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INTRODUCTION

This NASA Grant (NGL 22-009- 187) covers the support .
.of several MIT faculty members ‘and some of thelr graduatedx
‘students in research efforts concerned w1th ‘the. Moon.5
';Prlmary empha51s is on the 1nterpretatlon of lunar data

ffdeveloped durlng the- Apollo Program w1th addltlonal data ;f

".fbelng used as needed for greater understandlng .The“kn;?f

ffAttached Annual Report (coverlng the perlod 1 March 1972:f;’

1ﬁthrough 28 February 1973) is presented in mlxed form,

';1nclud1ng both flnlshed papers and brlef progress reportsi"_.

t:descrlblng the efforts of various. 1nd1v1duals belng

“'supported by the grant.'



* X-RAY EMISSION SPECTRA AND MOLECULAR ORBITAL
BONDING MODELS OF LUNAR MATERIALS .

by

'J,".A.‘ Tossell, D.J. Vaughan and R.G. Burns




f1.Objectives
The aim of the prOJect is to calculate the electronlc struc—’

tures of 1mportant ‘coordination polyhedra occurrlng in lunar mln-

erals. These_;ncludeythe 81044 tetrahedron in 011v1nes, the

"812076 group in pyroxenes, the MgOGIO'and F'e06lO octahedra 1n ff'

ferromagnesian'silicates and,the Feo44 tetrahedron in splnels.L;».
- We plan to extend ‘the: computatlons to the T1069 and Cros;qvocta—.p‘
o hedra (contalnlng TJ.3+ and Cr ) belleved to occur in the ferro-

:magne51an 5111cate mlnerals whlch crystalllzed under very low f

‘”1ioxygen fugac1t1es on the moon. From accurate molecular orbltal

'h‘(MO) calculatlons, the energles (wavelengths) at wh1ch allowed

'and forbldden crystal f1eld bands, as well as metal-metal and

vlmetal-oxygen charge transfer tran51tlons, occur may be predlcted.,'H

' 'vConsequently, absorptlon spectral a531gnnents may be clarlfled

' 7{chemlstry of Fe, Ti and Cr 1n lunar and terrestrlal mlnerals.

'f'and 1nformatlon obtalned on the oxldatlon states and crystal ﬁ

A second approach has been to measure the soft X- ray em1551on

1:spectra of Fe, Ti and Cr in lunar and terrestrlal mlneralsif;f"
s p051t10ns of the peaks in the X- ray spectra not only can be
predlcted from the MO calculatlons and serve as a check on thelr
lvalldlty, but they also prov1de an 1ndependent nethod for deter—':
mlnlng the ox1datlon states and coordlnatlon numbers of the ele—'
ments in the lunar mlnerals.A We have obtalned excellent results
for iron in terrestrlal and lunar mlnerals, and are currently

extendlng-the measurements tO,Tl and:Cr.



 Molecular Orbital Project

'hJ.A. Tossell
and .
D.J. Vaughan B

The molecular orbital (MO) 1nterpretatlon of the x- ray emls—’

o 151on spectra of mlnerals has been placed on a f1rm quantltatlve_“”

*fnba51s by a serles of calculatlons on the spectra of Mg, Al and
Esl_ox1des. ThlS work has resulted in two publlcatlons andvone:
'abStraCt, coples of Wthh are enclosed Our current work employs
fa new MO method for the study of ox1d1c mlnerals of both tran51—
itlon and non- tran51tlon metals. Our flrst paper uSLng thls method o

;on the spectra and electronlc structure of quartz, is enclosed
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'MOLECULAR ORBITAL INTERPRETATION OF
X-RAY EMISSION AND ESCA SPECTRAL SHIFTS |
. IN SILICATES®

. Al TOSSI 1.1 : )
. Dcpanmcnl of Earth. and Planctary Sciences. 54-819. Mnsﬂachusens lnsmule ofTechnologv :
. Cambridge. Mass. 02139, U.S.A.

{Received 27 April 197")

" . Abstract—An .npplmlm.uc mnluul.\r nrhmnl lhcory is prucmcd tested. and nppln.d to silicon and

aluminum oxyanions. The orbital structure of SiO 4 is calculated and is used to assign the X-ray - -/
cmission spectra. Calculations are performed at.scveral internuclcar distances and semlquanugauye'
ugrccmcnt is found with cxperimentally observed trends in AlK« and SiK 8 spectra. Calculations on -
S$i,0 ;7% and AISIO ; 7 vicld fuir agreement with experimental trends relating to degree ofS:O. poly-
merization and 10 Al/Si ratio. Charges for bridging and non-bridging oxygens in $i.0,7%, combined . | .. .
- with point charge potentials from metal ions in the orthopyroxene structure yccld Ols bmdmg encrgles"' R

~inagreement with ESCA results,
1. INTRODUCTION

heory has found. muwsmg application- in

geochemistry. The need for using MO theory -

in ‘the dc.scrlpuon of covalcnt minerals. such -

. as sulfides, has been recognized for some time
“{1]. The application of MO thecory to minerals
‘generally considered to be ionic. such as ox-
_ides and silicates, has only rccently become
common/|2-4].

IN- RECENT years moiecular orbital (MO)

A related development is thc increased use

' of MO theory in solid state science generally,

and particularly in X-ray spectroscopy. Sever-

. al authors have suggested that the MO model

is more appropriate than the -atomic or band

“model for the interpretation of X-ray emission - -

and- absorption spectra{S-7]. Qualitative MO
diagrams have been used to asSign X-ray

transmom and the cxperlmcnml lmnmlon
energles have then becn cmploycd to deter-

mine quantitative MO diagrams empirically. -

This procedure has been used eucnswely for
compounds of the transition elcments. -

For Ka spcctm in compounds of the third

‘1 his work was suppancd in part by the Na(mnal Aero-
nnutlu; and Spa‘.c Admlmstr.mun

period elements, ionic models have been used

‘to relate experimental line shifts to eﬂ'ectwe

atomic charges{8], with little use bcmg made

of MO theory since the Ka transition presum- L

ably involves-orbitals which are purely-atomic.
MO theory has been used qualitatively to.as-.
sign KB spectra.in such compounds; and to

“relate shifts in spectral lines to changes in-

bondmg energies. KB satelhte lines have also:
been interpreted using MO theory A large\
amount of information on the shift of X~ray
lines with average interatomic distarice and
with the type of silicate linkage in silicates and .

aluminosilicates is available[9, 10} bu;has not L

yet been interpreted theoreucally _ _

The only quantitative MO calculations pre-
viously applied to X-ray spectroscopy are
those of Manne on sulfur and chlorine oxy-
anions[11. | 4
treated core orbitals- and the general ade-
quacy of his method resulted in good agree-
ment with- cxpenmcnt for Ka,,, shifts if the..
relaxatlon ofthe’ core ion states involved in the

X-ray transition was taken into account. Re- .

cent ab initio sclf-consistent field (SCF)cal-

culations{12] on the sulphate ion have yielded -
“results similar to t_hos¢ of ’Manqg. Although

‘.

23]. The care with which Manne .
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Mannc also- consnduud the l:S(,~\ (Electron.
Spectroscopy for Chemical - Analysis) or

, 'photoclcclron spectra-(PES) and the other
“oxyanions-data for SO ,"* he could not obtain
. any conclusive luulls ductoa number of un-

certaintics in both the L\pcnmmtal snu‘mon

~and the thorcuu\l model.:

In this paper we present approximate non-

- empirical MO calculations on several silicate
“campounds. Our goal is to nhnm knowledge
about’ bondmg in: silicates and to rcprodmc

and mtcrprct trends in- X- -ray and ESCA trans-

ition encrgics. We present first the thcory, B
_ thcn details of thc compumlon. and® ﬁnally' -

our results,

2. THEORY-

. The present appmmma(c MO wk.ulauons -
.employ a mecthod incorporating clements of -
_the CN'DO/2 method of Pople and Segal{13]
and the NEMO:- method of Newton ¢t al.(14].
“The for muilas ‘'used for dmgonal and off- dldgon-'

al clo.mt.nts of the Fouk Hamlltoman (F
matnx)drc ) :

b=F °+3AP, ((u/,u)— 5(1//1/))

JOﬂA _ o .(.1_)'
+3 Q,. s
F»i_ TU+KnSu(Uni+Un)/2 . (2) .

where F,,,. is the dlagonalgclemcm for a free.

atom or ion with a specified clectronic config-

uration. obtained from an atomic SC Fcalcula-
”lifon-. AP is the change'in th'c'Mullikgnvorbit.al'
population- of Slater orbital j. (/) and (/) -

are rotationally averaged one center Coulomb
and cxchange mtegmls. Qs is the Mulliken
charge of atom B.. U, is the rotationally aver-
aged element of the potential cnergy’ matrix
and T, and §; arc the kinctic energy and over-
lap integrals. The first equation is similar-to
that' of [13] while (2) is obtained from (14].

The ovcrldp kinetic encrgy and. one center

electron tcpulsion integrals are calculated ac-
curately and 'the K;; parameters are obtained

- (4 shonl/ rend o
| (pes) For SO72 and

COWI/'h_O.+ o bk'n S

5. A TOSSELL

from ab initio SCF calculations on related
molecules. This method is very similar to one
prcscmcd by Hillier[15] and applled to SO,~

However our method is wholly non _cmpzncal

_'using non-empirical parameters in calculating
- the  off- dnagonal terms . and non-empirical .
_quantities in the diagonal tcrms. Also all elec-

trons. are included. -explicitly “(and treated

Acquwalcmly) and full self-consnstency is re- -
quired. : :
- To test our mclhod and programmmg we

carricd out-a ¢alculation on the SO,2 ion.
But atom minimum’ bdils sect exponents[l6]
were used. One center K's were taken from
atomic SCF calculations .and twa center K's

for thc §-0 bond were assigned values from’
an ab initio SCF calculation on PO (phos- -

phorous monoxide)(17]. Calculations on the
hydrides SiH,(18]. PH;[17]. H,S[18] have

shown that there is_very little variation of
_'euhcr one ‘center or two cénter K,'s within
© such a series. This suggests that a single set

of K s will'give reasonable results for the ser-
ies 5104

tion, internuclear distance or orbital expon-
ent. Results were compared with ab initio
minimum basis set[12a] and various approxi-

mate calculations[20]. The average absolute’

crror of our valence orbital eugenvalues with
respect to those-of [12a] is 0-12 AU. very

slmalar 1o that in Manne's calculation, with-

our values being systematically too positive.
The average relative error in the numerical
ordcrmg of the MO's is only 0-05AU. In-

spection of the tabulated companson of vari-

ous methods givén in (20] and reproduced

" with our addition in Table 1| shows that our

method. as well as thosé of Manne and Hillier.
give results similar to the minimum basis set

_ab initio calculation.- Extended basis set cal- -

culations yield the opposite ordering for 1¢,

and 5t,. Correct MO ‘orderings are ‘then ob- -

tainéd ‘except for the- 1¢, and St, using all
three mcthods. Although our method ynelds

eigenvalues for “‘core’ - orbitals, comparison

,"PO,™%, SO,"%. Also, othér SCF:
‘calculauon[l9] ‘have indicated rclatively little -
'K variation with charge, clectromc conﬁgura-'
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Tuble 1. I;lycul'ulucs u_/ SO, * valence mol-
ecular orbitals using various methods

Present Ahinitin Approx.  SCC- .
mcthod - SCH# ) MO™ LCAO Y EHMO™

ly - 0371 0266 0152 0070 —(-323
st 0433 0270 041220 0068 T —0-306
Te T 0296 0203 0093, —0-108 —0-382
1, 0019 —Q0029 0216 —0260 —0-426
Siy  ~0-002 —0-122 —0-276  --0:298  —0:294
I, =052 —0-684 —0-634- —0-806  —0-99)
da;  ~0-718 —0-933 —0-848 1118 —)-138

BIREF [ 2.

""Rgfllll

HIRE 18] self- u)nustcnlch.nu. {. ( AQ:

HRef. 120b) extended Hilcked MO, better resufts have

- heen abtained- usiag the aoa: ~ell consivtent EHMO
method Ret |3 1.

~ with the ab-initio results is not appropriate
- since they were obtained using Gaussian orbi-
tals which yicld poor encrgies {or inner shells,
A possible difficulty in our calculations is a

somewhat exaggerated charge scparation as .

ilustrated by a S charge of 3-2 in SO, ™,

Computational model and details. ,
The compounds we discuss in this paper in-
volve Si coordinated with oxygen. We first
present calculations on the perfect tetrahedral
“anion SiO, " for various Si-O distances. A
best atom minimum basis set (BA MBSJ of
Slater orbitals is used and K's arc again taken
from -atomic SCF results. and from PO. Cal-
culations were assumed to have convcrged
when the ‘average F;; variation- was < (0-005
AU. This required 4 or 5 cycles.

Some controversy has surrounded the use
of 3d orbitals in MO calculations on third .

pcri’odA compounds.. We have chosen to neglect
3d orbitals for the following reasons: (1) com-

parison with accurate SO, calculations

showed our method to give significantly poor-
er agrecment when 3« orbitals were included.

(2) use of a 3d function with a minimum s. p -
~ set exaggerates d orbital pdrucmduon (3 d -
orbitals ar¢ not neceded for an adcqu.\tc des-

cription of most propcrms of SO (4)-an

-incréase in the basis set sn\zc.would,murcaw '

i’ Lomput.mon time¢ and qevcrcly hmlt the size’
of systems to be studied. From the ab initio
calculation|12a] and the qualitative work of -

Cruickshank|21] we would expect the neglect
of d orbitals to have a strong energetic effect

only on MO’s of ¢ svmmelny although somed. . -

orbital participation in the higher 1, orbitals is

indicated by the L spectra of second-row

oxyanlons[ 2]

Or bltul structure nf.SlO[4
Elgcnvalucs and orbital- composmon for the -

SiO,* unit are given in Table 2. The orbital
structure is similar to that for SO, 7. As noted

earlicr our method doces not obtain the proper

ordering of the 51, and 11, orbitals in SO,™?

- and. this ordering is presumably incorrect in
$iO,™* as well. The inverted ordering of the .
S5a, and the 4¢, in SiO,™ is also doubtful al- i

though some shift in this direction may occur.

The valence orbltals fall into’ thrce groups: my
4a, and 31,; 02, (2) 41, and Sai o bondmg;

orbitals: (3) le, 14, 5.7 non-bonding orbitals.
The electronic configuration cxpressed as

Mulliken orbital populations is "Si(core)"
3573 3p19% O(core)! 2s-“” 2p"’ 62. silicon and-

owgen. Sl be eaps
A.ML"P r"\“"" “’J ne'/'l

X-ray uansmom , .5
“The quantitative MO results of Table 2

may be uscd to assign tr.msmons in the X- ray

bAT(IhI(‘ . Eigenvalues aml 'orbital (ompmi-
tions of ﬁllcd orbitaly fur Sio ( R(SI—O ) =

RE 603 A)
i 'e.-(AU) : % composition

AT 1-07332 . 17 Si3p.99% O2p

1, 102677 100% O2p -

le- 096229 .- 100% O2p

Say 0-85682° 7% SlJt. 1% 021 82% 02p

A 0-84077 19% Si3p, 71% O2p .

3, 018179 - 3% Si3p.97% O2s

dag 011387 3%/ 8i35:97% 025

- —3-22745 . '99’7r Si2p.1% 513/)
BRTH =5:0449 100% Si2s

V2. —18-67688 100% Oy

2a, - I867705 1007 Ols

la,  ~6798569  100% Sils

A

-y -



spectra of Si and O in silicates. MO theory

", has previously been used for this purposc by

Urch|6] and by Andermann and Whitehcad
{23). X-ray spectra are produced by transi-
tions from a higher level to an inner shell va-
cancy and may be classified -as. K. L or' M

~depending upon the inncr shéll involved. The

K, line arises from the transition 2p = s and

“the SiKa cnergy is thus given by the difference.
- of the 21, and 14, cigenvalues in Table 2. Due

to the approximate nature of the calculation

and to the neglect of the important relaxation
effects associated with core ion states agree-

-ment of the calculated absolute valuce of transi-

. tion cnergy with experiment is only approxi-

‘mate. For example. we calculate Egy, as
~ 1761 ¢V while ¢xperiment gives ~ 1740 ¢V,

(see the Appendix for further discussion).

Therefore we will consider only thc rclauve
encrgles of the spu.udl tmnsntlons

IYCS A4y 6’[,, LA l’();SSI:'.l.l.- |

Sl,\g

transition’ 3p — 1s. In fact several bands in
the K, region are observed and by the dipole

" selection rules for tetrahedral geometry “all
molccular mbnlale of t,_symmetry can take
part inthe (tammons In SIO2 three 'siich

trdnsmons arc ObSCl'VCd the main transmon

bcmg called K, and the lower energy transn-_-.-
“tion K. Table 3 contains experimental and

The .SiK; spectra nominally mvolve the’

calculated energies and intensities relative to . -

K, for SiO,. The K, and K, expcrimental val-
ucs are taken from Urch([6] while the position
and approximate intensity of the higher energy

. peak are obtained from the figures of Dodd

and Glenn. Relative intensitics are calculated

age composmons of 31, 4t, and 51, in Table 2,
thus ignoring - ‘cross-over’ contributions (e.g.
O2p — Sils) which Urch has shown to give a

Tablc 3. E.\'}"l ime nlul and calculated ener gies (eV) and intensities .
S

of SiKi.

L., and OK, spectral components for tetrahedlal

$i-0 coordination =~ . oo Lc
v SiK, S
Exper.t™ - ' - Calculated'®t
K, AL I 7 Assignment QAE - T
—13-7.—14:4 [S=20 31, — fu, e LA RN [
K, - 0 S 4= la, o0 100
shoulder ~ +5. ~ -5 5t lay i 63 - -5
Sil--:.:n‘ . h .
Exper.t! T . Calculated
Al ol Assignment’ AE I
0 0235 4, —» 20, 0. 8
S 00 - Sa, = 20, S 202 T B
Y . ~ 9 le.St,— 21, . 229,257 . 0,42 |
: OK, - o
. Exper. . " Calcuiated
AY) | Assignment - AE /
0 oy Sty = (112, 2a,), o - %
-10 R = (. 2. —12 7 < 100
-8 | e = (1. 2uy) =30 &7
-58 - } ] Say = (M. 2a) . =59~ 27 '

A1, 2a,) —63 - n

L1$i0), ! R 1603,
Ref. 2] mdll»l ’
I IRcf '1’0' : .
IRef. (3],

in a simple way from the relative 3p percent- -
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small intensity. Manne|24] -has shown- this

approach to give good. results for hydrocar-
bons. Agreement of calculauon and experi-
» mcnt is fairly good. Wc do not find it neces-

sary to invoke a symmetry forbidden transi-
tion from the 2c¢ as did Dodd and Glenn|2] in
order to explain the high energy shoulder. Qur
assignment is supported by the results of cal-
culations using the same method and BA MBS
exponents on isoelectronic” AlO,™*. The cal-

. _culated separation of main K, peak and high

energy shoulder is about I-6eV lessin AlO,"?
“than in SiO,™*, in agreement with the differ-

ence of 1'5eV in scparation observed be-

tween quartz and cordu.nlc[?’]

OK, o
OK, spectra. arise .from
trdnsmons The upper orbitals. contributing
to OK, are 4t,. Say; le, 1, and ‘St,. Table 3
gives ‘calculated -energies and intensitics for
the OK, spectrum obtamcd in the same way
as for the SIK‘, In this table'the highest energy

_ component is assumed to -arise from 5¢, al-
- though the 11, may well lie hl;_,hcr /\yccment
with the K, structure as discussed by Urch is’
" fairly good. A broad peak is found resulting
“from transitions from the non-bonding pre-

dominantly O2p orbitals and a lower energy
peak results from the o bonding orbitals. The
assignment of Urch also mentions an expected

line at about 4 eV lower encrgy which has not
been observed. Urch assigns this observed.

peak to the 5a,. but we find 4r, and 54, to be so
close in energy that they would generate only

a single peak. The calculated inténsity ratio

for the two bands in the K, spectra. summed
over ‘components. is. Approxnmatcly 2-7/1.
" somewhat ‘smaller than’ cxpcrlmcnt We note

- that our MO diagram is not-in agreement wnh‘

that:of O Nions -and Smulhl‘] We feel that
the ‘high energy peak at 531 eV in [3] cannot
_bhe .u.c.omudah.d on-a conventional MO dia-

gram:“it probuably arises from douhly ionized —_
atoms|24]. On the nlhu hand if this mdl\ is

|L.norgd .lyumcm ol otr- s.aluulatmns wuth

O’Nions dnd Smith’s n.portcd spectra is good
as shown inTable 3. .

: SII..J )

" SiL., spectra nomlnally involve the transl-

tions Si 3s. 3d.— Si2p. The upper-levels in-" =~ -

volved arc.4a,. Sa, in-our MO schemc. both ..
having some Si3s character. Clearly d orbital
participation is required in this case to give
the three or four strong lines observed. '
Using our SiO,~* results in conjunction with
the ab initio’s, p, d results of Gelius er al. for

‘SO,™* we can suggest the assighment of the

peaks which is given in Table 3. We assign the
low eniergy peak to 4, and the middie peak to

"5a,. The peak at higher energy must then be
" assigned to l¢ and/or 5t,. In the ab initio cal--
' .- culation on SO, substantial d orbital popula-
02p— 01§

tions were found in le and 5¢,. Our interpreta-
tion is also’. gcncrally consnstent with an ab
initio SLP calculauon on S|04“, currently in
press|[2 5]. .

- Earlicr MO awgnmcnts of the L spectra of
S and Cl oxyanions ignored intensity con-'
sldcrauonq and claimed agreernient of calcul--

ated L spectra with cxperiment using ans. P
MO Lalculauon[’3] Howevcr, although d=~

orbital participation may not drastically affect”
the crgenvalucs of the le and St,” orbitals it

“will drastically affect ‘the intensity of the" L:
: spcctral lines gencrated by themand soanss, p.
_basis cannot yield both correct energies and .

correct intensities for Si L, ; spectra. .
_ This'is’seen in the L, ; intensities calculated

in Table 3. The intcnsity ratios of the two
- lower energy transitions were obtained from

the %Si3s character in 44, and Su,. To obtam
any intensity for the high energy peak we had
to consider the elements of the dipole mom-

ent operator connecting the Si2p-and 02

‘prbitals.’ These integrals were calculated ac-
“curately and we found the O2pa electrons. of

S1, to' gencrate a'transition ~ 42 per cent as
intense as that from the Sai. The intensity
from the O2pm orbitals of le was essentially -
zero. Our L., intensities: .tre then in poor
a;,reemcnt wnh cxperlment although the
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cnergics are. quite 'good. The poor intensities

are clearly due to the neglect of d orbitals in - -

. our calculation.

E \p('runemalandcul( wlated L(Hl(lll()ll of b,,h
and b\m with R(Si-Q)

Cdlculauons at the lével of the present work

arc more appropriatcly -applied to the study

of trends in a series of similar compounds than
“to the calculation - of absolute values of .a
“quantity in a single compound. Thercfore we

have studied the variation of K spectral cner-

gies with variation of several different experi- -

mental quantitics.. We first varied R(Si-0)

_ for tetrahedral SiO,~*. Trends in £y arc dis- -
Hb). The variation in Eg, is-

played in Fig.
“about +-5:5 X 107" AU/0-01 A. Studics of SiK,
spectra hy Koffman and Moll{26] have shown
no dlsccrnablg variation in Egx, OVer a large
range of compounds.

experimental slope of £ 15, vs R(AI-O) for Al

in Td coordination (R(AI-0) ~ 1-7-1-8) is

3-4x 10"V AU/001 A. We performed calcula-
tions for A1O,73, dnalognus to those for iso-
electronic’ S10,7', -at R(Al-O) = 1-70, 1-75,
1-80 and obtained a slope of $x.10-* AU/0:0L
v ‘A so that our. agreement with experiment is

‘good for £, 4. Experimental and calculated
AlK a results are given in Fig: I(a). The SiK,,

results will-be discussed further later in this.

. paper. ,

At this pomt we notc for convenience that
in the SiK, energy range a variation of | x- 10- .
A in ‘wavelength is closély equivalent to an

“energy difference of 0-001 AU. In the work of

White and Gibbs on K, shiftd in svhcatcsl‘)al
'SlK,, shifts were given relative. to S0, (-
quartz) i units of .1 2 10 A (their A scale).
. They found I, to increase rapidly as R(Si-

0) av increased and fitted a straight line to.
their plot of A vs R(Si-0). We feel that (hclr_

plot of & vs R(Si-0) fails to distingnish be-
~tween two separable. although related. fac-
© “tors which affect g, (1) R(Si-O) and (2)

On the other hand -
Wardle and Bnndlcy[l()] have. found E ., t0 '

increase.as R(Al-Q) increases in both lc.tra- -

hedral and octahedral “coordination. Their

1.0

A. TOSSELL

T T i
.. 7/
e
7
i
e
L
. ,’ .
d
7
7/
'
R
7
- //
09. V//-
: L I D .
3 o5t S S 4
N . i . .
3 SILLIMANITE , —
w : . .
20 |- . -
f M|CROCLINE )
xALBITE
\AuPO, . ‘ :
. 1 _ 1
w0 s .80 - 185
', R(AI-O) (AY . | - -
Fle 1A
1 I | T
—_———— )
L /FAYALITE
- ' FORSTERI
~ a0l [/ §-FORSTERITE
2 4 7 X PYROPE - _|
a , "/ XT~ANDALUSITE
* 30 ' i .
@ - /" “NKYANITE
w 25 |- ’/ .. o
sof- -/ 1
sk o/ .
'9" / - ]
st s-o2 B
ol /‘/ | L

' I605 ] lSIS ) I625 rl.635v 1.645
O Rsieo A
Fic 14
Fig. I i) Experimental I- ik, data from [10)] wmpnrud
with calculation, ———— upcnmcnml - ~ = cafculation.

) l"xpcrimcnlnl Toan s data from [9a) compared with cal-

culation: " The zircon value of RiSi~0) is. 1-6222 A, the

. recently relined value of [30]. ———— new, isolated tetra-

hedra line - - - calculation - ~ - original liné from [Ya].
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the degree of pnlymcrw.mmn of the silicate
tetrahedra. We have therefore replotted their

data for their isolated tetrahedra mincrals only
and ‘obtained « line with a slope of - 14 A/

0-01 A (0-0014 AU/O-01' A).. much smaller
than the slope of their original line. Over the
range R(Si-0) = 1-643-1:603 A we calculate a
slope for K,y of 1-1-3/0-01 A. in good agree-
ment wnh the new line. This is shown in Fig.
I(b)." :

complex than those of Sit . at the present time
we must generally ignore them. However. we
note that the slope of £,
octahedral coordination is the same as that of

ESiK,, with R(Si=0) for silicon in tetrahedral *

~coordination[9b]. We would expect Al or Si

in_octahedral or tetrahedral coordination 1o
bchaVc similarly” and we have found <similar

K. and K, trends in calewlations on Si and Al
oxides in tctr'\hcdml And octaludral s.oordmd-
tlon o .
Cdlenlated cariation of I 'y nnh de r u' of
[)I)I\IH(’II ulmn and with ,HIS/ ratio. _

“An au.m.m, determination of the l ing
<hift with degree of polymcnmlmn is IMpos-
sible at this time. since very large polymeric
systems would necessarily have to be con-
sidered. We can however perform a caleula-
tion for the smallest fr.mmcnt of the lincarly
polymcn/ed (SIO;),, chain. i.c. Si. NoXL E\.).

vuluu arc ;:wcn for sc»cral geomuncs m‘ ,

X- R AY i \llSSlU\l AND I\( \ bl‘l CTRAL

Since Al mincrals are subs\.\mmuv more -

with R(AI-O) in

SHIFTS

-"l able 4. l or (hcxc ulculduons we gcncrally ,
find.IZ sik, 1O be Iowued fmm its S\Oq" value: -

in this ( 2, system seven non-degeneratc 41.-

‘tike' orbitals contribute to the transition and
w¢ must weight their eigenvalues by their per

11

cent Si3p charaéter to obtam an average Eging. > -
The energy sphmng of these *4t;-like’ ‘orbitals -

in Si,O; % is substantial. The encrgl__es of the .
- resulting K, spectral transitions are shqw_n in.
Fig. 2 along with the %3i3p character of the

orbitals. A later paper will discuss the splitting

of the ‘dr,-like’ orbitals in more detail. The =
v.nrumon “of Egir,. with 0= 2 Si- Oy:-Si is o

quite. snmplu Fl[,UI‘CS 3(a) and (b) and Table 4 -

e .-—['.
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show that'ESi,,ﬁa vnries with @ in the samc’_wayr-

as does the sum of thc MQ cigenvalues. Both

quantities have a minimum pear 0.= 160° when

- all Si~O bond lengths arc constrained to be
« 1-603 A. For 6 = 160” the lowering of [i's.,.»n'is
~about lending support to the hypothesis that

the degree of polymerization is an important

variable influcncing 1',.,., A very approximate

o formula for the K, shift of a-silicate rclative
" to a- Si0; can then be given (in A units) as '

AEgn, = 100 {R(Si=O) e = 1607} A

+(4-n‘~‘,'|',:_"““')b‘ (3)

12

J. A.TTOSSELL

'wherc n“'"‘ ate s the number of oxygens in-
~ volved m bndgmg bonds in the silicate. Our

calculations yicld A and B values of about |

" and' 3-6 respectively. The.correlation of the

- eigeavalue sum with the eigenvalue of the 41,

- valence orbital is expected and is consistent
with the interpretation of Dodd and Glenn[2].

To determmc the rclatlon of tbe -eigenvalue

sum to thc total énergy would require further B
calculations since the total SCF energy is .

gwcn by the cxprcssuon

E E\R+2n(€i+2niHi (4)'

where Eyy is the nuclcar-nuclear rcpulsuon Sl

energy.and H, is the one elcctron energy:(H =
T+ V) for MO i. Assuming that cngcnvalue
sums parallel total encrgies for: variations of 8
the results of Tablc 4 are consistent. with the
known rclauonshlp bctw;cn R(SI—O.,,) and @

{41. Bndgmg oxygen bond !engths are genera]- '
ly larger than those.for non- bnd"mg oxygens.
As R(SI-O.,,) decrcases toward non-bridging
_.valucs 0 increases. Therefore lfall Si-O bond
lengths are sct equal we would ‘expectg to -

incrcase from the value of 141° which results

from linkage of two SiO,™* tetrahedra without

any O-Si-O angular distortion. The calcul-

ated minimum energy value of 160° is. quite . .

reasonable. In'later calculations we hope to
explore the rclatlonshlp between bond length
and @ in more detail. -

We find Es,,( to increase by about 0 003

AU ingoing from SxOf“ to Si,0;78, consnstent
-with the hlghcr Si charge, although Es.,‘ de-

Lreascd as thc slicon charge mcreased for R
variation-in SIO.',4 This suggests an explana-

tion for the dlﬂ'erent behavior of Ex, for Siand A

Al For Si the variation -of R(M O) is quite
small and smaller values. of R are assocxated

- with mcrcascd polymerization. The eﬁ'ccts of
"reduced R(Si-O) and increased polymenza-' _
tion on Eg s are in opposne ‘directions-and -
tend to- canccl For Al the R(M 0) vanauon '
is considerably larger and its linkage to poly-

'mermmon is more complex but generally in
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the opposite direction, so that a clear trend in'

L\M rcsulls For LN,,\ lhc ‘trends are additive

and lhcnclorc subsldntml L,,u variation is ob-
served. :

an increasc in [‘“”‘a wAnh an increcase in Al/St
ratio. For a AISiO;™7 unit with R(AI-0) =
I- 70 and R(S: 0) = 1-603 we find 1:\.,. to be

raised in cnergy by about 37A with rc:pcut to
SiO, 4. The variation f(_)un(_l by White and:

- Gibbs between framcwork aluminosilicates
with Al/Si=0 and those with Al/Si=1 is
about’ '_’SA Our calculatlons therefore some-

what exaggerate the effect of Al substitution

but give a trend of reasonable mqg,m!udc. The
mixing of the Si3p orbitals with the higher en-

.ergy Al3p orbitals is the rcason for this result. -

Some expcrimental data on ' SiKj spectra
also. exists for a high pressure polymorph of
Si0..
_tion in a framework structure. Calculations for

the octahedral species SiO,™* will be discussed -
"in detail in a later publication. We note here
1-80 A is

: ‘:"‘hlgher than for SiO,* by about 70 A, This i 1S

that E“,, for. SiO;~* at R(Sl-—O)

fln._falr agreement with the expcrlmcnml I.""‘u
difference of about 50 A between a-quartz and

‘stishovite and suggests that differences in K-
- spectra arising from differcnces in coordina-

tion number may be rcproduccd fairly well by
our mcthod

EMISSION AND ESC; \ Sl’l CTRAL

A final trend ofscwcd ln Sll\,, spcctra is
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Charge dlslul)unon mjm mation jrom SlK,,, "
shifts

The SiK.,., satdhlc Imcs from doubly-A
~ionized atoms. can also yicld information on
electronic structure. Although Koffman and
Moll[26] stated that there was no obvnous cor-‘,t
relation between their méasured SiK, enérgies =
“and chemical nature in the group of silic- .
ates lhcy studied, we find that their Kera
data fall naturally into four . groups:’ SlO,,
other framework silicates, chain silicates,. -
~and isolated - tetrahedral  silicates.  The
results are consistent with Si charge which
increascs with . the dcgree: of polymeriza-
“tion. In.Table 5 wc present our grouping
of the K, . data of Koffman and Moll. From .
isolated tetrahedron (Fe,SiO;) to . frame-
work structure (SiO,) we find a decrease. in
Axas.a Of about 7-8 X 10-+ A. Using the value

o o ! O for the variation of Exqa., With atomic:charge
stishovite, with Si in six-fold coordina-- Hait.4

given by Chun(8], we calculate a differencein - °
effective Si’ charge bctwcen the two mhcates of:_ o
about 0-25 electrons. with Si more posmve in ol
Si0.. The. calculated Qs values in Table: 4.
show a trcnd in agrecment with thesc results" o
both in dircction and magnitude. - ,
The results of Dodd and Glenn give. very:
high values of - A for - some pyrosxhcatcsf-' o
(Si,0; % groups), inconsistent with our results. - -
‘However these mmcrals are unusual, e.g: in. .
- one of them:. gchlcmtc there are three Ty posi-
tions wnh R(M O)—— I 63 1-63 and 1 87 A.

Table 5. chmupmu of ‘the, ASiK g (A) data of Koﬁ'nmn and‘

MoIIl’6]
. . Kaygroup - Ka, group Group
Group - “Ka,  awcrage . Ka, average structure type -
Si0, - - 70765 - 7-0768 70673 - 70673 . Quartz
* KAISI, O, = 70765 " 70678 . - . Framework
NaAlISiL,O, 70766 . 70765  7-0677  7-0677 aluminosilicates
CaALSI,O. 7076} 2 T0677 : ol
Mg.Si,Of 7-0768 7-0680 o
- CuSiQ, - 7:0770 7-0770 70680 -7-0680 - CHhuin silicates
. KAISi, 0, . 10772 . 70680 I
: CaMgSi,0, . 70770 : 7-0682 - :
> “Fe,Si0, . T0773 - T077F 7-0680 70630' Isolated mr..mdmn
<. Simetal TOR0 - T0R03  TOTI3 . TOTIY C Metal.

Ey .. inercases as degree of linkage increases.

- ——y
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The distribution of silicon between the three

AxG Cro

sites is not known and so the eflect of R(Si-0)

< variation cannot be determined. This may cx-
plain the discrepancy. ¢

; ‘,I’rcdi("l_x'd shift of other {ifu‘s
Our results allow us to predict the shifts in
other X-ray emission lincs. The Sik,
_should shift to higher encrgy with increasing
R at about three times the ratc of K. However
with increasing polymerization F . increases
"so the effects tend to cancel and we expect
U littde I;‘,-i,\b variation. In the Si L, spectra we
associate the peaks with the 4a,. Sa, and 51,

orbitals. As R decreases and polymerization

increascs, the effects of the variations again
cancels so these peaks should show littie shift.

For the OK, peaks there is a gencral decrease

in cnergy as R decreases. but. Eos is higher

for O, than for O,,.,, in Si.O; ", Wc feel that -

the effect of. polymcnzatmn will predominate,

lcading to higher I.(,,\ as the- degree of poly-

‘merization increases. Ah‘hnugh such ‘experi-
mental comparisons are not available for sili-
- cates we can compare Eox, for SiO, and ALO,
'[271. The OK|, linc is found at lower energies

in ALLO, by about 0-08 AU. This is consistent:

~with out calculations' which show O to be

more negative in AlO,™ than in SiO,"! (the
difference is about 0-07 electrons). For the in-
equivalent oxygens of Si,0,;7* we find Eox to
shift to lower energy as the .oxygen becomes
more negative at a rate of '1-5 AU/electron.
so the calculated. difference of O charges in
Si0. and AlLO, could ylcld the cxpenmcmal
'result

Slmpllﬁcd modt ! fm SiK sln/l\ '
-Employing equations (1) and (2) as a basis,

we can develop a simple model to explain SiK .

~shifts. As noted by Manne the energy separa-
tions of core orbitals can be obtained from one
center integrals alone, since the two ‘center

terms cancel (even in accuraite L.tkulatlons) -

We represent the dependence of the energy

separation- on the. orbital populations by the

line.

- 14
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followmg formula:

Er = £}, AP/{[(u/I\A)—O 5(1A/1k)]— -
' [CiTkk) = OSUA/JL)]} X&)

where E °

=

ence state and APA is the difference-in A orbltal
populatlon We can abbrevmle thls as R
L Ex ”—): Apks,,w (6)

a.B N

and in Table 6 we glvc values for 5,28, We see

_from Table 6 that while the cffect of 3s and 3p.

popuhuons on l:,\ wxll be appreciable the 3d

it/
“u’¢

KS

is thc transition energy ina rcfcr- '

population will- havc little influence. For this
reason calculations with and without 3d Ol'bl- ’

tals. giving different Si charges but slmllar 3s

and 3p populations. would probably give simi-

lar K, shn’ts The term involving 85, , has norm-

ally been ignored, but thisis an lmportant term

influencing the: variation of E,. very strongly.’

It should be remt.mbcrcd that this 2p- orbital :

is a Slater orbital rather than an atomic Har- -

tree-Fock 2p orbital. ‘Equation (6) has been
found to give good results for Ex_for.all the
systems considered in this _paper, . venfymg_‘
the opinion that bonding effects (as opposed to
charge distribution cffects) may be neglected,

in determining E,g.,.

~ The values of 6" are much larger than those.
of &, consistent with the larger dependence of
on charge found in atomic SCF calcula-.
'uons However since the Si3p-is a. valence.
‘orbital equation (6) is not accurate. A satis-" .
“factory simple formula-for Egx, has not been. -

Ex,

Table 6. Values of 82

and 8,8 (AU)
» K "85-“ 8*”
3sta . 00020 01528
I 00138 0:2917
3™ 00006 - 0-0826.
“p"" ©1SSI130 149922

Y MBScxponcnts o
II-I£_|'| . o .
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found. The main reason scems to be that. lhe
‘4r,-like’. orbitals have .both Silp and Q2p

character and the dependence of their eigen-

9//

'uon stalc[*] Charges around +1are penerally.

~ found. If Si is assigned an cffective charge of

values upon the I matrix clements is quite -

complex.

In general increased Si3p. O2p

" overlap is associated with lower SiK, valucs_'

_ for the SiQ;"* sencs Foro varmtlon in §i.0.~
»E\.,‘{ correlates with lhc engcnvaluc sum

" which should roughly parallcl lhe total molc-
“cular energy:

Discrepancics between ¢ alc ulation and experi-
ment for Si X-ray enission spcclla in SiO,
and Si metat
. Experimental data also exist for the SIK
- and K spectra of Si in silicon metal. In com-
paring $Si0, with Si metal, cxpcnmcnt shows
-Es.,\‘ to increase by 0 016 AU in going from
'mctal to oxide and Lm to decrease by 0 160
AU Wc ﬁnd Lq”\ for S| 0, " to lie at 0-072
AU above the frce Si atom (7p 18) value Al-
though the Mulliken charge of Si must be zero
" in Si metal. we would expect the valence elec-
..tron dcnsny to become mbre diffuse and E,,
" toincrease as though the: SI possessed a partial

~ bridging oxygens to have hlg,hcr binding ener-
“gies than bridging oxygens in or lhopyroxenes -
- Such apparent inconsistency demonstrates :
- that ¢ taining information on charge distribu-"
tions from solid state ESCA results will often.”

positive charge. This explains part of the dis- -

crepancy. but another part must be due to-an
- exaggeration of the Si- O charge separation in
our calculations,

We find the Eg«, for Si,0,7* Talls far below

the line determined by the one center term of

equation (6) alone, but is 0-:27 AU above the
increases rapidly-

" free atom value since Ex,

- fect of the metal ions needed to produce,
charge balance: It is well known that the-effect:
‘of these ions may be large[11]. [35] In py-..
roxene the distances of the bnd;_..msx and non-.
»'bndgmg oxygens from the metal atoms- are.

with Si charge. The explanation for the dis:

crepancy must be similar to that in the K,

_ case above. The K, and K, energies of ShO,‘“ .

. would both . have the proper values with
respect to Si metal if the diffcfcnce in effective
Si.charge between Si,Q;~® and the metal were
about I-1. The large lowering of Ex, from the
value given by equation (6) is essential to this

result. This lowering is clearly associated with
- 8i3,. 02, overlap. Studies of transition metal

K, spectra have-lead s'omc.:iuthors to calcu-
late “effective charges’ of such atoms in the
- metal from the variation of £, with oxida-

LSCA .slnfts o

The shift.of the O1s ESCA line'in snhcates‘_f’ '
has been studied by Huntress and \VllSOﬂ[ZS]"
and by Yin, Ghose and Adler{29]..Huntress.
and Wilson found the Ols bmdmg ‘energy
(BE) to bc lower in fayalite (Fe,SiO;. isolated
tetrahedra. all oxygens non- bndomg) than mi‘
SiO, (framework, all oxygens bndgma) by:

about +1i in silicon metal. our results | are m__

reasonable agrecmcnt wn%cxpcnmcm

< 0""
o~

Tntro . ked"?
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0-5¢V. Yin et ul., on the other hand, find non-"

be difficult. In our Sl»O,‘“ results’ we find Oy '

to be less negative than O,,, by about 0-13 -
By - Koopmans theorcm[34] we
equate ionization potentials and e:genvalues o
'The ¢ (O1s) difference between Oy and Opyy -
is about 0-21 AU with Oy 1s more strongly ,
‘bound. To calcmlate relative Ols BE's" ‘in

electrons.

orthopyroxene we must also consider the ¢f-

very different. The metal in the more distorted

site (designated M2)is in 6-fold coordination -
with:4 Oy, anid 2 Oy, With the distances to Oy -
bcmg almost 0-5 A greater. The metal in the ~
-more regular Ml site has only Oy, in its first
-coordination sphere. Distances from .Ml to the
“next nearést ne:ghbor O,,, are at least 13 A -
.greater. Using the "X-ray diffraction data of -
Ghose[33] we have. calculated the point
-charge potentials produced by two+2 charg,es,

“one in M1 and one’in M2, at the positions of -

Oh, and Oy, Point charge potcntlals from all
more distant atoms were lgnored since. they

_ should approximately-cancel for Oy, compared
to O,,,, Wc find the Ml .md M2 pomt charges -

i
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© . to stabilize Oy, b) dbuu( 0-26 AU wnh re-
spect to Oy,. The point charge effect of the

- metal atoms is them approximately equal and
opposite to the -eigenvalue difference in free

_S1,0.7% .Using free Si,O;~% with the point

charge term added we find O, s lcss strongly
-bound than O, Is by about | ¢V, in fortuit-
ously good -agrcement with the results of

~Yin et al. considering the numerous approxi-

.mons inour L‘nluulanon

: ~CONCLUSIONS
Qur results indicate that molecular orbital

= calculations at the present level can be useful

for assigning X-ray cmission spectra. They
can also vicld a great deal of semi-quantitative

- information on.the relationship of SiK,and Ky -
" transition cnergics to the molecular and elec-

" tronic structure of silicates. Calculated chargc
distributions are also found to be in agrecment

“with ESCA results, Comparison with X-ray
~emission and ESCA ‘data appears_to be an *
* excelient way of testing the accuracy of MO

calculations. The reasonable agreement of our

calculations with experiment suggests that -

chémical trends are given correctly, p articu-
farly trends in charge distributions. Qur calcu-
lations indicate clearly that Si becomes more
“positive as R(Si-0O) decreases and. as poly-
' mu"izatiun increases and that bridging oxy-
gens arc less m,gatlve than non- brldgmg
uxybcns :

Table 1. Experimental and calcu--
Sated - X-ray  wransition | energies

(EV)
o Calc. ]
Exp. A n C _
X, 1740 17610 1757 - 1732 o
Ky 1832 IR72 C18SR 1837 -
B 89 1 100 98
© OKN, 826 531 3y s

A uncorrected,
B correction (i added
Ceorrections (3 and G added.

. 3, O'NIONS R. K. and QMITH‘D G. W Naturc
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PPENDIX b

C alculmcd .\h\ohnc values of X- -ray-transition cncrgms
are in fair agreemient with experiment if ¢ corrections are
made for u) the difference of minimum basis set and near

“Hartree=Fock basis sct atomic SCF eigenvalues and i)

the electronic ‘relaxation’ of the core ion. In Table:7 we.:
give experimcntal cnergies, and our calculated energies, - °
uncorrected, and with corréctions of type (i) and (i)~
added. The eigenvalues of Si** and O~ from our minimum .

basis sct and the ncar Hartree-Fock basis of Clementi . ‘

{36] form the foundation for correctlon (i). The.approxi>
mate formulas of Sayder{37] were used for correction ().

Both upper and lower levels involved in (he transmon :

were corrccted for rcl.nxanon : :

Acknowle du< ments =T hc author is gnteful for thc mter- :

¢st and suggestions of Prof. Roger G. Burns and Dr. n.
Vaughan. Thls rescarch was supported in part by NAﬂAI )
grant NGL. 22.009-187. Many of the computer- prog,rams' :
employed were (.Od\,d by Dr. E. A.Laws. .-~ B

RLFFRLNCPS

Y AUGHAN D.J.. BURNS R. . and BURNS v i
ML Geochim, Cosmochim. Acta 35,365 (1971).
. DODD C. G.and GLENNG.L..J. appl Phy\ 39'*.
$377 (1968).

()

(Phys. $(l }231,13001971),

" 4. GIBBS.G. V.. HAMIL'M.M.. BARTEI LL - S. andj‘.':/

'YOWH.. Am Mincral. (1972) inpress. .- L
5. KOSTER A. §S. and MENDEL H..J. Phys Chem .

* Solids 31,2511 (1970). i
6. URCHD.S..J. Pliys. C. 3. 1275(1970). :
7. FISCHER. D W .I Ph)s Chem Sohds 32 2455

(1971): e
8. CHUNH. U.. Phys. Lett. MA, 118(1970)

9. (a) WHITE'E. W. and GIBRS'G.'V.. Am, Mmcr'al"f“

52,985 (196N (hy WHITE E. W. andGlBBSG V.
Amer. Mincral, 54,931 (1969)

10. WARDLE R, and BRINDLEY G. W.. Am Mmcral

"86. 2123 (1971).
11.. Manne R..J. Chem. Phys. 46, 4645(]967)

12. (a) HILLIER [. H.'and SAUNDERS V R. Int. J."

, Ouanl Chem. 4,203 (1970): (b) GELIUS U.. ROOS

B. and SIEGBAHN P:. Theor. Chim. Acta 23, 59, -

(|97l)
13. POPLEJ. A. dnd SEQAL G A .I chem. Phys. 44
- 3289.

_ ia, NEWTON M. D.. BOER F. P. and LlPSCOMB' B

CW.NLSAm. Chem, Sue. 88,2353 (1966),

15, HILEYER 1. H..J. chiem. Soc. A, 878 (1969). S
16. CLEMENTI E. and RAIMONDI D L. .l _chem,

Pliys. 38, 2686 (1963).

17. BOYD D. B. and LIPSCOMBW N..J.chem. Phys.' -

46. 91011967y,

18. BOER F. P. and LIPSCOMBW N..J. clu'm Ph)t ‘
§0.989 (1969).

19. TOSSELL J. A. and LIPSCOMB W. N..J. Am,

Chem. Soc. 94.11972) in press.

200 (a) SMITH F. (. and JOHNSON K. H.. I’mc
Repr. #73 Solid Stare and Molecular Theory Geoup, . .
M.LT.: (b)) BISHOP D. M., RANDIC M..and

e e it

e oA st et S



' GALLEY No. 204--22

~Geo Acta - S o148 Pergamon Press. Oxford A-

17

Ist Proof ' :  MS pages 1-28 S Galleys 1-6 :;_
~The Universities Press, Belfast ’ » i 81172 © ¢

Geachimica et Cosmachimlea” Acta, 1973, Vol. 37, pp. BB to §88. Perzamon Press. Printed in Northern Ircland

"Interpretation of K X-ray emission spe{,tra and. chemicaf
bonding i in oxides of Mg, Al and Si using quantltatxve
molecular orbltal theory

"J. A. TosseLL
Department of Earth and Planctary Sciences
Massachusctts Institute of 'I‘echnology, Ca.mbndge, Mass. 02140, USs. A.

(Recewed 9 June1972;. accepted in revised jorm 23 Auguat 1972)

AAbstract-—Qua,ntltutwc molecular orbital cnlculatmns are reported for Mg, Al'and Si in tetra .
hedral and octahedral coordination with oxy: gcn These calculations are employed to assign and-
interpret the MK,, MK, and OK, X-ray emission spectra of the correspondmg oxides. . The. .
interpretation of the MK, spectrum reproduces the observed trends in main peak and satellite: -
energics with variation of metal, ligand and-geometry. The splitting of the main Ky peak, ob-.
‘served in many oxides, is found to be a result of interaction between adjacent metal atoms The-
calculations also reproduce the observed trends in OK, spectra. The electric stmctures of the:

various oxides are dxscussed briefly.

INTRODUCTIOI\'

* MOLECULAR orbztal (’\IO) theory is present!y finding mcreased apphcatxon in geo- v

~ chemistry. For example, several MO studies of bonding in silicates have recently-
appeared (GI1BBS ef al., 1972; LouIsNaTHAN and GeBs, 1972). Qualitative MO -

. diagrams have been used for some time to assign X- -ray emission spectra (DopD and}'f IS
GLENN, 1968). -Also, experimental X- -ray transition energies have been used in con- - .~

'junction with spectral assignments from qualitative MO theory to construct.quanti: . S

‘tative MO diagrams empirically (FiscHER, 1971). For the oxyanions of sulfur and ..
. chlorine approximate self-consistent-field linear combination of atomic corbitals . -
-molecular orbital (SCF LCAOMO) calculations are available (MaNNE, 1967) and have™ °

been used in-the interpretation of the X-ray emission spectra of these compounds,

(ANDERMANN and WHITEHEAD, 1971).

Since X-ray emission spectra yield well understood experimental quantxtxes whlch N
.can be easily compared with the results of MO calculations they provide an excellent '
method for testing the validity of such calculations. The different series of X- ray B
emission spectra (e.g. SiK,, SiK,, Sle s» OK, in SlOz) can be combined to give in- -
formation on the energies and charge distributions of almost .all of the molecular ~ =
orbitals of the sytem. These expernmental results then allow us to assess the accuracy °= -

of the calculated quantum mechanical results for the whole set of MO’s rather than

for just a small subset (as is the case for most spectroscopies). ‘Once agreement with

the exper:mental X-ray emission data has been demonstrated we can have some

confidence in our ability to describe accurately, using MO theor) ‘those properties.
which are more dlfﬁcult to determine experimentally-. Examples of properties of this '
type are the binding energies of various geometrical conﬁguratlons of mineral

- structures and the charge distribution in these structures. In this paper, MO results

for oxides of Si, Al'and Mg ure presented and these results are used to assign and -
mtcrprct data from X-rdy emission qpectrmcop\ After agrecrent with experiment * °
_ has been demonstrated a brief (IHCUSle!l is given ot the u\lculated molccular charge

dnstnb utions.
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THEORY

“The moleu\lur orbitals arc obtained as solutions. to the quent,um meehamca.l"
Schrodinger cquation in its Hartree-Fock-Roothaan form, suitable for SCF LCAQ

MO calculat:om (RooTHAAN, 1951). The equation to be solved is, in metrlx form,

: _ FC = eSC . : B ) DR
where Fis the Fock Hamiltonian matrix; C is the vector of coefﬁcxents of atomic. =
orbitals (AQ’s) in the MO’s; § is the overlap matrix; and e is & diagonal matrix

" giving the MO eigenvalues, which correspond to vertical ionization potentlals The -
F matrix, the essential quantity in equation (1), is rather difficult to:calculate. "
Several scheines have been developed for approxnmatmg its elements.. The method .. . -
employed here is a refinement of the non-empirical molecular orbital (NEMO)- )
method of NEwroy ef al. (1966). It is a self-consistent-field version of this method
which incorporates elements of the complete neglect of differential overlap method L

versnon 2 (C\IDO/ ) of PorLe and SEGAL (l‘)Gb) and is called:SCF NEMO. -

18

" In both the NEMO and the SCF NEMO methods the off" dm,gonal elements of F S

" are glven as

| F,, - T, + KijSij (El”;r__vﬂ)

mdlcated equatnon (2) to be supeuor to its Extended Huckel analog .

9

-

Fij = KS‘&j (Fn . F]]) B - | (3)

For the dmgonal elements of F the NEMO theory glves

Fu-m, L S (4) s
where the oi are the dmgonal elements from ab initio calculations on related molecules.. . E

~ Inthe SCF NEMO theory thie diagonal elements depend upon the charge distributions Rt
~in the molecule studied accordmg to the formula’ (for a closed shell electronic state)

@

where Tz] is & kinetic energy integral, Uii is. an averaged potentw,l energy mtegml
and I\lj is a parameter chosen to reproduce Fz) values ‘obtained from accurate ab R
initio solutions to the Hartree-I'ock-Roothaan equutlons for related molecules in '(
- which all integrals are evaluated accurately’ and no approximations (be)ond those - 7.
leading to the Hartree-Fock-Roothaan equation) are made. Studiesof the thooretical - -
foundation of- Extended Huckel MO (EH MO) theory by NewTON ¢f al. (1960) ha,ve ,

Fu + Fii + Z APJ{(nlJJ) — 03 (@th)} + Z QuR.pt (5) - L

1 on

- where Fiiisa reference value obtained from an atomic SCF calculation for a specxﬁed . E
electronic configuration of the atom or ion, APj is the change in the Mulliken | popu- -

l&tlon"‘ of atomic orbltal J, @p is the VIulllLen eharge on a.tom B and (ulj]) and (zﬂzj) :

- * Definitions of the various charge dxsmbutlons quantmea are glven in MULLIKEN (1955) o _
The doﬁmng equations are (for.closed shells): populatlon of orbital ] P] =2 z ZC,,,‘SM

‘charge on atom B: Qg = Zy — 2 P,,

" konB.
overlap populatnon of 4 and B '

4 - B) o= 22 Z Z Cntcnhslt

n dond kon

r b e ey g =

e e s et

[
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. are averaged values of the mtcomls of the olectwn xepulsnon operator ¢*r n L here I
' 15 is the distance betiveen electrons 1 and 2. :
_ Earlier comparison of SCF NEMO with wb initio SCF results for the SO,~2 amonv o
~has shown SCF. NEMO to give relative MO energies to an accuracy Of 1-2eV. .
: (TosseLL, 1972).  The SCF \’L\IO method includes’ all clectrons so thut energies are ..
obtained for both valence and core \IO 8. : '

MO StRUCTURE OF Si 'OXIDES IN TEmwFDML (Tp) AND OCT-\HEDRm (Oh)?", o
GEOMETRIES '

The gross MO structule is found to be. thc same for both the tetrahedml a,nd, S
octahedral oxxdes of Si, Aland Mg. . MO diagr ams for these oxides are giv: en in an l

L2 ol s }—
_ — ] ".‘.5’2 o . g:'"
= _ =l S . - . — ‘_“h
-5 :3‘:; . -8 . - T It
. = an,
i Sepg
T Y 2 -10 §~
."‘ .
-18 = '_.-.-l.’a -
-20 }— . -20F .
= - ) = - = 2¢,
- .—sz ’ - - 3'1,‘
-2s |— — 4q, -28 |- .
. : . . L ) o : Tl (T
-, . . - Mgol ALY | sio®
; .Mo?f CLAY] SIQ: o 90, 6 Ve
. (a) ' - : T (b)

Flg 1(a). Valence molecular orbital energy level diagrams for MgO - u.nd 8i0 5%
(with 1¢, eigenv ulum sct equal). . :

+Kig. 1(b). Valence mplecular orbital energy level dmgrums for MgOg ‘°, AlO,? and
8i0,~%¢ (mth 12y, eigenvalues set equal). .

In Ta.bles 1 and 2 the eigeuvalues and perceutage atomic orbltal composmon of ,
.the molecular orbitals are given for the anions Si0,~ and Si0g~%: The basis sets of -
atomic orbitals employed were the best atom minimum ha,sm sets (BA \IBS) of I
CLEMENTI and RarvMoxpr (1963) and the M---O distances are given in Fig. 1. A . :. ./
‘tabular representatlon (Tables I and 2) is reqmred in addition to the cony -entional =
MO diagrams given in Fig. 1 since the information.on %A0 composition is as impor-
.tant for our purposes-as is the information on orbital -cigenvalues. In the figures and
tables the MO's are labeled b\ symmetry type and b\ number within a sy mmetry -

* Distances uscd were R(Mg -0) =189 X, R(AL--0) = 1.75 x m.s.--o) = leoA.
t Distances used wore R(wg-.O) 212 X, R(AL- 0) = 1-93 A. R(Sn-—O) 180 &
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Table . Bigeny P.luo\ and atomie orbitad povee nmm- (()lllpUﬂ(lU(N of hlled
wolecular orbitals for Si0,~

)

. ] o .
Orbital* . (eV) © AO% compositiont -

bty ‘ 29-2 194 8i3p, 90% 02p

1t A 27.9° 100% 02p

le 96-2 1009 O2p.

Ba, . - . 233 u%.sn» 1% 02, 825 020
- ey 22.9 ‘ % Si3p, 119, 02p

3, 4-9 .J /0 St?p 97% O’s :

4n, A 31 39803+, 979, 024 -

2, . —~87-8 999 Si2p, 19 8i3p

3a, —-137-1 © 1009 Si2s :

¥, - -5082 100% Ols

2a, - —5082 1009 Ols

la, . .—18499 100 % Sils

* Orbitals are labeled by sy mmotn tape nnd in order of i mcreusmg
.encrgy within each symmetry type. .
t The percentage of AQ ¢ in MO p is defined as

2 CoSinf2(==1"")
where the sufn on k is 0\'('-1' 'ull AQ's.

']'ablo 2. Eigenvalues and atemie orbital perec ntnm unnp(mtmm of ﬁlled
, moleeunlar orblmls for 8iQg™ - - :

&

Orbital - C{eVy . - AQY% composition -
5ty 535 29025, 97%02p
3¢, 5334 100% 02p.
1t,, : 53-3 100% 02p
1ty AT L 100% 02p
1ty, T 491 - 100%02p
4y, . 47-1 14% Si3p. 19, 024, 83% ()'7p ’
 Bay, 46-2 © 13% Sids. 4% 028, 82 ‘V 02p
-2, | : 319 10095 025
3¢y, : 304 1% Sisp, 99% 02y
.4a,, S 1274 3% Si3s, 959% 028
2y, S I 8 089, Si2p. 2% Sidp
. 3a,, c-nge 99/ Si2e
2a,, . —482:0 100% Ols
le, - ~ 4820 : 1009, Ols
1t,, ~482:0 1002, Ols
la,, .. =1827-6 100% Sits-

i type in order of increasing energy. The symmetry types ure determined by the irre-
~ ducible representations of the tetrahedral or octahedral point group. Because of the
excess negative charge on the systems, many of the filled MO's have positive eigen-
values. However, we shall be interested onh in (hﬂ'erences of’ ewenvalues 80 ’rhls
point will cause no difficulty.
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" The valence MO3s for Sit),~4 ean be divided into three groups: (1) ; and 3¢,
whicl are.predominantly O2s orbitals, (2) 4, and S which ave ¢-bonding orbitals

with both Si and O character; (3) I, It; and 5¢, which are non-bonding and weakly - .
,{-b()lw(llz\g predominantly ("p orbitals. For \_1()'; , a similar division may be made: . -
with 4y, 321, and 229 being mainly O2s orbitals; ey, and 14, o-honding mbntnls,-

“and the five highest orbitals non-honding or weakly #-bonding orbitals. More aceu-

rate SCI caleulations on tetrahedral oxyanions (Guuivs, et al., 1971) indicate that

the MO orderings in Table 1 are probably correet, except for the oriler of 5t, and Ity

The relative encrgy of these orbitals may be in error by several eV, Thc orblta,l order»’l

in Si048 should also be correct for the most pa.r

Assm\mm'r or X-ray Eimssrox SPECTRA

‘ A detailed discussion of the assxgnments of the SxKa, K, Ly y ant OK spectra, o
- for u- quantz is given clse where (l‘ossr L, 1972) . Here the assignments of the MKa '

and I, and ()1\_ spectra for I/ == Mg, Al and Si in tctrahcdral and octahedral co-
ord.natlon with oxvgen are plcscntod and ealculated energies and intensities are

'(ompared with ex pcmncntal results, where avai iluble. (;roup theor yxelds theiv."

. selection rules m,e(lod to identify the allow transitions.

M K SrECTRA -

.The MK, tmnsltxon nonmmlh M2p — Mls in character is 1dentlﬁed Wlth the}'i
2, MO-in tpmahcdrul and the 2t;, MO in octahedral coordination. - The Ixa lineids .= -
found at hizher encrgies in oxides than in the 001rosponduw metal, The calculations. . e
Tgive Fyg, v ulucs 2'to 5 eV larger in the oxides than in the free atoms This trend is. ..
in'the right ditection but is sul)st antially larger than the C\l)(‘l’lm(‘llt&l metal to oxide .
(differance, w ]mh is about 03 eV, L.\pcrmv-nt also indicates that Ey  increases w;th-_',‘..:'.; -
inereasing M--0 distance and with increasing coordinstion uumber of the metal.

' “These trends are also reprotuced by the c.mlculatxons Octahedml oxides are calc

' lated to huve higher Fy_ than tetrahedral oxides by about 1 eV, which is, however. - '
several times laezer than the experimental difference, The higher value of Ey_ in o

. z
octahedral relative to totrahedral oxides can be related to the hwher Mulliken charrre
on the meotal atom in octzhedral eoovdination. In auother pldce (Tossanrn,” l()r’)

the I, shifts for Siaud Alarve discusserd in more detail and it'is shown that the AIK,.

peak shift, as o Fmetion of l.(.\l ~0) for Al in tetrihedral coordination (as measire ad

by Wanpru and B INDLEY, 1972), 08 uwm bv SCEF \L.\IU c.xlcuhhom to Wlthln
: a.bout a fuctor (_)f 2 : : . ,

MK %ECTRA

In Fig. 2] l"\ﬂ spoctra ar: presenterd for Sie, and Mg0). In the $i0, spectrum we -
observe thrcu caturas; v sabellite pock I, o main pe.,l\ Ky and & 5hnulder on’ the :

high encrgy sile of K, Tn Mg 'the main K, peak-is split mfo two (-omponm\ts

Aas.'wn.(a,:*q sk c. slenlated e nergies and intensities for MK spectraare given in.-
Tabla i, [otessitiogare eddenlate:d ‘wm the % Sistp charheter in the ividividiunl MO’s,

NN (I HT0) ernploged o similar me thod for hvdrocarhon CK, spectr’ \grvcment,'
between catenlation nod expiriow nt i is fwirly good. Forexan 1p¥e the rclutx\e energies - -
.Lml mtcnn tics of the hn'v(- peaks in the K spee trum of qum‘t/. are prmhrtod wnth

21




22
. Kﬁ
' ' KB
! ‘1 .
Kﬁ'
\ ! 1 ™~ ] : T e ) | . . .
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E, ev ) . ’ ,E. eV .
@ o e ) e e
Fig. 2. Efq)nrim_(.‘ntt\!*_.\[](a X-ray cmission spn‘ctnf for " (a) -(juartz and (b)
’ : periclase,

Table 3. Experiimmental and enlecleted relative energies (V) and intensities in MK ;-spcetra -
13 ! nerg : s 1 A b

“kxp.* C Cale. ’ Exp. S Cale.
) Si"/',,' ’ : . ) Cosio, . 4-_ RS
AE I Assigament AE 1 AE 4 Asignment AE T
Kp —137, 13 Bty —» Ly ~159 16— . By = lag, =166 Y T
. — 144 ) . . . . -
Ky o 100 - dy, > ey v 100 - l— Wy, -vlay, 0 - 100
“ahouldoer 540 1-3 Bty —» La, g3 3 - e Bty > day, 64 1.
RV o ‘ CALO, .
v AR 1. AE 1 AE I . AE
Kpo : ' _ Co—188 17 —19 20 R 1A
Kg . v 0 100 0o 100 ' 0
“shoulder R o 47 3 — —_ L AT
' Mg T, L ~ S Mg, -
_ AE 1 AE I AE I - A
Kg - . —196 24 —16-2 25 —182 .28 .~ .
Kg ) o oo 0 100 0 100 . : 0 100 - -
shoulder - . 2:9 2 — — - 28 0

% Experimental values are taken from the tables of UrcH (1970) aad the figures of Doov and GrLeENY (1968): Bt e

- reasonable accuracy. The K. peak is ussigned to the 3t, MO of mainly 02s character, ..
. yielding a peak of the proper energy and intensity. The high energy shoulder on the
main K, peak is assigned to the 5t, M), vielding an acceptable energy and intensity. -
[t iy not necessary to assign this peak to a symmetry forbidden transition from an -
orbital of ¢ symmetry, us in Dobp and GLExy (1963). The separation of main K, .
peak and the high energy shoulder is calculated to be 1:6 eV smaller for tetrahedral

- # From Doob and GLENN, 1968,
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“Si than for tetrahedral Al in close agreement with the cxperiment-nl value of 15 eV

(BROW\' et al., 1969).

UrgH (19704, b) has used qualitative MO theory to explain the observed varia-

tion in the K,-K; energy difference (here designated A) within a series of oxides as

.the cation chanucs from Mg to 1. He observed that A decreased by 5-35 2V along

_this series and tlmt the \I 3p orbital also decrezsed in cuergy; ie. became more
~strongly bound, with C123p more stable than Mgip hy about 8 eV. The observed
_ decrease in A was interpreted as a lowering in energy of the 4, MO of mostly M3p
end M3s character relative to the 3£, MO of mainly (325 character, which decreased
- in energy at a slower rate. Since the variation in \1 3p encrgy is about two or three
. times as large as the observed A variation, the 41, MO will probub!v be less than lmlf
" M3p in character. )
One also observes a ohunwe in A as the ligand, L, coordinating the central metal

- varies, with A increasing along, s the first row from CtoF. The interpretation of Urcx

(1970a, b) indicates that this occurs because of the variation of the cnergy of the L2s
:and L2p orbitals. The difference of L2p and L2s energies for first row atoms increases
.at a rate of about 3 ¢V per unit increase in nuclear chalg,e similar in magnitude to

* the observed shift in A. Also, A values for oxides and fluorides range from 13:-7-16-9
and 19-21, respectively, in good agreement with the L2p-L2s eneryy differences of

14-8 and 20-4 for O and ¥ 'wspectivel) This indicatey that tor oxides aund fiuorides

- the 4, MO (and its octahedral analog 44,) is predominantly L2p in chavacter, in -

agreement with the results }nexente(l in Tables 1 and 2. The 4¢,-3¢, s energy differcnce

ig then predominantly a L2p-L2s difference, mod:‘icd by M3 3p pdrthlp&thﬂ in thn ',

41, MO.

Since differences of L’p and L2s energues obtained from a minimum basls set

“ atomic SCF calculation are substantially larger than the experimental valies tabu-

lated by UrcH (1970), good absolute values of A cun not be expected from the caleula-

tions. However, it is found that relative A values are given well. The qua.ut ’mtlve
. MO results reported here give a decrease in A of ~0- ‘83 eV per unit increase in nue-
-lear charge, in good agreement with the experimental value of about 0-6--1-0 eV {anit

.charge However, the experimental daty ure not good enough to estabhqh whether
~ the trend is as uniform as it is here calculated to be.

“The value of Fm\ﬂ, is also found to deecrease slightly from ocmhedml to tetra-

" hedral oxides in our calculutions, in agreement with the results of Dobp and ClLexy
(1968). The calculated decrease is arouml 2 eV for Mg, increasing to 3 eV for Si.
This is several times larger than the experimental \.zluc Also, cnlculn,tcd E.
values are lower for tetrahedral oxides than for octahedral b) about half the magni-
tude of the K, shifts. The calculated SiK,; peak shift between SiO,* and Si0, 5 is
«calculated to be about 40 per cent larger than the experimental rhffelunce bctwecn

«-quartz and stishovite (WHITE and GiBss, 1967). Our caleulations indicate that A
is lower in octahedral than in tetrahedral oxides by about 1 ¢V, Experimental data

are presently not available to test this result é:{cept for those oxides in which the
splitting of the main K, peak renders such analysis diflicult.
A rather eurious feature of the MK, spectrum is the splitting of the main K, pml\

. by several electron volts which occurs in several oxides. A related obselmtxou i8 -
that. K, peak widths are larger in octahedral oxides in which such spllttmg is more

23
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commonly obscrved. The peak splitting in corundum (z-Al 203), with” Al in octa-

hedral coordination, has becen interpreted by Dobn and GLeNY (1968) as a result of -

~ transitions from the 4;, MO of Al 3ps character and the 31, MO of Al 3p= character.

Although our calculated 5,41y, energy differences could be reconeiled with this

interpretation we must reject it since the 94Mp character in the it MO is very
small and the intensity of the peak generated by thiy MO is thevefore quite low. The
5%, MO in octahedral symmetry is chemically almost identieal to the 5t, MO in

tetrahedral symmetry which has been assigned to the weak high energy shoulder in

the a-quartz spectrum. Another possible 9\1)1<L‘1 tion for the’ I\ﬂ sphttm«f is & dis-

tortion of the AlQ, octahedron. However, SCF NEMD caleulations show that even

a distortion of 0-2 A would yield a K, splitting of less than 1 eV. The explanation
‘must then lie in the interaction of neighbouring units in the structures.
important difference between the type of linkage of the fundamental inetal<oxygen

units in 2-quartz and, forexample, periclase (\IU )) which shows i large K sp‘-tt'nﬂ o
In a-quartz the SiOg units are linked by comer shering. In p"x"cl“sw the linkage is -

~ by edge sharing. Interaction between Siatoms in z-guartz is therefore small since an
oxygen core occupics the region between the two silico: 5. In M20 the oxygen ligands

are at some distance from the Mg--Mg internucleir direetion. The interaction o{' the -

Mg atoms is ‘therefore essenth\llv ummpedcd This geometrical difference is shown
in Flg 3 for the dimer geometries used in the (’dlCll]dt]OllS to descmbe'l ‘below.

6 o . o_" S O s

. :,V/ISi ;QB—"-:._“,Si\_ . 2
,’;? / o N '/./'o /o,\?_

o - O ©
‘ (@) - '

Fig. 3. Ccometrics employed for dimerie units Sis(){'6 nnr,l Mg,014®

To test the qualitativé'_h_ypothesis presented above SCF NEMO caleulitions were

performed on the dimeric units Si,0; % and Mg,0;;'%. The distances and angles
chosen yielded essentially identical M—M distanees [ R(Si---Si) == 3-02 A, R(Mg—Mg)
= 3:00 A].- The Mg valence orbitals were only siigatly more diffusé than those of Si

and yielded ovellap integrals larger by only nbout 10 per cent. - On the other hand;

an extremely large (hﬁ'eleut ¢ was obscrved in M--M overlap populations [lesignated ',
n(A—B)], with #(S8i—Si) = —006 and n(Mg--Mg) = —0-4f, indicating qualita-

tively different M--M interactions in the z-quartz and periclase models. In the
periclase model the M~-M interaction is very strongly antibonding. e
~ The ‘44, like’ MO’s in Si 05 © are also spread over a smaller cnergy range than are
the ‘44, like” MO's in Mg,07)% However this may he due partly to the smaller
number of oxygens cngaged in bridge bonding in the Si dimer.” The most important
result of the calculations is clearly the difference in M-—M overlap populations.

There is an
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Interpretation of K Neray cjissicn spectra and ‘chemical bonding -

Although our dimerie results can oniy give a crude picture of the electronic
structure of a complex solid, they quant:tatlvvl\ support the hypothesis proposed.
- The M---3 interaction m ulm, shared Mg,07J" is found to be inuch greater than that

in corner shared $5i,0; % The large metal-metal mtcmctlon A \IgO is hvpothe-

sized to bc the cause of thc MgK, sphttmfr
' ' 0K

3

- Our assignment of the OK, emission spectrum of z-quartz (0’1\10\5 and S\IITH,_A
1971; Swrth and O'N1o¥s, 197 2a) is given in Table 4. The 531 ¢V _poak in their spec- "
trum has recently been interpreted b) them as nmmlv a reflectivity spike, although -

Table 4. Experunenml and calculated lclatne encrgies (eV) and mtensmes i
: of OK, spcctra. for a-quartz

Exper. Cal_c.
: ‘ Valence orbital } S
AE. 1 assignment . AE I -
0 T - 5t, . 0 99
-10 4 : U . =12 100
—-2-8 . ’ le -=3-0. 87 -
-58} . 1. 5a, —59 .27
4¢, . —63 11

some chamctcmstxc intensity remains after correction for this effect.. The rem&mmg '

characteristic intensity probably arises from a double ionization process, which is
outside the scope of our calculations (FiscHer, 1965). If this peak is disregarded,

agreement between calculation and experiment is qulte good. The division of the

spectrum into a high encrgy and a low energv band is reproduced with reasonab]e
" energies and intensities.

The high energy OK, band, at about 525 ¢V, arises from the non-bonding MO's
and lies slightly higher in energy in Si oxides than in Al or Mg oxides. Also the lower

energy peak, (3205322 ¢V), arising from the ¢ bonding orbitals, is separated from the

high energy peak by different amounts in the Si, Al and Mg oxides (SmITH and O’NIONS,

1972). The separation increases along the series from Mg to Si, consistent with the
calculated MO eigenvalues presented in Fig. 1. Experimental values of this separa-
tion (Smiti and (’'N1oxs, 1972) are 2-9 eV- for periclase, 4-1 eV for corundum and
4-9 eV for x-quartz. The calculated separations between the (1¢,, 1f,,) MO and the
(485, 4t,,) MO for Mgg0;'°, AlD4~? and SiO 4 are about 2-8, 4:6 and 5-1 eV, respec-
tively. The agreement of calculation and experiment is therefore rather good. The
increase in the peak separation along the series Mg to Si is indicative of an increase
in the stability of the o bonding orbitals along the same series. The analysis above
is clearly dependent upon the decision to |gnow the anomalous 5 31 eV peak zmd its
© success supports this decision.

ELELTROV[( Strucrere or Mg, Al AND Sx OXYANTONY

" Having established the ability of SCF NEMO calculations to reproduce trendq.

in X-ray emissions spectra we can have some confidence in the other properties
obtained from thc_m Hen, some features of thc c.xlculute(l elcctromc structures are
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discussed briefly. The variations of several charge distributions parameters for the

‘gystems considered are presented in 'Pable 5. The metal charges are found to increase

uniformly along the series Mg, Al, Si and in passing from tetrahedral to octahedral

-coordination. 'J he variation in the M3s atomic orbital population is fairly small and’
the total number of electrons on the metal is fairly constant. However, a uniform

inerease in Py, is observed, mdxcatmg that the ratio of K intensity to &, intensity
should increase along the serics Mg to Si. The charge on oxygen also decreases
-uniforly along the saie series. }'0\ ‘ever, this may well be a result of the decreasing
" ‘charge on the oxyanion. ’J he increase in unbalanced electron repulsions as the an-
ionic chmge increases will also tend to place too many electrons on the ‘outside’ of

* the molecule, i.e. upon the oxygens. If this effect is real it would manifest itself in~

“higher energies for the OK, peaks in oxides of Si than in the corresponding oxides of

Al or Mg. As mentioned bofore the experimental data is in general agleement with. -
this result (Syrere and O’Nioxs, 1972). However, the relative o'(\gen chargeq must .

be uncertain until Luuer (lustels are studied.

'l‘_ublc 5. Charge distribution in MO, aud MOQ4 anions

© MgO,~® MgOg' A0, Al0g®  Si0 ¢ Si0g®

QM) - T 106 126 188 196 . .258 - 283

Q(0) _ —177 -1-88 - —172 ~1-83 —164  —180 '
Pygs N 5] 022 - 020 025 0-39 037

- Py, - 0-83 087 - 1:00 093 . 106 087
L YM3p e dtag . 145. . 112 167 , 133 188 138

* The numbers given are %4M3p in mtlur thc it ov the 4t,u M() depeudmg upon the cooxdmn.

tion symmetry.

- The hwher valueq of Eyk, 4 in ocnhedml oxides, as compaled thh tetra.hedml

~ seems to be connected with their lower covalency. The amount of M3p per:cent
character in the 4¢4, MO in octahedral oxides is consistently smaller than the M3p

* per cent character in the analogous tetrahedral point group orbital, the 4t,. The . o
calculations also show a frmrlua.l increase in metal orbital pa.rtlcxpatxon in- the [: B

~ bonding orbitals along the series Mg to Si for both tetrahedral and octahedral oxides:

(see Table 5). Figure 1 shows a substantial spreading of the MO energy level diagram -

“slong the same series. Noniterative NEMO calculations using neutral atom «’s show

the same trend. Therefore both MO compositions and MO energies indicate a sub-

stantial increase in covalency along the series Mg to Si for both tetrahedral and
octahedral oxides. Figure la-shows that as the covalency increases both the 4t, and
3t, MO's (as well as their octahedral analogs shown in Fig. 1b) are lowered in energy
relative to the 1t,. However, the 4¢,, the more strongly g-bonding of the two, is
lowered by a larger amount and the value of A, the K;-K,. separation, is therefore
decreased. The value of Ais then a fau'lv direct measure of covalency:.

CoxcLusioN

3 The quantitative MO caleulations presented here have been shown to be capable
of assigning the MK, , peak and all the peaks normally observed in the MK, and-OK,
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Infcrprotntion of K X-ray.cmission spcétm anel chemical bondihg

spectra without Juvoking svmmctr\ forbidden traunsitions or nml\mfr al I:oc Msump-

-tionis about honding type. Trends in K=K, energy differences ve stilting [rom varia--

tion of metal, ligand and geomctr‘\ havie been reproduced by the calealations and

UrcH's (1970a, 1970b) interpretation of Mix, spectra, which is qualitatively correet,
h ot A &

has been marle more quantitative. The splitting of the main MK, peak in saveral

oxirdes has heen related to the type of linkase of their fundamental metal-oxygen

units. This demonstration of good agreemant hetween ealewdation aud experiment

for X-ray emission spectra suggests that the caleulations wporlod here will generally. =
yield an accurate picture of the electronic str ucture of oxitlic oompuunds of Mg, AL

and Si. The- calenlations show the gross MO strticture of the vatrious ondcq to be

qlutc similar. In all cases the v a]cnco MO's caii be divided into three groups, deﬁned, e
in terms of encrgy and composition. Quantitative differences in the caleu lated -

electronic structures correspond closely with N-ray emission spectral 1(mlts In

particular, A is shown to be closely related to the covalency, which incre: ses stb-:

stantmlly along the series Mg to Sl

'Aclcnowledgemeues '—-—’l‘ he m_lthor i3 grateful for the interest and suggestions of t‘xofeswr R.

009-187. Many of the computer programs employed w vere coded by Dr. E. A, Lsws. Several
_helpful comments were made by thn referecs. . : Ch e
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MOLECULAR ORBITAL (MO) INTERPRETATIOﬂ'OF.THE METAL Ko, METAL
L AND OK_ X-RAY EMISSION SPECTRA OF SOME OXIDE AND SILICATE
MINERALS : : S : o '
Tossell, John A. and Vaughan, David J., Department of
" Earth and Planetary Sciences, Massachusetts Institute
of Technology, Cambridge, Mass., 02139 :
Molecular orbital calculations, using an- approximate SCF
LCAOMO. method, are presented for several oxides of Mg, Al,
Si and Fe. The valence MO's for the tetrahedral third row

" oxides can be divided into three groups: (1) 4aj; -and 3t3;

02s orbitals, (2) 4ty and 5a;; O-bonding orbitals, (3) le,
1t; and 5tj; non-bonding 02p orbitals. A similar division

can be made for the octahedral oxides. The quantitative MO
-diagrams are used to assign the observed MKg and OKy X-ray

- emission spectral peaks for several oxide minerals.. The

- trend 1in ‘the MK -MKg+ peak separation is calculated for the

series Mg0, Al303, Si07 -and results are in. agreement with -

experiment. The peak separations in the 0K, spectra show an

increase along the same series, also given accutately by the

.calculations (exp. 2.9,4.1 and 4.9ev; c¢calc. 2.8,4.6 and

S.lev). The MKg and OKy peak separations are Bhodn to be:
quantitatively related to the degree of metal-oxygen coval-

. ency. Fe L X‘ray emission spectra are presented for several

silicate minerals containing iron in different oxidation'u\
states and coordinatifons. The main Ly band is composed of

four peaks . which -are ‘assigned to the four valence MO's of e’
and’ ty type which posséss substantial amounts of Fe3d char-

‘acter. An additional peak at lower energy is assigned to a

MO which-1s predominantly 02s but has 1-2% 3d chdracter. !
This peak 1is, found to be significantly higher in enérgy in
ferric compared to ferrous compounds. : ’

4y (1)
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X-ray Photoelectron, X-ray ¥mission and UV Spectra of -
810, Calculated by the SCF Xex Scatiered Wave Method .

J. A. Tossell =2né D. J. Vaughan
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and .
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 abstract. | _ |
‘ | | Photpibhization‘,‘ X-ray emlssion and UV excltatlon
en.exfg'jlés are_,’calc'u_lgted for S 510, by the ‘SCF xdnethod and’ the

.i trénsition-state prdcédure. In all cases “greement-between
..calculétion aﬁd experimeﬁt is gocd. ‘*heSSiO4‘4nc1uster'

jls foupd to be adecupte'f:r descrit ncr loca11°ed exc1uat10ns

‘-l“1n quartzl The valence hrbltals of thwo clus ster arc found to

5'be natural’J oeparab’e 1nto three sets (1) 02s,. nonbondln
S (2) SlBS 3p and 02p, 91bma bondlru, (3; O2p nonbond1ng._>”he
‘par~1c1pation of ble type functlo*a 1n the thh energ y-QZp;x -

nonbondlng orblvals is found Lo be very small

o
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Research by Aviva Brecher

An experimental study of magnetic properties of lunar‘roch~
(breccias) chips has been undertaken, cbmplementary»tobcurrent
studies.on them by Prof. Burns and coworkers. To date, I ha&é;

_ examined the Apollo 16 samples 60315.51 and}62295.27.:.My5non¥j'

destructive magnetic measurements are aimed atii’l)"determining

" the intensity and stabllity of natural remanence in lunar rocks

under study; 2) assessing the weight fraction of magnetic phases

and the level of magnetic saturation, 3) 1dentifying ‘the minerals

' ,(ox1des or native 1ron) carrying the remanence, 4) determining

the size spectrum and assoc1ated magnetic behaVior of carrier f

grains as a function of temperature. These havetbeen achievedj

partly by:studying coercimity, saturation:moments and reéﬁééaffi

saturation ratios. | o : | o

| .Currently this enperimental work entails.great'unnécessary

i‘effort being carried out on lmprOVlsed equipment heav1ly used

‘by workers in other departments at M I. T._ It is hoped to develop N

soon an adequate laboratory faClllty for studies of lunar and

meteoritic paleomagnetlsm B
“Theoretically, I 1ntend to reeramine ev1dence on magnetism

- of lunar crystalline rocks, which is not“conSistent With the cur- -

rently favored interpretation as thermoremanence;'acquired in-a

global lunar field of ~ 2000 vy. This interpretation has far-reachiné

implications regarding the thermal ‘history of the moon and based

only on remanence of breccias. Experimentally, it‘is'hoped to

carry out ferromagnetic resonance studies of lunar rock in order
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to determine "inréitu" reiative;voiume“fradtionélof.grains-of é;
l giﬁeh elongation. This will test Fuller's suggesiipnértﬁaé:éelA
4remanence'in lunar~r6éks aqd soils; although_bloéked at ldw
temperatures in fine iron gréinévis stable uhdéf;AFFcleaﬁinéﬁféj:
- cause of their shapé-énisotroﬁy. | | o | |
L,It is glsd:hépéd‘to'study thé acquisition of;ihvexsé’;ﬁé?go¥ 
remanence in lunar'focks, and the_éfféct of thermal Cycliﬁg '_§'

(—80 to +l40fC),,stress'ahd Shock on-it,:_ 
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 Progress report on: Lunar Electrical Conductivity Project -

The aim of thls study is to 1nvert the magnetlc fleld spectrum_1

,(F<5x102

hertz) observed in the solar wind and on'the~lunar 2
:1surface in order to deduce the internal electrlcal conduct1v1ty

of the moon.- The electrlcal env1ronment of»the-moon is modelled

"Hby a perfect conductor on its sunllt 31de and. an empty cyllnder

’h:on the downstream»51de.r (See Flg I. ) A numerlcal scheme, de-:
. tailed in App. I, is adopted in order to calculate the fleld 1nduced
hiby a layered moon. | | | | _y |
Fig. 2. compared the data obtalned by Sonett, et al w1th
' the ApolloIXII magnetometer~w;th the fleld calculated by Slll_and¢>
rus for the same'mOdel;_ We'seefthat as the freduency_increaSes;,
:Sill‘s calculation'becomes inaccurate so that a large'partjorrthe""
spectrum cannot be used to model the moon response adequately.rtl
In an attempt to model the asymmetry in the lunar plasma
fenv1ronment Sonett et al. have recently modelled the moon as an
1nf1n1te conductlng core embedded in a non—conductlng crust ;We
have trled to reproduce thelr results ([Figqg. 3, 4] w1th1n our theory
and the result seems to agree quite well. Of course, our. analy51s |
is not constralned to such a model so we mlght expect that 1t w1ll
he a better tool to find the lunar conduct1v1tyl' .
Presently,.we are~trYing to deuelopjan}inversion*scheme_andra_
'vresolutioh analysis of the data. This work'shouldfhe;completed,

we hope,”inhearly_l973.i
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ZAppehdix I

Mathematical Theory.
We consider a mégnetic fluctuation bf'wavenumbérs if_ ff.

L W : - S e
»'kl - 'sz ’ » S : . jT S (1)

i;impihgingion3the modn:normally to the axis of théﬁcyfindégQ;;f
I._e_o, ' ‘ V ' » . » ' .

" .>§‘incf 1klz.  :'> E  ;  C'  _; 1: *?f (é)

> -
axHo(m)e

gine _ _, ¥ .y § inc.

o' sw A >'(3)

_ The:field.insiaevthe'cylinder?ié_given as the'éuﬁ-oftw§ pa?£s}

o .lf An ihhoﬁogeneou5>field satisfyingfthe.ébntinuity:of;  f
the tangéntiai eleétfic.field ét the plasmé¥cyiindégflﬁ
boundarY¢ | RS

~2) A field having no tangential électrichfield atjthe -

solar wind-cylinder boundary, but satisfying thé-cbhtinﬁity

of the tangential electric and magnetic field at the.
"'moon-cylindex boundary. - |

Férmally_we have

T T T L N ¢

‘and
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>
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oz )y cos¢. Jl(llipv)e .
: (5)
.- where ), and xzi are respectively the root of thehoylindrioélfe'
vBessei'function Jl_and its derivative

A= ikl

and o ahd'Bn are the coefficients of the TM‘and*TEﬂmodes'tespeCtive- -

1y.

_Inside the moon, the field isvexpanded in a somvofetoroidél
-and p0101da1 mode. . ' | - |

At the surface of the moon, we must meet the contlnulty of
~ the tangential electrlc field on the front 51de - The contlnulty of
the tangentlal electrlc and magnetlc fleld must also be met 1ns1de -

the moon and on the back 51de."
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: Imposing.these conditibns at a certain.numbér'bf»béih£$5
_around-thé sUrfaCe of fhe moonband.including in,the feéultihgv
- system of eqguations only a finite number of modes; we caﬁ_n.
solve féf the fiéid by a-1eas£—squaré_techhique.::The'number'df
“modes included in thé analysis-is’determined sywﬁhéxcriférién;::f"' .
}fhat~bn1y a few péréeﬂt mismatch_in thg'bounda:ylcqnditiéﬁvis%{

alldwed.




38

LN .u PR \:‘M ....2 u_.mh._u_m..__w | zooz |




39

e ~.C52. ﬁong(ﬁ :C Zom»m.s

_b_

pLificaTion

o

Po_l'.hc-n dal Am;

T= 150 km - L
Gy = 15« _o..o mhos/m | , Q) Dﬂ.ﬂo_. .mmo_\,mdﬁv
Gz: 5xj074 o - o - - L — .m.r*g&.}.n_ Model
- S - (Sl Q)
bmiz&ﬁn Zo%h,

s .

n

_...ooom .00l +003 - o 03

i

m._,mgcmsn,_ in Iml.w

.._m.jP ~.cspﬁﬁ‘os.. a Z.m.“_ r\ﬁo_:ﬂw%ﬁpsmmrﬁ Zﬁnoﬂ. Fretds

ﬁo§mp:uo: uM\ wis,n.::n awd \%mx..ﬁ.mﬂfo ,Zo&&u :



J

b b

C ALY LaTIO

| ov

<
Y s

o
!
-

os

- .;g.@_z.ﬁ_ﬂ!ﬂ

T

i
3

¥y Hos

Tk

. ezs
“ord

- —
-

ENIPSUPN R JUU 58

T

. SO SR
.’»_ -"‘

- ',J' - o qe i' :

160

]

%

R -_.,-- _*.. 7‘:‘,_-:
e
F

4--

o

tl_o

2

H ;

H 1
o i

. ;

,

i

KAX1 L: aped UN—. BEYIAG $53I) YU G Sl DCON60 61 ON

N -

H .

HOLVHCOI0D OYIN IHE 1D nostn Yy B0S(0 T .2.-._..~a<~.:u TNINONNIA' MY IS

190

6o

20 ¢o

o z0



41

CAL AT DA

|

_“Hn«

AN AT u:, etpay .nn?o,:...:_ ) sbs 02 0 6] ON

. b
/(\.

ST HEOMed OYIN B I uecit v £0T/0 F N #1211 00 NONNIA WY 3§




4Z
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LETTERS TO NATURE

PHYSICAL 'sc‘IENC-Es

" On the Nature of the Tycho
- X-ray Source -

COF the five X-ray sources which-are |d<:nnﬁcd with remnants
.of supernovae, the Tycho 1572 source is of particular interest.
- In-this case the X-ray emission cannol be considered as the
continuation of the synchrotron radio spectrum because it can

easily be shown that, indupbndcnt of the mechanism of injection, -

o - ! .
the spectrum must be bent™ in the frequency region v<10'3
“Hz. Also, it cannot be assumed-that the observed X-radiation

is thermal and caused by hot plasma behind the front of shock-

wave produced by the L‘(p'\ndim;'mvelopc of a remnant.
This- mechanism qualitatively explains X-radiation from
Casszopela A if the undisturbed -density no of interstellar
matter in the vicinity of the explosion is about 30 cm“

This value of ny is in excellent agreement *with the density. of -

the HII region which is observed around VC.xs A (ref. 1). But
in the casc of the Tycho remnant one must assume that
no~5 cm~? if the radiation is thermal. - Such a value of »n,

contradicts the obscrved large dimensions of this remnant, ..

which, according fo all indicaiions, has exploded in a relatively
rare medium between the. clouds of interstellar matter, where
np<0.1 -cm-*.  This.excludes the possibility of explaining
X-radlanon from Tycho as thermal radiation from hot plasma.

It scems probable that this source shouid be identificd with

" a.young pulsar which originated after the explomon of the-

Tycho.- supernova. Because of “‘unfavourable™ orientation of
~ the rotation axis of this pulsar, cohercm radlo emission is not
.observed.

But there are good reasons to belicve that young pulsars '

should generate synchrotron radiation in the optic and X-ray

ranges (similar to NP 0532, ref. 2). The power of this radiation’

must be a very steeply diminishing function of the pulsar’s
age. It is essential to note that the intensity of synchrotron
radiation of NP 0532 between pulses is not zero. For example,
. -aocordmg to Vishvanathan*, the intensity of radiation-between
“the main and second.xry “peaks” is about 1.5%;, of the maximum
intensity in the main peak”™.. According to Bradt er al.%, in
. the X-ray range the “interpulse™ intensity is near 10°%,. In
the 100400 keV range - this intensity: is sufficiently I.xrgcr
(L. Kurfess, unpubhshcd work) Cons(.cucmly, one should
remember that there is a “"quasi- isotropic”. component in the
‘X-radiation of.young. pulsars.. Thé time-averaged power of
. this component. is at _least equal to the “‘pulse™ component.

The X-ray flux from the Tycho supernova remnant is ~25.

times® smaller than that from the Crab Nebula® and, conse-
-quently, it is half the X-ray flux from NP 0532. Since the
-distance to SN Tycho. is approximately 2.5 times that to the
Crab, the observed X-radiation from the. Tycho remnant can
’be explained if the power from the expected pulsar, which is
situated inside Tycho, is three times that from NP 0532, This
.can be explained _naturally. by .the youth.of :Tycho's pulsar.
- Recently. Henriksen e7 al. (unpublished. work) ‘suggested that
X-radiation from Tycho and some other sources can be inter-
i prelcd as thermal radiation of his crusl heated due.to dissipi-
tion of rotation:encrgy of a neutron star. In our case it should
be supposed that the crust u.mpuaturc is 25 x 10° K But in

. this case the lincar dnmcnsmns of the source must be unuccepl-

ably small—above 1 km. "
‘The obscrvable ‘tests of our hvpothcsns arc as folloxxs
(@) measurément of angular dimensions of Tycho's X-ray

- source—according 16 our. ‘hypothesis, thé upper limit of angular -
_ dimensions of _this; source must-be LSSCnlld"y smaller than
-those_or the mdlo source; (b) discovery of a small ‘periodic

modulation of X-ray flux from” Tycho caused by ‘eXpucted

anisotropy of radiation of Tycko's pulsar; (¢) a:study of -18th -
~ to 19th magnitude stars in the central part of the Tycho radio

source witli the-object of. discovering ‘an opncal pulsar-with.
periodically. modulated flux; (df) discovery ofa" pomt ' Xeray

source in the remnant ot Kepler's Supernovae 1604.-

The *‘quasi-isotropic” component’ of -pulsars’ S"nLhI'OU'Ol‘ '

radiation must play an essential role in the physics of the Cra

" Nebula.” ‘Evidently, this radiation generated by relauvnsuc

electrons closed in the radiation belts of NP 0532. The

spectrum of this radiation is essentially. harder than in- the
. main pulse.. This can cxpliin the expc.cted relation between

puisars and nebular synchrotronous spectraZ,

It should be noted that in connexion with Pacini’s expu»m-

tion of ‘“glitch” in NP 0532, the systematic observation - or
**quasi-isotropic” component synchrotronous radlauon of
NP 0532 is desirable.

: - L S SHKLOVSKY
Insmute /or Cosnuc Researclx o

“Moscow
a Recewed February 23, 1972

' Van-den Bergh, S., Asnop/t)s 7., 16_, 259 ('971)

- Shklovsky, LS., Astrophys. J. Letr,, 159, L7 (1970). o
Ylshvanathan N The Crab Ncbula, 1‘2 (Rudel Dordrechl;l'_ .

1971). .

* Bradt, H., er. al ., Nature, 218, 856 (1968) o

3 Gorcnstem P., Kellog, E.; and Gursky.H Asnophy.r J.y 160 199
(1970).

Lunar Electrical Conductivity

'SONETT er al.'-? have inverted sunward lunar surface mag-.
netometer data to obtain a. lunar elcctncal conductivity proiile,”

using the poloidal magnetic response. to a spatially uniform
source tield of a radially structured conducting sphere immerscd

_in ‘an infinitely. conducting plasma®*. The. expenmenmlly*
" determined lunar response expressed as the tangential mag-
netic spectral amplification factor is shown in Fig. |’ toa_..uher”
with the best fit -poloidal responses for. a two-layer.and a
multi- layer. Moon and their correspondmg electrlcal cnn-‘

ductivity protiles®. . . . -
The spatial symmetry imposed on the boundary conditicns

-by this “‘model of the. interlanctary magnetic field-Moon -
intcraction’ neglects  the " solar™” wind plasma—Moon—voldv

geometry and. the finite application time: of the interplanctary

" magnetic field which result from the solar wind flow. past the

Moon. We have studied’ quahtamclv the effects of including

- these- boundary condition’ _asymmetrics through numerical
cxaminations of an asymmetric cylindrical model of the inter- - 7
action (Fig. 2). In our model a cold. infinitclv conducting .-

ey e
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,h. 1 Ex nmcmal tangenml '\mphﬁcanon factor from

\~:it of al.?, shown with the calculated poloidal responses lor N

e m\cl cunducmuy prohles reproduced m part from ref,

'SOLAR WIND PLASMA

. VACUUM

Va2 :\\)mmc(nc ‘model of solar wind ‘borne magnetic field
mteracuon ‘with cylindrical Moon .

Langretiat ampdin atnsn It

Femmr T b ad

el Al

e 00 0.0
. Frequency (1)

e ) C, hindrical ‘mﬂlosue of poloidal response. - - -, Symmet-

. ck-‘;il)';o‘l' ——, asymmetric numerical, yy= Jox 10° mis;
m;, ©,;=5.0x10"* mho/m, 6, =1.5x10""

mho/m. .

1 shows- the numcnc.nlly d\.lu‘n\lnLd SUI]\V.Il‘d surfaxe -

ermined cylindrical analogue of the poloidal rc~po—<~~
L 1 $;mmetric modcl" is also shown Comp.xmon roveals

3 Blank, J. L. and'Sill, W. R., J. Geophys. Res., 74,

S

_Reisz er al.' consider, in the preceding - letter,

'Iargc difference in transfer function in Fig. 3 of ref.

anti-solur cavily on a time scale uoc,b
the scale lcngh of the diffusion process; and second. the
fluttened  asymmetric  response for high frequencics  which

. results from application of the incident ficld to 1he sunward
. lunar surface on a time scale of Ry/va. :

These features of the response of the asymmclnc model are
also present in the experimentally determined response (Fig. 1),

“An attempt to fit these features using the 'poloiddl response of

the symmetric model of the interaction resulted in the compli-

_cated conductivity profile obtaincd by Sonctt ef al. We .also.

notc- that the .response of the asymmetric model is insensitive
to increases in the core conductivity o, from which we con-
clude - that the experimental” sunward tangential magnetic-
response docs not c)\clude a-more conductive lunar lntenor

» A. CoLBERT Rnsz
- "~ DonNaLb L. PauL
Tu:ooomz R MADDE\ .

Departmenr of Farlh aml lemrar -y Srwnces

Massaclwvcus Institute of Teclmulog»
Cambrulgc Massuc /msetls 021 39

Rccencd Fcbruary 9, )97’

t.Sonett, C P, , Colburn, D. S D)‘ll P Smith, B. F Schubcrl G, '

- and Sch\\arll K.. \muu' 230, 359 (1971).
2.Sonett, C. P., SLhui)Lr(
Colburn D.S.. Froc. Apollal’Lun Sci. Cun/ (MIT, 1971).°
736.(1909).
« Sill, W. R., "and Blank, J- L. Geophy's. Rcs .75, 201 (1970)..

 Sill, W, R., Bellcomm TM—71 2015-9 (1971).

6 Rexsz A. C Paul, D: L., and Madden T R Tlle Moon (ln the

. press)

Lunar Electrical Conductivity—Repiy
two concep-
tually important points. regarding the lunar transfer -function
inversions which we, reportcd" That .work ‘used a sym-
metric conﬁnmg current. lhcory so that the. dark hemisphere
diamagnctic” cavity effect: was ignored, as we pointed out

-at that time; Blank and Sill* estimated that the effect upon

the sunward hemisphere transfer function is small. Recentiy

Schubert and . Lee. (private communication) have computed =

the fields associated with a magnetostatic configuration where

G.. Smith, B. F., Schwartz, K.. .lnd_"

| : oo 43
first, the depressed asymmetric response at low frequencies *
resulting from dillusion of ficld lines around the core into the -
where L~ R\, is .

confining currents exist . sunward .of the Moon, upon the

surface of a perfectly conducting core and upon the ‘walls

of the diamagnetic cavity. -Their results are applicablc here

by relating -their core radius to. an effective skin. dcpth at a
spccnﬁcd frequency. Approximate damping depths are given
in ref. 3. Forfrequency £<0.001 Hz.and R.~0.6 R, where
R. is the core radius and ‘R the lunar -radius, the cavity
correction to front side data not adjacent to the terminator .is
about 49,
20% The éffect upon conductivity is trivial for R.~0.6 Ra

and is a factor of about 3 for £20.01 Hz; the resultant change -

in estimated deep temperature is insignificant. . For the shell,
dominated by the higher frcqucncms. a comibinied -change ‘in

. shell depth and conductivity takes place but is beyond the

scope of this lctter. So we do-not ;u,ri.c that tield line diffusion
through the crust and past- the core can account for. the very
1. for

002 £ /<0.006. - We note also that the-skin depth at [~0 002
Hz for the core conductivity!
900 km, hardly sutficient to produu. the etfects describec.
Lastly, the- difference bztween the. two cases shown-in Fig. 3
of ref. .1 is. non-monotonic, which. does not seem likely for

_various rcasons.. For example, higher harmomc effects (/> 1) -
On lhv. basls of

are ‘unimportant befow f~0.008 Hz (Fig. l_)

For /20.01 Hz the correction increases to about

indicates, a core radius.of only™
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MORPHOLOGY OF SELECTED LUNAR FEATURES u>

- USING EARTH BASED RADAR
.EG;H. Pettengill and'Pierre'Birabend

One- of‘the major dlfflcultles 1y1ng 1n the way of
u51ng the full resolutlon p0551b1e in the preparatlon of
lunar maps by radar ‘at the. Harstack Observatory has been
- 1naccuracy in the worklng ephemerls.> Whlle the 1ntr1n51c

jlateralrsurface resolutron 1s~on,the_order_o£ 2 km wlthranb
/associated height'meaSurement-accuracy oflabout 200 m,. |
1naccurac1es ‘in the standard values for the lunar orb1ta1
fmotlon, phy51cal llbratlon and rotatron led to lateral
'ldlscontlnultles of up to 15 km when maps prepared at

' dlfferent tlmes were compared - The correspondlng d1s—'fd3;§

” -:crepanc1es in surface helght were of the order of 2 km.m;EfVI

rAs a result, the assembly of composrte maps of topography
and radar scatterlng characterlstlcs were 1mpa1red

o In the .course of other research at’ MIT,'I I.‘Shaplro
and hls students have developed a versatlle planetary
ephemerls program (PEP) wh1ch has some capablllty to accept
observatlons of the Moon and to yleld 1mproved estlmates of :
the necessary values 11sted above. Durlng the course of ‘the -
present reportlng perlod P1erre Blraben has developed a- |
,way of u51ng PEP to produce correctlons to the orlglnal

worklng ephemerls whlch yleld predlctlons of lateral
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_p051t10ns to an accuracy of about 2 km He has developed

:the necessary 1ntermed1ate dlgltal programmlng to use the fv

. outputs obtalned from PEP to’ calculate selenocentrlc latl-'

. tude and longltude of the lunar subradar p01nt, the. pos1t10n

;;and doppler angles, and the apparent rotat10nal ve1001ty of
r'the Moon at 5—m1nute 1ntervals throughout each observatlon.
'fiA total of 50 days of observatlon were 1ncluded, extendlng;

rfrom October 1970 to August 1972 Comparlson of these
"1mproved predlctlons w1th the measurements shows a lateral
B con51stency of about 1 km,_w1th only one. case approachlng
a d1screpancy of 5 km. Topography of adjacent areas seems:
'to be con51stent to. w1th1n 100 m.av'~ ' ” |
N Further work under thlS grant‘has.ceased as-of 31 Augustia
‘1972 because of the transfer of the personnel to other [;}t',f

,vresearch.
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‘Lunar Research Statement

» H. F. Hinteregger

I have spent ‘most of my tlme s1nce the beglnnlng of
November 1972 constructlng and testlng 5 palrs of D1f— -
‘ferential Doppler . Recelvers (DDRs) . These are seml—ffﬁ-:??d
productlon versions of. the 2 orlglnal prototypes whlch
‘were developed by c. Counselman and myself in' the precedlng

"fseveral months and whlch were successfully used 1n trlal

.observatlons between STDN (NASA) Tracklng Statlons 1n o
tFlorlda and Callfornla on. Oct 27 and 28, 1972 Three palrs
of the new DDRs w111 be used w1th1n the next three weeks at”

* the tracking statlons in Madrld Florlda, and Ascen51on '

Island. 1In March, ;nten81ve observat;ons_us;ng at 1eastvv,
6 tracking stations will be started and I will be respon*f7
hv51b1e for readylng at least a suff1c1ent number of DDRs
'.for th1s purpose." ' ' '



, Lunar-Research Statement:ffl'
,R;_w._King»l'

My research work since Nov._l has been related to the
- determlnatlon of the lunar phy51ca1 llbratlon from d1fferent1a1
VLBI tracklng of the ALSEP-transmltters. Most of my tlme durlng

thls perlod was spent reduc1ng the data taken in a two—day test

-3_performed Oct. 27 and 28 u51ng ‘the STDN statlons at Goldstone,-

Callf., and Merrltt Island Fla.f From these data we have ob-}'
talned post f1t re51duals at the level of about 50 cm in equlvalent_t
o dlstance on the moon.' These results, together w1th some ana1y51s-
of antlclpated accurac1es in the determlnatlon of-lunarsbaselrnes_f
'and the phy51ca1.11brat1on,‘have beenpprepared for presentatlon

{ atvthe Conference'on Lunar'DynamiCS.to.be held at the Lunar Sclence' ;
L Instltute 1n Houston, Texas, Jan. 14417. l973.zl~ |

| : In addltlon to analy21ng the test data, I have spent‘some._'"
‘-tlme in programmlng tasks related to the eventual proce551ng

v of a 51gn1f1cant amount of these data. In part1cu1ar,\the_~v

' equatlons ﬂ"‘_ '.'7' i - for the numerlcal lntegratlon of the.p
rotatlon of the moon about 1ts center of mass and the part1a1
derlvatlves w1th respect to llbratlon parameters have been coded,f-‘
though not completely checked out. Flnally, I have obtalned from'gj':
the Space Sc1ence Data Center at GSFC all of the lunar laser
ranglng data whlchlave been released by the NASA LURE team, and g
.I have complled these data in a format wh1ch can be used w1th

our program.

BK/jbu
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Jack Pines - 'E-
An. ultrasonlc selsmlb modellng set-up has been ?_
constructed’ and 1s in. the;process of belng reflneﬂ. -§6£577
b:surface and body waves have been observed before and after
'jthe 1ntroductlon of various conflguratlons of scatterers‘

'1n the medlum to determlne the: effect producaiby them.;'f?*

,iThe 1nd1catlon at thls point is that a small number of |
._surface scatterers will destroy surface wave.propagatlon whlle
a large number of randomly placed scatterers w1ll generate
:-energy envelopes and dlsper51on characterlstlcs 51m11ar to.b'b

~ those observed 1n lunar selsmograms. '
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’Gilberthayne‘uilrich,

During~the past four»months,~wbrk.wasjaccqmplished*y
comparing meteor impaetS'on the.lunar surface to‘the
impacts of man-made objects. - Spec1flcally addressed, was’
11hthe questlon of the relatlonshlp between the seismic coupllng
coeff1c1ents of - the two types of events. Thls 1nformatlon ’

"1s 1mportant for lt would allow the man—made 1mpacts to serveyfz’:"

-‘as callbratlon events to. determlne, through seismic’ measure-
'ments, ‘the ‘energy . of meteors 1mpact1ng the- surface._yItmzﬁ,afE
was learned that, because of . the lower peak shoek pressures
‘of the man-made 1mpacts, they would be expected to have a
higher seismic coupllng coeff1c1ent. ‘A more. detalled study
 of the mechanics of impact. events is required to estlmateifv

" the relatlonshlp between the coupllng of the two types of
events._ ' ' - ‘
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ABSTRACT . -

'Possible models:for the thermal'evolution 6f‘tﬁé5ﬁébh,
. are constralned by a w1de assortment of lunar data. Qiﬁ;;"
thlS work theoretlcal lunar temperature models are computed
taklng 1nto account dlfferent 1n1t1al condltlons to repre-f
' . .sent poss1ble accretlon models and varlous abundances of
i;heat sources  to correspond to dlfferent composxtlons.r le—

;ferentlatlon and convectlon are 51mulated in the numerlcal-{
i,dcomputatlonal scheme.'v » ' J
. Models of the thermal evolutlon of the Moon that f1t
f:the chronology of 1gneous act1v1ty on the lunar surface, -
"the stress hlstory of the lunar 11thosphere 1mplled by the
:presence of mascons, and the surface concentratlons of
radloactrve elements, lnvolve exten81ve dlfferentlatlon early
’yln'lunar hlstory. ThlS dlfferentlatlon may be the result

‘of rapld accretlon and .large- scale meltlng or of prlmary
u,’chemlcal layerlng durlng accretlon.. leferences in present—jl
day temperatures for these two-p0851b111t1es-are 51gn1f1cant,
_only 1n the inner 1000 km of the. Moon and are not resolvablea
't:w1th presently avallable data.._ | |
If the Apollovls heat flow is adrepresentatiue'Value,ﬂ"

-V'the average uranlum concentratlon in the moon 1s 65 i 15 ppb

bf_Thls is con51stent w1th achondrltlc bulk composrtlon (be-~

tween howardltes and eucrltes) for the Moon.i
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1. -iNTRoDUCrion’ o o L ‘_A» o
| . The development of»the'thermal_regime.is_the mostiig.
important factor in the evolution'of»afplanetary:body;“'nl

For the ‘Moon, as well as other planetary objects, magma-

tlzatlon, dlfferentlatlon, and other processes of evolutlon;d

e’;are controlled by'the thermal-hlstory;m The 1nterpretat10n S

;»;of geologlcal geochemlcal and geophysical data from the

*'nMoon requlres temperature 1nformatlon sxnce bulk propertles

f '-present-day.temperature'models for the Moon as currently

'fof materlals are dependent on temperature.'fThe purpose

lfof thls_paperjlsvto 1nvest;gate the_thermal evolutlon and

: aconstralned by the vast amount of data frOm the lunarnufii
7:pm1551ons.'i | h B -
The most serlous studles of the thermal evolutlon and
l:heat balance of the Moon started w1th the ploneerlng efforts

“of Urey (1951 1952 1955 1957 1962) Other studleS'that

o nufollowed (MacDonald 1959, 1963a Lev1n, 1962 Anderson and

| Phlnney, 1967 Frlcker et al., 1967 McConnell et al., 1967-
vHanks and Anderson, 1969) benefltted from and bu11t upon
"those of Urey., The successful missions to the Moon have .
lprov1ded a large amount of new data and strong constralnts

on the present day and" past temperatures in the lunar 1nter10r.

"_‘These data have led to renewed 1nterest in evolutlonary and

‘thermal models of the Moon (Urey and MacDonald 1971,
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ePapanastassiou»and Wasserburg, 1971a, Hays, 1972 Wood
1972;'ReYnolds et al., 1972; McConnell and Gast, 1972-'
Toksoz et al., l972c, Tozer, 1972; Hanks and’Anderson,.ii‘
‘pl§72)" A common theme for most of these models has been .
“to explaln the early magmatlsm 1nd1cated by the lunar |
}*»chronology and feldspathlc crust, and the relatlvely cool
':present day 1nternal temperatures as suggested by the
:low electrlcal conduct1v1ty, high v1sc051ty,and pauolt‘:y»_:-‘-,:‘_.._A--j
-‘1of tectonlc act1v1ty. | | - :
| In thls paper, we present lunar thermal models based _
E,'on all data (1nclud1ng Apollo 16) and reallstlc computatlonal'
_»schemes._ The - constralnts Wthh are most 1mportant for |
'evolutlon models are dlscussed in Sectlon 2 The compued:
tatlonal procedure and 1nput parameters are olven 1n Sectlon
d:3., In Sectlon 4 . the thermal models are presented and

ll_thls 1s followed by a d1scu551on of the results.v
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2. CONSTRAINTS ON THERMAL EVOLUTION MODELS

| ~ The data:from lunar‘missions, especially those'from7'A
hApolloreXperiments and samples, 1mpose a wide range of .
constraints.. Some- of these (such as the electrlcal conduc?
tlvity, heat flow, seismic velocities and tectonlsm)
"pertain to present-day»temperatures 1n51de the Moon;-*Some:
- others {such as the hlstory of dlfferentlatlon and 1arge
'ffscale magmatlsm,_the ex1stence of lunar mascons) 1nd1rectly'
' p01nt to the thermal state early in lunar hlstory. - |
These data impose some boundary condltlons, and at tlmes,
_ what mlght appear to be confllctlng requlrements on the past

nd present day temperature models of - the lunar lnterlor.

-___For example, 1nterpretatlon of electrlcal conduct1v1tywappears

._ to suggest relatlvely low temperatures (Sonnet et al., 1971
f1972 Dyal and Parkln, 1971 Dyal et al., 1972),'1n agreement
with low selsm1c1ty (Latham et al., 1971 1972a b) and hlgh ,
,,’v1sc051ty (Baldw1n, 1971 Arkani-Hamed, 1972) ) In contrast~s

Ato such 1nformat10n is the high value of surface heat flow,

| 33erg/cm —sec (Langseth et al., 1972) ' To.betteruunderstand

'the limits of these major constralnts, we dlSCUSS each one
brlefly, startlng from those that relate to the 1n1t1al
‘condltlons and g01ng on to those that bear on the present~

dayvtemperatures.,v
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2.1 Lunar Differentiation and Choono1ogy--
The Moon went through a perlod of major 1gneous act1v1ty
A and dlfferentlatlon at an early age, durlng the flrst l 5
B bllllon years after formatlon., A feldspar rich, 60 km thlck
:crust has been .detected by selsmlc studles in the Oceanus,
f?rocellarum reglon (Toksdz et al., 1972a, b d) 7 From the
fgorbltal x—ray fluorescence experlment (Adler et al., 1972a,
~b) from selsmlc veloc1t1es and from analyses of surface',iA
Arocks at or derlved from hlghland sites (Wood et al., 1970,

51971 Turkev1ch 1971 Reld et al., 1972), the orlglnalrgg

~_crust is thought to beflargely, feldspath1c7intcompoSitioni‘r -

’fnvgabbroiceanorthosltes with some norite:(KREEP),conponentf“hl
| | The chronology'of lunar igneous actiuity starts trom’-
the formatlon of the. orlglnal crust about 4 6 b. y.»ago as
;deduced from model ages of lunar rocks and 50115 (Wasserburg
‘;and.Papanasta551ou,;l97l;.Tatsumoto; 1970; Tatsumoto;gtlgl,,
fx1972;:Silver;b1970). ‘Although the'record'ofjpre—nare”ubi;
canism.has:been obsCured by subseguent events;”thereiisfgf
ev1dence for act1v1ty in the tlme between the appearance,A
of the orlglnal crust and the fllllng of the mare ba51ns.s
The formatlon ‘ages. of KREEP basalts are thought to be about
vﬁ4.4 b.y. (Meyer,gg al., 1971 Papanasta551ou and Wasserburg,
.‘1972b- Schonfeldland Meyer, 1972) From these ages and |
‘Rb -Sr systematlcs (Papanasta551ou and Wasserburg, l971a) 1t

can be concluded that the orlglnal crust dlfferentlated before
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',the formation‘of.KREEP basalts; i.e.-within'the"firSt'femhf
' hundred milllon yearS’of lunar history.b o L
To create a 60- km thlck feldspathlc crust requlresbthe ’
meltlng and dlfferentlatlon of at least one half the" total .
v"volume of the Moon (Wood et al;, 1971) : ThlS is an 1mportant
_constralnt whlch we - w111 use 1n thls study for the ch01ce of
'ffthe 1n1t1al 1unar temperature proflle. o o
| " The 1gneous act1v1ty of the Moon wh1ch resulted ln-the
'fgfllllng of mare ba51ns has been well documented by age datlngv
. of lunar sanples, partlcularly using Rb-Sr and Ar40 Ar3?~:i
”technlques (Papanasta551ou and Wasserburg, 1970, l97la, b,-
v1972a, Wasserburg and Papanasta851ou, 1971,-Turner, 1970,~
1972 Turner et al.,“1972- Husaln'et al , 1572a; b; York-;~:-
"fet al., 1972 and others) ‘ To date, the well determlned ages
”of mare basalts span a tlme 1nterval between 3 16 and 3 7l b. y.
;”ffago (Wasserburg and PapanastaSSLOu, 1971) Ages for Apollo l4vv
‘frocks are about'3 9 b y._(PapanastaSSLOu and Wasserburg, 1971b;
.Tatsumoto et al., 1972 Turner et al., 1972 Murthy et al.,:
f;1972) and ages of the crystalllne rocks from Apollo 16 are
_greater than 318 b.y, (Schaeffer et al., 1972 Papanasta531ou
and Wasserburg; l972b) Along w1th the 4. 1-b y..age (1m-
}placement or recrystalllzatlon) for the sample 15415 (Husaln-
et al., 1972a) and 4. O b. y. for 12013 (Papanasta551ou o
| and Wasserburg, l97lb) the above chronology lndlcates a

'contlnuum of act1v1ty in the Moon from the tlme of B

fformatlon of the orlglnal crust to the tlme of the




'implacement of7mare basalts; The spanaof.igneouslactlvlty
is shown in Figure 1. | | - . B
The fallure to dlscover lunar 1gneousvrocks younger
ithan about 3. 16 b y. ago is an 1mportant constralnt on the
iMoon s thermal hlstory (Papanasta551ou and Wasserburg, 197la)
“:lf meltlng occurred 51nce that tlme, it must have been very
;locallzed in extent or - conflned to depths in” excess of several

i?hundred kllometers.

2. 2 Magnetlsm of Lunar Rocks’
The lunar crust has an extensxve . but extremely ‘
*varlable‘magnetlzation. Thls has been verlfled by steady '

T'smagnetlc flelds measured on the lunar surface (Dyal et al.,i

:’:1970 1972) and by magnetlc anomalles observed by the Apollo

j15 orbltal magnetometer (Coleman et al., 1972) Further,
v;fmany returned lunar samples . dlsplay a falrly stable remanent p
.bmagnetlzatlon (Strangway et al., 1970, Nagata et al 1970,
vl972 Helsley, 1970 Runcorn et al., 1970 Pearce et al.,f"
11972, Colllnson et al., 1972; Dunn and Fuller, 1972- and others)
LOn the baSlS of these observatlons, Wthh appear to requlre
1000 Y flelds on the lunar surface durlng the emplacement of
rocks spannlng a tlme 1nterva1 of almost l b y.,,several
workers‘(ﬁuncorn et al., 1970 Pearce et al., 1971, and

others) have suggested that the flelds are 1nternal in orlgln,h
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ﬁand thus indicate a molten conductlng coredor extens1vely
vﬂ.molten pockets that could sustaln dynamos between 3. 2 and
-»4 0 b. y. ago.' There 1s_ debate over this . conclu51on, and
-many other explanatlons of the magnetlzatlon, 1nclud1ng
:flelds assoc1ated w1th the earth,_w1th the solar w1nd or
'w1th shock or thermal effects, have been offered (Hlde,

1972)."

1:2;3 'LunarhMascons;

| .vb.The lunarﬂmascons (Muller.andijogren,a1968)-are;:fht1'
7§enerallyfinterpreted,asfarising'from higher density\nareVH
_dbasalts fllllng the bas1ns excavated in the lower-den31ty,l

ianorth051tlc, 1n1t1al crust (Sjogren et al., 1972) gihef

“':gtlme of the mascon formatlon then can be dated by the ages‘

_Eof mare basalts, and 1t is about 3 3 b y. for Mare Imbrlum . f:'
’ ;(Wasserburg andrPapanastasslou, 1971). e
~ Thus the'excesS,nasses at mare basins have_not_been""
"rtotally compensated over a three billionvyear time'séan,ff?
'This requiresvthat (1) at thevtimefof’the naSCon emplaceﬁent
(mare floodlng) the Jlunar llthosphere was tthk enough to‘-
support the loads. (Urey, 1968 Solomon and Toksoz, 1972), and .
"(2) the v15c051ty of the outer layers of the Moon must be
about 1027 p01se in order that the stresses have not relaxed L o

51nce mascon formatlon (Urey and MacDonald 1971 Baldw1n,‘




1971'»Arhani¥Hamed,'1972) | Even in the absence of water e ’T'i
‘and volatlles, this hlgh v1sc051ty requlres temperatureS»J
. slgnlflcantly lower. than the meltlng curve 1n the outer 7,}~

'several hundred kllometers of the Moon.

2A4 Electrlcal Conduct1v1ty and Present Day Temperature:“v
- The electrlcal conduct1v1ty structure and related
vpropertles of the lunar 1nterlor have been deduced from the’L
h;analysxs of the Moon s response to tran51ent magnetlc fleld
cevents ‘using 51multaneous magnetometer measurements on the _'
anti-solar. surface and in the free streamlng solar w1nd ‘_
'“(Dyal and Parkln, 1971 Dyal et al., 1972), and analy51s of
-the frequency dependent transfer functlon of sunllt lunar-
Asurface to the free -stream magnetlc fleld (Sonett et al.,'
- 1971 1972) The electrlcal conduct1v1ty proflles were
fcompared to 1aboratory measurements (England et al., 1968,
_'Kobayashl and Maruyama, 1971) .to show that temperatures"
'.1n the outer 700 to 800 km of the Moon must be less than:’i:v
V-v1000°C (Sonett et al., 1971, 1972; Dyal and Parkln, 1971"
Dyal et al., 1972) When more res1st1ve materlal 1s |
}[assumed for 1nterpret1ng the electrlcal conduct1v1ty
(Duba et al., 1972 Anderson and Hanks, 1972 Housley and Morln 1972),
temperatures 1n excess of 1000°C at depths greater than 350 km are’
;p0551ble.' The suggested temperature llmlts of Dyal et al.

(1972) and Duba et al. (1972) are shown in Flgure 2. The i
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or1g1nal temperature proflle of Sonett et al lell) is
also lndlcated - | »

One property common to all temperature models 1nferred
from the electrlcal conduct1v1ty proflle is that, at least
in the- outer 600 km, the temperatures are below the solldus
of anhydrousrbasaltsf- This constralnt must be satlsfled by

the thermal‘evolution models.

'2;5 Seismic Velocities‘and‘Lunar'Tectonism

The propagatlon of both compre551ona1 and shear waves
1n the lunar mantle requlres that to the lowest 11m1t of
penetratlon of these waves the mantle must be solld (Toksbz
et al,,ql972b,d);_vFromuall_eyldence,‘moonquahes occur at”
‘depths as greatvas 800 km (Latham'et al., l972a.b) The”
klunar mantle must be solld at that depth to sustaln the..
stresses that cause moonquakes. Nearly constant veloc1ty
in theuupper.mantle and the relatlvely hlgh Q'values (Latham'
:.et al., l972b) further support the idea that the temperatures
- do not. reach the meltlng p01nt 1n the upper- several hundred
kllometers of the Moon. | |
o The low level of tectonlc act1v1ty on the Moon is also
'con51stent w1th low temperatures and hlgh strength 1n the

lunar mantle. Although a number of small moonquakes have '

been recorded by the 1unar selsmlc network the total selsmlc -

o A At e -+ +
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‘.energy release within the Moon is'about<elght-orders of
‘magnitude less than that ln the earth (Latham etval.,-1972b).
The absence cf large moonquakes and the small amount of total
' . energy release 1mp1y the absence of 51gn1f1cant dynamlc

'11act1v1ty in the Moon. -

l2 6 Lunar Surface Heat Flux A

The Apollo 15 heat flow value of 33 S’ergs/cnz-sec7'
(Langseth et al., 1972) places narrow llmltS on the total
'radloact1v1ty, and to a lesser extent, on the temperatures
lﬂ the Moon.:Cautlon is adv1sable in adoptlng thls 51ngle _h
‘measurement of heat flow as an average value for the Moon,.
;tespec;ally ;n_l;ght of the'varlat;on cf»KREEP_abundancesb
detected_by'the crbital-Y-ray experinent (Metsgerhet al;, L
v1972) However, the absence of water and of exten51ve
'.tectonlc act1v1ty argues agalnst strong local varlablllty
of sub-surface_temperature andzsurface heatvflux,__The local
'variability,of:heat.flow~due to KREEf'ahundance‘is probably -
- Iess than:a;factOrvof‘twof_:Thus we‘wlll‘utilizeithe measuredf

heat flow value as -a strong constraint invcur'thermal models.



3. MODEL -P.-AIlAME_TERS AND COMPUTATIONAL PROCEDURE |

To calculate theoretically thehthermaljevolution of
-the Moon, one must spec1fy ‘the 1n1t1a1 condltlons, the.
sources of heat energy, and the ‘mechanisms of heat transfer.
'The heat sources:largely fall 1nto two classes: those~that.'
affect only the very early hlstory of the Moon and can. be
_hlncorporated in the 1n1t1al temperature dlstrlbutlon, and
'those that are 1mportant throughout lunar hlstory. Heat»
transferred by 1att1ce conductlon and radlatlon can be fully
accounted for,'convectlve transport must be modeled in an
approximate fashlon., In this sectlon We”dlscuss 1n‘detall_
_the_necessary.physical_parameters:and thefparticularsvof our

computational scheme.

3.1 Initial Temperature
” The initial temperature‘distribution in the Moon is a_

.pfunctlon of the process of lunar formatlon and of the 1mmed1ate

~_' env1ronment of the Moon durlng and shortly after 1ts orlgln.

The evidence favorlngvan.early eplsode_of‘exten51yebnearf

sﬁrface neltingiin.the'Moon has'bcenpoutlined aho?e.' Energy
sources which_mightvhave‘heated the Moon torsolidussor'near-
VOIidus teﬁperatures include gravitational eneréy liberatedh
'durlng accretlon, t1dal d1591pat10n,~solar w1nd flux, short-

“-11ved radloact1v1ty and adlabatlc compre551on.
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The.latter two heat'sources areilikeIY'of small'con*
sequence. The energy released by adlabatlc compre551on in

the ‘Moon does not raise the temperature by more than a few

_tens of degrees. The effect of short-llved radloactlve

1sotopes depends on the dlfference in tlme between nucleo—‘j
gene51s and the accretlon of the Moon.: The work of Schramm
26 prev1ously thought

to be perhaps the most 11ke1y radloactrve source. of substantlal

':;'heatjln the early hlstory of the solarvsystem-(Flsh.gt gl.,

1960),.was_not an important heat source°in meteorites:orain__

:the_Moon.

_Bothftidal dissipation and_so;ar-wind'fluxbcan, undefg9’

fpfaVOrablevCircumstances,,heat-mostfor all of the.Moon to -

”:meltlng temperatures., The effect on iunar temperature-ofo~

tldal d1551pat10n is small (Kaula, 1966) except when the"

Earth-Moon dlstance is only a few earth radll._ ThlS mlght
| have occurred durlng a short tlme 1nterval after a. capture

fevent or: after the Moon formed in close proxrmlty to the earth

8 (Slnger, 1970) | How thls heat. would be dlstrlbuted w1th depth

_:15 uncertaln, though we. mlght qualltatlvely expect that most
::of the aneTast;c losses occur in those_portrons of_the:Moon-'
‘that are at thejhighest tempexatures.beforefthe tidal.heating:
;Aeplsode began.J’Heatingvof‘theLMoon by'thefelectrrc currehts:

jproduced by a unl-polar generator driven by;the‘solar wind -
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:mlght be suff1c1ent to melt the Moon 1f the Sun passed
through a T- Taur1 stage (Sonett and Colburn, 1970), otherw1se
- the effect would be small. The llkellhood,that‘elther'oﬁﬁ
these energy-sources was importantdis difficuit to'assess;;
Nelther is exp11c1tly 1ncluded in our models, but recognltlon
Vls made of the p0551b111ty that v1rtually the entlre Moon‘”
?could have_melted early in rts hlstory._v |
| Since rthds‘reasonable to assume,thatithe.Moonvformed'y.
by sone'accretion process, the most promisingﬁinitial heat-3
'source for prov1d1ng energy suff1c1ent to melt the near-
surface reglons of the Moon is grav1tat10nal energy of
‘accretlon. Suppose that at some tlme’ t durlng accretlon
_ the-proto-moon'has radius'.r, and that durlng a tlme 1ncrement
; 5dt an outer shell of thlckness dr’ is added to the lunar
..mass. Then the temperature T w1th1n that shell may be
,'estlmated by equatlng the addltlonal grav1tat10nal potent1a1
.energydto radiated energyvplus_heat: |
,p§§%£l érf? eq(T4g-_Tb4)at,f'bcP(T,firgjdr;”'z:- 3(151
whére p .1s the den51ty of the accretlngvpartlcles,_ G,vis‘
"the grav1tatlonal constant, M(r) 1s the mass of . the body
w1th1n radlus r} o is the Stefan-Boltzman constant, ‘en is

the emlss1v1ty (here taken equal to 1), and - ,rsuthey -

P
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‘spec1f1c heat._: Tb‘ is the base temperature ofrthe accreting .

partlcles, or the equlllbrlum temperature of- the cloud of
materlai w1th1n whlch the Moon formed. -It'w111 reflect:~

whether the Moon formed as an aggregatlon of cold partlcles

'_or condensed from a cooling gas,'any effects of short llved

L radloact1v1ty can be included. T(r) can be calculated from

p? VTE and the accretlon

frate dr/dt. An ad hoc but phy51cally reasonable model for ..
.accretlon was suggested by Hanks and Anderson (1969), and

' 1t has been adOpted 1n this paper (Flgure 3a) “The accretlon'”"‘

rate is expected to be slow when the Moon 1s just beglnnlng

: to form, to 1ncrease 'as the. accreted mass 1ncreases and then,

to taper off to zero as the materlal is depleted and the

'*-*flnal lunar radius 1s achleved Theseﬂldeas are_adequately

brepresented by an accretlonvrate

dr/dt =-ct?hsin_y_t. o ) ,;tr' , Iy . .'va:;(Z)p_

. The constants hc and y are determlned from the Moon s

'flnal radlus and the total duratlon of accretlon._t

If the accretlon time is consldered:arbltrary,:then itv

‘may be adjusted"SO'as to givefan initial temperature-profile

1n excess of the solidus in the outer portlons of the Moon.

USLng Equatlons (1) and (2), it can be shown that the near-
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-surface temperatures never exceed the basalt meltlng curve
“-for accretlon tlmes greater than about 1000 years._ Thls»'

conclu51on .was-also reached by Mlzutanl et al (1972) from

..a more detalled analy51s of the accretlon process. ;Qﬁé*._‘

"ﬂ‘can estimate the duratlon of accretlon by matchlng thls model

ito the temperatures requlred to cause- meltlng to spec1f1ed

depth. To dlfferentlate a 60 km crust composed largely of

'-_ffeldspar probably requlres meltlng to . a depth of at least

1500 km; .i. e., 1nvolv1ng at least half of the Moon s volume. -
»Thls ‘can be achleved if the total accretlon t1me is about

100 years. The duratlon of accretlon may. be made arbltrarlly
long, however, by approprlately lowerlng the assumed em1551v1ty -
of the lunar surface. ‘The temperature proflle resultlng from
Equatlons (1) and (2) for a 100-year accretlon tlme 1s glven B
"1n Flgure 3b for two separate base temperatures, these pro-'
flles are adopted as startlng temperatures ln the calculatlons.

“below.

3 2 Heat Sources
The most 1mportant heat source in the thermal hlstory
rcalculatlons lS the heat generated by the long half 11fe.

- radioactive 1sotopes 0238. U2-35 h23?, and K40

The abundances'
of these 1sotopes measured in many 1unar samples and the f,‘

orbltal Y-ray spectrometer results (Metzger et al., 1972) w1ll
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permit'surface_concentrations to‘he_estimated”overimuCh'of
-the'Moon}"While we can certalnly'conclude thatfthelahundances-
‘at the Moonls*Surface nust be oonsiderably higher thantat
depth (Papanasta551ou and Wasserburg, 197la, and others),r
3 lthe bulk radloact1v1ty of the Moon and the- dlstrlbutlon of
-f;the radloactlve 1sotopes w1th space and w1th tlme are: dlfflcult
',;to constraln because of the complex1t1es 1ntroduced by |
"imeltlng and crystal llquld fractlonatlon processes.;,To‘f
‘ ~guide our. estlmates we con51der the radloact1v1ty measured
,dln lunar samples and meteorltes and the determlnatlon of heat
1:flow at the Apollo 15 51te. A - | o |
| In:F;gure 4, total K and U ‘abundances are plotted
7for_5pollo sanples_and some terrestrlal»basalts and,meteorltes}
.:jhis’figure}is an updated version ofronelgiygn.bylﬁaysvlvv
(1972);_prr.a11 lunar rocks (includlng béséifsr,br9¢¢iéélv
tand‘soils) a constant K/U ratio'of about'zboo is,a.good_h
: approxlmation although there'are small,tsystematicjdepartures
.from this average and the absolute abundances vary. ffhis‘
value compares with' K/U = 10,000 for the earth and 80 000
for chondr;tes.‘ The low K/U- ratlojfor'the Moon'ls llnked
to a general depletion of volatile elements (LSPET, 1969;
-l972);t»clearlv'neitheriterrestrial nor chondritic;abundancesf.
should‘he used'for lunar calculations. Chondritespcan'also.

be rejected on the basis of Rb abundances:as a7model'fo;]the"



primitive lunar material (Papanastassiou and WasSerburg,’"

" 1971a). l_The Th/U ratlo for lunar rocks 1s about 3. 6 to

. 4.0, con51stent with terrestrlal and meteorlte values.

As a p0531b1e handle on the average abundances of radlo-
active 1sotopes 1n the Moon we consrder the achondrltes,‘-i

espec1ally howardites -and eucrltes.‘ A genetlc relatlonshlp

E between achondrltes and the Moon has been suggested by sev-_

‘eral 1nvestlgators (Duke and Sllver, 1967 and others) - On .
1lthe average; howardltes_have ava_ abundance of about 035":
' fppm while for-(breCCiated)ieucrites, Wthh are-enrlched'lnét'
‘refractory elements, the value is about 130 ppm (Mason,"
'1971) It 1s~of=1nterest-that the K/U ratlo of eucrltes.
is close to that for lunar rocks,_whlle that of howard1tes7
_(based on fewer samples) is somewhat hlgher.b'vfp".
_ In thlS paper we adopt the scallng of radloactlve ifaﬁ
h"elements }K/U»= 2000_1and»vTh/U =, 4 throughout the - present-.
-”fday Moon. Thehaveragerradloact1v1ty of,the'Moon,;s then_a__

'single—valued'function of theﬁbulk uranium'cOntent; UWe con-

‘51der models w1th U concentratlons approprlate to howardltes_.

_and eucrltes and also concentratlons set so as. to match the
‘Apollo 15 heat flow value of 33 erg/cmz-sec (Langseth et al.,t
"1972) The relevant decay constants,‘decay energles and iso-
tOplC abundances are taken from Clark (1966)

We should note that we 1gnore tldal d1s51pat10n as a

p0551b1e long term heat source of some 51gn1f1cance.t_Thrs
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‘fs done becauSe,of both the difficulty in quantitatiyely'

?modeling the phenomenon and'the uncertaintyfln-past lunar:7
orbit characteristics. 'As a result, we may be underestlma—
:-tlng the heat generatlon in the early hlstory of the lunar

;nterlor.

*:3}3» Thermal Conductivity and Other Parameters
In the absence of convectlve flow, transport of heat

lS governed by ‘an effectlve thermal conduct1v1ty equal to .

'""the sum of lattlce conductlon and radlatlon terms.,:The: jf

effectlve thermal conduct1v1ty for some lunar and terrestrlal
"materlals as. well as. theoretical estlmates (MacDonald 1963b

Schatz and~Slmmons, 1972) are shown 1n Flgure 5.; Clearly,_

"::,lthe values for lunar mare basalts should not be used 51nce g

i'these rocks do not represent the bulk of lunar compos1tlon.~
”(Rlngwood and Essene, 1970 Gast 1972) "In thls study we y
ﬂf{adopt the curve proposed by Schatz and Slmmons (1972) for a
fyyhypothetlcal dunlte in which radlatlve transfer is somewhat'
4-suppressed b{ graln boundary extlnctlon. At low temperatures,
'nthe conduct1v1ty 1s prlmarlly due to lattlce conductlon and ,
'f}ttdecreases_w1th‘;ncreas;ng temperatures. At hlgher tem—
'Peratures,‘thefradiative term,_roughly llnear w1th,tempera- .
"ture, ls;dominant;'_Previous studies;of thermal eyolution of

the Moon have generally used MacDonald's formulation and -
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aassumed that the opaclty'is constant with temperature.?fThisE T
“'glves the radlatlve contrlbutlon a cublc dependence on- tem—-.
.vperature.: The pressure effects are probably small at lunar
pressures and are neglected. In the calculatlons an analytlc
“_expre551on has been used for the curve marked "S" and con—*
»Jduct1v1ty is adjusted at each step for approprlate temperature.'
| The - meltlng curve, surface temperature,'spec1f1c heat,
aeheat of fu51on, and den51ty must be spec1f1ed for calculatlons,
: The melting curve used ln thlS paper is the solldus from the |

.iumeltlng range of mare basalts (Rlngwood and Essene, 1970)

- We used only one curve to spec1fy both partlal and total

Vf;meltlng. .A constant den51ty of 3 34 g/cm3 and a constant
'surface temperature of -20°C (Langseth et al., 1972) have .
been used. A summary of the parameters common to all models

'_1s glven in Table I.

3;4‘ Computational:Technique

‘The thermal calculatlons are carrled out for a spherl-'
cally symmetrlc -moon (parameters varylng w1th radlus only
at.a glvenétlme), taklng ;nto-account‘meltlng, slmulated‘
1sconvection and:differentiation;. ln,this section_these
V'steps are descrlbed brlefly . |
Temperature evolutlon models are calculated u51ng the

‘flnlte—dlfference solutlon of the heat conductlon equatlon
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3T _ f'; 3 (L2, 3T) L wi oy
YT [ K 3;J *HlES o LA

”wnere CP '15 the spec1f1c heat,;(pi-ls the den51ty,_dil ie
"*the'temperatnre; r is the radlus,_ K is the thermal con-xixv
4‘duCtiVity and H(r,t) is the heat-source term, Wthh 1n

; generai dependsjon"radlus and .on tlme.,.Kj 1s taken to be
'temperature dependent as dlscussed above.

"The flnlte—dlfference analog of Equatlon (3) whlch cone.
-[serves heat flux is
Tﬁ*l' ,Tmi;.;li— 1(n + 1/2)2 (Kﬂ+1 + Kn) ( ‘;fime-”x

n n o n2p2 L 2 n*'l_Tn)

- (hv— 1/2)2 (3 + Kn-l’ (T - 1™ )|+ an®

7 o T )T % gy
:IWhe:e
p = Ar a = At/CPp
r = np Tﬁ = T(np,mAt)
t = mAt

"Since the scheme is expllclt, a stablllty condltlon relatlng
the tlme 1ncrement and’ the grld spa01nq must be fulfllled

dQuestlons of stablllty, convergence and accuracy of Equatlon



.(4) are dlscussed fully by Toksdz et al. (1972c) The_¢
'"’stablllty condltlon whlch is. developed in the appendlx of

that paper is

' Caan2 L, : L L
D L Y -
ZKman' (n + l/2) o S R S
- where Km ax "is the max1mum value of the conduct1v1ty at a

7ﬁg1ven tlme step. The tlme 1ncrement is. computed at each
;ftlme step u51ng Equatlon (5) w1th a factor of 4 1nstead of
“2~1n the denom;nator, Generally a. grld spac1ng of 20 km 1s
used. ‘ |

To av01d -a temperature 51ugular1ty at the.center of the
1 Moon (r = 0),m the solutlon was,started_at r = 20 km.

'] Heat flux'was"taken as"zero at the grid'point'Corresponding

hto r = 20 km by settlng Tl ’ng' where T? _is.the-temf;f”
vperature at :_;1 = 20 km and- Tg . is the temper’ature'-at’
ré_: r1 + r; Temperature was held constant (- 20°c) at the

B .surface of the Moon. Surface heat flux ‘was. computed by

 adding the heat flow'at_the boundary;between theiuppervtwo;'
finite-difference cells to:thefsteady-state'heatVflow:due,5
.to heat productlon in the uppermost half cell the former L'
'_quantlty was. corrected for the sllghtly greater area of

'the lunar surface.
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ssimulation of'Melting and Convection}’ Theieffects of melting'

a~and convectlon on. temperature were modeled u51ng a technlque
descrlbed by Reynolds et al (1966); In thls technlque, the
,temperature proflle at some time‘ mAt 1s compared w1th'a'

f glven melting- p01nt curve. If the temperature fTﬁ ‘is above

"’.the melting p01nt,, ’n; the temperature 1ncrement above the

melting point'.(Tm'- T )_ is converted to 1ts heat equlvalent,
A AB;' by d1v1d1ng by the spec1flc heat and the den51ty.,;lﬁ”
‘ﬁAﬁ' is not equal to or greater than a spec1f1ed heat of :
'l:fu51on, the materlal is. taken as partlally molten, the tem-’b‘b
“uperature at p01nt nAr is held at T and another 1teratlon

lln tlme performed The:material”at point nAr remalns par—

o ;;ally molten_at'temperaturet T untll the .sum. of the AH s

from mAt to some (mr+ p)At equals the heat of fu51on.,v;.
b’At this p01nt 1n tlme the mater1a1 is completely molten and
:temperature is allowed to 1ncrease above‘ T .~ Prov1510n lsu
: made for the phase change to run either. way so that molten
;materlal may’ solldlfyvby relea51ng heat equal:to th;siheat;
:of fusion, o - | B

| Simulation'of convection-of'molten material'follows;_!
'the technlque outllned above except that once the materlalsp
{has become completely molten, temperature lS held at the 55"'
fmelt;ng po:.nt.j Any. 1ncrease in temperature whlch would V

raise the temperature ‘above the‘meltlng po;ntxls:converted,
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into its heat equivalentfand’transferred upward to the next -
‘grid point as:an equivalent temperature increment due;toh'.
~ convection. The conversion to equivalent heat and back

- to temperature is necessary since the volume element in=-. . -

- greases w1th radlus.

The main assumptlon underlylng thlS technlque 1s that
;convectlon occurs on complete meltlng and llmlts the temper-‘:
”Tvature in the reglon of complete meltlng to the meltlng tem-'
perature.’ ThlS scheme accounts for the transfer of heat o

.whlch would have taken place under convectlon W1thout actu-

' h‘ally using the mass transfer terms 1n the equatlon. Con-"

Lvectlon in a partlal melt can be appr0x1mated by adoptlng
an approprlately lower heat of fu51on., Convectlon by solld-
7] state creep can - be roughly approx1mated by redeflnlng thef"

'i"solldus" (see below)

_DifferentiatiOn.”fIn the regions Where meltinéuoccurs;;the;’
magma,would bebenriched‘with u, 1Th:‘and .K_ and_evehtually;
';uld transfer these heatvSOurces'towardithe surface.'fToh;
account for thls, at dlscrete tlme steps all heat sources

to the depth of deepest. meltlng are dlfferentlated upwards.
Where no. meltlng has occurred, no dlfferentlatlon is carr1ed

out and Lnltlal-radloactlve abundances-are malntalned.

The concentration-of radioactive heat sources after
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eeach dlfferentlatlon is assumed to decrease exponent1ally>*
with depth (Lachenbruch 1968) |

CH() = Agexp [- —‘—R—;li’—] e
where Aof is“thedshrface abundahcevandUZR_wis'thevlunarﬁ -
radius. The skln depth h is presumedbte dectease wlth .
time. The skin:depth of theslastvdifferentiation.is'Set
' so that the'ptesent—day radioactivity atvthe lunar surface
'equals that of the average of ‘soil samples from mare 51tes,
' about'l ppm (Sllver, 1970, 1972 and Flgure 2), w1th the
exceptlon that the Skln depth is never taken less than the"
flnlte-dlfference grld size. D;fferentlatlon is carrled_vV
‘out in 1 to 4 steps, startlng with .h ih the-rahge‘loo.to
'200 km and.endihg withuh = 20_tQ 60 km. bThevtimehofflast?
differentiatlon is. taken to lie in the range 3.0 to 3'7vd
b y.ﬁago Thermal models calculated by these prodedures

are dlscussed 1n the next sectlon.
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4. TEMPERATURE MODELS

In this sectlon we present spec1f1c models for the thermal
: evolutlon of the Moon. An assortment of 1n1t1al condltlons
and buik'concentrations of radloactlve 1sotopes are employed
'both to demonstrate the effect: such parameters have on thermal -
‘hlstory and to. assess whether the constraints- dlscussed in
_Se01on 2 can llmlt models of lunar formatlonvor constltutlon{.”
:Aféuick.overview of:allvmodels presentedVbelowiisdgivenhint |
Pable II. o | |

h We begln by con51der1ng the. evolutlon in a unlform, 151;.
tlally cold (T = 0°C everywhere) Moon.- Whlle such a model ;
'ishunrealistlc,_rt ;s a-standard:output;of‘thosevpresent;ng_
thermal‘history‘calcuiations and.serves to verifygthehoompu%
- tational scheme..:In Figure 6 iS'shomn;the:éresent—dai'temfi_f
perature profile inban initially cold‘Moon asta_function_of'a
‘the.presentjday concentration or_urandum.d-For U 5_37'pphv
(partshper biilion),.the.temperature is'belowhthevbasalt.
solidus throughout the Moon and has been so sinoe the Moon’s
formation. Ciearly'models;suoh as those~in_Ei§ure 6 that -
begin with,anieverywherefcold moon,cannot.generate'enoudh
heat from loné-liﬁed radioactivity alone to;prOVide the ne- -
'cessary melting and differentiation.in the Moonfs upoer few‘

hundred kilometers,
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As a model w1th an antlthetlcal 1n1t1al state, we show'
the thermal evolutlon in an 1n1t1ally molten Moon in Flgure-
- 7. As mentloned in Sectlon»3, complete meltlng in the Moon'

: shortly after its formatlon could have been produced by

'_'close approach of the Moon to the Earth or by 1mmersrng the

:Moon 1n the solar-w1nd flux of ‘a Sun pa851ng through a.
" T Taurl phase. Upon complete meltlng 1n the model, all ‘the .
'radloactlve elements are concentrated near the lunar surface.:
In such a model ‘iron or dense 1ron compounds (such as FeS)
would dlfferentlate to.the Moon 's. center to form a core.
_Because of,the~depletlon of heatxsources:;n;the,lnterlor_f
vand becausevof'the efficient heat transfer in'molten re-
'~glons, the Moon cools relatlvely rapldly and 1s everywhere
: solld after 2 bllllon years. ‘At present the Moon 1s coollng

throughout the average concentratlon Of uranlum 1S 60 ppb

'(correspondlng, perhaps,_to a mlxture of howardlte and eucrltev-v

’_comp051tlons) and the surface heat flow is 29 erg/cmz-sec,¥;

“w1th1npthe range of uncertalnty‘of the-Apollo ls.measuref“_-

- ment. A‘similar"modelfWith less radioactiVity was‘given iﬁ,»'

Toksdz et al. (1972c). | o .
Though early meltlng throughout the Moon can probably

be produced only by a catastrophlc event, the normal pro- |

cess of»accretlonicanvyleld melting of the_near-surface'

regions sufficient to segregate an early crust and to.
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differentiate the radioactive elements. iWe‘nbw cOnsider a
series of thermalAhistory models Qith ohe of the initial
temperatﬁre‘profiles'from Figure-3; The primary variable
’,Qf-interest will be the concehtratioh of radiqactive heatA.
sburces.- ) |

A thermal evolutidnvmodel with,average_present-dayaj:rt
uranium ceneehtration equal to that'of hewarditesa(ss ppbYV
is shown in Figure 8.»:The initiai'temperaturetprofile is
derived from Equations (1) and (25 with a_base5temperatﬁre'
1df'50b°C and a total accretion time'of~lbo‘years,- Meitiﬁg‘
in_itia]_.ly extendé to 600 km depth, and the _i_n’ter,ior is rela-
tively cbol.nfih>this_mede1, the outer portrone offthe'Mopn
‘ceol monetonicarly with'time_while the_ihterior érbgreséively
:warms} «Between'O.S and 1.5 b.y. after lunar orlgln, a solid
11thosphere on the Moon grows from 150. to 310 km in thlck—‘
ness.. Partlal meltlng occurs at some depth over the entlre
'lunar hlstory, though,upwards dlfferentlatlon‘of radloact;v1ty
' Qas arbitrarily stdpped-in the model 3.7 b;y. aéo..‘The inner
.950 km is partlally or completely molten at present, w1th
heat comlng from Lndlfferentlated materlal below 900 km
depth. The average heat flow at the Moon 8 surface 1n the
model is currently 18 erg/cmz-sec.

In Flgure 9 is glven a thermal evolutlon model w1th

_the same 1n1t1al-temperature proflle astln Frgure 8 but



- with an average present-day concentration of uranium equal .
to that of eucrites l130 ppb) In-this“model the entire-
‘ Moon below 50 km depth becomes completely or partlally
| molten-w1th1n»0;5 b.y. after lunar formatlon.> The 1unar '»
Alithosphere groms‘very slowly; at 1.5 b. y 1t is only 70 km -
vthiCk Such a value 1s probably much too small 1f the -
masc0n generated stresses were supported in the lltho-
b.'lsphere._ At the present tlme in the model, the ‘Moon is
“:partlally or completely molten below 200 km depth, except
for a small SOlld core, and the surface heat flow 1s 55 erg/
, cmz-sec., Models 51m11ar to that of Flgure 9. have been pro—
'posed elsewhere (Hanks and Anderson,_l972) Lo
LWe feel that the thln 11thosphere 1n the flrst 3 b y._of lunar hlstory,'
'*dhthe hlgh heat-flow, and the dlfflculty of explalnlng moon-
-_vquakes 700 to 800 km deep make such a model .an unllkely
’hcandldate. Whlle eucrltes might be llnked to lunar rocks,f
_the average rad10act1v1ty of the. Moon cannot be as hlgh as‘a
that of eucrltes. | |
Slnce the present day heat flow scales approx1mately
as average uranlum concentratlon in thermal hlstory models
1nuwh1ch other parameters are held fixed (Solomon ‘and TOkSGZ,'
©1972), we can détermine'the radioactivitezelement COntent o
: neceSsary to'match:the single'measurementiof heat flow‘at.

the Moon's surface}"33Jit5'erg/cm2rsecl(Langseth et:al,,
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';1972) We should cautlon that the Y-ray spectrometer re-'f:
~ sults (Metzger et al., 1972) 1nd1cate that the reglon sur-if
roundlng-the Ap0110'15 51te is 51gn1f1cantly more radlo-‘
_actlve than most of the lunar surface, so the average heat‘
:flow on the Moon may be 1ess than the Apollo 15 value. |

’ A model g1v1ng a present day surface heat flow of B

'33herg/cm?—sec_1s shown in Flgure 10. The 1n1t;al_temperF

 ature profile is from the accretron model of Figure 3;. a base ~

1Atemperature of,0°c.andva total accretion.time"of_looivearsn
were used. .Thehlastfdifferentiation.ofdradioactive heatg":i
sourceS‘was taken'to 0ccurf3 7 b. y..aqo;':The'present*day'
'furanlum concentratlon averages to 70 ppb;v The t1me sequence
”-of meltlng in the model is shown in Flgure ll."

It may be ‘seen that the model satlsfles the major con-
hstralnts ‘upon. lunar evolutlon.:_The zone of meltlng deepens}

4 gw1th time. The llthosphere:durlng_the flrstizﬂb.y,.thlckens

- at the rate-of'about 160,km/b Y. rIn particular; the shallowﬁj

est meltlng progresses from 155 to 245 km depth durlng the

perlod of mare filling, in agreement w1th the depth of orlgln'

~of mare. basalts (Rlngwood and Essene, 1970)Aand wrth“thg:
need for a reasonably thick llthosphere.to'sustain the_f
stresses assoc1ated w1th mascon grav1ty anomalles.x Between
: l and 2 b. y.rln the model, a convectlng core develops due

, to the undlfferentlated and relatlvely radloactlve prlmordlal
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aterial near the Moon's center.A The convecting core grows
lto a radlus of 1200 km at 3 b. y. and. then slowly shrlnks as.
'Athe concentratlon of heat sources decays w1th tlme.-vThe»g_

Moon is molten below 580 km depth at'present~1ntthe modellf;

: This’is in‘apparent'conflict with the occurrence'of mo¢n4-"

- quakes at 700 to 800 km depth, unless such events are not

: representatlve of the average Moon, and 1mp11es that a |
‘Moon w1th somewhat less radloact1v1ty,-and somewhat lower
-heat flow, is more approprlate. The feature of a molten L
'convectlng core 1s absent in models (such ‘as. those of
'Frgures 7-and;9) in whlch the Moon dlfferent;ates»completely

. and concentrates all of the radioactive heat sources‘toward

' ,:the surface.v

Models 51m11ar to that of Flgure 10 except startlng

‘ r“at a hlgher base temperature and . 1nvolv1ng more recent

-a“segregatlon of radloactlve heat sources from the partlally

:molten reglons of the Moon can. match ‘the Apollo 15 heat

fflow value w1th a- somewhat lower average uranlum concentra-'

tion. W1th a range of 1n1t1al temperature proflles from
accret;on models, a present-day surface heat ﬁlow ofﬂ33_i:.

2 . -.__ . B - . S S o
5 erg/cm”-sec implies an average uranium concentration-in

an originally homogeneous Moon,of_Gsit 15 ppb (Solomon and

Toks8z, 1972).



The hypothe51s of a stable magnetlc dynamohln a: ';i_'r_:‘
-llquld, 1ron—r1ch lunar core from 3 to 4 b Ye ago would re—»

: ,qulre the deep 1nter10r of the Moon to begln at temper—55i-»
jatures at least in excess of the Fe-FeS eutectlc or to\hf;}

have formed at lower temperatures w1th substantlal

-”'_radloact1v1ty at depth (cf. Brett 1972) The thermal

}}”hlstory models of Flgures 7 and 10 are con51stent w1th thls
fldea. " In Flgure 10, temperatures .5 b y. after lunar s

porlgln exceed the Fe-FeS eutectlc (Brett and Bell 1969)

' »throughout most of the Moon._ Thus core formatlon by

meltlng, s1nk1ng and aggregatlon of lron-rlch droplets 1s;9

achleved prlor to the formatlon of ‘the oldest lunar rocks
,:posse551ng remanent magnetlzatlon._‘.: » . |

Except for models whlch are 1n1t1ally molten and Q.LL

'segregate all radloact1v1ty upwards toward the surface, thermal'
s:hlstory models beglnnlng w1th unlform dlstrlbutlon of radloact1v1ty
and satlsfylng the Apollo 15 heat flow value are presently
'partlally molten or at temperatures w1th1n 100°C of the _
-solldus at depths below about 500 km (Solomon and Toksdz,;
1972) Thus for such models the heat flow and deep moonquakes
are dlfflcult to reconc11e.: One means oflav01d1ng the» |
| dllemma is to make an additional postulate- the concentratlon ‘
| of rad10act1v1ty in the Moon decreases w1th depth as a _j
vprlmary feature assocxated w1th chemlcally 1nhomogeneous -
- accretlon, as. suggested by several 1nvestlgators

(Gast, 1972; Green et al., 1972;-andgothers).‘f'
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‘Shown in Flgures 12 and- 13 is a thermal hlstory model fol-
lowing closely one proposed by McConnell and Gast (1972)
:The radloact1v1ty is stratlfled: if no dlfferentlatlon'f?-
had been allowed the present day abundance of uranlum.

would be 120 ppb in the uppermost 200 km, 50 ppb in the-

| Tnext 250 km, and lO*ppb in the remainder of the Moon.“'

" The average present day uranlum concentratlon 1s thus 53

ppb. The ratlosr.K/U and Th/U are held constant. The

_initial temperature proflle is" from the accretlon model of

o Hanks and Anderson (1969) w1th a base temperature of 0°C and

”an accretlon tlme of 1000 years, The 1n1t1a1-temperature*
barely exceeds the solldus between 40 and 140 km depth a:.
‘shorter accretion time would’have,ralsed.the_ln;tla;.tem-i
'peratureu' Differentiation'of radioactive"elements is
accompllshed in four dlscrete steps between 0 and 9 b. y;
- The temperature evolutlon in the upper few hundred kllo-v
meters of the Moon rs,slmllar tovmodels of comparable bulk
radioactivity discussed.earlier. The presentrday heat flow:p
-iSj32 erc/cm? sec and the Moon.is7everywhere at least 200°C
:below the sOlidus | | | .

The dlfference 1n the behavior of the model of Flgurev‘
‘12 from those dlscussed earller is that. the center of the‘
‘.Moon in thls model is tac1tly assumed to have been relatlvely
”depleted in radloactlve elements at cold temperatures. Thus

“the lunar center heats slowly and the Moon is. everywhere
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solid at present- ‘Whether a cold accretion can accompany
primary chemlcal-layering is'an important question. :Suchf

an origin is incompatible:with_a molten iron—rich»core‘at

an earlf stage'in'lunar history. lf ouestions such as“these-
can be resolved and if the Apollo 15 heat flow value holds

up, then the temperatures in the deep lunar 1nterlor, 1f D
dlscernlble, offer the only p0551ble means by whlch thermal
hlstory calculatlons can dlstlngulsh primary accretlonal-:i—

| soninébfrom extensive in situ.differentiation}l:. | _... |
In.all of'the mOdels;above,’heat transfer by ¢oﬁveé£i§eft'
-mass transport was 1gnored at sub solldus temperatures.f Thls
~may be qulte unreasonable, partlcularly for the deep lunar
1nter10r. Several authors (Runcorn, 1962 Kopal 1962-‘
Turcotte and Oxburgh 1969b; Tozer, 1972) have argued that
‘convectlon by solid-state creep'should be at‘least as’_,:j S f L'nf
'7efficlent a heat—transfer mechanism as lattice:conduction:”
and radiation at temperaturesjconsiderably below.the solidus.
Inclu51on of the effect of solid- state creep should produce
_present day temperature proflles that are cooler than those
h'glven above. Tozer (1972), in fact has stated that therf»'
vrelatlvely cool lunar temperature proflles proposed by Sonett
et al. (1971) and others 1nterpret1ng the electrlcal conduc-
t1v1ty dlstrlbutlon are a natural consequence of a convectlng

1nter10r.,



“While we . do not w1sh to attempt to solve the: complete S

h.problem of thermal evolutlon in a reallstlcally convectlng

B ‘Moon, we can make some 51mp11fy1ng assumptlons that allow |

=Aus to make a rough estlmate of the effect of solld-state

creep on our thermal hlstory calculatlons.' Convectlve .

:.solutlons to the present day temperature proflle 1n thefpti;_

‘J'Moon generally show a stable shell of a few hundred kllo-‘;li

'meters overlylng ‘a convectlng 1nterlor of nearly constant

- v15c051ty (Turcotte and Oxburgh 1969b; Tozer,-1972), a 2vff”

'consequence of the low pressures and small adlabatlc temper-'.'

¢ature gradlent 1n the Moon.' We therefore postulate 1n our

'thermal evolutlon models that solld-state creep w1ll be an:;’

r<beff1c1ent.heat»transfer mechanlsm when the temperature ln_fj
hthe bulk of the lunar 1nter10r is such that the v1sc051ty N

,exceeds a cr1t1cal value. Thls temperature is essentlally

85

s'5.the -stablllzatlon temperature' of Tozer (1970 1972) Con-t'

*vectlon is 51mulated as before,-as a 100-percent—eff1c1ent

process* all heat in excess of that requlred to malntaln the

v150051ty of the materlal at the crltlcal value 1s transferred

upward 1n the model. We assume a rheology proposed by

Turcotte and Oxburgh (1969a) for d1ffusxon creep 1n the earth s

'mantle, whether or not thls 1s compatlble w1th our assumed

: solldus,ls_debatable. Thus we 1gnore the.probable-compllca-

~tion of nonéNewtonian viscosity (Weertman, lS?QI,Aantuncertain~

- o
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1ncrease in v1scosrty assocrated with the depletlon of .
-volatlles in the Moon relatlve to the earth (Orowan, 1965), :
f_and the apparent confllct between geophy51cal constralntsrt

on the rheology of the earth s mantle and presently avallable

‘l;laboratory measurements of hlgh temperature creep in. rocks

(Goetze and Brace, 1972) . For the crltlcal value of v1s-37'

cosrty we chose lO24 poise. Thls value is an estlmate,

r;’obtalned from marglnal stablllty theory 1n a unlform

l»*grav1tat1ng sphere, of the max1mum value perm1551ble 1f the

Moon is currently convectlng (Turcotte ‘and. Oxburgh 1969b)

'v-We found that u51ng lower values for the cr1t1cal v1sc051ty

dld not alter 51gn1f1cantly the thermal evolutlon from models"A
;51m11ar in all respects but neglectlng solld—state creep,,,f!u
:thls 1s because the temperatures at wh1ch such v1sc051t1es

are reached accordlng to the v1sc051ty-temperature relatlon— |
hshlp of Turcotte .and Oxburgh (l969a), are near the basalt ' ‘
tSOlldUS. Tozer (1972) has proposed that a v1scos1ty near 1021
jp01se and less creep re31stant rheologles are more approprlate.A
| A thermal evolutlon model follow1ng such a scheme 155

. ghown_;n Flgure l4f This model beglns w1th -an accretlon—.
generated initial’temperature curve from Flgure'3,land is -
treated as all earller models for the flrst 2 bllllon years.l

At that tlme, almost all of the Moon below 250 km depth 1s

at a temperature hrgh enough to give a,vrscoslty less»than'
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24 . | o e

-'10-, poise.j Although the v1sc051ty was less than that e

’.3~va1ue over a’ more llmlted ‘depth range at tlmes less than L

2 b.y., we argue that solld-state creep was. probably un—'fg

» lmportant at these early stages by appeallng qualltatlvely

--;sto the very strong dependence of the Raylelgh number, a-

71}cr1terlon for hydrodynamlc 1nstab111ty, on: the characterlstlc L

fflength (depth lnterval) of the convectlve cell (e g. Turcotte
' fand Oxburgh l969b) ' After 2 b Y. 1n the model the temper-:

’;ature 1n the convectlng 1nter10r 1s stablllzed at that

: temperature necessary to malntaln a v1sc051ty of 1024 p01se, S

the gradlent 1s sllghtly superadlabatlc._ All excess heat
:715 transferred to the non—convectlng outer shell, wh1ch 1s»
- slowly coollng-and thlckenlng w1th tlme.. The present day
jdaverage uranium concentratlon is 23 ppb and the ‘heat flow B

h_yat the lunar surface in thls model is 13 erg/cm2 sec,?;For;.
:fa’hlgher uranium concentratlon,'therheat_fLoij1;l;behh;jja
lphigher»and'the only'change in thevpresent-dayvtemperature7'

2”;ﬂprof11e from that glven in Flgure 14 w111 ‘be a sllghtly
:-thlnner llthosphere. .

A11 of the thermal models dlscussed above and summarlzed

'in Table II demonstrate the 1mportance of the 1n1t1a1 condltlons

;and comp051tlon for the evolutlon and present day prOpertles
'gof the Moon With add1t10na1 data, 1t is probable that the,

_.early hlstory of the Moon can be reasonably well understood

‘°Iifrom computat;ons such as these.
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s, CONCLUSIONS

A w1de assortment ‘of data now constraln models of the
evolutlon of the Moon s 1nter10r. We have quantltatlvely}f
i‘:examlned some of ‘these constralnts and the sulte of lunar:

,rthermal models con51stent w1th them. Fromithese,we can;-i'
';conclude- | | E |

;(lli Models of the thermal evolutlon of the Moon that flt{:e .

'the chronology of surface igneous act1v1ty, the needg-:“”"

»for a cool, rlgld 11thosphere since. the formatlon of_
' mascons, and the surface concentratlons of radloactlue
elements all requ1re exten51ve dlfferentlatlon and 'f?
’jrv.upwards concentratlon of radloactlve heat sources early
- im lunar hlstory.d ThlS dlfferentlatlon may be elther
a prlmary accret10na1 feature or a product of nearly
':-ﬁbon-w1de meltlng._ | v e
(2 a model_of'the:Moonvwhich is initiallyvhot;.andfeiten;_
| iSively orftotally_molten can satisfy.most ofsthef¢¢ﬁ4
_straints»described ‘in Section 2vi A totally molten Moon

cools faster than . other models due to complete and early

defferentlatlon.'

(3) The early hlstory of the Moon is characterlzed by strong
‘ magmatlc and tectonlc act1v1ty. Convectron must,have F

_played an 1mportant role 1n~lunar'differentiatlon.and '

" g

‘W .,,._‘,. _'}, R ‘,l" S e

i o t——— T . S
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A dynamics;ﬁxPatterns of convective~flow’will'introduce»
'_’1atera1 heterogeneltles whlch cannot be modeled w1th

a radlally symmetrlc Moon.

H’:ké): If the Apollo 15 heat flow value of 33 +5 erg/cmz—sec

| :(Langseth et al., 1972) is representatlve of the Moon,A
'then.the average concentratlon-of uranlum ln theuMoon.
is currently 65 : 15 ppb assumlng the Th/U and K/U
‘ratlos of lunar surface rocks hold throughout the:-”h

N lnter;or,' This uranlum concentratlon 1s 1ntermed1ate
betweenfthe_average values = = for howardltes anda_;Qf
:eucriteS} although c10ser'to howardites.'hsuch'anvff-f“
achondrltlc comp051t10n would satlsfy the bulk of the-
'geochemlcal data as well as the mass . and moment of 1nert1a‘

' constralnts for the Moon._

4h(5) Thermal:hiStory‘calculationsware-onlyﬂmaréfnailfluseful-t
v for dlstlngulshlng between primary accretlonal zonlng ‘
of radloactlve heat sources and an early meltlng eplsode
1ncludlng extens1ve dlfferentlatlon. The major dlfference:
’between the two . sets’of models 1s the temperature of the, i
innermost 1000 km, a reqlon of the Moon for whlch lnde—
'_pendent 1nformat10n from selsmlc veloc1ty or - electrlcal

.conduct1v1ty studles is currently lacklng.'g.

(6) Better underStanding of the thermal evolutiOn'of-the:-




Moon requlres further constralnts on heat sources,_‘

~1mproved computatlonal technlques for convectlon -
'models, and addltlonal data llmltlng present day

1nternal temperatures.'
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 Table I

' Pparameters Used in All Thermél-Models  -»->

‘Radius . .. 1740 km .
;;Densityvﬂ : --f o s 3;34 9/Cm3_'J

'Thermal Conduct;vity_ - vcurVe'"S?Fin-Figuré}S

.3V,Heat'°fufﬁsi6ﬁ.; ) .i‘f"‘-’ﬁ* 4007j0ﬁ1és/gf vf:; ~;j

| Specific heat 1.2 joules/g°C . -
 Surfa¢é1£eﬁperaturé - o ,-20°C[If’” '
 K/U ratio . 2000 .

- Th/Uratio . . . . 4
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FIGURE 1.

'FIGURE 2.

'FIGURE 3. .

i05

FIGURE CAPTIONS -

:A;summarYiof.igneOus.activity atfthe‘lunar»sur-

39

‘face from~5Rb-Sr "and Ar —Ar4Q[ ages of re-

turned lunar samples. Samples from dlfferent

m1551ons are de51gnated by "A" for Apollo

(A-ll is Apollo 11) and L-16 for Luna-lG. _SpeCial p'

rocks are- de51gnated by numbers.» SOurces fot_-“

thls summary are glven 1n full in the text. n

Some estlmates of present-day temperatures in the

;~£1le, Included are the temperature curve of
Sonett,gt'gl. (1971),‘an'lnterpretatlon of'the
vispnett_gg al.. (1971) conduct1v1ty dlstrlbutlon -

' uSing'the temperature-conduct1v1ty relatlon of

3+

:an 011v1ne w1th llttle or no Fe’ (Duba et al.,’

1972), and the estlmates by Dyal et al..(1972)

4of bounds on temperature from thelr most recent

: conduct1v1ty models.

- Moon u51ng the lunar electrlcal conduct1v1ty pro- -

a) Two proposed models for the increase in lunar

radius r with time t during accretion (from

Hanks:and.Anderson, 1969)."fi‘is'thertntal:ac-'

" cretion time.



FIGURE 4.

~ FIGURE 5.
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b)l Initial temperature'profiles‘for a Moon ac-

cretlng w1th a tlme dependent radlus growth and

"w1th base temperatures of 0° and 500°C.j Total

accretlon tlme is 100 years. The solldus of

- mare basalt (Rlngwood and Essene, 1970) lS

;assumed to be an upper llmlt for pOSSlble 1n1—

t1a1 temperatures..l:

Potassium'and‘uranium concentrations in selected,v~'

meteorltes and lunar and terrestrlal rocks, up-

dated from Hays (1972) Polnts for average chonf.aw

_ drltes, eucrltes ‘and howardltes are from Mason

.'(1971) . Values for Apollo ls and 15 rocks are-‘

from LSPET (1972) and LSPET (1973), respectlvely,

Thermal conduct1v1ty of selected materlals,. ;s_

Sources of measured data (solld llnes) are Cremers

(1971) for Apollo ll flnes, sample denSLty 1. 64

g/cm3, Horai et 1 (1970) for Apollo 11 basalt,

‘Murase and McBlrney (1970) for synthetlc Apollo~
ll basalt Schatz and Slmmons (1972) for 51ntered,

_'polycrystalllne forsterlte and for 51ng1e crystal

ollv1ne (E‘086 Fa 4) and enstatlte. Theoretlcal

(dashed) curves lnclude those of MacDonald (1963b)

’
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for two dlfferent values‘of the mean extlnctlon
coeff1c1ent or opac1ty s}- and one proposed byv.
, Schatz and Slmmons (1972) for polycrystalllne |
'ollv1ne of approx1mate comp051tlon Fo90 Faib.l~«

The Schatz and Slmmons curve, 1abeled s above,

_ wasoadopted 1n thls_paper,

'dFlGURﬁ'6.' Present;day.temperature profiles”infanoinitiallplt‘

| =.cold Moon (0°C at all depths) as a. functlon of
present—day concentratlon of uranlum : The solldus
'of anhydrous mare basalt (Rlngwood and Essene, -

- 1970) 1s also shown.

_A EiGURE 7.__A model of the evolutlon of the lunar temperature lf”
= proflle as a functlon of tlme for an 1n1t1ally
molten Moon. See the text for other parameters;_f
'Tlme, in bllllons of years 51nce‘lunar orlgln;;ﬂ
1s 1nd1cated by the number adjacent to each pro-’
| f11e.» On this and later flgures, the Moon 1s
‘1 partlally or completely molten at those depths
: ‘where the temperature proflle 11es along the soll-~
dus of mare basalt (Rlngwood and Essene, 1970), |
vthe depth range for complete meltlng 1s dellmlted

hyvthe,small arrows'above;the;solldus,



" FIGURE 8.

'FIGURE 9.

FIGURE 10..
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Thermal evolution in a Moon accreted ihﬂlob years

at a base temperature of 500°C w1th average
‘present day uranlum concentratlon equal to that
- of howardltes.‘ All symbols are descrlbed 1n

_ the ‘caption to Flgure 7,

: Thermal ‘evolution in a Moon Similar’to that:ofi'

»Flgure 8 ‘except w1th average present day uranlumv

concentratlon equal to that of eucrltes._‘All'

symbols are descrlbed 1n the: captlon to Flgure 7.

Thermal'eVOlution in a Moon.accretedfin.lOOWYears

-at a base temperature of 0°C. With average-presentf'

day uranlum concentratlon chosen to match the'.
Apollo 15 heat flow value (Langseth et al., 1972)

Shown also are the Fe-FeS eutectlc temperature

- (Brett and Bell,‘l969) ahd the phaserboundary'ﬁﬁ

FIGURE 11.

(dotted line) between feldspathiC'and“spinelv‘

pyroxenite in the'modelvlunar:mantle composition

" of Ringwood and Essene (1970). Other'symbols

- are“described in the caption toLFlgure_7._j

The ekteht'of melting in the thermal model of -

_Figure‘ld;.-Heavy stippling,denptes'oomplete L

v -
>



" FIGURE 12.
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‘fusion; lighter stippliug indicatesvpartial

fusion.

Thermal evolutlon 1n a Moon derlved from lnhomo-

geneous accretxon. The 1n1t1a1 temperature pro-

flle follows from a presumed cold (0°C) accretlon

over a 1000 year time 1nterval. Prlmary'zonlng- :

of radloact1v1ty is assumed (see text for detalls

B Other parameters and symbols are explalned 1n

FIGURE 13.

© FIGURE 14.

the captlon to- Flgure 7.p

The extent'Of melting~asfa fuhctibn of time in

the thermal model of Flgure 12.' Shadihg fblloWs

.the notatlon of Flgure ll.;

The'effeCt7df convectiOh by solid—State creep‘g

'on the later stages oF thermal evolutlon 1n the

?Moon (see text) From O to 2 b y., thls

model follows a conventlonal thermal hlstory

'route beglnnlng w1th a lOO—year accretlon at

).
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ABSTRACT

The composition, structure and evolution of the:Moon's

’:1nterlor are narrowly constralned by a 1arge assortment of

physrcal and chem1ca1 data. Models of the thermal evolutlon ‘

o of the Moon that frt the chronology of 1gneous act1v1ty on’

the lunar surface, the stress hlstory of the lunar 11thosphere?
~1mp11ed by the presence of mascons, and the surface concen- .
E gtratrons of;radloactlve elements, 1nvolve extensrve dlffer- -
fentiationvearly‘in-lunar'history " This dlfferentlatlon may :
"pbe the result of rapld accretlon and large scale meltlng or;
‘of prlmary chem1ca1 layerlng durlng accretlon' dlfferences 1h.
”,Lpresent—day temperatures for these two p0551b111t1es are
| 51gn1flcant only in the 1nner 1000 km of the Moon and may notn- .
'be resolvable. If the Apollo 15 heat flow result is. repre-
f,sentatlve of the Moon,,the average uranium concentratlon 1n
.hhthe Moon 1s 50 ‘to 80 ppb. :
| Densrty models for the Moon, 1nclud1ng the”effects of
f temperature and pressure, can be made to satlsfy the mass and
‘moment of rnertla:of the-Moon-and‘the presence of,a;low ;e |
}'density crust'inferred from Seismic‘refractloh-studies ohly;'p
:-if the lunar:mantle is chemiCally or mlneralogically'ihhomof'
hgeneous. The upper mantle must exceed the den31ty of the- =
‘lower mantle at similar condltlons by at least 5 percent
"The average mantle densrty is that of a pyroxenlte or 011v1ne
-pyroxenlte, though the densrty of the upper mantle may exceed_»f‘

. 3.5 g/cmv. The densrty of the lower mantle 1s less than that',
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*of the comblned crust and upper mantle at srmllar temperature

"and pressure, thus relnfor01ng arguments for early Moon-wrde
.'7d1fferent1atlon of both major and mlnor elements. The:"h

suggested densxty 1nver51on 1s grav1tatlonally unstable and -

'";1mp11es stresses in the mantle 3. to 5 t1mes those assoc1ated o

’w1th the lunar grav1tatlonal fleld a dlfflculty that can
’ be explalned or av01ded by (1) adoptlng lower values for the
‘moment of 1nert1a and/or crustal thlckness or (11) by B

:‘“postulatlng that the strength of the lower mantle 1ncreases

'i?~w1th depth or w1th time, both of whlch are p0551ble for

o Lcertaln comblnatlons of comp051t10n and thermal evolutlon.pla

A small 1ron-rlch core in the ‘Moon . cannot be excluded
"bfby the Moon s mass and moment of 1nert1a.'_1f such a’ core were
"molten at the tlme lunar surface rocks acculred remanent
lf?magnetlzatlon, then thermal hlstory models w1th 1n1t1ally coldd'
'?]1nterlors strongly depleted in radloactlve heat sources as a
‘paprlmary accretlonal feature must be excluded. -Further, the

40 in an Fe- -FeS core could 51gn1f1cantly alter‘

‘”presence of K
fthe thermal evolutlon and estlmated present-day temperatures

,of the deep lunar 1nter10r.'
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1.  INTRODUCTION
our knowledge of-the'chemical and physlcal properties o

:of the Moon is both extensive and detailed. Samplesﬂanai'f7

';lyzed from 11 lunar landlng sites ‘to date and 1nformat10n

»:ifrom earth based and lunar-orbltal geochlmlcal, opt1ca1
_and 1nfrared experlments are belng comblned to glve a :
broad understandlng of the present state of a large frac;
tion of the Moon s surface area. The propertles of the bulk
~of the Moon and'its interior are less;well-def;ned, but:by_;‘
"no means.obscure;‘ By necesSity; study of'theilunar.interior
.hmust be 1argely indirect and the cohélusions reaChedfcan:t{ o
jrarely be deflnltlve, Nonetheless, the quantlty of data
that can now be brought to bear on- the partlculars of the
- deep lunar 1nter10r-1s large. In thlS paper we shall apply
: these data to the questlons of 1nternal lunar structure,
' of comp031tlonal models for the subsurface lunar materlal,‘
.and of p0551ble evolutlonary routes by Wthh the Moon mlght
have reached its present state. |
' For several.reasons,Athe.Moon is a particularly_suitable,
.and perhaps unique, body for_investigating'present-day consti-
tution and models of evolution, both of thCh bear on the'
| arly hlstory of planet—51zed obJects 1n the solar system.

_Flrst, the surface to'volume ratio for the_Moon is large
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relatiVe to that for.other,terrestrial planets, so;that_'
observations>made_at or near the lunar surface haﬁe impli-
cations for a'relativeij large segment.Of the moon. The'd
lunar crust,;for’instance, conStitutesjapproximately 10
‘_percent'of the mass of the Moon; the‘oorresponding figure
for-the Earth is-about half a percent;f Second,}the record:
of the early hlstory of the Moon s surface, partlcularly
bétween 3 and 4 billion years ago, is well preserved; -

Flnally, because of ‘the Moon s 51ze, the pressures and

ftemperatures of the lunar 1nterlor are acce551ble 1n the_-

3 laboratory,‘and thus measurements of 1mportant phy81ca1
parameters at - the condltlons throughout the moon can be"
or have been made.f | _ | v

We begln w1th a cr1t1cal _summary of the avallable con—._
straints onllunar constltutlon ~and evolutlon.‘ The foremost
constralnt on the comp051tlon of the Moon comes from the-

chemlstry of the lunar surface. Downward extrapolatlon can

~;.be made on the ba51s of the seismic veloc1ty structure, models

'of petrogene51s, and con51derat10ns of the den51ty of the
Ailunar 1nterlor.‘ The thermal evolutlon of the Moon, and the~
'related hlstory of meltlng and dlfferentlatlon,‘must be con~. -
“h31stent w1th the observed eplsodes of lgneous act1v1ty at

" the lunar surface, w1th estlmates of the stress hlstory of
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the- 1unar 11thOSphere, and w1th the present-day temperature
proflle 1nferred from heat flow and electrlcal conduct1v1ty
.measurements.» An 1nterest1ng but unconflrmed addltlonal
Aconstralnt would be the presence of an anc1ent lunar magnetlc
.fleld of 1nterna1 orlgln. | | | |

We next recon51der 1n detall pos51ble models for the
thermal evolutlon in the Moon.r The 31ngle heat-flow measure—
1 ment, if representatlve of the Moon as a whole,'requlres the
average Moon to ‘be more radloactlve than presumed 1n most
earller models. Early upwards segregatlon of the heat sources
7'1n the Moon, elther durlng a meltlng eplsode wh1ch followed
’;a rapid accretlon or as a prlmary accretlonal feature, 1s
'.stlll requlred leferences in present—day temperature or fu”

_1n strength of the deep lunar 1nterlor are perhaps the onlyv

’”means by wh1ch thermal hlstory calculatlons can resolve
whether ‘the hlgh values of radloact1v1ty at the lunar sur-
face are due‘to_dlfferentlatlon‘ln»an orlglnallykhomogeneous
moon or are'partly the result of an inhomogeneous accretion
process. | | | . |

U51ng”several estlmates of present day temperature andt
the conflrmed thlckness of a low-den51ty crust, we examlne
'den81ty models for the lunar interior that match the Moon s
mean den81ty and moment of 1nert1a.’ Models w1th chemlcallyf

unlform mantles,rthough marglnally;permltted by'the present,
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uncertainty in the moment of inertia of the Moon;~are'not _V
favored, To flt the-moment offinertia; the'upper'mantle'
: must beiaenser“than theﬂlOwer,mantle.~-The:magnitude;of the b
.required densitf reversalﬁis probably unstable‘to'solid—
'state creep, though there is less problem explalnlng the
stress dlfferences 1f the upper mantle 1s rlcher 1n Ca and o
-*Allthan the-lower or rf the 1ower mantle;was relatlvely |
.aepleted.in radioaotive elements‘at‘the time_offa oold
;accretion; ‘lf'the moment of inertia‘walue holds up; then
the lower mantle ‘cannot have the same major element chemlstry
;sas the bulk Moon.
Flnally, we brlefly con51der a few of the conse- -
:éuences of an-1ron-r1ch core in. the Moon. Even 1f the 1unar
mantle ls unlform, a small core 1s permltted by the moment
_of 1nert1a._ If a convectlng core were an. early feature 1n
.the ‘Moon, several further constralnts on the 1n1t1al temper-

_ atures and heat sources in the Moon would be 1mposed



2. CONSTRAlNTS ON LUNAR_STRUCTURE'AND EVOLUTION

2.1 Petrology, Chemistry :

The most direct evidence for the,internal'composition -

'bf-the Moon cOmes from the'chemistry.-mineralogy, and’ih-.

ferred petrogene51s of the materlal returned from the lunar:'

.surface.' Analy51s of lunar rock and 5011 samples, together

w1th the results of the orbltal x-ray and gamma -ray spec-3

' trometer. experlments, have shown the lunar surface to be
'comprlsed pr1nc1pally of three rock types._ (1);1ron-r1ch

‘mare basalts,a (2) nonmare’ basalts, also_labeled~KREEP

-and norite,'rich‘in aluminum, radioactive*elements and re-

fractory trace elements, and (3) plagloclase r1ch rocks
v‘l(WOOD et al.,_l97l HUBBARD and GAST 1971; LSAPT, 1972)
Mare basalt samples have been returned from four d1f—

ferent near—31de mare 51tes to date. Exper1menta1 hlgh-
‘pressure, hlgh temperature studles (RINGWOOD and ESSENE,
v1970- GREEN et al., 1971) 1ndlcate that mare basalts pro-
bably formed by varlable amounts of partlal meltlng at |
depths between,loo_km and‘500 km in a lunar mantle com-
posed of'pyroxene and_possibly‘olivlne, The sugesstlon
.(GAST et al., 1970§ HASKIN'et.al.,v1970;rPHILPOTTS and

SCHNETZLER, 1970), based on the abundances of. rare earth

131
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elements and on the negatlue europium anomaly in partlcular,
that mare basalts were derlved from a source ‘rock r1ch in -

- plagloclase is in apparent confllct w1th the hlgh-pressure
meltlng experlments mentloned above., Alternatlve explana-
tions, not 1nvolv1ng plagloclase in the source: rock for
the europlum anomaly have been. advanced by'GOLES gt;gl.
-(1970) and RINGWOOD and 'ESSENE (1970), and experlmentally
‘supported by GRAHAM and. RINGWOOD (1971)

Several modes of origin for nonmare basalts have beend
-proposed, 1nclud1ng.a'smal1 degree of partlal,meltlng of ;"
a shallow,'plagioclasejrichusource (HUBBARDuand_GhST, 1271),.
more extensive melting of a plagioclaserYroxine—olivine'
:crust followed by crystal fractlonatlon (WALKER et al.,A
11972), and 1mpact meltlng of the upper several kllometers~
of a plagloclase-rlch crust (GREEN et al., 1972) GREEN
'pét;al (1972) have argued on chemlcal and mechanlcal ground5~
‘that the flrst two explanatlons are 1mprobable. A 51m11ar
thread in each of . the above hypotheses is the notlon of
abundant plagloclase in the near- surface reglons of the
) Moon at the tlme that nonmare basalts were formed Nonmare
or KREEP basalts may constltute a relatlvely mlnor, though_
‘1mportant fractlon of lunar surface materlal.' The gamma-‘

- ray spectrometer results (ARNOLD et al., 1972) have so far

1nd1cated only one major area on the Moon, the Oceanus
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Procellarumeare Imbrium region, Where'the surface radio~ -

.activity'is'sufficiently hich to suggestta sireable KREE?

component . About 20 percent KREEP and 80'percent mare_

~basalt would match the data for that region (LSAPT, 1972).
_Several~authors (WOooD et al., 1970 ENGELHARDT et al.;v

1970; KING et et al., 1970; SHORT, 1970; SMITH et al.,-l970a)

hypothe51zed on the bas1s of plagloclase or plagloclase-

rich fragments in the lunar 5011 that plagloclase, pre-

vdomlnantly anorthlte, 1s an 1mportant constltuent of the

lunar hlghlands. ThlS suggestlon was conflrmed by the Apollo'h'

15 and 16 x=- ray fluorescence experlment (ADLER et al., 1972a,

'.b) whlch demonstrated 51gn1f1cant1y greater amounts of - alu-__

'mlnum, most 11kely ln feldspar, 1n the hlghlands than in

mare materxal. Several of the hlghland reglons exhlblted

A1/81 ‘ratios approprlate to anorth051t1c gabbros and gabbr01c -

anorth051tes.i The anorth051tes and plagloclase—rlch rocks.~v

owe thelr or1g1n to complete or nearly complete meltlng of

the outer reglons of the Moon (WOOD et al., 1970 1911,

hUBBARD et al., '1971).

F2°2 Seismic . Veloc1ty

~ The lunar selsmlc velocity dlstrlbutlon, obtalned
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'from the travel tlmes and amplltudes of selsmlc waves from '

-,art1f1c1a1 impacts on’ the Moon S surface, can be used both

to dellneatachemlcal 1ayer1ng and to lnfer.roughlyvthe com-
'pos1t10n in the outer 100 km of the Moon. ThchompreSSional“
@»ve1001ty proflle in the Fra Mauro reglon of the Oceanus Pro-
:cellarum, constructed from data through the Apollo 16 m1851on
- (Toks8z et al., l972a ,b), is shown in flg. 1. _ The very |
f‘rapld rise of veloc1ty with depth in the uppermost 10 km

can reasonably be ascrlbed to a self- compactlon effect,vso

that the veloc1ty structure Suggests three petrologlcally
ddlStlnCt layers (1) a 25 km tthk upper crust, w1th com-b
pressional veloc1ty (at low por051ty) 5 to 6 km/sec, (11) a
»40 km thlck lower crust, w1th veloc1ty 7 km/sec, and (111) a
':mantle, w1th apparent veloc1ty 8 km/sec. A thln (less than .:
‘420 km, say) h1gh-veloc1ty (9 km/sec) layer may also be present
"between the lower crust and normal mantle.u The shear wave A
data support the proposed 1ayered structure (TOKSOZ gt_gl.,v
1972b) ‘

Comparlson of the veloc1ty proflle w1th 1aboratory .
measurements of compre551ona1 veloc1ty in lunar and terres~
itrlal rocks at approprlate pressures allows some estlmate
‘of the most llkely rock types for each layer (TOKSOZ et al.,
l972a b) The veloc1t1es in the upper crust fall w1th1n the

range of the veloc1t1es of mare and nonmare basalts (see
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flg. l), and thus the upper crust 1n the Procellarumvreglon
is probably 51m11ar in comp051tlon to basaltlc rocks found
at the surface.: The lower crust has a veloc1ty 51m11ar to

_ those measured in terrestrlal gabbros and anorth051tes,

the llkellhood of abundant anorth051t1c gabbros in the lunar»
-:h1ghlands and the spectral ev1dence for hlghland materlal o

underlylng some ‘mare craters (MCCORD et al., 1972) make

.'such a materlal a strong candldate for the prlmary constl-

_tuent-of this layer.s The high veloc1ty in the layer 1mme-s
dlately below the lower crust, 1f 1ndeed such a layer 1s a '
*_w1despread feature on the Moon, is greater than that of anyp

' common basic or ultraba51c rock on earth. A h1gh—pressure3

Tform of the alumlnum rlch lower crust has been mentloned as
t::a candldate materlal w1th the requlslte ve1001ty (ANDERSON‘;
and KOVACH 1972- TOKSOZ et al., 1972a b). That the average
»veloc1ty of the Moon s mantle, between about 70 and 130 km,L;:f
-_'1s about 8 km/sec permlts a w1de range of rock types,:lncludlng o
: -dunltes, pyroxenltes and exlogltes, as candldates for thev~»

materlal of the bulk of the_lunar mantle. _Ll'

2. 3 Mass, Moment of Inertla

Perhaps the only firm constralnt on the constltutlon

of the deep 1nter10r of the Moon is that of the 11m1tatlons
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‘on the lunar den31ty dlstrlbutlon lmposed by the Moon s
total mass and moment of inertia. We dlscuss further below
the importance of these two'quantltles and»the.appllcatlon

,of phy51cally reasonable den51ty models to the questlon -

- of lunar 1nternal structure.

Follow1ng KAULA (1971), we shall adopt the values .

2 for-the product-of the gravrtaf'_

-4902. 7 +.1 km /sec
tional constant and the Moon's mass, and R = 1737 5 ij;Gikm
for the mean-lunar rad;us. ,Thls g;ves a mean‘denslty of
©3.344 + 004 g/cm . R R
| The prec1se value of the moment of 1nert1a of the Moon
about 1ts ax1s of rotatlon is more controver51al »though 1t
‘1s exceedlngly 1mportant in llmltlng p0551ble den51ty models
(SOLOMON and TOKS&Z, 1968 RINGWOOD and ESSENE, 1970,_
eUREY and MACDQNALD, 1971). We shall use:KAULA_S (1969)'~d
vvaluewof c/ur? = .102 :-,602,» which is.haSediOnvtheviﬂl
-;second degree zonal andvsectcrial1harmonicycoefticients1int
',lthe lunar grav1tat10nal fleld solution of MICHAEL gt_al.,
‘(1970) A more recent and somewhat more complete analy51s

by MICHAEL and BLACKSHEAR (1972) gave a nearly ldentlcal

value. It should be noted that the JPL group (LORELL, 1970

LIU and-LAING 1971), using a d1fferent ana1y515 technlque,.'

g 2
AconsistentlyAreports values for C/MR _s;gnlflcantly-less

b
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than .400. 'We conclude that Kaula's stated uncertainty.*-
" in C/MRZA may be a blt low. A more accurate and»precise-“
.value must awalt better far—51de and hlgh-latltude tracklng

1data.

2.4 Electrical-Conductivity,and Temperaturef

Several technlques have recently been used for deduc1ng
,the electrlcal conduct1v1ty structure and related propertles

of the lunar 1nterlor, 1nc1ud1ng analy51s of the Moon' s re--' ;

-_,sponse to. tran51ent magnetlc f1eld events from 81multaneous

rmagnetometer measurements on the antl-solar surface and 1n
the free-streamlng solar wind (DYAL and PARKIN, 1971 DYAL . -
.et al., l972b), and analy51s of the frequency-dependent o
'transfer functlon of sun11t lunar surface to the free-stream
”magnetlc fleld (SONETT et al., 1971) The 1nferred electrlcal )
"conduct1v1ty proflles were converted to equ1va1ent temper-
:atures (ENGLAND et al., 1968) to show that temperatures in
the outer 700 to 800 km of- the Moon must be less than 1000°¢
(SONETT et al., 1971; DYAL and PARKIN, 1971) | The more re-
cent inversion of DYAL g&_al. (l972b) allows, ln addltlon, |
temperatures in excess of 1000 C by as much as several hun- .

dred degrees at depths greater than 800 km._ The temperaturev
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curve of Sonett EE;EL- has attracted particularﬁattention;t
_fConventional_thermal history_calculations~have shown:that

' models which realistically accountafor lunardigneousdac—;”
’Qtivity andlprohable<Chemical and thsical'parameterS»Yie}df.
ipresent day temperatures 81gn1f1cantly hlgher than the |
Sonett et et al. or Dyal-Parkin values (HAYS 1972- TOKS82Z eth'
i El.i_197ZC;'REYNOLDS gt_gl., '1972), unless very,efflcrent‘; .

- heat transfer by'solid-state convection is invokedA(TOZER,

o 1972)

There are several dlfflcultles w1th the temperature
_estlmates from electrlcal conduct1v1ty,,however.g REISZd.;
et al. (1972) have argued that neglect of the boundary
condltlon assymetry 1mposed by solar w1nd flow past the ';i
Moon may affect the conduct1v1ty models of Dyal and Parkln
:and partlcularly of Sonett and others. SILL (1972) has
'p01nted out that at the hlghest frequenc1es of the data of
SONETT et al. (1971), thelr assumptlon of unlform source i
field breaks down. A further complication of the sunllt -
surface magnetometer analysis not con51dered by Sonett
aiand others'is the compression of a remanent,freld; 1arge;y' ;
'unknown, by.the solar wind (SILL, 1972; DYAL gt;ai,, 1972);"
At least asﬂserious an ohjectionvto these temperature;esti;

mates is the observation by HOUSLEY anthORIﬁ (1972) and'
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DUBA et al ét al. (1972) that the conduct1v1ty of the ENGLAND
1et al. (1968) 011v1ne is controlled by ferrlc ions not.
'llkely to be. 1mportant in the reduced env1ronment of the;
‘:Moon.- Recalculatlon of temperature in the Moon from the ;
B uSonett et al al. (1971) conduct1v1ty proflle, u51ng recent

~data for a ferrlc 1on-poOr terrestrlal ollv1ne, glves

}-}temperatures ln excess of 1000°C below 350 to 600 km (DUBA f

et al., 1972).

| 2 5 Other 1nd1cators‘of Temperature :' |

| | There are several other observatlons that bear less}
Tquantltatlvely on the questlon of the temperature of the_ :
flunar 1nterlor.‘ The foremost of these is the measured -

| ‘ualue of heat flow, 33‘£ 5 erg/cmzsec,_atzthe Apollo 15
landing site (LANGSETH gg;gl,,.197z). Whether this sur-

‘:prisingly high value is a good indicator of.the_mean heat

"flow at the lunar surface is an important unanswered ques-

~tion. The high surface radioactivity'in.the-Imbrium;:'
‘Procellarum_regionh(AbLERIet al., 1972)4sug§ests,that

the average'lunar heat flow'is probably someWhat lower;

That at least the outer portlons of the Moon are rela—

_Ttlvely cool at present is 1mp11ed by the low selsm1c1ty
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or ‘the MoOn'(LATHAM et al., 1971) and the absehce-ofe
,"s:.gm.f:.cant tectom.c actJ_VJ.ty. The pers:.stence for some fy'
t53 bllllon years of the grav1ty anomalles assoc1ated w1th
'»mascons demands that a cool llthosphere several hundred
' fkllometers thlck has been a permanent feature on the Moon
¥s1nce mare. formatlon (UREY, 1968) The locatlon of moon—}l
—quake act1v1ty at 800 km depth (LATHAM et al., 1971) and f-
d:the hlgh frequency seismic: waves observed on’ the lunar -
'{surface from- those events 1nd1cate that the Moon can.sus?'
i,;taln shear stresses at con81derable depth and that llttle.
.xor no partlal meltlng is to be expected in the Moon s;

-f;upperVBOO km (ToKs8z et a1.,»197zwh

2.6 Lunar Chronology =

Age-datlng of 1unar sambles, partlcularly datlng‘u51ng”,
Rb-Sr and Ar4°¥Ar39 technlques (PAPANASTASSIOU et al., 1970;
h?PAPANASTASSIOU and WASSERBURG, l970,_197la,b, 1972' WASSER-
ZBURG and-PAPANASTASSIOU, 1971; LUNATIChASfLUM, 1970 TURNER,
1970, 1970, $1972; TURﬁER et ai.; 1971}'HUsA1N ét al., 1972
and others), has prov1ded a well documented outllne of

1unar 1gneous actlv;ty. The time sequence'of,act1v1ty
places strongjcohstraihts on the Mooh's»early hietory and,vd

'to-a.lesser eﬁtent,‘bn its later evblution~(?APANASTASSiOU:



- 141

and WASSERBURG, 1971a).

| An approxlmate outline of events occurrlng on the lunar
surface, taken from the works c1ted above, is glven in flgl
g 2, The Rb—Sr fractlonatlon-yrequlres a ma1or.ep;sode=of. |
b.-ﬁelting and differentiation very near the time_of'lunarl:i
.formatlon (PAPANASTASSIOU and WASSERBURG, 1971:;) Th:Ls 1s
a necessary feature of lunar evolutlon even 1f some of the"

'chemlcal lnhomogeneltles in the Moon are the result of

vprlmary accretlonal layerlng (WASSERBURG and PAPANASTASSIOU,

'1971) Much of the 1unar crust may date from thls tlme,;‘d
gkalthough 1ntense bombardment, remeltlng and brecc1atlon may
‘have altered most or all of the original. rocks of the lunar

'rcrust, The record of act1v1ty between 4 5 and 3. 7 bllllon

jryears (b.y. )-ago is sketchy and conquLng, but some form of'

';;iilgneous act1v1ty ln rocks 15415 at 4. l b. y., 12013 at 4 0 e

}r~b.y., and Apollo l4 rocks at 3.9 b,y, is well establlshed._
bCertainlyitheVmajor mare.basinsvmust have beenvcreated at_
some stage in this time interva1:<the relatlye ages:of'the
_mare basin excavations'haVe been reasonablylwell.resolVed
d(e g. MUTCH, 1970), but the absolute ages are controver51al

'bThe fllllng of the marla obv1ously postdated the formatlon
yof the mare. ba81ns. To date, the well-determlnedvages of
_'mare basalts span a relatlvely narrow time lnterval between

3.2 and 3 7 b. Y. ago (WASSERBURG and PAPANASTASSIOU, 1971)
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The gravity anomalies attributed'to'mascons.probahly origi;
nated during this period. The failure to discover lunar} |
1gneous rocks younger than about 3. 2 b.y. ago is an 1mpor-:
tant constralnt on the Moon s thermal history (PAPANASTASSIOU
'and WASSERBURG 1971a) If meltlng occurred smnce that tlme,
'1t must have been very locallzed in extent or conflned to |

]ldepths in excess of several-hundred kllometers.

S 2.7 Magnetlsm of Lunar Rocks

ca.

.The lunar crust has a relatlvely large but extremelyv‘
“frarlable magnetlzatlon, This has been verlfled by steady
hmagnetlc flelds measured on the lunar surface (DYAL gt_gl.,“
"1970 1972b) and by magnetlc anomalles observed by the .:‘
'Apollo 15 orb1ta1 magnetometer (COLEMAN et al., 1972) Fur4
ther many returned lunar samples were found to dlsplay a
"tfalrly stable remanent magnetlzatlon (STRANGWAY gt_al;, 1976;
NAGATA e_t_a_]:.‘, 1970;" HELSLEY, 1970; RUNHcoRNZe_t_;__ag. , 1970; |
and others).'AOn the basis of these obserrations, which
1appear to requlre 1000 Y- flelds on the lunar surface durlng
Jthe emplacement of rocks spanning a t1me 1nterva1 of almost
fl b. y., several workers (RUNCORN et al., 1970 PEARCE et al.;
141971' and others) have suggested the flelds are 1nternal 1n

‘origin and thus indicate a molten conductrng,core.between C



3;2 and 4.0 b.y. ago; -The»debate over this eoneinsionrhas
-been.heated,_and nany'other explanations-of;the magnetiza—
‘tion, including fields}associated'with the.earth,-with_the -

;'solar wind, or with shock or thermal effeets,_have been

-Aoffered While the matter is not yet settledv the ekistenCe’
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of a small 1ron-r1ch core 1n the Moon would have 1mp11catlons L

of great lmportance for models of lunar evolutlon. Some of"

Vthese lmpllcatlons are explored later ln thlS paper.»

3. 'LUNAR THERMAL EVOLUTION

' The thermal hlstory of the Moon has been a popular

_subJect, partlcularly 91nce the Apollo mlSSLOnS (HAYS, 1972{

WOOD, 1972; REYNOLDS et et al., 1972; Toxséz et al., 1972c, L

| .'._'.MCCQNNELL and GAST, 1972; TOZER, 1972 HANKS and ANDERSON, '
1972).' The major reason for the prollferatlon of papers in
. this‘fleld is the ever—grow1ng collectlon of phy51cal-and p'
chemlcal data whlch better deflne the range of acceptable
fthermal evolutlon models._-Welcons;der 1n.thls sectlon all
of the constralntS‘on lunar evolution outiined above, and-
vpresent thermal hlstory models whlch closely fit these con-

stralnts, The purpose of such calculatlons can. never be to
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Térrive‘at a'definitivefversion_of the‘thermal evolution of
1.the moon,"ﬁather,;Such{models‘areyto be usedytO'test and
. to limit proposed features of'lunar.Orlgln;-lunar history’
- and present-day lunar constitution; - | |
This sectlon represents an exten51on of our. earller
-paper (TOKSOZ et al., 19720) The computatlonal technlque B
used- here is descrlbed fully in the earller work. Brlefly,i
Vja flnlte—dlfference scheme is employed to solve the equatlon
_»for conservatlon of thermal energy in a spherlcally symmetrlc
~ moon. The effects of meltlng, dlfferentlatlon of radloactlve_v
“heat sources,;and 51mu1ated convectlon of molten materlal are
1nc1uded.4 Except where noted below, all phy51cal parameters
) necessary for the calculatlon are as glven 1n the or1g1nal |
;reference._ _ A '»
The thermal hlstory models of TOKSOZ et al al (1972c)

'were desxgned to match the chronology of 1unar 1gneous ac—'
:t1v1ty, lncludlng the early exten51ve dlfferentlatlonvof
vthe outer portlons of the Moon and the extended eplsode of’
mare fllllng,‘and the ev1dence c1ted above for a relatlvely
_ cool lunar lnterlor today The present day heat flow on
the lunar surface predlcted in the models was about half
the Apollo 15 value. “We consider models below that are

rlcher 1n radloactlve elements but are otherw13e srmllar to
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~earlier‘mode1s in order'tO‘place limits‘on'the.hulklradiof-
act1v1ty of the Moon.,‘l | | _ |

A separate, but related, questlon 1s whether the present
,constralnts on thermal evolutlon suff1c1ently llmlt success-;”
'hful models to elther favor or reject the hypothe51s of prl—v
tmary chemlcal zonlng, in partlcular of radloactlve heat
sources, durlng the accretlon of the Moon (GAST gt_al,, 1970,-
- and’others). “We conclude that the answer ls;negatlve;at |

-present.“

3.1' Evolution Models to Match Heat Flow“

A 51ngle measurement of heat flow is a rather tenuous vh
vthread on whlch to hang a theory of lunar evolutlon. Ex—
perlence on earth has taught us the folly of relylng on ‘one
'measurement to characterlze even a- small reglon.' St111,
._the absence of water and 51gn1flcant tectonlc act1v1ty
vargues somewhat agalnst a great deal of 1oca1 varlablllty
ofasub—surface temperature. Perhaps more to.the polnt, the
-Apollo lS_measurement constitutes at leastdhalfvof the'direct;
,heat'flow information we are likely to have-for SOme time.
That determination must be'regarded at present as the‘best
avallable value and p0551bly in the near future as one of.

two bounds on perm1551ble values.
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In conSLdeang thermal evolutlon models,'several

features of the models we presented earller (TOKSBZ et al.,rd

_1972c) are Stlll requlred. The ev1dence for large—scale

lfractlonatlon~of~at least the shallow portlons;of the MOon -

‘requires that*the outer few hundredtkilometersubefat near-

.1Solidus temperatures at the time the Moon Was'formed*(PAPA--_;‘

”-NASTASSIOU and WASSERBURG, 1971a) Thls is most readlly

(U’accompllshed by rap1d accretlon (RINGWOOD, 1966 MIZUTANI

»,gt_al., 1972 TOKS&Z et al., 1972c), tlme scales as short
as 100 'to 1000 years must be 1nvolved or else the energy
released by 1ne1ast1c COlllSlODS would have had tlme to -
radlate back lnto space. The only~forseeable.means of
av01d1ng the conclu51on of rapld accretlon 1s to postulate

'a strong pulse of heat from t1da1 d1551pat10n, say from 1

fﬁclose approachpof the Moon tO-thelearth. While the energy '

' released in3the Moon;by such an event may be of the right
order'of magnitude'for.meltingf(SINGER, 1970)} the hypo-5

the81s ls dlfflcult to model quantltatlvely and to test.

We contlnue to start from 1n1t1a1 temperature proflles»

: aerlved fromya srmple model of the,accretlon_process.(HANKS
,and‘ANDERSON;‘IQGQ),iand to'maintain the'scaling of radio;
:actiVe elementsa K/U = 2000 - and Th/U =4 ' throughout the
Moon. For a. spec1f1ed sequence of dlscrete stages of d1f-

_ferentlation of radloactlve elements, we may generate a
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’one-parameter fam11y of thermal evolutlon models to assay
the dependence of the model features on the bulk concentra—’
,tlon of uranium in the Moon. M | |

‘Two.such-one-parameter families are represented in
',-figs. 3 and 4.\5The initial temperature distributions for'
the models of figs. 3 and 4 are . 100—year accretlon proflles
- with base temperatures, respectlvely, of 0°C and 500°C.

'aD1fferent1atlon ‘is srmulated by upwards concentratlon at o

’ dxscrete_tlmes,of all radioactive heat_sources to‘the depth-f

of deepest melting}‘after each_diﬁferentiationsthe heat

sourCe'concentration7iS'assumed to decay‘exponentially with"

| depth. The Skln depth for the decay law is allowed to de-'
crease w1th tlme.' The skln depth of the last dlfferentlatlon
:lS set so that the present-day radloact1v1ty at the 1unar
<surface equals that of the average of 5011 samples from mare
sites, about 1 2 ppm (SLIVER, 1970, 1971, 1972), w1th the'
'exceptlon that ‘the skln depth is never taken less than the .
flnlte-dlfference grid spac1ng of 20 km . For the models of.
Aflg 3 the last dlfferentlatlon was 3 7 b y. ago, for those
»lln flg. 4 1t was 3. 0 b Y. ago. ' | | |
Flgs. 3 and 4 glve the heat flow and two somewhat ar—:

) b1trary measures of evolutlon and present day state. The

llthosphere, as deflned in the flgures, extends to the depth '

at whlch the temperature approaches to WLthln 100 C of the



solidus. The-"prlmordlal core” contaxns undlfferentlated
;material: l.e., at the tlme of last dlfferentlatlon the

- primordial core was SOlld | |

The Apollo 15 heat flow value of ‘33 # 5 erg/cmz-sec

'-(LANGSETH et al., 1972) places ‘rather narrow 11m1ts on bulk
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radicactivity of the Moon. For these famllllles of evolutlon l

models,‘the'average“uranium_concentratlon ;n¢the-Moon must
‘lie in the range 50 to 80 ppm. These_values,,and'partici
ularly‘the lower.iimit, are_less thanffigures citeddelse-'
,_where-(HANKS and ANbERSON, 1972), princibally because Of:
,the more complete accountlng here of heat of fu51on and y*:
hlenergy transfer by convectlon durlng meltlng.f In partlcu-h
.i'1ar, our earller conclu31on that the Moon appears to be
_less_radloactlve than most eucritic meteorltes_(CLARK gt;lt
:;31;,'1967-TRIEDER‘and WANKE, '1969) is'still.valid:‘
| _ Somewhat higher values of bulk radloact1v1ty are re-l
.qulred to reach a glven value of heat flow 1n the models
of flg. 3 than those of fig. 4. ThlS is due to the“more
;complete dlfferentlatlon in the latter models."Because'of:
the higher lnltlal temperatures and the 1onger allowed dif-
fferentlatlon perlod the Moon is completely dlfferentlated
(i. e., a prlmordlal core is absent) for all models in whlch

‘the present uranlum concentratlon exceeds about 45 ppb,
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whereas the models of fig. 3 possess atprimordiai coreifor'
the entire range of. radioactivity considered. A feature of
all models matching the: Apollo 15 heat flow is a relatlvely
fixed vlaue for the present llthosphere thlckness of 400

to 500 km »

The thermal hlstory of a partlcular member of the famlly
of fig. 3, the model with U = 70 ppb ‘and a presentfday heat'
flow of 33 erg/cmzesec,uis‘given in.Fig.AS.;-fheAtime seguence'vh
of melting in the-model is shown in fig.'6."it may be seen
'that the model satisfies'the'major'constraints‘upon lunar
evolutlon. The zone of meltlng deepens w1th tlme.. The"
llthosphere durlng the flrst 2 b y. thlckens at. the rate of
about 160 km/b y In partlcular,”the shallowest meltlng
_ progresses from 155 to 245 km depth durlng the perlod of
" mare fllllng, in agreement w1th the depth of or1g1n of mare
basalts and w1th the need for a reasonably thlck llthosphere'
to sustaln the stresses assoc1ated w1th mascon grav1ty ano-.
‘malies. Between 1l and 2 b.y. in thelmodel, a convectlng_core'
-deveiops due to the undifferentiated and relatively radioe'
'actlve prlmordlal mater1a1 near the Moon's center. 'The con--
.vectlng core grows to a radlus of 1200 km at 3 b Y. and then
' slowly shrlnks as the concentratlon of heat sources decays
w1th time, The Moon is molten below 580 km depth at present

in the model | The feature of a molten convectlng core is
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absent in models (such as those of fig. 4) .in which the

Moon differentiates completely and concentrates all of.the'

radioactive heat sources toward the surface."

~ 3.2 Models with'PrimaryiACCretional Zoning -

The major features of the thermal evo1ution_models..
discussed above can also be'satisfied by models in whioh 3
lthe.deCreasihé»ooncentratiOn'of.radioaCtivity in;the Moon
is a primarybfeature associated with a chemicaily inhomo—,:h
geneous acoretion.' Shown in figs{ 7 and 8 ia a thermaif"
hlstory model follow1ng closely one proposed by McCONNELL
| and GAST (1972).d The radloact1v1ty is stratlfled .1f no
differentiation had been allowed, the presentfday abUndanoe'
A-of uranium‘wonidzbe lzpjppb inhthe'uppermost 200 km, 50 ppbA
in'the:next 250 km, and 10'ppb,in_the:remainder of the Moon.'
The average}preéent*day uranium_concentratiOn’is thue 53 ppb.-‘
'The ratlos K/U and Th/U are held constant. The initiai.
temperature proflle is from a Hanks-Anderson aocretlon model
with a base temperature of 0°C and an accretlon tlme of
..1000 years; the temperature barely exceeds the solldus be- .
-tween 40 and 140 km depth leferentlatlon of radloactlve ..

‘elements is accompllshed in four dlscrete steps between
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0. and .9 b.y.

- The temperature evolutlon in the upper few hundred

: kllometers of the moon lS 51m11ar to models. of comparable' -
“bulk radloact1v1ty dlscussed earller.‘ The present day
' heat flow is 32 erg/cm2 sec and the Moon is everywhere at

" .least 200°C below ‘the solldus.

The dlfference in the behav1or of the model of flg. 7

' from those dlscussed earller is that the center of the Moon
'1n this model is tac1tly assumed to have been relatlvely |
'_5depleted»1n radloactlve elements at cold temperatures.f,
'Thus the lunar center heats slowly and the Moon is every- B
where solid at present. Whether a cold accretlon can

3accompany prlmary chemlcal layerlng 1s an 1mportant questlon

that must be answered by those advocatlng such a model. in

‘partlcular such an orlgln is 1ncompat1b1e w1th a molten 1ron-

‘rich core at an early stage in lunar hlstory._ If questlons

such as these can be resolved and if the Apollo lS heat flow
value holds up, then the temperatures ln the deep lunar 1n—v
terlor, if dlscernlble, offer the only p0351b1e means by

whlch thermal hlstory calculatlons can dlstlngulsh prlmary

accretlonal zoning from exten51ve 1n 81tu dlfferentlatlon. l]

We empha51ze that ‘these two alternatlves for early

' lunar condltlons do not produce very dlfferent thermal

_reglmes in the present day Moon. Whatever the mechanlsm,;
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'the hlgh.valhes of heat flow and surface'radloactivity
-together w1th the requ1rement that the outer portlons of
‘.the Moon are cool and have been so. for 3 bllllon years
require thermal’ models in whlch the radloactlve elements
:Aare strongly enrlched toward the 1unar surface early 1nv
fllunar hlstory._'The ‘extensive Rb-Sr fractlonatlon at a‘.':5
_p51m11ar tlme requlres some near—surface meltlng(WASSERBURG IR
’_and PAPANASTASSIOU 1971), and as yet the extent in depth

Aof»the early»meltlng eplsode has not-been establlshed._ We

'lh,see no compelllng reason why a major fractlon of the lunar

'mass could not have part1c1pated in thls early dlfferentla-”
a‘tlon eplsode; “Even a sub-solldus lunar 1nterlor does not f
. rule out an orlg;nally homogeneous Moon. If the Moon is:

'initiallyhmolten.andyall'heat;sou:oes arev;emoved'frqm.'f,g

‘ lzthe~lunar interior, or if initial temperature and bulk o

'radloact1v1ty are hlgh enough 80 that the entlre Moon ls

: melted or partlally melted w1th1n the flrst l 5 b Y. and

.lf convectlve heat transport and segregatlon of radloactlve
elements is permltted in the molten zone after meltlng 1s

, only one fourth complete, thermal evolutlon models satls~
'fylng'the heat‘flow4can be found whlch are:eyerywhe;e_solldll
Vtoday;_(These models:have‘theix.own dlfficultles;} Suoh
‘effioient differentiation.of'heat_sounoes seemS'imptobable,uu

and for some models the near surface temperatures'during
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| the first 2 b.y. are probably too thh to have sustalned
b:mascon-generated stresses ) Alternatlvely, convectlon by:~
r;solld—state creep will glve relatlvely cool present-day
:”temperatures in the lunar 1nter10r w1thout alterlng 51gn1— M"
;flcantly the temperature dlstrlbutlon in the upper few hundred A

kilometers (TOZER, 1972; TOKSOz et al., 1972¢) .

4. ~DENSITY MODELS.FOR,THE-LUNAR'INTERIOR'__g

' Because the Moon‘s moment of 1nert1a is very nearly that
| iof ‘a homogeneous Sphere, 11tt1e attentlon has been glven
irecently to the denSLty structure of the Moon s deep 1nter¥’:
| ulor. ThlS 1s understandable, 51nce a flrst-order approx1ma—
tion of uniform density is reasonably accurate for most |
jcalculatlonS'of.lunar properties. On the other hand, the
phy51cal and chemlcal evidence dlscussed above, espec1a11y
’_the mean densxty and moment of 1nert1a and the partlculars
-of the lunar crust, suff1c1ent1y limit the range of p0551ble
*_lunar den81ty proflles so that severalllnterestlng deductlons
may be made about the lunar mant]e. | | -
Below we formulate simple but plauSLble denSLty modelsv

- that are consistent with the latest values_for the Moon's -
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omass and moment of 1nert1a, w1th several estxmates of tem-

'3perature in the lunar lnterlor, and with the thlckness and

g fjlow -densities- estlmated for the lunar crust._ It w111 be,

-assumed throughout that denSLty in. the Moon is a functlon

‘»Honly of~rad1us. Thus such 1nterest1ng lateral varlatlons,'-'

| in density assoc1ated with the departure of the center of
’mass from the center of flgure (e g, KAULA et al., 1972),;,
with the dlfferences in the Moon s pr1nc1pal moments of _ (
inertia (e g., MICHAEL and BLACKSHEAR, 1972), and w1th the;1~

b_'mascons (MULLER and SJOGREN, 1968) will be lgnored._

'*:4 1 Densrty of Crustal Rocks ( |

| An 1mportant aspect of a reallstlc den31ty model for}
'z)the Moon, partlcularly when calculatlng the moment of 1n—(:
x.;ertla, is the lnclu31on of the relatively thlck 1unar crust
A;lndlcated by the selsmlc data.' Knowledge of the major rock
fftypes of‘the-crust and measurements-or.est;mates_of the:;
'ndensity of such'materials:aIIOWS the mean crustal‘densityo
'ntO'be inferred-with reasonable accuracy. e o

| The measured densities of mare basalts,;corrected'for
:porosity,’are:313 to 3.4 g/cm3 at standard temperature and_::'

 pressure (KANAMORI et al., 1970; STEPHENS and LILLEY, 1970).
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. But the marra occupy no more than about one-frfth of the .

_Moon s surface area and the denSLty of the hlghlands must
- be somewhat less (0" KEEFE, 1968). The dens1ty of plaglo-‘

clase—rlch rocks is domlnated by anorth1te,.w1th den51ty
p = 2.76 g/cm-. Measured and model values-of anorth051tes_
and nonmare basalts are, respectlvely, 2.8, to 2.9 g/cm3_ -
"and about 3.0. g/cm (woon et al., 1970,-1971) Assumlng'af'
.four to one ratlo of plagloclase—rlch hlghland rocks to mare

. basalts, the mean density of the upper crust of the Moon is
- Tabout 3.0 g/cm’ (cf. TURKEVICH, 1971) . We shall adopt thlsi
value ln calculatlons below. | B
| The denslty of the lower crustbls less certaln,‘and we:_'
shall treat thlS quantlty as,a free,parameter;rn_the;range,
'172 8 (nearly pure anorthlte) to 3.4 g/cm3:(mare baSalt)!biwe

" favor a. narrower range of uncertalnty, perhaps 3 0 to 3. l |
;‘g/cm3, for several reasons. The terrestrlal gabbros, norltes.
and anorth051tes with compre551onal velocxtres matchlng the f
ltveloc1ty of the lower crust have denSLtles in the ranges,_"
Vwrespectlvely,L2.89 to 3.05.g/cm ’ 2.93 to-3,06vg/cm ’ and '
2;?1't9 2.81 g/cn3 (PRESS, 1966; ANDERSON an& LIEBE?MANN,v
| 1966) Further, the presence of a lower crust suggests that
mascon gravity anomalles are more llkely assoc;ated w1th |

‘rellef along the 1nterface between mare basalts and a less'

dense lower crust (CONEL and HOLSTRUM, 1968) than w1th rellef
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' _along a lunar “Moho" (WISE_and~YATES, 1970). Thus a lower

-crustal density of 3.0 to 3’1 g/cm3 is qulte reasonable,l'

"[-the higher value mlght be welghted sllghtly by the requlre-

- ment that the lower crust be more dense than mare basalt

-TILquldS at near-llquldus temperatures (see WOOD et al., 1971)

+

4.2 Temperature

DenSLty 1s a functlon of both pressure and temperature;
: The latter varlable lS espe01ally 1mportant in-a body as'ﬁf

small as, the Moon, and yet as the d15cussron above has 1nd1—

'“,'cated, temperature 1s only loosely constra;ned by several-’

cos

éérious observations,”many of them»éualitatlve in hAtufé;ff
- We treat the temperature dlstrlbutlon as 1mprec1sely
i;known, and calculate den51ty models for several temperature
'4profiles. Four-such proflles are shown in flg.:9} Proflle
A is the present day temperature dlstrlbution fromvflg. 5,
"the surface heat flow matches the Apollo 15 value. Proflles.
B and C are two present—day temperature dlstrlbutlons from
TOKSbZ et al. (1972c); the total range of flnal temperature |
proflles in the Toksdz EE_El thermal hlstory models 1s 1nd1-
cated by the_shaded region if fig. 9 (only models w1th bulk
| uranlum'conCentration.eQual”to 23 ppb are_lncluded). ;ProflléZA

B (fig. 5 of Toks8z et al.) and profile C (fig. 12 of Toks8z
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vgﬁ;g; ) have the same initial temperature curve»and bulﬁ'

”AradloactLVLty, they dlffer in that the thermal evolutlon 9¢

_-model resultlng in proflle C 1s based on the assumed
-hadomlnance of solld—state convectlon as an energy transport

fmechanlsm below the 11thosphere. Proflle D is the temper—i'

-hfature model of SONETT et al (1971), roughly extrapolated

rtto the Moon s center, and is lncluded prlmarlly for hls—sff
T;ttorlcal reasons ‘as a representatlve "cool" Moon. Whatever
illfe the model has is due to the v1gorous arguments of g_-“
>;TOZER (1972)- that eff1c1ent energy transfer by solld-state.”
‘icreep would produce a present day temperature proflle not i f

. very dlfferent from that of Sonett and co-workers.-'

L 4 3 Constructlon of Den51ty Models

- A number of dlfferent den81ty models have been calcuet
1ff1ated for layered, compre551ble, warm- Moons. For each model
. the equatlons of hydrostatlc equlllbrlum and conservatlon of
mass are 1ntegrated numerlcally u51ng a fourth order Runge—

Kutta method ~ The 1ntegratlon step-51ze 1n each layer is~

',chosen so that the total mass and moment of 1nert1a of the

Moon can be calculated to four flgure accuracy. Temperature'
is taken from.an assumed proflle. Den51t1es at each dlscrete

'depth are corrected for compreSSLOn and thermal expan51on.
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d‘No exp11c1t account lS made in the denSLty calculatlon of
'partlal meltlng where present 1n a temperature model.

- In the lunar crust, compreSSLblllty and thermal expan-[
5_5slon are assumed constant and are. taken from reported meas—->

urements, corrected to low por051ty, on mare basalts (STEPHENS‘~

:'rand LILLEY 1970, 1971, BALDRIDGE and SIMMONS; 1971) Values

-73 used are, respectlvely, l 4 Mbar,

and 2. 2 x 10 5°C l ‘151-*-

-1
',the Moon s mantle, the pressure and temperature dependence

"_of compre551b111ty and thermal expansron are lncluded..:_ll

parameters used are those of forsterlte (SKINNER, 1962, J_f.

KUMAZAWA and ANDERSON, 1969).

“4f4~ Models with'Homogeneous.Mantles _ﬁ,.and m1neralo§1cally
‘Suppose that the lunar mantle ‘is chemlcall homogeneous,l'
:tat least to the extent that the entlre Moon from a depth of ”
v65 km to thescenter has a unlform densrty_at standard'tem~
uperature and pressure. (As used below, "standard" eéﬁpéfé~
.3ture is —20°C the near—surface temperature of the Moon'“_
iaccord;ng to_LANGSETH,gE_al., 1972.)' If a temperature dlstrl-e
_bution-in the Moon'and densitles,'respectlvely_ P Vdnds,vz;
at standard cOnditions for the-upper.and‘lower crust”are"
~assumed, theqrthe densxty Py - of the homogeneous mantle :

follows from Ehe total mass of the Moon, and the moment of
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l-inertia nay he readily calculated. :ﬁouever,esince_We.regard
‘the density of’the lower crust as not well’determlned} it is
‘more proper to state. that p3. and C/MR - are functlons of
p2. Thls is lllustrated in figq. 10 for the four dlfferent
: temperature~models of fig. 9. Also,shown,ls KAULA S (1969)_..
f.value for C/MR2 | with the uncertainty-indicated7byi§hé.?Qﬁe"
| apof shadlng. | - | | | | .
_ Several of the denSLty dlstrlbutlons represented 1n flg;.:~
f10 are shown in flg. 11.’ For proflle D, the effects on. S
'idenSLty of temperature and pressure nearly balance out 1n '
- the lunar 1nterlor, the total range of den31ty is only about
pvl percent in the mantle. For the warmer temperature proflles,
d:temperature domlnates pressure in the llthosphere whlle the
r'pressure effect is: sllghtly greater than that of temperature-'
in the zone of meltlng and/or convectlon. The total varlatlon
of den51ty due to pressure and temperature in the lunar mantle
hgfor these temperature proflles is 2 to 3 percent. The valuesl
.Vof bulk modulus and thermal expan51on used for proflle B
are also shown _. | v | . |
. | For temperature proflles as cool as proflle D (SONETT
'gt_gl,, l97l),_flg. 10 111ustrates that the Moon s moment of
jlnertla ‘cannot be matched by a den81ty model that has a unlform
7¥imantle and yet satlsfles the Moon 8. total mass. For warmer ;:
:temperature models, the moment ofvlnertla can,be'flt to |

T

-
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withln-the presentAUncertaintynoverilimited_ranges of.

density values for the mantle'andulower’crustfmlFor profile

C, a value for C/MEz.vof .400 islobtained.iﬁ_ pé»‘exceeds

3}38 g/Cm3,’avcondition vehpreviously'deemediunlikely;-AThis
'would require the dens1ty of the mantle, at zero pressure and
{Vnear—surface temperature, to be about 3. 40 g/cm3.h It is of R
note that thls value is very close to the den51ty of the»

Imodel splnel pyroxenlte (p = 3 42 g/cm ). proposed by RINGWOOD:“
 and ESSENE (1970) ‘as the materlal of the lunar mantle. - For
_:proflles B and A densrty models w1th p2 greater than 3. 18

' and 3. 27 g/cm respectlvely, and unlform mantles glve

-i-moments w1th1n the 1ower range of acceptable values (KAULA,

_fl969) : These models have mantle den31t1es, at standard coneb
dltlons, in the range 3.42. to 3.45 g/cm3 Such a den81ty
could be matched for 1nstance, by a. Rlngwood-Essene pyrox—
‘_enlte plus ollv1ne w1th 100 Mg/(Mg + Fe) less than about
‘,83 (cf. GREEN et al.; 1971) ' The selsmlc velocrty of the
pyroxenlte or an OllVlne w1th greater than 17 mole percent
fayallte is too low to account for the p0531ble 9 km/sec |
_llayer (ANDERSON and KOVACH, 1972), but is allowed by the N
:most recent results 1ndlcat1ng an 8 km/sec mantle.; o
| That temperature proflle A glves lower values-for C/MR2‘

but hlgher mantle den31t1es than does proflle B 1s due to

'hthevfact that h;gher,temperatures in the iormer profrle are |
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conflned to the uppermost 600 km. The effect.of this tem-
perature dlfference may be seen in flg. ll. For*thewsame

values of and ”p:, the mantle above 600 km 1s less

Dl;
-dense and the lower mantle ‘more dense uSLng proflle A than

: ;f temperature curve B 1s adopted. AThls 1llustrates what :
bshould:haveebeen~obviou3° we cannot make7'C/MR2 arbitrarilyhph
- large by 1ncrea51ng the hypothe51zed temperatures w1th1n
the-Moon. The temperature at depth will ‘be limited by ‘the
h:appropriate meltlng curves and/or convection stablllzatlon -
.temperatures. A temperature dlstrlbutlon such as proflle .

2

- B maxlmlzes the value of C/MR - for other den51ty constralnts

flxed.A We*expect that all temperature curves«des1gned to :
flt the Apollo 15 heat flow, for lnstance, wrll glve C/MR2
less than that of profile B unless a solldus curve substan— -
| tlally hlgher in temperature than the one used here 1s |
lproposed. | B | A |

_ For ‘the temperature prof1le cons1dered above, none of ‘
the den51ty models w1th unlform mantles glves a value of -
‘C/MRZ equal to 402. leen the present uncertalnty ln the
nMoon s moment of 1nert1a, models w1th C/MR2 as 16w'as .3§9$'y

~must be con31dered acceptable. For proflles C and D and

'~iother models 1nvok1ng solid- state convectlon (TOZER, 1972),

'allowable values of C/MR2 are reached only if the lower f]

‘crust has an unusually hlgh density. vslmllarly;_dens;ty
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models'using.warmer.present-dav temperatures lncluding.
those consistent wfth the Apollo 15 heat—flow'value; give o
acceptahle.momentS'of inertia.for densities'of the lower
crust somewhat 1arger than may reasonably be expected

Thus, we conSLder below den51ty models in whlch the mantle
is lnhomogeneous. Spec1f1cally, we treat two-layered mantle:,;;i
”models that fit both the Moon's mass and moment of 1nert1a._;~
_There are plau51b1e phy51cal explanatlons of such 1nhomo-_
geneous mantles that bear strongly on the Moon s early
“'evolutlon. | |

| The conclus1on that the mantle of the Moon 1s.1nhomo—_
_geneous, we should note, is dependent on the values assumed 3
for the moment of lnertla and the crustal thlckness. From'
'hflg. 10, for lnstance, it may be seen that a value of B

1,398 or .399 for C/MR?

would favor a mantle unlform 1n
v;density and_major element chemlstry for most temperature
hmodels proposed forhthe Moon;_ Alternativelvf.if3the crust

1n the Fra Mauro reglon of Oceanus Procellarum is unusually
4‘th1ck say because of,the outpourlng of a 1arge volume of =
'basaltic‘lavai and the subsequent doynbuckliné'of_the crust,”
~‘then a homoéeneous'mantle might'be permittedevenpifth/MRzp
~exceeds .400. For .instance, models with a 30;km thick | _
;crust of densxty (at standard condltlons) 2 9 to 3 1 g/cm3;,

and a homogeneous mantle of den51ty‘such as-to fft the



total mass of the Moon give: C/MR2_='.400.to.,4bl~if?tem¥

‘perature profile B is used.

tervans e

4.5 Models'with?InhomOQeneou$vmantles-_ ld:f..
As a‘Simple first‘approximation'to.an 1nhomogeneous
. lunar mantle, we con51der the mantle to be composed of
dtwo homogeneous layers.: If the den51t1es of the crust and
a temperature proflle are assumed then the den51t1es of
the upper and lower portlons of the mantle are 51ngle-.
valued functlons of the depth to the boundary between the’
,twovlayers. To satlsfy the mean lunar densrty and C/MR2 =
402 the upper mantle must be denser than the lower mantle -
at 31m11ar pressure and temperature condltlons._ The preclse
Aden51ty contrast between upper and lower mantle 1s a strong
vfunctlon of other parameters used 1n constructlng the den81ty .
model o ‘ .- i | )
ThlS is lllustrated in flg. 12 where we plot 'p3f;55d'_

. p4, respectlvely the densities at standard condltlons of

'the upper and lower mantle, versus the normallzed radlus of"
_.the'lower mantle. Curves are shown for the several temper-
f_ature distributions_dlscussed earller; densxtles of the_ :

upper mantle,generally eXceed 3.5 g/cm3_ lower mantle

.\'..-..4.«--..*..

SRR I
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"*densities are consistently less than.3.5_9/cm3{ fhese'-
compare withsa mean lunar density, at standard conditions,v7
of 3.35 to 3 42 for the temperature models conSLdered
Mlnlmum den31ty contrast occurs at a 1ower mantle radlus R
Aof .7 to .8. R (350 to 500 km. depth) ThlS mlnlmum contrast
r-depends on the temperature model .and. the assumed lower crustﬁ“»
_den51ty but is 1n the range ,16 to 28 g/cm3 for the curveS"
'ishown in flg. 10. | | |
| A density reVersal in'the'lunar mantledis,.of course;f
grav1tat10na11y unstable. Thus for such a reversal to have'
'-per51sted for several bllllon years requlres that the Moon
;malntalned con51derable strength over that tlme perlod, at
_ _least to a depth somewhat in excess of the upper to lower 'if
,mantle trans1tlon.; ThlS requlrement, ln v1ew of the p0551—e
blllty that the deep lunar 1nterlor -may convect by solld—
state creep at moderate temperatures (TURCOTTE and OXBURGH,
'bi§69; TOZER, 1972),‘strong1yifavors a.thln‘upperpmantle,,.f
'Thevlrmitaticns on mantle structure may be;put in sOme;'
whate more Quantitative fOrm.v Imaglne that a thln dlke of
‘lower mantle mater1a1 penetrates ‘the upper mantle to the_
 base of-the crust. "Then because of the den81ty contrast,.
athere w111 be a dlfference 1n pressure between the ‘base
;of the dlke and the base of the normal upper mantle., Theb

, maxlmumbshear;stress I"at the base of the dlke, equal to
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half the pressure dlfference, is plotted for each temperature-(‘

,den51ty profrle in flg. 12 as a functlon of lower mantle
radius. The’ smallest values»of 1 are 200 to 300 bars,_

dependlng on the temperature model-' I' increaSes with the

thlckness of the upper mantle, though lS Stlll w1th1n 10 >.~f‘"'

'}percent of 1ts mlnlmum value for R/R = (upper mantle
(thlckness 110 km) Even the smallest values of these shearﬁ
stresses are 2 to 5 larger than the: creep strength of the -
‘.lunar-crust lnferred from crater'dlmen51ons (BALDWIN, 1968ff

'and the maxlmum shear stresses estlmated to .occur beneath

'mascons (CONEL and HOLSTRUM, 1968; O'KEEFE, 1968 WISE andfﬁ

YATES 1970) Thus the den31ty 1nversrons lndlcated ln h
Vflg._12 would be unstable to solld-state creep, a conclu31on

that would be strengthened by con51der1ng the add1t10nal

vden51ty decrease w1th depth due to the domlnance of thermal

expan51on over. compre551on (see figqg. ll) We conclude that

elther (1) a value for C/MR2 of .402 is untenable and

KAULA S (1969) lower 11m1t of .400 is more probably an upper

bound (11) the strength of lunar materlal 1ncreases w1th

depth or (111) the strength of the lunar llthosphere ln-v .

creases w1th tlme and the den51ty lnver51on 1mp11ed by
C/MR = ,.402 lS a feature more recent than the fllllng of
1the c1rqu1ar mare baslns and than ‘the formatlon of most

- P

craters. We consider these p0551b111t1es‘further below.
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The densrty contrasts between upper and lower mantles.
in the models of flg. 12 were calculated usrng C/MR2 _49;.
'If Kaula s lower llmlt of .400 is assumed, then the density |
,contrast and 1mp11ed shear stresses w111 be less for- a glven

‘upper mantle thlckness. For lnstance,-lf pl = 3. 0 g/cm ’

- Py, =3.1 g/cm and temperature proflle B is adOpted, a ;'

_thln (20 to 40 km thlck) upper mantle w1th den51ty 3. 7 g/cm
'at standard condltlons w1ll give C/MR2 = 400 the 1ower?;
“mantle den31tyvls 3.43 to 3 44 g/cm3 for such models; .Suchy_'
a thin dense layer flts w1th the suggestlon of a hlgh—.-'.
i«hveloc1ty layer beneath the crust dlscussed above.. Further;'
fthe maximum shear stresses assoc1ated w1th the graV1tatlonal
Eilnstablllty are only 40 to 80»bars.- It is not lmprobable
tthat the upper 100 km of the Moon could have supported L

_such stresses for the required several bllllon;years,c;rv

4.6 Possxble Explanatlons of a Dens1ty Inver51on

The boundary between upper and lower mantle, 1f valld
Arepresents ‘a chemlcal and/or mlneraloglcal tran51t10n. hAt'
'least three p0531ble explanatlons, not completely 1ndepen-:
_Adent, of such a transition may be env1s10ned (l) The
‘upper mantle ConSlSts of a hlgh-pressure ver51on of the»

v lowericrust (cf. ANDERSON and KOVACH, 1972) The crust-~ﬂ
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jmantle boundary is.a phaSe boundaryhassociated_wlth<the'":_
breakdown of plagloclase. (2) The upper mantle is the.f
.7re51duum left behlnd after melting and fractlonatlon of the

| ‘lunar crust. The upper mantle—lower mantle boundary repre—_’a

l‘.7sents the 1ower llmlt of meltlng in an early perlod of lunar

1gneous act1v1ty. (3) As a result of a dlfferentlatlon pro-‘

Aﬁf:cess 1nvolv1ng the bulk of the Moon, the upper- mantle 1s
"rlcher in Fe (SMITH et_al., 1970b) or in Ca and Al (ln j“
-hlgh-pressure phases) than the 1ower mantle. .-'

| The pos51b111ty that the upper mantle is merely a

-‘hlgh—pressure form of the lunar crust is explored ln flg. 13.

' _Shown there are the stablllty f1elds of mlneral assemblages'v

:dfor ‘mare basalt (RINGWOOD and ESSENE, 1970) and a terres-t

l rlal gabbr01c anorth051te (GREEN, 1970), also shown are
”ithe ranges of_reported stablllty boundarles for the plaglo-
:.fclase end members.' All of these curves are extrapolatlons

'-from hlgher temperatures and pressures and must be con51dered

vapproxlmate at best. Superlmposed on the phase boundary d1a-

' grams are several possible temperature curves for the shallow

portions of the Moon; also 1nd1cated are the pressures at’
;the base of the upper and lower crust. »
It is 1mmed1ately apparent that 1f a hxgh dens1ty form '

of the alumlnum—rlch lower crust constltutes the upper mantle,
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;then the crust—mantle 1nterface ‘is probably not an equlll-»
fbrlum boundary._ It mlght, however, be a rate—process boun—

‘ dary. Though the tran51tlon zone - for the plagroclase-ff»:

‘,,;rlch materlal in flg 13 is wide, it is not necessary that

ﬁthe accompanylng den51ty increase be a gradual one unlformly

"{3dlstr1buted over the transrtlon 1nterval. The work of ITO

;;and KENNEDY (1970) on the basalt-ecloglte trans1tlon 1n an:,
l”ollv1ne tholellte suggests that the largest den51ty Jump L
'«w1th1n the transition of the calc1um-r1ch lunar materlal
will occur at.pressures near to or somewhat less than the .
:hanbrthite breakdown'boundary.vahus the crust-mantle

’sboundary could concelvably be a phase boundary w1th a sub—

'v:;stantlal denSLty contrast 1f a rate-llmltlng temperature

[curve 1ntersects the P-T" curve. of the largest den31ty ln-s
i_crease at a. pressure correspondlng to 65 km depth The»
tmetastable boundary would have been frozen 1n when the
o‘temperature at 65 km cooled below the rate-lrmltlng value,A
:an event ‘which mlght have occurred relatlvely recently 1n”
' ilunar hlstory. : | | '
| ' If the upper mantle and lower crust do-not have the |
~ same comp051t10n, but the upper mantle 1s rlcher in Al and
voCa than the lower mantle, then the den51ty contrast be-“
A:tween upper and lower mantle may st111 ‘be due to the insta-

11b111ty of.feldspar 1n-the lunar ;nterlor.v_To lllustrate a
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this we have drawn 1n frg. 5, superlmposed on the thermal {hi'
.hlstory dlagram, the approxlmate boundary between feldspathrc
and spinel pyroxenltevfor the mare—basalt parent materlal.--
proposed by RINGWOOD and ESSENE (1976); Thefdeduction t§3r
" be drawn from the figure is that the spinel pyroxeniteu'”
. assemblage vould.have become stable_in the upper mantlgh:,_
only 1 to 2 b.y. after lunar origin. The earliest phase:_j
jchange would have occurred at the base of the llthosphere,:‘
and 1t is p0551ble ‘that grav1tatlonal srnklng of chunks
Of the transformed llthosphere 1nto the underlylng molten ?Q,
,zone malntalned the llthosphere thlckness at a nearly constant.
vvalue for some tlme. The transformatron to the dense ‘ |
assemblage for most of ‘the upper mantle mlght then have -
hoccurred later than suggested by flg. 5 and - thus the shear
stresses of flg. 12 mlght be marglnally perm1551b1e.¥," |
| If both the crust and upper- mantle are rlcher 1n-A1
and Ca than the 1ower mantle, then the Moon must have under-

’”gone a compllcated dlfferentlatlon process 1nvolv1ng most d

' .1f not all of" the 1unar mass elther durlng or shortly

_after accretlon.- Suppose, however, that the hlgher den51ty

‘y;upper mantle is re81dual materlal remalnlng after the meltlng

episode during which the lunar_crust was formed. Then a-

'natural'queStion'to,ask is whether the lower mantle has



the same major element composition as the'averaée of crust
1‘and upper mantle, i.e. whether an evolutionary sequence'.
calling for accretion of . the Moon. from material homogeneous‘
-jin density and_differentiation lg EiEE,Qf the crust and

: upper-mantle'is>permitted by'the constraints of mass.andlv
-moment of inertia. A requirement of such an‘evolution is
.that the den51ty of the lower mantle equal the average'
'den51ty of crust and upper mantle and, thus, the mean den—
.Slty of-the Moon, all den31t1es measured at standard con-.

'.ditions._ The mean den51ty of the Moon at standard condltlons

"fis indicated by an arrow in the lower left of fig 12 for '
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each temperature proflle of flg. 3. The lower mantle den51tym_

94 is at least 7 percent less than the mean lunar den51ty
,Sf for.profiles C and p. For profiles A and B,.__p.4 liesp;-.
-4withinh.5‘percent of"s if R3/R exceeds, respectlvely,_
Z.QO and ,86,‘corresponding-to depths to thealower mantlen
of 170 and 240 km; the upper mantle density must,exceed'
d{G g/cm3; ‘ o '
| The calculations'ahoye“have neglected two phenomena
which affect the‘comparison of o, with 5;. melting and_“
solid-solid phase'transformations. If'portions’of the |
l0wer mantle.are molten, then ‘we should ralse P4 before

comparison w1th the average den31ty of the presumably .

solid crust and upper mantle.. (This latter;den51ty will
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->dstlll equal.the value of P shown in f1g 12 but the mean | :
-lunar den31ty at standard condltlons w1ll not ) L1m1ted data,'
;1nd1cate that the change in dens1ty of a rock upon meltlng at
zero pressure is about 10 percent (SKINNER, 1966), because of f

~ the larger compre351b111ty of the 11qu1d phase (MURASE and

".;SUZUKI, 1968), this den51ty change w1ll decrease w1th pressure;

fEstlmates of the volume change at meltlng obtalned by comblnlng
',thermodynamlc data (ROBIE and WALDBAUM, 1968) ‘with the slopes SR
‘ of the meltlng curves for feldspars, pyroxenes and 011v1nes"7.-
'(BOYD and ENGLAND 1963, BOYD et al., 1964 AKIMOTO et al.,
ff1967) 11e in the range 3 to 9 percent at 20 kb pressure._ ‘Thus
'iat depths below 400 km 1n the Moon a volume change of perhaps
xfno more than 6 percent upon meltlng should be expected Further,f
»;1t is unllkely that there are exten81ve reglons of complete :“'
“-:meltlng,_heat transfer by convectlve transport would qulcklyl

-scool a thoroughly molten zone. - We expect that 20 to 25 percent-

.'ﬁfmeltlng by volume is a generous upper 11m1t to the extent of

',.;meltlng For larger melt concentratlons, upwards mlgratlon

4of the liquid phase would be ant1c1pated To sum up, 1t is
';unllkely that meltlng w1ll affect denSLty by more than about o
l 5 percent because none of our thermal models has a present?
day temperature proflle that shows meltlng shallower than about:
'500 km, the effect of meltlng on lower mantle densxty w1ll be'
gto 1ncrease our estlmate of p4 for proflles A and B by about

.5 to 1.5 percent dependlng on the ch01ce of depth to the
blower mantle. o '

The effect of SOlld-SOlld phase changes ‘on 04 ﬂis-

‘crltzcally dependent on the assumed comp051tlon. The basalt-

ecloglte tran51t10n in mare basalts 1s accompan1ed



by a den51ty increase estlmated to be- between 7 and 11

_‘percent (RINGWOOD and ESSENE, 1970; GREEN et al., 1971)

'The more plagloclase—rlch hrghland and lower crustal materlal

- should have a larger den51ty Jump. The breakdown of pure B

anorthlte lnvolves an rncrease of den51ty of 27 percent

'GREEN (1970) estlmated that a terrestrlal gabbr01c anortho-”'
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.-s1te should glve ‘an 11 percent density rise after dlsappearance

h:of plagloclase. A reasonable estlmate for the den31ty dlf—}”

ference between the hlgh pressure and low pressure forms

-of average 1unar crustal materlal 1s 10 percent.'

The lunar crust constltutes 10 percent of the mass and_
11 percent of, the volume of the Moon.“ If the lower mantle j'
' 1s 1sochem1cal w1th a mix of crust and upper mantle, then jf'

,the correctlon to 04 whlch we must apply due to pressure—h'

mantle. We assume the upper mantle ls dev01d of Al and Ca,d

’then the den81ty 1ncrease in the lower mantle due to thev

f- phase-transformed crustal materlal 1s the correctlon to be i
'con31dered subtracted from »04. Lower mantle rad11 of 9R,'
-.8R, and .7R would 1mply, for lnstance, that lunar crustal_h

comp031tlon amounts to, reSpectlvely, 39, 22 and 16 percent}

by volume of the lower mantle. Thus ,p4k‘shou1d be lowered;

‘by, respectivelv, 3 9, 2. 2 and 1. 6 percent for the above .
~ values of 1Rj. | |

R

v"»lnduced phase changes depends -on the thlckness of the upperj S



Let us reconsider whether Py can equal‘the averagei

densrty of crust and upper mantle Aif all denSLtles are

~ measured at.standard condltlons. For temperature proflles

C and D, there is no correctlon to '_4 due to part1al

melting; but sp4. should be lowered if solld—solld phase'rﬁ
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- transformations~are con51dereda Thus -04 gmustabe‘less than,__:”

the average density of crust and upper mantle by about 4

:percent-or more for these temperature,models;. Eor»profiles

A and>B, correCtions‘duefboth to’partial-meltingxand to’=

SOlld—Solld tran51tlons must be made. Follow1ng ‘the argu- '

’ments glven above we corrected Ap-4 for these effects for
'the den51ty models of flg. 12 assocrated wrth temperature

proflle B, -Thls corrected (see flg. 12) shows a

.94
'relatlve»maximum at about R /R ?;] but for all values .
:of RS/R’ py 1is at least 2 percent less than the average,
;denslty-of crust and upper mantle.' A sxmllar conclu31on x
can be made for proflle A models.. | h "7

| Thus for all temperature models con51dered, a value )
' for» C/MR2 of 402 can be met only 1f the lower mantle
pof ‘the Moon is less dense at standard condltlons than the-
comblned crust ‘and upper mantle. Thls could be achleved,”
by smaller amounts of Al and Ca or of Fe in the lower-

,mantle than 1n the ‘average crust—upper mantle materlal

‘In elther case, the composztlon of the lower mantle does '
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not match.the bulk.composition-of therMoon_andnextensive
differentiation’of the”Moon; either-during~or~somewhath
later than’the time'ofsaccretion; is required} “This con-;”
'clu51on has been reached by other workers (HUBBARD and
GAST 1971) using somewhat dlfferent reasonlng.‘

That primary accretlonal zonlng of major elements in o
% the Moon is a strong possrblllty 1ends some support to_ |
_thermal evolut;on models w;th prlmordlal-zonrng'of radio-
actiVe elements;~ Further,'if the contrast in'heat~sources
between a radloactlve upper mantle and a lower mantle poor
1n radloact1v1ty is sufflclently large, then temperature
- in the lower mantle mlght have remalned cool throughout lunari -
'hlstory. In the model of f1g 7, for 1nstance,_the Moon
below 450 km has never been molten and present-day tem-
perature decreases w1th depth throughout much of the lower
mantle. Thls type of model may offer a solutlon to the
i stresses 1mplied at the base of the upper mantle by 1nho-
'mogeneous dens1ty models de51gned to match the Moon s
gmoment of 1nert1a. The strength of the lower mantle in
such a thermal model has been greater than that of the lunar
fcrust for most of the Moon s hlstory and has con51stently

been an 1ncrea51ng functlon of depth below 400 to 700 km.'
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5.  ON A CORE

The'existence of-a predominantly-iron eore,'and the
_'requirement that it be molten from 3 to 4 b.y. ago, would N
,place 1nteresting constraints on early lunar history.. In
‘Apartlcular, for the- lunar center to be at a temperature |
-above, say, the Fe FeS eutectic (BRETT and BELL, 1969)
at_4 b.y._ago, either_the Moon must.have formed-at suchva
._temperature'to begin Withbor.have formed at somewhat-cooler__:
vrtemperatures ( 500 C). and have begun w1th substantial
radioact1v1ty at depth.» In either case, Moon-w1de dlffer-se'i
. entiation is strongly suggested._‘ ‘ 7‘ .
- A thermal history model such as that of fig. 5 is’
gconSistent w1th this idea. TemperaturesA.S b y.vafter
‘lunar or1g1n~exceed the Fe—FeS~eutectlc, also shown_in the
dfigure, throughout most of the Moon.i Thusioore'formation
by melting, 31nk1ng and aggregation of 1ron-r1ch droplets:
'is achieved prior to the formation of:the oldest‘lunar ,f‘
'frocks possessing remanent magnetization; -Thermal history
2models such as that of fig. 7, w1th 1n1t1ally cold 1nteriors
.depleted in radioactive elements, are incon51stent w1th an
early molten core. A feature common to most, 1f not all,
: thermal evolution models yielding formation of an Fe-FeS

- core prior to 4 b.y. ago is that the core should still be
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<molten_or partially molten today .- .Thus depending.on the -
sulfur'contentﬁof the;core,Aone»might_have to‘inyoke some
‘argument other»thanugore:solidification (¢§9; decay of
heat.sources) to'explain the lack-of appreciable.dipole
magnetlc fleld assoc1ated with the Moon at present.

The presence today of even a. pure-lron core is not .
precluded by the moment of 1nert1a. L1m1ts can be placed _
_on the size of such a core, but. the . 11m1ts depend upon
several,assumed propertles. Assumlng‘values for:the den-.
'sities of the core'and the'upper and lower'crust, and
. adoptlng a present day temperature proflle, one may calcu-:
vlate the. den51ty of the mantle, assumed homogeneous, and
moment of 1nert1a from the total mass of the Moon. Thls 1s.
,_done in flg.,l4 for two rough llmlts.v In the optlmlstlc |
" curve, the- lower crust is glven a den91ty of 3 4 g/cm4,
vthe temperature distribution is taken from a thermal evo-_
lutlon model w1th 1n1t1ally molten Moon w1th present day
bulk uranium concentratlon 23 ppb, and the ‘core . is taken to :
be 12 percent less dense than iron (modeled after the earth s
houter core, see PRESS 1970) In the pe551mlst1c curve, the
1ower crust is glven a density of 3 0 g/cm3, the temperature
dlstrlbutlon 1s_that of SONETT gt_gl..(lQ?l),cand the core
is taken to he{pure iron. " The predicted ;C/MRZ for the

- pessimistic model is too low andvrequires an inhomogeneous
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dmantle even if no core is present; The optimistic model
3allows a small core (R, /R = .14, or .005 of the lunar mass).
even w1th a homogeneous mantle. For such a. core, the
" mantle den51ty (at standard conditions) 1s lowered about
.3 percent from the core—free value._ U51ng a temperature
~ model with»higher radioactivity:so as tofsatisfy the Apollo
15 heat flow would allow an even smaller core (R/R = .09)
_without postulating an inhomogeneous mantle;

If the Moon contains a small 1ron-r1ch core with
additional sulfur, then the suggestlon of LEWIS (1971) ‘and
bHALL and MURTHY-(1971) that.pota551um would have to be en- .
riched in an Fe—FeS melt ‘relative to 5111cates has 1mportant
;1mp11cations for thermal evolution._ ThlS 1s lllustrated
‘in fig. 15. in fig._lSa is shown the thermal evolutlon
: for an initially molten moon w1th U = 11 ppb, -K/U s 2000}
.and Th/U = 4. All radloactlve elements are concentrated
ltoward the lunar surface shortly after the time of 1unar |
”formation.  The model predlcts a solld Moon today and a
surface_heat flow of 10 erg/cmz-sec.b In fig 15b is shown
the thermal.ewolution‘for a moon'with the same 1n1t1a1
temperature profile and U and Th abundance,‘but a
chondriticidK/U ratio of 80 000 (WASSERBURG et al., 1954)
The near- surface radloactive heat generation lS the same

as in fig 15a, but 39/40 of the potaSSLum 18 assumed to _
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remain in a 340 km radlus'COre. The result; while not
profound} is.spectacular; 1Heat_fromlthevadditional.potassiam
is sufficient to keep most of the Moon melted throughouti'
its history. The Mooh~is moltenjhelow 300 km‘at preseht-;
and the surface heat flow is 17 erg/cmz—seoi ~These calouF_
latlons are not 1ntended to be reallstlc-_ the Moon 1s not
chnodrltlc and an iron core, if present, should probably BN
pot be currently molten. Rather these results are 1ntended -
to demonstrate'the importance of properlyﬂaccountlng for all

heat sources'in performingAthermal,hiStory_calculations,'

6.  CONCLUSIONS

A wide assortment of data now constraln models of the
compos1tlon, struoture, and evolutlon of the Moon's 1nterlor.
'we have qgantrtatively_examlned some of these_constralnts |
' ahd thehsuite of lunar mooels.COnslstent with them. oOur
lflndlngs 1nc1ude the follow1ng o |
(1) Models of the thermal evolutlon of the Moon that flt

the chronology of surface 1gneous aot1v1ty( the;need

for a oool,.rigid lithosphere since the formation of

“mascons, and the surface concentrations of radioactive -



(2)

3)

it

elements all involve extensive differentiation'and

upwards- concentration of radioactive heat sources

‘early in lunar history. This differentiationfmay be

either a prlmary accretlonal feature or a product of -

' nearly Moon—w1de meltlng.

If the Apoilo 15 heat-flow'Value of 33_i.5 erg/cmz-sec

-(LANGSETH ét ‘al. , 1972) is repre'sentative of t'he'Moon, ‘

"~ then the average concentration of uranium in the Moon
'1s currently 65 15 ppb, assumlng the Th/U and K/U
'ratlos of 1unar surface rocks hold throughout the }

1nterlor. Such models have 11thospheres 400 to 500

km thick at present and may or may not be partlally.

melted at greater depths. - We cautlon,‘iowever, that

rlgld appllcatlon of surface heat flow as a constralnt
on the Moon S thermal evolutlon should awalt the

Apollo 17 heat-flow exper1ment.{

Thermal hlstory calculatlons are’ only marglnally useful
for dlstlngulshlng between prlmary accretlonal zonlng

ofvradloactlve heat sources and an early,meltlng eplsode,

including extensive differentiatioh. ' The major difference-

between the two sets of models is the temperature'of;

‘the innermost 1000 km, a region of theiMoon'for which'



independent information from seismic velocity or

electrical conductlvity‘studies~is currently»lackingilu'

Density models for'the Moon, including the effects of

pressure and temperature, can be made to satlsfy the

~mass of the Moon, KAULA'S (1969) value for C/MR of '
..402 % .002, and the presence of a low-den51ty crust
" some - 65 km ‘thick ('roxsoz et al., '1972a, b) only 1f the
- mantle of the Moon is chemlcally 1nhomogeneous.‘ Spe-'
.c1f1cally, the den51ty of the upper mantle must exceed:'
the~den51ty at similar pressure and temperature;of thef

lower mantle by a minimum of 5 percent. The need for -

an inhomogeneOus mantle can be avoided'if C/MRZ isn_g_

less ‘than .400 or, alternatlvely,vlf the average

_flunar crust is con31derab1y thlnner than 1n the Fra o

Mauro reglon-of Oceanus Procellarum : For models w1thv

homogeneous mantles, the mantle den51ty ls equal to\_
that of a pyroxenlte or olivine pyroxenlte, 1n agree-

ment w1th-selsm1c veloc1ty (TOKSGZ et. al., 1972a, b)

'and petrologlcal (RINGWOOD and ESSENE, 1970) cons1der-
latlons.‘ For the more llkely models w1th 1nhomogeneous
_mantles, the upper mantle denslty probably exceeds

3.5% g/cm . If the upper mantle was the source reglon :

: for mare basalts, then con51deratlons qf mantle

180 -
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mineralogy basedjon assumed densities (e.g.,GREEN

et al., 1971)_willlneed»revision.

The den51ty 1nver51on suggested for the mantle of the

Moon is grav1tat10nally unstable. To match C/MR- = .402,'

jthe maxlmum shear stress at the base of a column or dlke 4

of lower mantle penetratlng the upper mantle must be

';2 ‘to 5. tlmes the maximum stresses assoclated w1th the

Moon s grav1ty fleld. Such stresses could not generally

have per51sted throughout lunar hlstory, suggestlng
2

“ (1) C/MR for the Moon is more properly 400 or less,

or (ii) the high- den51ty of the upper mantle 1s -a |

‘feature more recent than the last maJor eplsode of

meltlng and 1gneous act1v1ty, and is perhaps a result

1of a Ca-Al rlch upper mantle pa551ng through a phase _]

boundary durlng coollng, or (111) the deep 1nter10r has
always been relatlvely cool and capable of supportlng
reasonably large stress dlfferences, a suggestlon whlch

can only be satlsfled by thermal models 1nvok1ng pr1-'

_mary depletlon'ofvheat sources 1n_the 1nter10r of_a.'

moon accreted at cold temperatures (GAST and MCCONNELL,

1972).

~From the density contrast between upper-and'lower mantle
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required‘if‘C/MR2 .402, the lower mantle must'be

less dense at standard temperature and pressure than'
the combined crust and upper mantle._ Thls conclu51on
is strengthened by con51der1ng the p0531b1e effects
on dens1ty of partlal meltlng and solld-solld phase

tran51tlons.b Thus models of lunar evolutlon calllng

'for homogeneous accretlon and 1n 51tu dlfferentlatlon

of the crust and upper mantle are-ruled out, and
prlmary or early moon-wide dlfferentlatlon of the major

elements (espec1ally Fe, Ca, Al) is requlred.

A small iron-rich core and a'chemically‘uniforme,_'“'

mantlefarelpermitted’for someetemperatureAmodelshand:f

'fOr-some values'of crustal density.“ The radius of

the core can be no more. than 14 percent of the 1unar
radlus 1f-the mantle 1s homogeneous, The presence of '
a heavy core in the Moon exacerbates the problems - |
of den31ty 1nver51on and 1mp11ed stresses requlred.by

the moment of lnertla.

Confirmation of an iron-rich core in the*Moon,'ande'
the need for it to have been molten between 3 and 4

b Y. ago to have generated an 1nterna1 lunar magnetlc

fleld would have- very 1mportant 1mp11catlons for'
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lunar.thermal evolution; The initial tenperatﬁre.

in the .deep interior of»the'&oon wonld have to exeeed.
1000°C or, if-cooler; weuld have tb'be sufficientlyi‘
rich in radloactlve heat sources SO that such a o
temperature is reached in the flrst 5 b. y.' Furtherj
the likely presence of K40 in’ an Fe-FeS core wonld ff
alter the‘distribntion ef heat sources eommonly:;fs
assumed in thermal hlstory calculatlons and would

probably yleld a molten core at present.
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"Figure 1. -

Figure 2.

~ Figure 3.
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,FiGURE'CAPTons-

hbbserved compre551onal veloc1ty proflle in

‘the Moon (hatched 11nes) compared Wlth laboratory
.measurepents‘of velocity as»a=functlon>of=
pressure in 1uharu(humbered)-aud terrestrial
'ﬂkhamed),rocksgnghe 1un§r‘p;@f;lefis_fgbm’e,_
‘TOKSOZ-éE_ai.4(l972a;b), where theisourcesdof
:iaboratory'data areigiven'in:full.r,b' |

jA schematlc summary of those aspects of the

.‘{hlstory of the lunar surface relevant to the

questlons of the constltutlon and evolutlon of

- the Moon's 1nterlor, ;Sources-for th;s summary-
are quen‘in the text.. Items‘included nearche

'-top of the flgure are well documented entrles

are progre551vely more speculatlve toward the

bottom.,

The variatidnsof some'features Offthe Moon with -

average present day uranium concentratlon for a
family of lunar_thermal hlstoryomodelsu All
hodels start'from an.initial;temperature profile

'r'of TOKSOZ et al. (1972c) ‘and given by'a»model‘of‘

accretlon at 0° C over a 100 year tlme 1nterval

| w1th'an:accret10n rate from_HANKS;and'ANDERSON-

(1969), assume Th/U = 4 and K/U = 2000 throughout



Figure 4.

"Flgure 5.
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\

;th¢ Moon today, -and include-theheffects of
asimulatedvconVectionﬁand differentlation dpon1. l
T:melting;_ The'last_major differentiatiOn was'at’
jl.9'b f. afteruoricin.. Deflnltlons of pr1mord1a1

‘ core and llthosphere are glven 1n the text. hThe:
:~box outllnes the range of uranlum concentratlonsv
) that match the Apollo 15 heat flow of 33 £h57‘-
»”erg/cm -sec (LANGSETH et al., 1972) Clrcles
 ‘denote the spe01f1c models whlch were 1nvest1gated

jand from whlch the curves ‘were drawn.,s

'*.The marlatlon with average. present-day uranlum
c;concentratlon of heat flow, and dlmen51ons of |
i;present—day 11thosphere and prlmordlal core for
a sulte of thermal hlstory models startlng from
f'fan 1n1t1a1 temperature curve based on accretlon
i;at 500°C and assumlng the last maJor dlfferentlatlon'
”to have been 1.6 b.y. after lunar orlgln.n:All

fother parameters and symbols are 1dent1ca1 to. |

those in figq. 3.

:rA,model of‘temperature,in.the Moon as a functiOn
°'of_time Since'lunar_origin. Tlme, 1n bllllons
g ofvyears,;is‘indicated by the number adjacent'to'

-each profile. The 1n1t1al temperature dlstrlbutlon

is calculated from a 81mple model of the accretlon'



-"Figure' 6.

Figure 7. -
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[‘process (TOKSOZ et al., 19720). accretlon at
'0°C over ‘a 100 year tlme span are assumed The
'T.MOOD>IS partlally orncompletely molten at those

j»;depths where:the'temperature profilevlies along

the solldus of ‘mare basalt (RINGWOOD and ESSENE, -

11970) The depth range for complete meltlng is
;dellmlted by the small arrows above the solldus.,'

TAlso shown are the Fe- FeS eutectlc temperature

(BRETT and BELL 1969) and the phase boundary

.?'between feldspathlc and splnel pyroxenlte 1n the
| _model lunar mantle comp031t10n of RINGWOOD and
. ESSENE (1970). | : N

'1yThe;éxtent of melting as a.function'of timefinfo

the thermal model of fig.JS., Heavy stlppllng

- denotes complete fusion; llghter Stlppllng
-7indicates partialvfusion.

'Thermal evolutlon in a Moon derlved from 1nhomo-.
' geneous*accretlon. The 1n1t1al temperature.'
'profileffOIIQWS,frOm-a presumedfcold (0°cC) .

"adéretion over-a'looo yéar,timé interval;'-Primary

ZOning'of radioactivity is assumed; see text.

B Other parameters and symbols are 1dentlcal to ’

those of fig. 5.
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Figure.B. :The extent of meltlng in the thermal model of

fig. 7.‘ Notatlon as in fig. 6.

Figure 9. éome estimatessof presentfday-temperature in the3:
Moon.: Profile A is the final temperature curme_
hffrom»fig;AS._lProfiles-B and-C are‘from TOKSOZ
-:-éﬁeélh (1972c), the range of present-day ‘
;_temperature proflles in thelr models 1s 1ndlcated--
fuby the stlppled reglon. Proflle D is from
:'SONETT et al.»(l971) The solldus is that of ff
]'mare basalt (RINGWOOD and ESSENE 1970) M
Figure 10. The varratlon_of*the moment of';nertla C/MR2 ahdf
| the density 53'0f the'mahtle as’a functioh‘of' |
the densxty Py of -the lower crust for models of
" the lunar density proflle w1th homogeneous o
"mantles.- The letters A through D correspond to :
-ﬁtthe temperature proflles of fig. 9. A den31ty
-mof 3.0-g/cm is assumed (see text) for the upper'
::crust. The shaded reglon 1nd1cates the 11m1ts
- of uncertalnty 1n the observed moment of 1nert1a
of the Moon (KAULA, 1969). .  ° |
V'Figure 11.:1}The variation‘of density with radius in the‘Moonr;.
'eforrseveral mddeis with«homOtheousdmahtles.l |
i,ThehletterslA:through Dﬂcorrespohd_toAthevtemperé

. ature profiles of fig.JS;,lh;density of 3.0 g/cm>



7,1Figure lzt
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Q_is assumed for-the upper and lower crust' -Shown

falso are the values of bulk modulus K {in Mbar)

-5,

'and thermal expan51on-a~(1n 10 °C ) used_ln
- conjunctlon with the den31ty dlstrlbutlon A |
."approprlate to temperature proflle B. o
T'The variation'Of densities p3'and p4 of'the_rhb‘
~1upper and lower mantle as a functlon of the
'Vnormallzed radlus of the lower mantle.: Den51ty"
1models match the mass and moment of lnertla of
_pthe_Moonf' Den51t1es of 3.0. and 3. l g/cm 'jref'h .
ai;adbpted for‘thejupper andslower.;;ust, respectively,s
o The letters A through D correspond'to‘thef'.
‘temperature proflles of f1g. 9._ Also shawh'afe
.:the average dens1ty of the Moon at standard
f_condltlons (arrows at lower left) for each

'_temperature dlstrlbutlon and the maxlmum shear

"u'stress T 1mp11ed by the dens1ty 1nver51on 1n the

ﬁFigureIIB,..

t“on potentlally lmportant phase transitlon

lunar mantle (see text) The;dotted_llne_ls p4

'for-proflle B corrected for the effeCts of

'?partlal meltrng and SOlld-SOlld phase transformatlons
;ﬁ(see text) | . |
-Several'estimates of the temperature'distribution -

Jhln the shallow portlons of the Moon superlmposed
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: phoundaries. Extrapdlations of:the.preSSure{
temperature boundaries_for the f;rSt appearance
’(with'increasing'pressure) of.garnet and the
dlsappearance of plagloclase are shown as SOlld

_’ lines for Apollo 11 basalt (RINGWOOD and ESSENE,

_‘1970) and asvalternatlng short-and longddashes

- for a terrestrial gabbroic.anorthosite (GﬁEEN,
f‘1970) The- range of equlllbrlum boundarles,,also:
_extrapolated, reported in the llterature for'
'tAlblte = Jadelte + Quartz (BIRCH and LE COMTE
;1960 NEWTON and KENNEDY 1967 BOETTCHER and J.
-WYLLIE 1968) and Anorthlte Grossularlte +

"Kyanlte + Quartz (HAYS 1967 HARIYA and KENNEDY,

11968) are shown as stlppled bands. Temperature =
?_proflles 1nclude that of SONETT et al. (1971)
.(dashed)f-the range of.present-day temperaturesv, L
" in the'models.of Toxsdz'éf al. (1972¢), and the
fﬁrange of temperatures spanned hy a number of e
- .thermal hlstory models.generatedlto match_the:‘r.'
| _ApOi'lo 1'5': heat flow (LAﬁGSEfrn;étf a-l-.., 1972).

-Figure_14. The effect of an lron rlch core of radlus R on

2 and the mantle

the moment of 1nert1a C/MR
”_den81ty py in two models of_the Moon with homo-

. 'geneous mantles. - In the~foptimistic" model;f-



‘;Figure 15.

: ?he effect of K

201

“the lower crust is assumed to be relatlvely

A*dense (3 4 g/cm’) and temperature ‘curve B is

adopted.. In the pess;mistlc model, a’ lower

B crustal den31ty of 3. 0 g/cm3 and temperature

~‘prof11e D are. used

4041n an Fe-FeS core on thermal

' history. (a) Temperature evolutlon in an

’1n1t1ally molten Moon w1th average U concentratlon .

ll ppb, Th/U = 4 and K/U 2000 at present
(b) Temperature evolutlon in a Moon s1m11ar to |
(a) except that K/U = 80, 000 1n the bulk Moon,- g

but K/U = 2000 everywhere except in a core. of

4rad1us R -..2R.'
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