partlcular event have been measured and
' llsted they are then compared for con51stency ' The prlmary
~cr1terlon lS for rough agreement of relatlve S and P tlmes at
dlfferent statlons, espe01ally 12 and 14 For instance, if
-the s arrlvals -are 100 and 120 sec at statlons 12 and l4
.respectively, then the 14 P ple should be reasonably close
to 12 seéconds later than the P arrival at station 12. Now
several assumptions are\involved in nhis test. First, in is
assumed that the P and S waves travel identical paths. This
will be true only if_the Vp/VS‘ranio, or equivalently = °
Poisson's ‘ratio, Stays constant over the entire refupafﬁ.
‘ Seeoha}‘enféverage“?bfvsnreéio‘bf'1373;560Frespbnéing’to‘é
inéiés;bhf-"s':}a‘ﬁis Gf 0.25, has been used: Finally, this value
must be the same for 'all source—statlon ray paths, whlch is a
weak requirement of lateral homogeneity. 'Based on previcus .
strnctural‘studies, all of these essumptions are probably
reasonable in an,approx1mate sense, but the- ‘key to using them
is not to inadvertently dlscard valid data which one needs in
order to properly find average structural-properties. In
addition, later work may bé able .to -detect .systematic lateral
variations from such "inconsistent" data. ..
Theiefoze.this-cfiterion was applied in. the following
waf; If, 1) the suspected pick (say S) differed- from. the

expected time by at least 30 seconds, 2)'the other three



51

picks involved were well observed and constrained, and\B) some
evidence for the true arrival being'ip @he_expected_place
could be seen;-thén‘thé.possibie pick.was rejected and another
option, if any, was-considered. A careful.watch was kept to
insure that no trend.of discarded picks emerged, which might
represent a plug of differing material beneath one station, or
a particular-region of anomalous velocity deeper in the moon.
No such pattern was observed, and ultimately the primary use-~.
fulness of this criterion was in an instructive sense, illusg-
trating the various manifestations of P and S wave envelopes
at the different stations from different classes of. events.
'In sum, ?his criterion was useful in eliminating some pick
alternativeg, and care was_ taken not to discard valié‘datan
The remaining picks were then arranged into groups of.
arrival times for each focus. Typically, each_fEEﬁs would,
have between one and about ten different sets of up to eight
{four P and S) arrival times representing possible combina-
tions of picks that had beéen made. For instahce, two possible
12 P times miéht be considered, and arrival‘time sets with
and without a weak ‘16 S pick would be tried. The di%gerent‘

i . . i’
options foér each focus' and the details of selecting the "best"

¥

set of arrival times are listed and described in Appendix 1.
Overall, the method consisted of using each set in turan for a
particular focus to locate that focus. (The location method

is described in Appendix 4.) A reascnable velocity model was
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_used, and for each set of'picks a best'looafion in a least-—
:squares sense was found along w1th _the as5001ated 1east—
square_error. The veloc1ty model was then changed, typlcally
.:lncrea51ng and decreas;ng mantle Vp and Vs systematlcally so
that a total of nine velocity models were considered (e. g.-
'Vp = 7.0, 7.5, 7.8 and Vs = 4,0, 4 4, 4.8). PFor each model
new best locatlons and errors were found, and put into a '3 x 3
array for each arrival time set.

. The purpose of u51ng a w1de range of- veloc1ty models was
to‘lnsure that arrival tlme sets requlrlng dlfferent average
'veloc1t1es,fr0m those of the,selected model'were not eIimina;
ted. Both two-layer and single-la&er mantle models were used,
with an assumed crustal structure (Chapter 2), and the velo-
ﬁoity ranges for .P and:é Waves‘ﬁere‘desigﬁed to cover all
. reasonable average vélocity values, based on previous work
- and the measured seismic velocities in rocks of model® lunar -
éémposfﬁiodf 'As thefﬁorﬁaprogressed, it Became apparent that
the reéidualséfor a particular.arriVal tﬁme*set would all
follow a.similar pattern, if one value=was overly large rela-
tive to those from other arrival--time sets, then all the
residuals from that set, regardless of the velocity model,
would be overly large. Thus each residual set, or grid,
could be characterized as’ a whole relative ‘to other sets,
making it unnecessary to use a specific model to compare the

arrival ‘time’ data:'sets. ' 'Indeed, this would have produced a
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very biased data set. The type of model used, i.e. one or two
constant-velocity mantle layers, is consistent with previous
work and sufficient for data selection purposes (see Chapter
3). The effects of including velocity gradients or’ transition
zones are negligible in the gross comparisons discussed below.
The arraysﬂfpf the possible pick groups for each focus
were £hus compared, with reference to the.;eismograms as
needed, in an effort to identify the "best" arrival time set.
Again, a specific procedure was followed. First, sets that
required locations outside the moon were rejected. Second,
groups of picks that produced overly large residual arrival
time.errors were rejectéd on the grounds that at least one
arrival time was grossly inconsistent with any loca;ion. This
may seem to be an arbitrgfy criterion, but in practice it is—
not. "Large" residuals were considered to be greater than

about 100 secqmds2

or so (standard deviation of the arrival
time data) which would imply an average arrivél time ﬁisfit
of about 10 seconds. Invériably there were other pick groups
for the same focus that could be locatéd with much smaller
errors, and in a sense there was a definite bi-modalfﬁistrin
bution in error magnitudes. It could be argued that the
groups with.large residuals in fact were the correct values
and represented lateral and local heterogeneltles and radi-

cally dlfferent veloc1ty models, but since other 90551b111t1es

from each focus were always available which produced sma;ler
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‘residuals and were therefore apparently in agreement with:
tlateral homogenelty and the w1de range of ve1001t1es allowed
'1n the grld, it did not appear to be justified,to assume _the
greatly increéased structural complexity that would be required
“to satisfy each group of inconsistent. arrival times. ﬁurther-
‘more, the entire structural problem would then have far too
manj degrees’of‘freedem~anq_a reasonable analy$is procedure
based on only four stations would be impossible. It must be.
emphasized that .at this point in the arrival time selection
‘procedure all the alternative sets are equally well~defined
on the_seiémoéfamsy-and the idea is to choose. among equal but
-dist;hct poss;bilities.

- Finally, the ‘few remaining alternative sets are elimina-’
] Eea'in,e.varieéy'of:ways.' In general pick groups with smaller
résidual’ errors are favordd; §e£5'fh%t‘appeer to' prefer less
1ik8ly" velocity étruéﬁures;'such‘éS‘very high or ‘low Vp; are
éiiﬁinﬁte@»if‘bthér:éets favor more reasonable veléeity"
values;: pfeen,.tWO'arrival'time sets -will -differ. only ie one
pick which~varies by less .than foﬁr or five secondé; and thus
the locations.and residuals are nearly identical. In this
case ;he two possible*éicks are simply averaged, giving a
reasonable compremise‘between-the two possibilities. oeca—
SLOnally the same phenomenon will dccur when two plcks are
more. SLgnlflcantly different; so that: the .choice will not

dramatiéaliyiaffect.any-structuralxsolutions} and after
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looking again at the. seismograms, one is simply chosen ad hoc.
In the end, a.uﬁ;que set.of arrival time measurements for each
seismic éourge is obtained.

This .elaborate selection procedure is made ﬁecéssary by
the unique nature of the lunar seismic data and the paucity of
stations. Every effort has been made to follow a clear~-cut
selection procedure established a priori and laid out expli-~
citly, following the most advantageous aspects of the seismo-
grams. Appendix 1 describes its systematic application to the
lunar data.  Unfortunately, it is always possible that errone-
ous data has bee? retaine@ at the expense of dorrect data, and
no amount of effért on the present datq se; can totally rule
out that possibi%ityi_,Nevertheless, the method outlined above
min;mizes_the prqbability of including incorrect arrivai
times, and hopefully any remaining errérs will be évefaged.
away in the full structural solution. Based on visual esti-
mates, the a priori error in each arrival time measurement is
considered to be about + é cyéles, or + 4 seconds, on average
for each pick. The following paragraphs outline the specific
procedure followed for each set of the lunar data, tailored“
f}om the gengral'ﬁrocedure above ‘to accommodate the special
characteristics of each type -of natural seismic event;

examples of expanded records are’ shown t6 illustrate the

arrival time features described above..
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Meteorite impmacts: Since these sources aré on the sur-

-face, thé signals must traverse the scas%ering 1iyer twiceé and
the resulting arrivals are the'most‘emergeﬁt of any lﬁﬁar
sersmic ﬁaves: Thls, comblned w1th the poor shear wave gener—
'“atlon; make lmpact selsmograms the most dlrflcult to analyze.
"The P wave arrivals are measured prrmarlly‘on the exganded—
scale raw and filtered three-cpméonent P seismograms, @ith
reference to the expanded SP records for consistency whenever
the impacts are close enough and_large enough to yield sub;
stantrai'éP'energy at the seismic‘séatiensi' Fig. 1-12a shcws'
an example of eibaﬁded scaie'tﬁ'filtered reqords“for a
neteorite 1mpact, the P wave arrival was’ measured as marked.
The general tlme of S is flrst obtalned by extrapolatlng
backwards to. zéro amplltude the shear'wave’envelope, if anﬁl
developed on the expanded SP record or the LP compressed
playout seismograms. The SP enveiobes when available are more
useful even though only the vertical comporent cf”ground'
motion- is ‘recorded because of the shorter rise time relative
. to Lp récords - (thls feature 1s not entlrely understood’ in: -
:terms ‘of the scattering- 1ayer,'although-some work.ls in
progress (Malin, 157?5; ;As\mentioned,berore,.rhis isﬁbrobably
due tb:a?decreasiné scdtterer thickness with depth, making the
-effective scactering 1ajer‘thiﬁner‘fcr:high-frequency energy.
After- polarlzatlon fllterlng the LP selsmograms, both filtered

expanded—plot and raw reduced-scale LP records are searched:
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for candidate § arrivals in the region indicated by the enve-
lopes. Without the SP or LP envelope studies, most of the §
arrivals would be nearly iméossible to locate on ‘the expanded
seismograms. Even with this procedure, only a few reliable S
wave arrival times are obtainable. One such is exemplified in
Fig. 1-12a. The selection of the best impact sourc%‘arrivay
Fime sets is detailed in. Appendix 4, and the resultf%g data
set is presented in Table.l-4.:

"HFT's: These events have relatively more impulsive
arrivals than impacts, and produce a large amount of shear and
SP energy. Accordingly, P picﬁs ére made on expanded SP, LP
faw, and LP filtered plots simultaneocusly, producing P arrival
times that_are often well-constrained. In order to minimize
the effects of the obscuring P wave coda, the S picks are made
"on LP expanded scale filtered records, and t@e SP shear enve-
lope and reduced scale LP raw records are checked for con-
sistgncy. In all, the large HFT seismograms are the easiest
on which to make arrival 'time measurements. Of course, as
éeen in Figs. Al-6 through Al-io, some of the ﬁFT's used in
this gtudy are quite small, and the picks are more difficult.
Fig. 1-12b shows a raw ALSEP 14 LP record; only the’;.compo~
nent (horizontal) is operating properly in this time period.
As can be seen, several possibilities. for -the S arrival are
marked. Ultimately, none were used due: to the ambiguity of

the initial onset. The final best arrival time sets are shown

in Table 175.
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Moonquakes; 'The.firet step in analyzino tne‘éeep‘moon-
"quakes is to stack all the events from'a partlcular focus
together so as to enhance the signal- to-n01se ratio. - Only
the three-component LP records are- stacked; little SP energy
15 recorded from the moonquakes. The individual moongquake
events are nearly all so small that only tne S-afrivalﬂis
clearly observable, the P wave only rises above the amblent
noise and station sen51t1v1ty level in later portions of the
P coda. The purpose of thé stacking 1s prlmarlly to recoveri“
'the lnltlal P arrlval although1ﬂues ‘wave 1s also enhanced
' Without the advantage of multiple enents, most of'the moon-
quakes ..ould not provide any'redundant phases for structural
information. The stacked records are passed through the
. polarlzatlon filter; picks are made prlmarlly on the raw
expanded scale stacked recdrds and then confirmed on reduced-
scale filtered redords. Fig. 1-12¢ shows a typical stacked
BP‘recofd from a mooﬁduake focus, and ‘two alternative P
drrivals are marked; the earlier -one was. ultimately-: chosen.
The relatlvely impulsive nature of the moonquake arrlvals,
‘however, makes the filtered records mostly'useful-in searching
for secondary phases. The final best arrival time setS'are
listed 1n Tables 1-6 and 1-6a, and the relative scarcity of
measurable P picks is clear. (The reference times in Table
l-6a are those of an arbitrary event from each focus chosen

to be the time basis for all evéents from that focus.)
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Thus theucomplete list of events and direct P and S wave
arrival times are as shown in Tables 1-4 through 1-6. As.
meﬁtioﬁedtﬁefore, this éonstifutes the primary data set. The
SP seismograms and LP filtered -records will also be used to
search for secéndary phases, shadow zones, and amplitude
systematics. Details pertaining to the data are incguded in

Appendix 1, along with reduced plots of all records.
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ORIGINAL PAGE IS

OF POOR QUALITY 6

Locations, separatlon, and 1nstallat10n date of ALSEP
salsmometers. ’

peparation (km)

Sﬁaiiép ; Locatlon' 12 14 15 16 - Installation Date
12 3.04°5,23.42°W -~ 181 1188 1187 19 November 1969
.14 3.65°5,17.48°0 181 —- = 1095 1007 5 February 1871
15 2é.~os°n,3{ss°n -1188 .1095 -~ 1119 31 July 1971
|16 8.97°S,15.51°E 1187 1007 1119 --- 21 April 1972



Table 1-2 _ 61
Orientation of long-period horizontal seismometers.

Azimuth of horizontal instruments

Station _X v _
127 T 7 180° .gge
14 0° 90°
15 g° . 9g°
16 334,50 . 64.5°

3
. 4
Note: Upward ground motion is positive vertical, and the above
azimuths are positive x and y. The coordinate system is
left-handed.

Table 1-3

Broadband response mode operation period.

Station Period in broadband response mode
12 10/16/74-4/9/75; 6/28/75-3/27/77
14 noene
15 6/28/75-3/27/717

16 6/28/75-3/27/77
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14 43

141.5.

98.8 70.3

2721. l

" Table 1-4 62
. P and S wave ‘arrivdl times at all four sﬁetions for
meteorite impact évents.
Reference Time Arrival Times (sec relative to reference time)
Yr. Day Hr Min 12P - 14P lSP L16P 125 148 155 168
;72 134 . 8”-47'; 25.2 12.5 114.3 120. 60‘55;7 36.8 217.0 --
12 99ﬁ2}h'§7 -55.0 63.8'-13.7 "16.7 ==+ —= oo o
© 727213 18 9 136.4 118.1  -8.7 139.5 285.5 ' == _ 35.5
72 324 18 24 87.6 94.3 .21.3 131.3 284.2 -  —= .
75 102 18 15 111.8 95.8, 40.4 -15.5 2820 -=  ——  70.5
55 124 10 . 5 1.3 15.5. 77.5 53.6 -~ --  410.0 - .
76 25 16 10 -8.9 --  94.5 110.7 133.5 -=' 312.2 -~
77 107 23 .35 ,é.9 _18.3‘127.9 126.5 ~= - — -
Table 1-5 ‘

P and § wave arrlval tlmes at all. four statlons for HEFT events:
Referenqe Time 1Arr1val Tlmes (sec relatlve .to reference tiﬁe)
Yr Day Hr Min '13p° 14P  1SPp_ 16P ‘125" 145 155 168
13‘f7g 8 1 34.1 35.9 99.7 ;27.8 272.0 -- -~ 259.4

171 20 25 ~5.0 6.5 85.7 138.5 125.3 ~e em c 352:5
74 192 0 51  78.5 65.3 =3.5 9.7 —- -- - -
75 3 1 46  33.6 51.3 60.5 127.5 269.0 -- -~ 453.0
75 4422 5 == -1.8 129.5 89.6 =--  47.8 265.0 197.0
76 411 21 -- . 4.9 §7.7 - 293.8 82.0 252.0
'76“65 10 15  50:8 53.3 -20.3 - .202.0°208.7.- 75.8. 286.0
76 68 -— 24.2 74.9 -



Table 1-6

P and 5 wave arrival times at all four stations for moonquake events.

Focus Reference Time

Arrival Times (sec

relative to reference time)

A Yt Day Hour Min 12P  14P  15P  16P 125  14S 158 165§
‘1 75 86 18 47.5 8.1 10.2 73.0 58 99.8 103.0 212.9 193.3
w15 72 190 18 12 ~= o 54.3 -~  164.4 152.2 180.8 136.5
16 71 260 11 16  -- 9.8 6.0 6.2 129.0 -127.2 119.3 120.0
17 72 284 21 2% 1.5 -- ~10.8 ~--  102.2 100.9 85.1 172.6
18 71 298 14 33  ——  75.3  31.2 45.2 231.7 215.0 135.0 161.4
200 72 136 17 21  -- -10.3 ~1.8 33.3 99.3 104.1 110.7 178.2
27 71 290 14 33 —— - 34.6 --  208.5 192.8 140.1 .168.5
30 73 154 127 -~  22.8 46.0 --  114.3 123.9 162.0 207.2
31 72 161 7 52 - - _— 3.8 -- 137.0 113.0 126.2
32 72 148 5 55 @ —— - 18.2 34.4 ~- 183.1 105.4 131.5
33 72 285 19 400 -~  51.2 19.5 8.7 —- _— 228.0 211.7
34 72 166 18 36— - 40.7 -—  141.1 137.7 146.0 159.8

€9



Table 1-6 (Cont'd)

.Focus Reference Time - Arrival Times (sec relative to reference time) °
A Yr_Day Hr Min 12 -  14pP 15P 16P " 128 %48 - 158 }QS.
36 721281512 - . 87.6 ‘==  .98.8 . - 245.2 171.2 268.8
40 73 4216 46.. 45.3. -- - ".'61.5"136;4 133.2 '177.4 '169.0
41 73 12315 43 -~ 27.0 -- = 116.5 134.4 149.6° 547,}-‘
42 74 58 6 25 - 39.3  46.1 -~ ~= ' 160.2 172.3 193.0 262.3
44° 74 58 256 -- 1023 32.4 - - 289.8 266.2 162.8 230,0
45 74 124 22 10 .14.6. 14.4 -- wa '132.2' 121.7 220.2 200.1
46 73 303 1 0 °, 41.6 44.3 104.6 -— - 136.2 142.7 242.3 223.8
50 73 205-14 57: - .23.4  30.5 —- ~2 U131.4 144.5 207.2. 257L67”
51° 74 49 8 37 —-. 61.9 36.2 37.2 193.6 171.8 135.3 131.0
56. 73 163 21 17, - . -= - 51.8 - = = 119.4 135.3 183.8 227.3°
61 75 58 6 16 — =3,1 . -- AT 149.0  51.0 j4i6’;
62 11 ° ==, .79.4 27.3 53.4 279.5 266.6 151.4 -215,7‘“

75 167 11

79
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Figure Captions

Fig. 1-1. Location map of the ALSEP seismic stations, shown
as squares’and-labeled A~12, etc. The triangles and
open circles represent impact points of the IM and STVB
spacecraft sections respective;y {from Toksd8z et al.,
1974a). : . T

Fig. 1-2. Seisﬁometer reponses as a function of frequency.
Curves for the short-periocd vertical insprument and the
two reéponse modes of the three-éomponent long-period
seismometers are shown (from Toks$z et al., 1974a).

Fig. 1-3. Compressed-playout LP three-component seismograms
pfoduce@ by the SIVB impact recorded at ALSEP 12.
Vertical scale is 1083 du between the trace centers.
Component_oriepta;ions are given in Tablg,ljz (from
Toks8z et al., 1974a).

Fig. 1l—-4. Moonquake LP- seismograms recorded at ALSEP 12.
Vertical scale is 22 du between trace centers (from
Toks8z et al., llea).

Fig. 1-5. Meteorite impact (Day 25, 1972) recorded at ALSEP 15

; on the SPZ seismometer. Scales as.marked. §

Fig. 1-6. Effects of scattering holes in a metal plate. Aas
sﬁown schgmatically, holes increasé in number and size
from top to bo&tom, the resulting model seismograms

shown at- right (from Dainty and. Toks8z, 1977).



ORIGINAL PAGE-IS
OF POOR. QUALITY

66

'Flg. 1—7. Schematlc (not to scale) 1llustratlon of relation of
lunar SElsmlC sources to scatterlng layel (from Tokséz
et al., 1974a)

.F;g.%i 8. Energy envelopes of artlflclal lmpacts recorded at
ALSEP 12 Energy is calculated in a narrow spectral
window around 045 Hz in 51. 2 sec 1ntervals, and
plotted as a function of time on semi-log. paper.
Dashed curves are theoretical fits; see text (from
‘Toks®z -et al., 1974a)

fig._lJQ.'Cdﬁpariebn of'Y coméonents of gtoun motion fecorded
at ALSEP 16 ‘from two matching Al moonquakes. Vertical
scale W20 du/ln.

Fig. 1-10. Time history of theé Al moonquake‘éoﬁrce. Bar
heights. are evént amplitudes Iieﬁea‘fdr ALSEP 12; some
bars reéresent'cumulative amplitudes listed for 2-3
evenes occurring within a- few days of each'otherl
Négative amplitudes represent reverse ﬁolarity’evénts.

Fig., 1l-1l. Compressed plot of an Al moonguake recorded in the

‘ Y component of the ALSEP 16 seismometers.

Fig. l-lé Sample .expanded-scale piots.fqr a meteorite

impact, HFT, and stacked deep moonquake event, showing

" alternative sets of arrival .time picks.
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CHAPTER 2

CRUST

2.1 Introduction

The struéture of the lunar crust can be divided into two
regions based on scale size. The very near-surface structuré,
as -studied by Cooper et al. (1974), Nakamura et al. (1975),
%nd Mark and Sutton (1975). covers. the outer two kilometers of
the moon, while whole crustal structure studies extend tg
depths of 60-100 km (Latham et al., 1973b; Toks8z et al.,
1972b, 1974a). Cbmplete references are given in section b.2,
and the results as they pertéin to this thesis are summarized
below.

The near-surface structure Qf the moon hés been ascer-
tained primarily from the activ? seismic experiment data
(Cooper et gl+, 1954; Kovach and Wa;kins, lQ?%a,b,c; Watkins
an@ Kovach, 1873). These experiments were landed on misgions
14, 16, and 17, each containing a small array of geophones and
various seismic sources such as thumpers, mortar-fired
grenades, and explosive packages. 'The available source

energies and. array dimensions were largest at ALSEP 17,

T

capable of illuminating the seismic structure to neaflf 2 km
depth. The resuits ﬁt all stations are remarkably similar:

a top layer betweeﬁ 4 and 12 meters thick with Vp . 100 m/sec,
underlain by faster maéerial with Vp ~ 300 m/sec. "At the

ALSEP 17 site, the 300 m/sec layer was found to be about 30 m
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thick, underlain successively by 500 m/sec and 960 m/sec zones
of thickness 400 m and 1 km respectively. At a depth of 1.4
km the P wave velocity jumps to 4.7 kn/sec. These result§ are
supported by the relevant data from the passive seismic exper-
iment stations. In particular, signals from the LM take-off
yield similar seismic velocities and depths for the two
uppermost layers mentioned above (Nakamura et al., 1975;
‘Latham et al., 1972b). In addition, the amplification of the
horizontal components of ground motion relative to the ver-
tical components at all the PSE (Passive Seismic Experiment)
stations can be explained by the effect of a very-low-velocity
surface layer On'the‘ellipsoiddl particlé motion of Rayleigh’
Qaves. A fesonance peak analysis (Nakamura et al., 1975) and
a more complete calculation of expected Rayleigh wave spectral
.ratios over a frequency band 0.4 to 2.0 seconds (Mark and
Sutton, 1973) both produce results that are roughly consistent
with the active seismic conclusions.

The uppermost layer probably represents-the lunar
"regolith", extending to a depth of 4-12 meters. The uniform
and very low seismic velocities at all stations are probably
controlled by the physical constitution,-i.e. a rubble layer,
rather than by the particular chemical composition. The
thickness of the regolith at various stations is consistent
with other estimates from crater counting and the  floor

characteristics of fresh craters (Cooper et al., 1974). The
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next layer at Vp = 300 m/sec is probably more competent but
still highly fractured rock.: One possibility discussed by
Cooper EEjii; (1974} is that this layer represents ejected
brecciated rock; the Fra Mauro formation at ALSEP 14, apd'the
Cayley formation at ALSEP 16. Below these layers at ALSEP 17
there appear to be two layers of higher velocity material,
possibly representing basalt-t&pe materials of varying cSmﬂ
petence. Finally the velocity jumps to 4.7 km/sec; .this
region is &isqussed below. Note that the entire low-velocity
sequence of materials is contained within the outermost 2 km
of the moon, and thus coincides with and probably represents
at least a paf£ of the strong scattering region.

The implications of these results for this thesis are
twoJfold.u Firsﬁ,‘the steep veloéity gradient ﬁeans that
arriving rays from teleseismic eveﬁts will be bent towards the
vertical and thus wil; be near normal incidence at the sur-
face. This is only strictly true for wayés of infinite
frequency (ray theory), b&t since the low—veloci%y layer is
about 1.5 km thick (at least at station 17) and the seismic
wavelengths are about 1.5 and 0.5 km for P and S waves res-
§ectiveiy, the bending effect will be at iéast partially
operative, especiallﬁ fo£ shear waves. As a reference, ra&
theory predicts an incident 'angle of 3,50 avent for surface

.events at 4°-5° from a station. Thus, to a reasonable

approximation, compressional waves should be seen mostly on
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the vertical components-of gréund motion, while shear eneréy
should appear on the horlzontal recoxrds, 1ndepenuent of event
loca;;on, Second, the low ve1001t1es lntroduce a- time lag
’that‘hust:be-accountgd for lp qonstructlng t;avelft;me”gurves.
Izl this work a.:ané-WaI_E wave transit time _Sf. 2 seconds is
'used,'in agreemént with the'model of Codpé: et al., 1974.
Assuﬁing a Poisson's ratio Sf 0;25'(this'vdiue ﬁay be some-
what loﬁ;“see Mark and Sﬁttoﬁ (19751), the corresponding $
time is 3.5 seconds. Both numbers are sufficiently accurate
for our purposes. '

ifhé'déépef‘crustél strutture of the moon has -been sum~-
'mérizéd-primérily by ‘Toks¥z -et-al, -(1974a). Earlier papers
' are réferenced therein. fThe data base ﬁséd‘to determine the
éérﬁcturé'ié'élmost'éxclusivély‘the seismograms prodiced by
impactiﬂg'séctiéns ﬁf the spacecraft onto the moon at known
.places and times. This means that travel times are measured
iﬁs£eéd'of arrival times; leavingkélllthe“daté‘for use in
determiﬁing structure rather than having to-use the bulk of it
to calculate the sourcé pérameters. Nine such impacts were
effected: -Five SIVB'Soéster'Secéions'andzfour LM sections;
a total -of about.20 compréssional wéve travel times.were
measured;from these sources. Fig. 2-la shows the.data (for
_ distances less than 400 km) -and theoretical travel times cal-
culated from the model in Fig. 2-~7. There are two triplica-

tions caused by rapid velocity increases at depths of 20 and
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535-60 km; only the second one is strongly required by the
travel time data. The correspondiqg qmplitudes are shown in
the middle d;awing (b) along with the same theoretical fit
calculated from ray theory; not the high amplitudes caused by
the cusp at 160 km. The triplicatipﬁ due to the 20 km velo=
city jump is required to produce the low amplitudes %een at
100~150 km distance. Fig..2-1lc shows the ray theory travel
paths for the model in Fig, 2-7. Based on analogy with earth,
the major velocity increase at 55-60 km depth is termed the
crust-mantle boundary. .

The prograde travel time branch moving out past 400 'km
distance in Fig. 2-la represents rays bottoming'beiow the 60
km boundapy in a reéion where the P wave velocity is about
9.0 km/sec. Figure 2f2, however, shows the three grrival§
observed from more distant artificial-impacts, and the& appear
to require a slower velocity below 60 km depth; the solid ;ine.
shown is for Vp = 7.7 km/sec. This discrepancy can be’ ex-
plained in fOuf possible w%fs.‘ First, the arrivalé marked at
%00-11040 km-distance couid represent secondary seismic phases,
indicating that the small first arrivals were. missed; *they
could then be in agreement with the closer travel txmes
Second, the high-velocity region could be a relatively thin
layer beneath the crust, so that the refracted,wéves traveling
along in it are attenuated rapidly with distance. and wpﬁld

therefore not be seen at greater source-receiver separations.
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Third, the hlgh-ve1001ty zone may only exxst in a limited
area. Finally, 51nce the apparent travel. tlmes are obtalned
jfrom an unreversed refraction lJ.ne,r a dlpplng 1nterface'mlght
partlally account for the high apparent ve1001t1es. None of
these pOSSlbllltles can be completely ruled cut. The - -natural
'selsmlc event data -(discussed in Chapter 3) requlre that the
.average upper mantle veloc1t1es be less than 8 km/sec, thus
lmplylng that any high velocmty zone is probably confined to
a thin layer below the crust. In addltlon, compositional
model's for the luhar interior favor the lower values for
mantle uelocities._‘furthermore,'the‘velocity:drop‘below such
a layer would’ produce a large shadow 'zone ‘for surface events'
.lf the layer were SLgnlflcantly larger than the seéismic wave-
lengths, this is" “in disagreement with the calculated locatlons
and observed arrivals. 1In sum, the high veloc1ty reglon below
the crust is not likely to be representative of the lunar
mantle but may exist locally, or globally as a thin layer.
fhevshear wave travel time data produced by the artifi-
cial impact euents is shown 'in Fig: 2-3. The measurements -
. are much less_certain due to the relatively small amount of
shear‘energy produced by impacts,; but:the times and amplitudes
can be adequately fit with a:velocity‘model proportional to
the compréssional .wave velocity shown in Fig. 2~7. ‘A ratio of
371/2 corresponding to a Poisson's ratio of 0.25,.ié used.

Finally, the implications of the:travel time data are .
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summarized in Fig. 2-4, showing allowable velocity bounds for
the upper 100 km of the moon, using the tau method of
Bessonova et al. (1974); the cénter-line is an average model.
To further constrain the crustal velocity structure,
theoretical seismograms have been calculated to fit the ob-
served records. A suite of the observed seismograms is shown
in Fig. 2=5; theoretical comparisons are given in Fig. 2-6.
There are three major conclusions to be drawn that are of
importance to this' thesis. First, the initial 10-20 seconds
of the observed seismograms evolve systematically as the
source—receiver.separation is increased, and the theoretical
seismograms are successful in ﬁatphing this time period.
Further along the records, both these observaﬁioqs fail. _The
implication is ‘that the initial part of a seismic wave arrival
ig well-represented as a relativgly non-scattered phase, which
gradually deteriorates iﬁto random scattered energy as time
increases (see_Chapter 1). This suggests that the polariza-
t%on filter discusseé in Appendix 3 is in fact an appropriate
approach to take in extracting body waves with initial
rectilinearly~polarized particle motion from scattered energy
of random particle motion: (The results have shown that at
least the direct wave arrivals (P and S) are fecovefed by the‘
filter at the times expected from eyeball picks on the raw
records.) Second, the large amplitude phase seen at the

triplication cusp (170 km or 6 degrees) is present on the
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observed records and ie modeled as the sub-critical refiection
ffom the crust-mantle interface. The fact that this is the
largest amplitude arrival seen for both P and S (see Fig. 2-3,
bottom) at this distance is critical to the discussions in
section 3.3.3. Finally, the matching of theoretical selsmo—v
grams to the observed records places tlghter constraints on
the velocity model than those obtained from. travel times alone.
In pérticular, the short-period records imply that the tran-
.sition region at the crust-mantle junction is 3 + 1 kn wide.
The final crustal model determined from the értiﬁiéial
impact data is shown in Fig. 2-7. It must be noted that this
structure is valid only for the region near stdtions 12 and
‘14, 31nce all but three travel time values were measured at
these stations. This is a result of the sequential station
emplacement and subsequent spacecraft impacts during the
Apollo mission series; consequently most impacts were ob-
served at the early stations. In fact the primary evidence
for assuming that a moon-wide crust exists comes from geo-
chemlcal geological, and gravity considerations (cf..Kaula
et al., 1974); the seismic data from artificial impacts con-
strains its characteristics at only one location. The struc-
tural and compositional interpretations are discussed in
section 2.4 after the new results obtained in this work are

presented.
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In calculating fhéoretical travel times and amplitudes in
the remainder of this theéis, a simpl;figd version of this .
crustal structure is used té reduce computation time and cost.
Specifically, the crust is modeled as two constant-velocity
layers; an upper crust from 0-20 km with Vp = 5.1 and Vs =
2.94, and a lower crust from 20-60 km with Vp = 6.8 ind-Vs‘=
3.9. In addition, as mentioned before, a time of 2 seconds
for P waves and 3.5 seconds for S waves is added to account
for the low-velocity surficial zone. The only real approxima-
tion this simplified model contains is in the upper 20 km
where there is a relatively strong gradient. The constant
velocity values used (5.1, 2.94) are designed to give essen-
tially the same vertical travel time (3.9 seconds for a P
wave)} as Fhe original‘model of_the upper crust (egclqding'the
surficial_}ayer). The approximation:will of courée deteri-
orate, for non-vertica%ly incideﬁt‘waves. However; for rays
that bottom below the crust, either from surface sources or-
(obviously) deep moonquakéé, the maximum error caused by the
constant velocity approximation in the upper crust is 0.2
seconds (one-way travel time for S waves) as shown byﬂtraciﬁg
'réys through both structures. Thus, even for "pegnleg" phases
discussed below which traverse the crust three times, the
maximum error possible is about half a second, well within
required accuracies both in this chapter and Chapter 3, éhe

only rays traced.which do not bottom in the mantle are the -
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;dlrect P and S arrivals at stations 12 and 14 from the Day 134
“meteorlte lmpact whlch occurred close to these s-atlons, the
;errors 1n this case for the two-way S ‘wave travel tlmes are
still less than two seconds which is suffLCLent f;r the
inversion described in Chapter 3 (since it only applies to
these two rays).

‘The effect of the crgstal approximatibn oh calculated ray
theory amplitudes is slightly more complex, but still within -
tolerable limits. 1In nearly all of the amplitude calculations
’ done hereln the object is only to determlne'the approx1mate :
-relatlve amplltudes of various possible se;smlc phases ﬁln
_order to ascertain Which'enes might be visihle'oh the-iunar
seismograms discussed ‘below); thus only'relative, apprdximate,
_valaes are important. Therefore as long as the waves whose
amplitudes are being compared have traversed the upéer crustal
'zone the same number- of times”(e.g. ence up, once’'down) the
“effect of the ‘above- approximation should 'be roughly thé same
for each wave and will® therefore have*little effect . on- the
comparlson. .Thls-rs partlcularly true .since the rays ‘from
hatural'seismic'eveﬁtstused in this work are teleseismic ane
therefore -traverse the upper crust at a small range of - angles
~with -respect to the vertical. The only additional compllca~
‘tion’ concerns those rays which include a reflection at the
free surface, but again the effect ot the crustal apprexima—

tion is small, because the wave will be equally focused and-
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defocused on its way up and down, thus roughly canceling any
effects of near-surface structure. (There is also some effect
on the surface reflection coefficient calculated in the pro-
grams described below, but this calculation is only done for
deep moonquakes which are far beneath the array and within 60°
of its center; the incident angles of the resulting rays at
theé surface are within 15° of éhe vertical and the steepening
effect of the true upper crustal velocity gradient is small.)
In sum, this simplified crustal model is sufficient for
the purposes of this thesis, but its use should be noted. 1In
section 3.7, where it is necessary to compare the amplitudes
of rays over a wide range of distarices with an obsérved data
curve, the detailed crustal model is used. Even in this case,
however, test runs show that the simplified crustal structure

produces essentially the same results.

2.2 Natural Event Data

In order to extend our knowledge of lunar crustal struc-
ture, it 1s necessary to use the natural seismic event data
set. Several lines of ev1dence imply that this approach might
be effectlve, and point towards the proper analysis proce=-
dure;. The "ringing" character of the lunar seismograms,
especially after strong shear wave arrivals, may be partially
the result of strong reflectors near the lunar surface in
addition to the effects of scattering and high Q. This is

especially true at ALSEP 16 where the reverberating nature
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"of the seismograms is most apparent. Thus there is the possi-
blllty that secondary shear waves, reflected from crustal
1nterfaces, may be v131ble on. the lunar selsmograms.‘ If S0,
'these would prov1de close constralnts on the: crustal thlck-
_hess. assumlng that the layer veloc1t1es are reasonably .well--
known. Of course, to see such reflections’ (post-critical) it
is necessary thah the &idth‘of the interface between different
layers be small compared to the wavelength of the seismic
wave. For shear waves at the base of the crust, the have— .
Téngth is about § km at the dominant pericod of 2 seconds.
_Thls is only 2-4 times larger than the crust-mantle 1nterface
width. predlcted forw statlons ‘12 and 14" from theoretlcal sels-
mogram matchlng (3 +. l km) so the reflectlon coeff1c1ents may
be dininished and thus it- may be’ dlfflcult £o observe these
phases there Nevertheless, the ‘analysis was’ carrled through
1n the hopes that some evidende might be visible and that
other boundaries or other stations'mighh producéfstrong
seflections.
"¢’ The above'® ‘phases are: termed "peg-leg multlples“ -in the
Oll industry dnd typical-ray paths are shown in Plg. 2 8a.;
P;lmarlly.peg-1e954from thershear‘Wavé‘ihcidentﬁat thefbase"
of the crust will be considered; the “incidént P wave is"’
generally huch_smailef except for a few of'the‘meteorite
.impact events. There are-then nine possible peg-leg reflec-"

.tions from any interface; corresponding to conversions at

z



93

either the surface or the interface: The nomenclature will be
SE';S-V: 8SP, SPsS, PSS, SPP, PSP, PPS, PPP, and SSS-H. The
letters refer to the up, down, and up wave types in the crust,
respectively; the incident wave is S (SV and SH) unless other-
wise noted. SSS-H is the horizontally-polarized SH phase,
while SSS-V refers to SV waves. There are only four distinct
travel times, 8S38 (V and H), SSP-SPS-PSS; SPP-PSP-PPS[ and PPD,
In addition, if such reflected phases are observed, it is
appropriate to sée if refracted converﬁed‘phases are also
present; there is only one from each interféce for an incident
S (8V) wave, as shown in Fig 2-~8,

In order to determine the optimal approach in seagching
for these phases, it is necessary to calculate theoretical
'travei times and amplitudes for the expected arrivals so as to
ascertain their characteristics. The travel times are used in
conjunction with the record éections discussed below to iden-
tify secondary phasés and determine the structural implica-
tions, while the theoretié;l amplitudes are most useful in
deciding a priori which secondary phases are likely to produce
the largest amplitudes and therefore be most easily visiblg.
(Due to the non-linear filtering necessary (see below) and *he
very low signal-to-noise ratio of the secondary phases, it is
not feasible to quantitatively correlate observed and calcu-
lated amplitudes.) The programs used in these calculations

are described in detail in Appendix 2. Briefly, the
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calculations use ray theory (Bullen, 1965), and include the
efﬁects of ray-tube spreading and reflection and transmission
céefficients. -In the tables presented below, a unit source
engfgy is -assumed. The quantity of interest is the relative
leéei o£ the secondary phase amplitudes as compared to the
predicted she;r.wave amplitudes; by comparing this ratio to
the cbserved direct wave amplitude we may estimate the actual
secondary phase amplitude expected on the seismograms.

The mantle velocity model used in the theoretical cal-
culations is a preliminary one derived from the methods in
Chapter 4, but the exact values of the velocity-structuré
below the crust are not critical as long as they are reason-
ably close (+ 0.5 km/sec) to the true gquantities, since the
differential travel time of direct § and the peg~leg multiples
" are almost independent of the mantle velocities. The effects
of varying crustal velocities are discussed below.

Moonquakes (interior sources): The models ‘used are
listed in Table 2.1; the depths refer to the bottom interface
of.éonstant—velocity layers. The source depth is -at 1000 km
(except in Table 2-2d5 énd reflections are calculated for
interface depths of 20 km (ﬁpper crustal layer), and 60 and 75
km- (crust-mantle boundary), as marked by the X's.

The theoretical results are given in Tables 2-2a, b, c,
and d. As mentioned before, there are four distinct travel

times, depending on the number of P and & legs. The amplitude
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values are listed by the component of gound motion where they
are likely to be seen. 8SS-H is the only phase expected on
the transverse component (with respect to the epicenter). The
next three, generally in order of decreasing amplitude, will
be seen on the radial component since the last leg of each is
SV. SPS and PSS arrive simultaneously. The last three are
expected on the vertical records since they all terminate as
P. Again, the first two arrive together, and they are roughly
in order of decreasing amplitude. For comparison, the direct
P and S wave amplitudes for the first model of Table 2-1 are
given in Table 2-3a. 1In addition, the times and amplitudes of
the reffacted converted phases are listed in Tables 2-3a, b
for the three interfaces considered ébove.

The following conclusions can be drawn from these tabiles,
First, the largest of the peg-leg multiple amplitudes are
about 0.07 to’O.lO of the direct P gnd S wave amplitudés,
implying that there is some-chance of seeing such phases which
derive from incident 3§ wavés, especially on the larger moon-
quake records. Second, the largest amplitude is consiscently
se?n for the SSS-H phase, whichnshould be found on the trans-
verse component of ground motion. Depending on the distance
range and source depth, either the SPS+PSS or SSS-V phase will
dominate on the radial, and either SPP+PSP or SSP will be seen
on the vertical records, In both cases ﬁhe'former phase will

be the larger at greater distances; the phases PPS and PPP
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will probably not be visible at all. (As mentioned'aboée,i
thésefresolts are calculated for a source depth of 10db kin;
tﬁe actual-mooﬁqﬁake focal depths adtually varf from 5db‘km to
llOO.km.with an average‘depth of'906-1000jkm Comparlson of
Tables 2= 2c ‘and .d. 1llustrate the relatave amplltude dependence.
on focal depth } Third, the refracted converted phases listed
in Tables 2-3a and b réach relatlve amplltudes of Q. 10 to
0.15, 51m11ar‘to,the peg-leg waves. The larger amplitudes are
obtained by the S to P conversion, and since thezihcident s
‘wave isulargest for all deep moonduakes,'tﬁis is the phase of
choice to look‘for; it is expected on the vertical records.
Naturally, tﬁe’true amplltudes are dependent on the precise
SEructure‘ot tﬁe'veloclty lnterface, particularly in terms of
relatlve amplltudes of refracted and reflected phases, and the
above results from’ 1deal—case calculatlons are used as
indicators oﬁly.

Surfacé sources:- The situation for seismic eventé

located -‘r;i'm the surface turns out to be -muchv-si-xhp*ler‘than for
kinterior;sources. For distances greater‘tﬁan about 160, the
surface:eveht rays-bottom in the mantle and enter the crust in
~ the same way as moonguake phases; see. Fig..2-8a. ~However, the
inecident angle-is-muoh-greater {relativefto the vertical) so'
that for an-arriving shear -wave no conver51ons to P waves
(e:g. S PSS, 5=-8PS, etc.)_lp the crist are possible until the

source—recelver separation is at least 110° (using a
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reasonable velocity structure). For a 20 kn interface, the
source must be at least 65° distant. As ‘discussed in section
3.3.2, the shear waves arriving from sources beyond 85°%-95°
are strongly attenuated, and so no. peg-leg multiples with P
wave legs will exist from crustal boundaries deeper than about
4Q km. Even a 20 km boundary is not likely to produce such
phases with observable amplitudes due to the restricted dis-
tance range and thus limited number of records available. Of
course, a full set of peg-leg multiples can be generated from
the incident P wave at the base of the crust, but as discussed
above, the P wave is generally weaker and wé want to search
for phases that are most likely to be visible.) Accordingly,
only the S5S-H and S858-V peg-leg multiples are considered.

A typical travel—;ime curve is shown in F;g. Z;Bb for an
interface deéth of 75 km. Thg model used is given in Table ‘
2-4, and again is the same as that used in locating the sur-
face events and determining their origin times. Theoretical
amplitudes were not caléuléted for-these phases explicitly

because they are e;pected to be similar to the analogous
phases from deep moonquakes. The reason for this is that the
reflection (without conversion) coefficients at the interface
and free surface are roughly the same for all pre-critical
incident angles,-except for a single node. Thus, it is
appropriate to search for SSS~-H and $8S8-V on the transvarsa

and radial components of ground motion from surface avents;
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no converted (reflected or refracted) waves;are llkely to
:exlst.

Now all of these secondary phases by deflnltlon arrlve at
the seismometer ‘after the dlrect wave arrlvals, the refracted
-converted S~-P wave after P (and slightly before S)y the peg=-
-lec multiples after"S; As discuesed in bhapter l['the lunar
seismograms are completely dominated by the scattered codas of
the direct P and S waves. because of the strong surf1CLal scats
terlng layer, so even, if present the _secondary phases would be
nearly 1m90551b1e to obseive’ o theé raw records. However, as
a result of matchlng theoretical selsmograms to the art1f101al”
1mpact data, 1t is known that' the flrst ten or twenty seconds
of the direct wave arrivals are relatively free of scatterlng
effects, and soithe‘particle motion is roughly rectilinear as
expected‘for a'body wave'ohase. This is also indicated by the
h;gh coherence of the lnltlal direct wave ‘arrivals .(Nakamura,
1977b); ‘Pherefore the ‘initial arrivals of" secondary ‘body
waves should also be -free from scatterlng effects - and have‘_
relatavely rectlllnear partlcle motion: ThlS should even be
trie for peg-leg multiples in Splte of the fact that they
traverse-the scattering layer an additional two-times while
ref;ectihg at the -surface; the initial onsets will probably be
somewhat reduced in amplitude. It is a;éo possible that the -
peg-leg "surface" reflection would.actﬁally occur at tte base

of the very-lowrvelocity zone rather than at-the true eurfacef

(-
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so that the most intense part of the scattering layer would
not be traversed. R
‘The scattéred energy of the P and .S wave codas that over-
lies the secondary arrivals. has been scattered several to many
times, is arriving simultaneously from dlfferent dlrectlons,
’ and therefore will have essentlally random particle motlon.
Random particle motion is in general elllp501dal, and‘so the
. secondary body wave arrivals, if Present, can be exeracred
from the obscuring scattered energy by searching for recti-
linear particle motion. This Gan be done effectively with a
digital npnﬂlinear polarization filter, as descrlbed in
Appendix 3. In essence, the fllter dlscrlmlnates agalnst
ellrpsordal partlcle motlon and enhances. rectlllnear motion,
This ellmlnates a great deal of the enargy observed on the
lunar selsmograms, as can be seen by comparlng the flltered‘
and unflltered records. 1ncluded in Appendix 4; What remalns
is a large number of energy pulses, not all of wﬁich can
represent true body wave afrivals. Indeed the polarization
filter will pass without attenuation any large noise pulse
that appears on only one compdnent of ground motion. ‘Thus the
ne;t step in searchlng for secondary phases is *o arrange fil-
tered selsmograms in record sections, or mentage plots.
Pulses which,repﬁesent true body wave arrivals will tien be
aliéned along travel-time curves, while noise pulses will. net.

—_

In this way a reasonable measure of confidence can ke attached
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to candidate arrivals which correlate well across different
records that represent different sources.

In sum, then, the following procedure is used to search
for secondary 5§dy‘waves pertaining to crustal structufe.
More details are included in Appendix 3. First, the raw
three-component LP seisﬁbgrams‘are scaled so thét the ;hree '
component traces are of ropghly equal amplitﬁde and the hori-
zontal records are rotated to radial and transverse directions
relative to approxiﬁate event epicenters. The former process
is to enhance the effectiveness of the polarization filter;
and the latter is to aid in the identification of phaseg. The
resultiﬁg traces aré then passed through the polarization
filterhand plotted. Second, the filtered records are arranged
in record sections one comporent of ground motion at a time,
The surface events and deep moonguakes are plotted separately
to reduce confusion; also, the déep moondquakes 2atail an addi-
tional step. A record section plot aligns the origin time of .
all -events ané_positions the records as a function of source-
receiver'separation. If, however, the event foci are not on
the surface or at a c¢ommon source depth, then the actual
origin times must be corrected to simulate a common focal
depth. This correction requires knéwledge of the velocity
structure through which the rays travel, the location of the
focus, and is different for each particular seismic wave. -

Finally, theoretical travel time curves are fitted to the
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record section plots in order to determine the identity of
the secondary phase arrivals and evaluate the ensuing struc-
tural implications.

The actual velocity structure an& moonquake locations
used in section 2.3 to align the moonguake record sections are
Preliminary results obtained using the methods in Chapter 3,
ratber than the final values presented therein. However, this
has little effect on the record section-~travel time curve
correlation for crustal reflections, because the locations and
velocity model are determined simultaneously and are therefore
consistent no matter which of the similar lunar models consi-
dered in the course gf this work is used, and the same model
is usea to calculate‘the theoretical travel time curves.
Furthermore, the primary quantitf of interest is the time
difference between the direct S phase and the‘peg—leg mﬁltiﬂ
ples, and this is almost totally independent of the mantle

velocities; they contribute only a baseline origin time and

’i
'

travel time %hift.

While it is true that the required origin time correc~
tions for moonquake source depth variations are different for
each seismic wave, the corrections for waves of the same
geometry are very similar; to wit, the maximum difference
between the corrections for the various peg-leg multiples is
less than two seconds. Even including refracted S-p Phases
and varying boundary depths between 20 and 90 km, the

GE 15
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differences are’ less than three seconds. In fact, thiS‘is
true of all rays leavrng the moonquake sources and travellng
upwards as long as no change in® wave type (e. g._ -P) occurs
fbetween the actual source depth and- the - corrected common
source depth. Therefore in the flgures of sectlon 2.3 unless‘
“otherw1se noted the orlgln time correctlon has been applied
for thé S-8S8 peg-leg multlple ‘phase, w1th an interface" depth‘
'of 60 km. Given a dominant period of -2 seconds and a reading“

uaccuracy'of + one cycle, this correction is adequate for all.

2.3 Results_oﬁzﬁatnrai Event Studies

‘ The analysis methods described above were applied ‘to the
;gg;l_igharhdata‘set,as_%%stedyin Chapter l%andjhppend%xxl:
Eh%_rndifidual ragﬂand_ﬁiitered records are shown;for.each
-focus in-Appendix_ll Since it is'the crnstal_structure that
:15 of lnterest 1n this chapter, 1t 1s appropriate to_examine
‘the lunar records grouped by. statlon. Nearly all moonquake ;
sources are w1th1n 60° of the ALSEP array center, S0 each
:group w111 be sampllng the crust wrthln a radius of at most
.40 km from-each station, providing a falrly localized struc~
-tural'picture. Thefsnrface eventsjnaturally traverse a wider
zZone, bntia;l'record sections“shownpextend-from Zﬂqgto 300, sc
_that a region of at_nost 60wkm:radius,isitraversed.

: Ontall-plots that fol;ow, bothtrn;this-chapter and in

subsequent onesh‘therelare_three*conventions to he_noted.

First, often a few:of the-available traces are omitted from
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a record section for one of two reasons: a) it overlaps
ancther record, and so the stronger is chosen for presentation;
b} in the moonquakes case, the A33 focus is much farther (100°)
from the Stations than all others, and so inclusion of the A33
records would compress the other records which are all con-
tained within about 70°. In both cases the excluded seismo-
grams have been examined, and invariably, add little informa-
tion to the primary record section. Second, the zero time
point on the record sections usually represents a constant
time shift from the origin times, which are always to the left
of (before) the times shown. The offset is chosen only for
plotting convenience to permit clearer presentation of the
records. It is not explicitly given for each plot but can be
readily determine@ by comparing the plotted travel time curves
with the appropriate tabulaéed values. PFinally, each trace is
identified by a label. For moonéuakes, the second character
refers to the last digit of the corresponding station (e.g.
4 = 14), while the fifth and sixth digits are the focus
number. Surface events contain the same station code, and
then either HFT (near-~surface moongquake) or C (meteorite
impact) and the day the event occurred. -

ALSEP 16: This station was chosen for initial examina-
tion due to the "ringing" characteristic oF seismograms
recorded here, perhaps Suggesting sharp near-surface inter-

faces. The moonquake event results are discussed first
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because all'peg—leg multiples should be present and there are
fewer addltlonal phases that mlght arrlve at 31n11ar tlmes and
-cause m151dent1f1cat10n. ‘The' surface event records would not
f contain converted phases and contamlnatlon by the - SS (surface'
reflectlon) phase is possable. The transverse flltered com- -
nonents from all .but three moonquakes are shown in Flg. 2- 9a,
the origin times are all 200 seconds to left of the zero time
point.’ . The travel time curves for dlrect s and tyo SSS-.
‘peg-leg multiplés, calculated from the models in Table 2-1,
are as shown. These are the‘only-phases'expected'cn'tne
'tnansversé cdﬁﬁcnent;"assﬁminc'sbhefical'layefing; The S
_arrlval 1s well-observed, 1llustrat1ng ‘that theé veloc1ty
model and locatlons flt the clrect wave artlval~t1me qulte“
&éix*(seé Chapter 3).°" There’is al'so some evfdence for a 75 km-
and 20 km peg{leg_phase, as shown, particularly in the reéions‘
between-40° and 60° ‘and between 25°“ana 30°. whilé the corre-
'1at10ns are by ‘no means perfect it doeés seem that 20 km and 75
km' reflecting interfaces may exist at the ALSEP 16 site. A
more detailed view is given in‘Fig. 2-9b, showing an"expanded
vefsion of the records between 45° and 55%; the correlation is
reasonably coﬁvincing.,-Fof comparison, the unf;lteted'trans-
versenccnpcnents are shown'in Fig.=2-9c4¥there’is,a_great deal
more “Scattered energy présent and'the-secondary,phases are
mncn }ess cbvious: '

In order -to confirm these observations it is necessary to
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" examine the other components of ground motion. Figs. 2-94 and
2-9e contain the radial components of ground motion. Again
the theoretical S arrival time is shown, along with the sSs-V
and SPS+PSS pﬁasés from both interfaces. In general the later
arrival should dominate at greater distances while the former
is strongest at short range. (Hence only the later curves are
indicated in fig. é—9e.) The exact characteristics vary sub-
stantially with fﬁcal_depth, as seen_in Tables 2-2c and 4, and
so the extent of the -curves in Fig. 2-9d4 is only approximate.
Again there is a fair amount of correlation with the predicted
arrival times. The amplitudes do not closely follow the pre-
dicted systematics, but as mentioned above it would be sur-
prising if'they did, because_the true amplitudes are strongly
affected by minor variations.in interfacefcharacteristics'and
local velocity variétions not modeled in the theoret%cal |
calculations. ”

The vertical recordé are shown in Figs. 2-9f and g. <=
particular interest is the,dashed line on both plots which
represents the expected § arrival. It is clearly not ob-
served, as is expected if the seismic wave 1is arriviné vaer-
tically, and in fact is often in a quiet region flanked by
energy on both sides; this suggests that there is in fact
particle motion consistency on the lunar seismograms and that
£he'polarization_filter has properly discriﬁinated between

coherent and scattered energy.. Three expected phases are
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plotted for each interface: SPP+PSP, expected to dominate, SSP
which is usually soﬁewhat smaller, and the refracted phase S-P.
The 20 km interface is particularly convincing, and reasonable
eorrelation is seen for the 75 km boundary. The S-P amplitudes
ére smali, although in general there is a small wave train ob-
served at the pfoper time. (Note that the expanded plot Fig.
2-9g is corrected for the SPP phase while Fig. 2-9f is aligned
for 85S; there is virtually no difference, as asserted_above”)

Finally, the transverse and radial components of ground
motion for surface events recorded at ALSEP 16 are shown in'
Figs: 2-9h and i. Only records between 20° and 90° distance
are used because a) thére are few if any surface events witﬁin
20° of the ALSEP stations that produce géod quality records,
and b) beyond 90° the S wave arrival is strongly attenuated
ahd so little energy is available for reflected phases. Theor—
etical curves are plotted for direct S and the SSS peg-leg
multiples. The correlations are actually quite good, §5pe—
cially on the radial section. The dashed line drawn on the
transverse section is the expected arrival time of the SS
surface bounce phase, and it unfortunately has the same general
trend as the peg-leg multiples. As discussed in Chapter 3,
thé SS arrival is observable, especially on the short-period
records beyond 90°'distance, and so it may appear on these
record sections. Nevertheless, the trends seen in Figs. 2-%h

and i seem to follow predominantly the peg-leg multiple
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curves, confirming the phases seen on the moonquakes record
sections.

Based on these figurés, it is likely that there are two
sharp crustal interfaces in the ALSEP 16 area, at depths of
20 and 75 km. While the individual component sections do not
show perfect correlation between expected times and energy
pulses, the confidence level is.much_increased by the fact
that the analogous phases expected on the other components of
grouﬁd motion, especially the vertical, appear at the appro-
priate times. 1In view of the generally small signal ampli-
tudes and the presence of scattered codas, the observed
correlations are quite good. The additional confirmation
provided by the agreement of the moonguake and surface event
record sections as to the boundary depth is also encouraging.
Thus in sum there appear to be.two sharp laver interfaces at
20 and 75 km depth; the structural interpretatiops dre dis-
cussed below. | |

ALSEP 12: Here the cfustal interface depths are known to
be at 20 and 60 km, and so it would be encouraging if peg-leg
multiples from these boundaries were visible on the record
section plots. However, as mentioned before, there is evi-
dence that on average the boundaries are too broad to produce
large reflection coefficients for waves of %avelength 8 Xm.
The data are shown in Figs. 2-10a through e in the sare

format as before (first the thrae compenents ¢I the mconguaks
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”.records, and then “the- transverse and radlal surface event sec—‘

~ .

'-trons). The theoretlcal curves are agaln as shown.‘ Notlce
that for the 20 km 1nterface the SSS—V and SSP llnes on’ the-
radlal and vertlcal components respectlvely are stopped at
‘_about 40 to emphasrze the dominance of the other peg—leg

b multlples at greater distances. Whlle the correlatlons are
not as strlklng as for statlon 16, there_ls some pOSltlve
ev1dence agreelng'WLth 20 and 60 km interface depths. 'In.
particular, a general look at the fdgures shows that larger
'amplltudes often colmenée at’ the expected arrlval tlme of -
peg—leg multlples from 60 km. The surface event record seéc--
tlons are shown ln Flg. 2 104 and e, and agaln there is some
agreement partlcularly w1th the 20 km seismic’ phases.f In sum,
the record sectlon plots are reasonably consistent’ t with the
crustal .Mmodels derived from artificial 1mpact datal.,r thus
lending confldence to the analysis technlque and the results
) obtalned at»statlon‘ls.

"ALSEP 14: Due ‘to the iﬁtermittent operation of the ver-
tdcal'LP.instrument'ﬂonly a. few'redords.are amenable. to polar~
1zatlon fllterlng, not nearly enough for -an adequate record
sectlon. In‘fact, orily one of-the surface events (Day "107)
was filtered, and‘although‘eight deep-focus moonquakes were
filtered, due to the.nearly non—existent_sional amplitudes on
" the vertical component the results -are of dubious -value. :

Accordingly, the transverse unfiltered traces are.plotted in
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Fig. 2-11, with theoretical lines as drawn. Although some
correlation is possible and expected in view of the results at
station 12 and the known crustal structure, the figure serves
mainly to illustrate the value of polarlzatlon filtering in
ldentlfylng.seconﬁa:y seismic phases. ‘

ALSEP 15: This is one of the,least,sensitive of the
Apollo selsmometer stations, and so is predictably difficult
to analyze.. The record sections are shown in Figs. 2-12a
through 2-12h. Since six pairs of moonguake records over-
lapped‘sufficiently t0 require the elimination .of one from
each pair, two sections are shown for each focus so as not to
omit a large part of the data. The first two show the trans-
verse traces, along thh travel time curves drawn for 20, 60,
and 9Q km 1nterface peg—legs. There is some evidence for the
20 km boundary, and also somewhat weak correlations for bhoth
60 and 90 km reflections. 1It is of course possible thar all
three interfaces in faét exist. The nexé two figures contain
the radial components of g£5und motion, along with the two
phases expected ffom each reflector. Notice that the S$ss-H
(6Q) and the SPS+PSS (90) arrive at essentially the same time,
further complicating matters. Again there is some evidence
for a 20 km lnterface, and mixed correlations for the other
Ewo. Finally the vertical traces are given in Figsl 2= lOe and
£, and all three phases eobtained from each lnterface are as

drawn. Note the poor S wave amplitudes as expected and the
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jlarger S-P amplltude traln. As before, there is some ev1dence
“for all three boundary depths. The last two flgures contaln
_the horlzontal components for the- surface events. The dashed
) llnes 4An Flg. 2 l2g represent ‘waves reflected once from boun—
darles at depths of 400 and 480 km, .and “are shown to ‘again
emphasize that there are other expected arrivals which might
interfere with the expected crustal bounces; These arrivais-
are discussed in Chapter 3, 1In any case, the correlations for
all three crustal lnterfaces are weak, and cannot resolve the
'uncertalntles on the moonquake record sectlons.
The ALSEP 15" orustal structure thus remalns uncertaln.
The 20 km 1nterface is probably the most confldent and oné or,

- both of the 60 and 90 km interfaces may exlst It is

difficult to draw fuyrther conclu51ons.‘

2.4 Impllcatlons of ‘the Seasmlc Results
‘ The 1dent1f1catlon of crustal reflected pPhases has 1mpor—
tant consequences for lunar structure.‘ The purpose of thlS

.sectlon 1s to enumerate some of the flrst—order 1nferences

that may be drawn from the above results and present some of

H H -

the 1mportant lssues to be con51dered' lt 1s not lntended ko
be, nor is ;t; a.oomplete treatment -

1 : The fact that these reflected waves are reasonably well-
ohserved, at least at station 186, suggests that the interfaces

. responsible are at most’.2 or 3 km thick, but more probablv
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less than a kilometer,. in order to efficiently reflect and
refract seismic wavelengths of 6—8~km. The ALSEP 16 boundaries
at 20 and 75 km depth are almost surely analogous to the 20
and 60 km crustal‘iayers found at ALSEP 12 by seismic refrac-
tion analysis of artificial impacts and-confirmed above by
observed peg-leg multiples from natural teleseismic events.
This represents the fifst direct seismic evidence that the
crust is in fact a moon-wide phenomenon, although the same
inference has heen made f;om a wealth of geochemical data.
The evidence frcm.station 15, albeit somewhat uncertain,
supports this conclusion.”

As discusée@ above, éhe bouﬁdary deptﬁs and velocities
are well-known at statlon 12 Assumlng the.same layer velo-
cities, the 20 and 75 km aepths at ALSEP 16 are closely con=-
strained by the travel time curve-observed pulse alignment; g
depth variation of 5 km for the lower boéndary would change
the arrival time by 2 1/2 seconds or slightly more than one
cycle, enough to significaLtly deteriorate the average Fit of
the travel time curve. The 20 km interface is even more
tightly constrained. If the layer velocities are dif%erent
f&om those observed at station 12, say by 10%, then the laver
thicknesses would also‘change by 10%, or 2 and 5 km, respec-
tively. Thus, assuﬁing that the phase identification is
correct, the boundary depths are controlied to at least + 15

km, probably close to + 10 km.
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A critical assumption here‘ef-cqurse is,that.fhe anrfaqe
,refieceion'in fact'occurs'at.the free &irface ravher tnat_at
say- the base of the low-velocity layer. This assuﬁption seems
to be valid at ALSEP 12, since the tentatively 1dent1f1ed re-
flectlons arrive at times approprlate for -the 20 km and 60 km
.lnterfaces (known to exist from 1ndependent data) only if the
surface reflectlon occurs at the surface; lf it oceurs.at the
,'base of the low—velocmty zone then the predicted arrival tlmes“
would be up to seven seconds earller than the observed pulses
(the exdct value depends on theé wave typ;).- Furthermb#e)
since the relative arrival times between'ﬁhé variens ﬁeéJIeé
Multiplee_(e,g.'sss and SPS) would be différent, thé fit
between the predicted curves and observéd‘arrivalé at ALSEP 16
would deterioraie slightly (In addition, there would be six
dlfferent arrival tlmes £or the nine peg—legs rather than four
_since the thlrd {up)’ leg would be dlfferent from the first’

" two.) Vevertheless, this assumptlon must “be ndted-and could:
potentially’ ircrease the' above uncertainty;éstinatES}

L ‘If we téke‘tne‘ALSEP 16 results’af-faee vaiue,-if appears
that the intermediate'crustal laye}"at 20 km.iS'ﬁhe‘samé at-
both stations.-12 and 1§, whiie'the‘lower crustal layer is sig-’
nificantly thicker at station 16. Perhaps comnc1dentally, the
.15 km difference is exactly suff1c1ent to offset by isostasy
the elevatlon ‘difference between. the stations (16 is about 1.5

km hlgher than 12, King et al., 1976) assumlng crust and
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manfle densities_qf 3.0 g/ce and 3.3 g/cq, respectively. 1In
addition,-fhurber and Solomon (1978) have shown that the above
crustal thicknesses are compatible wiﬁh ﬁﬁe‘observed'gravitf
data, glthough in view of the non—ﬁniqueness of the potential
field data this is not surprising.

The geological and compositional interpretatioﬁ’of the
set of crustal seismic results is not totally clear }compare
for exaﬁéle Toks8z et al., 1974a, énd Ryder and Wood, 1977.)
The final SElsmlc model for ALSEP 12 is shown in Fig. 2-7; for
ATSEP 16 the veloc1tles are assumed +to be 51mllar, with the
base of the crust at 75 km depth .instead of 60.. The 20 km
boundary aépears to. exist at botﬁ sites. The ALSEP 14 crust
is by all lndlcatlons 51m11ar to that at station 12, whlle
station 15 tentatively appears to have the same 20 km lnterﬂ
face along with possibly a 60 and/or 90 km 5oundary, one of
which probably represents -the base of the crust. ‘.This situ-
ation is summarized in Fig. 2 13. )

The existence of the 20 km layer and lnterhace at ap- .
parently all stations, particularly at the’ hlghland site, is
the most lnterestlng aspect of the above results. The rapidly
1£crea51ng velocities in the layer ars most llkelj the result
of the closing of cracks and fractures by increasing pressure
(Tedd et al., 1973). The velocity values have been inter-

preted as being consistent with basaltic compositioen (Toksdz

et-al., 1974a), but other possibilities cannot be ruled curt,
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and in view of the great variability of elaétic properties
caused by the fracturing effects (Trice et al., 1974) it is
not poséible £o uniquely constrain the composition. The nature
of the interface is an interesting question. The higher velo-
_Cities below 20 km and the fact that they. are nearly constant
with depth suggests that 20 km represents the change-over from
fractured to competent rock. However,'the suddenness of the
velocity increase at 20 km is somewhat surprising if it is
solely due to a final closing of cracks. Simmons et al. (1973)
have discussed this problem in depth, and it is possible‘th;t
the interface also represents a compositional change. The
issue remains unresolved. -
However, the fact that the interfacé appears to exist at
both highland and mare ALSEP sites is an important datum.
First, it means that the initial tentative interpretation by
Toks¥z et al. (1974a) identifying it as mare basalt fill at
ALSEP 12 is probably not correct, especially in view of
photogeologic evidence implying that the mare basalts are at
most 8-10 km thick (Howard et al., 1974; Head, 1974; DeHon,
1977). Unfortunately, gravity data cannot further constrain
the thickness of mare basalt fill (Thurber and Solomon, 1978)
although many quantitative models have been calculated (cf.
Bowin‘gg al., 1975; Sjogren and Smith, 1976). Segond, the -
layer appears to be at least somewhat widespread since there

is some evidence for it at all ALSEP sites. This suggests .
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that it is the result of some process or p?ocesses that
occurred over a éuhsténtial portion of the moon. Thus a simple
model consistent witﬁ.the seismic results would have a 20 km
layer.occﬁrring extensively over the moon, overlain by a few
km of basalt in the mare bagins. The bottom interface of the
basalt layer is not of course observed at ALSEP 12, but this
could be due to a variety of reasons: 1) the boundary is ‘
shallow (2-3 km) and so is not adequately observed by the
artificial impact data or peg—leg‘multiples, and/or 2) it is
diffuse and the trangition is obscured by the general trend of
rapidly increasing velocities attributg@ to the closing'of
fractures a;d cracks under pressure (Todd et 3%;; 1973) as
mentioned above. | |

Now there aré signif;cant compositional variations ob-
served on the lunar surface (cf. Metzger gﬁ_gi;, 1374) othex
than just the mare-hlghland contrast. This is not necessarily
inconsistent Wlth the above model since the compoéltlonal
variations may be primafily surficial, but an important gques-
tion in this regard is the nature of the process that created
the 20 km layer and the interaction between possible ghemic;l
layering and impacthxcavation pProcesses. If for example the
interface represents in part a CDmpdsitional'change; then the
layer could be a feature of and result of the original crustgl

formation that apparently occurred planet~-wide. This would

imply that,. at least at the ALSEP sites, later meteori:z

' .- pAGE 1S
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impacts have not appreciably "gardened" the lunar crust at

20 km depth; this is in agreement with recent ’estimates of
bombardment intensity singe magma ocean solidification (H8rz
et al., 1976) and "megaregolith" depths surmised from photo-
geologic studies (Head, 1976b), representing the layer of
brecciated material excavated from craters.. (0Of course, the
largest impacts stich as Imbrium would presumably have dis-
turbed or eradicated layering at 20 km; no seismometers are
located in such basins.) _ Nevertheless, it is possible that
tile 20 km interface is in fact a phﬁrsi;:al properties boundz;ry
dﬁly, and then its surniised widespread existence would have a
different set of implicaﬁibns. In sum, thé cbrreéiriﬁtefpfe-
tation of the 20 ﬁﬁ layer and its relation to crustal feorma-
tion, meteorite impact processes, and present-day surface
composition remains an open question.

The lower crustal layer.also appears to‘ekist at all
s;étions, gpparently representing competéﬁt rock of varying :
thickness with nearly constant seismic- velocities. Again, the
composition cannot be determined unigquely by comparing the
_ velocities with measurements made on lunar samples, but the
velocity values‘are‘caﬁpatible with a‘wide-:ange of both
gﬂofthosites and'bﬁsalts (Toksdz et EEL;‘1974a). The thick-
ness of this lower layer abpears to be at least in partial
isostatic equilibrium with topography. The large velocity

jump at the base of the crust to the upper mantle velocities
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suggests that a compositional change is responsible. The
possibie 60 and 90 km interfaces observed at ALSEP 15, if they
indeed exist, could represent layering in the upper mantle,
thus potentially implying (along with the variation in crust-
mantle boundary depth observed between the other stations)
lateral heterogenelty in the upper mantle. This is also dis-

cussed in Chapter 3. ‘
| In concluding this section, it is dppropriate to discuss
the relation between the very=-low-velocity (VLV) surface layer,
the surficial scattering zone, the megéregolitﬁ, aﬁd the
ptimary crustal layers. The VLV layer -probably iepresents the
- rubble and sevérely cracked rock (and lava flows)iproduced by
meteorite’bomhardment, and constitutes a major portion of the
Scattering region. Below that is more competent but still
highly fractgfed rock probably dominated by .impact ejecta
material fsf up to a few kilometers. From here to-20 km depth
the velocities iﬁcreése'rapidly as pressure effects close the
cracks; in this region varying amounts of scattering probably
take place depending on thé waveléngth of the seismic energyl
At 20 km begins truly competent and consolidated rock, produ-
cing little scattering, with.constant velocities down to the
major crus£-mantle discontinuity.

" A definitive detailed compositional and physical model
for these various zones is at present non-existent, even with

the accumulated geophysical, geochemical, and geological
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evidence. The considerations discussed above are by no means
comprehensive, and more detailed and quantitative modeling
including geochemical, petrological, and cratering effect con-
straints is required to further analyze the problem. Neverthe-
less, the addiﬁional seismic constraints imposed by the obser-
vation of peg-leg multiple phases, especialiy at the‘ﬁighland

ALSEP 16 site, are important to any proposed model.
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Table 2-1

Velocity models used in Tables 2-2 and 2-3

Depth (km) Vp (km/sed) Vs(m/sec) p(gm/cm3) Reflection

20 5.1 2.94 3.04
60 6.8 3.9 3.06 X
520 8.0 4.6 3.4
1738 7.5 4.1 3.5
20 5.1 2.94 3.04
75 6.8 W 3.06 ©x
- 520 8.0 . 4.6 . 3.4
1738 7.5 4.1 3.5
20 5.1 2.94 3.04 X
75 6.8 3.9 3.06
520 8.0 4.6 3.4

1738 7.5 4.1 3.5



Distance

(source depth 1000 km)

. Table .2-2a B
Travel times and.amplitudes for peg-leg multiples from a 60 km interface

Amplitudes (x 103)

Travel Times (Sec) .
(degrees) SSS 58P SPp PPP 555~-H SPS&PSS SSS-V PPS SPP&PSP SSP  PPP
10 282.8 274.1 265.7 256.7 .117. .010 .104 .001 .026 .036 .003
20 295.5 286.5 277.6 _ 268.7 .108 .030 .070 .003 .041 .055 .005
30 315.0 305.8° 296.6 287.5 .098 .044 .037 .0058 .045 .056 .005
40 339.7 330.2 320.8 311.5 .087 .046 .014 .005 .046 .046 .004
50 367.9 358.3° 348.7 339.1 .078 .042 .002 .004 .050 .036 .004
60 398.4 388.6 378.8 369.1 .071 .037 .004 .004 .055 .029 .005
70 429.7 419.9 410.1 400.2 .066 .034 .005 ,003 .055 .025 .005
80 460.9 . 451.1 441.3 431.5 .063 .033 .003 .003 .050 .025 .005
90 491.1 - 481.4 471.8 462.1 .060 .033 .002 .003 .041 .028 .004

02T
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Table 2-2b

75 km interface

Amplitudes (x 103)

Pistance Travel Times (sec) '

{degrees) 8Ss SSP SPP- PPP $88-H SPSPSS SSS-V PPS_SPP&PSP SSP__PPP
10 291.1 280.7 270.3 259.9 .1¥5  .010 . .103 .00%1 ,025 .036 -.003
20 303.6  292.9 282.3 271.7 .107 .030 .070 .003. .040 .055 .005
30 322.9  312.0 301.1 290.2 . ,097 .044 .037 .005 .044 .055 .005
40 347.5 336.2  325.0  313.8 .087 .046  .013 ,005 .045 .046 .004
50 375.6  364.1 352,6  341.1 .078 .041 .00l .004 .049 .036 .004
60 406.0  394.3 382.6 .370.9 - .07l .036 ..005 .004 .055 .028 .005
'70 437.3  425.5  413.7  401.9. .066 .033 .006 .003 .057 .024 .005
80 468.5 456.7 445.0  433.3 .063 .032 .004 .003 .052 .025 .005

90 498.8 487.2 475.6 464.0 . .060 : ..032 .001 .003 .043 .027 .004

TZT



Travel Times (sec)

Table 2-2¢

20 km interface

Amplitudes (x 103)

Distance

(degrees) ggg ssp - SPP PPP SSS-H SPS&PSS SSS-V_ PPS SSP&PSP SSP  PPP
10 263.0 258.8 254.4 250.1 131 .010 .130 .00l .034 .033 .005
20 276.0 271.7 267.3  263.0 2121 .030 .087 .004 .055 .050 .008
30 296.0 291.6 287.2 282.8 .108 .045 .054 .006 .064 .051 .009
40 321.1 316.6 312.2  307.7 .096 .049  .031 .006 .065. .044 .008
50 349.7  345.2 340.6  336.1 <086 .048  .019 .006 .066 .038..007
60 380.3 375.8 371.2  366.7 .079 .044  .013 .005 .064 .032 .007
70 411.7 407.1 402.6 398.0 .073 .041 .01l .005 .060 .030 .007
80 442.8  438.2 433.7  429,2 .069 .039  .013 .004 .055 .029 .006
90 468.3  463.8  459.3 .. 066 .037 .016 .004 .050 .023 .006

472.8
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Table 2-2d
20 km interface; source depth 700 km

Amplitudes (x 103)

Distance Travel Times (sec) _

(degrees) sgs SSP SPP PPP SSS-H SPS&SS SS5-V PPS SSP&PSP.SSP  PPP
10 193.9 - 189.6 185.2 180.9 .168 .042  ,121 .005 .076 .069 .01l
20 217.3 . 212.8 208.2 203.8 - .132.,072 .033 .0092 .097 .059 .0ll
30 250.6 245.9  241.2 236.5 .100 .048  .005 .005  .113 .025 .0ll
40 289.6 284.8 280.0 275.2 .077 .017 .015 .00} .162 .002 .013
50- 331.9  327.0 - 322.1 317.2. 064 .063  .018 .003 .é98 .013 .020
60 375.7 370.7 365.8  360.9 .059 .170 .023 .009 .678 .037 .042
70 419.8  414.9  410.0  405.0 ~061 .101  .019 .006 .445  ,022 -.029
80 462.7  457.9 453;0 448.2- - .059 ,022 .013 .00l .,181 .004 .014
90 503.3 493.9  489.1 .056 .021  .008 .001 .092 .007 .008

498.6

£CT



Table 2-3a

Travel times and amplitudes of direct P and S .waves' and refracted converted P and S
waves from a 60 km interface for a moonquake focus at 1000 km depth.

Distance Travel Times {(sec) Amplitudes fx 103)
{(degrees) P S PS 5p 5-H P S5-V PS SP
10 135.8 242.1 144.5 233.4 - .930 ,946 .,929 ,018: - .031
20 143.1 255.2 151.9 246.3 .881 .891 .876 .032 ,057
30 154.,3 275.3 163.1 266.1 .815 .820 .805 .041 .075
40 168.2 300.6 177.1 291.1 .749 .748 .726 .044 .084
50 184.0 329.3 192.9 319.6 .689 .683 .677 .044 .089
60 200.8 359.9 209.8 350.1 .637 .627T .624 .042 .089
70 218.0 .391.2 226.9 381.4 .593 .581 .580 .039 .084
80 234.9 422.3 243.9 .412.6 .555 .541 ,544 :035 .077
: . g w)
90 251.2 452.3  260.1 442.7° ° ,521 .509 .513- .031 .068 ::
O
O
-
£z
=&
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-
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Refracted converted waves from 20 km and

Distance

(degrees)

10
20
30
40
50
60
70
80

90

Table 2-3b

Travel Times (sec)

20 km 75 km
PS SP PS SP
140.5 238.4 l46.5 232.3
147.8 251.4 153.9 245.2
158.9 271.5 165.1 264.9
172.9 296.7 176.1 289.9
188.7 325.4 195.0 318.3
205.6 356.0 211.9 348.8'
222.7 387.4 229.0 - 380.1
239.6 418.4 245.9 411.2
256.0 448.14 262.2 441.4

75 km interfaces

Amplitudes (x 103)

20 km 75 km
PS SP PSS spP

.0233 .0409 .0185 .0311
L0411 0743 .0328 .0569
.0517 .0965  .0412 .,0749
.0559 .1070 .0446 .0841
.0559  .1124  .0445 .0901
.0534 .1699  .0425 .0896
.0495 .1032 ,0393 .0852
.0449 .0938 ,0356 .0778
.0401 .oaéo .0316 .0688

GeT
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Table 2-4

Velocity model used in Fig. 2-8b.

Depth to bottom Vp (km/sec) ‘ Vs (km/sec)
of layer (km) .

20 5.1 2.94

75 6.8 3.9
520 : 7.8 4,47

1738 7.7 4,24
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Figure Captions

Fig. 2-1. Compressional wave travel time and amplitude
data and theoretical curves (Fig. 2-7) for artifical
impact data, including a ray path diagram (from Toksbz
et al., 1974a).

Fig. 2-2. Compressional wave travel time data and theory
for farther distance; two possible mantle velocity
curves are shown (from Toks8z et al., 1974a).

Fié. 2-3. Shear wave data and curves corresponding to Fig.
2-1 (from Tokséz et al., 1974a),

Fig. 2-4. Tau method velocity bounds for the lunar crust
{from Toksbz et al., 1974a),

Fig. 2-5. Recorg sectioﬂ plot of artificial impact
seismograﬁé witﬁ theoretical travel time curve showing
large amplitude cusp {from Tokséz et al., 1974a).

Fig. 2-6. Observed and theoretical seismograms calculated
for artificial impact data (from Tokséz et al., 1974a).

Fig. 2-~7. PFinal crustal velocity structure for the ALSEPS
12-14 region (from Toksdz ét al., 1974a).

Fig. 2-8a. . Ray paths of reflected and converted crustal
phases. b. Travel time curve for SSS peg-leg multiple
from a 75 km interface for a surface source. Velocity

"model as given in Table 2-4.
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Fig. 2-9. Record section plots for ALSEP 16 station, with
theoretical travel time curves as shdwn. ‘lote ‘that in
this aﬁd o;hef record section'figures the A45 and 246
records are vefy similar to those from Al, and so do
not represent totally independent informatiqn.

Fig. 2-10. Record section plots for ALSEP 12.

Fig. 2-11. Record section plot for ALSEP 14.

Fig. 2-12. Record section plots for ALSEP 15.

Fig. 2-13. Crustal interfaces observed at each station.
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CHAPTER 3

MANTLE

fjkl.“ihﬁroﬁucﬁion'
Thé next step in studying the seismic struéture_of~the }_
moon is to-determine thé characteristiés of the mantle. region.
_As discus;ed'abovg, the artificial .impact data suggest a P
‘wave velocity of either 7.7 km/sec 0519,2 km/sec for thé topg
of the,mantle, éléhough thexhigher valﬁe; if corréct, must
be conflned to a thln 1ayer 1mmed1ately below the crust.
Unfortunately, due to. the llmlted source energles of the ar-
t1f1c1al impacts, . they cannot prov1de any addltlonal infor-
matlon. Thus the structure of the lunar mantle must be deter-
mined-almos£ éntirely from Eﬁe natural seismic eveﬁté recorded
by‘ﬁhé ALSEP array. These- events‘occur at unknown locations
and tlmes and 'so the avallable data consists of arrlvalltlmes
rathér than travel times. (In addltlon of coutrse the various
-observed-arrivals must be:-identified;ithe assumption thét-the
demlnant phases are-in fact direct P ‘and. S! waves is. discussed *
in Chapter 10. . As a result, a ' different set of analysis
tecﬁniqﬁés’are.needed, and the. transition from crust to
manﬁle studies becomes a major step indeed.
The previous. work concerning the lunar mantle ana the
. deep interior of the-mogn can pe divided into two groups.

The work done "at MIT prior to and during the inception of

this thesis is summarized in Toks8z-et al. (1974a) and'.



163
Dainty et al. (1974b, 1976). The corresponding research ef-~
forts of the Galveston group have been presented by Nakamura
et al. (1974b 1976a, 1877). -In addition & small number of
contributions have been made oy other researchers'(Burkhard
and Jackson, 1975; Voss et al., 1976; Jarosch, 1977)

A common problem that pervades all -6f these efforts is
the difficulty in using arrival time.data, and thus having to
determine the event locations and origin times in addition to
tryiﬁg to extract any useful structural information. This
dilemma is exacerbated by the paucity of seismic stations;
as discussed in Chapter lthere are only four, two of which
are only partially independent due to their proximity to each
other, and at Ieast_teree stations are needed-to even tri-
angulate a, seismic source even if the velocity structure is
known a priori, Furthermore,.the-initial know;edgerof the
seismic characteristics of the moon is essentialig_;ero, SO
that any pathologicel combination.of lateral heterogeneity
.Or anomalous structures may 5e present. Indeed two such
already analyzed and dlscdssed are the very-low-velocity
surficial layer and the strong scattering zone.

Cleariy some sort of bootstrappiné operation comBineé
with a few judicious assumptions is necessary. The first -
step was the detérmination of crustal structure from the ar-
tificial iﬁpact events, as discussed im the prev1ous chapter.

In a sense the next link in the process was the Day 134, 1972

meteorite impact event which was large and close to the
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__ALSEP array; The - rays recelved at statlon 14 bottomed‘ln the
.crust prov1d1ng a stepplng stone from art1f1c1al lmpacts and
‘the lunar crust to natural events and deeper structure. Fi;
_nally, lateral homogenelty has been assumed and 15 in a sense
justlfled by the data as mentioned in Chapter 1. JJNakamura
et al. (1977). have examined their data set for evidence of
lateral heterogeﬁeity; see discussion below.) From this
tpoiht, several approaches have been_tried;

"Naﬁamura‘gg'gi. (1974b) use an iterative proéedﬁre
ﬁeéinning'With'Ehe'assuﬁptién'of & céﬁsﬁaﬁttveioeiﬁﬁ"ﬁeﬁtle"
and corfeEtlng this model step by step £6° satlsfy the data.
‘Ba51cally, six surface évents are dised; the four P wave from
'each arrival tlmes are then’ 1nverted to determlne an ' "average"
mantle P wave velocity and the event location (four éa;eﬁ-'

. eters from four data points). -It is then observed ‘that the -
celculeted velocities decrease Qiﬁhzincreasing event raﬁge,_
‘ and theféfofe-wfth bottoming‘depth~ To-accommodate tﬁis a
P wave- veloc;ty that décreases’with depth is podtulated and
"the events relocated. Wlth the resulting- orlgln tlmes, the
Swwéveéﬁievél times are ‘computed andaplotted as ‘a function
df~distéﬁce.x1chruciel assumption here is:zthat:the’ shear
'waye arrival times from impacts are accpratelf measureable.
Two of.ehe six events. used were rejected in the work for this
thesis on- the grounds of poor arfivels.) This curve is then
inverted to give the shear wave velocity profile in the

‘mantle to a depth of about 300 km; the exact inversion method
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is not given. Finally, four deep moonquake sources are exam-
ined to determine the S-P time difference versus P arrival
times (a maximum of four points for -each focus) and an aver-
age of the four slopes calculated. Since the moonguakes ap-
parently occur beneath the 300 km boundary, the slope value
(which is equivalent to VP/VS) can be used to estimate the
shear wave velocity below 300 km given the above P and S wave
velocity curves.

This work is extended in Nakamura et al. (1976a). Here
the primary .data set is the shear wave aﬁplitude curve as a
function of distance for surface events; on the basis of this
the velocity gradients in the upper mantle are calculated.
Then, using the absolute velocity values from the previous pa-
per and (presumably) updated  locations, the sudden drop~off of
amplitudes at 90° distance implies a sharp velocity drop or (as
they prefe;) an abrupt steepeﬁing of the velocity giadient at
300 km depth. Finally, S-P vs. P times are again used to de-
termine V’p/VS ratios and further estimate velocities frém those
given in the firxst papér. 5

The last paper .in this series (Nakamura et al., 1977) re-
examines the data set for evidence of lateral heterog%peities.
Essentially each event is considered individually; most of the
arrival time data from a particular event is used to locate it
given a laterally homogeneous velocity model, and then redun-
dant data is examinedAfor consistenqy. If the extra data is

inconsistent, then lateral heterogeneity is a possible explana-
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tion. Unfortdﬁateij} the results are not definitive. ﬁ;th
moonquakes and surface events. were studled and only surface
events showed systematic trends of anomalous data. These
.‘trends, however, contaln the effects of data uncertainties,.
,radlal varlatlon of veloc1ty, p0551b1e locatlon blas,‘and fl—
nally, 90531ble lateral heterogenelty. Con51der1ng “that .the !
uncertalnty in arrival time measurements alone. lS probably suf-
- ficient to explain the magnitude of the observed trends, p051—

tlve 1dent1f1catlon of lateral heterogenelty is 1mp0551ble, and

the assumptlon of laterdl homogene1ty~1s still justifiable'as

-

diecuesed'in‘chapter 1.
'The'stepwiee:prdcédure described above, while peffectLy,
valid and in a sense effective, does have limitations. ‘First,
tde esseﬁtial:ambiguous'trade—dff-betveen“event ldécation and
. seismic veloCities is obséured. Tt is difficult to undérstand
hdw:eesdmed idcations and brigdh times may have biased the ve+
_Iocity'réeulte'add vice-“versa. -Mére. importantly it is not at”
éllfcleaf.hdw much ﬁncertainty there is in the presented mod-’
els and locatlons, both in terms of standard errors of some
‘sort for the glven values and w1th regards to unlqueness of
model type:. (This, last is very difficult to analyze effec- )
tively, even tefr;estrially.)i This.is a definite lack because
in many wavs;'especialiy for non-seismologists attemptieg to
correlate their results With«the‘seismiCuihﬁormation,-it is.at
least if notimore importaat to know the uncertainties in or

- allowable ranges.of ‘seismic models than the details of one
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exact but possibly poorly constrained structure. In addition,
the above approach invelving many steps and various assump-'
tions along the way does not provide a cléar idea of which fea-
tures of the final model ére controlled by‘which data and how
closely. For instance, in'the final’ (or at least current for
several years) Galveston model they feel that the tightest con-
straints are on the velocity_gradients-while the absolute ve-
locity values are poorly defined (Nakamura, personal communica-
tion). Finally, it is not obvious that the particular sequence
of steps used in the above method will extract all useful in-
formétion from the observed data.

Clearly it is desirable to seek a more direct approach
to the problem thét will presefve and elucidate the relation-
ship between event. location anﬁ seismic ﬁelocities. In es-
sence, a method of analyzing the arrival times directly is
required. The technigue of chéice which will overcome most
if not all of the above difficulties is to sef up the data
values (direct P and S wave arrival times) as functions of the
desired parameters (eventtiocations, origin times, and veloc-—
ity structure) and solve the resulting set of simultaneous
equations. This is the classic non-linear inverse bréblem,
where the knowns can be written as some function of the
unknowns, and there are two basic approaches to solving it.

. First, the forward problem can be done many times using
some systematic choice of values for the unknowns, and the

theoretical observations compared with the actual data to
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- evaluate each trial solution. The model parameters can be
:lterated by some scheme to either 1mprove the fit to the
data (e g parameter search or steepest descent methods) or

'to explore the space of a glven class Qf 'acceptahle" mode}s

(e g hedge—hog method or Monte Carlo teehhaqne, é.f. Keiiis-;
Borok and Yanovskaya (1967} .and Press. (1970)). ‘ -
- The second approach 1s to do the forward problem once,
u51ng reasonably accurate initial values for the unknown
- parameters, and then form the differences (mlsflt) between
the obsérved'and‘predicted data. The funectional relationships
. Betﬁeén the data and the model parameters are then linearized
and’ corrections to ‘the initial modél valués can be caldulated
\from_the,nisfft ﬁsfng oné of;severai"metheds develbpedﬂté"'
solve"linear inverse problems. - (For'exanplefeigenvalue
analysrs and’ generallzed lnverSLOn (Lanczos, 1961; Aki, 1975),
'stochastlc 1nver51on (Franklln, 1970), or Backus and Gilbert
techniques: (Backus and Gilbert, 1967; 1968, 1970)). The -
trial solution can ‘then be updated and the inversion repeated.
Each of'these solutidn metheds provides different ‘ad- - -
vantages, accordrngly one technique from each group has been
chosen ‘for use in thls the51s as. descrlbed briefly below and
at~greater,length ln‘Appendlxué '
The first method is a.straightforwaré‘search through the

parameten space.' First, the seismic.velocity model is fixed.
Then~for-eaehgseismie event, an initial location is chosen

and calculated trarel times to .the.four ALSEP stations sub-
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tracted from the .observed arrival times to obtain n estimates
of the event origin times (where n is the number of observed
arrival times). The variance of these origin time estimates
(02) is a least-squares criterion for the adequacy of the ini-
tial values of locaéion and: seismic velocities. This is
repeated for a grid of locations., either dﬁ the surface or in
the 1nterlor of the moon, and’ the entire grid is moved step-
wise along decreasing 02. When atbest location (1.e. minimum
o ) is found, the velocity Values are changed systematicall?
and the entire process repeated, culminating in a comparison
of the 02 valués for several velocity models.

This method has two adﬁantages. First, we obtain a
complete picture of the parameter space, and-can determine
the existence of local minima (i.e. local solutigns), the
shape of' the minima valleys, and thé radius of convergence
to any particular solution. Second, the procedure is in-
sensitive to thg choice of seismic Yelocity parameters to
be varied, and will not fail if the data cannot constrain
a particular model Qarametgr or if the initial location or
velocity wvalues are far from the true values preferred by
the data. 1In particular, during the work in this thesis the
event locations determined for any given velocity modél were
unique in the sense that the grid of test locations would
move quickly to the same .-best location no matter where it
was started. Thus little a priori information.about the

event locations required, minimizing the possibility of in-
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-adveftent biasing. In, contrast, there are three dlsadvantages
jof thlS method. Flrst, it is essentlally a brute—force ap—
proach whlch is extremely 1neff1c1ent in terms of computa—
‘tlon tlme and cost. Second, there is no unlque way to find
'the optlmum veloc1ty values for several events 51multaneously'
although several such schemes were used in the preliminary h
phases of this work. Finally, even when a solution is found
. the calculatlons do not provide a quantitative estimate of
the accuracy of that solutlon. '

The se¢ond” inversion method ised dOVetalls nlcely w1th
the weaknesses in the first approach and- takes advantage of
:1ts strong po;nts. Asg dlscussed in- Appendlx 4, the method
uses initial‘valnes for'locations} origin times, and'struél

tural parameters (e.g. seismic wave'velooity) that we wiSh to

. determlne, and calculates’ predlcted arr¥ival times. 1In ad-

ditidén, the equatlons relating initial“model with -the pre-
dicted data are linearized via a’ first-otrder Taylor seriesg
expan51on to produce a matrix of first derivatives. Correc-‘
tions. to ‘the- 1n1t1al model values (locatlons, orlgln times;.
and velocrtres) can .then be calculated .all-at-once -by finding
an- 1nverse to the partlal derlvatlve matrlx and multlplylng
by the orlglnal misfit between’ the observed and predicteda‘
‘data values. Naturally, the_crnx of this matter is to find
an inverse for the above matrix, given that the problem can
ﬁotentially'be both over-~determined and underconstrained.

This can.be a complex procedure, and the.appropriate .solution
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is dependent on the particular properties of each pProblem, as
discussed in Appendix 4. The problems treated herein turn
out to be just overconstrained, mostly because we do not
attempt to determine too many or inappropriate velocity model
parameters, thus producing a non-invertible matrix. The
actual choice of model parameters to be determined is dis-
cussed further below. .- Given-that the problem is not under-
constrained, the matrix equation can be solved: simply by
forming a square matrix ATA and inverting. The resulting
corrections are applied to the initial model values, and the
précess is repeated a few times until hopefully convergence
occurs and the additional corrections go to zero. The
resﬁl% is a model that fits the data best in a least-squares
sense.

A primary advantage of this method is that it is very
efficient computati@nally, usually requiring only three"
iterations-ﬁop convergence. In addi@ion, we can obtain
several quantities that are of interest in describing the
solution and data. First,WQe can calculate the formal un-
certainties for the determined parameters, including the
effects of errors in the data, inconsistencies within the
data, and the degrge to which the data constrain the unknowns.
Second, the correlation coefficients between the determined,
‘parameters'indicating which ones can be mutually adjﬁstéd
without overly damaging the fit ‘to the data can be formed.

(Both of these quantities are contained in the parameter



WGE 1S
%;: SOOR ‘QUALITY

e 172
-coyar;ange.matrgx.) Finally, the.relatiwve importdnce Ef each:
'd;tum«£6_£he sqiﬁtignjis obtained., ané‘wgyéan.observe which""
‘daga values afé inbonéistent:with each’ other, thué:identify-
'iﬁg possibly;erfoneous da£a (all” in the information density
matrix). - All of these quantities are of great help in under-
standing not only_ﬂhe characteristics of the inversion but a
also the physics of the problem. The disadvantages of this
technique liebin fhe fact that when a éolution is found it
is difficult to asce;tain the radius of convergence and déteéi
miné tﬁéfpréSéﬁce or absence of local mihima. ’Fuftherere,
‘thé method’ is ‘sensitive and places strict requireménts ‘on the
accuracy ‘of the initial ‘model; the -inversion will fail to
converge if the starting model is‘far removed from the true
‘best values andioutside the regﬁon where the'iiﬁé;r'appfoxi;
mation holds;
o ‘These two methods thus complement‘eéch other, and sG both
are dséd'in‘thisvthesié; The first tecﬁ#iqﬁe iéiaﬁpliediin
threg;Wayg.f First, it is used'in evaldating candidate'aﬁfival
‘ time data'sets,, as ‘deséribed in Chapter.l.and Appendix 1.
‘Sécond,-the final afrival times for each event are run to ob~"
tain initial-é§ent locations and origin times for use in the
linearized inverse, Finally, the method served as a valuable
learﬁiﬁg'tdol, especially in the early phases of this work,
for exploring the characteristics of the various parameter
spaces consideréd herein. The second method, linearized

matrix inversion, is then used to obtain the final results
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presented, along with the various diagnostic quantities dis-
cussed above.

This combination of analysis methods obviates many -of
the difficulties confronted in the work of- Nakamura ‘et al.
(1974b, 1976, 1977), by dealing dirYectly with the arrival
time data set, determining the event locations and structural
parameters simultaneously,-and quantitatively 'placing error
bars on all-of these. It remains to deal with secondary
seismic data sets, namely secondary seismic wave arrivals
and the direct P and S wave amplitudes. The additional seis-
mic wave arrival§ can be searched for using the techniques
described in Appendix 3 and exemplified in Chapter 2. As
will be observedﬂthe arrival times of these phéses are no-
where near accurate enough to be used in a formal inversion
procedure as above; it is sufficient to fit theoretical travel
time curves in an effort to observe them and deduce structural
implications. The same is true for the direct P and S wave
amplitude data, for two reasons. First, the data as shown
in section 3.3.3 contain ; large' scatter, much of which is
probably real and caused by local and detailed strucﬁural
effects. Furthermore, there are several assumptions -in-
volved in conétructing quantitative amplitude curveé, which
make it difficult to draw strict quantitative conclusions.
Finally, fgrmal ihvgrsioﬁ of the amplitude data is not

feasible due to the above factors and the extreme non-

uniqueness of the problem. Thus it is appropriate to examine
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both the secondary seismic wave arrlvals and the amplltude
data after the lnver31on of the primary arrlval time data set,

-~

) lncorporatlng modlflcatlons as necessary.i

Desplte thls systematlc approach two classes of 1n1t1al
assumptlons are needed to begln the analySLS procedure.“ ‘
Flrst, ‘the! form of the veloc1t¥ model for-the lunar 1nter10r
must be chosen We begin by uSLng the three-layer crustal
structure dlscussed in Chapter 2; two constant—veloc1ty re-—
gions supplemented by a time offset for the very~low—veloc1ty
zone. This is assumed to be the same at all ALSEP statlons,_
- ag’ dlscussed below, travel-time correctlons for the variation
in crustal structure and topography at each statlon were
.lncluded “in varlous runStand the effects 6n ‘the solutlons
we;e minimal. “Next ‘the form:of the mentle structure must'be:
'deffﬁedtifGiﬁeﬁ the number of'éedéﬁic-étetfons,:it is ¢Tearly
. possible to obtain only a few structural paraméters by inver-
sion. Accordingly, a-first pass is-just‘to invert for the.
averape P, and S wave velocities in the entire mantle, thus
eFfectlvely assuming that it has a constant vélocity with
depth..'The results of this are given‘below; (In addition,
of~oou;se; this:postdlate9=laterel;homogeneity. .-As discussed
T in Qﬁapter-I,-tEis iege:reasonable'assumptionfpaseduon the
arrivel'time‘data‘althouéhithefe are eureiy some -lateral’
variations&in velocity: at leaet in ‘the upper mantle; see
Chapter 2.)

However, .a domipant'theme in.the early work of both the
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Galveston and M.I.T. groups has been:the sudéen decrease in
amplitudes and concurrent delay in. arrival times experienced
by shear waves arriving from beyond a, certain distance; vari-
ous velocity-and location quels place the: critical distance
- at about 90°, (This is re-examined in-section 3.3.2.)‘ This
suggests that there is a veloéity drop and/or attenuation
increase for shear waves at some depth; for a-constant-
veloéity mantle of velocity, 7.5-8.5 km/sec, this depth is
close to 500 km for a 90° crigical distance. The 5-P vs. P
times of. the deep .moonguakes iwhich seem to occur below 500 km
depth) seem to -confirm this situation by giving a higher ap-
parent Vp/\fs ratio than that observed for near surface events
(<90° distant) whosge rays do not.penetrate below 500 km. Thus
on the basis of initial data indicétions it is appropriate to
consider a two-layer mantle.model,. again attempting to deter-
mine the average velocities in each. The boundary is initial=-
ly chosen to be at about 500 km depth. Thus the initial form
of the structural model is four constant velocity layers.
{plus the surficial very-fbwhvelocity (VLV) =zone).

The second‘set of assumptions concerns the locations of.
the three groups of natural seismic events that accouht for
the arrival time data used herein. Aas discussed in Chapter 1,
the events are classifiediaS»meteorite impacts, HFT's, or
deep moonquakes based on seismogram characteristics; all
authors are in general -agreement cOnce;ning,these interbre-

tations (c.f. Toksdz et al., 1974a; Latham et al., 1973a).
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3.2 Results of Arrival Time-Inversions_

Initially, the arrival time data set was divided into
two groups; surface eveﬂés‘and deep moonguakes. The phyéi~
cal reasoning for this is that the two subsets are .controlled
by, and can therefore constrain, the velocities in different
regions of the lunar-mantle. Since most of the surface
events are on'the nearside (as will be seen below) mest of
the arrival times (~85%) are those of rays bottoming in the
upper mantle (above 500 km depth). The few farside events
are observed only by P waves due to the observed loss of
shear wave energy. In contrast, the rays from all deep moon-
qﬁakes travérse both the 1ower‘and upper mantle regions.
Therefore our initial approach is to fix the lower mantle
velocities and use the surface evenés to invert for the upéer'
mantle velocities, and then fix the upper mantle values and’
use the déep moonqﬁake events to obtain the lower mantle
velocities.

The practical reasoning behind this is that the cost of
finding a linearized matri; inversion solution to a problem
with n events is observed to go roughly as n2'5. Since there
‘are many assumétipns (given above) that we wish to test by
refsolving-the entire problem several ﬁimes, it is much less
expensive to ao this on two halves of the data than on the‘
full data set, by a factor‘of about threel Thérefore the
optimal appfoicﬁ is to solve for the'event loca;ions and

structural parameters for the two data-subsets, obhserving

PRECEDING pp

PIARNT noryp m.\'ﬁf)
[ S



178
_‘tue‘effects uf'uarious‘assumptious. Then the entlre data set
can be 1nverted srmultaneously, and only a few of the more .
cruc1al assumptions re-tested.

The paragraphs below describe the results of inverting
the surface event data, the moonquake data, and flnally the
',complete data set. It is impossible to recount in complete-
detall the many dlfferent inversions run durlng the analy51s
:procedure and :all the numbers associated with, each such solu-.
tion. Therefore only‘the pertinent facts_and results are
giﬁen,:uith details_inciudea as tables ﬁheh:approbriateli
NeVertheless, ‘all aspects 6f the inversions‘were exahined
closely during the research phase, both to. ascertain the solu~
tion characterlstlcs and to’ learn about the features of in-
verse.problem solution in general. Three conventions are
- £61lowed Below, unless stated'other%iself'First,;éi}-solu:"

. tions were'obtainédiby'three"iteratiohs df‘the-ﬁatfirﬁinver-

siuu"routine: ‘éecsﬁd,”ail efrbrs quoted are calcilated frém“
the uarameter covarlance matrix and the data’ varlance as dls—
cussed in Appendix 4.1 Flnally, the\quantltyvcdz.rs the .

.a posteriori variance of the data, ca;culaféd-from'the;final

least-squares fit to the data :(see Appendix 4), and is used
as-a measure.or how closely a particular model and set’ of

parameters can fit the arrival. time. data.

3.2.1 Surface Events - Upper Mantle

. . The surface eveut data. set is given in Tables 1-4 and
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1-5. There are 16 events (eight meteorite impacts and eight
HFT events), and 88 arrival time measurements (58 for P
waves and 30 for S waves). The structural model assumes a
three-layer crust as given in Chapter 2, and a lower. mantle
below 520 km depth with VP = 7.8 km/sec and Vg = 4.2 km/sec
(chosen as reasonable values; since few of the surface
event rays peﬁétrate this zone, the.particular choice is not
crucial). The data can then be inverted to obtain the average
velocities between 60 and 520 km depth, along with the event
locations and origin times, for a grand total of 50 parameters
to be determined. The initial first-guess values for the
lécations and origin times are obtained from the results of
the parameter search inversion method; they represent average
values for the various velocity structures considered (des-
cribed in Appendix 1) and are listed in Table 3-1. The ini-
tial upper mantle Veloéity_values are Vp = 7.8 km/sec and
Vg = 4.4 km/sec, chosen on the basis of previous work and
indications from moonquake inversions, discussed below.

Note that this choicé produces a shear wave shadow zone
beginning at 90° distance and extending to about 110°, as
mentioned above. A potential problem then arises because an
e%ent location (and upper mantle velocity) may be such that
at some stage of the iteration the theoretical ray cannot be
~traced for comparison with an observed arrival time datum.

In practice this has arisen only for those events that appear

to be located near the edge of the geometric shadow region
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for one or more stations; the only such events are those
occurrlng on Days 72, 192, and 3, perhaps comncldentally all
‘are HFT events. The loss of a data point from"one of these
events can then occur for one of two reasons, ,a)_the itera-
‘_tlons may sllghtly overshoot the true locatlon asiconsetgehce‘
occurs, ‘thus’ inadvertently. entering the shadow 'zone while'
the true desired location is outside the zone,; or b) the
~Atrue desired location-may be within the shadow zone for an
arrival that is in fact observed, 1nd1cat1ng that the loca-
tion of the shadow 2zone is slightly" 1naccurate (very llkely)
or' that the observed arrlval is a diffracted’ wave around the
velocity drop boundary that weé have not accounted for ih the

ray theory'oaiculationsﬁ Fortunately this occurred only
occasionally’and only for & few data points. In all cases
each was re-lncluded at some p01nt by changlng the: parameters
of "the geometrié¢ shadoéw zone; a-oase stugdy for Day 72, the
most troublesomé event, is described below:' In: addltlon, of
oourse, sﬁeh discrepancies can be used to lnfer ‘the extent
of the shaoow region; this is discussed ‘in the next section.

Returning .to the'main subject, the matrix "inversion

routine -was run using the above data and starting parameters,
and a least-sguares solutioh was in fact obtaineo. Conver=
‘gence was rapid- the third and final‘set of corrections to the
model parameters were .all less than 0.6 degress (~18 km) 1n )
latltude .and longitude, one second in orlgln tlme, and "0.01

ln ve1001t1es. In the three iterations the calculated‘cdz-
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(formula in Appendix 4) dropped from an initial value of

2 to 34.6 sec2 after one iteration, 30.8 after two,

540.5 sec
and 30.7 after all three. <This findl value correspenas to‘
a standard deviation of %5.5 sec for each éata point, in good
agreement with the a priori estimate of *4 sec for the accura-
cy of the data measurements. This suggests that the{model
type is appropriate to the data and thus can fit it éb within
Ehe estimated accuracy.

The f£inal evené locations are given in Table 3-2, and
the final upper mantle velocities are VP = 7.8 # 0.16 km/sec
and V = 4,47 = 0 05 km/sec. The ratlo between the P and s

wave ve1001ty uncertainties is about 3, as expected because

for a constant time error in the data (arrival times),

L =2 L =2
At = Vp AVP = Vs AVS
or
2
S S

as observed.

The next step is to exemine the characteristics of the
s?lutibn. First, three veriations of the deta set wege run.
The "most confident" data, as listed in Tables Al-4'and Al-9,
using 11 of the original ;6 evants, gave veloeity values of
v, = 7.67 £ 0.20 km/sec and 4.45 t 0.11 km/sec, in good

agreement with the full data set results. Also, HFT events

and meteorite impacts were run'separateiy (using all eight |,
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“events of each), and the results wére:

HFTVs: Vp= 7.73°

+°0.17 km/sec

Vg = 4.47 & 0.06 km/Sec

. Impacts: Vp = 7.88 : 0.24 km/sec
Vg = 4.44 £ 0.09 km/sec’

‘again in’ good, agreement with the originel values considering
the standerd deviation intervais. These coﬁpaiisohs-indi-,
‘cate that the overall solution is relati%ely stable with
';eepeetHFO'the‘data set, as also implieé b& the caleulate&
standard errofs.

Returnlng to the full data set, the 1nformatlon denSLty
and parameter covarlance matriceds were calculated in £ull
as descrlbed in Appendlx 4. AThe results from the information
deesitf matrix_are\summariZed5in Table.3-3, éiving the total.
fimpdrtahces df‘ﬁheErahd S Wave data at:each station.” The' ’
main conclu51on thatzcan be drawn from this tablé is that
stations® 12 and l4sare in 'fact each- 1ess ‘important than elther
statlons 15 and '16; as expected due- to-their proximity to’
each.other. .Note that the lmportances sum to 50, the number ’
of unknoens."The off-diagoeal terme of this matrix..indicate
that,‘as expected, the most averaginé is-necessary for the
data pointe observed‘at stations 12 and 14 since even small
‘errors are a significant percentage of the correct arrival
time difference. The parameter covariance matrix (diagonal

‘terms) produced the formal.errors quofedgebove,-and_the off-
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diagonal terms showed the expected correlations (e.g. origin
time can trade off with distance or, to some extent, veloc-
ity) as discussed in Appendix 4.

.Finally, the starting values of locations, origin times,
and velocities were changed to explore the uniqueness and
radius of éonvergence of the above solutien. This is diffi-
cul£ to explore theroughly due to ;he presence of the geomet-
ric shadow zone caused by the velocity‘drop; és discussed‘
aﬁove, a few events can be inadvertentiy placed just inside
the shadow region. (In fact three data peoints, two arrivals
from Day 72 and one from Day 3, were lost in the above in-
version; see discussion below.) Nevertheless, most of the
initial starting locations and origin times were varied ran-
domly by .about 5-10 degrees and 20 seconds, and the starting
upper mantle‘velocities changed by as much as 0.2 km/sec;
in all cases the iterations converged to the same result.

In sum, the surface event inversion appears to-be stable
and well-constrained, producing reasongble results. It remains
then to re-examine some of the assumptions mentioned above
that were necessary to obtain this solution. First, 'the ef-
fect of varying the crustal structure was calculated;*the
uppér~l§wer crustal boundary was moved from 20 to 30 km. The
effect was comple£ely negligible. Next,.the upper-lower man-
tle boundary depth was varied. Unfortunately;:moving this
boundary axsignificént distapce upwards decreases the onset

distance of the geometric shadow zone to less than 90°,
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_plac1ng many of the observed arrlvals in the shadow- reglon.‘
‘_In order to avord thlS problem, a. negatlve shear wave veloc1ty
-gradlept of - 6 X lO" km/sec/km was 1ntroduced Ain the upper
:mantle, thus spreadlnq the rays. bottomlng ln the mantle so
that they reach further distances for a-given bottomlng depth.
This allows us to move the interface from 500 to 400 km- depth,
and sdbroutine TRAVEL was then used to ‘do the ray tracing.
The resulting inversion converged nicely, giving an upper
mantie P velocity of 7.7 £ 0.15 km/sec and a shear wave veloé4
1ty at thé" top of the mantle 1mmed1ately below the crust of
ﬁ?SS"r 0.05 km/sec, thus decrea51ng to. 4 36 km/sec at 400 km
depth with'a median value of 4 46 km/sec, in excellent agree-'
hment w1th‘the 1n1t1al results. With dne except;oh, all loca-
"tiéns were:within 2° of the originaI values. Ehe'sihglehex;
ception is’Day‘TZ, 1873, an HfT event. As mentioﬁed aboﬁe,
in the raitial'constant-velocity inversion the two observed - ‘
' shear wave arrivalvtimes from this focus were lost because
+the évent stimbled into the'geometric shear wave shadow zone.
on the ffrst-iteration;. with the- loss of the shear wave data,
'the event moved even further-away,- flnally ending at about
100° distance from-ALSEPS ;2, 14, andfl&, and .thus within
the -shadow zone,(even though stroéng S:-arrivals are in fact
Seen at—these stations (althodgh ALSEP 14 is not measured due
to the failure of the rertical component and resulting lack
of polarization filtering)}. 1In the iteration with velocity

gradient, however, the S arrivals were not lost and the
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resulting location is about 90° away from the above three
stations, or just before the ohset of the geometric shadow
zone. As discussed in Appendix 1, fhis is the preferred
location because the shear wave data are included in the solu-
tion. This location is indicated in parentheses in Table 3-2.

Overall, however, including a. shear velocity gradient
and moving the upper-lower mantle interface up produced in-
significant changes in the -results. (The final fit to the

data was 31.0 seé:2

.) This is extremely important because it
implies that the average velocities obtained for the upper
mantle region from this inversion are in fact valid even if

a moderatezvelocity gradient exists: thus these values can be
considered as firm constraints independent of most of the
assumptions. On the other hand, this result also suggests
that the surface event arrival time data will not be able to
constrain the upper-lower mantle boundary depth or the madni—
tude of any velocity gradients. This is discussed further
below. ., -

Finally, the assumptibn,that the HFT events are con-
fined to the surface below the VLV zone was re-examined.
First, as mentioﬁed above, the HFT e%eﬁts were inverted
séparately, giving a cdzuof 31.7. Then the inversion was re-
done assuming that the HFT's were at varioﬁs common source
depths, as shown in Table 3-4. The odz value consistently

increased, indicating that the best common source depth is in

fact at the surface. Of course the increase in aaz is only
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significant beyond about 50 km depth, and it is possible that
éhe HfT events are all located at different depths. In the
absence of a priori information this is difficult to test,
and so the simplest assumption consistent with the inversion
results is that the HFT events are all in fact very near the )
surface. (In addition, the HFT polarization filtered records
were searched for possible SS (surface reflected, see Richter

(1958, p. 307) phases that would indicate source detph. None

were observed. )

3.2.2 Deep Moonguakes - Lower Mantle.

The moonquake arrival. time data set is given in Table 1-6.
There are 24 events and 140 arrival time data (50 P and 90 S).
The first structural model considered is simply a single-
layer constant velocity mantle with a three-layergg;pst} thus
the moonquake data invérsion will yield average P and S wave
velocities for the fegion between the moonguake depths and
the crﬁst. The starting locations and origin times (listed
in Table 3-5) are again obtained from the parameter search in-
version résults,,and the starting velocities are Vp = 8.0
kﬁ/sec-and Vg = 4.2 km/sec, chosen to be near the middle of
eérly velocity estimates. The resulting inversion converges
quickly, giving maximum lést-step corrections of 0.4°, 4 km,
0.8 seconds and 0.02 km/sec for the epicentral coordinates
(latitude and longitude), depths, origin times, and velocities

- respectively. The least-squares fit to the data as measured
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by the a posteriori data variance od2 begins at 193.7 sec? and
decreases to 37.0, 10.4, and finally 16.2 sec2 after the last
iteration. This indicates an average error in the data of
*3.2 sec, in good agreement with the a priori estimate of 4
sec éiven in Chapter 1. The resulting average velocities are
7.75 * 0.55 km/sec and 4.44 + 0.19 km/sec. These values are
consistent with the surface event estimates of the upper man-
tle velocities; the larger uncertainties are due to the in-
creased freedom in the solution provided by the necessity of
determining the depth coordinate. The average depth turns out
to be about 900 km, with values rénging from 700 km to 1100 km,
in excellent agreement with the initial assumption that the:
moongquakes are situated below 500 km depth.

The next step is to consider a two-layer mantle model,
‘assuming that the upper mantle velocities are known. Initial-
ly the upper~lower mantle poundary was placed at 520 km degth
and the upper mantle velocities assumed to be VP = 8.0 km/sec
and Vg = 4.6 km/sec. (These velocities are different from the
results reported in the previous section because the surface
event and deep moonquake studies were done concurrently; fur-
ther discussion below.) The moonquake data can then be in-
verted to obtain the lower mantle velocities.

The iterations again converged quite quickly, giving
velocity values of Vp = 7.45 * 0.63 km/sec and Vg = 4.13
+ 0.25 km/sec¢ with a final o 2 of 9.8 secz. The uncertain-

d
ties are slightly larger than before probably because the path
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- length in the lower mantle is shorter thdn the whole hantlei
:§ath'ié5§£h; ahd so the arrival times aréﬁLQSS'affectedey{-,
‘and’thefgforé have less control over, the'iqwer maﬁtlex
:vélbéitiés.._Note that the célculated';AWé:”mantIe veléqit;es,
_giﬁgn'thélassuhed.upper mantle ﬁalﬁéé[ are-in good agreement
with the previous whole mantle_éverage velocities. The final-
l.moonquake locations from the two-layer mantle structure are
simiia;'to those obtained above.
In order to'examiné the cﬁarécteristics of this solution,
w&* £follow the same procedire as discussed for the surfade
event invéfsioﬁﬂ 'fhé*moéﬁ;coﬁfident'data set (Zi’ﬁoonéuaké:
eﬁénﬁ#):ﬁS“gIven‘In-Tablélilbl4 was invéfted,'gi%ihg‘results
Of Vs 7.66 £0.90 kn/sed and v, 4.12°370433 kin/sec, in'"
_éébd'agréementiwith'tﬁe full data set solution, impiying ‘that
the answers are reasonably stabls with respect to modification
of 'the data set. The larger uncertaintiéé'afe“proﬁabi§Addé
to the smaller ﬁumber of 'picks per focus (5.1 vs. 5.8) than
.in the full ‘data set; thus fewer data are available for con-
~ straining the velocity values. The“fihal cdz is similar at
0.7 sec2l
uizﬁéktgthe~infdrmation density matrix:wds examined: The
results'arejéummarizéd\in‘Taple 3;7,=again'sh¢wing that the.
arrivals at stations 15 and 16 tend to be more important than
thoég ﬁeasured at stations 12 and 14.° The parametér covari-

ance matrix was somewhat more interesting than for- surface

events,. showing'thét the moonquake depths can be most effec-
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tively traded off with origin times rather than with veloc-
ities, because a velocity change would produce an arrival
time change of reverse proportionality (more change with in-
creasing source-receiver central angle separation) than the
original depth change. VP and Vg4 change with each other pro-
portionally and then compensate with the origin times.

Finally the initial locations, origin times, and veloc-
ities were changed to check the stability and radius of con-
vergence. Since as discussed below there is little problem
with shadow zones, the initial locations were perturbed ran-
domly by about 20°, 150 km, and 25 sec in epicentral distance,
depth, and origin time respectively, and the starting veloc-
ities for the lower mantle given as VP = 8.2 km/sec and

Vg = 4.6 km/sec. Despite these large offsets and an initial

cdz of 4212.9 secz, the inversion converged within five itera-

tions to the same solution as above. Thus the solution.is very
.stable with a wide radius of convergence.

Three major assumptions were then tested. First, the
effects of varying the -crustal structure were simulated by
apélying different time offsets at each station to roughly
compensate for elevation differences (given in King et al.,
1976) and prgsumed subsurface crustal variations as discussed
in Chapter 2. For example, at ALSEP 16, the lower crustal
layer is 15 km thicker than at ALSEP 12, giving about 0.3 sec

additional travel time, and the surface is 1.5 km higher,

adding, say, 1.5 sec of travel time if the extra material is
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surficial and of low (1 km/sec) velocity. Thus'a total of
1.8 sec is added ‘to each calculated P wave arrival time at

-statlon 16, and 3. l sec to each S wave time. Slmllar esti-

mates at ALSEPS 14 and 15 lmplled B wave correctlons of

. 0. 2 sec and -0.3 sec, respectlvely. The values of course are

| ; E
only rough estlmates, but are probablY“of the correct magni-

J
.‘

tude and therefore sufficient for observing the effect of such
corrections on the inversion solution. As expected, the
chahges in the solution were minimal, the maximum change being’
1n the lower mantle P wave veloc1ty, Wthh was 1ncreased by
0.1 km/sec.

‘ 'Next -the fixed upper maritle velocities were varied to ob- ]
"serve the . resultlng changes in ‘tHe. lower mdhntle veloc1t1es.
In:partlcular,‘the‘values"obtained from the sﬁrface°event data
fﬁversion‘(vp‘=:7:8\km?sec-;V =4, S“Eh/secjxwere‘used} and
the results wére’lower mantle velocrtles -of Vp 7.62 i.b.64'“
.and Vg = 4.39‘& 0.25, again in .dgreement with the- whole mantle'
average velocities desrred by the moonquake data set. *'The’
moonquake locations and origin tlmes were very 51mllar ‘to- the

d
prev1ous 1nver51on results, and are listed in Table 3-6.

h'i

) The last structural assumptlon tested was. the placement’
of the: upper-lower mantle boundary “51nce-thevdeep"moonguakes
" lie below this interface, there is no -difficulty in movingiit
upwards .. Locating the boundary deeper than about 560 km,

however, places the shallower and more distant- moonquake

events in geometric shadow zones with respect to some .of the
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stations where arrivals are in fact observed. Accordingly
the upper-lower mantle interface depth was varied between
300 km (the shallowest value given in previous work) and
560 km. The resulting lower mantle velocity values indicated
that, for fixed upper mantle velocities, a smaller velocity
drop was required as the interface moved upwards. This is
consistent with the idea that the upper and lower mantle val-
ues must combine to give the average velocities required for
the whole mantle by the same data set. The total variation
in the lower mantle values was only 0.4 sec for Vp and 0.3 sec
for VS, well within the formal errors quoted above. In addi-
tion, .the fit to the data as measured by cd2 varied from
10.1 sec2 for a 300 km interface depth to 9.7 sec2 for a
560 km boundary, indicating that the moongquake data are also
unable to satisfactorily constrain the upper-~lower mantle
boundary depth.

There are three major conclusions that can be drawn from
the surface event and moonguake inversion results described
above. First, the data aré in fact able to constrain the
ave?age mantle velocities within reasonable uncertainty limits,
The solutions are cofrespondingly stable with respect to the
data sets, and appear to be unique with a significant radius
of convergence. Nb indicétions of other local solutions have
been found. Second, the solutions are relatively independent
of the structural assumptions used, and tend to confirm the

assumed location areas for the various classes of events
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(HFT's and meteorlte 1mpacts on or near the surface, deep .
‘moonquakes below 500 km depth). Flnally, the fact that the
structural assumptlons, in partlcular those of constant—
veloc1ty layers and a mantle interface depth of about 500 km,
~do not significantly affect the fit to the arrival time data
when varied implies that the data will not be able to con-
strain suéh guantities as the interface depth or the slopes
of velocity gradients. For example, the moonquake data were
inverted to obtaln the lower mantle velocztles and the inter-:
face depth “and ‘even with stochastlc damplng (see Appendlx 1)

it wds not possible to obtain a stable solution.

3.2.3 Joint-Inversioq

Based on the above information, the complete data set
can-now be inverted to obtain a consistent set of average
velocityuvaltes for the luaar mantle. Tge.data are given
in Tables,i-4;,5, and 6, and the initial locations and
_-orlgln tlmes are taken from the. 1nversmons dlscussed above.¢
'The usual crustal model was: assumed, the upper-lower mantle
'bou@dirf.placeq at 520,km‘depth,_and start;ng VeIOC1ty )
values of'pr= 7.8 km/sec, Ve = 4.5 tm/sec} Vp = 7.8 km/sec,
ys;= 4.2 km/sec were given for the upper and lower mantle
velocities, respectively. The inversion was then done to
determlne all event locations and origin times and the four
mantle seismic velocities 51multaneously.' The first attempt

was uhsuccessful, because the fizst-iteration created both
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P and S wave velocity drops at 520 km depth, and moved the
locations of two surface events (Days 3 and 192) so that
several P and § arrival time data points.wére lost for each
focus due to the resulting shadow zones. The inversion auto-
matically ceases when the number of data points for any
eventlfalls'below three (four for a moongquake event) because
then the&e are not enough data values to even locate the
focué,’and so the matrix becomes non-invertible (at least one
eigenvalue is zero); this occurred for the above:two evants.
A similar problem did not atrise in the surface event inver-
sion work because the lower mantle seismic velocities were
fixed and the calculated upber mantle velocities only produced
a shear wave shadow zone. In the joint.data set inversion,
hoWeyer, the loﬁer mantie velocities are free to chaﬁge and
are apparently decreased substantially by the moongquake data.

In order td.éxamihe-this situation further, two ap-
proaches were taken. Fifst, Fhe two offending events were
removed, and the inversion attempt;d again. This time con-

{t
vergence was achieved;:the final velocity values were

upper mantle: Vp = 7.70 £ 0.13 km/sec
Vs = 4.45 + 0.04 km/sec
lower mantle: Vp = 7.54 £ 0.56 km/sec
Vg = 4.25 = 0.13 km/sec
and the final data a posteriori variance was gdz = 19.2 secz,

indicating an overall fit to the data of 4.4 sec, in goéd
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\agreement w1th the previous results and the a prlorl‘estlmate
‘”of data accuracy. The above results indicate that there lS
,1n fact a s;gnlflcant shear wave ve1001ty drop from the upper:
‘to the lower mantle, as expected from earller observatlons
L(dlscussed in the .previous sectlon) .Note that the . lower
~mantle velocrtles were not required to be lower than those
.in the upper mantle; they were simply ailowed to be different
and the data produced the above results. The P wave velocity
‘drop 'is. much-smallet proportionally,.and in view of the large
_uncertainty in the lower mantie P velodity,; is hot' considered-
sigﬂificahti

‘The "second approach to inverting the full arrival time
data set is based on the supp051tlcn ‘that the true P ‘wave
ve1001ty drop is indeed negligible as indicated by the above
.results; furthermore, in contrast with the shear wave data,
no-distinctive‘P wave shadow zone is seen on the surface‘
eveht seismograms .for any distanée. Thus it is likely that
in fact essentidlly no- P wave velocitydrdp cccurs at the
boundaryf'or.a small drcpiis‘éradualﬁcberiah exténdedéarearv
In;either:caSé no shadow zone will-exist; and the two events
previously omitted from the data set can be retrleved .Ac-
cordlngly, ‘the full data set was re-lnverted and the upper
and 1ower mantle P wave velocities were required to be the
same at each step of the inversion; essentially there is no
mantle interface for the P wave velocity structure and the

guantity returned will be the best average velocity for the -
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whole mantle on the basis of the entire data set. .
The starting values used were ag before, and this time
the iterations converged successfully, giving a final cd2 of

15.4 secz. The resulting velocity values are

upper mantle: Vg =

I
1.8

Lo
[
=

* 0.04 km/sec

lower mantle: _Vs = 4.20 %z 0.06 km/sec

i+ .

'and: v

p 7.65

0.13 km/sec

Note that the formal variance of the lower mantle shear wave
velocity is much decreased from the previous inversion
results; this ié because the average whole mantle P wave ve-
locity is much better constrained than was the original lower
mantle value, and so the mopnéuake data can place tighter
error bars on the shear wave value through determination of
the VP/VS ratio. In essence, of course, the same data is
being used to constrain only three velocity values instead
of four, The_ﬁinél,event locations from the inversion are
given in Tables 3-8a and 3-8b. (Note that the location for
Pay 72 is.given in parenthgses; again the shear wave arrival
times at stations 12 and 16 were lost inadvertently as the
event location entered the edge of the geometric shadgw zone.
The preferred location including the constraints of these
shear.-wave times is as given in Table 3-2 in parentheses;

the resulting location is not in the shadow region with"

respect to staﬁions‘12 and 14, as discussed abave.)

It remains to discuss the conclusions that can be drawn
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from the above inversion results. First, the average P and
S wave velocity values in the upper and lower mantle regions

_are well-constrained to be about

upper mantle: V_ = 7.7 + 0.15 km/sec
Vg = 4.45 * 0.05 km/sec

lower mantle: Vp = 7.6 £ 0.6 km/sec
Vg = 4.2 £ 0.1 km/sec
average: Vp = 7.65 = 0,15 km/sec

using a compendium of the values given above. These guan-
tities are relatively independent of the position of the
upper-lower mantle boundary, and are still valid if mbderate
velocity gradients‘are present. The formal error bounds as
cqnstrained by the entire seismic data set are reasonably
nérrow,-and therefore these Qelocity values constitute fairly
stringent constraints wﬁich any model of the lunar interior
must satisfy.

Second, the shear wave velocity results require that the
average values in the lower and upper mantle regions be sig-
nificantly different; a velocity decrease of about 0.25 km/sec
is indicated. :This result is very satisfying because it is
independent of arguments concerning amplitude envelopes, a
few anomalously delayed and hard~to-measure arrival times,
or S-P vs. P times which are not easy to interpret; yet it
is in agreement with these preliminary observations (see

next section). The actual velocity drop can be due to a

(-3
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sharp interface, a transition region, or a steadily decreasing
gradient throughout the entire mantle. These alternatives
are discussed below.

The P wave velocity drop indicated is much less signifi-
cant and may not exist. The entire mantle is equally well
represented by an average P wave velocity value that is well-
constrained; moderate gradients are allowed if they satisfy
the average value.

FPinally, it is clear that the above average velocity wval-
ues constitute nearly all the inférmation that can be extrac-
ted from the primary data set, i.e. the direct P and S wave
arrival times. Due to the small number of stations, the-
data cannot effectively constrain the characteristics of any
velocity gradients that may be present. Similarly, the e%act
nature and position of the shear wave velocity drop cannot be
determined. In addition, it is not feasible to attempt to
determine the average velocities in a greater number of mantle
layers in an effort to obtain more detail; the resulting
uncertainties in the calcuiated velocities (assuming that a
stable solution could be found) would be much larger than
those given above, thus rendering the greater detail useless.
In formal terms, as discussed in Appendix 4, we are clearl&
near the optimum point on the trade-off curve between resolu-
tion and accuracy.

The final epicentral location of the seismic events used

in this work are shown in Figs. 3-la and 3-1b. The approxi-
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mate uncertainties are indicated by the size of the symbols,
and open symbols are on the farside. Note that the moonquake
foci are all marked with the same size symbol because the un-
Ccertainties as given in Table 3-7b are reasonably uniform;
thosé:indicated in Fig. 3-1b are average values. In Fig.
3-la, as expected, the uncertainties generally increase as
the events move farther from the center of the ALSEP array,
although other factors such as the number of and amount of
inconsistency in the arrivals observed for each focus also
contribute to the formal error bars.

The locations shown are those given in Table 3-7 (with
the exception of Day 72); other locations given by other in-
versions are nearly all within the error Iimits shown. These
represent in a sense the best values as they result from the
" joint inversion of the entire data set. It is important to
note, however, that when theoretical arrival time curves are
compared with record sections of éhe events, it is generally
sufficient to use any of the velocity models considered
above .as long as the model obtained jointly with the locations
and origin times is also used to calculate the arrival time
curves. For instance, the record section shown in Fig. 3-2
(transverse components of moonguake events at all stations)
was cénstructed using an early velocity model; the agreement

between the theoretical and observed S arrivals is clear.



199

3.3 Secondary Data Sets

3.3.1 Uppet-Lower Mantle Interface Reflections

In order to constrain thehnature and-location of the
interface or transition region between the upper and lower
mantles it-is necessary to turn to the secondary data sets.
On the basis of the observed shear wave shadow zone as dis-
cussed in early papers (and re;examined below) it has
been considered likely that thé velocity drop from the upper
mantlé region to the lower mantle region is not simply due to
a gradual velocity decrease beginning at the base of the
crust; rather, the decrease is confined to a limited region
sO0 that at some point the velocity decrease withldepth‘ap—
proaches Qr.exceeds the critical gradient (%% < %) thus pro-
ducing an effective shadow zone fof surface events. The
simplest possible such velocity.structure (as used above) is
of course a two~layer mantle with a zero-order velocity
discontinuity at a single interface. More complex modelg
could contain several step decreéses in velocity, higher
order discontinuities such as a sharp change in the slope of
velocity with depth (c.f. Nakamura et al., 1976a), or a
continuous velocity prdfile with a tteep velocity decrease
in some deﬁth ratget

If there are any such, zero order (or p0351bly éven first-
order) velocity dlSCOHtlDUltleS, then it is DOSSlble that

the energy from surface seismic- sources would be reflected
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and produce visible secondary arrivals on the surface event
seismograms. As discussed in Chapter 2 and Appendix 3, we
can search for such phases on the lunar recofds by applying
a-polarization filter desigﬁed to enhance the rectilinear
barticle motion of body wave arrivals. Previous work in
this area.has been done by Dainty et al. (1976), Voss et al.
(1976), and Jarosch (1977). The former paper used the same
polarization filter as implemented herein, and processed
‘and examined about 23 records from eight artificial impacts
and six natural surface seismic events covering a‘distahce
range of about 3° to 140°. Possible reflections were iden-
tified for boundaries at 400 and 500 km depth (with upper
@aﬁtle velocities &f Vp = 8.0 km/sec and Vg = 4.6 km/sec;
the velocities used herein would chénge the above deptﬁs to
about 380 and 480 km). Both reflected P and reflected S
wavés were tentatively observable, along with the accompany-
ing converted reflections S-P and P-S.

The latter two pépers used a different polarization
filtering technique (described in Shimshone and Smith (1964))
which, as discussed in Appendix 3, may not be as effectiye
for the lunar situation as the one used herein because it
cannot detect arrivals that appear on only one component.

In addition, both papers analyze only the artificial impact
records. Voss et al. (1976) report a possible reflector at
300 kxm depth based on a PP reflection observed on seven

seismograms, all recorded at less than 13° of source-
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receiver separation. Jarosqh (1977) studied the.same records
Plus two at about 30°-35° distance, and suggested that multiple
surface-reflected phases were visible (e.g.-PEP; Pyr ete.).
It is desirable to confirm these observations by examining
the natural event records from greater distances.

Thus it appears possible that reflectors are in fact
present in the lunar mantle, although.their placement is
uncertain. .This uncertainty is almost certainly causéd by'
the large- amount of scattered enerqgy en the raw lunar seis-
mogf;ms and the resulting iarge number of pulses on the
polarization filtered records (see filtered plots in Chapter
2 and Appendix 1); it is possibie, even with the use of
record sections, to mis-identify false-alarm noise pulses és
true body wave arrivals. The only solution to this dilemma
is to examine as many records as possible over a large dis-
tance range in‘orqBr to reduce the chances that a series of
noise pulses will aprarently line up across the traces of
a record section.

Accordingly, we have é%amined the seismograms from
the surface events used in this thesis in an effort to
resolve the above uncertaintigs. Following the procéd?re
outlined in Chapter 2, the first step is to calculate and
examine the theoretical amplitudes for reflected phases from
interfages at various dep£hs. There are four such waves,
"two from each of the incident P and S waves. The ray tracef

programs are described in Appendix 2.
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;. The veloczty models used are shown in Table 3 -3, and -
‘the resultlng amplltudes and times are glven in Table 3 10.
:Tables 3 lOa and 3 lOb contain the values for reflectors
.at 400 km and 480- km depths,.respectlvely, whlle Table 3 10c
‘glves the dlrect P and S wave amplltudes (and tlmes) for the
”same veloc1ty model.‘,An 1nterest1ng effect,lskseen in ‘this
last_table; the direct wave amplitudes’iecrease with distance
out to abou£ 50°. This is a result of the.kdil/dﬁ) factor
in the fay-tube spreaaing calculatioﬁ (see Appendié 2) wﬁich-*
temporeriiy dominefes'fhe l/R2 term at close distances for
surface eﬁenﬁé. :(Noté that coiumhs-iaﬁeled P and S (S=H
'6T7S-v] in'thé"fifst two tables refer’to PP and SS'reflécted
tphaées froﬁ“Ehefmen%lefinEErfEbee.) _
. "The’foiiowing conclusions ¢an be dfawn from‘these:Fables.
‘ Firetf fhe reflected wave amplitudes can be as-much‘aé |
“0:1 to 0.2 times the direct wave amplitudes. Such ratios
are comparable to tﬁose calculetea'for the cruseal peg-leg
multiples, and so the reflected phases may also be visible.:
.if“xeflectdrs*do;indeeé exist in the lunar mantle. Second,
the larger amplitudes tena ﬁo eccur at greafer distances;
gnd'the“samertype reflections are denerally larger than- the
-‘donﬁerted reflected- waves,. Beyond;4q° the S+~H reflectiocn
. is ‘invariably the largest. ' As discussed in Chapter 2, the
shear wave contains,substantiailyimore enérgy .than .the P
© wave (perticularly‘for HET events),-apd so it is appropri-

ate to search for the 8-~H, S-V and SP refiections, which -
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should be seen on-the transverse, radial, and verfical com-
ponents -respectively due to the near~ve¥tical incidence of
all surface-arising waves. The S-H reflection should be the
most promiﬁenﬁ, followed by the $-V, and finally the SP
convérsion should be the sm&llest by a factor of two or so.

The record section plots of all available polarization-~
filtered surface event records are shown in Figs. 3-3. The
first two (3-3a and 3-3b) show the t;ans?erse ceomponents of
ground motion split up into two. figures to provide better
clarity. There are 17 records plotted, representing 11 of
the 16 surface events. All other records are either at less
than 20° source-receiver separation, where enly low ampli-
tudes are expected for reflected phases, or beyond 60°
where it is difficult to separate the direct S arrival from
any reflections that may be present. The theoretical curves
shown mark the expected arrival times of direct § and the 88
reflected phases from interfaces at depths of 400 km and
480 km (on the tr;nsverse component the S5-H waves are seen).
The observed and predictedfs arrival times are in good
agreeﬁent as expected from the inversion results. There is
good correlation for the 480 knm interface, and weaker-Put
nevertheless prominent arrivals occur along the 400 km curve.
Little evidence is seen for a 300 km réfléctor. Thus it secems
that there are possibly at least two velocity éiscoﬁtinuities
in the lunar mantle, with the major boundarv at 480 km

depth.
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To further examine this possibility, the radial and ver-
tical components of ground motlon are shown 1n Flgs. 3-- 3c,.
,d, and e. The flrst two are the radlal records whlch should
:.contaln S- H reflected and dlrect phases as marked.: The corre-
-latlons are not oulte.as conv1nc1ng as on tne transverse com-
-jponent record sectlons, but there is substantlal supportlng
evrdence, as’'can be seen, which strengthens the 1nterpre~
" tation made above. Finally, the smallest amplitudes are ex-
pected on the vertical components from the S-P converted
reflectlon, and as seen in Flg. 3-3e there are only a few
correlatlons between observed arrivals and “the predlcted
'arrlval times. (Notlce that‘the S-p- reflectron from a
400 km' bouhdary only exists at‘soﬁrceirecei%er'separétions
'1eSs than® about 45°.)

The final'step is to exaﬁine the'moonéuakefevent'recbrd
sections to see ir any corroborating phasés are'presentt The
.most likely possibilities are the transmitted converted’pnases

. 8=P,  which leave the source as S and are converted'to P at

.a mantle interface. Theoretical amplitudes for such converted
phases are given in ‘Table 3-12- along with "the amplltudes

of the direct P and:s waves; the velocrty,model used is glven
in. Table 3-11. . As- can be seen, - the max1mum amplltude .of- any
converted phasé is only .06 times’ the,drrect wave amplitudes,
making their potential observation somewhat questienable. -

As usual, we_nould only expect to.see the .S-P conversion;

moonguake direct P wave arrivals are very small. This phase
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only exists to about 35° for:a mantle interface at 520 km
depth, but is theoretically present at all randges for a 300
km interface depth. B

Thus the only possibility is to look for the S-P phase
from deep moonquakes on the filtered vertical components;
the optimal range should be between 20 and 40 degrees.
Again,’ the necessary origin time corrections as discussed
in Chapter.2' are all very similar (within 2 seconds) for the
S-P phase from any interface:depths between 300 and 500 km,
and so an S-P 1400).cprrection was used for all record
éections. All moonguake records wefe then examined and a
typical subset is shown as Fig. 3-4. No éonsistént cor-
relations between arrival time curves and the seismograms
were found, as might be expected from the predicted ampli-
tudes, and‘so the moonquake data can provide no corroborat-
ing ev;dence. ’

In sum then there appears to be,fairly convincing evi-
dence from surface event reflected waves for a discontinuity
in the mantle at a depth of aboué 480 Xm, and weakéer evi-
dence for another‘interface at about 400 km depth, in reason-
able agreement with Dainty et al. (1976). Assuming t@st
we are indeed correct in identifying the observed phases
as mantle interface reflections, the allowable error bars
inéluding t2 cycles (equal to *4 seconds) for proﬁerly
aligning the arrival time curve with the observed arrivgls.

aﬁq .05 km/sec in upper mantle velocity aré about *20 km
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for eaéh interface.” (The uncertainty in origin time is not
.a factor because it can.be eliminated by uSing the time dif-
fference between the reflected and direct § arrivals )

‘ f Given that a shear wave‘veloc1ty drop from the upper to
lower mantle regions is required by the arrival’ time data,
a simple structural interpretation of the interfaces ten-
tatively identified above is that they repreSent zero-order
velocity discontinuities where the velocity decrease occurs.,
1f only the 480 hm boundary is real, then all of the veloc4 -
ity dfop could occur there. IFf the 200 km interface is also
present, then the:veiocity decrease could be accompiished
h&fa”séries'of two smaller veldeity drops or by some sort
‘_of;transition zone with compleﬁ’structnre and éenerally':

negative velocity éradients"hetween“400 and 480 km depth.

3.3.2 éhear Wave Shadow Zone

To further study these possibilities, it is necessary
hto examine the characteristics of the shear wave shadow-.
zone observed for surface events. fThe existence“of the
shadow zone has been noted in Toksdz et. al (1974a) and
Nakamura et al. (1976) ) The optimal -way to approach this
is to construct a record section of the short—period ver-'
tical records, for two reasons. First, even thoughnthey-
~ measure the vertical component '0of ground motion, there is
significant shear wave energy present, primarily as a result

of scattering effects. Sedond, the rise time of the shear



207
wave envelope is shorter on the short-period records than on
the long-period records, as mentioned in Chapter 1, thus mak-
ing the onset of the shear wave enexrgy envelope easier to
see.

The resulting record section plot is shown in Fig. 3-5.
Unfortunately due to the necessary reduction to page size
not all of the traces are clearly visible; expanded versions
of each trace are shown in Figs. Al-5 and Al-10. The dis-
tance in central angie is given for each record as calculated
from the locations given in Table 3-8. (Table 3-2 could also
have been used; the event epicentral distances vary by at
most 2-3° for all the structural models used in the previous
section, including those with velocity gradients in the upper
mantle.) All available records from HFT events are included
Since they produce the largest shear wave amplitudes, along
with the four impact events that preduce any records beyond 90°
distance. The other four impacts are all within 90° of
all stations and so do not add any information concerning
the shadow region. The impact records are marked by dots
in Fig. 3-5, and the source and receiving station for each
trace are listed in Table 3-13.

The arrows mark the predicted shear wave arrival times,
which are aligned on thé section (rather than the origin
time). Up until about 85 degrees, with only a few possible
exceptions every trace shows a distinctive shear wave

envelope at the expected time. Beginning with the records
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at 86°, the envelope onset begins to be }ess pronquced on
a few records, and past 96° little shear wavé envelbpg is
visible at the expected time. The triangles mark the expected
‘onset of the SS surface-reflected phase, and several of the
more giStant tecords.show a gorrééponding envelopé, This
., -can be'seen mére clearly -for example in Fig. Al-10a (at
‘statién 15 S is expected at abﬁut‘minute 67.5 and S8 at
minutg 69.3), -and in Fig. Al-=10c {(at station 14 S expected
‘at minute 56.8, SS at 58.3). Thus it seems that there is 1n“l
fact a substantlal loss of shear wave amplltude beglnnlng
dat about 90° % 10°, the large error bars being due td the
formal errors in event locations combined with'tﬁe~uncer—
taihty observed in Fig. 3—5.- The delayed envelopes thét-ap-
pear. on records beyond 100° seem to often represent the SS
'Eurféce{iéflectioﬁhéffi&all

'?Thié can’be ftrtﬁef studied by éxamining the long-
périod records £6r soutce-receiver pairs onitted from Fig.

' 3-5, i.e. the ‘twelve reécords at station 12 where the-SP
tﬁstfuﬁent'is'inoperative and four records from other stations
where the SP ‘record was not retrlevable from the data tapes.
7Thls can be done by examining the plots Ancluded in Appendix
1, and the results are summarized in Table 3-14. In addition

-the lqng—period records corresponding to'the shert-period
t;éces in Fié. 3-5 have been examined. The observations
generally confirmfthose.seen on the short-period'récbfds,

implying.a-shear wave -‘amplitude loss beginning.at about 90°
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distance.

There two mechanisms which can account for the loss of
energy in the seismic shear waves from surface events. Ve-
locity decreases with depth spread the seismic rays arriving
at the surface. If the negative velocity gradient approaches
Or exceeds the critical value, then little or no energy is
returned to the surface over a certain distance range {ex-
cept diffracted energy not considered in ray theory). This
relationship is quantified in the next section. The other
mechanism is an increase in attenuation with depthf SO
that rays will be more attenuated as they bottom at
greater depths and reach greater epicentral distances (as-
suming a prograde travel timg curve) .

The characterigtics of the lunar shadow zZone suggest
that both of these mechanisms are operating simultaneously.
First, the onset of the shear wave amplitude loss appears
to occur in a small range of distances, in the sense that
most records (especially those of HFT events) have either
a clear shear wave envelopé or only little or no shear wave
expression. This is true for both long-period and short-
period records. Of course, in view of the formal location
uncertainties given above, and the relatively small number,
and variable guality, and signal-to-noise ratio of the seig~—
mograms it is difficult to ascertain the precise character-
istics of the amplitude loss onset. Nevertheless, to date

no clear-cut transitional records have been obhserved.
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This suggests that there is a veloc1ty decrease that approaches
the. critical gradient, creatlng at least a small region of
low shear wave -amplitudes that begins rather sharply beyond

fa critical distance. Even a sudden attenuatlon 1ncrease at

some depth would only gradually affect the shear wave envelopes
b

.. as the rays penetrated deeper into and therefore traveled.

further in the attenuating zone. (This assumes that the at~:
tenuation increase is not excessive, based on the fact that
the deep moonquakes apparently occur w1th1n the attenuatlng
region and yet produce clearly observable shear waves. ' This
is’ discussed below.)
_ A velbcity'arop then typically ‘produces a shadow zéhe
5§'1inited extent. For'ExampIe,'the‘inversioh‘moaels"ﬁsed:
that had a shear wave valocity drop fron'ﬁs ="4.45 km/sec to
'lv*5="@.20mkm75ed at'atsaﬁ*km beundaryiwbhid“produce'a
geonetrlc shadow’ zone from orily 90°¢ to about 107° dlstance.
A negatlve veloc1ty gradient that ig near ‘the critical value
dv/V ~ dr/r becomes non-critical rather quickly as the °
radius decreases, unless the negative'telocity gradient in-
Creases proportionally, and thus typically gives an even .
‘smaller shadow reglon.- Figure 3- 5 1nd1cates that the shadow
Zone reaches to, at 1east 14p°, and so-dit. is likely- that: there
1s,an attenuation increase along w1th'theFVelocity‘decrease
.se that theArays receivéd beyond ‘the shadow zone will be
attenuated as +a- result of thelr extended travel path in the

_.reglon below the velocity decrease.
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Thus it appears that a fairly sharp velocity decrease
and an attenuation increase for shear waves at some depth in.
the lunar mantle are implig@ by the short-period record
section;- the resulting low-amplitude zone must begin no
closer than ‘about 90° (source~receiver separation). This.
last feature is required by the short-period record section,
"which is relatively independent of velocity model.assumptions,
énd by the surfaée event inversion résults which show that
a shadow zone beginning before 90° encompasses a significant
number of clearly observed shear wave arrivals-when the
final best event locations are obtained.

. The next step is to relate the average velocities ob-
tained from inversioq of arrival time data, the tentative
mantle boundaries identified by reflected surface event
waves, and the constraints provided by the existence of the
shear wave shadow zone. There are basically two models that
will satisfy all of these results.

1) If the 480 km boundary in fact represents the sharp
velocity decrease, then the”upper mantle shear wave velocity
.gradient must be nearly zero (i.e. a constant-velocity upper
mantle) so that the shadow‘zone from this veloéity droQ will
commence at 90° distance. The upper mantle velocities will
then be V? = 7.7 km/sec, v, = 4.45 km/sec, and the lower
mantle veloéities’Vp’=.7.6 km/sec and VS = 4,2 km/seg. As
mentioned before, there may be no P wave velocity'decfease.

2) If the 400 km interface indeed exists and represents
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the beginning of the shear wave velocity decrease, then the
upper mantle must have a qegétive velocity gradient so
that the rays bottoming impediately above 400 km will reach
90° distance. The requlred gradient is about -6 x 10 -4
km/sec, to satisfy the requlred average shear wave velocity
a profile with VS = 4 57 lmmedlately below the crust to.

4.37 at 400 km depth is appropriate. The accompanying

P wayelvelocity‘profile may decrease from 7.75 tq 7.65,

;till satisfying the averége upber mantle P wave velocity
required by the arrival time data. Between the 400 km and
480 km boundaries the shear wave velocity decreases sharply,
possibly in a series of two or more steps which would produce
the observed reflections. Since the structure of such a

zone is iikely to be complex, in‘the absence of more detailed
information it is appropriate to model it ‘as a smooth tran-
-sition zone from V_ = 4.37 km/sec at 400 km to v, = 4.20
km/sec at 480 km, while noting that veiocity discontinuities
of some sort at the upper and lower interfaces are probably
required by the observed reflected phases. The overall
gradieﬁt is then 2.1 x 1073 km/sec/km, or about 64% of the
critical gradignt. This is sufficient to produce an ef-
fective shadow zone from 90° to about 110° (discussed below).
The P wave velocity could decrease a small amount also, from
7.65 km/sec to 7.60 km/sec, satisfying the average velocity
reguirements while producing essentially no shadow zone for

P waves (the negative velocity gradient is only about 10%
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of the critical value).

This second model is slightly preferred because a) it
includes the 400 km interface and b) the possible P wave )
velociﬁf drop cén be accomodated easily without creating
a significant shadow zone. The velocity profiles are shown
in Fig. 3-6 as a Ffunction of -depth and approximate pressure
(the pressure and relation to. terrestrial velocities are
discussed in Chapter 5), and the actual values listed in
Table 3-15. This niodel satisfies the évgrage Veiocity
values required by the arrival time data inversions, the
tentative mantle interfaces, ;he onset point of the surface
event shear wave amplitude loss, and the absence of any
observable P wave shadow region:. In addition, it satisfies
the observation that the velocity drop must occur abeve

560 km depth to avoid ereating shadow zones that interfere

with the observed moonquake arrivals:

3.3.3 Amplitude vs. Distance Curves

The final step is to examine the quéntitativé impli-
cations of these models on aﬁplitudes over the entire dis-
stance range 0° to l40°; including the effects of énelastic
attenuation, thus quantifying the above discussions. In
order to do,th%s it is necessary to obtain some estimétes
" of the attenuation at varioﬁs Hepths-in the mo&n. The
quantity of interést is the qua%ity factor.Q as defined

and discussed in Appendix 2. On the basis of diffusion
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modellng of the 'scattering zone, the crustal Q and Q are
about 5000 (Dalnty et al., 1974a).- Nakamura,et al. (1976b)
report 51m11ar values. The Q structure .of the lunar mantle
has been studied by Dalnty et al. '(1976) and Nakamura et al
(1976a), both . papers use a - 51mllar technlque (also*used )
terrestrlally, ¢.f. Solomon and roksoz,‘1970)m. Bas;cally,
the anaiysis assumes that Q values are constant in-each
layer of lunar structure, and "“then an approximate estimate
of Q for a layer can be extracted from the slope of a plot
of log (Az/Al) vs. frequency, where A2 and Al are the ob*
servea amplltudes of - two rays that bottom ‘at different depths
in: the layer.

ﬁainty et al. (1976) applied thlS technlque to: five -
natural surface seismié events, analy21ng a’ total ‘of nine
selsmogram palrs {naturally.only records from the same event
were compared in‘order to elimiriate source effects on the
spectral content of the seismograms; the frequency response
_of the SP instruments at dlfferent stations 1s assumed to be
the "same).. The slope values were'computed by ﬁlttlng a- best
straight line to :thé smoothed ratiohofitheeEourier aﬁplitude'
spectra, calculated from the first two minutes of P wave coda
on the SP seismograms.' (The peaked response LP records
do not have a large enough bandwidth to permit a useful
slope. value to be measured.) Aan example is shown 'in Fig. 3-7.
The primarf conclusion from this work is that there is a

marked Q decrease for records beyond 90° to 100° distance,
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in excellent agreement with the above discussion suggesting
that a low Q (high attenuation) region is required to ex-
plain the continued sheai wave shadow zone. Furthermore, the
distance range indicated suggests that the Q decrease roughly
coincides with the velocity decrease. The actual values ob-
tained are Qp ~ 5000 in the upper mantle, and Qp ~ 1500 for
the lower mantle. In view of the necessary assumptions and
scatter in slope values, error bars of about 20% are given.

Now these are @ values for compressional waves; it is
not a simple matter to deduce the corresponding wvalues for
QS. If all attenuation occurs as a result of shear anelas-
tic losses, i.e. the bulk attenuation factor QB igs ®, then
for a Poisson solid Qs = 4/9 Qp {(Knopoff, 1964), giving
QS values of about 2200 and 700 for the upper and lower
mantle regions, respectively. However, it is entirely pos-
sible that the above assumption is not corfect. Another
estimate of the shear wave Q values has been obtained by
Nakamura et al. (1976a). The method used is essentially
the same as described aboﬁé, except that 1) each slope is
calculated from only two amplitude ratio values (one at
1.0 Hz and one at 8.0 Hz, and 2) the amplitudes were ob-
tained from the section of the seismogram dominated bv the
shear wave coda. The values obtained are QS = 4000 and
QS = 1500 for the upper and lower mantle regions, but error
bars are probably larger than for the previous study (say

30-40%) since only two points were used to obtain the
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_-spectral'ratio:slopes. (For example, -the p0531ble slope
varlatlons obtalnable in Fig. 3-7 by choos1ng dlfferent
_palrs‘of.pornts_are qulte_large.)

In order to obtain hopefﬁllf representative values for .
Qs the above two sets have been averaged. The appropriate

formula is

1 1.1 1
5= Fls + =
Qs 2‘Ql Q2

thus: averaglng the energy loss per cycle, the- resultlng
values ‘are’ approx1mately 3000 ‘and’ 1000’ for the” upper and
lower mantle. (Note that this value of Q for the- lower
mantle is still quite hlgh by terrestrial standards: for a
moonquake at llOO km depth the resulting attenuation'of;the
shear wave at 0.5 Hz in the loWer mantle is 6nly:20% in‘am-_'
plitude. The attenuatlon at 2 Hz, however, is about: 60%,

at least 1n part accounting for the lack of" moonquake energy
seen on the short-period records ) The complete Q model
.used in this’ thes1s is summarlzed in Table 3= 16. The'values
are llsted by reglon only,,the depth ‘of the Q decrease along
with- the ‘major shear wave veloc1ty decrease is dependent on ‘
the bottoming depth.’ of the seismic waves and- thus on the
veloclty gradlentSnln‘the upper. mantle. - As-mentioned‘above,
though the Q and velocity decreases,appear to roughly coin-
.¢1de no matter what upper mantle velocity structure is
.chosen; this is because in general the:same surface .event

recotrds which show the onset of the shear wave shadow zone
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also indicate the decrease in Q.

The only quantitative surface event amplitude data as
a function of distance that is available is given in Naka-
mura et al. (1376a), Figure 1. They show a series of points
from 3° to about 160° distance that represent the amplitude
measured on the long period records (Z component for ALSEP
12 and Y component for the other stations) near the signal
peak over a small rande of frequencies. HPFT's meteorite
impacts, and artificial impacts are all included. Theré are
several assumptions involved in constructing the resulting
amplitude vs. distance plot which should be noted.

1) Since the amplitude is measured at the signal peak,
it represents the amplitude of whatever wave coda is dominant
at that point. As we have seen, in general for distances
closer than 90°, this is usually the shear wave, although
for impact events the P wave contribution is probably more
significant»and so the "apparent" Swave amplitude will be
lérger thathhe true value. Beyond 90° it is likely that
the measured amplitude value represents predominantly the SS
surface reflected phase, along with smaller contributions
from the P ‘wave coda, secondary wave codas, and what little
direct 5 wave coda is seen. The SS arrival can be seen for
instance in Fig. 3-5 on the SP traces beyond about 100°,
and on the LP records in Figs. Al-2b (stations 12, expected
S5 at about minute 66), Al-2f (station 12, SS expected ~minute

11 and 55 seconds), and Al-7c (station 12, SS expected
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at minute 59 and 10 seconds) , all of which were recordea
‘beyond 90° distance. In addition, the SS phase is occasion-
ally seen at closer ranges superlmposed on ‘the dlrect S wave
coda (Flg. Al-~2g,. statlon 12, s8s at mlnute 12 and 55 seconds),
. and so may. blas the amplltude measurements at close dlstances
also. Con51der1ng these caveats, then, the. measured ampll-
tudes from the 51gnal peaks are assumed to be roughly pro-
portlonal for a glven event to the dlrect S wave amplltude.
up to 380° dlstance, where the true shear wave amplltude
décreases markedly and the measurements may repreSent Ss or
other phaSes.

2) The"resultihg values were theh corrected for‘dif—
ferential station sensitivity, using vilues -estimated from -

- amﬁiitude‘ratios“for a lafge nuﬁber‘oétsignalsL: To the
extént that these corréctionsEare approximate further possible-
errors are introduced into the data. ‘ ‘

‘ 3) Flnally, the pr1nc1ple of" smoothness is used to -
overcome the effect of source energy varlatlon and match the 7

\sets of at most four amplitude values to a srngle level.
'In-prlnc1pie, thls is a valid approach, but in practice

‘errors iﬁ-the~relative amplitude values'for a-given event
will tend to propagate through the curve ;to further .distances
as the smoothness- pr1n01ple 1s lnvolved iteratively. This
can be more or less. serious dependlng.on the amount of over-
1ap:achieved‘byrthe various data sets {maximum distance.

range- for any event is 39?, the maximum station separation).
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Despite all these assumptions and possible sources of
error, it is probable that the plotted points (shown in Fig.
3-9) are roughly representative of the shear wave amplitude
curve out to 920°, gt least within the 5-7 dB (linear factor
of 2) scatter shown. Therefore, it is appropriate to see how
well our proposed velOCiéy and Q models fit the amplitude
data. =j S ‘

In order .to calculate the theoretical amplitudes over
the distance range-SQ to about 140° (the region beyond‘l40°l
is considered in Chapter 4) it is necessary to use the
detailed ‘crustal velocity model as shown in Fig. 2-7 (and
listed in Table 4 of Toksbz et al. (1974a)), rather than the
simplified two-layer model used previously. In fact, the two-
layer model produces very similar results -but for the sake |
of comp;etenegs the detailed structure is appropriate. The.
programs usgd are Qgscﬁibed in Appendix,2{ and they considef
onl? the_gffeéts of ray-tube spreading and anelaétic attenu-
ation on tﬁe amplitude vaiues. As mentioned therein, tréns-
mission coefficients at tﬁé various interfaces do not con-
tribute a siénificant effect.

The first step is to calculate the expected amplitudes
for near distanceg where the arriving waves bottom in the -
crust; these values will be.the same no matter what mantle
velocity model is ﬁéed. Since the observed data poiﬁts in
Fig. 3-9 begin at about 3°, we are interested only in the

amplitudes “beginning with rays bottoming in the lower crust-
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(see Figs. 2-1 and 2-3).

The calculated amplitudes on a linear but arbitrary
scale are shown in Fig. 3-8 as the solid and short-dashed
line. | (The dashed lines represent regions where ray theory
is not adequate and are approximations to the true c¢urve.)
They begin at about 2° falling from the amplitude of the last
sub-critically reflected wave from the upper-lower mantle
velocity'increase. The ensuing solid portion gives the low
amplitudés of waves bottoming in the lower crust, followed
- by the retrograde high amplitude arrivals of the reflected
wave from the base of the crust. The last portion that ends
at the outward pointing arrow is the amplitude of waves re-‘
turning from immediately below the crust in the upper mantle;
‘the ‘values are of cotirse somewhat dependent ‘on the velocity
in the upper mantle (actually on the proportional velocity
increase acéoss the crust-mantle Soundary) but as discussed
below for reasonable models the amplitude levels vary only’
by 10%. Now all of these waves arrive within at most 15 to
20 seconds of each other, which is a small fraction of the
rise time observed for seismic arrivals on the moon (typicallyl
5 to 10 minutes). Thus the amplitude as measured at the sig-
‘nal peak will -include contributions from all three arrivals,
and should reﬁresent approximately the square root of the
sum of the arriving energies.

This quantity is shown by the long-dashed curve in

Fig. 3-8. It is smoothed somewhat over the sharp amplitude



221

discontinuities produced from ray theory, particularly in
the range from 25° to 30° where the end of the crustal con-
tributions is continued smoothly into ‘the mantle amplitudes
at 30°. This curve tﬁen is the theoretical amplitude dis-
tribution that should be fit.to the_observed data between 3°
and 25° distance.

Fig. 3-9a shows the data points measured by Nakamura
et al. representing the shear wave amplitude profile with
distance. The solid line is the theoretical amplitude curve
predicted by the model described above with a shear velocity
drop at the 480 km reflector and a constant velocity in the
upper mantle. The part of the curve between 5° and 25°*30¢
is taken from Fig. 3-8, as discussed. As can be seen, the
fit out to 90° is excellent; the relative level-qf crust
phasé amplitudesrand mantle phase émplitudeé is correct.
At 90° the expected gepmeérig shadow zone occurs, extendiné
to about 107°, From about 107°-109° distance there is a sharp
amplitude spike caused by the turning point of the T-A curve
(see Fig. A2-1) and the resulting confluence of rays. The
. magnitude of the spike is partially an artifact of ray theory,
and the narfow distance range and true. wave nature of seismic
arrivals make iﬁ‘uniikely that it woulé‘be observed with.
the present rathe£ ‘sparse coverage of amplitude measuremenés.
Beyénd 110° the amplitudes are low as a resﬁit of the @ values
(Q. = X000 in the lower mahtle,'significantly lower than the

S

data points, confirming the view that the measured amplitudes
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beyond 90° represent és and other7COntributionsu The predioted
‘amplitudes beyond 30°areeaown by factor .of 2 to 4 from:the
arrivals in the 30°;90° zone, which is suffidient to acconnt
for the observed absence of strong shear wave arrlvals beyond

o f

the geometrlc shadow zone. (>110°). Furthermore, the model
used has . a constant shear wave veloolty proflle in the 1ower
mantle reglon, it is 90551b1e {and perhaps likely if tem—
peratures are' increasing) that the gradient is somewhat_nega—
“tive, which would decrease the amplitudes in the‘110°—l40°
range even further. ﬁowever,fwe have no ‘constraint on this
-gradient except for the average Velooity value as determined
fron the arrival time'inversion-ana so it i$ not included
'in'the amplitude daicqiations;

.Fig.'é-éb'shons axsimilar'ﬁiot forfﬁﬁel“transrtidn‘Eone"
hﬁdel”described{ab6velwhich includes boundaries at both 400
_and 480 km with- a sharp ve1001ty decrease between them. The
velocity- model for this casé is shown in Fig. 3-6. The '
agreement between the predlcted and observed amplltudes ‘at
distances less than 90° is not gquite as good as the prev1ous
figure, but Stlll pexrfectly- adequate in view of the scatter lnu
the’ data and the uncertainties discussed above. -Beyond 90°
there is not an- absolute shadow zone, but rather a sharp
ve}ocmty minimum between 90°.and1100°;-followed adain by-a
. very narrow spike, and-then decreasing velocities out to
140°. As before, the amplitudes between 100° and 140° average

.about 1/2 to.l/3-of those between 30° and 90°, and may be
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decreased still further by a negative velocity gradient in
the lower mantle.

Finally, it is interesting to compare these results with
those of the latest Galveston lunar velocity model given in
Nakamura et al. (1976a). -In order to do thisg, the same crustal
model is used (it is very similar to the Galveston crustal
model), and the mantle velocities are .measured from Fig. %
of Nakamura et gl; (1976a) .- Unfortunately these values are
only approximate because the paper does not include a tabile
of velocdities. T?flehQS values reported by them are also used;
the values are menfiéned above. The résulting curve is shown
in Eig. 3-%9¢. It is immediatély.obvious that the predicted
mantle amplitudes are far too low relative to the crustal
amplitudes. .The source of this discrepancy is the steep
negative veﬁocity gradient (-13 x 10_4km/sec/km) required in
the upper,méntle in order to‘énable the rays bottoming im-—
mediately above 360 km. depth to.feagh 90° distance, at 300 km
begins a sharp velocity decrease which préduées the amplitude
loss shown at 90} in Fig. 3-9¢. For comparison, the velocity
gradienﬁé in the upéer mantle of the models for Figs. 3-9a
and 3-9b are 0 and -6 x lO_4 km/sec/km .respectively. ‘As can
be seen, the amplitude level between 50° and 90° relative to
the crustal phase amplitudes decreases systematically from
Fig. 3-9a through Fig. 3-9¢, in direct response to the in-
creésing ﬁegative.upper mantle velocity gradient, Wﬁich

increasingly spreads the rays traversing the region. "Thus
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the amplitude data seem to imply that the maximum negative
velocity gradient in the upper mantle is about -6 x l()-4
km/sec/km, and given the fact that the shear waveé amplitude
loss onset is near 90°, this constrains the sharp veloc1ty
decrease responsible to be no shallower than 400 km depth.
This is an important constraint, and it is gratifying that
our models proposed from independent data are in close agree-
‘ment.

It will be noticed that Nakamura et al. (1876a) do in
fact present a theoretical amplitude curve that agrees with
the above data points. It is very similar to the curve
shown in Fig. 3-9c; the difference lies in that they fit the
measured amplitude values. between 5° and '20° to the predicted
. amplitudes of the rays bottoming in the lower crust. The
much larger amplitudes expected from the sub-critical reflec-
tion at-the base of the crust are ignored, the line represent-
ing these is drawn well above all observed data points. This
alignment does permit the mantle phase amplitudes (30°~390°)

to fit £he data (essentially the whole curve in Fig. 3-%c¢
is shifted up by about 6 dB relative to the data), but only
as a result of improperly fitting the crustal arrival ampli-
tudes. |

Nakamura (personal communication) has suggested that
the discrepancy may be regolved by varying the magnitude-.of
the velocity jump at the crust-mantle boundary. As expected,

the net effect of varying the velocity increase from .7 km/sec
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to 1.1 km/sec with a variety of absolufe velocity values pro-
duces a maximum relative chaﬁge between crustal and mantle
amplitude levels of about one dB, an insignificant amount.

As asserted above, the velocity gradient in: the upper mantle
is the principle controlling factor. A Ffinal difficulty with
the curve shown in Fig. 3-9c¢ is that the:amplitudes between
115° aﬁd 140° are quite high, only about 30% below those

for the.30°—90° range, implying that more shear wave ampli-
tude should be observable at far distances fﬁan is in fact
the case.

“Lln spite of the above difficulties and the inherent and
potentially large uncertainties in the observed amplitude
data curve, Nakamura et al. (1976a) use the velocity gradient
in the upper mantle (-13 x 10 2 km/sec/km as derived from
the amplitude vs. distanée curve) in‘conjunction with the
observed shadow zone onset at 90°, to obtain 300 km for the
depth of thg sharp velocity decrease. On the basis of the
above discussion, .this value must be considered suspect;

& more reasonable estimate from the amplitude data is 400 km
~to 500 km, in agreement with the obéerved reflected phases
mentioned above. |

. Finally, the é wave amplitude curve was calculated for‘
the curve shown in Fig. 3-6. Although there is no gualita-
tive data available for comparison, the resulting predicted
.amplitudes'ére reasopable, showing a-slow, smooth decrease

. as a function of distance.with only minor perturbations caused
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by the small velocity gradient variations in Fig.- 3-6. There
is no region of decreased amplitudes.

In summary, the final preferred velocity model for the
lunar interior is as shown in Fig. 3-6 and listed in Table
3-15. The upper mantle extends from 60 km to 400 km depth
with negative velocity gradients of 3 x 10-4 km/sec/km
‘{~6% of critical value) and 6 x 10_4 km/sec/km (~20% of cri-
tical -value) for P and S waves, respectively. The average
yalues are VP = 7.7 km/sec and Vs = 4,45 km/sec. From 400 km
to 480 km depth the gradients increase sharply to 6 x 10™%
xm/sec/km (~10% of critical) and 21 x 10*4 km/sec/km (~64% of
critical for P and S, creating an effective shadow zone for
shear waves. Below 480 km to the depth of the moonguakes
(éOO kﬁ - 1000 km)}-the average velocities are Vp = 7.6 km/sec
and Vs = 4.2 km/sec, with decreased Q values as given in
Table 3-16.

The uncertainty in the average velocity values are as
listed above. Additional uncertainties are 1) the transi-
tion zone ma& well be more complex and contain step decreases
in velocity rather than a smooth gradient, especiallf in
view of the observed reflected waves -which suggest zero-
order discontinuities, 2) the 400 km interface is only
weakly constrained and the bulk of the shear wave velocity
drop. may occur at 480 km depth, and 3) the f wave velocity
may be essentially constant throughout the lunar mantle.

Nonetheless, the main and important features of the velocity'
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model are ﬁell‘cbnstrained and éatisfy all the available luﬁar
seismic data.

The final tﬁo figures 3-1l0a and- 3-10b show the seismic
ray paths of waves from a surface event and a deep moongquake
(900 km depth). The crust-mantle and transition zone boun-
daries are shown. The structural and compositional implica-

tions of the results in this chapter are discussed in Chapter

5.
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Table 3-1

Starting locations and origin-times:
for surface event inversion

Starting Model

Event Origin Time
Yr Day Colatitude {(degqg) Longitude (deg) (sec}* '
72 134 88.8 -16.2 -18.6
%2 199 55.6 147.4 -387.9
72 213 1 54.3 4.8 -53.8
72 324 26.5 -39.8 -171.3
75 102 86.6 . 36.7 -121.4
75 124 120.1 -125.1 ~36.4
76 25, 94,9 ' -69.6 ~195.9
77 107 109.4 ~59.5 ~-156.6
73 72 165.2 -150.9 -272.7
73 171 84.1 ~63.0 -166.6
74 192 73.8 ' 87.2 -289.6
75 3 : 60.1 '  -90.0 ~272.2
75 44 104.4 -21.6 -62.9
76 4 : 51.9 27.8 -106.0
76 . 66 | 43.3 ~22.5 , -145.8
76 68 105.3 -11.5 . -38.4

*Relative to reference times given in Tables 1-4 and 1-5.



Event
Yr Day -
72 134
72 199
72 213
72 324'
75 102
75 124
76 25
77 107
73 72
73 171
74 192
75 3
75 44
76 66
76 éa

¥

*Relative to reference times

Table 3-2

surface event 1nver51on

. Starting Model

Colatitude (deqg)

228

Final event locations and orlgln tlmes for

Origin Time
(sec)*

88.9+0.7
56.3+6.0
54.2+1.5

24.7+2.7

87.2+1.9

123.645.4
196.5+2.7
104.5+4.4
163.448.5
(173.1%2.4)
84.2+3.5
74.9+4.4
62.8+5.9
104.9+1.5
41.742.2

106.0+1.6

Longitude (deg)

~16.3+0.8
129.4+7.3
5.6+2.0

-43.8+410.5

. 38.7+2.7
-124.5+6. 4

~71.242.6

~56.0+9.2

~166.9+14.9
(-139.0%21.1)

~64.8+3.0
95.7+9.2
-106.7+4.2
~20.1+1.9
-23.5+2.0
~11.8+1.0

given in Tables 1-4

~18.04+2.4
-366.5+12.6

~54.6+8.24
~178.3+16.3
~127 6411, 1~
~343,9+13.0
-201.0+12.3
~140.0+32:0
~314.7+18.7
(-292.979.6)
~171.9+12.4
~312.8+20.0
-273.1+12.8

~57.3+9.5
~151.2+10.7

-40.446.7

and 1-5,


http:54.6+8.24

" Wave

Type

Toﬁal

Table 3-3

Importance of data to surface event inverse:
solutipn;_grouped by station and wave type

Staéion - Ave;age:pép
12 . 14 15 16 All data point
5.381 4.667 11.297 10t572 32.417 0.569

~

12.489 7.032 16.745 13.724 50.0° - - 0.595

230 -
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Table 3-4

Comparison of the final fit to the HFT data as a function
of average source depth

‘HFT average depth (km) fit to data (Uéz in secz)
‘ 0 31.67
i5 32.90
30 T 34.02

100 36.15
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Table 3-5

Sharting locations and origin times for moonguake inversion

Focus Colafitude -Longitude Depth Origin Time (sec)?
(deg) (deg)

Al 1060.5 -26.6 805. 3 -101.0
Al5 96.1 3.2 912.9 -95.5
Al6" 83.5 2.8 928.9 -128.0
al7 68.6 -16.7 754.7 -124.9
Al8 71.6 20.7 854.2 -92.1
A20 . 72.1 ~22.6 §77.3 | -141.0
A27 - 73.3 11.1 912.9 -91.1
a30 80. 2 -24.2 836.4 - -97.7
a3l 76.1 7.9 1127.0 -156.0
A32 72.6 18.8 782.2 -96.5
A33  79.4 83.1 ©1094.0 ~199.0
a34  83.2 -5.7 849.8 -88.7
A36 46.9 -4.2 1016.0 -93.8
A40 89.9 -9.3 805.0 -70.6
Adl - 68.38 -36.3 . 790.9 " -100.8
A42 70.9 ~35.7 949.3 -103.0
244 36.8 20.9 968.0 -117.9
a45 102.1 -28.0 927.1 -113.0

A46 100.5 ~26.3 B41.8 -73.1
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Table 3-5 {(cont'd)

Focug Colatitude Longitude Depth Origin Time (sec)
(deg) (deg)

A50 81.2 -39.9 872.9 -106.0

A51 81.4 11.7 769.8 -79.0

A5% 81.4 -25.2 736.0 -57.5

ABl 66.9 37.7 . 868.0 -203.0

262 50.4 40.1 963.5 ~137.5

*Relative to reference times in Table 1-6.



Table 3-6

. Colatitude Longitude
?pcus (deq) (deqg)

Al 103.2+1.9  -31.1+2.6
AlS 99.6+2.8 4.4+1.4
al6 83.5+1.3 2.3+1.3
al? 66.5+1.6 -19.1+1.9
Als 68.9+1.8  26.2+3.0
A20 69.3+1.8 ~28.5+3.3
A27 70.4+2.0  14.6+2.5
A30 79.3+1.3  -28.6+2.9
A3l 76.6+3.3 7.5+2.2
A32 73.2+1.2  17.8+1.8
A33 83.6+2.8  109,0+5.7
A34 ©82.7+1.2  -6.8+1.4
A36 © 32.645.5  -9.4+4.6
A40 90.8+1.3 .-10.6+1.3
a4l 67.2+1.5 ~37.5+3.0
A42 68.1+2.0 -45.5+4.6
A44 45.6+2.7  44.2+5.8
A45 105.942.6 ~-34.8+3.6
A46 102.642.1  =-30.5+2.7
a50 80.8+1.5 ~47.6+3.8
Asl 13.9+1.6

80.9+0.9

- Fipal locations and origin times for moongquake

Depth
840.2+24.9

1012.7+51.3
1029.9+49.0

786.3+34.2
913.0+33.2

942,1+32.8

989.8+49.6 -

884.0+34.1

1101.3+58.8

760.3+38.7

997.0+118.8

933.2+54.¢9

1049.8+33.9

869.0+39.3
707.0+42.5
973.9+35.3
943.2+43.0

'957.0+27.7

873.8+25.7
875.7+35.2

830.6+38.4

234

inversion

Origin Time¥*
(sec)

-111.2+6.9
-108.7+10.7
~140.447.8
~131.646.6
-104.7+7.9
~153.3+8.2
-101.2+9.7
~106.0+7.7
-154.0+10.8
~94.4+6.6
-247.8+16.4
-94.7+9.5
-116.6+12.3 .
~77.7+6.9
~111.7+8.7
~117.0+8.9
-124.5+10.9
-123.9+7.9
-79.5+7.2
-117.0+7.9

~86.,7+6,4
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Table 3-6 (Cont'd)

Colatitude Longitude Origin Time
Focus {deqg) {deqg) Depth (sec)
AS6 8l.5+1.0 -23.9+2.2 715.1+40.4 ~55.5+8.4
A6l 67.9+1.8 35.9+4.1 847.4+38.6 -189.2+12.0
a62 46.6+2.4 53.2+6.1 955.3+49.5 -149.9+11.2

*Relative to reference times in Table 1-6.



Wave
Type

Total

Table 3-7

236

Importance of data to mooonquake inverse solution,

grouped by station and wave type

Station
12 l4 15

Average per

3.718 10.112 9.665
10.463 13.134 22.317

14.181 23.246 31.982

All data point

6.355 29,850 0.597
22.229 68.143 0.757
28.584 98.0 0.700



Table 3-8a

Final locations and origin times for
all events from joint inversion

*Relative to reference

Yr Day Colatitude (degq)
72 134 88.9+0.6
72 199 56.9+4.4
72 513 53.4+1.4
72 324 23.7+2.2
75 102 87.0+1.5
75 124 123.0+4.4
76 25 96.8+2.2
77 107 105.4+3.4
73 72 {161.8+6.2
73 171 84.0+2.8
74 192 75.2+3.5

75 3 65.1+3.7
75 44 105;211.2
76 4 44.7+2.0
76 66 41.1+1.8
76 68

106.1+1.3

Surface Events

Longitude (deq) Origin Time (sec)*

237

i

-16.1+0.6
130.8+5.7

5.6+1.6

-47.0+8.9

39.2+2.3
126.1+5.1
-72.4+2.1

~59.5+7.1

168.3+10.8
-65.6+2.5
98.1+6:6
112.4+5.4
~20.4+1.5
29.6+2.0
-24.1+1.7

-11.6+0.8

~18.8+1.9
~376.2+12.1

~59.7+7.3
~187.8+13.7
~132.2+9.3
-353.8+12.4
-209.4+10.4
~155.0+24.9

~325.0+16.0)
-178.6+10.5
-324.8+17.8
-291.4+14.7

-60.4+7.8

-130.6+10.1

-156.2+9.0
-41.8+5.4

in Tables 1-4 and 1-5.



Final locations and origin times

Table 3-8b

for all events from joint inversion

Moonquakes
Colatitude Longitude
Focus {deg) (deg) Depth
al 102.9+1.9  -30.5+2.1 837.8+26.2
Al5 99.2+3.1 4.3+1.8 1003.4+54.9
Al 83.511.8 2.2+1.6 1019.6+43.3
Al7 66.8+1.5 -18.8+1.8 783.7+44.3
Als 69.2+1.8 25.6+2.2 907.9135.2
A20  © 69.6+1.8  ~27.8+42.7 936.3+34.8
a27 70.7+2.0 14.242.5 982.8+59.0
A30 79.4+1.6  -28.0+2.5 879.5+41.2
A3l 76.8+2.8 7.3+2.7 1090.5+60.9
. A32 73.4+1.3 17.5+1.8 756.8+50.0
as3 . 83.3#3.6  107.4+4.4 1006.9+109.4
. A34 82.8+1.6 -6.7+1.7 925.1+63.4
A36 34.0+4.1 -8.9+5.3 1048.0+33.4
A40 90.7+1.6  -10.5+1.4 862.6+43.6
a41 67.4+1.7  -36.9+3.0 708.7+45.9
a42 . 68.442.3  -44.543.2 972.4+40.4
ad4 46.2+2.5 42.9+4.4 943.6+32.7
2453 105.5+2.6  -34.0+2.7 963.5+34.9
Ads 102.3+2.2 -29.9+2.1 870.8+29.2

Origin Time*

{sec)

-111.4+46.5

~108.6+11.5

-140.3+7.3
~132.2+7.8
~104.7+7.3

-153.1+7.4

-101.3+11.5

~106.2+8.5

~153,7+11.7
-153.7+11.7
-245.7+10.3

-97.7+11.2

. -115.6+9.4

~78.2+7.6

-112.3+11.3

-116.8+8,7
~123.7+9.0
-124.0+8.5

~79.6+7.2



Table 3-8b (Cont'ad)

A50

A5l

A56-

A6l

A62

*Relative to reference times in Table 1-6.

80.8+2.1
81.0+1.2
81.6+1.4
68.2+2.0

47.1+2.5

-46.8+2.8
13.6+1.5
-23,5+2.4
35.0+4.0

51.7+4.0

876.3+36.9
824.3+43,0
713.3+54.4
844.3+39.3

956.7+33.3

~117.2+8.6

-87.0+7.0

-56.3+11.3

~198.6+12.0

~148.9+8.0

239
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Table 3-9

Velocity models used in calculating Tables 9a,b, and c

Depth to Bottom v Ve P 3

of Layer (km) (km/sec) (km/sec) {g/cm™)

a) 20 5.10 2.94 3.04
60 6.80 3.90 3.06

400 7.75 4.47 3.40

1738 7.60 4.20 3.45

b} 20 5.10 2.94 3.04
60 6.80 3.90 3.06

480 7.75 4.47 3.40

1738 7.60 4.20° 3.45

E) _ 20 5.10 2.94 3.04
60 6.80 3.90 3.06

480 7.75 4.47 3.40

1738 7.60 4.20 3.45



Table 3-10a

Travel times and amplitudes for surface event waves
reflected from an interface at 400 km depth

Distance Travel Time (sec) Amplitudes x 103
(Degrees) - P S PS SP P _ S~V S-H PSS . SP
10 117.0 202.9 159.4 159.4 0.003 0,000 0.011 0.010 0.010
20 .132.5l 229.7 178.4 178.4 0.00§ 0.018 0.002 0.003 0.003
30 154.5 ‘267.9 204.4 204.4 0.008 0.019 0.009° 0.006 _0.006
40 180.4 312.9 233.5 233.5 6.003 0.010 0.020 0.008 0.008
50 208.5 361:6 -- - 0.005 0.008 0.031 -- -
60 237.8 412.4 -~ - 0.016 0.022 0.042 -—- -
70 267.8 464.3 -—- - 0.029 0.031 0,044 -~ -
80 - - - ~~— - - < - -
90 —- —_— - —_— —— - - —— -

|8 X4



" pable 3-10b

Travel times and amplitudes for surface event waves
reflected from an interface at 480 km depth

Distance Travel Time (sec) Amplitudes x 103
(degrees) p S PS SP P S-v S—-H PS SP
10 136.5 236.6 186.1 186.1 0.002 0.003 0.010 0.008 0.008
20 149.0 258.3 201.6 201.6 0.006 0.010 0.004 0.005  0.005
30 167.6 290.6 224.1 224.1 0.007 0.017 0,003 0.003 0.003
40 190.3 329.9 250.3 250.3 0.005 0.013 0.011 0.007 0.007
50 215.5 373.7 278.3 278.3 0.001 0.006 0.020 0.004 0.004
60 242.3 420.1 -- - 0.006 0,010 0.029 -- -
70 270.0 468.2 -~ — 0.016 0.022 0.038 -~ -
80 298.2 517.0 - - 0.027 0.023 0,038 -—- --
90 - —_ - — - - _— . e -

Zve
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Table 3-10c

Travel times and amplitudes for direct P and S
waves from surface events

+m

Distance Travel time (sec) Amplitudes x 103

(degrees) P S P S-v S-H
10 53.3  92.6 122 .135 .134
20 91.3 158.5 134 .158  .149
30 - 128.6 223.0 ,1%6 .187 .195
40 165.1 286.3 .195 .195 .214
50 200.5 347.8 .202  .197 .220
60 234.7 407.0 - .204 .190 .220

.70 267.2 463.3 '203  .T81 .217
" 80 297.9 516.5 .  .200 .177 .212
90* —— J— —_— . [ —_

*shadow zone begins at about 87 degrees distance
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Table 3-11

" Velocity model used in calculating values in Table 3-12
4

Depth to Bottom .

of Interface V?(km/sec) Vs(km/sec) p(gg/cc)d
{km) :

20 5.1 2.94 3,04
60 6.8 3.9 '3.06
520 8.0 4.6 3.40

1738 7.5 . 4.1 3.50



Table 3-12
Travel times and amplitudes fof direct P and § waves and
waves converted at a 520 km boundary.
Moonquake source is at 1000 Km depth.
Distance Travel times (sec) Amplitudes x lO3
(Degrees) P S PSs sP S-H TP 8-V PS sP
10 135.8 242.1 187.4 190.0 .930 .946 .929 .022'.01%°
20 143.1 255.2 195.7 200.5 .881 .891 .876 .038 .034
30 154,.3 275.3 208.1 216.7 .815 .820 .805 .046 .045

40 l68.2 300.6 223.1 -- | .749 .748 .726 .047

|
t

50 184.0 329.3 239.86 .689 .683 .676 .045

245



o Listing of events. used

recoiDistance (deg)

in record section of Figure 3-5

14
28
28
31
36

45
48.,
49.
49
53,
56
64

67 -
69
72
79
82
82
84
86
86
89

Table 3-13
garpoio1 g
o+ Bventni.
_.¥r Day .
.'5¢ :EE
7¢ 68
7¢ 4
7¢ 66
7t 44
7€ 68
7t a4
7: 324
73 171
7¢ 66
76 4
76 4
76 66
73 171
72 324
76 25
73 171
74 (92
74 192
72 324
76 25
73 72

. Station .

14
16
15 .
15
16
15
15
15
14
14
“le -
14
16
15 :
14
15 -
16
16
15
16
16
16

248
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Table 3-13 {Cont'd)

Event

Distance (deqg) Yr Day Station
92 73 72 14
92 75 3 14
96 75 3 i5
102 72 199 15
;12 74 192 14
115 72 199 ) 16
123 . 73 72 15
124 - 75 3 16
135 75 124 15

137 72 199 14



Summary of S and SS (surface bounce) observations

Table 3-14

for events and stations for which short~period

records are not available;

observations refer to

long-period records (see Appendix 1 for plots)

Event
Distance (deq) ¥r Day Station
11 75 44 14
12 75 44 12
17 76 68 12
42 73 171 12
48 76 25 12
51 76 66 12
54 76 25 14
67 76 4 12
70 72 324 12
85 75 3 12
91 73 72 12
98 75 124 12
102 75 124 14
119 74 192 12
123 75 124 16
141 72 199 12

’ n
LT B - A S T T - B R ¥ Nlm

o4

"J

X = not considered, + = observed, - = not Observed

248
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Table 3~15

Final velocity model for the lunar mantle

Déptﬁ (km) Vb (km/sec) Vg (km/sec)

60 7.75 4.57
200 7.65 4.37
480 7.6 4.20

"

7.6 4.20
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Table 3-16

Q values used in theoretical calculations in Figs. 3-9a
and 3-9b. .

Layer 9 Qg .
Crust 5000 5000
Upper mantle 5000 3000
Transition zcne 5000 3000

Lower mantle 1500 1000



Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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Figure Captions
3-1. Locations of surface events and deep moonguakes
used in thié work; size of symbol gives one standard
deviation in location estimate. Open symbols indicate
farside locations.
3-2. Record section of polarization-fﬁitered transverse
component records from all deep moonquakes.
3-3. Record sections of polarization-filtered surface
event records.
3-4. Record section of selected polarization filtered
moonquake records (vertical component).
3-5. Record section of short—period seismograms from
surface events.
3-6. Final velocity model for the lunar mantle.
3-7. Spectral ratio plot for surface avent records (from

Dainty et al., 1976). "

3-8. Crustal wave theoretical amplituée:curves.

3-9. Comparison of shear wave amplitude data with pre-
dicted values.

3-10. Ray-trace diagrams through velocity model of Fig.

3-6; program kindly supplied by Dr. Bruce Julian.
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CHAPTER 4

DEEPER STRUCTURE

The results in the previocus chapter extend to a
depth of about ilOO km, the location of the deepest
locatable moonquake source. However, between 950 km,
the average moonhquake source depth, and 1100 km there is
only loose control, és provided by the average velocity
values for the whole lunar mantle and the observation
that the -characteristics of signals from deeper moongquakes
are essentially the same as for .the shallower (700 kﬁ—SOO km)
foci. The structure below 1100 km depth down to the center
of the moon (1738 km) is even less constrained; the availa-

ble evidence is'pfesented and-discussed in this chapter.

4.1 Attenuating Zone
ﬁith the exception of A33 (discussed below) all of
the 24 moonquake foci used in this thesis are located on
the nearside of the moon, generally within 60° of the center
of the ALSEP array and within 90° of the farthest seismic
statioﬂ. This can be seen in Fig. 4-1, the moongquake
source locations are plotted in depth and longitude.
{This figure is used herein only.- to illustrate the
moonquake event locations relative to the center of the

moon and the ALSEP 'stations; further discussion of the .
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other features shown is given in Chapter 5). However, these

locatable moonquake sources by no means represent all of

the deep moonquake events; there are approximately 56 other

matching classes of seismic signals .that have similar

characteristics as the moonquakes discussed herein agd S0

t

presumably represent other deep moongquake foci. 1In
addition there are many smaller signals réceived by the
ALSEP seismometers which are non-classifiable due to low
signal amplitudes. It is. likely that at least some if
not most of these represenﬁ small moonquake events. Two
questions_then arise: 1) aré these non-locatable deep
moonquéke sources also on the nearside of the moon, and
if so 2) are @here any deep moonquake events on the
farside at all?

It is not possible to answer these gquestions
definitively. Lammlein (1977) reports the locations of
about 20 moonquake sourced besides the ones used in this

thesis. Although the location uncertainties are probably

substantial, they too are all on the nearside, bring%Pg o

Y S T

.the number of known nearside repeating moonquake foci- to

about 45, with 35 still unaccounted for. Lammlein (1977)°

tentatively places another 15 (all‘that_were considered)

on the nearside on the basis of occurrence history
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similarities. Thus it is possible that many if not all

of the presently identified categories of deep moqnquakeg
are in fact on the nearside. Nevertheless this conclusion
is far from definitive and the many potential small
moonquake events which are un-matchable and unlocatable
remain an open question.

Given that there is no solid evidence for any farside
moonquake source (except A33, see below) in the present
data set, it is of interest to speculate on the reasons for
this. There are basically two possibilities; either there
are truly no farside events, or there are but they are
uncbservable. The first option-implies that either the
éauéative factors fof the moonquakes are absent on the
farside or that the rheclogy is different in such a way
that moonguakes -cannot occur. Assuming that the moonquakes
are atjleast'triggered and controlled by tidal stresses
(Toksbz et al., 1977), these explanations are in fact
connected because the elastic parameters of the lunar
interior control the distribution of the applied tidal
stress (Cheng and Toks8z, 1978). There is no evidence at
present to suggest an absence of tidal or ambient stresses
on the farside relative to the nearside, although there is

a'small chance that the center-of-figure center-of-mass
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offset or absence .of major mare on -the farside could haye
an effect (c¢.f. Runcorn, 1975). Another possibility is tha
the locations of the moongquakes on the nearside are
controlled by local inhomogeneities or "weak spots" which
are for some reason absent on the farside.

:

The other option is that there are in fact farside
moonquake events (perhaps represented by a few small but
non-analyzable signals seen at the ALSEP seismometers),,but
for some reason they are nét generally observable by the

ALSEP array. Again there are two possibilities here. The

moonquakes are small events even on the nearside, and the

¥

greater distances and perhaps smaller source energies as
the events move towards the limb of the moon could accouﬁt
éor the observed source distribution. This explanation,
though, has a few weak points. First, as can be seen in
Fig. 4-1, the cessation of moonguake activity is zrelatively
sgdden rather than a gradéal fall-off in source density.
Second, on a statistieal basis it would perhaps be expected
tpat at least a few farside sources would be able to
piéduce large enough signals to travel the extra distance.
These objections can be partially obviated by the

final—possibility that there is an attenuating zone that

begins:immediately beneath the moonguake scurce Jepth
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'reglon,"as marked by the- dashed c1rc1e in’ F1g 4-1.' Then
bas the moonquake sources move beyond a certaln distance the
‘waves begln to bottom in this zone (and perhaps are bent
'lnto 1t by a ve1001ty decrease) and thus are too- severely
attenuated to be observable at one or more of the ALSEP-
statlons. A mlnlmum depth for the onset of such a reglon
would be about 1100 km based on the deepest moonquakes,
although locally it could be shallower. Given the
dlstrlbutlon of near51de moonguakes reported here and by
'Lammleln (1977) the zone lsmalso constralned £o beégin no
‘deeper than about 1100 km so as to’ explaln ‘the apparent
cut—off distance for moonquake eplcenters at 60° to go°.
In fact, there remains a small range between say 70° and
9p0° where perhaps more moonquakes should be seen unless
the attenuatlng zone is in general shallower than 1100 km
‘and bhe few deepest moonquakes are contained in dnomalously
“deep intrusions of non-attenuating material. It -is also
impoftaqe to note--that in principle the‘atEehuating zone
‘ need‘onlf’affedtlsheaf waves since most. B. ﬁaﬁe afrivals
from even the largest ‘nearside: moonquake sources are only
marginally observable..
In view of the above evidence it is difficul +o be

more quantitative. The last possibility seems in some

sense to be the most Satisfaotofy Since it does not require
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the postulation of significant nearside-farsi@e assymetry
and is in keeping with éhé general trend of increasing
attenuation with depth in the moon.

Further data on this potential attenuating zone can
be obtained by examining the lone.farside moonguake fgcps,
A33 (located.about 100°E 1ongitud§ in Fig. 4-1). The
signal amplitudes at stations 14, 15, and 16 are among‘the
larger of all mpongquake signals, as can be seen in Figs.
4-2a and 4-2b. Given the far greater distance of the
source (see Fig. 4-1; it is a factor of 1.5 to 2, or at
least 600 km, farther from the ALSEP, array than any other
focus ugea in this work), this implies that the aA33 foéus
may be the largest’moonquake source yet obse;ved. As can
be seen in Figs. 4-2, good P-and S wave arrivals are se;n
at both stations 15 and 16; they are the closest stations
and receive rays that bottom at about 900-1100 km depth.
-At station 14, however, tﬁe rays have presumably bottomed
at about 1200 Em éegth (assuming that the constant iower
mantlg-velobitieé extend to this region), and there.is
ébsolutely no evidence for a shear wévé arrival at tﬁe
expected time (about minute 44 and 40 seconds) or at any

time after up to about four minutes. In contrast there

is a strong P wave arrival as shown; in fact it is one of


http:there.is

276

the clearest and largest P arrivals cn any moonquake
seismogfam, along with the P picks at stations 15 and 16.
Furthérmore, only little energy of any sort is seen at

. ALSEP 12, which is even more distant from A33.

. Now this situation of a good P arrival with no
subseguent shear‘ﬁave energy is completely unique on deep
moonquake records as can be seen by scanning through

Figs. Al-13. Although.it is possible that a node in the
shear wave radiation pattern for A33 is responsible, the
fact that this is not observed for any other focus besides
the lone farside source suggests that the deep attenuating
iegion proposed above is responsible. To account for the
essentially zero shear wave energy at ALSEP 14, the Q
would have to decrease substantially tfrom Qs ~ 1000 to say
Qs ~ 200) in a small depth range between about 1000 and 1200
km. ° (Alternatively, a sharp shear wave velocity drop at
about ilOO km depth could alsc be responsible, with or
without an accompanying Qg decrease. However, a decrease
in Q is the simplest explanation to cover both the lack of
farside moonquakes and the A33 signal characteristics; a
simple velocity drop would not explain the absence of all
farside moonquakes,'especially near the antipode. Needless
to say, though, an accompanying velocity drop is allowed

by the information available.)



A slower decrease in Qp could perhaps explain the absence
of energy a£ ALSEP 12, but since station 12 is typically
less sensitive tﬁan station 14 and there is some P wave
energy present, this is not necessarily required.

Thus the deep. moonquake data provide consisten% if
Eomewhat wegk evidence for a zone of increased shear wave
attenuation beginning at about 1100 km depth. If this
zone exists, Qg prbbably drops quite'rapidly from the
lower mantle value of 1000 to at most a few hundred.
Unfortunately, there‘is at present no corroborating
evidepce from surface event records. It is perhaps
signifiqagﬁ that the surface events selected for use. in
this thesis are all le;s than 140° distant from any
seismic station; the bottoming depth of a surface event
wave for 140° source-receiver separation is ﬁust about
1100 km. It should be noted that Nakamura et al. (1973)
discuss several of the same matters concerning an

attenuating region below 1100 km. They include evidence

from the Day 199, 1972 meteorite impact event (also uyged

e By

herein) claiming that the direct § arrival is seen at
ALSEP 15 and absent at stations 16 and 14. Their location
for this event is such that the respective distances are

114°, 130° and 150°, with ray bottoming depths of 800,.

277
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1000, and 1300 km. The source of the discrepancy between
their location and the one obtained herein lies iﬁ that
the P arrival times used in thié thesis for stations 15
and- 16 are about 15 seconds earlier thaﬁ'reported in
‘ Nakamﬁfa et al. (1973), placing our location within 140°
of ALSEP 14. Furthermore, as discussed in Chapter 3 and
shown in Figs. 3-5 and Al-5b, there is little direct shear
wave energy at any station for this event and the decreased
velocities and increased attenuation in the lower mantle |
are sufficient to account for that. In all fairness, the
P'p;ck ét ALSEP'iG is arguable due to the possible presence
6f‘nsise on the vertical LP record, but éven so the overall
‘ shear wave loss is easily explained by the characteristics
of the lower mantle region, the bottoming depths of the
rays, and the calculated amplitudes in Chapter 3. It is
not necessary to éostulate a sharp Q decrease at 1100 km
to explain the Qurface event data.

In sum, then, the deep moonqﬁake data suggest that
there may be a sharp shear wave:attenuation increase below
about 1100 km, but in view of the scarcity of pertinent

data this interpretation must remain tentative.



4.2 Core

The seismic evidence concerning a possible lunar core
is almost non-existent, and this section.is included
primarily for completeness. Nakamura et al. (1974b) report
Fhat a meteorite impact event occurred on Day 262, 1973
near the center of the backside. The location and origin
time are determined from the three closest stations and
then the arfiv§lrtime for the fourth P wave is,predic;ed.
Giveﬁ their calcmlated location, this P wave should
traﬁe;se.;he<moon along a diameter; the observed arrival
time is .in fact delayed by about 50 seconds. This value
and the bottoming aepth of the other three P waves allows
them to tentatively propose the existencg of a lunar core
of radius 170~360 km and P wave velocity 3.7-5.1 km/sec.
(For reference, a typical ray trace diagram for a surface
source is shown in Fig. 4-3; a 200 km low—veloci£y core
region is included resulting in the ray spreading seen.)
While this is cefta}nly possible, thé Day 262 e%eﬁt }s
&ery weak with extremely low signal to noise ratios (much
smaller thanh those seen on the surface event records
used herein). Indeéendeqt measurements (Dainty, peréonal

communication; this author) show that the uncertainty in
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the actual P wave arrivals is sufficient to explain the
proposed arrival time delay. In essence, the true location
,of the onset of the emergent P wave arrivals 1s ambiguous,
and an equally convincing set can be chosen that will not
~ yield an arrival time delay. Thus the present seismic
eyidence for a core remains inconclusive.

It is appropriate to mention here that potential
evidence for a lunar core (and other lunar structure)
may exist on the lunar records recorded in the broad-
band response mode. It is possiBle that the larger
surface events are capaﬁle of significaﬁtly exciiing
the long-period normal modes of the moon; the fundamental
period should be about 13 minutes. Since the frequency
responsé of the ALSEP seismometers even in the broad-band
mode begins to drop sharply for periods beyond a minute,
it is not likely that the very low-order vibrational modes
would be recorded. Frequencies between 20 sec and 100 sec
could w;ll be observable, if in fact the long-period energy
‘seen on the records is not just instruﬁent induced noise.
An example of a broadband record that has been narrow
bandpass filtered at 12, 20, and 50 sec periods is shown
in Fig. 4-4; the origin time of the event is marked by
the arrow. The increase in rise time as.the center period

increases and the extended decay times are apparent.



281

Efforts to analyze such records are currently underway

at Penn State (Smith, personal communication) and MIT

(this author and co-workers). To date, however, no results

have been obtained or reported, and so the potential

usefulness of the broad-band information remains in doubt.
In sum, then, there is little evidence for or against

the existence of a lunar core. - - "

4.3 Secondary Seismic Phases

- If there are any sharp discontinuities below 1000 km
depth, for example the onset of a high attenuation zone or
a mantle-core boundary, it is again possible that reflected
waves will be visible on polarization-filtered record '
sections. Since these‘boundaries'wogld occur below . both -
the surface events and moonguakes, Ffive possible phases-
could'occuf for eachAsource; S5-H, S88-v, PP, 8P, and PS.
(Foxr surface events the SPJand PS phases are identical.)

‘ The theoretical ampliéudes for such phases are given
in Tables 4-~2a and 4-2b for surface events and deep
moonquakes respecﬁively. The velocity models used ars
shown in Tables 4-la and 4-1b. The values for the lower-

most region are somewhat arbitrary; several models were

run, including different source. depths and mantle velocities.
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?he cases shown are representative. For surface events
(reflector at 300 km radius) the largest amplitudes in
general are expectedhfor the SS-H reflected phase. The .
direct wave amplitudes vary between ;134 and .220 (x 10-3)
(Table 3-10c) ané so the deep structure reflections are
at most about .07 times the direct wave amplitudes. From
the experience in previous chapters, this appears to be

a minimum value fdr observation. The reflected phases
from deep moonquakes (source depth 1000 km) are shown

in Table 4-2b, and reach a maximum of about .045 for the
Ss-ﬁlreflection, for a ratio to direct wave values of
less than .05. This is as expected since the direct wave
travel paths are much shorter than those for deep
reflections; thus it is doubtful that such phases, even
if presént, would be wvisible.

Now if there is a sudden increase in shear wave
attenuation below 1100 km depth, then for boundaries deeper
than 1100 km the Shear wave reflections would be .
substantially attenuated and so it is appropriate to
look for the PP- (and possibly PS) reflections rather than
just those arising from the incident S wave, as has been
the practice in previous sections.

The final step then, is to examine the record sections
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for evidence of the above arrivals. All possible phases
from a variety of depths were considered and searxched for:
in view of the negative results only two examples are
shown-below. Fig. 4-5a shows .the transverse component
filtered traces- from surface- events; the lines shown are
the expected arrival times of reflected phases from
interfaces of 300 km and 400 km rddius. The object is to
look for arrivals that line up along the trends of these
lines. As can be seen, there are many such possible trends:
in fact there are too many. It is clearly impossible to
distinguish between possible arrivals and random noise
alignments. No .dominant t:end is obvious. fhe oﬁhe} ‘
components, of g;oupd motiop and other expected phaseS‘were-
also exgmined with the same results.

The moonguake record sections were obtained after
correcting the origin time values for a given phase and
structure, as discussed ;? Chapter 2 and Appendix 3. The
relative corrections are similar for any boundary depth
and same initial wave typé, but in order to avodd
inadvertent biasing the record sectioné were plotted by
groups of foci chosen to have similar .source depths. All
such records and components were examined, and a typlcal
one is shown in Fig. 4- 2b.(A20 depth gropp, transverse

components). The expected arrival time curves are.as
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" drawn, and again there are several possible aliynments.
The correlation along the 8S (400) curve is actuélly
fairly good, but supporting correlations from other
components, focl groups, or expected arrivals did not N
éppear.

In sum there is no dominant supporting evidence for
any sharp discontinuities below the lower mantle. It .is
possible that reflections are present on the seismograms,
but the random noise pulses passed by the polarization
filter obscure ény possible observations. - Esseﬁfially there
is too much scattered energy arriving in the appropriate
_portion of the records and we are unable to clearly
distinguish any true body wave arrivals.

Thus the deeper structure of the lunar interior
remains in doubt. The best evidence is for a sudden shear
wave at;enuation increase beginning immediately below the
moonqﬁékes at about 1100 km depth. The existence of a
core is allowed but-not required by the present seismic

information.
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Table 4-1

Velocity and -density models uséd in  Table 4-2

Depth to Bottom Vp Vs o
of layer (km) (km/sec) (km/sec) (gm/cm3)
a) 20 5.1 2.94 . 3.04.
60 6.8 . 3.9 - . 3.06
520 7.75 4.5 3.4
1438 7.6 4.2 3.45
1738 5.0 2.5 3.5
b) 20 5.1 2,94 3.04
60 6.8 - 3.9 3.06
520 8.0 4.6 3.4
1400 7.5 4.1 3.37

1738 5.0 2.5 3.38



Calculated travel times and amplitudes’of "core"

Table 4-2a

reflected phases from a surface event;
reflection at radius of 300 km.

Distance Travel Times (sec) Amplitudes x 1000
(degrees) p S SP (PS) PP S8-V S8-~H SP(PSs)
10 384.3 683.2 533.7 .007 .009 .010 .003
20 385.3 685.1 535.1 .007 .007 .010 .005
30 387.1 '688.3 537.4  .006 .005 .009 .007
40 389.6 692.8 540.5  .005 .00l .009 .008
50 392.7 698.4 544.5  .005 .003 .008 .008
60 396.5 705.2 .549.2  .004 .006 .007 .007
.70 400.8 712.9 554.6  .003 .007 .006 .006
80 405.6 721.6 560.5 .003 .007 .004 .004
90 410.9 731.1 566.9 .003 .008 .002 .003

286



- Table 4-2b

Same as 2a, for.a moonguake .focus at lDdO'km depth’;
reflection at radius of 338 km.

Distance

Travel Times (sec)

287

Amplitudes x 1000
(deg;ees) P S Ps SP PP. S5~V S8-H PS - SP
10 240.5 433.7 389.2 284.8 .037 .041 .045 .017 .007
20 242.0 436.4 391.3 286.7 .033 .028 .043 .035 014
30 244.5 440.9 394.6 289.7 .028 .010 .040 .038 .018
40 247.9 447.1 399.2 293.8 .023 .009 .035 .039 .019 °
50  252.1 454.8 404.7 298.9 .018 .025 .030 .033 .018
60 . 257.1 463.9 411.2 304.9 .014 .029 .023 .025 .015
70 262.7 474.3 418.3 311.6 .012 .032 .014 .015 .011
80, 269.0 485.7 425.9 318.9 .013 .044 .005 .007 .006
90 275.7 497.9 == - .017 .056 .005 ~=  —-
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’ Figure Captions

Fig. 4~1. Deep moonquake locations plotted in depth and

longitude. Depths are shown to scale and fﬁr#her

éetails are deécribed in‘the caption for Fig., 5-3.

Fig. 4-2. 'Raw (a) and scaled rotated (b) stacked ?ecords
fFom the A33 moonguake focus.-

Fig. 4-3. Ray patﬂ diagram for a surface source. Velocity
model is for P waves as given in Table 3-15 except for
the addition of a core of radius 200 km and vp =
km/sec.

Fig. 4-4. Narrow-bandpass filtered plots from a broad-’
Band reéponse mode lunar seismogram:‘

Fig. 4-5. Surface event and moonquake record sections
used in searching for deep reflected phases.
Boundary‘locations are given as radii in km (e.qg.

R = 300 means a depth of 1438).
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CHAPTER 5

IMPLICATIONS AND CONCLUSIONS

As discussed in the introduction,. the seismic
structure of the moon, as presented in this thesis, can
provide direct constraints on the possible composition,
temperature, and physical state of the lunar interior,
and indirectly suégest evolution scenarios and present-
day ;tructural interpretations. The proper and complete
evaluation of the implications of the seismic model in
terms cf these areas remains to be accomplished. The
purpose of this chapter is to discuss some of thé first—-
order gonclusions that can be drawn from the seismic
results and identify major questions that remain to be
answered. Herein only the mantle and deeper regions of
the moon are considered; the crustal structure results

are discussed in Chapter 2.

5.1 ther Gecphysical Data
Before discussing the implications of the seismic

.medel, it is appropriate to briefly consider the other
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gecphysical data ‘that may provide information on the nature

of the lunar interior. More complete reference lists
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are included in-:the intfoduction.

Thé gravity and topographic énélyses-of_tﬁe moon
yield two- integrated factors that must be satisfied by
any lunar model. The average densitf of the moon is
known to be 3.344 gm/cc, and the latest moment of inertia
value is given aé I/mR2 = 0.391+.002 (Bills and Ferrari,
1977; Blackshear-and Gapcynski, 1977). Although these
values can 0f course be satisfied by an infinite number of
density distributions, some conclusions- can be drawn. The
low average density seems to suggest that the moon is
depleted in high-density materials such as iron and
refractory siderophiles relative to the earth (c.f. Kaula,
1977). The moment of inertia value implies that a moderate
density increase with depth is required; previous work
(Toksbz et al., 1974a; Solomon and Toksdz, 1973; Solomon,
1974; Kaula et al., 1974) has shown that the contribution
of a low density crust (3.0 gm/cec, 60 km thick) overlying
a chemically homogeneous mantle only reduces the moment of
inertia value to about 0.398 as compared to a homogeneous
sphereé (I/mr2 = 0.4). (In these models the density within -
the moén is calculated as a function of temperatu%e and
pressure using elastic parameters for olivine, and the
mantle STP density is determined so as to fit the mean

lunar density.) -~ If the crustal density is decreased 'to
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2. 8 and the crustal thickness 1ncreased to 100 km, then
the predlcted I/mR? could be as low as 0.305. © The |
measured value of 0. 391 thus 1mplles that there is a
further denSLty increase w1th1n the.lunar mantle. For
‘example, Dalnty gg_gl; (1276) used a mantle with two
homogeﬁeoﬁs'1ayers-(gpper_mantle and 1owe; mantle,
‘bédndary gt 526 km dééth) aﬁd found that the momegﬁ—of—
ing;£ia vaiue and average density could be fit with an
pppei‘mantle density df 3.33 gm/cc and % lower mantle of
3.66 gm/cc.

The electromagnetic séundingS'of the moon have
produced several curves of electrical céndudtivity with
aépth (seé'réferences in Introduction), summarized in

.Wiskerchen and Sonett (1977).  If aj the temperature and
composiiionél depen@enbé of théxcoﬁéuctivity} and- b) the
‘coﬁpbsitioh'of the moon is known, then £he‘conduCtivity
p;ofilésvmay‘be]inverted to obtain thé temperature -
:distribution in the lunar iﬁterior (c.£: Duba and Ringwood,
1973). Dﬁe to thé many necessary assumptions in the process
and the variabilify in the-reported conductivit& profiles, -
the resulting constraints on temperature are rather loose,
generally implying 'steeply rising temperatures in.the

fiist 200 km of depth, with a slower incréase‘aftEr that;
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values at a 500 km depth range from 1000°C to 1500°C (c.E.
Duba et al., I976). It is uncertain whether or not the
solidus is reached at some depth,

Finally, rock properties measurements are useful in
interpreting the seismic model of the lunar mantle. In
particular, Tittman et al. (i976, 1977, 1978) and others
have shown that the high Q wvalues in lunar rocks are
strongly connected with the lack of wvolatiles, especially
wéter, that characterize the returned samples. Chung
(18740, 1971){ Frisillo and Barsch (1972), Kumazawa (1969),
and Mueller (1965) have reported on the stability fields
and various physical parameters (g.g. VP, Vs, p, and
temperature and pressure derivativeg) for candidate .
compositions {chiefly olivine and pyroxene) of the_
lunar interior.

In general then the above results can only act as
guides and broad constraints in interpreting the seismic
model. The seismic data remains the best evidence on the

structure and state of the lunar interior.

5.2 Implications of Seismic Results
The seismic structure of the moon obtained in this

thesis is summarized in Fig. 5-la; velocities are plotted
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.as a function of depth and pressure. The pressure-depth
curve for reasonable density and temperature profiles was
kindly provided by Dr. S.C. Solomon. For comparison, the
dashed lines represent typical velocity profiles at the'
same pressures in the earth; 40 kbars correspond to roughly
a terrestrial depth of 125 km (Bullen, 1965, p. 235).

Thus the velocities shown are all within the earth's
lithosphere, where there are considerable lateral
variations of velocity values. The shear wave velocity

. profile is actually taken from Toksdz et al. (1967)
representing a mixed-path model derived from suiféce

‘ waves passing over Mongolia, oceanic éréas, and the western
U.8. The values are dlosely compatible with recent values
reported by Helmberger and Engen (1974) froﬁ body wave
data for the western U.S. The P wave velocity profile is
taken from Bullen (1965) and probably represents average
continentai values with no low-velocity zone above 125 km.
The coﬁparison with lunar velocities shows that the
profiles are roughly similar, with the lunar valués
gene;ally iower than most terrestrial velocity profiles
given in the literature. Figure 5-2 shows a pie diagram
of the moon, with the structural units as marked based on

the seismic results. In the pParagraphs below, each zone
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is discussed in tuzrn. Aéain, the'follgwing—bomments.arex
prélimiha?y only; a complete analysis invoking ge&éhemical,
petrological, and éVOlutionary modeling is not within the
scope. of this thesis.

Upper mantle: the in situ average values of the'j seismic
velocities in this region are compatible with several
possible compositions, including an olivine-pyroxene mixture.
Various combinations of irén content and olivine/pyroxene
ratio could fit the observed velocities, but density.,
chemical equilibria, and petrological constraints need to
be‘factoreq_in. The negative shear wave velocity gradient of
—é X 10—4 km/sec/km corresponds to a velocity-temperature

gradient of about

' -
;l/_ v =3, 20 ,fem,/s<¢/’°c

using the temperature vs?’depth-curve of Toksbz et al.
{1977} and ignoring pressﬁre effects. This value is:

fairly consistent with thé thermal velocity gradien%é
reported for focks of coﬁposition-fhat are reasonable for
the lunér_mantle. ‘This suggests that'the 6elocity decreases
in the upper mantle may be 'due solely to the. effects of

increasing temperature. (This is in contradiction to the
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recent assertion of Keihm and Langseth, which is based -on
the upper mantle shear wave velocity gradient reported by
Nakamura et al. (1976a)). Thus no major compositional
gradients are‘féquired in the ﬁpper mantle. The average Q
values in the region (Qp ~ 5000, Qs ~ 3000) are gquite
~high compared to terrestrial values at comparable
preésures and temperatures and suggest that the rocks are
still extremely depleted in volatiles as observed at the
surface' and that the temperatures are not sufficiently close
to the solidus to produce a significant amount of melt and
résulting anelastic attenuation.

Transition zone: the guestion of interest here concerns
the cause of the sharp shear wave decrease (ana possible
accompanying small P wave drop) and attenuation increase.
(It is of course possible that the Q decreases énd velocity
decrease are unrelated and that different factors are
responsible for each. However, that ﬁact that both occur
at roughly the same depth argues for a single dominant_'
mechanism.) There are basically three possibilities, a
compositional change, a phase transition caused by
temperature or pressure gradients, or the onset of partial

melting. Of the middle possibilities a temperature induced

phase change is more likely because increasing pressure
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typically produces a transition to phases with higher
‘velocities rather than lower. To date no specific
suggestions for either temperature or pressure phase
transitions that could produce the observed velocity drops
pave appeared in the literature, and so they must remain -
speculative. The onset of partial melting is also a
possibility, but the relatively high Q values in the

lower mantle and the existence of the deep moonguakes
argue against this (see below). A possible compositional
change that could produce the velocity decreases has been
tentatively proposed by Dainty et al. (1976), namely an
increase in the iron conteﬂt of an olivine-pyroxene mixture.
Aﬂchanée in the (Mg/Mg + Fe) ratio from say 80 to about 60
would prov;de approximately the correct shear wave velocity‘
drop. This would have a smaller effect on the P velocity,
and would in addition increase the density éomewﬁat and:
lower the solidus; this igst change coule lower the Q
values. All of these effects are in at least qualita%ive
agreement with the observatlons, and so such a model ?
should be given serious consideration and tested against
geochemical and petrological constraints. 1In fact,
similar meqelé have been broposed by Ringwood and Kesson

{1977b) and Taylor (1978) on geochemical grounds.
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Many other compositional changes are of cou-se
conceivable, and proposed models should be -examined to
" see if they can satisfy the seismic constraints presented

herein. A sine gua non for this is that laboratory

measurements of velocities, densities, and attenuations as
a function of temperature and preséure be available for
the compositions in guestion.

Lower Mantle: the seismic velocity values -in this
region are agéin compatible with an olivine-pyroxene
composiéion, aﬁong others, tied closely of course to the
possible compositional change represented by the
transition zone. The seismic data cannot constrain the
velocity gradients; a moderate velocity decrease perhaps
as a result of increasing temperature is possible. The Q
values (Qp ~ 1500, Qs ~ 1000) are still reasonably high
but may also decrease slowly with depth. An additional
seismic datum is that all the deep moonquakes apparently
occur in the lower mantlé region (see Fig., 5-3). As
mentioned before, the calculated shear stresses due to
tides peak in this region when elastic parameter
distributions consistent with the above velocity model are

used. These moonguakes presumably represent brittle
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fractures, suggesting that a signifiqant percentage of
partial melt is not present in the .lower ﬁaﬁtle. It is
difficult to place a quantitative constraint on this
especially in view of -the small magnitude of the moonquake
?vents, but it is .gualitatively in agreement .with the
reasonably high Q vaiues. . :

. Deep interior: As discussed in Chapter 4, the seismic
data for this region are extremely sparse. It is possible
that beginning below the deepest moonquakes, say at 1100 km,
there is a region. of incréased shear wave atte?uation
(Qs on the order of a fgw hundreds{. One possible
explanation for this of cou;se'is that the temperature is
approaching the .solidus. . The possibility of a lunar core ,
remains an open question. Perhaps coincidentally, all
lunar data (moment-of-inertia, density, seismic, electrical
conductivity) allow but do not require a core. \

In closing this section, it is appropriate to touch
briefly on some of various geochemical, petrological, and
thermal evolutionary models that have been proposed and
gerhaps now can be constrained by the seismic results.
There is a reasonable consensus that the outar few hundred

kilometers of the moon have been melted and differgntiated,
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early in the moon's evolution. This event probally
produced the lunar highland-type crust; the ﬁare basalts
formed léter after the major meteorite impacts, perhaps
by remelting portions of the upper mantle (c.f. Taylor and
Jakes, 1974). The depth of the initial melt zone has
been variously reported as bhetween 200 and 600 km, based
on a variety of constraints {c.f. Solomon and Chaiken,
1976; Keihm and Langseth, 1977). Below this, there is
little agreement. Suggestions thét the region has been
tbtally‘differentiated {({c.f. Binder and Lange, 1977) and
is completely primitive linar material (c.f. Taylor, 1978)
are both in the recent literature. It is tempting to
identifg the upper-lower mantle boundary as the division
between the melted, differentiated region and the
~ primitive lunar material, especially sihce a recent report
(Taylor;'l978) favors a 400 km depth for the base of the
melted zone and predicts an_iron increase in the primitive
region.

However, this correlation with the seismic Eesults is
speculative, it is mentioned here only as a possibility
that has recently emerged. It is likely that equally

valid and consistent models-will be proposed.
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<. 3 Conecilusions .and Suggéstions for Future Work

The purpose of this thesis has been to obtain a
seismic model-of the lunar interior. Considering the
%imitations inherent in a four-station array and the
énalysis difficulties presented by the data, the seismic
results as reported herein and elsewhere that have been
achieved by the Apollo program are impressivevand augur
well for future seismic exploration of other planeés. A
final schematic view of the lunar seismic structure reported
in this thesis is shown in Figs. 5-3. With the exception
of the‘ma;e basalt and high velocity layers, all depths
afe drawn to scale.  The drawing is an equatorial slice
through the moon; thus only longitude and depth coordinates
are plotted. The ALSEP seismic stations are as shown,
followed by mare basalt layers (schematically and roughily
representing Mare Imbrium, Mare Serenitatis, and Mare '
trisium) imbedded in a lunar crust of 60-100 km thickness.
A possible thin high—velocity‘layér beneath the crust is

fand

shown, followed by the upper mantle, transition zone,
lower mantle. The deep moonquake events used in this

thesis are as shown; the dot size corresponds to the
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average uncertainties in the locations as diécussed in
Chapter 3. Possible deeper stfucture is indicated by
the dashed line, below which an attenuating zone and
conceivably a core could exist. Coupled with the
discussions in the preceeding chapters, this model
represents the structure of the lunar interior envisioned
on the basis of the results reported in this thesis.
There are three areas of possible future work on lunar
seismolog&. First, a small amount of data remains to be
'processed and, as new analysis methods become available,
éﬁey should be applied as appropriate. Second, specific
compositional and thermal lunar models should be
quantitatively tested against the seismic model to
determine which classes of models are acceptable. The
reverse:procedure is also feasible; models designed to
satisfy the seismic parameters can be checked against. the
constraints'from other fields. Finally, though not
directly germane to the structural problem, some work
remains to be done in‘analyzing the source characteristics
of the deep moonquakes; a definitive correlation between
the causative tidal stresses and the occurrence history

of each repeating source has not yet been produced.
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5-1. PFinal Iunar velocity model obtained in this

thesis.

3-2. . Schematic view of the structural units of the
’ £

lunar interior. g

5-3. Equatorial slice through the moon showing

structural units.
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APPENDIX 1

DATA FROCESSING

Al.1. General Considerations

The purpose of this appendix is to describe and list
the data used in this. thesis, culminating in the direct P
and S wave arrival times shown in Tables 1;4 thru 1-6, and
the seismograms included herein. The justification for
and overview of the procedures used in this appendix are
discussed in Chapter 1 (and Appendix 3).

The lunar seismic data are originally received at
Galvesten in the form of day tapes, containing 24 hours of
digiﬁal data from one seismic station, four 2400 ft. tapes
per aaQ, or more than 10,000 tapes for the eight-year
ALSEP ret operation. ' The data are plotted on a compressed
time scale and all seismic events logged. From these,
'event tapes cbntaining only seismic eveﬁts are made,
averaging about 9 days of data from one station per tape.
General;y 20-30 minutes of data from each event are put
on the event tapes -beginning ten minutes before the
earliest observable signal.. These tapes are regqularly
sent to MIT with catalogues listing their contents. To
date event tapes through Bay 50, 1976 have been received-
and catalogues through Day 90, 1975 are on hand. The

major events occurring after these times up to the
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network shutdown time are contained in special event

tapes and listings that are sent by Galveston shortly
after receiving such an event, so the data set at MIT

is essentially complete insofar as structural analyses

are concerned.

; - In addition, compendium tapes are made which contain
groups of the largest events. For example, the largest
meteorite impacts are on.a series of six tapes per station,
and the HFT's are all on one tape per station. {Unfortunate-
1y, more than half of these tapes seem to be unreadable
{terminal tape read errors) at the MIT computer facility,
possibly because refurbished NSSDC tapes are used at
Galveston. In any case, these Have been of limited use,
andrby and large it was necessary to extract each_evént
from the event tapes which, due to the small number of

days of data per tape rarely contained ﬁore than one

event of interest. Thus ?ffectively every event of
interest necessitated the.reading of four event tapes.

The tape format is standardized, beginning with two
header records. The data from all instruments at a station
is multiplexed as a function of time, stored in logical
records, 90 logical records per physical record, physical
record length 1823 words. The ALSEP 12 record length is

only 912 words, because the defunct SP (short-period)
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seismometer does not produce data. Each physiéal record
contains about 54 seconds of data; LP (long-period).
digitized at‘about 0.2 second intervals and SP fshort period) at
0.025 seconds. These tapes are read and decoded at MIT using
" program SCNLP, written by Ralph Wiggins and rewritten and
modified by Ken Anderson, Anton Dainty, and this author.

The program searches through an ALSEP tape for the

requested data, specified by year, day, hour, minute, and
second, and cracks out the required components (LP or SP).
Many sections of data, ordered chronologically, can be

read frém the éame tape if desired but to obtain the SP

éﬁd LP data from the same £ime segment requires two runs.
SCNLP is most commonly used to transfer the decoded data

to disc. The disc can hold about 6.8 x 10° data points,

or 500 15-minute 3-component LP records. The catalogue

has 600+ available entries. Thus a great number of
seismograms can be stored and randomly accessed on a

single device, greatly increasing the data accessibility

and alléwing further computer processing.

The data on disc is read using program MASSAG, a
generalized data processor. Again the desired time
segment is selected, and options include deleting data
on disc (actually just the catalogue entry), removing
data spikes, removing the mean, scaling, tapering the

ends of the data, rotating horizontal- components,
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frequeecy filtering, polarization filtering, and plotting
any resultieg data from thejabove operations. . Anton Dainty
and XKen Anderson are the principle authors of this

program. In the work described below MASSAG was primarily
used only for plotting; special-purpose programs were
written for - the other data ‘manipulation tasks in order to
échieve greater efficiency than is possible in a
generalized program.

As mentioned in Chapter 1, a fraction of the P
seismic data used in this thesis was actually recorded in
_the broad;band‘response mode, reducing the maximum.
sensitivity and w1den1ng the frequency response to 1nclude
long-period (2-50 sec) energy. At periods longer than
about 30 seconds, there is a large amount of energy that
is centinuously_present on the lunar records; it does not
correlate with the onset of seismic events. It is unclear
whether this energy originates in the instrument itself
or is actually present in Lhe ground motion; further
discussion is included in Chapter 4. 1In most of the data
analysis procedures dlscussed below, it is best to
eliminate this 1ong—perlod ‘noise" making the short-
period onsets more clearly observable. This is done with
subroutines BNDPAS, PLYDV2, and BNDPS2 which desian and

implement a Chebyshev low-pass auto-reqressive
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frequency filter. The programs were authored by Ralph
Wiggins. The application of a high-pass filter to the
data was accomplished by first applying the low-pass
and subtracting the result from the original data. In
general the cutoff period was 10 seconds; typically a
filter length of 5 and a ripple (allowable deviation
from flat response) of 0.0l was used, giving about an
order of magnitude drop-off at 20 seconds and two orders
of magnitude at 30 seconds.

In addition to the event tapes angd catalogues,
microfilm copies of the seismic records from selected
events are available at MIT. Specifically, all HFT
events and the larger meteorite impacts‘are‘on microfiim
in both compressed-time and expanded playout form. The
difficqlty involved in using the microfilm records is that
the vertical scaling factor is constant so that the larger
events saturate the plots and make the identification of
$ arrivals impossible. Accordingly, they were used only
for preliminary scanning and arrival time measurement
designed to learn the data characteristics, and to make a
few final arrival time measurements when the corresponding
event tapes were found. to contain terminal tape read

errors, precluding computer replotting of the data.
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Al.2 Meteorite Impact Data

The initial selection eriterion of at Teast 10 du
(5 mm Gaiveston amplitude as listed in the catalogue)
produced a total of 33 events, listed in Table Al-1,
excluding ones listed.as containing timihg errors on the
seismograms (only about five smaller events). The s%art
times are- those. given in the catalogues, representing the
approximate time of the earliest visible phase. The
records from all these events except the last three are
on microfi}m, and they, were examined to determine which of
the events produced enough observable arrivals to meet
the triangulation and minimum ﬁumber of picks requirement
(in this case, at leést’fgur arrivals spread over the
network triangle). The last three events were transferred
from tape to disc and then plotted for examination.

Eight events survived this final c&lling, as listed
in Table Al-2. 1In order to ensufe that a sufficient length
of seismogram was available for this work and possible
laker studles, 25 mlnutes of both LP and SP records at
all four stations from the eight events were transferéed
from tape to disc. The three~component LP data is on disc
234055 (LUNSEISK), while the SPZ data is on disc 234046
(LUNSEISJ}. The begiﬁning And ending times of the data

are listed in Table Al— ; thev are the same.fo_ both

{2,
fas
rr
fu



types and all stations for a given event, with the
exXception of Day 199 ALSEP 14 whose sﬁart time is at
second 6 rather than 1. The start times were chosen to
bé cloée to initial estimates of the event origin times.
.The records not on disc (Table Al-3) excluding the short-
period traces at ALSEP 12 {(instrument not operati&nal),
are 1) Day 25, ALSEP 14 (LP and SP) due to temporary
instrument malfunctioﬁ when no data was received and 2)
Day 124, ALSEP 14 (SP) and ALSEP 16 (LP and SP) due to
terminal tape read errors. Thus a total of 30 three-
componen- LF records and 21 SPZ records were put onto
disc, necessitating about 40 computer runs costing
rough;y $30 each on an average.

Assuming reasonable seismic velécities, the maximum
S-P time difference for a surface event is about six or
seven minutes. This would be for an evént 180° away from
a seismic station. The maximum travel time across the

ALSEP array occurs for an event next to one of the

stations, and is about five minutes for the direct S wave.

Since these cases cannot occur simultaneously, a
comfortable overestimate for the maximum time difference
between first P and last § is 12 minutes. Accordingly 15
minutes of each record on. disc was processed, beginning
‘about three minutes before the earliest onset at any

station. Thus direct P and S will be included on every

38
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record as Qell as at least several minutes after $ to
allow the observation of seéoﬁdary phases. ProceSSLng
only 15 of the 25 mlnutes of data on disc saves a large
amount of ‘computation time and if it had been necessary
to. examine more data it was easily available. The data
sectlons that were used extend from three minutes before
o 12 minutes after the reference times listed in Table
Al-2 (and 1- ~-4) which represents roughly the time of the
earliest observable arrival.

Initially, small-scale plots as shown in Figs. Al la
thru Al-1h were made in order to have a complete picture
of the records available at & given focus. Events which
were recorded in the broad-band response mode were passed
through a high—pass frequency filter as described above; a
list of the records requlrlng,filtering i§ givee_zo
Table Al=3. The P and § arrivals marked are the final-
ones listed in Table 1-4; the initial versions of these
plots naturally were not'éo marked. The vertical scale
is 120 du between component traces at any statlon, the
great varlatlon in amplitudes is clear (compare Day" 134
w1th Day‘324). In addition, the SP records ﬁere plotted'
at a scale of 2 in/min, or 30 inches per lo—mlnute record.
ThlS is about the maximum length that permits convenient
handling, and picks are measurable to within about 0 2 or -

4

0.3 seconds,