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COMPARISON OF THE ANALY@.CAT:! resuts NY1 24550

FROM THE SURVEYOR, APOLLO, AND LUNA MISSIONS¥

Anthony L. Turkevich
Enrico Fermi Institute and Chemistry Department

University of Chicago

ABSTRACT
The prineiﬁal chemical element'composition and

inferred mineralogy of the powdered lunar surface material at
five mare and one terra sites on the moon are compared. The:
~mare compositions are all similar to one another and compar-
able to thaf of terregtrial ocean fidge basalts éxcept in
' having higﬂer titanium andimuch lower sodium contents than
the latter. Tﬁese analyses suggest that most, if not all,
lunar maria have this chemical composition and are derived
from rocks with an average density of 33192g cm—s. Mare Tran-
quillitatis differs from the other three maria in ha&ing twice
the titanium content of the others.

' The chemical compésition of the single highland
site studied (Surveyor’?) is distincﬁly different from that
of-any of the maria in having much lower amounts of titanium
and iron and larger amounts of aluminum and calcium. The
inferred mineralogy'is b5 mole percent high anorthite plagio-
clase and the parent rocks have an estimated density of 2.94
g cm—3. The -Surveyor 7 chemical composition is the principal
contributor to present estimates of the overall chemical

compositicn of the lunar surface.

* Presented at the Apollo 12 Lunar Science Conference, Housfon,
Texas, January 11-14, 1971; submitted for publication in the
Proceedings of this Conference. .



Analytical information for the principal chemical
elements is available at present from six sites on the moon.
The location of these sites, thelr characteristics, and the
nature of the analytical technique used, are summarized in
Table 1. The phrase "priﬂeipal chemical elements" is used
here tco denote the elements usually present in rocks in
amounts greater than about 0.3 atom percent. They comprise
the elements O, Na, Mg, AL, Sl, Ca, Ti and ¥e. These elements
constitute about 997 of the atoms, and, therefore, determine
the gross chemical nature of the lunar surface. The analyses
compared in this report are those of the powdered materlal
at a given site. It is felt ?hat, in the case of the princi-
pal chemical eiements, the chemical composition of thie
material repyesents the average of a giéen area of the moon
better thari the composition of individual rocks.

Although the éurveyor analyses, obtained by the
remote control alpha scatterlng technlque, are usually appre-
clably less precise than those on returned lunar samples,
they,represent half of the sites on the moon from which infor-
mation is.available. Theilr accuracy is adeqguate to establish
ehe gross rock type and even some of its special characteristics.
In addition, the.Sufveyoa\T chemical anaiysis is'at present
the only one from a highland site on the moon.

.Finally, at the piesent stage of lunar and planetary
investigations, a comparison between remote control analytical

results and thosé obtained on returned samples can help make



_3..

proper decisiéns about future exploration of the moon, aster-
oids and planets. In this connection it should be borne in
mind tha£ the capabilities of reﬁote control analyées by
various technigues are continually improving. The Surveyor
missions represent the state of technology of one particular
technique almost ten years ago. Not only could the accuracy
for the principal chemical elements be improved today, but
there are possibilities, also,- of measufing some of the minor
constituents. ‘ ‘

. Table 2 presents the results of chemical analyses
of surface lunar fines for the principal chemical e}ements at

the five lunar mare sites that have been studied so far.

Estimates of the accurdcies of the Surveyor analyses are in-
dicated; the accﬁracies of the analyses of the returned
samples are probably all less than 3%-at the same confidence
level. Although the Surveyor analyses for Ca, 'Ti, and Fe are,
strictly speaking, for groups of elements with ébout the same“
atomic welght, assignment of the values primarily to fhe
elements indicated appears justified on geochemical grounds.
The comparison between the Surveyor B and Apollo 11
analyses, columns 2 and 3 of Table 2, is particularly to be
noted since both apply to Mare Tranquillitatis, at sites 1éss
than 30 km apart. It is seen- that the agreement is just about
within the Surveyor analytical errors except in the case of

Fe,,where the Surveyor answer is some 25% lower than the Apollc

result. The analytical results Tor all the maria lead to a
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similar geochemicalhpicture - that of a silicate rock with Al
and Ca each comparable to or greater than Mg, low Na (0.3 to
0.6 atom percent) and relatively high Ti (0.9 to 2.2 atom
percent). The Fe content is also relatively high at 3.8 to
5.4 atom percent. Although there may be some indication of
systematic biases in the alpha scattering method leading to
high values of S5i and low values of Mg and Fe, the variations
in mare compositions illustrated in Tablé 2 are relatively
‘small. ‘
| 3ince the -Tirst chemical analysis of the lunar sur-
" face on the Surveyor 5 mission (Turkevich et al., 1967), the
compositions of the lunar maria have been compared with those
_of terrestrial basaliic rocks. The more extensive data
available now make possible a more detailed comparison. This
"is doﬁe in Fig. 1, where the amounts of Mg, Al, Ca, Fe, Ti
’and‘Na in the lunar maria are compared Qith the amounts of
theée elements in terréstria; ocean fidge vasaltic rocks (Kay -
et al., 1970). The comparison is not made for O or Si since
these are not too sensitive indicators of rock type. There
is, however, an indication that the a@ount of.Si in the lunar
maria may be one to two atom percent iower than in terrestrial
basaltic rocks.

Fig. 1 shows that the Al, Mg and Ca con’;ents of the
lunar maria are well within the ranges Gbserved by Kay et al.
In,%he case of Fe, also, there is overlap, although the over-

lap 1s provided primarily by the alpha scattering results,
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both of which are lower than those on returned lunar samples.
Thus, for the six chemical elements present in amounts greater
than three atom percent, the chemical composition of the lunar
maria is quite well represented by that of terrestrial ocean
ridge basaltic rocks.

The striking differences between the maria compo-
sitions and those of terrestrial basalt;c-rocks are in the
high Ti and low Na contents of the former. Both these aspéects
are well illustrated in Fig. 1. Even iarger differences in
the amounts of minor constituents have, of course, been noted
(see e.g. LSPET, 1969, -1970). - ;'

The principal variation in composition among the
different maria is in the Ti content, which is twice as high
in Mare Tranquillitatis than in the other three lunar maria
‘studied. The apparently even larger variation iﬁ Mg content
appears to be at least partially due to the larger errors in
the Surveyor analyses for this elemeﬁti' On the othe? hand,
the Al content at.all five sites is remarkably constant at
6.6 & 6.3 atom pérgent. i

Considering the fact-that the fqur maria sampled are
widely separated on the moon - although alchlose to the
equator - these analyses suggest that moét, if not all lunar
maria have this gross chemical composition. An averége iqnar
mare chemical composition calculated on the assumption that

each analysis is representative of ite mare (the Surveyor 5

and Apollo 11 data for Mare Tranquillitatis were averaged) is
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given in column 2 of Table 3.

Column 3 of Table 3 gives the average lunar soil
composition determined by the alpha scattering technique on
the Surveyor 7 missilon to a highland site outside the crater
T&cho (Patterson et al., 1970). It is seen that the compo;
sition here is distinctly different from that of the maria.
There is about a factor of three fewer atoms of elements
heavier than Ca (i.e. much less Fe and very little, if any,
Ti), and about a 40% increase in Al and Ca contents. The
amount of Si is, wi%hin the Surveyor.errors, the same as in
fhe maria.' . r‘

The applicability of fhis analysis at one highland
.éite on the moon to the other highland areas is at present
5n1y speculative, even though fragments of similaxr compésition
have been found in the Apollo 11 soil (e.z. Smith et al., 1970;
Wood, 1970) and in some of-the Apollo 12 breccia rocks (e.g.
Anderson et al., 1971) and these have ﬁeen attributed-to high-~
land material. If it is asguﬁed that the Surveyor 7 analyses
are representative of all the lunar highlands, it has been
pointed out (Turkevich et al., 1968b; Phinney et al., 1969;
Patterson et al., 1969) thét the differches in chemical com-
position between the lunar terrae and maria may be the
‘explanation for the albedo differences of the major topographi-
ca% features of the moon; They also imply lower density_for
the highlands as compared to the maria, with a suggestionqthat

isostatic adjustment has occurred 1in many regions of the moon.



...7;

The chemical composition of the highlands as represented by
the Surveyo} 7 analyses, also suggests the existence of a
crust on the moon, chemically as well as physically different
from the main body of the moon (Patterson et al., 1970).

The average chemical composition of the lunar sur-
face, on the assumption that the mare composition of column 2
- of Table 3 is applicable to 20% of the surface and the Surveyor
7 composition to the*rest, is given in column 4 of Table 3.

. Although an elemental chemical composition cannot
provide the detailé& information about rock type and miner-
alogy that can be obtained from examination of,réturned samples,
some data ‘of this type can be reasonably inferred from chemical
. analyses. This was first done using the early Surveyor
aﬁalyses by Turkevich et al., (1968a) and Phinnéy et al., (1969).
A normative mineral composition is derivéd following an order
that minimizes the uncertainties due to the errors of the
Surveyor analyses. Thé amount of ilmeﬁite is determined by
the Ti content. The amount of Al, with its relatively small
error, determinés the aﬁount of plagioeclase feldspar (CaAlESiEOB
and NaAlSi308 with the Na content deterﬁiging the relative
amounts of the two). The remaining a%oms of Ca, Mg, Fe, ana
Si are assigned to pyroxenes and olivine or quartz. It is in
the detailed assignment of the different types of pyroxenes
anq in the amounts of olivine or of silica minerals that the
relétively large errors of-the’alpha scattering method for

Mg and Si play the largest role. The results of the above
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procedure are shown in Table 4 for the six lunar sites for
which analyses are available.

The table illustrates, from a mineralogical stand-
point, the similarities and differences among the different
maria. The higher ilmenite content at Mare Tranquillitatié
than at the other maria follows directly from the higher Ti
content there. The constancy éf the plagioclase contribution
at 24.5 £ 2.4 mole percent is a consequence of the constant
Al contents of the maria. The anorthite fraction of the
plagioclase is constant at 88%, although here the inability
of the alpﬂa scattering method to distinguish'befween Ca and
K must be remembered. Likewise, the detailed composition of
the pyroxenes and the apﬁarent considerable amount of silica
minerals in the results from Surveyors 5 and 6 are less certain
because of ﬁhe rather large errors (and anticorrelation)
attached to the Si and Mg results. The groséhmineralogical
characteristics inferred from the treatment of Table 4 have
actually been observed in the case of the powdered lunar
material returned to earth by the Apollo 1l and 12 and Luna
16 missions (LSPET, 1969; LSPET, 1976; Vinogradov, 1971).

The last column of Table 4 indicates that the
material outside the crater Tycho ié representable by negli’
gible ilmenite, and a 50% increase in plagioclase content
(a%ain highly anorthitic) over lunar mare material. There
appears to be no silica excess; in fact, some olivine content

is suggested.
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The bottom row of Table 4 gives the'parficle
densities for the material making up the lunar fines at the
different sites. Thé& were calculated according to the pro-
cedure of Phinney et al., (1969), and represent estimates of
the densities of the average rock from which these lunar
‘Tines were derived. These average densities at all five mare
éites are relatively constant at 3.19 * 0.06 gn cm”g. The
density of the corresponding terra material, as represented
by the Surveyor 7 analyses, is significantly lower, 2.94 gm
em”™S. Thése numbers are in good agreement with the estimates
‘made by Phinney et al., (1969) from the preliminary results of
the Surveydr missions, namely_S.QO + 0.05 and 3.00 £ 0.05
3 '

gm cm

A result of special iﬁterest from the Surveyor 7

[y

chemical analysis is the apparent presence of 0.3 atom percent
of F. Since the amount of P that would be required to have
this F in the form of apatite was défiﬁitely excluded by the

analyses, this F may be in the form of CaF, or as a partial

2
replacement for O in the silicates. It will be of interest
to see if any F is detected in those particles of mare material

that are considered as coming from highlands.

Acknowledgement: This work was supported by NASA Contract
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Table 1

Locations on the Moon from which Chemical Composition Data are Available

Selenographic
Mission' Date Coordinates Geographical Type of Type of
. Long. Lat. Ref. Area, Area Analysis
Surveyor 5 | 1967, Sept. 11 | 23.20°E | 1.42°N | a © Mare Mare in-situ
Trangquillitatis scattering
Surveyor 6 | 1967, Nov..1l0 1.37°W | 0.46°N | a Sinus Medii Mare in-situ .
scattering .
Surveyor 7 | 1968, Jan. 10 | 1l.44°W (40.97°3 | a outside Crater Terra - in-situ
Tycho ' scattering
Apollo 11 1969, July 20 | 23.43°E | 0.69°N | b Mare Mare returned
Tranquillitatis samples
"Apollo 12 1969, Nov. 19 23.34°W. | 2.45°S | ¢ Oceanus Mare returned
Procellarum samples
Luna 16 1970, Sept. 19 | 56.18°E | 0.41°S a Mare Mare returned
- L . Foecunditatis . samples

(a) Jaffe (1969).

(b) LSPET (1969).

(¢c) LSPET (1970).

(8) Vinogradov (lé?l).



Table 2

Concentrations of Principal Chemical Elements in Lunar Mare Material (Fines)

Percent by Atom

Surveyor¥* Apollo Surveyor¥* Apollo ' ' Luna
Mission 5 11 6" 12 16
Reference a | b a c d
Element
0 61.1 = 1.0 59 .87 59.%3 = 1.6 59.9 (60.15)
Na, O.47+ 0.15 0.33 0.6 £ 0.24 0.30 0.37
Mg 2.8 £ 1.5 4.57 3.7 £ 1.6 6.8 L.99
Al 6.4 = 0.4 6.30 6.5 £ 0.4 6.3 6.95
Si 17.1 = 1.2 16.31 18.5 = 1.4 16.0 15.97
. Ca¥ 5.5 £ 0.7 4.92 5.2 £ 0.9 4.1 L.99
Ti% 2.0 £ 0.5 - 2.19 1.0 £ 0.8 0.9 0.98
Fe* 3.8 £ 0.4 5.12 3.9 % 0.6 5.4 5.39

* Por the Surveyor analyses, the elemental symbols Ca, T1i énd Fe represent a range of elements
(see text and Economou, 1970). The principal contributors are expected to be the elements
listed. The quoted erroré of the .Surveyor analyses are estimates at the 90% confidence leve:
In the case of SBurveyor 7, an amount of fluofine egual to 0.29 * 0.12 atom percent was also
found. v

(a) Franzgrote (1970). .

(b) Averages of the more accurate of many lunar soll analyses reported in Levinson (1970).

"(¢) LSPET (1970). | ' ;

(d) Vinogradov (1971).
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Table 3

Comparison of the Chemical Composition of

Lunar Maria and Terrae

(Percent by atom)

Average Terra ' Average-
Element Mare - (Surveyor T7)¥ Lunar Surface*¥
0 60.0 61.8 £ 1.0 61.4
Na. 0.4 0.5 & 0.2 0.5 i
Mg 4.8 3:6 £ 1.6 3.8
Al 6.5 9.2 £ 0.4 8.(7_
Si 16.8 16.3 + 1.2 16.4°
Ca. | .4.9 6.9 £ 0.6 6.5
i 1.3 0 % 0.4 _6.3
Fe 4.8 1.6 :i::O.lL 2.2

* The errors are,es?imates at the 90% confidence level

(see Patterson et al., 1970)

*¥%* See text.



Table 4

Normative Mineral'Composition Inferred from Chemical Analyses

(mole percent)

Surveyor Apollo Surveyor Apollo Luna Surveyor
5 11 12 16 7
Ilmenite 13.1 4.7 6.8 6.8 7.6 -
FeTiO il
3
Plagioclase
FPeldspars 22,8 p2.2 24,5 | 24,9 28.4 . 45.0
NaA181308 ab 3.1 2.2 4.1 2.3 2.9 4.6
CaAlESiEOBan 19.7 20.0 20.4, 22.6 25.5 40.4
Pyroxenes 46.5 63.1 59.9 43.6 42,3 39.4
MgSiO3 en 16 .4 12.9 15.0 8.3 13.2 22.9
CaSiO3 WO 18.3 " 30.6 5.2 20.3 15.5 11.0
FeSiOB fs 11..8 19.6 19.7 15.0 13.6 5.5
Olivine - _— - 24.8 21.8 15.6
Mg Si0,  fo - 'oo. - 15.4 ' 11.6 11.0
FeQSiOu fa - - - 9.4 10.2 4.6
Quartz 17.7 - 8.8 - - -
810, qtz - - - - - -
estimated
density3
(gm cm™~) 3.17 3.27 3.13 3.}7 3.22 . 2.94
Average mare rock density: 3

= 3.19 gnm cm’”



Figure Caption

Fig. 1. Comparison of the amounts of some of the principal
chemical elements in lunar mare material with the amounts in
terrestrial ocean ridge basaltic rocks. The abscissae are in
atom percent. The histograms are the distributions in the
amounts of the element as detefmined by Kay, Hub?ard, and
Gast (1970). The shaded areas about the Surveyor analyses

represent the 90% confidence range of these analyses.
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ABSTRACT

238

The U abundance in the Apollo 11 Type D material

2

(10084;58) has been determined via the 38U(n,2n)237U reaction

wifh a resultant mean value from four replicates of 0.54 %

0.02 ppm.

Neutron activation analysis has also- been applied to

the determination of the 204

2085y

Pb in the same sample via‘the
n,2n)2O3Pb reaction. Three samples gave results varying
from 2.2 to 7.1 ppb. In addition, some data were obtained on
'fhe bismuth and thallium contents of this sampile.

204 208

The Pb and Po contents of two chondritic meteorites

have also been determined.



I. Introduction

This report summarizes the results-obtained on the
abundances 6f some of the heévieét elements in returned iunar
material. These elements, thallium, lead, bismuth, thorium
‘and uranium, although present in only trace amounts, are im-
portant in understaﬁding the geochemical histg;y of lunar
material, as well as the heat production in the moon. There
have been several reports on the abundanceé of these elemegts
in Apollo li material. The data’ for uranium and thorium appear
to be well established (e.g. Fields et al., 1970; Gopalan
~e-t al., 19'-?05 Silver, 1970; Tatsumoto, 19‘7_0). Likewlise, the
"lead has bgen shown to be very radiogenic'(e.g. Gopalan et
al., 1970; Silver, 1970; Tatsumoto, 1970), and the absolute
'amounté found by various workers appear to be in reasonable
agreement. -

The‘siﬁﬁation in the case of the other two elements
of this group is less satisfactory. Koﬁman (1970) and Gana-
pafhy et al. (1970) find an overall thallium abundance in '
Apollo 11 fines of up to 3 ppb, I;ut the latter, as well as
Anders et al. (1971) get results as low as 0.3 ppb with an
indicated inverse correlation ;ith particle size. The values
fpr biémuth in lunar fines are likewise from Ganapathy et al.
-(1970) and Anders et al. (1971) who find values up to 1.5
ppb with, again, evidence for a dependence of the results
on particle size. ‘The low amounts of these elements make

their determination difficult. There.is, however, great
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interest in their abundances since, in meteorites, they have
been found to be sensitive indicators of the geochemical
history of these objects.

204

The determination of the amount of Pb in lunar

material is in somewhat less satisfactory condition. ILunar
1éad is so radiogenic that the corrections for. laboratory cén—
tamination iﬁ isotope dilution measurements make the published
values for the amount of this isotope (again in the range of
ppb) particularly uncertain; There has even been some question

2OLI'Pb indigenous to lunar material has

raised as to whether
actually been detected in some of the samples. At the same
time, there 1s considerable interest in the amount of primordial
zlead ip'such material since, as in the céses of thallium and '
bismuth, it is likely to be an indicator of the possible role
+-0f " the volatility of an element iﬁ thg geochemical history of
"the material. ‘ o

Becéuse of‘this interest in the heavy‘elements, it
was considered worthwhile to pursue their determination by
neutron activation teéhniques. Although these are almost
always less accurate than isotope dilution methods, results
obtained thereby‘have the advantage of being less likely to
bé invalidated by contamination of the sample. In addition,

in the case of 204

Pb, the technigque used determines specifically
. this isotope even in the presence of hundreds of times the
abundance of the heavier; radiogenic, isotopes. A major effort

was, therefore, 'devoted to the lead measurement, but concurrent
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bismuth and thallium determinations were made when possible,
nét oﬂly to establish thelr abundances, but also as internal
checks on the lead results. It has been shown (Reed, Kigoshi
and Turkevich, 1960) that, in meteorites at least, these three
elements exhiblt parallel abundaqce trends.

The nuclear reactions that have been used in the
present work and the radiations of the products that were
measured are summarized in Table 1. It is seen that both in

204

the case of 238U and Pb use has been made of the (n,2n) re-

action to supplement the more usual slow neutron induced

reactions. Attempts to measure the 208

Pb via the (n,vy) pro-
duction of the 3.3 hr ?Ong isotope were unsuccessful. Other
work, cited above, has adequately established the amount of

this radiogenic isotope.



IT. Experimental¥*

Except for one irradiation of a breccia, the lunar
material investigated was the powdered "fines" from the Apollo 11

Fe¥e
mission (sample 10084)

. The samples for our experiments were
taken from the shipment containers and transferfed inside a

NE dry box to Super-Sil fused silica tubes, and were Sealed
immediately after removal from the box. Monitor samples, between
1l ug and 1 mg of the element, were evaporated in similar fused
silica tubes. Inert MgO was often added to help retain the
recoliling fission products of uranium. Samples and monitors

were placed side by side in irradiation cans. The irradiations
were carriéﬁ out in the core of‘the High Flux Beam Reactor at

the Brookhaven National Laboratory. The high energy (>1 MeV)

neutron flux in this reactor is of the order of 1013 cm_esec"l,

b “L. 1n order to try-to

while the thermal flux is ~1077 i Zsec
isolate the 3.3 hr 209Pb, the samples were worked up within a
few hours of removal from the reactor in the Hot Laboratory
facilities at the Bréokhaven National Laboratory.

- After irradiation, the samples were quantitatively
transferred to a zirconium crucible containing appropriate
carriers qu tracers and were fused with Naeoe, Na2003 and
NadH. The HNO3 solution of the melt was first passed through
a8 silica-gel column and then the Pb and Bi were separated by
electrolytic deposition’. ~ Additional recovery of the Pb was
accomplished by precipitation of the nitrates of Sr, Ba and

Pb. The Pb samples were purified by repetition of cycles

*See Appendix A for some: details of the chemical processing of
the samples. ' '

**See Appendix B for results on two meteorites.
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including sulfide, sulfate and nitrate precipitations and
chloroform extractions with dithizone.

The uranium was separated from most of the solution
of the fusion melt b& an anion exchange column and purified
by ether extractions and removal of contaminating radioactivi-
ties by scavenging precipitations and solventhextractions.-
It was finall§ electroplated onto platinum, with the recovery

234U tracer added at the

being measured by the reeovery of the
start. In the case of lead, barium and thallium, the final
samples_we}e in the-form of chromates. The final bismuth
sample was in the form of the oxychloride.

The samples from the menitors were usually subjected
to less-extensive chemical purification, but were finally pre-
pareu for radiocactivity measurements in the same fashion as

~were the samples isolated from the 1rrad1ated lunar material.

i For each nucllde of interest, the measurements of the
:radioactivity were carried out in such-a mannexr as to enhance
the sensitivity of the technique, while at the same time making
the meesurements as epecific as possible for that nuclide. In
the case of 237U, this involved measuring the 60 KeV v rays in
coincidence with the B~ Qecay of the nuclide. In the case of
the electron capturing 203Pb, the Tl X-rays were measured with
a NaI(T1) crystal operated in coincidence with the 0.28 MeV Y
rays as detected by a 42 cmd Ge(Li) crystal. The counting

rates of the samples were very low (of the order of events per

1000 min). However, the low backgrounds, the specificity,
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and the possibility of detecting and ldentifying any contamin-
ating spécies made these detection systems very suitable for

this program.



IV.. Results

The results of our measurements on the uranium and
2Oqu contents of Apollo 11 samples (principally soil) are '
shown iﬁ Table 2. The errors quoted are the statistical errors
(1 o) from the radiocactivity measurements. It is evident that

238U(n,2n)

tﬁe uranium céntents of the soil as determineq by the
reaction in different irradiations agree within the errors.
The standard deviation of the mean for sample 10084,58, i.e.
0.54 ppm, is *0.02 ppn.

There are only two measurements of uranium .via. the
238

n, f) reactioﬁ to compare directly with those via the

U(n, 2n) %eaction. Although in both cases they give slightly--
lower answers, these are well within even the statistical errérs.
In view of the larger number of 238U(n,2n) determinations, the

~average of these is taken to be the best estimdte of ‘the CooE i
uranium content of sample 10084,58.

There are.three determinations of the 20lLPb in:lunae... -
soil presented in Table 2. In view of-the possible uncer-
taiﬁties in the détérminationé of this isotope by other tech-
niques; it is worth presenting some.details of the present

sresults. Figures 1 and 2 give the eviéence that the lead
radioéctivity isoléted in irradiation L-8 was actually 203Pb.
(t%=52hr). Figure 1 indicates that,.in spite of the low
counting rates for the X-ray-/y-coincidence system, an acce§t~
able 52 hr decay was followed. Figure 2 shows that the X-ray

spectrum in coincidence with the y-ray was that expected in

~

*
See Appendix B for results on two meteorites.
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the decay of 203va. Although this was the best example, the
other two samples behaved adequately in regard to these two
tests of radiochemical purity.

On the other hand, the three values for 204Pb in

Table 2 scatter appreciably more than can be accounted for by
the statistical uncertainties. This may be a-reflection of
qther, less recognizable, ervors in the experiment; it may,

204

however, indicate a variability in the Pb content even within

a given sample.

. In addition to thé results presented in Table 1, a
ya%ue of 7.7 + 1.4 ppb for the thallium content and an upper =
1limit of 5.4 ppb for the bismuth content wére obtained on .
béample 10084,58 (run I-8). A value of about 1.7 ppb ﬁas‘found.

for the bismuth content of the same sample in run L-7.
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IV. Discussion

The average values obtained in this work for the
uranium content and the 20uPb contént of lunar soll are com-
péfed wlth the more precise of the published experiﬁeﬁtal
values for these abundances in Table 3. The weighted average
value found iﬁ the present’work,io.54 = 0.02 ppm, for the
uranium content of sample 10084 is-seen to be in agreement with
the other values, whose unweighted average is 0.56 ppm. The
meagre data obtained in this study on the isotopic compoéition
of the uranium are consistent with the terrestrial value as -~
established by other workers (Silver{ 197C; Tatsumoto, ;970).

204

-$he Pb valuesg obtained in this work are also

'compared in Table 3 with those deduced by other workers,

usually after making considerable blank corrections. It is

seen that the present .investigation tends to confirm the exis-=uous wu cu

tence in lunar soil of 2Oan at the levels previously reported.

_Those values ie swithin: the range of the present more direct the presens

determinations. Likewise, the bismuth and thallium results _—
)presénted here agree wifh-the other published work (Ganapathy
et al., 1970; Kohman et al., 1970; Anders et 2l., 1971).

equb in Apollo 11 lunar soil

This -confirmation of
must-étill be taken-with some caution. There is always the
possibility that the extremely small amounts detecte@ are the
result of contamination of the samples with terrestrial lead

. before analysis by the various workers.A The ohserved variation

o

of the © Pb content within the same sample tends to support_-

this possibility.
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Appéndix A: Some Details of the Chemical Processing of the

Irradiated Samples

Because of the rather low expected abundance of 2OLLPb,
with the consequentllow production of 2OBPb,.a.nd the three hour
half-1life of 209Pb, it was desirable to separate th@ lead
fraction from the irradiated'samplé as promptly és possible.

It was, therefore, necessary to perform the dissolution of-the
irradiated solid sample and the initial lead separation.in a
full Hot Cell at the Hot Laboratory of the Department of Applied
Sciences at Brookhaven National Laboratory. The sample was
-usvally delivered to the Hot Cell about one hour after removal
from the reactor. The sample had an unshielded radiation level
of about,301’hr_l at two feet. The following sections describe

the general chemical procedures employed.

1. Dissoclution and General Separation of Elements

of Interest.

The irradiated powder was quantitatively transferred
to a zirconium crucible containing thevappropriate carriers

(about :10 mg each of Pb, Bi, Tl, and Ba) and tracers (about

234U and 23¥Pa; in one early experiment 232

234

200 dpm each of U

was used in place of U). The sample was then completely

fused with 5 g Na202, i g Na and 1 g NaOH. The cake was

3’
transferred to a Teflon beaker and dissolved with distilled
water plus nitric acid, as necessary. The solution was adjusted
to 20% (by volume) HNOB’ heated %o boiling to decompose the

excess peroxide, and poured onto a silica gel column (about
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200 ml gel volume) in order to collect the Pa fraction. The
effluent solution was then electrolyzed, depositing lead aqd
bismuth onto the Pt gauze electrodes. ZElectrolysis was carried
out in three or four separate 10 to 15 minute intervals at 4

to 5 volts and 2 amps. After each electrolysis period, the

Pb and Bi deposit was stripped from the electrodés with a

1 + 1 solution of 30% Hy0, and dil. HNO,. The radiochemical
purification of the lead an& bismuth is described below in
Section 2.

Since this electrodeposition of Pb was rarely complete,
the residual solution was Immediately subjected to the folloﬁing
treatment 1in order to collect the remaining Pb. About 50 mg
Sr carrier was added, the solution was evaporated almost to

dryness, and about 100 ml 90% HNO ‘was added to precipitate

3
the Ba, Sr, and Pb nitrates; these were collected by suction
filtration onto a fritted disc. The mixed nitrates were dis-
solved; PbS was precipitated; the lead was combined ﬁith that
recovered in the electrodeposition and purified as per section
2a. Ba was recovered from the supernate by precipitation as
the sulfate and purified if a determination of 235U was to be
made via the (n,f) reaction.

The filtrate from this step was then evaporated to
small volume and transferred to a small polyethylene bottle
for shipment to the University of Chicago Hot Laboratory,
where fhe-following chemicél treatment was performed:'

the solution was adjusted to 1 + 1 (by volume) HN03,
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and placed on a DOWEX-1 x 10 (100-200 mesh; 200 ml resin volume)

anion-exchange column. The column was washed with about 200 ml

1+ l_HN033 uranium was eluted with distilled water and was

purified as described in Section 2b.

2. Purification of Individual Elements.

a. Lead. The lead fraction was purified by repetition

of a cycle which consisted of the following steps:

(1)
(i1)

B

(1ii)

-(4v)

precipitation from moderately acid solution as PbS;
dissolution with HESO4 + heat, and precipitation
as Ebsoa by evaporation and{dilution~with dis-
tilled water (the supernate from the PbSOA
precipitation contained the Bi fraction, which
waé_frequently purified .for the determination

of “%Bi from the 209Bi(n,'y) reaction);
dissolﬁtion with ammonium acetate and heat,

and extraction of lead as the dithizonate from

a basic buffer solution with cyan?de and citrate
present into a chloroform solution of dithizone,
and back extraction of the lead with 1% (by

volume) nitric acid;

precipitation as the hydroxide with NH3(g); ’

. dissolution with nitric acid and precipitation

as the mixed nitrate with Sr carrier by addition
of 90% HNO33

dissolution by distilled water and precipi-

tation of the sulfate (as above under (ii)),
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and dissolution as above under (iii), and,
Tinally;

(vii) precipitation as the chromate by the addition

of KQCr solution.

207
After each cyc]_e:1 the lead chromate was generélly dried and
wéighed to determine chemical yield. If the yield was low
after a given cycle, an additional, measured amount of Pb
carrier was added in order- to enhance yield in the next cycle.

The second cycle generally also included a fusion
of the nitrate precipitate with scandium carrier and Na,0,,
Na2003 and NaOH (as above) in a Zr crucible, and passage
through an’ 810, column (as above), as well as an iron hydroxide
scavenging-step frdm strong NaOH solution. Often, a CuS or a
Scﬁ'3 scavenging step were also performed. Ba, Sr, Sc, and Fe
holdback carrzers were added at appropriate points in each cycle.

Lead was finally collected as the chromate, weighed,
and mounted on a Cu disc for radioactivity measurement. Over-
all chemical yields were ~10%.

The lead monifor was generally collected for radio-
activity measurement after the equivalent‘of ocne cycle of the
chemical procedure described above. When no other monitor was
irradiated in the same vial, only the equivalent of one half
of the cycle was employed. In any case, the final collection
and mounting were performed in the same fashion'as employed

for the sample.

b. Uranium. Uranium was collected Trom the column
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effluent as the hydroxide {with Ce+3 carrier) by the addition
of NH3(g). This precipitate was dissolved with HC1l and dis-

tilled water, about 10 mg NH_OH'HCl was added and the solution

2
was heated for about one hour, about 5 ml conc. HF was added
and the resultant rare earth fluoride precipitate was di;—
carded. The éupernate was theh evaporated to dryness several
times with conc. HNO3 to drive off the excess HF. Uranyl
hydroxide was again precipitated as above (with La+3 carrier).
This precipitate was dissolved with HC1, NHEOH-H01 and cupferron
were added and the solution was contacted with three 4 ml
portions of CHClB, tpe organic phase beling discarded. Uranium
was again precipitated .as the hydroxide from the aqueous phase
(with La+3 as carrier), and this precipitate was taken up with
HNO3. The solution was evaporated to dryness several times -
with HNOS. The cake was finally taken up with-a saturated
solution of NH4N03. Uranium was eifracted from the agueous
phase with three portions of diethyl ether. The organic phase

was washed with two portions of saturated NHMNO solution; and

3
the.urgnium was back-extracted into the aqueous phase with
three portions of distilled water.

This final agqueous phase was evaporated and adjuéted
to a volume of about 10 ml, containing 5 ml 4% (by weight)
(NH4)2 C50,. This solution was transferred to a Teflon cell,

and uranium was electrodeposited onto a Pt disec {1 mil thick,

2.4 em diameter) using the technique of Warren (1967)%.

5

*W. G. Warren, LA-1721, 3rd Ed., p. 148 (1967).
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Overall chemical yields wvaried from lltB 50%.
The chemistry employed for the monitor was generally

' the same as that for the samples.
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208 204

Appendix B: Results on the Pb and Pb Contents of Two

-Meteorites

In the course of preparation for the lunar sample

208Pb and the 204

analyses, results were obtained for the Pb
contents of tpe meteorites Indarch and Bruderheim. The
irradiations and chemical procédures were essentially the
same as used in the lunar sample analyses. The 208Pb content
was established by measuring the “°JPb (ty = 3.3 br) B
activity induced by the (n,v) reaction during the irradiations.
The results are presented in Table 4. In the case
of Indarch, the values found for the lead content agree ade-
'quately both in magnitude and in isotopic gompositioﬁ with
the results on the same meteorite by Reed et al.'(1959). The
lead 9ontent of Bruderheim found in the present work 1is
appreclably higher thanhthe average in other ordinary chon-

208

drites (~ 90 ppb of Pb); however, it is less than twice

the amount found in one of them (Holbrook).
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Nuclear Processges Utilized in Neutron Activation

Table 1

Determination of Heavy Elements

Element Nuclear Reaction Falf-1ife . Radiations
wranium 238y(n, 2n) 237y 6.75 d B,y
235y(n, £)40Ba 12.8 4a B,y
L A .
1A0La 38.0 hr B,y
> -
bismuth 20983 (n, v) #1981 5.0 d . BT
L
210p, 138 a o
lead 204 py (1, 2n) 203pp " 52 hr X,
thallium 20311(n, v) 2% B

3.8y




Uranium and 204

Table 2.

Pb Contents of Apollo 11 Samples

204

Sample Uranium Content (in ppm) via’ Pb Content
Irradiation %ési Number 23BU(n,?n)Q?’?U 235ﬁ(n,f)1403a (in ppb)

mg ;
L-2 206 | 10062, 24 - 0.25 + 0.02 -

192 10084, 58 - 0.43 = 0.01 -
L-4 103 | 10084, 2 © 0.49 & 0.06 0.48 = 0.05 -

70 | 10084, 58 0.50 £ 0.07 | 0.47 £ 0.05 -
L-6 817 10084, 58 .0.5L % 0.04 [ - 2.2 = 0.8
L-7 797 10084, 58 - 0.62 %°0.07 ., = - 7.1 & 1.5
L-8 730 10084, 58 0.55 * 0.02 - L.t = 0.4

Weighted Average 10084, 58 0.54 i.O 02 J



Sample

10084,58

10084, 75

10084, 25
10084
10084, 35

10084, 45

Uranium and

204

Table 3

Pb Contents of Apcllo 11l Soll

Comparison of different determinations

Uranium

(ppm)

0.54 &

0.02

0.591L =+
0.549 +
0.544 =

0.562 =

. 0.018
0.005

0.005

0.005

2045, (ppb)

2.2, 4.7, 7.1

2-16'*

1.05%

3.10%

5.6,% 5.8% 6.8%

Reference

This work

Fields et al. (1970)

Gopalan et al. (1970) Wetherill (1971)

Tatsumoto (1970)
Silver (1970)

Huey et al. (1971)'

*These values are after correction for laboratory blanks.



Table 4.

The 2OLLPb and 208Pb Contents of Some Chondritic Meteorites
Meteorite 208
208 204 - z2Y9
Type Sample Pb (ppb) Pb {ppb) 2014 Reference
Enstatite Indarch 850 = 90 24 + 1 35 + 4 This work
930 * 30 34.3 & 0.5 26.8 & 1.2 Reed et al.
' : (1959)
Ordinary Bruderheim 378 £ 19 9.3 &+ 0.5 41 3 This work
Forest City
Modoc
20 - 230 0.8 - 5.5, 24 - 42 Reed et al.
Holbrook (1959)

Beardsley.
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FILGURE CAPTIONS

Figure 1. Decay of 203Pb (t = 52 hr) radiocactivity in lead

=Y
2

separated from neutron irradiated lunar fines (Run L-8).

The radiation measured is the (73 = 15)-keV X-ray in coincidence
with (278 + 20)-keV v ray. A background rate of (2.3 = 0.3)
events kmin~ 1 has been subtracted. The lunar sample (lower
curve, left hand ordinate) 1is seen to decay with the same half-

life as the monitor lead (upper curve, right hand ordinate).

Figure 2.. 203Eb in 1lead separated from neutron‘irradiated lunar

fines (Run L-8). The spectrum is that of X-rays in coincidence

with (278 % 20)-keV v rays. The abscissae are proportional to
the energy ofi.the!X-rays. The top spectrum is that of the lead.. ...

monitor; the }ower spectrum is that of the sample.
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Examination of returned Surveyor 3 camera visor

for alpha radiocactivity . N7 %‘ 2 4: 5 6 1

Thanasis E. Economou and Anthony L. Turkevich
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Abstract - The Surveyor 3 camera visor brought back by the Apollo
412 astronauts has been examined for an alpha radioactive deposit

formed by the decay of radon isotopes diffusing out of the lunar

240
surface. An upper Hmit for the equilibrium amount of Po at
Oceanus Procellarum has been set at less than 0,005 dis cm"2 se'c-i.

. 1 i
This number is appreciably lower than the amount of Poz O.observed

by Surveyor 5 at Mare Tranquillitatis,



INTRODUCTION

. On .P;pril 19, 1967, Surveyor 3 landed in the eastern part of
Oceanus Procellarum at 23.34° W. longitude and 2.99° S. latitude
(ACIC coordinate system). On November 20, 41970, the same site
was revisited by .Ap.ollo ':12 astronauts Alan Beam and Charles Conrad
who brought back t};e Surveyor 3 television camera together with 32
kilograms of moon rocks. Part of thi's camera., the visor, was made
available to the University of Chicago to examine for the pres ence
of a deposit of alpha, raéioactivity. —

The possibility of such a radivcactive deposit on the surface
of the moon was sﬁggest‘e_d by several autho_r's (e. g. KRANER et al,,
1966). Radon isotopes formed by the decay o;E uranivm and thoriurr.;,
diffuse out of 111.';'13.1‘ m.a.i:erial into space where they undergo further
decay and some of their daughters end up on tl‘ie lunar surface. In
the thorium decay series the daughters have 1‘-e1a.tively short half-
lifes, and‘a,ll .ha,d decayed before the visor could be examined. On
the other hand, the alpha emitting Pozio in the uranium decay series
is held up by the 22-year half-life of its grandparent Pb210. A
measurement of the amount of PoZio (5.31 MeV) alpha activity on
the visor, together with knowledge of the time s;Jent on the moon,
and on the earth beforé. the measurement, provides a me-a.sure of

the rate of radon decay product deposition on the lunar surface at

Oceanus Procellarum,
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The existence of such deposit would be interesting in providing
information on the emanating power of lunar material and on the
amount of radon "atmosphere™ on the moon. In addition, it may

have an-effect on the is otopic composition of the lead in lunar fines.
EXPERIMENTAL METHOD AND RESULTS

Measurements on the Surveyor 3 camera visor (Fig. 1) were .

started at the University of Cilicago 0.64 years after it was taken

i
14

off the Surveyor 3 épa.cecra:ft. The visor was placed in a vacuum
chamber and examined for alpha radioactivity with the Alpha Scattering
Instrument (TURKEVICH et al., 1966). In order to in;:rease the
sensitivity, the proton system of the instrument was used. The

active a'rea of the proton detectors of this ingtrument is about ten
times that of the alpha detectors and, in addition, the examined

visor could be placed closer to the proton tha:n to the a-lpha de-
tectors. "The gold foils in front of proton detectors, which normally
screer;. out the a;.lpha. particles in the Alplr;a Scattering Instrument were
removed for these measurements and replaced by the VYNS films.

The visor was measured for a period of 9744 minutes using ail 4
detectors and an additional period of 4475 minutes with less than

the full complemepnt of detectors in order 't(-J check on possible asym-

metries in the deposit. The backgrounds in the instrument were

negligible,
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Fig. 2a shows the experimental data obiained from the visor
of the Surveyor 3 television camera. There are several unexpected
surprises that characterize these da.ta.:-

(1} The continuous flat s;pectrurn indicates that the source of
alpha activity ;'Ls -not o.n the surface.

-(2) The intensit'f is too high - several orders of magnitude
higher than was ex;;ected‘

{3) The presence of high energy alpha pa.:rt1cles (higher than
6 MeV) mdlcates that the source is probably daughter products of

ThZ.?.S or U234.

The surface of the visor, as most of the Surveyor parts; was
covered with white paint féor therrr;al control purpos_es'.. Becaﬁse
of the unavailability of a2 model i:eleviéion c;m-era. we were not
able to measure dire;ctly the natural background from the visor. Fig.
2b shows the results of ;neasurements made on plates covered with
the same paint ;a.nd made at the same time as the visor itself. In
these measurements, the plates v.fe-re placed very close to each
detector in a position where the absolute efficiency of detecting their
activity could be calculated.

This spectrum is very similar to that obtained from the vis or.
After comparing the absolute intensities, the conclusion was reached

that the gross activity on the visor returned from the moon was

entirely due to the activity of the paint.



Although the presence of this alpha activity of the paint reduced
the sensitivity of identifying a.n‘alpha radivactive dephosit, the data can
still be used to set upper limits for the POZiO radioactivity on the
moon. Fig. 3 shows a comparison of the alpha activity in the region

21 . .
of Po 0 (5.3 MeV} for the paint and the visor. Using:the gross alpha
radioactivity as a measure of the relative efficiencies of detecting
radiation from the visor and paint, the paint béckgr ound could be
subtracted from the visor data in the reglon of interest to get a net

- L 3 wd w2
activity on the visor of (0.7 + 3. 5}% 40 " dmin  cm .
- . ‘ 240 ... -
In order to estimate the amount of Po activity to be expected.
on a square centimeter of the lunar surface after a very long -period,
" this net activity has to be corrected for the shadowing of the visor
by assorted spacecrait parts (the "view factor™ to space was 0.65),
for the decay.since removal from the moon (0.64 years) and for the
fact that the visor was on the moon for only 2.58 years (keeping in
- Tt e 222 . _
mind the genetic relationship of the Rn decay chain). Awpplication
of these corrections leads to the measureinent implying an activity,
after infinite time,. of
-3 © -1 -2
D= (0,88 +4.43) x10 ~ d sec cm

on the lunar surface at Oceanus Procellarum.



DISCUSSION

The limit on the Po210 alpha radioactivities obtained in this
worlk is- compared with the predictions of KRANER et‘ al, (1966)
and of subs equent attempts to measure this quantity in Table 4.
The original prediction was an average for the whole moon, as was
the limit set by YEH and VAN ALLEI;T (1969) from Explorer 35
observations. The only reported cbservation of the presence of
the radicactiviiies is the work of TURKEVICH et al. (1970)
from the data pbfained by the Alpha S_cai:t_:ering Instrument on the
Surveyor 5 mission to Mare Traélquillitatis.

Recently, LINDSTROM et al,(4970) determining the excess
_of sz:!.d {over that in equilibrium with uraniur_n) on the surface
of the rock- brought back by Apollo 14 astr on;.uts, also from Mare

'Tranguillitatié, gave a l?'.mit which is 70 times lower than the value
reported by TURKEVICH et al,(1970).

The limit set by the present work on such radioactivity in
cha.nus Procellarum, a different site, but one at which the
uranium content of the soil is actually appreciably higher than in
Mare Tranquillitatis, is also lower than the reported value of
TURKEVIC& et al,

Although the results of LINDSTROM et al.and the present

work appear to contradict the results reported by TURKEVICH et



al., it must be remembered that the radiocactive deposit should be
confined to the topmost fraction of micron of the lunar surface,
Any disturbance of the surface, such as the shaking off of a dust
layer, or abrasion of the surface, would carry away the deposit
also, Thus, although these two most recent attempts to detect
the alpha radioactivities have failed,and therefore contradict the
observation of TURKEVICH et al., there is some probability
that they are not valid checks on the existence of the deposit.
In both cases there is no assurance that the topmost layer was
not removed. It may be that the Surveyor 5 mission, making an
in situ measurement, was better able to detect.this fragile deposit
than were the examinations of samples brought back from the moon.

Stoenner et al, (1971), in examining the gas in the sealed
sample return container {SRC) from the Apollo 12 mission, found

. =1 222 .
evidence for about 5 d min = of Rn in the container atmosphere,
although the confidence in their number is not large because of a
high radon blank from the charcoal in their system. If it is
. -1 222 “1s

assumed that 5.d min = of Rn represents roughly the equili-
brium amount that would diffuse out of the 2.8 kg of lunar fines
. : . . . i -3 222
in the particular container, it would imply that 10 = of the Rn
diffuses out of lunax soil particles. Assuming that the same efficiency’

210
is applicable on the moon, the limit set for the Po deposit by

the present work at Oceanus Procellarum means that radon diffuses



out of less than about one meter of lunar soil on the moon, If
cqeq s 210 , . .
the true equilibrium amount of Po is higher than found in

the present work, the parent radon would be derived from greater

depths.
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Table 4

10
Equilibrium I—"o2 alpha radioactivity of

4966 Kraner et al,

1969 Yeh and Van Allen
4970 Turkevich et al.
;1.370 Lindstrom et 'a.l..

4974 Present work

#¥Predictions

Junar surface

1

dis cm“zs ec
2. 0%

<0,46
.o.osj:o.01'
<0,0004

<0.005

whole moon
whole moon

Mare Tranquillitatis

.. Mare Tranguillitatis

Qceanus Procellirum



-9-
REFERENCES

KRANER H.W., SCHROEDER G. L., DAVIDSON G. and CAR-
PERTER J.W. (1966) Radioactivity of the lunar surface. Science

152, 41235-1237.

ILINDSTROM R.M,, EVANS Jr, J,C., FINKEL R. and ARNOLD
J.R. (1974) Radon emanation from the lunar surface. Private

communication; submitted for publication in Earth Planet Sei. Lett.-

STOENNER R.W., LYMAN W. and DAVIS Jr. R. (41971) Radioactive
rare gases in lunar rocks and in the lunar atmosphere. Apollo 12

Lunar Science Conference (unpublished proceedings).

TURKEV;ICH A.L,, KNOLLE K,, EMMERT R.A., ANDERSON
W.A., PATTERSON J.H. and FRANZGROTE E.J. (1966) Instru~

ment for lunar surface chemical analysis. Rev. Sci. Instrum.

37, 1681-1686.

TURKEVICH A.L,, PATTERSON.J. H.,FRANZGROTE E.J.,
SOWINSKI K. P. and ECONOMOU T.E., (1970) Alpha radioactivity
of the lunar surface at the landing sites of Surveyors 5, 6, and 7.

Science 167, 1722-1724.

®2



40w

YEH R.S. and VAN ALLENJ.A. (1969) Alpha particle emissivity

of the moon: An observed upper limit. Science 166, 370-372.



Fig.

Fig.

2a.

2b.

-.ll..

Figure Captions

The visor of Surveyor 3 television camera brought back

by Apollo 12-astronauts,

The alpba spectrum obtained from the Surveyor 3 tele-

.vision camera visor as measured hy the Alpha Scattering

Instrument.
Background obtained from the paint used on visor.

Comparison of a-radioactivity from the visor and the

240
_paint in the vicinity of Po {5.3 MeV).
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ALPHA SPECTRUM FROM THE SURVEYOR 3 T.V.CAMERA VISOR
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COMPARISON OF O/-RADIOACTIVITY FROM THE .
VISOR AND THE PAH\!T IN THE VICINlTY OF Po °(5.3 MeV)
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