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FOREWORD

This report covers a specific section of the Statement of
Work, Exhibit "C", of Contract NAS9-9200 concerning tide-produced
gravity gradlents and crustal stresses on the moon and their
possible link with lunar transient events and moonquakes. This
is one of four different areas of investigation pevformed under
Exhlbit "C" and the results have been prepared as a separate Part
IT of the TFinal Report for convenlence of future reference to the
different subject areas. This Part II and the three veports on
the other work areas (Parts I, III and IV) constitute the Final
Report due under the Contract.

The results required by the Statement of Work, Exhibit "C",
are essentially self-evident from the mathematics, calculatlons
and analyses performed and presented in this report. All items
of the Statement of Work are belleved to he more than adequately
gatlsfied.

The role of the tide-produced gravity gradients as triggering
mechanisms for moonguakes and lunar transient events has long heen
a subject of interest of the junior author, Lloyd G.D. Thompson
and the Contract Technical Monltor, William B. Chapman. The
preliminary investigation covered by this report was chlefly
performed by Mark H. Houston under the direction and guidance of
Thompson and Chapman. In recognition of this, Houston has been
selected as the senior author.



PART II
LUNAR TIDAL GRAVITY GRADIENTS AND STRESSES

Ab. T

Preliminary analysls of the gravity pradients associated
with gravity tides on the moon caused by the earth Iindicates that
the relative changes in the gradlents are very irregular and
large and aboub 15 tlimes greater than those experienced on earth.
Thus gradients, in preference to gravlity tides themselves, may
well be an lmportant key in correlating tide effects wlth lunar
transient events and moonguakes and also in determining trigpger-
ing mechanisms for crustal movement and faulting. Preliminary
analysis of lunar crustal stresses and strains caused by lunar
gravity tldes indicates that these factors may be more direct
causative agents or triggering mechanisms. In particular, the
cuble dilation undergoes relatively large changes and i1s about
11 times greater on the moon than on earth. Thus 1t should be
correspondingly more important. Development of formulas for the
gravity gradient tensor and the stress tensor terms plus computer
programs for calculating lunar tidal gravity, gradients, stresses
and strains together with some suggested ways in which these terms
may play a role in crustal mechanlcs provides a starting point for
further more detalled investigations.
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T, Tntroductlon

Funar transioent events oceurineg ac pred patches, brlpght spoto
In shndowaed areas and other phonomena have been oboerved on the sur-
faeo of the moon for over three hundred years. Wiethep these cvento
are voleanie oruphbiong, raseous outflows, statle-charped dust clouds
or merely onptiecal effeetsc 1o 55111 unknown,

Joveral Investipators have ausserted that transient lunar ovents
may be ftrippered by Hldal stresoes within the lunar erust and have

examlned the correlation between the varlatlon of the vertical pravity

£ide and the inecildence of Tlunar events. This report developes and

presents the formulae for the pgravity gradients and tldal stresses

arosocliated with the pravity tides on the moon cauced by the earth.
It further indiecates .he role of these terms as pooelble tripperinge
mechanisime for lunar translent events or moonguakes, Thls worlk 1o
intended to form the basis for more detalled investipmations to eotab-
lish & correlation between tidal pravity gradientc and strevses and
lunar events and the role of these terms as trigpering aments. 'The
equations and analysis have been consldered Tor the case ol pgravity
tides on the moon caused by the earth only with the solar ceffects
ommitted. Basleally, the Formulae also apply for the gravity tides
ot the earth caused by the maon but in this case the ephemeris of the
moon must he substituted.

firat the gravity gradient tensor ls developed and the varlous
terms examlned. Assuming particuler Forms and values Tor the Liove

Numbers £ and h and the material constants A and p, a method Tor com-

tidal potential is presented, The tidal stresces and cuble dilation

are then examined,



il Lunar Tidal travity Gradients

&) Tide Potential

1% can be shown that in selenographic spherlcal coordlnates
the gravitational potential, U, on the surface of ¥ moon can

be expressed ag:

YyMo2
U = —= I 3 cos? 0 - g}
2 43
d
where vy = universal gravitatlonal constant
Me = mass of the earth
d = earth~uwoon separatlon

i+ = radius ol the moon
0 = dncluded angle between the sub-terrestial polnt and

the ocbservation location

In astronomical coordinates the included angle, ¢, way be related

to selenocographle coordinates by

cos 6 = sing sind + cosd cosg { casg cosA + sing sinl}

where
p = latitude of the selenographic observation point
§ = latitude of the earth (declination)
A = longltude of the earth (hour angle)
£ = longitude of the selenographic observaticn point



Pinnkly, oubstltutlinge the expression for 6 into the tldal
potentlal and rearrangsing Into Laplace's Jdepavratlon, ovhe tldal

potenttial may be wrltten

U= T :g Jeos?d cos?s cos? (A=E) + sin 2¢ sin 24 con (§=1)
C

+ 3 (sin2¢—%) (nlnzdm%}}

b) Gravity T'ldes

Harrison (19v63) and 3utton et al (1963) have discuusuved

aspects of the tldal varlatlous on the nmoon.

The lunar gravity pradients are beot consldered 1n local
coordinates in the lunar surface. if we adoptl axes with v pousl-
tive upward, 4 positive eastward and y poslitlve northward, vhen
the pgravity florees in the x, y, and 2 dlreectlon will be plven

by,

L =m“l_.__ali
"X r cos¢ QA
_ _ i
A T
. v
Uz N or

or assumlng § = 0



U S {} cond eos?§ oln 23 - oing slu 26 nLnA}

BYMe . - . |
V R ;E = gin 2¢ cos?$ cos YA+ eoad 24 sin 28 couh
y d “
+'-% sin 24¢ (511-126__&1_.)}
“ 3
BYMe ' JF '
U = o e _ cos?d cos?d cos 2A 4+ sin 24 sln 2§ coud
b 2 e
+3(sin2¢_%)(ﬁinzd_%£}

o) Gravity Gradient Tensor

Simllarly, the components of the gravity oradlent tensor

are,

] aUx !& UZ
Y4x T T cos¢ o~ T T tan ¢ + &=
aU e
- 4 X . 1 Ni
ny = 5 {jﬁxﬂ + Ux tan ¢ + TTEY! 5
" _ i Buz . dux ) J_
Xz r ocosd DA ar r
aLJ 9]
yy road r
al U alu
U = _1 - A L .]_' 4
v ar r r og
UI‘
1 SR R—1
A T



YX ny
i = ]
P Rl
i = 1]
Sy Voo

Gubot ltutling, vhe sradlent elements becoue,

1yil i |

Q o - 9 . 1
U = el con?S oos da 4+ sin?d ~ =
X% P dj 3

o

)\:I_,’[
IV £
J = e — sin®¢ cos?d cos 2A - oin 2¢ sin 26 cou)
vy ij
+ 3(.(30:324;-—1;-)(:;_Ln"'ej..._i;.)}
_*J*;‘I‘JI&3

[l
1
i

cos?d cos?S cos 2x 4+ sin 24 gln 28 cooh

ny = 2d3 {—f- slng eos?é sin 20+ o coud oln 09 ;an}

U ™= ) e 1yt Iy 2 é I3 - ") - o 2 6 ey
= ('U""b COE ™G gill .r_.}\. Ll O B (b QO NOO o k
Xz Edj

+ sin 2¢ sin 28 (sind = cosd) - sind sin 28 sini
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J"YMe
Uy” = e 3 {:— sin 2¢ cos?d eos 22 4+ 2 cos 26 sin 26 cos)
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[

+ 3 sln 29 (511126-%—)}



N()ti_‘ TJ}U‘H. ”xx + 1 + " = (),

A eomputer propram for cenlewlatinge L1dal peavity and eravity
readlont components on the meon due Lo Lhe onpth o eolven Iy
Avnendix A,

Tn goanepnl, the peadleonts on Lhe maoon vary In a compleg
manner over the surfnee of the lunar body and $he vartatlones ape
nof o repular as those on earth.  The lonpltude of the oaprth tn
the Tunnr sky chanres olowly wliih anar 1ibratlon and the Tatitude
ahanfes with the revalutlon of the moon In lto orblt,  Addltlonal
variation 1n the pradients 1o Introduced by the changling eaprth-moon
dintnnoo,

The vaviatlon in the varitous pradlont components for o lunar
moenth period, the comeonent diflferencos one Lo anotiher and the d]Pe-
apmmess from place to place on the moon are 1lluctrated In F)pures
1, 2, and 3. The fldal contribution to the varlous pradlient termo
gan be seen in these flpures,  Flpure 1 (llustrates tho character
of the pradlents of the vertleal compenent of pravity for a hyvpo-
thefleal ecase In which ithe pradients are observed at o planctary

latltude of H?ON and the tlde-preoducling body lies at a latlitude of

2075, For comparlsoon, ¥iepure 2 11lustrates o oimllar cace ln whileh
o .
the latltude of the disturbing body hac been chanped %o 20N, In

addltlon, Migure 3 shows an example of the caleulated pradlents

1] ' ‘ sha erate rlatarchus,
Jex, va and Uzz For thes erater Arlstarchu

ELNY

The vertlecal pradient ecomponent U_ - acts in the local vertical

arid ean be seen in Fipures 1, 2 and 3 teo chift In phacse anerle and

mapnitude at different cites on the lunar surface. U,y and ", are

4 1



i hoplemital patos of chnnste of the yorttanl compotont o ey bty and
onn be seor o Fheeer Loand 2 to ehanme Inophese, ame L oude sl Pirre,
Aooann be coeen by Ll coqund bons, ny b tmi e T notare bt “::;3'
Wpnre 3 chows that the horinontn) peadlents ”xx e ”.v.\: ot oy

ean ovary Lo ophase anele and oanpddtude but nloo onn be v T ye

or nopative, Mo Limer, nll preadlent components cnn hnve Loprrme g
viations which conld boe slenifleant Tn eontribuating Lo some meaivin o

foor eratal movoement,

On the moon the maximum ponk-to-peals vartiatlon o Lhe verttond
comnonent of the pravity tide 1o about 1,2 mral and thoe corresnondinge

_in
chianee 1n the pradient 1a about 7 X 10 7

eal/em or 0,007 Botvars Untte  ®
Or oarth the maximum peak-to-nonk ehange In vertleal pravity Glede 1o
abeout 0.3 mral and the corrvespomdling ehange in the pradlont 1o about

5 x 10713 pal/em or 0,0005 Eotvos Unite.

-

‘i
omlace’” Zanm,

n
f—
e
=

B 1 Hotvos Unit =1 K, U. = 1 ¥ 1077 gal/em
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LLL, Lunar Tidal Stresses

While the varlatlions of the lunar gravity components and
the components of the gravity gradient tensor may yleld some
correlation wlth the distyibution of lunapr translent events,
further Insight into the probiem may be obtalned by considering
tidal stresses induced withln the lunhar crust to be the trig-
ering mechanism for the lunar events. hence 1t 1s necessary
to model the response of a planetary body to a varying externczl

gravity fileld.

Dix (1968), using Takeuchi's (1950) model of the earth,
attempted to show that tidal stresses within the earth may be
suff'icient to provide a triggering mechanism for the earthguake
in Kern County, California on July 21, 1952. In our analysis of
stress in the lunar crust we will use a much simpler model for the
moon., uur lack of knowledge of the interior structure of the

moon precludes any complex model.

a) Displacements

Adopting the previously defined coordinate system, vhe dis-

placement at the moon's surface can be written,

2 = .._.._._.__9' .@.y_
X o ocosh 9
£ U
5 = = —_
¥ g 9¢

11



whore U pravitational potential

o= acceleration at the moon's surface

—
=
L
P
I}

Love Numbers for the verftical and horizontal tildes

respectlvely.

Substituting the expression for the potentlal and assumlng

g varies only with r glves,

3YM, % r?

Sx = — .{i- cos?¢ cos?S§ sin 24 - sln 2¢ sln 28 sink;l
i cosd d
hﬂezxﬂ

S, = e ~ 8ln 2¢ cos?8 cos 212 + 2 cos 2¢ sin 28 cosA

+ 3 sin 2¢ (slnaé-%)}

(%)
>

; )
S\Me hr

1

cos?®p cos28 cos 22 + sin 2¢ sin 28 cosi
Hpd”

+ 3(sin2¢—%)(sin25-%)}-

b) Strain Tensor

To calculate the straln tensor, we will make the assumption
that h, & ana g are functlons only of the radius r (z directlon)

and tnen proceed as before. Yhe elements of the strain tensor are,

L BSX i& Sz
“xx - T cos¢ B8r T~ T tang + o=
33 .
e = .]._’. ,___\Y. +_._.§_
yy r 39 T

12



®vz T 3T
a3 85
= X X 1. ; 1 y
yx T v F§ T ptand S, + g coS¢  OA
. _ 1 Boz ; QDZ 1_
Xz r cosd  dX gr r
95 3 a3
t] = .—...\VL - _M. + i ..........%.
b ar g T
exy = eyx
€.y T ©,,
eyz = ezy

Substituting for Sx’ Sy, and Sz the tensor components

become,
3Ymer .
“vx 3 - — cos2¢p cos?8 cos 2A + sin 24 sin 28§ cos{]
ha cos?¢
2 sin 2
T Tiosg [— sin 2¢ cos*d cos Z2A

+ 2 cus 2¢ sin 26 cosA

+ 3 sin 2¢ (sin®%6- %—)]

+ h [cosz¢ cos?§ cos 2X + sin 24 sin 28§ cos)
+ 3 (sin?¢- %)(sinzé— %JJ }-

13



dymer
8] = : 2 [-—sin 20 cos 2¢  (cos?§ cos 2A + 2 cop 28 cosid)

+ 3 sin 29 (sinzdmﬁ)J

+h [coszw cos?®$ cos 22 + asin 2¢ oln 28 con)

3 (Sln2¢-%)(sln26_%):]:}

ayM_r o
T — v [h' - h % + 2h
ﬁ(cosz¢ cos?8 cos 2h + sin 2¢ sip 26 cosh
+ 3 (sin2¢w%)(sin26—%)§
where p' = %ﬁ
r
1 = QE’:
& 9
BYMer
e = —— 240 sing cos®§ sin 2A =~ 4 cosd sin 28 sin)
7 UER L L
. o 2 o
+ cos ¢ sln<d ginA:}
3yk&:r
€y ———L—g h [—2 cost 205%8 sln 2A - sing sin o8 mjnA]
- Y g d

1
+ [% (h'—h% ) + EhJ [cosz¢ cos?8 cos A+
+ s8in 2¢ win 26 cosd
- aq 2 _i o} 2 _,’._].'..
+ 3(ain?¢ 3)(u1n 8 3?}

+ 9 [cos¢ cos?§ sin 2)x + 2 sing sin 26 sin{]

14



3vyM . v
e = —5 r (1'+1ﬁ') +2 - 3ln 2¢ cos?§ con 2A
Z.V }_J £ d3 2
+ 2 cos 2¢ sin 28 cosaA

+ 3 s8in 2¢ (31n26~%{]

+ h [— sin 2¢ ecos?6 cos 22 + 2 cos 2¢ sin 28 cosh
+ 3 8in 2¢ (sinzﬁ—%{}

3

=

|

where 1' =

Q2

I)

We can reduce the expresslons furcher by assuming that the

density and delormatlions are homothetlce with regard to the

center. \lie assume that
At bt og L L2
L h g r
in which case,
3yMer
€,y = T——3 2h cos?¢p cos?8 cos 2% + sin 2¢ sin 28 cosh
Y g d .
+ 3(511‘12¢—v§-)(sin26—%) }
3Ymer i
e = — 2n | ~ cos¢ cos?d sin 2N - = gin¢g sin 28 sinA
X2 Y g d3 l e

+ cos?d cos?§ cos 2x  + 3in 2¢ sin 26 cosA
+ 3 (sin%y- %) (sin?§~ %{]
+ 4 [cos¢ cos?8 sin 22 + 2 sing sin 26 sin%]

15



BYMBP .
) ) ’ [}i ' %J [—ﬂjn 2d woa?$ cos 2A 4 2 con ¢ ooln 28 cosh

7y 3
Ny d | '7 S
+ 3 sin 2¢ (sin®d- §)

¢) obress Tensor

Given the above gtrain tensor eij and assumling Heoke's Law
1.
for a homogeneous lsctrople body, the stress tensor can be

written in generallzed f{orm as,

Tyy= A8

+ 2

13 ®11 MGy
where A and p gre Lame' constants commmonly known as the com-
pressibility and ripgldity. iinally, since the pgeneral coordinate

transformation of a second order tensor 1s wrltten,

- m
T Ry %y Ty

the stress wilthin the lunar erust along any directlon, n, whose

direction cosines are Rl, 22, and £3 are glven by

T.o= 2.2 Too 4+ B2 oy 8.2 Ton + Ak, Ty 4+ .8, T + 2,8

n 1 Tz 2 3 133 1%2 T1p 13 Y13 Ty

o
L
r

L

16



V. Geophyatleal Peechanlame for Lunay Fvents

deveral possible eausative agents for lunar tranclent events
may be condldered, Unless some mechanism exioto whleh accumulntes
e tidal enerpy over long periods of t{ime, {he tidal energy involved
v mach too nmall to be a dlreet causative apent. 1f faulting or
moon auakes are vesponsible for the oboerved phenomena, then tldal
stresses may cerve as a Lrigpering agent, The previous analysls
provides a means to ealeunlate Lidal ctveusses In any dlrectlon and
will thuc allow an analysis of the tidal stress along a partleularly
orlented fault plane. A particular method for calculating the
t1ldal streos along a fault plane is plven in Appendix B,

If the lunar erupt contains reservolrs of inecompresalble luld
suech as water or molten lawva, or contalns structures of widely
varying compressiblility, then variations 1n the cuble dilation of
the lunar erust could be responsible for the translient events, On
aarth fIuld levels In oil and waber wells are obsepved to chanpre with
the phase of the solld earth tlde. The volume of the liguid remains
constant but the volume of the enclosing cavity varies with the cuble

dilation of the arust., The tidal cuble dilation can be written

. 2. = At '_]_l ?hU ._}_}_'_ gl hYJ
Or Ve 2(h=-32) T + e 4 NN L o

. h'l :T
or assuming - = £

B
M
V26 = 3y ol [Hh—GQi‘. [ccnz¢ coc?d cos 2x 4+ s5in 2¢ sin 286 couA

13

W pod-
+ 3 (sin’®*¢ - ~£) (sin?s - ~;J
3 3

17



Suppose now we examine the relative mamnitude of slmple
extenslion and of cubice dilation on Lhe moon as compuared to that on the
carth, In order to o this, we mugt select sultable Love Numboprs
for the moon and the earth. The cuble dllation, u, can be

written in terms of the potential and a characteristlce number, [,

! I - ‘ai. § —
where [ r N F Oh Ll

Similarly , erustal extenslon in the ¢ directlon is,

The two constants for the earth have been experimentally
determined to be 0.620 (fe) and 0,584 (he) {Melehlor, 14606,
p. 300}. elchior (1966, u». 325+) has shown that for a homopencous

self gravitating sphere,

__ -1
- 2 19 u
Tz (1 * 2{-';91’>

where rigidity

acceleration at the surflace

Exe1
H]

p = denslity

r = radius

18



L

Aloo, L = h

—
—_—
—_

For the moon,

= lbe2, 3L0 pals

g =  3.33 pms/em?

u

g L,¢38 X 109 em

and 1 we ussume that the rigldity o!' the moon ls equal to that

of the earth'. crust,

o= 10'% (eps)

In that case, u = ,02%, L = ,007 and = .G85,

Now taklyy the ratlio of the moon'. cuble dllation to that

of the earth,

T
e
=

or —_— 11.3

The ratlic of the moon's radlal extension to that of the earth

1s
(=)



r'lnd ' Jll}ﬂ__’__‘__ = ! ’ r) ’
(2]

Thue we gee that while Lhe pradlal eoxtenstorn on the moon 10 anly
1.5 timos that of the earth, the ampliltude of Tunar cuble expanslon
Ta eleven times Lhat Pound on caprth and should be correcnond!ingely

more important in Tunar erustnl mechanios,

To Purther investigmate and Lluctrerate L{hle econeept, Lhe monthly
variatton In the vertlceal and horlzontal stresces and cuble dilatlon
on the moon due to the ecarth have been calowlatiod Tor $the gsame Lipe
at the Cthree eraters of Arlotarchus, Tlato and Alphonswas and ape
shown in ¥igmures U, 5 and 6 resnectlivaly., The computor progsram Pop
performing theoe ealeulattions 1o plven in Appendlx €. Rlpures 4, b,
and 6 show that the variatlon in the cuble dilatlion has o very laprpe
amplitude while the vertical (Tnz) and hortzantal (Txx) shronooen
a¥perience mueh omaller chanpges, Marther, the behnvior of Ltheoeo
aguantities 1o plenifleantly dlfferent at dlif'feront locatlons on i
moon., At Arlstarchus and Plateo (Flpures 4 and %) the cuble dllatlion
and Tzz have much the came behavior but Txx 1o positive at Aristaprehus
and negative at Plate. At Alvhonsus (Fipure 6) the amplitude of the
cuble dilation 1o conolderably reduced but the marnltude Lo at o
very hish npooitive level, In additlon, both Txx and Tzz arae alon
posltive. 'Thls indleates thal the strecces and partlileularly the

cuble dilatleon could well be imporiant caucative apentc In lunar

crustal mechanties and faulting.
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V. Conclusions and Recommendations

From other work, there 1is an apparent correlation between
lunar transient events and/or moonquakes and gravity tides which,
by symmetry of equatlons, applles also to the tidal gravity
gradients, Tidal varlations in gravity are not likely, in them-
selves, to be direct causative agents since the tidal energy
involved 1Is ftoo small. On the other hand the relative changes in
the gradients are significantly lrregular and large and are, in
faet, 15 times greater on the moon than on the earth. This
indicates that gradilents (one or more components) could possibly
relate more directly to lunar events and the generation of large
local differential forces and therefore could be a signlficant
factor or key in crustal mechanics. They may contribute to or
have a modifylng influence operating in conjunction with other
physical mechanisms. More particularly, there may be a mechanism
for accumulating tidal effects over a long pericd of time or there
may be large forces created differentially when gradients are
consldered over large areas or across a fault zone. This prelim-
inary work provides the basis for further and more detailed in-
vestigations of these and other approaches to the problem. Such

additlional atudies are highly recommended.

Lunar crustal stresses and cubic dilation caused by gravity
tides and gradients could well be important and more direct
triggering mechanisms or causative agents in crustal mechanics and
faulting. In particular, the lunar cubic dilation exnibits large

variations and is eleven times that experienced on earth. Thus
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1€ should be correspondingly more important in lunar crustal
mechanics, Further investipations of long term sitress bulld-up
and the stresses and cubic dllation generated over large adjacent
areas and across a fault zZone are loglecal and antilelipated con-
tinuations of this preliminary work. Such studlies are highly
recommended, not only in support of lunar investigatlons but also
in the interest of earthquake prediction to which this work also

applies.
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APPENDIX A

Computer Program for Calculating
Tidal Gravity and Gradientsc on the
Moon due to the Earth.



LUNAR WIDES AND GRADIENTS TIDES FY

M HOUSTON 5/14/79

THIS PROGRAM CALCULATES THE TIDAL ANOMALIES AND TIDAL
GRADIENTS ON WHE HOON DUE To THE EARTH,

Doaoana

IMPLTCIT DOURLE PRECISION (AeH,L,0-Y¥)
DIMENSION JYSAR(Z/26),JDAY(u,12)
DATR JYEAR{D)/2015019/, (IDAY{1,K),K=1,12)/
19,31,60,91,121,152,182,213,244,274,305,335/
COSQ(THETA) = DCOS(THETA)#DCOS(THETA)
SINQ(THETA) = DSIN(THETA)“DSIN(THETA)
COS2(THETA) = DCOS(2,8DU*THETA)
SIN2(THETA) DSTN(2,0PD@%THETA)}

1

EMASS = 5,97500

GRAVCHN b.6700A

EMDIST J.84411D8

RMOON (2.73D-1)y%(6,37123P8)

CcoNsY (1.5DV)¥GRAVCN*ENASS/(EMDISTHENDIST*ENDIST)
coNsT CONST*(1,8D-11)

Hi

fi

muu

JULTIAN CALENDAR u/2/78

anaa

2
= JYEARR(J~1) + 1461
4
1

JUAY(I-1,d) + 365
DAY (2,1) + 1
JRAY{2,2) + A1

— v s W
LR 1 I S

99 FORMAT(/' WUMBER OF CASES (I2)'/)
NCASE = @
ACCEPT 194, ICASE
999 TYPE 182
190 FORMAT(/' DAY,MONTH,YERR = 3I2'/)
NCASE = NCASE + 1
ACCEPT 1¢1,IDAY,TMONTH,IYEAR
191 FORMAT(3I2)
T1 = IYBAH/UL
T2 = 4T 1+TYEARSY
JULDAY = JYEAHR(I1) + JDAY(IZ2,IMONTH} + IDAY
TYPE 182,JULDAY
192 FORMAT(/' JULIAN CALENDAR DAY =',I15)
PYPE 103
193 FORMAT(/' NUMBER OF DAYS TIDES AND GRADIENTS DESIRED = '/)
RCCEPT 14, NDAY
194 FORMAT(I2)
NDRY = NDAY+JULDpY
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TYPE 99

9y FORMAT(//' LUNAR OBSERVATION POINT'//' LATITUDE = '/)
ACCEPT 81,0BLAT

91 FORMAT(D)
TYPE 92

92 PORMAT (/' LONGITUL® = /)
KCCERT 91,0BLONG
TYPE 200

208 FORMAT(/' OUTRUT FIL® UNIT DESIGNATION (I2) = '/)
ACCERT 1p4,IuNIT
TYPE 241

201 FORMAT (/! OUTPUT FILE NAME (AS5) = '/)

: ACCEPRPT 202,ZNAME

202 FORMAT({AS)

CALL OFILE(TUNIT,ZNAME)
WRITE (IUNIT,19g)0BLAT,0BLONG
199 FORMAT{///, 1X35HLUNAR OBSERVATION POINT COORDINATES,//
1 7XBHLATITUDE, /XOKLONGITUDE,//,5%1PD13,6,2X,D13.6)

RDEG = 1,745349251994329Dx2
OBLAT = OBLAT*RDEG

OBLONG = OBLONGXRDEG
JULDAY = JULDAY -~ 1
69 JULDAY = JULDAY + 1
c
¢ LUNAR EPHEMERIS 4/20/70

T = DBLE(FLOAT(JULDAY-2415019))/3,6525D4
3,141592653589793Dp
{9,21D1)*PX/{(1,8D2)%(6,@D1}))

e
H
nnu

2.7043659D2 + (((2.0Dwb)xT+1,98D-3)wT+4,812676890857D5)%T
3,343295602 + (({-1.,8D~5)*T-1,032D~2)wT+4L,P6003403D3 )T
2,796966802 + ({3,fD-H)%«T+3_ B6J0E76892DU )T

N = 2,908882P86657215DnH

S*RDEG

P*RDEG

H*RDEG

ol W oin oW
=
WnwHNDIMN

DRATIO = 1.0D¥ + (5,u5D~2)*DCOS(S~P) + (2,97D-3)*DCOS((2, ﬁnﬂ)*
1(S~P}) + (1,0P2D~2)%DCOS($~Pr2,8D@%(H~P))
2 + (B.25D-3)%DCOS(2, ﬂDl#(& H))

B3
PS

2,81228843D2 + (((3.,0D~=6)*xT+U ,5D-H)xT+1,71902D@)*T
PS*RDEG

n o
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§1 = (3,7/D2)*DSIN(S~P) + (1,3D1)*DSEN((2,@D@)*(S~P})
T4 (T46D1)*LSIN(S=p-(2,8DA) o (H=P}} ~ (1,1D01)*DSIN(H-PS)
2k (H,PD1YXDSIN((2,0D0)*{85~-H}}

81 = 8§ + B1#RAIN
AN = 2,5918328D2 + (((2.?Da6)*T+2.98D-3)*T~1.93U1N2@1D3)*T
AN = ANxRDEG

A= DSIN(AL)#DCOS{S51-~AN)
AMU = (1,03D-2)#DSIN((2,@D@)=(51-AN))»RDEG

BETA = (3.08D2)#DSIN(S~AN) + (1,7D1)#DSIN(2,P0@*S~P~AN)

19 (1,0D1)*DSIN((2,0DB)w(5=H)~S+AN) ~ {1,7D1)*DSEN(P-AN)
BETA = BETA®RNIN
TANB = ~DSIN(AL)*DSIN(St~AN)/DCOS(AI)

ELAT (DATAN(TANB)-BETA)
ELONG = (S81-S+AMU+A»RLAT)

TANB ~DSIN(AZ)*DSIN(S1~-AN)/DCOS(ATL)
ELAT (DATAN(TANB)}~BETA)
ELONG = (S1-~-SH*AMULAXELAT)

non

Et = ELAT/RDEG
F2 = ELONG/RDEG
WRITE (IUNIT,203)}JULDAY
293 FORKAT(/////1XU6HEARTH SELENOGRAPHIC COORDINATES FOR JULIAN DAY,
1 118)
WRITE (IUNIT,224)E1,E2,DPRATIO
204 FORMAT(//, 7X8HLATITUDE, 7X9HLONGITUDE,6X8HPARALLAX,
1 //+5%,1PD13,6+2(2X,D13,6))

c TTIDE AND GRADIENT CALCULATTIONS 4/28/718

DRATIO = DRATIOx=DRATIO#DRATIO
OBLAT

BLAT

ELONG ~ OBLONG

sow
Honn

UZ = COSQ(P)*COSQ(D)*COS2(L)+BIN2(P)4SIN2(D}*DCOS(L)

T+ ((3.,0DB)»B5INQ(P)-1,0DB)«(SINQ(D)-~1.8R8B/3,0D3)
UZ = -RNOON¥DRATTLO®UZ*CONST

UY = ~SINZ(P)*COSQ(D)*COS2{L}+COS2(PI*SIN2(D)*DCOS(L)*(2,02D0)
1+ SIN2{P)*((3,70B)%SINQ{D)~1,4Dd)
UY = ~RMOOUNDEATIO¥UY*(5,BD~4)*CONST

vX
ux

DCOS(P)*COSO{D)*SIN2(L)+DSIN(P)«SIN2{D)#«DSIN(L)}
RMOOQN*DRATIO*UX«COHST

{1 3 H]
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309

g

79
71

322

T+

1 4
A=

14

—

UZ2 = UZ/RMOON

UYY = SINQ(PY®COSQ(DI*COS2{L)-SIN2(P)*SIN2({D)*DCOS(L)
{3.0D8*COSQ({¥)~1,BDP)*(SINQ(D)-1.8D0/3.4DD)
UYY = ~DRATIOACONSTHUYY

UKX = COSQ({I,*COS2({L)+STHQ(D)-1,0D8/3,8DD

UXX = DRATIO=QONSTwUXX

UYX = -DSEN(P}*COSQ(D)*SIN2(L)*+DCOS(p)I*SIN2{D)*DSIN(L)
UYX = (2,9D0Y*DRATIO*CONST*UYX

UXZ = DCOS(P)*COSO(D)*SINZ(L)~COSQ(P)*COSU(D)*COS2(L)
SLN2(P)#SLNZ (D)% (DSIN(L)mDCOS(L)}-DSIN(P}*SINZ2(D)*DSIN(L)
(3.8DP*STHQ(P)~1,B8D@)*({SINQ(D)~1.8DB/3.8D8)

X% = DRATIOXCONST*UXZ

UZY = ~SIN2(P)*COSQ(D)#COS2(L)+2,000»C0O0S2(P)wSIN2(D)*DCOS(L)
UZY = ~DRATTIO#CONSTxUZY

WRITE (TUNIT,d@@)UX,uY,uZ

FORMAT(///+ 1X30HTIDAL GRAVITY ANOMALIES (GALS),//»

10X2HUX, 13X2HUY , 13X2HUZ,/,5X,1ED13,6,2(2X,D13.6))

WRITE (ZUNIT.3@1)UXX UYX.0YY, UX2,02Y,U0%%

FOBMAT(///» 1X29HTIDAL GRADIENT MATRIX (SEC-2),//,
18X3HUXX,/,5X1PD13.6,//, 10X3HUXY, 12X3HUYY,/, 56X
2(D13,6,2X),//,10X3HUXZ, 12X3HUYZ, 12X3HUZ2,/,5%,3(D13,6,2%))

IF (JULDAY~NDAY) 69,70.7@

CONTINUE

IF (NCASE~-ICASE) 999,71,71
CONTINUE

TYFE 302

FORMAT(//' FINIS')

5TOP
END

31



APPENDIX B

Method for Caleulation of Tldal Stresoes
Alonp, a Fault Plane.
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CALCULATION OF TIDAL STRESS ALONG
A FAULT PLANE

The feollowing is a method for resolving the tldal stresases
along a fault plane whose normal is denoted by the directlon co~
sines 21, QE, and £3 (xl, X555 x3). The formulatlon transforms the

gtress tensor into & new coordinate system which contains

¢y

eiJ" The stress normal to the plane €3y and the azlmuthal
dependence of the stress wlthin the plane can then be easily

compubed.

1) Normal to desire plane of calculation has direction co-

sines 21, £a, 23.

2) Tilt new coordinate system so that x.,' (z) has direc-

tional cosines ol 21, Za, 23, l.w. ’
A13 = &y
Ayg = A
f33 7 A3

3} Rotate new axes around z' axls until the angle between
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X'

Now

ard »

axls 18 w/2 or

11

Ay, = O
? + . 2 . =
Ayp® 4 Byy” =
= T\, 2
1 1.3__;
= Ay Ay, = Bop fpy
_t1 A3
Ty
1Ry
2 2 )
- A}?l + A‘ﬁl = 1
P=lo- byt
= - 2 2
L= Ryp® = Ay
L- hyy
= i 2
L= Aysm = By
- 2
L= hyg
= Ay Ay m Ppg By

34



e 2 . 2
fig, = Ay Lo Ayt = By
Vi
L'Asﬁ
2 2 4 2 - -
Bpo® 4 Ap™ Ayt =l

12 33 33 13 13
2
b= Agy
i - 1 = "1,ﬁ2 - 2 - ‘L.»""' .
byp® = 1 - higg” = Aggm = hgyte iy
2
1 ABE
i = - 2 2 o+ 2
Ayy 1= Ayg” = Agg® (IHAL7)
- 2
L= By
Now we have the complete transformatlon matrlz Aij

For the transformaticn of a second order tensor eii’ the

v

transformation is,

mi Anj “in



he vensilon ln any direction (wilth respect to the new coor-

5 Will be glven by

dinates) with dirvection cosines Ops Ops O

o+ a32 e,, T 00, e

2 o C1p T Ugey eyt a0 e,y

at the surface of the moon because of limlting condltions

= 0.

Along the normal tec the defined tilt plane which is X3' iln

our new coordinate system, the stress will be,

Finally, stress in the tangential plane of the surface of the moon

as a function of azlmuth will be,
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APPENDIX C
Computer Program for Calculating

Lunar Tidal Stresses and Stralns

due to the Earth.
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aon

99

19,

LUNAR STRESS AND STRAIN FROM EARTH TIDES
M HOUSTON B/14/7¢

PHIS PROGRAM CALCULATES THE TIDAL STRESSES AND STRAINS
ON THE MUON DUE TO THE EARTH,

THPLIUVIT DOUBLE PRECISION (A-H,L,0~Y)
DLMENSION JYEBAR({©W/26),JDAY(u,12),8(3,3),0(3,3)
DATA JYEAR(D)/2415819/, (JDARY(1,K),K=1,12)/
31,6P,91,121,9%2,182,213,284,274,305,335/
COSQ(THETAR) = DCOS{THETR)*DCOS(THETA)
SINQ(THETA) = DSIN(THETA)*DSIN(THETA)
COS2(THETA) = DCOS(2.9DW*THETA)

SINZ2(LHETA) DSIN(2,dDQ*THETA)

i

GHOON = 1.87D2
EMDIST = 3,84411D14d
RMOON = (2.73D-1)*%(6,37123D8)

TYPR 4809

FORMAT (/' LUNAR LOVE NUNBERS, H AND L '/)

ACCEPT 91,HLOVE

ACCEPT 91,LLOVE

TYPE 4@

FORMAT(/' LUNAR COMPRESSIBILITY AND RIGIDITY, LAMBDA HU'/)
ACCEPT 91,LAMBDA

ACCEPT 91, LNU

TYPE 402

FORMAT(/!' DIRLCTTON COSINES FOR STRESS DIRECTION '/)
ACCEPT Q1,L1

ACCRPT 91,L2

ACCEPT 91,L3

CONST (3.6DVY*RNOON*(B,67D-B)x(5.,983027)

CONST CONST/((4,0D7)*EMDIST*EMDISTHENDIST+GNOON)

JULIAN CALENDAR 4/2/79

DO 1 J=1,26

JYEAR(J) = JYEAR(J~-1) + 1461
bo 2 I=2p“

DO 2 J=1,12

JDAY(I,d) = JUAY(I-1,J) + 365
JDAY(2,1) = JDAY(2,1) + 1
JDAY(2,2) = JDAY(2,2) + 1
TYPE 99

FORMAT{/' NUMBER OF CASES (I2)'/)
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999
(%17

91

142

183

104

94
91

92

208

201
212

1949

69

NCASE = ¢

ACCEPT 144, TCASF

TYPE 101

FORMAL(/' DAY,MONTH,YEAR - 3I2'/)
NCASE = NCASE + 1

ACCERPT 40 1,IDAY,IMONTH,IYEAR

FORMAT(312)
I1 = LYRAR/Y
I2 = ~H¥T1+IYEAR+

JULDAY = JYEAH(I1) + JDAY(L2,IMONTH) + IDAY
PYPE 192,JULDAY

FORMAT (/! JULLAN CALENDAR DAY =',I15)

TYPE 183

FORMAL(/' NUMBER OF pAYS -1 FrOR WHICH RESULTS DESIRED = t'/)
RCCEPT 1@4,NDARY

FORMAT (X2)

NDAY = NDAY+JULDAY

TYPE 90

FORMAL(//' LUNAR OBSERVATION BOINT'//' LATITUDE = '/)
RCCEPT 91,0BLAT

FORMAT(D)

TYPE 92

FORMAT({/!' LONGITUDE = '/)

ACCEPT 91,0BLONG

TYPE 209

FORMAT (/' OUTPUT FILE UNIT DESIGNATION (I2) = '/)
ACCEPT 134,LUNET

TYPE 281

FORMAL (/! CUTEUT FILE NAME (A5) = '/}

ACCEPT 242,ZNAMNE

FOBRMAT(AB)

CALL OFILE{TUNIT,Z2NAME)

WRITE (IUNIT, 19@)UBLAT,OBLONG
FORMAT(///,1X35HLUNAR OBSERVATION POINT COORDINATES,//
7XBHLATITUDE, /X9HLONGITUDE,//,5%X1PD13.6,2%X,D13,6)

RDEG = 1,745329251994329p~2
OBLAT = OBLAT*RDEG

OBLONG = OBLONGxRDEG
JULDAY = JULDAY - 1
JULDAY = JULDAY + 1
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LUNRR EPHEMERIS u/»B/74¢

T = DBLE({FLOAL(JULDAY-2415810))/3,6b25D4
P 3,141592053589793DY
AZ (9,21D1)y*PIT/{(1,8D2)%(6,0D1))

2.,790365902 + ({(2,4D=6)%T+i,98D3)wp+0,8126789A57D5) *T
3.3832956D2 4 (((=1,BD~5)%T.4,032D-2)%T+t,H6903403D3) T
2,7964966802 + ((3,8D-4)*T+3,600 76892D4) T

N = 2,9J0B882086657215D-4

S*RDEG

P*RDEG

H*RDEG

i

nuwmws=nni

M mm W

DRATIO = 1,0D¥ + (5,uBD-2)*DC0S5(5=-P) + (2,97D=-3}*DCOS{(2,8D@)*

T(S-P)) * {1,4020-2)*DCOS(S~F=-2,BD0% (H-p))

2

| 4+
2+

T

+ (B.25D-3)xDCOS(2,0DB%(S~K))

PS = 2,B8122083D2 + (((3,0Dp-6)*T+4,5D4)xm+1,714982D0 )7
PS = PS*RDEG
51 = {(3,7/D2)Y*DSTN{(S5-P) + (1,3D7)«DSIN((2,0D¢)*(S~P))

{(7.6D1)#DSIN(S-P=-(2,0D0)*{H~P)) -~ {(1,1D1)*DSIN(H-PS)
(4.@DI)*LBIN((2,ADB)*(S-H))

81 = 8 + S1*+RMNIN

AN = 2,5918328D2 + (({(2,0D~6)*T+2,08Dp~3}%T~1,93u142A1D3 )T
AN = AN%RDEG

A = DSIN(ARI)*DCOS({S41-AN)

AMU = (1,83D-2)#DSIN({(2.8D@)*(S1-AN))*RDEG

BETR = (3.08D2)*DSIN(S-AN) + (1,.7D1)»DSIN(2,ADE*S-P=~AN)
(1.8D1)*DSIN(12,ADW)*(S~H)-5+AN}) ~ (1,7D1)*DSIN(P~AN)

BETA = BELA*RMIN
TANB = ~DSIN(AL)*DSIN(S1-AN)/DCOS(AI)
ELAT = (DATAN{TANE)-BETR)

ELONG = (81-5+AMU+AXELAT)

TANB ~DSIN(AL)*DSIN(S1~AN)/DCOS(AL)
ELAT (DATAN(TANB)~BETA)
BELOHG = (81-5+AMU+A*ELAT)

no
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243

2h

e b —

(5]

JoE oL e

F1 = HLRT/RDEG

K4 = ELONG/RDHG

WRITE (IUNLT,Z243YJULDAY

FORMAZ(/////144bHEARTH SELENOGRAPHIC COORDINATES FOR JULIAN DAY,
I19)

WRLTE (IUNIT,ZB04)E1,82,DRATLD

FORMAL(//,» 7TXBHLATITUDE, TXOHLONGITUDE, 6X3HPARALLAX,

/782, 1PD13,6,2(2X,D13,58))

STRESS AND STRAIN CRLCULATIONS 7/21/79

DRATIO = DRATLO#DRATIO®DRATIO

P = QOBLAT
D = BLAT
I, = ELONG -~ OBLONG

E{3,3) = COSQ{(P}=COSQ(D)*COS2{L}+SIN2(P)*SIN2(D)}*DCOS(L)
((3,600)*3INQ(P)-1,8DB)*(SINO(P}Y-~1.4DA/3,8D0)

CUBIC = {4.2D/*HLOVE-6,MDB*LLOVREY*CONST+E(3,3)*DRATIC
E(3,3) = (2.300)«HLOVE*CONST*E(4,3)*DRATIO

E{2;2) = 2.8DV*LIOVE#(~SIN2({P)*COS2(P)*(CCE5Q(D)*COS2(L)
P2, HDP*CNS2(DY*DCOS(L) }+3,.PDY+«SINZ{P)«SINQ(D)-SIN2Z2(P))
+HLOVE*(COSQ(P)*COSQ(D)»COS2(L)+*SIN2(P)*SIN2(D)¥DCOS(L)
+(3.0DU*SINQ(P)-1,208)+(SINQ(D)~-1,0D8/3.8D0) )

B(2,2) = CONST*E(2,2)*DRATIO

R{1,1) = ={LLOVE/COSQO(P)}*(COSQ(P)*COSQ(D)*CuS2(L)
+SIN2(P)%SIN2(DY*DCOS(LY )~ {LLOVEXDSIN(P)/DCOS(P))*
(SINZ2(P)»COSQ(L)*COS2(L)+2,@nR*CnS2(P)*SIN2(D)*DCOS(L)
+3,00F*SINZ(P)*SINQ(D)~-SIN2(P)) + HLOVE*(COSQ(P)*COSQ(D)*C0S2(L)
+SIN2(P)*SIN2(D)»pLOS(LY+(3.WDU*INQ(PY-" ,ADA}Y*{SINQ(D)
~-1.9D0/3,6008))

E{1,1) = CONSL*E(1,1)*DRATIO

E(te2) = B, 0pd* (DSIN(PY*COSQ(D)»SIN2(L)~DCOS(PI*SINZ2(D)*DBSIN(L})
+SIN2(D)*DSIN(L)/DCOS (P}
B{1,2) = LLOVEXCANST#E({1,2)*DRATIO

E{1,3) = 2,.0DJ+HLOVE#(-DCOS(P)*COSQ(D)*STN2(L)
-0.8D~-1*DSLN(P}*SINZ2{D)*DSIN(L)
YCOSQ(P)*C0SQ(L)#COS2(L)+SIN2(P)=SEN2(D)*»DCOS(L)
{3.ADB*STING(P)-1,6DRY*{SINQ( )~ . ADR/3.8DEY)

+ LLOVE*(DCOS(P)»COSQ(D)~8IN2(L)
+ 2.@DU*DSIN{P)*SINZ2{DI*xpSIN(L}))
E{%,3) = CONSI*E(1,3)*DEATIO

F{2,3) = (HLOYE+LLOVE)*(-STd2(P)+COA5Q(D)*COS2(L)
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boe2,BDP*COS2(PY*SINZ2(D)*DCOS{L)
Z +3 MDA*SIN2(PY*SINQ(D)~SINZ2(PY)Y
B(2,3) = CONST*E(2,3)%DRATIO

WRITE (TUNIT,4@3)YE(1,1),E(1,2),8(2+2),E(1,3),8(2,3).E(3,3)
4@3 FORMAT(///, X 1OHTIDAL STRALN TENSOR ,//,
I 1BX3HEXX,/,5X1PD3.,6,//, 10XIHEXY, 12X3HEYY, /,8X
£ 2(D13.6,2X),//7» V" X3HEXZ, 12X3HEY ", 12X3HEZZ,/,5%,3(D13.6,4%X))

¢ PIDAL STRESS CALCULAYION
po u5@ I=1i,3
sy QtI,x) LAMNBDA#E(I,I) + 2.0DDO*LMU*E(I,I)

Hunon uH

0(1,2) 2.0D0*LMU*E(1,2)
0{1,3) 2,ADY*LMU*E(1,3)

WRIYE (TUNIT,u4@u)y0(1,1),001,2),002,2),001,3),Q(2,3),0(3,3)
gy PORMAT(///,1X19HTIDAL STRESS TENSOR ,b//,
10X3HTXX,/,5X1PD13,6,//, 1BX3HTXY, 12X3HTYY, /,5X
2 2{D13.6,2%),//+ 13K3HTXZ, 12X3HTYZ, 12X3HT2Z,/,5X3{D13,6,2%X))

—

WRITE (IUNIT,H485)CUBIC
Hgs FORMAT(//,' CUBIC DILATION = ', 1PD13.6)

PD o= LAMLI*Q(1,1)+L2#L2%Q(2,2)+L3%L3%Q(3,3)+L1xL2%0(1,2)

(9]

NOTE THAT BWCAUSE oF LIMIWING CONDITIONS, NEAR THE SUHFACE
c OF THE MOON, T(1,3) = T(2,3) = @

WRITE (IUNIT,4P6)7TD,L1,L2,L3
46 FORMAT(//+ 1X6HSTKESS ,9X17HDIRECTION COSINES ,/2(1PD13.6,2X),
1 2(/15%,D13.6))

IF? (JULDAY-NDAY) 69,78,70
74 CONDINUE

END FILE IUNTIT
TF (NCASE-ICASE) 999,74,71

71 CONTINUE
TYPE 302

382 FORMAT({//' FPINIS!)
5T0pP
END

Uo



