
variable FeO-MgO-CaO compositions. 
Olivines range from Fo72 to Fo90 and 
just overlap with olivine compositions 
reported (2) from types A, C, and D 
materials. 

The present work confirms the con- 
clusion of the Preliminary Analysis 
Team (2) that the lunar volcanic rocks 
crystallized under extremely low partial 
pressures of oxygen and water. How- 
ever, the lack of Si in the metal phase or 
of Ti, Mn, and Mg in the sulfide phase, 
together with the high FeO contents in 
the silicate phases, would indicate less 
severely reducing conditions than pre- 
vailed during the evolution of the 
enstatite chondrites and achondrites. 
However the gross mineralogies ob- 
served immediately invite comparison 
with the eucritic meteorites. Recent 
microprobe studies of clinopyroxenes in 
eucrites have found extreme FeO-MgO- 
CaO zoning (5) similar to that which 
occurs in the lunar volcanic rocks. Eu- 
crites have crystallized in extremely low 
partial pressures of 0, and H20 and are 
also characterized by very low alkali 
abundances just like the lunar volcanic 
rocks (2). But there are also serious 
differences-for example, the relatively 
high TiO,, ZrO2, and Cr203 contents of 
the lunar rocks. These differences are 
again emphasized by the high TiO2 con- 
tent of the clinopyroxenes and ZrO., 
Cr,O. content of the ilmenites in the 
lunar rocks. Then the lack of Ni in the 
metal phase in the lunar volcanic rocks is 
very different from the relatively high Ni 
content reported in metal from eucrites 
and howardites (6). 

If the eucrites are indeed of lunar 
origin (7), then the lunar surface must 
be chemically inhomogeneous, at least 
to a degree sufficient to explain the ob- 
served differences between the lunar 
rocks and eucrites. If the K-Ar age of 
3.0 ? 0.7 X 109 years for the Apollo 11 
rocks (2) is substantiated then the signi- 
ficantly older Rb-Sr ages (4.39 _? 0.26 
X 109 years) for the eucrites (8) would 
also imply different timnes of formation 
of various parts of the lunar surface. If, 
on the other hand, eucrites are not of 
lunar origin, then those significant sim- 
ilarities between eucrites and moon 
rocks would at least imply that 
both evolved in similar, but separate, 
environments. 
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Semninicro Chemical and X-ray Fluorescence 

Analysis of Lunar Samples 

Abstract. Major and selected minor elements were determined in seven whole 
rock fragments, five portions of pulverized lunar rock, and the lunar soil. Three 
different rock types were represented: vesictllar, fine-grained basaltic rocks; medium- 
to coarse-grained, vuggy gabbroic rocks; and breccia. The ranges (in percent) for 
the major constituents of the lunar samples are: SiO2, 38 to 42; Al203, 8 to 14; total 
iron as FeO, 15 to 20; MgO, 6 to 8; CaO, 10 to 12; Na,O, 0.5 to 1; K.O, 0.05 to 
0.4; TiO2, 8 to 13; MnO, 0.2 to 0.3; and CrO03, 0.2 to 0.4. The high redltcing 
capacity of the samples strongly suggests the presence of Ti(III). 
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0.29 
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<0.001 

100.25 
22.0 
45.8 
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40.1 
8.60 
0.00 

18.9 
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10.7 
0.91 
0.30 
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0.25 
0.37 
0.03 

< 0.001 
100.10( 
21.0 
42.6 
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39.0 
9.50 
0.00 

18.5 
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10.0 
0.80 
0.28 
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13.2 
<0.2 

0.24 
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20.5 
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0.00 

13.2 
<0.2 

0.24 
0.40 

<0.03 
< 0.001 
100.03 
20.5 
44.1 

10047 

41.3 
9.80 
0.00 

19.0 
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12.2 
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0.29 
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99.87 
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Constituent 10049 10050 10058:' 10058t 10062 

Si02 41.0 40.9 41.4 41.7 38.8 
A1l0. 9.50 8.90 10.7 11.8 12.1 
Fe2:: 0.00 0.0() 0.00 0.00 0.00 
FeO 18.7 17.3 17.3 18.2 18.3 
MgO 7.03 8.03 6.25 6.30 7.21 
CaO 11.0 11.3 12.1 11.0 12.0 
Na2O 0.71 0.66 0.79 0.68 0.69 
K20 0.36 0.05 0.07 0.09 0.07 
H20- 0.0( 0.1) 0.00 0.00 0.00 
Total Ti as TiO e 11.3 12.6 11.1 9.55 10.3 
PsO < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
MnO 0.25 0.27 0.27 0.27 0.27 
Cr,O:: 0.32 0.35 0.21 0.24 0.25 
ZrO0 0.03 < 0.03 < .03 < 0.03 < 0.03 
NiO <.001 <.001 < .001 <.001 <.001 
Total 100.20 100.36 100.19 99.83 99.99 
Total Fe as FesO. 20.8 19.2 19.2 20.2 20.3 
RsOa 42.0 41.4 41.4 43.1 43.6 

* Whole rock. ? Pllverized. 
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Table 2. Chemical composition of lunar brec- 
cia and soil fines (in percent by weight). 

Constit- 10019 10048 10060 311079 uent 

SiO2 41.1 42.2 41.5 42.2 
A120: 13.7 12.9 11.8 14.1 
Fe2Oa 0.00 0.00 0.00 0.00 
FeO 15.7 15.7 17.0 15.3 
MgO 7.86 7.54 7.52 7.94 
CaO 11.9 11.4 11.6 12.1 
Na2O 0.93 0.52 0.78 0.54 
K20 0.14 0.17 0.18 0.14 
H20- 0.00 0.00 0.00 0.00 
Total Ti 

as TiOs 8.25 8.95 9.15 7.60 
P20 <0.2 <0.2 <0.2 <0.2 
MnO 0.22 0.22 0.23 0.21 
CrsO: 0.32 0.31 0.33 0.31 
ZrO2 0.03 < 0.03 0.04 0.03 
NiO 0.02 0.02 0.02 0.02 
Total 100.15 99.91 100.13 100.47 
Total Fe 

as Fe-O: 17.4 17.4 18.9 17.0 
R,O. 40.3 40.0 40.5 39.3 ~~~~~~~~4... 3. 3 

Table 2. Chemical composition of lunar brec- 
cia and soil fines (in percent by weight). 

Constit- 10019 10048 10060 311079 uent 

SiO2 41.1 42.2 41.5 42.2 
A120: 13.7 12.9 11.8 14.1 
Fe2Oa 0.00 0.00 0.00 0.00 
FeO 15.7 15.7 17.0 15.3 
MgO 7.86 7.54 7.52 7.94 
CaO 11.9 11.4 11.6 12.1 
Na2O 0.93 0.52 0.78 0.54 
K20 0.14 0.17 0.18 0.14 
H20- 0.00 0.00 0.00 0.00 
Total Ti 

as TiOs 8.25 8.95 9.15 7.60 
P20 <0.2 <0.2 <0.2 <0.2 
MnO 0.22 0.22 0.23 0.21 
CrsO: 0.32 0.31 0.33 0.31 
ZrO2 0.03 < 0.03 0.04 0.03 
NiO 0.02 0.02 0.02 0.02 
Total 100.15 99.91 100.13 100.47 
Total Fe 

as Fe-O: 17.4 17.4 18.9 17.0 
R,O. 40.3 40.0 40.5 39.3 ~~~~~~~~4... 3. 3 

940 mg of Li,B407. No heavy absorber 
was added to the mix. After cooling, the 
fused glass was brought to 1200 mg with 
powdered cellulose and then was ground. 
Three hundred milligrams of the fused 
mix was pressed into a 1/2-inch-diameter 
disc and Na, Mg, Al, and Si were deter- 
mined with a soft x-ray spectrometer; 
P, K, Ca, Ti, Mn, Fe, Cr, and Ni analy- 
ses were made with an x-ray milliprobe. 
The rest of the fused mix was pressed 
into a 1-inch-diameter disc for determin- 
ation of Si, Al, Fe, Ca, Ti, Mn, Zr, Cr, 
and Ni. 

Chemical determinations were made 
on all samples for H20-, SiO2, Na,O, 
MgO, R203, and total reducing capacity. 
FeO was determined, after catalytic oxi- 
dation, on the lunar fines (sample 
311079). 

The compositional data for the allo- 
cated samples are grouped according to 
rock type and numerical sequence in 
Tables 1 and 2. The samples listed in 
Table 1 are type B (gabbro) except for 
sample 10022, a basalt. Samples 10003, 
10022, 10024, 10050, and 10062 were 
whole rock fragments. Samples 10047 
and 10049 were pulverized at the Lunar 
Receiving Laboratory. Sample 10058 
was received as a whole rock fragment 
and as a pulverized sample. 

Chemical compositions of three sam- 
ples of breccia and one of the lunar 
fines are given in Table 2. Of the 
breccias, 10019 was a whole rock frag- 
ment, and 10048 and 10060 were re- 
ceived as pulverized samples. These new 
data support the ranges of ferrous iron, 
titania, magnesia, and chrome previ- 
ously reported (2). The overall similar- 
ity in major element composition for all 
the samples is apparent. Differences are 
noted in the minor element contents; 
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for example, the fines and the breccia 
are characterized by a relatively high 
NiO (200 ppm) when compared to the 
igneous rocks (< 10 ppm). In contrast 
to the previously reported high values 
for ZrO, (1, 2), the new data show that 
ZrO, abundances do not exceed 400 
ppm in any of the samples but are more 
abundant in the breccias and lunar soil 
fines. As a minor constituent, chromium 
is relatively abundant (2100 to 4000 
ppm Cr9,O). 

Summations (Tables 1 and 2) for the 
samples tend to be high and, at first 
glance, appear to be attributable to 
metallic iron because it is analytically 
incorporated in the cited FeO values. 
Determinations of the total reducing ca- 
pacity (3) of the samples (Table 3) 
were found to be as much as 4.6 percent 
higher (equivalent to 1.8 percent addi- 
tional metallic iron) than can be ac- 
counted for by the total iron (as FeO) 
content obtained by x-ray fluorescence 
analysis. Optical examination, coupled 
with calculations based on the assump- 
tion that the NiO content is totally asso- 
ciated with meteoritic iron, indicate that 
the contribution from metallic iron and 
troilite is no greater than 0.5 percent. 
The excessive reducing capacity of the 
returned lunar materials suggests the 
presence of an element occurring as a 
major constituent and capable of existing 
in a lower valence state such as Ti(III). 
To eliminate the possibility of Ti(III) 
contributing to the total reducing ca- 
pacity, a catalytic oxidation was made 
before a volumetric determination of 
total iron as FeO. Duplicate volumetric 
analyses on sample 311079 gave iden- 
tical results for FeO as those obtained 
by x-ray spectroscopy. 

The excessive reducing capacity and 
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Thirteen Apollo 11 lunar samples 
were processed and analyzed spectro- 
graphically for 44 elements. The sam- 

ples we analyzed can be classified into 
four groups: (i) four samples of type A, 
fine-grained, vesicular igneous rocks; 
(ii) one sample of type B, medium- 
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ples we analyzed can be classified into 
four groups: (i) four samples of type A, 
fine-grained, vesicular igneous rocks; 
(ii) one sample of type B, medium- 

Table 3. Comparison of total Fe (as FeO) 
determined by x-ray spectroscopy with total 
reducing capacity (as FeO) of the lunar 
materials (in percent by weight). 

Reduc- Differ- 
Rock ing FeO ence 
type capac- value ( + ) 

ity as FeO 

10003 Gabbro 22.4 19.8 2.6 
10019 Breccia 19.4 15.7 3.7 
10022 Basalt 21.0 18.9 2.1 
10024 Gabbro 22.3 18.5 3.8 
10047 Gabbro 19.8 19.0 0.8 
10048 Breccia 20.3 15.7 4.6 
10049 Gabbro 21.8 18.7 3.1 
10050 Gabbro 19.2 17.3 1.9 
10058t Gabbro 19.3 17.3 2.0 
10058: Gabbro 20.3 18.2 2.1 
10060 Breccia 20.8 17.0 3.8 
10062 Gabbro 20.5 18.3 2.2 
311079 Fines 19.4 15.3 4.1 

* Whole rock. t Pulverized. $ The total iron 
content (as FeO) of sample 311079 was also 
determined chemically and found to be 15.2g 
and 15.3,; percent. 

high summations strongly suggest the 

presence of Ti(III) in the lunar samples. 
Investigations continue in this direction. 
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Table 3. Comparison of total Fe (as FeO) 
determined by x-ray spectroscopy with total 
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materials (in percent by weight). 
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grained vuggy igneous rock; (iii) seven 
samples of breccias; and (iv) one sam- 
ple of fines less than 1 mm in grain size 
from the bulk sample. These sample 
groups have been described (1). 

The 12 rock samples consisted of one 
or more chips and some accompanying 
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Emission Spectrographic Determination of Trace 

Elements in Lunar Samples 

Abstract. Eighteen minor or trace elements were detected and determined by 
emission spectroscopy. Direct d-c arc excitation of powdered samples was used with 
three variations in the procedure. Thirteen lunar samples consisting of four fine- 
grained igneous rocks, one medium-grained igneous rock, seven br'eccias, and one 
sample of fines were analyzed. The zinc and nickel concentrations in the breccias 
were approximately one order of magnitude greater than the concentrations of these 
elements in igneous rocks. 
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