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Data f'rolll the lunar-orhiting ;\1'0110 17 rad;lr sounding e\['eriment (('O-m wavekngth) have heen 
e\;\\nined in hoth digital ;lI1d hologr;lphic f'orm;ils. Surf'aee haekscatter (clutter) which masks possihk 
ra(l;ir rdurns origin;lting fmlll suhsurfacc changes in lunar electrical properties was reduced hy sil11ultane
(lllSly epnlp;lring radar data from two orhits, Radar returns that correhlte from orhit to orhit I'orm two 
diqinct alignments in Marc Sercnitatis and one in "'!are Crisium. It is proposed that these alignnlCnts 
r~present suhsurf'ace reflecting hori/ons. The hypothesis is tested hy shov.ing that (I) IllOst of the rad;lr 
returns fall outside the amhiguity region of the correl:ltion technique. (2) the results arc consistent 
hetween optic;lIly and digitally processed data, (J) the signal kvels of'the proposed suhsurf'ace 1"c;lturCS arc 
\\ell ;Ihme the noise 110m, (4) the inferred loss tangents ;1J'pear to he consistent with returned sample 
measurements, and (5) the discontinuous nature of' the relleetions 1110st likely arises from interl"crenee 
elfeets, It is concluded th;lttoereare two suhsurf'ace radar re!lectors with ll1e;ln apparent depths 01'0,') km 
;Ind I.e, km helow the surrae~I'- Marc Serenit;ltis and one rel1eetur at a l11e;ln depth of 1.4 km helm' the 
s\l1faee in Marc Crisiu111. These rellectors represent hasin-wide suhsurface interfaces, 

I :';TR()lllJCTlON 

Thc Arollo lunar soundcr c\reriment (ALSI:), a radar e.\
rcriment included on thc Arollo 17 night, has bcen dcscrioed 
hy Phil/i/),\" CI (/1, r IlJ73a, hr, I'urthcr rcsults on lunar altimetry 
h:tl'c oeen reported hy 1//"{!l1'I1 el al. ['1 974J, while imagining 
results from the exrcriment wcre described oy IIIaxlI'ell ('I al. 
[1975J. Althollgh thcsc scientilie results wcre imrortant, they 
Ilef"C nut the rrime seicntifie ohjcctive of the ALSE; the exreri
mcnt I\as designcd to detcct and Illar variations in the suh
surface electrical rrorerties and thereforc lunar suosurfaec 
layering. In this r~lrCr II"\.: rrescnt evidcnee for basin-Ilidc 
suhsurfacc layering in 1\1 aria Serenitatis and Crisium from the 
deer-pcnetrating ."i-MHz (111'1) rortion ro the lunar sounder 
e\reriment. In suhsequcnt r;lpcrs wc will rrcsent our gcologic 
intt:rprctation of the marc layering and structure and the im
rlications for hasin formation and cvolution. 

E:\I'ERI\IE~T DESCRIPTION 

Thc ;\1'0110 17 lunar suundcr cxrerimcnt was a lunar-oroit
ing, cohcrcnt-ehirred synthetic ;lrcrturc radar cxrcrimcnt ca
r ahle of tr;lnsmitting radar siglwls into the lunar subsurface 
and rccording the rcflcctcd signals. Thc HFI ALSE arparatus 
consisted of a ccntcr-red dirole antcnna, a eohercnt synthetic 
;IPCrturC radar systcm, and an ortieal rceordcr which recorded 
the rcceived signal and information about thc exrerimcntal 
<lpraratus, ;\ dditional information from the experimcnt was 
!ciclllctcred tn earth during the radar oreration. This informa
tion included n:sults from a 'specular rO\\Cr monitor' which 
111l:asured thc integrated signal rowcr froi1l radar signals rc
Ilcctcd from thc moon. Thc instrumentation is further de
scrihed hy Phillif',\" el (/1. [1973aJ and Porcello ct ai, [1974J, 

Thc cxperimcnt;" equipment, ~lnd its rlacement within thc 
sraeccraft \I as designed to minimilc rossibic cicctromagnctie 
interferenec hetwcen ALSF equirment and other sraeecrart 
systcms and exrcrimcnts, During the actual data collcction in 
lunar orhit. all noncsscntial spacecraft systems and other 
Apollo orhital exrerimcnts lI'erc not opcr;ltcd as another cn'or! 
to minimilc cicctromagnctic intcrfcrence. II F I ;\ LSE data 
lIne continuously collected during Arollo 17 lunar rcvolu
tions I(), 17, and IX. Film containing the unproccsscd stor:d 
datil frolll thc optical rceordcr was rcturncd to carth and 
dClclol'cd hy u,ing tcchniqucs dcsigncd to rcduec noise and 
nonlinear tk\"elorillellt clrcets. 

I'RC)(·I·ssr';r; A L.SI: DATA 

I hc Illaj<lr dilliculty in tile deterll1in;ltion or lunar suh
';llrfacc k;ltllre'; I'rolll the A I.SI' rad;lr d;lta is thc strong nlr
_;l\isJetu~!l (clutler) frolll the 1~1~_~_u~face. Thc much I\eakcr 
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suh'iurr:lce return must he distin)!uished rrom this clutter, \Ve 
I];\ve limited our search ror suhsurface returns to the relatively 
smooth mare regions in an attempt to reduce the clutter prob
Iem, 

Surf:lcc and suhsurface radar rcturns are separated in time 
hya few tens or microseconds, Owing to the pulse compression 
nature or the radar system. individual processed signals have 
po\\er versus time runctions of approximately the form 

'[sinC\)/.\]'., with a 1:lrge main lohe and side lohes decreasin)! in 
amplitude ai"ay from the ccnter of the signal. Spectral wci)!ht
ing has heen applied to the data to reduce the far range side 
lohes of the system impulse response to acceptahle levels [Por
cc//o e( a/" 1974], Although side lohes of the hright quasi
specular surface returns 'COUld he mistaken for subsurface re
turns. in practice these can he identified in the data hy their 
correlation in delay. stren}2th. and Doppler frcquency content 
with respect to the surface return. The ran)!e resolution of the 
II F I system precludes determining subsurface features with 
timc delays of less ~han ahout R j1.S (approximately 400 III in 
depth if we assume :1 dielectric constant of R for the lunar 
medium) \\ ith respect to the H I· I surface return. 

The ALSE IIFI data have heen processcd by using two 
dillcrcnt techniq'lIes, The returned data were transformed to 
hoth holographic and digital i'ormats for subsequent process
ing. inspect inn. and intcrpretation, 

The II F I data \\cre tlriginally optic:t1ly proccssed for 300-m 
a/imuth (:tiong track) resolution with 50-dB dynamic range 
:llld then rel'llfded in a holngr:lphic format on film [Adams 1'( 

a/" 1974], 'I his film \\as later pl:leed in a specially desi)!IH:d 
IHllogram "ie\\er for analysis. The viewer allows the inter
preter to adjust [)oppler h:lndwidth and magnify portions of 
the reconstructed radar image on a viewing screen. 

The llFI clata were also digitized and stored on magndic 
t:lpe ror computer processing. A varid}' of digital processing 
techniques h:lve heen arplied to the digital data. These tech
niqucs inclulkd low-p;iss filtering a'nd coherent stacking of 
processed dat:1 in the :tiong-track direction hy nonoveriapping 
st:lckin)! procedures [Phillips ('( a/" 1973a. h]. and later direc
ti(lll:ll stacking procedures were used in an clrort to enhance 
suhsurface returns, The modulation properties of the data in 
ran)!e and :I/imuth were studied in attempts to dclinc the lunar 
tr:lnsl'cr function, Deconvolution techniques were also ap
plied. hut all these techniques mct with minimal success. 

Till' MUI IIP1.I'-ORBITCORRELATION 

TI'CIII'I()UI' (MOC) 

We havc concluded from careful inspection that the analysis 
nf rad:lr d:lt:1 collected during a singlc lunar orhit was not 
sullicient to oht:lin :In :Ilil;qu:lte ctlnlidence level for suhsurf:lce 
ft::lture dctection. chiell}' because of the problem of serarating 
suhsurklce signals from lunar surface deri\'(:d clutter. There
fore the data wac analY/cd hy using a multiple-orhit lLlta 
correlatiun techniquc to achie"e conlidence in the determina
tion of suhsurface layering, This approach is now descrihed. 

The technique involvcs the geometry of multiple orhits 
shown in Fif!llrc I. The simplest Illeaningf'tll assumption rc
gardin)! a suhsurrace rellecting layer is a discontinuity in elec
trieti propertics Incated at some uniform depth helow the local 
lun:lr surface. I i' this rellector has lateral dimensions as Ie:lst as 
1:lrge as the orhit:tI separation :Ind the along-track resolution. 
then the radar rdurn frolll this subsurface feature will he 
recorded during c:lch orbit. The radar return frolll this sub
surl'ace relleclor \\ill have the same tillle delay relative to the 
stron)! surface 1'l:lleetor I\lf hoth orbits. Scattering from an 
'individu:ti surf:lee I'c:lture will not bc recorded at the saille 
rclative tillle delay on both orbits owing to the translation or 
the orhits. 

In detail. in Figure I we note tlwt on orhit I a subsurface 
rclkclnr is recorded with ti Ille dclay 

2II 217(A',)"2 
("= -- 1-

c c 
(I) 

wherc II is the orhital :tititude. 1\, is the relative dielectric 
C(lIlS(;lnt or l:tyt;r I. I) is the thickness of layer I. and c is the 
speed or light in I'ree sp:lee, A signal with the same time (lcl:l) 
l'lllild also he due to :In oll'-tr:lck surf:lce rellector S :It a 
diqancc frolll tlte sp;lcccral't ground track 

.\' " (2II 17 A' , ) l. 2 (2) 
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I I (l\\·el'Cr. the relative time delay of the suhsurface reflector is 
the same for orhit 2 (assunled to he :It the same altitude). while 
the reflection from S lllUSt he delayed (move-out) by 

) n 
:::'1 = -=-IW + (I) -+- X)']"2 - (IzZ -+- ,1")1'21 '" -(6 + 2%) (3) 

(' ~ 

1\ here I) is the ground track seraration hetween the two orbits. 
Thus rdlcctions with the s:lme relative time delay are more 
likely to he due tn a subsurface layer. 

The MOe techniquc \\,:IS arplied to the holograrhic illl
a)!ery in the foll(lIIing manner: A section of the HFI holo)!ram 
film rerresenting data collected durin)! a spacecraft flyover of a 
particular fun:lr area was ima)!ed in the hologram viewer. 
Photograrhs oj' the rcsulting hologram image were taken and 
comhined into a mosaic at a scale of I: 120.000. Another 
section of the hologram film representing radar data collected 
over the samc lunar :lre,1 hut oht:lined from a different orbit 
lias later im:lged and rhotographed. Mosaics of the imagery 
from each orhit II ere registered (rositioned to a COlll~110n lunar 
gcogr:1phic point) and sc,lrched for radar returns which had 
little or no displ,lcel11ent (move-out) in r:ll1ge from one orbital 
imagery Illosaic!-o the other mosaic. as shown in Figure 2. The 
criterion for correlation was that there be at least HO% overlap 
(in time dcla::; :lI1d longitUli<.:) hetween the two signals. This 
multirle-orhit data correlation procedurc was used to search 
fi)r rossihle suhsurf:l<.:e features in the imagery obtained as the 
spacccraft passed ()\'er the Serenitatis and CrisiUlll basins. 

The correlated returns round in the ahove manner from 
revolutions (revs) It) :Ind IX have been plotted in cross-section 
rOrlll in I'l:lte J for Marc Sercnitatis. A similar plot frolll revs 
17 and IX ror Marc Crisiulll is shOlvn in Plate 2. Time delay 
n:lative to thc nadir surface return has been converted to 
distance hy assuming that the lunar material has a relative 
dielectric cnnst:lnt of X.7. We nott: that amidst a background 
or r;lndlllll rellcctions, there arc two ~ets of aligned reflections 
in Serenit;ltis and a 'iingle aligned reflection in Crisium. The 
coherent ali)!.Jlments of ima)!e:s do not arpear as a continuous 
linear im:lge hut take: the: forlllllf a discontinuollS set or radar 
returns. The returns arc oj' short duration (JOO-IOOO m in 
:i/illluth) ;Ind are: sep;lrated by distances ranging from .100 m 
to a J"cw kilometers in Serenitatis and up to a few tens of 
kilometers in Crisiulll, 

We lI'ill rcl"er to the aligJled correlated reflections as 'evcnts: 
;Ind we 1l1J2~.~bcsi(c that these events arc subsurface re:flee
tions. The hypothesis will be te:sted by the following questions:! 
(I) \\'hat ;Ire the interpret;ltional amhiguitics in thc MOe '
technique'! (2) Do the:se events appear in hoth di)!ital and 
Iwlpgrarhie: d:lta fllrmats" (3) Can we identiry surface returns 
in the d:lta" (4) Are: the prorosed subsurface evcnts well above 
thl: data npise Ie'vel? (5) Arc the strengths of the returns consis
tent with the known dielectric and loss tangent prorerties of 
returned lun:lr samples'! (6) Why arc the cvents comrosed or 
discontinuous reflectiDns'.' 

Moe INTFRI'RI;IAlIONAL A~1BI(;lirrY 

I r we could experimentally measure time delay with ne)!.li
)!.ihle error. stlrLlce reflectors and subsurface features would be 
di'itin)!.uish:lhle unless a surracc reflector lay midway hetween 
orbital tracks Dr two surr:lce: rellcctors were each situated the 
S;II11e distance rrom both ground tracks. In rractice, the time 
de:I:IY 01':1 rl:llector's signal h:ls an associatcd error. which we 
e,perimcnUtlly estinwtc to bt: ±2 I1S. Hence we cannot mea
sure the movc-out (:::'1) or a signal between two orbits if it is 
less than:: ,IS. 

To define the region of ambiguity between surface and sub
surral:e rellcctions. we invert (3) ror X and set :::., (0 a value of 2 
pS. I:or two orhits of known orhit,1i track seraration 0 a band 
()r :1I11bi)!.uity on the lun;lr surrace can be determined. Tht: band 
or amhi)!.uity simply delines th:lt region on the surface whert: a 
sllrLIL'C sC:ltterer will sholl' less than 211s of move-out betw':en 
orbits :Ind thus C:lnnot he distinguished from a /crO-lllOVe-',)ut 
suhsurr:lce relleC[or. 

The: houndary or stich a hand is rlotted in Figurc 3 as the 2-
ps move-out di,tance.\' for Marc Screnitatis. using revs 16 ;Ind 
'X. The h:llld 01' amhiguity extends X km north or the nor
t hcrly orhit :lnd a simil:lr distance south or the sputherly orhit. 
I he sl:paralioll distances "or the tllO orhits r:lnge frolll 0 km 
lle:ll' 2,~0 L IOllgitude to ~.':~ knl a..\._I.2.::.'.: IOI1t;itude. The cnrrc-

--:...~--. ~~7_~.·:.t....-¥ 

*(.?~ 

t.?03 

~ 

\ \ 

t \ 
\ 

! 

L .' ,/ 0""[/ 
/. ~. '" \ ' e.1}(.... r:l~ 

--- ... _._---------------

3-IS:"'7 8 



~ 
latt:d rdkctions r<lr Mart: Sert:nitatis are also plotted in Figurt: 
~hY assuming th;lt they arise from the surface and converting 
tilllt: delay to equivalent distance from the nadir (ground 
track) position. By our arguments. however. it is not possible 
for a single surfaet: reflet:tor to lie above {he 2-/15 curve. \\'e 
knd to rejt:ct then. at 1e;lst for western Serenitatis. the idea that 
the corrdated n:ilections could arise from a single surface 
feature. 

I'or J\lan: Crisiull1 the orhital ground track separation is a 
constant S km (Figurc 4). Tht: event ddected in Marc Crisium 
lit:s well ahoYt: tht: 2-/1s lint:. 

It t:ould bt: argued th;lt correlation is due to two surface 
rcilectors at different locations with an identical timc delay on 
each orhit. Whilt: this is certainly a possihility. it is dimcult to 
generatt: anything otht:r than a random pattern in the cross 
sections. A random distrihution of scatlerers with a preferred 
slope. ho\\Cver. could produce correlated returns in an orga
ni/ed pattt:rIl. For e;ich orhit. strong returns would ;lrist: for 
tllPst: scattt:n:rs at ;1 distance wht:re the preft:rred slopt:s pre
sented ;1 specui;lr facet to tilt: radar. The distance. and hence 
tilllt: delay. would.he indt:pt:ndent of orhit and thus would givt: 
rist: to correlakd k;ltures. Tht: obvious candidate for random 
scaltt:rers would he craters. It seems unreasonable that craters 
in Crisiul11 would have one preferred slope while cratcrs in 
Scrcnitatis would have two preferred slopes. For such a scat
kring l11echanism. however. changes in the time dclay of the 
events with longitude would imply a change in crater morphof
ogy. age. or target c01l1position. and/or a change in the re
gional slope on which tile craters arc superimposed. As an 
e\alllplc. consider the ch~lnge in depth (or time delay) of the 
I(l\\er event in Serenitatis (Plate I). from 22.2° to 22.7°E. For 
a surface interpretation the preferred slope must change frolll 
1.5° to 4.4° in ahout 14 kill. This region appears to he in a 
single hasalt unit [llliImrc/ ('/ 111.. 1~73) of ;! constant age 
[IJ(!\'('(' IIl1d Diul. 1(73). and the total regional change in topog
raphy is less than SO m (Iun;!r topographic orthophoto 
map42(4). We conclude that this surface mechanism for pro
ducing correlated features is highly unlikely. 

A:--;ALYSIS (lI- DATA Ie; A DI(;ITAL FORMAT 

j'i!!ure Sa shows a contoured representation/f\~! the optically 
;lIil11uth focuscd. digitally range compressed 111-'1 data for the 
re,,0i,\1 ncar thc crater Deseillillnv in Mare St:renitatis. The M\tJ .... -

d;!la wcrc Ulkcn during rev I~. and we have applied the MOe 
tcchnique to this digit;d illl;lge paircd with the equivalent 
image for rev I (1. The corrclated reflectiollS are shown in black. 
;\ heavy line is dra\\ n through the nadir spccular reflection. 
and thc time reference is set to 0 /1S at this point. Two addi
tinnal lines arc drawn through apparent alignmcnts of corre
i;lled c\·cnts. and wc h\pothcsi;:c that these two alignmcnts 
represcl1t suiJsllrf;lce rcilectors. 

Thcre arc t\\n dominant surface katun:s in the vicinity of 
the !!r,llind tracks. the crater Deseilligny and Dorsa Lister. a 
\\ rinkJc ridge. The dashcd ellipses centcred on the 40-/1s range 
delay indicate thc c;i1culatcd tilile delays of the radar returns 
I'rom the rilll and floor pt:rimeters of Descilligny. There is a 
stron!! return ( .. ·15 dB with rcspect to the surface specular 
!lash) ;Issociated with the north interior wall of this cratcr. 
1);lta from rev I (, show ;1 return fro 111 the iloor with an increase 
in r;ll1ge time dclay of :'i f.1s. This is the appropriate move-out 
for the shin of the ground track hetween revs 16 and I~. Thc 
ground track of rev I~ is ahout I.S k11l north of the rev 16 
!!round track. a position placing it closer to the crater Descil
li!!n)'. 

Thc sitlping dashed line in "igure)a shows the radur rcllec
tions from l)ors:1 1.ister projected into the crnss section. It is 
cle;lr t h;\t J)ors;1 I.ister ;Iecounts for sonic of thc shaded coher
ent events. since the rellcctcd energy 1'1'0111 thc ridge should 
sh()\\ ;1 2-/1s nHlVClllel1t hetwcen rcv 1(, and rev I~ data. As \\e 
discusscd ;\hovc (sec Figure:!). this is ;It the limit of our timc 
delay l11e;ISllrel1lcnt accur;ICY. I.argcr nlO\'Cl11enl. as in thc casc 
of nater I)eseilligny. is more readily measured. 

Since \\e havc heen ahle to make positive identificat/i~l of 
kn()II'n surJ';lce katurcs in the d;lta. wc arguc that alignl11ents 
in the cross sections which do not correlate with obscn'able 
slII'l'acc k;\tllrcs arc l110rc likely to ;Irise l'r(J1ll subsurface rcflec
tion" Indeed. \\e i'lnd \Cry litlle corrcl;ltion bet\\eel1 the corre
lated C\'Cllls in Platcs I and 2 and surface features. 

_I, ! 

J ' • .' 

l~ ((f 

~"/ 

3/ 

.3 

,; 

~?'> 

(J,DCf 

3-IS:"'7 '8 



~p 
Since the holographic and digital data arise from different 

data-processing schcmes, it is usdul to compare alignmcnts 
from hoth data sets as a self-consistency check. The two domi
nant events found in the holopam studies have hcen shown as 
solid lines on I'igure 5h, and these correlate well within the 
positioning errors of the digil:1i events. 

SIC;r--;AI-TO-N(lISI'RA'fIO 

;\n important test of the subsurface hypothesis is that the 
e\'Cnts shown in Plates I and 2 arc situated well above the data 
noise level. There arc four important sources of noise: (I) film 
noise, (2) spacecraft noise, (3) cosmic noise, and (4) earth 
noise. 

The film dynamic rangc is 30 dB [Po,.cello et aI., 19741, and 
signal comprcssion or the chirped radar pulse adds an addi
tion:1i gain of 17 dB. This yiclds a signal-tn-film noise ratio of 
40 dB or greater, depending on the proximity of the strong 
nadir spccular surr:lcc returns to the exposure saturation level 
or the data-recording film. The hypothesi/cd subsurface events 
arc typically nn weaker th:1Il 25 dB below the nadir returns, 
and we thus discollnt film noise as an important noise source. 

The ALSF II F receivers () and 15 l\1 HI:) had a capability to 
measure the noise background directly and telemeter this in
rormation direclly to earth, hypassing the film recording. On 
the lunar farside the noise brightness measurement compared 
f'avorahly \\ith the cosmic noise measurements of earlier work
ers [Phillip.1 ('I al .. 1973a]. We can thus conclude that the 
spaceeraft noise level lies below the cosmic noise level. 

The dominant noise contribution is, in fact, earth noise 
[/'hillips ('I al., 197Jh], which is ahout 15 dB stronger than 
cosmic noisc [killpack, 197.5]. Thc noise intensity shows a 
distinct corrclation with local time at the suhlunar point on the 
c~lrth, heing a maximum at earth nighttime. 

The noise measurements were ahsolutely calihratcd in terms 
PI' the ch:lractcristics PI' the antenna and receiver. We do not 
know the actu:1I earth noise level at the time of the sounding 
hut must rely on ALSf: receiver 'noise only' measurements 
taken during other parts of the radar experiment and our 
untlerst:lnding of the noise variation with local earth time. In 
the digitally proccssed data \Ve estimate thc ncar-earth noise 
level :11 -106 ± .1 dBW (dccihels helow I W). The digitally 
processed signal is not :Ibsolutely calibrated pt:r se, hut this 
process may he accomplished hy tying the signal level to the 
c:dihrated specular po\\er monitor output data taken during 
the samc time, taking due account of bandwidths of the equip
ment and pulse compression characteristics. 

In Figure 6 \Ie present an amplitude versus time trace taken 
at the location indicated by the vertical dotted lines on Figure 
5. As estinwted from the specular power monitor, the nadir 
specular return h:ls a level of --65 d13W. Our estimate or the 
earth noise is sho\ln in the shaded region. To the left of the 
n:ldir specular rellection arc only the decreasing side lohes 

'preceding the main lobe or this rdlcction and carth noise. The 
signal level docs indeed drop down to our estimated earth 
noise level. ,\Iso shown are a ncar-nadir surface rellection, thc 
hypothesi/cd suhsurracc relleetions, and the general hack
ground of surface clutter, By inspection of Figure 6 it is seen 
th:lt we :trl: de:iling with :Idequate signal margins in our hy
pot hesi/ed su hsu rface evcn ts. 

Ir--;II'RRI'D Ef.I'CrRICAf. PROPFRTfES 

The electromagnetic plane wave powcr rellection coellicient 
:11 a plane interface hct\\cen t\\'o dielectric media depcnds on 
the ratio or the dielcctric constants as 

,~I L~0L'S)"212 
r 12 I + (A';A,M (4) 

where A, is the relative dielectric constant of the ith medium. 
In the mare regions, most surfaces arc probahly regolith 

covered; however, at depths of the order of a few to tens of 
meters, solid-rock interraces should be encountered. Again if a 
plane wave-plane layer interface is assumed, the apparent 
surf:lce l-cllcction coellicient for this type of interface is [SIi'al
I()II, 19../ I, p. 5141 

R - ("12 + ,.,.1)' _ .. 4"'2"23 sin' (2rrd/'\) 

(I + "'2",.,)2 - 41'"1',, sin' (2rrd/'\) 

-_'_~-. --~,~c=._.~-",,· --======-.: 

(5) 
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where Ii and;\ are the thickness of and the wavelength ill layer 
2. respet.:tively, 

With the dielectric t.:onstant incrcasing from medium I (l'n.:e 
space) to medium 2 (regolith) to medium J (rock), the reflec
tion coeflicient has minima for d at odd multiples of quarter 
wavelengths and maxima for d at even mUltiples of quarter 
wavelengths, For diekctrie constants of J for the soil and 6 for 
the rock these maximum and minimum rellection coefllcient 

,values arc approximately 0,17 and OJ)I, Variations in the 
n:llected sre.clliar rO\\er do show variations. hut we cannot 
unamhiguously state whether these variations arc duc to rego
lith derth changes. interf..:renee from surface clutter. or 
changes in electrical rroperties. 

The rhille wave reflection codlicient from a buried rock
rock interface is determined by (4). Thus a rock-rock interface 
separating m;ltcrials with dielectric constants of 7 and 9 has a 
power rcflection coellicient of 4 X 10 .1. ;\ deep-lying density 
inversion may rrovide another type of interface, In this c;lse a 
mediulll of 10\\ er dielectric constant (presumably, a buried 
regolith or ryrnelastic layer) is surrounded by rock 0f higher 
dielectric constant (pr,,:suJ11;lbly basalt). The rellection coefTi
cient c;ln he scveraltimes larger than that expected for a rnck
n:golith intcrfacG and considerably larger than that expected 
for the rock-rock type of interface, 

The po\\er ratio between the subsurface and the surface 
signals expressed in decibels is 

.J.(dB) = 10 log [(I - /"2)'/"'2] 
~ 

+ 10 log "'3 - 27,3/T tan 0 (7) 

\\ here 

/'" PO\\ er rcllcction coellicient of the free space-lunar 
surf;lt.:e interl';lu:: 

"23 power rellection t.:oeflit.:ient o( the buried reflector: 
tanh loss tangent of material between the surfat.:e and the 

buried interfat.:e: 
/ frequency: 
T time delay of suhsurfaee echo, 

The most /'av\lrahle conditions for detecting suhsurface ra
d;lr returns occur when the surfacc relleetivity is low and the 
subsurf'ace echo is from a huried density inversion with a 
thickness ncar one-quarter wavelength, 

Typical echo strengths f'or the hypothesized suhsurfaee 
e\'ents generally range from -20 dB to -30 dB with respect to 
the surface rcturn, The loss tangents calculated f'rol11 (7) with 
these values and an assul11ed depth of 1600 111 yield a tYrical 
urrer hound of' I X 10 2, the larger values being ealeulated 
frol11 a buried density inversion, The upper bound is calculated 
I'or ;1 surface rq.!Olith thickness of ahout 7 m and a buried 
density inversion thit.:kness of ahout 5 m, Decreasing the dcn
sity inversinn thit.:kness to 2 III lowers the urper hound on loss 
tangent to X X 10 " The \VOfst comhination of the two thick
nesses yields an urper bound of ahout 4 X 10 '. 

It is not rossible to relate these values of' loss tangent to 
returned samrle measurements heeause there are no samples 
of central Screnitatis marc material. There arc also few mea
surements of' returned samples at 5 Mill, Further, :Jlthough 
there has been signiliC<lnt reduction in the levels of introduced 
\\';Iter in measured samples. it is not possible to demonstrate 
the complete :Ihsence of' residual nliltamination. 

Wc helieve, however, that the range of' calculated loss tan
gellts from 4 X 10 'to J X 10 2 is consistent with the lahora
tory measurements [Olhocji alld SI/'(/lIglI'a)" 1975]. Further, 
the mascon marc exhibit low TiO, content [lohmon el aI" 
1977]. ;Ind there is a dclinite positive correlation between Ti02 

content ;Ind loss tangent. 
;\ t the same time it is likely that a huried density invCl'sion is 

required to explain the results. By using the extreme range of' 
7-\) for reported bas;i/t dielectric t.:onstants [Olhocji lind 

~#=" 

Slmngll'(/.i', 19751 ;111<1 the l110st f;lvor;lhle surf'at.:e regolith , 
1. thickness the maximuml(.)ss tangent t.:.;i/eUlated is 6 X 10 '. ~ Jt 

Till' f)IS('00il'l0iI'OliS NATl'RE OFTIIE Lff· I 
R AIMR R EII.I;('TIO:-';S 

SC\eral clkcts could cause the hypothesi/cd suhsurfacc k;l
lurcs to ;Ippcar :1, a discontinuous series of' aligned correlated 
k:ilun.:s. \\'c p:)~tul:lte t\\O possihili!i~s~ 

~_::.-.::~~:_::;_:_--: .. ··.-.--r --.--
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1. The suhsurrace feature is actually discontinuous in na

ture and only occasionally presents suhsurrace racets properly 
oriented to reflect enough energy to be detected experimen
tally. 

2. The suhsurface is wntinuous, hut other phenomena 
produce a discontinuous clrcct in our data (e.g .. constructive 
;lnd destructive interrerence hetween the subsurface radar re
turn and surface clutter returns). T.g exal11ine our lirst hypoth-

·csis. we Illpdclcd a properly oriented suhsurface racet as a 
circlilar ;Iperture in a perfectly conducting plane and caleu
alted the elrccts of Fr;lunhoi'cr dilfraetion [Jackson. 1963. pp. 
292-297J ror a norl11ally incident plane wave. Results or this 
c;ilculation indicate that the ()bserved signal returns cannot he 
physically gcnerated hy circlilar facets of the order of 500 m in 
diameter hecause an additional signal wcakening or at least 
-20 dB would be introduced. This in turn would lead to 
unreasonahly low loss tangent values. We therefore believe 
that our lirst hypothesis is refuted. r 

The second hypothesis. that the suhsurrace layers arc in ract 
continuous. is the hypothesis that we accept. An examination 
of the original data shows that interrerence effects are present 
among the sca((ercd surface signals. and it secms also likely 
that the discontinuous nature of the hypothcsized subsurface 
el'ents is :llso caused primarily hy interference effects. We 
conclude that the events in Serenitatis and Crisium (Plates I 
and 2) arc produced hy hasin-wide disconformities in the 
suhsurface electrical properties. 

SU"I~IARY 

We have presented the following evidence that many of thc 
spatially cohercnt evcnts detected in Marc Serenitatis and 
1\1 a re Crisi lim a rise fro m Sli hsu rface reflectors. 

I. COlllillon radar rcturns align in an approximately hori
lontal fashion which indicates that the reflections arise from 
either suhSllrf;lce reflectors or linear surface features that an; 
aligned approximately parallel to the 'ground tracks. 

2. 1 f there is ample ground track separation, then a move
out criterion can he applied to separate the ahove possihilities. 
There is enout!h separation hetween ground tracks in Marc 
Crisiul11 and most or Marc Serenitatis to indicate strongly that 
thc ali[!nl11ent docs not arise from linear surface features. 

J. Surf;lce fe;ltures such as craters and wrinkle ridges arc 
recogni/ahle in the data. We use this result to argue the con
\'erse: When the coherent events do not correlate with surface 
rt:atures. we consider this as evidence that these alignmcnts 
,Irise from suhsurface reflectors. 

4. The proposed suhsurface events arc self-consistent be
tween optically and digitally processed data. 

5. The sign;ils associated with the proposed subsurface 
features arc well ahove the data noise level. 

6. The fact that the cohercnt events persist over a large 
portion of the basin diameter lends credence to the subsurface 
n;!lurc of these reflcctions and makes it less likely that the 
alignments arise from surf:\ce features. 

7. The strcngth of the deepest alignmcnt indicates lunar 
Inss tangents r:1nt!ing rrom 4 X 10 ,3 to 10 2, consistent with 
I11C:lsurements on returned lunar samples. The reflections most 
likely arise rrol11 density inversions, presumably a buried rego
lith or pyroclastic layer. 

~. Thc along-track v,lriations or the alignments correlate 
in a geolugically meaningl'L11 way with structural and composi
tional reatmes on the surrace. As an examplc, the surface 
projection of the dipping houndaries of the shallowest reflec
tor in Serenitatis appears to coincide with the contact between 
the dark annulus mare unit and the lighter marc of the central 
p;lrt of the hasin. Further. by linearly extending the topo
graphic slope 01' the dark annulus material in southern Sereni
t;!lis nortilll';lrtl into the basin, the c;ilculated depth at tile 
{\ polio 17 ground tracks is within 50 III of the depth of tile 
sh;dlll\\' relleet()r. We tilus interpret the shallow renector as the 
h;lsin-Ilide contact hetween the dark annulus unit and the 
central has:ilt IlIlit. ()ct;lilcd stratigraphic and structural inkr
prctatiolls II ill he the sllhject of future papers. 

On the basis of the :Ihove arguments we conclude that the 
(lin radar reflectors in Serellitatis anc! the olle reflector in 
('risilll1l arise frol11 suhsurr;llT 1;II'Crint!. 

_, ____ ~i..:~,-o_12~~~_~~~~~l;l~ ,~~d~l! depth.:"~)~l,ding (~f the terres-
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trial hodie~ of the ~olar system would scem to he possible 
lindn the four conditions of (I) low loss t:Ingcnt.(2) surfaces 
no rougher than the lunar marc, (3) ground track scparation 
~,ppropriatc to lISC the movc-out criterion. and (4) the avail
ahility of high-quality surface imaging as support data .. 
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Fig. I. Thc gcomctr) or thc multiplc-orhit corrci,ltion technique. 
'T he sp<leeer<ln is dcnoted for t\\ () nrhits (spacccraft orhit pcr
pentlil"ular to plane or li!!11re) at hei[!ht hand orhit,d scparation ~. A 
subsurface reilecting 1;lyer is at depth ry. ;Ind a surface rcOcetor S is at 
'an olr-trad di>tance .\" frol11 the nadir point of orhit I. 

LR~ ~, 

I il'. 2. The general scheme for detection of suhsllrrace features using the holographic data, The hologr'lphic illla!!es of A LSI: data I'M t\\O 
dilrerent orhits 'Ire lirst photol'r;lphed. The photographs arc then registered. and the lunar coordinates arc determined from e\pcriment '1I1d 
ephemeris inforrn;ltion and searched for correlations or radar returns. All correlations arc then plotted ;IS indicated in the lo\\er diagram, 

Plate I. A photomosaic of Apollo 17 metric camera fr'i111eS AS I 7-0449. -0452. -OX03. and -OX06 showing thc Apollo 17 gn1und tr'lck f(lr 
rev()lution 1(, in I\fare Serenitatis. Below drawn/to thc same horilOntal scale arc shown the coherent ALSE radar returns. The C\agger;lted 
vert ical scalc is ink ilomcters ;1 hove the me;1Il radius or 1730 km, 

Pbte 2. A photomosaic or Apollo 17metrie camera frames AS I 7-0422. -0424. -0426. -042X. -04JO. and -04.12 slHl\\ing the Apollo 17 ground 
track on 1\1are Crisium for revolution IX. Below drawn to the same hori/ont,Ji scalc arc shown the coherent ALSl' radar rdurns. 1 he 
c\'lggerated vertical sc:~le for r;ldar returns is in kilomcters aho\'e the me,ln mdius or Ino kill. 

Fig,.1. Thc locus of points in Marc Serenitatis for which surface i'catureS;1l 'I distance X out\\ard frolll either ground 
track will nJ.D.v<:.-out 2 I1S in timc del'l}' hetween revs 16 and 18. Also shown arc the placeillents of the two coherent evcnts~ 
<1>sullling that they arise rrolll surl'ace reatures. \ 

\ 

/ 
( , 

(,) 
;\. 

I· ig, 4. The locus or points in 1\1 arc Crisiulll for which surracc features at a distance X out\\ ard frolll either ground track 
\\ ill move out 211s in time delay hetween revs 17 and 18. A Iso shown is the placemcnt or the coherent event. assuming that it 
arises rrom a surrace reature. 

:..;~- '("P~~" ,," 

hI":;' (a):\ contourcd vCl'sion or the digitally processed ALSE d;lla, The cnntours enclose the rcgions or rad'ir returns 
th'lI arc less th'ln-l:; dB, het\\TCn- 15 and --20 dB. and -20 to -25 dB down rrom the surraee specular rctUrll, Small 
cl",cd cont(lurS \\ ith a har indicate energy in the-' 15- to -20-dB range. and sm,dl closed contours "ith no har indiC:lte the 

20- to --2:;-dB r;lngc. The events in hlaek arc those which eorrel:ited on revs 16 ;Ind 18, The dashed ellipses indicate 
c:i1cul'ltcd r'ldar returns from cr'lter Deseilligny. ;Ind the sloping dashed line is the calculated return rrom Dorsa Lister. The 
ul'per solid line represents the surf'lce radar rdurll. and the other two solid lincs arc a linear interpolation through the 
coherent events, The vcrtical dottcd line indicates the position of the power versus time trace of Figure;!t (h) The S:lme 
contoured digit:11 d,lIa as in I:igure 5a. where the upper line rcpresents the surrace radar return and the lower solid lincs 
indicate cohercnt radar returns determined rrom hologram imagery. 

I'ig, (" A po\\er vcrsus tilllc trace of thc digit;11 data t;lkcn ;It the 
position slw\\n on Figurc1'", Timc is arhitr;lrily rererenced to ;rern at 
the nadir specular reflection, The rowcr is in dB\\'. decihels referenced 
to I W. The shaded area indicates the estimate or the earth noise level. 

1 Nml at Department or (ieological Sciences. Southern Methodist 
t ini\'ersit\. Dallas. in'ls 7')27'), 

, Now ;It l'ngineering (icoscicnce Group. University or California. 
Ikr~elcy. C:Jiirorilia 94720, 
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