
Jet Propuls ion L a b o r a t o r y  

Examination of chemical analyses data of a Moon soil sample 
demonstrates some of the difficulties in the analysis program. 
Far-reaching geochemical interpretations of lunar history can 
be generated from the existing data, but substantiation awaits 
correction of some of the deficiencies in the analytical data 
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STUDY OF THE Apollo lunar samples 
represents a unique scientific ad- 

venture and an intellectual chal- 
lenge of the first magnitude. As 
one might expect, chemical analysis, 
and particularly trace analysis, 
plays a very important role in the 
Lunar Analysis Program of the Na- 
tional Aeronautics and Space Ad- 
ministration. B y  comparing the 
elemental abundance patterns of 
lunar material with those of solar, 
meteoritic, and terrestrial materials, 
some insight into the cosmological 
history of the Moon is being ob- 
tained. Thus, the chemical compo- 
sition of the lunar surface reflects 
a t  least three major processes : 
chemical fractionations during ac- 
cretion of the Moon from the solar 
nebula, magnetic differentiation, 
and infall of meteorites and cosmic 
dust. 

Although much has been pub- 
lished on the results of the study of 
lunar samples returned by the 
Apollo 11 and 12 missions and their 
geochemical significance (1-4), lit- 
tle has been said about the analyti- 
cal techniques employed and the 
quality of the analytical data. As 
an analytical chemist and one of the 
Principal Investigators in this ex- 
citing program, I would like on the 
occasion of this award symposium 
to acquaint the community of ana- 
lytical chemists with some interest- 
ing facts and figures on the analyses 
performed on these precious sam- 
ples. 

At this point it would be helpful 
to  indicate the different types of 
lunar material returned. The 
Apollo 11 mission returned 22 kg of 
soil and rocks collected on the sur- 
face of Mare Tranquillitatis, Apollo 
12 returned 33.6 kg of similar ma- 

terial from Oceanus Procellarum, 
and most recently, Apollo 14 re- 
turned approximately 49 kg of high- 
land material from Fra Mauro. 
The Soviet Union with its un- 
manned Luna 16 mission has also 
returned some 100 g of material 
from the surface of Mare Fecundi- 
tatis. The different types of mate- 
rials returned from the maria re- 
gions by the hpollo 11 and 12 mis- 
sions include fine-grained (type A j 
and medium-grained (type B )  ba- 
saltic igneous rocks, microbreccia 
(type C) which are compacted co- 
herent rocks consisting of a me- 
chanical mixture of soil, igneous 
rock fragments and glass, and soil 
material (type Dj  of an  average 
particle diameter of 100 p .  Also 
found in the soil and in some rocks 
were glassy beads and fragments. 
After preliminary examination of 
the material a t  the Manned Space- 
craft Center in Houston, selected 
samples were distributed to some 
170 Principal Investigators around 
the world for use in detailed studies 
( 5 )  ' 

The Lunar Sample Analysis Pro- 
gram of NASA consists of four ma- 
jor areas of study: (1) mineralogy 
and petrology, (2) chemical and 
isotopic analysis, (3) physical stud- 
ies, and (4) organic and biochemical 
analysis. I n  this article we limit 
our discussion to chemical analysis. 
I n  the category of chemical and iso- 
topic analysis, various principal in- 
vestigators are concerned with ob- 
taining information on elemental 
composition including major, minor, 
and trace elements. Other studies 
include the determination of iso- 
topic composition, ages, surface 
composition, the nature of the oxi- 
dation states of certain elements, 

and the distribution of elements in 
the various mineral phases. 

To  accomplish these different 
tasks, a variety of analytical tech- 
niques is being employed. Apollo 
12 is used as an example, and these 
techniques are listed in Table I 
along with the number of labora- 
tories who used each in their studies. 
It should be noted that  an impor- 
tant aspect of the analysis program 
is to provide a reasonable duplica- 
tion of effort to ensure meaningful 
results. Also, many of the investi- 
gators have had considerable pre- 
vious experience in the analysis of 
meteorites and terrestrial geologi- 
cal samples using these techniques. 
Examination of this list reveals the 
inclusion of all major techniques for 
the determination of elemental and 
isotopic concentrations. 

T o  determine elemental composi- 
tion, the techniques of activation 
analysis, atomic absorption, emis- 
sion spectroscopy, flame photome- 
t ry ,  inert gas fusion, mass spec- 
trometry, spectrophotometry, wet 
chemistry, and X-ray fluorescence 
were employed. Because of the 
large number of elements to be de- 
termined and the large concentra- 
tion range encompassed by these 
elements, use of all of these tech- 
niques was essential. 

For isotopic information, mass 
spectrometry and gamma spec- 
trometry of radioactive isotopes 
were required. Surface studies in- 
volved the use of Auger spectros- 
copy, and oxidation states were 
studied using Jlijssbauer spectros- 
copy, nuclear magnetic resonance, 
and electron spin resonance. Per- 
haps the most useful tool to  the 
mineralogist is the electron micro- 
probe to provide information on in- 
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Since the introduction of double- 
beam spectrophotometers capable of 
generating either a linear ( %  trans- 
mittance) or a logarithmic (absor- 
bance) output, an interesting and 
useful new way of recording that out- 
put has evolved. 

It is now possible to record the loga- 
rithm of absorbance as a function of 
wavelength. With the proper external 
recorder, of course. 

But before we detail for you some of 
the advantages of log-absorbance 
recording, a few fundamentals. 

We discuss here 
some of the 
advantages of 
recording the 
logarithm 
of absorbance I I 

To begin, the term absorbance (A) is 
defined thus: 

A=ecl 

where c is the concentration of sam- 
ple in the absorption cell, 

l is the light-path (the inside 
distance between front and 
back windows of the cell), and 

e is a numerical coefficient. 

The fact is that e is a characteristic 
of each compound or substance, It 

~~ 

F iGdRE 1 

is  dependent on temperature and 
wavelength, but independent of either 
the concentration, c, or the light-path 
length, 1. 

If we plot A versus wavelength for 
three samples of the same substance 
in concentrations in the ratio 1:2:5, 
we get the curves shown in figure 1. 
There is, unhappily, no basic corre- 
spondence among them. 

But watch what happens with our 
original equation, 

A = ecl 

when we take the logarithm of both 
sides, 

log A=log ecl 

Since the logarithm of a product is 
the sum of the logarithms of its fac- 
tors, 

log A=/og e + log c l  

such as for 
"fingerprinting ' ' 
a compound . 
Now when we p lot  l o g  A versus 
wavelength (figure 2), we immediately 
see our three 1:2:5 samples are rep- 
resented by curves that have identi- 
cal shapes. Each curve is that of 
log e displaced along the log A axis 
by the amount log cl. And each curve 
is separated by intervals that corre- 
spond to the 1:2:5 ratio of cl. 

Here's where the "fingerprinting" of 
compounds comes in. Reference 
files of log A recordings facilitate the 
identification of unknown compounds 
by making i t  easy to compare their 
log A curves to those already on file. 
Large files of this sort are used in 
organic synthesis. 

Now, a new topic: log A recording is 
also a valuable technique in studies 
of the kinetics of first-order reactions. 

FIGURE 2 

'I? '2: 
'WAVELENGTH-m, 

For proof of this statement, we resort 
once again to a basic equation: 

-c- 
dt - kc 

where -e is the rate at which the 
dt concent ra t ion  i s  d e -  

creasing with time. 

k is the velocity or rate con- 
stant, and 

A few manipulations of this basic 
equation yieid: 

t = [y log c] - [Flog iGX)] 

Wherein we note that the first term 
in brackets is a constant and, there- 
fore, the reaction time, t ,  is directly 
proportional to the second bracketed 
term, log (c-xj lk. 

Since (c-x) is the concentration at 
time t, it will be proportional to the 
absorbance, A. And log (c-x) will 
likewise be proportional to log A. 

and for quickly 
determining 
reaction rates . . . 
As long as the reaction is first-order, 
both log (c-x) and log A will be linear 
with time. So when we plot log A 
versus time at a fixed wavelength for 
a first-order reaction of a dye fading, 
we get the curve shown in figure 3. 

The linearity of the curve in figure 3, 
in itself, tells us that this is a first- 
order equation. And where the linear 
section of the curve terminates (at 
the right of the curve) indicates a 
departure from strict first-order reac- 
tion. Finally, the rate constant, k, can 
be determined from the slope of the 
linear section. 

These applications-for fingerprinting 
a compound and for studying the 
kinetics of first-order reactions-are 
but two to which log A recording is 
eminently suited. Other applications 

FIGUCE 3 
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include the precise specification of 
color and the measurements of small 
differences in color. 

In all cases, this type of log record- 
ing requires an advanced, accurate, 
versatile recorder. The Sargent SRLG 
Recorder is just that. It uses preci- 
sion, non-linear gears for accuracy 
and fidelity: these gears are much 
superior to electrical circuit approxi- 
mations. Amplifier gain is adjusted 

automatically at all points in the log 
scale. There's also a switch for inac- 
tivating the zero adjustment and 
automatically setting the voltage- 
divider zero-point. Conformance of 
the logarithmic scale to the theoreti- 
cal function is f0.003 at any point. 

But the SRLG is a linear-log recor- 
der. (You change the mode of oper- 
ation by simply changing the gears.) 

Its accuracy on the linear scale is 
333.25% of full span and its repro- 
ducibility is fO.l  YO of full span. 

and we, of course, 
also recommend 
the ideal recorder 
for the task: 
our own SRLG. 

The SRLG Linear-Log Recorder, like 
all Sargent recorders, is true poten- 
t iometric i n  its bas ic  (mil l ivolt)  
ranges, with no voltage dividers to 
load the circuit. Its full-scale pen 
response is less than 1 second. 
There are seven switch-selected, 
calibrated spans and three switch- 
selected chart speeds. Plus improved 
input filtering and circuit guarding to 
eliminate A.C. components of the 
input signal. All circuitry is solid- 
state. And batteries have been re- 
placed by zener-diode regulation of 
ail critical voltages. 

For additional information, including 
complete specifications and prices, 
please call or write us. 8-224 

SARGENT-WELCH 
Scientific instruments apparatus chemicals. 
Sargent-Welch Scient/fic CornpaAy 
7300 N. Linder Ave.: Skokie, Illinois 60076 

Cnicago Anahe m B.rm'ngnarn C.rcinnat1 
Cleve,and Dallas Denver De'ro't 
Spr,ngfie(o N J.fToronto Montreal VarcoLver 

c is the concentration 
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Table 1. Analytical Techniques Used to Study Lunar Materials 
No. of No. of 
labo- la bo- 

Technique ratories Technique ratories 

Act ivat ion analysis Mass spec t romet ry  (contd.) 
Ins t rumenta l  neutron Isotope d i lu t ion  8 

act ivat ion 5 Laser 1 
Neutron act ivat ion and  Rare gas 6 

rad iochemist ry  13 Spark source 4 

2 Microprobe 14-Mev neutron act ivat ion 
Photon act ivat ion 2 Electron 22 

Atomic absorpt ion Ion  1 
Mossbauer spectroscopy 2 
Nuclear magnet ic  resonance Auger spectroscopy 1 

Emission spectroscopy 6 and  electron spin resonance 3 

Flame photometry  2 Scanning electron microscopy 3 

s pect  ro m et  ry 3 

G a m m a  spect rometry  for Spectrop hotometry  3 
radioactive isotopes 3 

ana lysis 1 c h  romatogra p h y 1 

Wet chemist ry  6 

Wet c he mistry-ga s 
Iner t  gas fus ion  a n d  

combus t ion  chromatographic  

Mass spect rometry  X-ray f luorescence 
Chemical  isolat ion 8 spectroscopy 4 

dividual mineral phases. From ular techniques in geochemical 
both ion microprobe analysis and analysis are activation analysis, 
scanning electron microscopy, much mass spectrometry, and electron mi- 
valuable information was obtained croprobe analysis. 
on the distribution of elements in Elementa l  Composi t ion 
the lunar samples. Examination of Since elemental abundances are 
the table reveals that the most pop- so important in understanding the 

geochemistry of the lunar materials, 
i t  is informative to summarize their 
general behavior. The various ele- 
ments were classified geochemically 
by V. M. Goldschmidt in 1923 to 
include siderophile, chalcophile, 
lithophile, and atmophile groups ac- 
cording to their affinity for metallic 
iron, for sulfides, for silicates and 
other oxidic minerals, and for the 
atmosphere, respectively. Figure 1 
gives the geochemical classification 
of the elements based on their dis- 
tribution in the common chondritic 
meteorites. A few elements such as 
Fe, Mo, Bi, and Ga appear in more 
than one group. Thus, every ele- 
ment is of potential geochemical 
interest. 

From the analytical point of 
view, this presents a formidable 
challenge since in the lunar samples 
the concentrations of the many dif- 
ferent constituents range from per- 
centages to fractional parts per bil- 
lion. Obviously no one technique is 
capable of obtaining this informa- 
tion. By using a combination of 
techniques and the efforts of a num- 
ber of different investigators, from 

Figure 1. Geochemical  c lassi f icat ion o f  e lements 
Li thophi le . - .  . . Siderophi le  -- - - Chalcophi le  -..-..- A t m  o p h i le 
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a few samples we obtained informa- interest in solar wind studies re- 
tion on 79 elements including the quiring specialized techniques for 
rare gases, with a lesser number of their measurement. 
elements determined on a broader Two general approaches to the 
range of samples. I n  the subse- determination of the elemental com- 
quent treatment, the rare gases will position of lunar samples have been 
be omitted since they represent a single element determination and 
special class of gaseous elements of multielement survey analysis. I n  

Element 

AI 

0 
Si 
Fe 

Ca 

Mn 
P 

Na  

T i  

K 

M g  
Cr 

F 

Se 

s c  

Pr 

co  
P b  

N i  

S m  

Er 

Be  

U 

Ba  

Y 

DY 
Lu 
T h  

Sr 

Yb 

Ce 

Ho 
La 

H f  

R b  

Z r  

Mean 

6.71 
42.0 
21.4 
12.5 
7.3 

0.170 
0.134 
0.330 

1.70 

0.196 

6.35 
0.267 

61.5 
0.25 

39 
12  
44 
3.2 

195 
17 
14 
3.6 
1.68 

357 
129 
23 

1.7 
6 . 1  

143 
12 
88 

5.2 
33 
13 
6.7 

470 

Table II. Results of Analyses 
Rel. 
std. No. of 

dev.. % values Range 

Major  Elements, Wt  % 
1.8 
2 
2.6 
4.1 
5.0 

6.3 
6.6 
7.2 

8 .6  

9 . 1  

10 
10 

3.4 
3.6 
6.7 
7.2 
7.8 
7.9 
8 
9 
9.2 
9.4 
9.9 

11 
11 
12 
12 
12 
13 
13 
14 
14 
15 
15 
16 
16 

11 
2 
8 

12 
10 

11 
5b 

12 

11 

1 4b 

9 
13b 

6.50-6.9 
41.4,42.6 
20.3-22.2 
11.5-13.2 
6.5-7.6 

0.155-0.190 
0.120-0.140, (0.064) 
0.290-0.370 

1.5-2.1 

0.150-0.220,(0.12) 

5.7-7.9 
0.208-0.303 I (0.70) 

Trace Elements,  PPM 

2b 
2b 

12 
4b 

14b 
4b 

11 
18 

a b  

5 
l o b  

1 5b 
8 b  

l o b  

1 15 

12b 
14 
15b 
14b 
9 

16b 
10 
17 
1LY 

60,63, (241) 
0.246 ,O. 259, (1.1) 
35-43, (63) 
10.6-12.6, (6.3,26) 
39.4-52, (17) 
3-3.86, (8) 
164-220 
14.7-19, (8.05) 
12.9-16, (8.4,29) 
3.21-4.0 
1.4-1.96, (1) 

270-423, (672) 
110-145, (180) 
20.2-29, (13.7) 
1.3-1.9, (4.2) 
5.52-6.9, (2.0) 
120-190 
8.3-14, (6.7,20) 
62-115, (50.7) 
4.3-6.7, (2.65,15,7) 
22-42.5, (82) 
11.2-17.2 
5.6-9.5 
370-600, (872) 

Techniquesa 

NAA,XRF,Chem,ES 

NAA 

NAA,XRF,Chem,ES 

NAA,XRF,Chem,ES, 

NAA,XRF,Chem, 

NAA,XRF,Chem,ES 

SS,XRF,CHEM 

N AA,X R F,C hem, ES, 

NAA,XRF,Chem, 

NAA,XRF,Chem, ES, 

NAA,XRF,Chem,ES 

NAA,XRF,Chem,ES, 

ES,ID 

I D,AA 

ES, I D 

I D,Y 

AA,GC 

NAA,SS 

NAA,SS 

NAA,SS,XRF,ES 

NAA,SS 

NAA,SS,XRF,ES 

SS,MS,ID 

NAA,SS,XRF,ES 

NAA,SS,ID 

NAA,SS,ID 

SS,ES,GC 

N AA,SS,XR F, I D, 
MS,r 

NAA,SS,XRF,ES, I D  

NAA,SS,XRF,ES 

NAA,SS,ID 

NAA,SS,ID 

NAA,SS,XRF,ID,r 

NAA,SS,XRF,ES,ID 

NAA,SS, ES, I D 

NAA,SS,XRF,ID 

NAA,SS 

NAA,SS,XRF, ES, I D  

NAA,SS 

NAA,SS,XRF,ES,ID 

NAA,SS,XRF,ES 
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the former approach, more precise 
information has been obtained by 
activation analysis with radiochem- 
ical separation, fast neutron and 
photon activation analysis, atomic 
absorption, flame photometry, inert 
gas fusion, various types of mass 
spectrometry, spectrophotometry, 

and wet chemistry. Here optimiza- 
tion of the method for a given ele- 
ment is involved. The more com- 
prehensive multielement approach 
was used to a greater extent, how- 
ever, in view of the large number of 
samples to be analyzed, the large 
number of elements to be deter- 

of Lunar Soil Sample 12070 
Rel. 
std. No. of 

Element Mean dev. % values Range Techniques0 

Trace Elements, PPM 

W 0.65 17 4 0.5-0.74 NAA,SS 

V 
Gd 

Li 

Eu 
Ta 

N d  

N b  

Tb  

c s  

Ga 

c u  

T m  

CI 

Zn 

I r  

S 
I n  

Br  

Au 

B 

Ge 

M o  

Ag 
As  

C d  

Sb 
N 

Ru 

R h  

Sn 

I 
Pd 

HE! 
TI 

B i  

111 
19 
17 
1.6 
1.6 
55 
34 
3.3 
0.28 
3.9 
8.1 
1.7 
32 
9.5 
0.0068 

900 
0.45 
0.226 
0.0030 
7.4 
0.56 
0.3 
0.09 
0.21 
0.8 
0.44 
40 
1.1 
0.4 
0.3 
0.046 
0.0065 
0.002 
0.002 
0.002 

18 lob 
19 9 
20 6b 
20 14b 
21 3b 
21 11 
22 7 
22 9b 
22 8b 
24 9 
30 10 
30 5b 
31 5b 
31 11 
32 3 
35 4 
37 46 
46 4 
55 3 
61 3 
86 3 
92 3 
105 3 
117 4 
121 3 
164 3 
. . I  1 
... 1 
... 1 
... 1 
... 1 
... 1 
... 1 
... 1 
... 1 

72-142.5, (49) 
12.8-25 
12-22, (28) 
0.88-1.9, (3.6) 
1.41-2.05, (3.3) 
32-74 
25-45 
1.99-4.1, (7.3) 
0.2-0.39, (1.7) 
2.5-4.9, (15) 
5-12.5 
1.07-2.4, (10.8) 
24-48, (106) 
7.4-15.5 
0.0043-0.0085 
520-1200 
0.2184.62, (2) 
0.123-0.330 
0.0018-0.0050 
2.3-11 
0.21-1.1 
0.03-0.6 
0.026-0.2 
0.022-0.575 
0.045-1.9 
0.009-1.27 

... 

... 

... 

... 

... 

... 

NAA,SS,XRF, ES, I D 

NAA,SS,ID 

NAA,SS, ES, 1 D 

NAA,SS, I D 

NAA 

NAA,SS,I D 

SS,XRF, ES 
NAA,SS 

NAA,SS,ID 

NAA,SS,XRF, ES 
NAA,SS,XRF,ES 

NAA,SS 

NAA,SS,XRF 

N AA, SS, XR F, ES 

NAA 

SS,XRF 

NAA,SS 

NAA,SS 

N AA 

NAA,SS 

NAA,SS 

ss 
NAA 

NAA,SS 

NAA,SS 

N AA 

ss 
ss 
ss 
ss 
NAA 

NAA 

NAA 

NAA 

NAA 

Techn iques  inc lude neutron act ivat ion analysis (NAA), spark source m a s s  spec- 
t romet ry  (SS), X-ray f luorescence (XRF), wet  chemical  (Chem), isotope d i lu t ion-mass 
spect rometry  (ID), emiss ion spectroscopy (ES), g a m m a  spect rometry  of radioactive iso- 
topes (y), atomic absorpt ion (AA), chemical  isolat ion-gas chromatography  (GC), chem-  
ical isolat ion-mass spect rometry  (MS). 

N u m b e r  o f  values used  i n  c o m p u t i n g  the  m e a n  exc lud ing rejected va lues g iven in 
parentheses i n  the  range. 

mined, and the limited size of sam- 
ples available. Incidentally, con- 
siderable pressure is exerted on the 
investigators to reduce the size of 
the samples they request. Thus, the 
multielement survey techniques are 
of particular value in the study of 
small samples of such items as rock 
chips and mineral separates. These 
techniques include activation analy- 
sis using high-resolution solid-state 
detectors, emission spectroscopy, 
spark source mass spectrometry, 
and X-ray fluorescence spectros- 
COPY. 

Evaluation of Results 
To date, analytical information 

has been published on 35 rocks and 
2 soil samples from Apollo 11, and 
26 rocks and 13 soil samples from 
Apollo 12. While i t  is much more 
glamorous to discuss the geochemi- 
cal significance of the results and 
their implications regarding the his- 
tory of the Moon, the important 
question of the quality of the ana- 
lytical results must also be consid- 
ered. Inaccurate and incomplete 
data can lead to faulty geochemical 
conclusions and speculations. 

Since it is impossible in the space 
available to evaluate the large body 
of elemental analysis data obtained 
so far, I have chosen to examine in 
detail just one sample, soil sample 
12070 from Apollo 12. Soil samples 
are those materials which pass a 
1-mm sieve, so that  from the ana- 
lytical viewpoint they are consider- 
ably more homogeneous than the 
rock chip samples. Of all of the 
samples studied, 12070 has been 
analyzed by the largest number of 
investigators so that  a detailed 
evaluation of this sample is most 
appropriate. With the exception of 
12070 and soil sample 10084 from 
Apollo 11, only one to  three values 
per element have been reported on 
all other samples. I n  general, the 
Apollo 12 data are better, presum- 
ably due to the experience gained in 
analyzing the Apollo 11 samples. 
Incidentally, 12070 is the con- 
tingency sample collected by Astro- 
naut Pete Conrad. 

Table 11, which is a composite of 
all the available information on 
sample 12070, as reported a t  the 
Apollo 12 Lunar Science Conference 
in Houston, Jan.  11-14, 1971, lists 
the element, the mean of the re- 
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Table 111. Valuesfor Chromium 
in Sample 12070, Wt % 

Technique Reported values 

SSMS 0.28, (0.7) 

NAA 0.227, 0.243, 0.248, 

XRF 0.208, 0.29 

Chem-GC 0.270 

ES 0.28, 0.303 

0.26, 0.28, 0.28, 0.30 

ported values, the percent relative 
standard deviation of these values, 
the number of values included, the 
range, and the techniques employed. 
In  a number of cases, one outlier or 
a t  most two obvious outliers were 
rejected in computing the mean, 
and these values are in parentheses, 
The elements are conveniently di- 
vided into majors and traces and 
are arranged in increasing order of 
relative standard deviation. 

How can we objectively evaluate 
these data? Since only 50 elements 
have four or more reported values 
with a maximum number of 17, but 
on the average only 9 to 12, a rig- 
orous statistical treatment is im- 
possible. I n  addition to the need 
for larger numbers of values, i t  
would require calculating weighted 
averages for each component, mak- 
ing due allowance for the respective 
variances of all the methods used. 
Instead, we are forced to examine 
the spread of values for any given 
element, bearing in mind the vari- 
ous factors contributing to the 
spread. I n  some instances, com- 
parison of the means with values 
obtained by “better methods” gives 
some insight into the quality of the 
results. 

Major Elements. Evaluation of 
all 12 major elements shows that  the 
relative standard deviations ranged 
from a low of 1.8% for A1 to a high 
of 10% for Mg and C r  with an 
average of 6%. With the exception 
of 0, five or more values were avail- 
able for each element so that mean- 
ingful evaluation is possible. I n  the 
cases of P, K, and Cr, one of the 
values reported for each was obvi- 
ously an outlier and therefore re- 
jected. Incidentally, the rejected 
values were all from the same lab- 
oratory. When we consider the an- 
alytical techniques employed, a 
spread of values up to 10% is not 

surprising. I n  the case of Apollo 
11 soil sample 10084, where more 
wet chemical analyses were re- 
ported, the average relative stan- 
dard deviation for the majors was 
only 4%, indicating their superior- 
ity for determining high concentra- 
tions. With the Apollo 12 soil sam- 
ple, there was less spread with ele- 
ments of higher concentrations with 
the exception of Mg. 

As a typical example, Table I11 
shows detailed data for Cr by the 
various techniques employed. 
Variation within a given technique 
and between different techniques is 
observed. One mass spectrometric 
value was rejected as an  outlier. 
The one technique that comes clos- 
est to the mean of 0.267% Cr is 
chemical isolation-gas chromatog- 
raphy which is the only example of 
a single-element technique opti- 
mized for the element. All of the 
others are multielement in nature 
so that  a spread of 10% is under- 
standable. 

Trace Elements. With the 
wealth of information reported on 
59 trace elements, only general ob- 
servations and a few specific ex- 
amples can be presented here. The 
relative standard deviations range 
from 3.4% all the way to 164%. 
There are a variety of reasons for 
the spread of a given element, in- 
cluding an insufficient number of 
values reported, the low concentra- 
tion of the element present, hetero- 
geneity and contamination for cer- 
tain elements, differences in capa- 
bilities of analytical techniques em- 
ployed, and most important, the 
ability of the investigator. Each 
will be discussed with examples. 

INSUFFICIENT XL-MBER OF VAL- 
CES. In  any evaluation it is dan- 
gerous to draw conclusions from 
only a limited amount of data. 
Thus, in Table I1 there are 20 ele- 
ments which cannot be properly as- 
sessed because there are fewer than 
four values for each. Elements 
with only one reported value are N, 
Ru, Rh,  Pd,  Sn, I, Hg, T1, and Bi. 
Those with two reported values are 
F and Se, and those with three are 
T a ,  I r ,  Au, B, Ge, Mo,  Ag, Cd, and 
Sb. -4lthough one may not be able 
to attribute much confidence to 
their reliability, their concentra- 
tions are sufficiently revealing in 
understanding their geochemical be- 

~ 

havior. Thus, the strong depletion 
of siderophile and volatile elements 
in the lunar material is immediately 
apparent. 

ELEMEWTS OF Low CONCENTRA- 
TION. One of the main reasons for 
the limited data on the above ele- 
ments is their presence a t  extremely 
low concentrations and the analyti- 
cal difficulties associated with their 
determination. With the exception 
of F, B,  and N, all of these elements 
are present below 1 ppm and a num- 
ber are a t  the low ppb level. 

Five other elements with four or 
more values reported and which are 
present a t  concentrations below 1 
ppm are W, Cs, Br, In, and As. 
Their relative standard deviations 
are 17, 22, 46, 37, and 117%, re- 
spectively, which is understandable 
in the determination of ultratrace 
elements. 

In  the concentration range of 1- 
10 ppm, there are 15 elements with 
relative standard deviations rang- 
ing from 7.9% to 61 % with an aver- 
age of 21%. In  the concentration 
range of 10-50 ppm, the relative 
standard deviations for 13 elements 
range from 6.7% to 31% with an 
average of 14%. For 10 elements 
above 50 ppm, the relative standard 
deviations range from 3.4% to 35% 
with an average of 15%. It ap- 
pears, therefore, that  in the low- 
ppm range, the spread in values is 
somewhat greater than a t  higher 
concentrations. 

HETEROGENEITY AKD CONTAMIXA- 
TION. Although the soil samples are 
more homogeneous than the rock 
samples, there is a possibility of 
nonhomogeneity of certain elements 
in the soils, especially a t  the low 
trace level. I n  particular, those 
elements attributed to meteoritic in- 
fall-ie., Cu, Zn, Mo, Ge, and As 
show rather large relative standard 
deviations. Cobalt and Ni, which 
are also possible meteoritic con- 
taminants, are present a t  relatively 
high concentrations so that  their 
relative standard deviations are 
small. Perhaps the most obvious 
source of contamination is the Ag- 
I n  vacuum gaskets used on the sam- 
ple return containers. Relative 
standard deviations for Ag and I n  
are 105% and 3770, respectively. 

DIFFERENCES DUE TO AKALYTICAL 
TECHNIQUES. As mentioned earlier, 
most of the information on the trace 
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elements has been obtained using 
multielement techniques of widely 
different capabilities for different 
elements. Thus, it is unreasonable 
to give equal weight to each tech- 
nique. Also, laboratories using the 
same technique employed widely 
different procedures which are diffi- 
cult to equate. 

-4 specific example of the results 
for La, present a t  the 33-ppm level, 
is shown in Table IV. This element 
was selected because i t  had the 
largest number of reported values 
and included a number of different 
techniques. Variation within a 
given technique and between differ- 
ent techniques can be observed. 
The relative standard deviation ex- 
cluding one outlying mass spectro- 
metric value is 15%) which one 
must consider high for the determi- 
nation of a trace element a t  this 
concentration level. 

If one is willing arbitrarily to ac- 
cept a relative standard deviation 
for trace elements of 10% or less as 
satisfactory, then there are 32 ele- 
ments with four or more reported 
values that  lie outside this accept- 
able limit. Nine additional ele- 
ments with relative standard devia- 
tions greater than 10% have only 
three or two reported values and, 
therefore, are difficult to  evaluate. 

PERFORMAKCE OF LABORATORIES. 
Having considered most of the 
problems involved in the analysis 
of lunar samples using soil sample 
12070 as a good example, we are 
now ready to evaluate the per- 
formances of the individual labora- 
tories, Two ground rules are in- 
voked. Only those elements with 
four or more values used in com- 
puting the mean are used to com- 
pare the performance of each lab- 
oratory. Means arrived a t  using 
fewer than four values are less 
likely to approximate the actual 
concentrations. The second cri- 

Table IV. Values for Lanthanum 
in Sample 12070, PPM 

Technique Reported values 

SSMS 32, 36, (82) 
NAA 22, 26.8, 32.1, 33, 33, 

33.5, 36, 36.8, 38 
ID-MS 30.1 
XRF 29, 33, 43 
ES 40 
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terion is that  only elements with 
deviations from the mean of 10% or 
less may be considered satisfactory. 

Table V summarizes the perform- 
ance of the various laboratories 
involved in compositional analysis. 
The first entry represents the results 
of our group a t  Cornell. The re- 
maining laboratories are identified 
by number to preserve their ano- 
nymity. Included in the table is 
the total number of elements deter- 
mined and the number of elements 
for which meaningful comparisons 
can be made-Le., four or more 
values used in computing the means, 
Also included are the average per- 
cent deviation from the means for 
those elements which can be com- 
pared, the number of elements with 
percent deviations of 10% or less, 
and the techniques employed. 

The only element with four or 
more values whose mean was 
deemed unacceptable for compari- 
son was As since the relative stan- 
dard deviation for the four values 
was 117%, indicating considerable 
uncertainty as to the correct mean 
value. 

The first six laboratories report 
30 or more elements each, in which 
are included anywhere from 26 to 
46 trace elements. Since maximum 
information on trace elements is 
important in studying the geochem- 
ical behavior of lunar materials, 
multielement analyses such as these 
are indispensable. Although the 
determination of many of the trace 
elements is more difficult, the results 
of all but Laboratory 2 are reason- 
able. It should be noted that  a bad 
value for just a few trace elements 
can dramatically affect the average 
for a given laboratory. 

Laboratories 7 through 13 report 
substantially fewer trace elements 
(average of 1 7 ) ,  with less possibil- 
ity of large deviations. With the 
exception of Laboratories 8 and 12, 
their average deviations are greater 
than lo%, with Laboratory 13 be- 
ing particularly bad. 

Laboratories 14 through 28 report 
from 1 to 16 elements. With the 
exception of Laboratories 16 and 18, 
they all use single-element tech- 
niques so that better results would 
be expected. Laboratory 16's re- 
sults are particularly poor. On the 
other hand, Laboratory 17's results 
are better than indicated, since their 



six elements compared are trace 
elements in the low-ppm and -ppb 
range, with greater inherent error 
in their determination. Similarly, 
two of the four elements determined 
by Laboratory 19 are difficult trace 
elements. Finally, it should be 
noted that those laboratories using 
isotope dilution-mass spectrometry 
obtained some of the best results on 
the limited number of elements they 
determined. 

There is considerable variability 
in the performance of different lab- 
oratories. Although single-element 
techniques, in general, produce bet- 
ter results, the use of comprehensive 
multielement techniques by superior 
laboratories is capable of providing 
good results. This becomes all the 
more important in analyzing lunar 
samples of limited size. Of the 

total of 28 laboratories, 16 pro- 
duced results with an average devi- 
ation of 10% or better. Labora- 
tories employing multielement tech- 
niques, while achieving an accept- 
able degree of accuracy, are a t  the 
same time providing useful infor- 
mation on a much larger number of 
elements as compared with the lab- 
oratories employing single-element 
techniques. 

I n  summary, the quality of the 
results is commensurate with the 
magnitude of the analysis program 
and the limited time available for 
performing the analyses and report- 
ing the results. While in many 
cases the results are satisfactory, 
there is a glaring number of weak 
points in the elemental data for the 
soil sample. With considerably 
fewer data available for the rock 

Table V. Performance of Individual Laboratories in 
Analvsis of Samule 12070 

Total No. of No. of ele- 
No. Of elements Av. de”. ments with 

L a b -  elements compared from deviations < 
.story determined with mean mean, % 10% of mean Techniques 

1 56 48 8.1 37 SS,NAA 
2 56 47 76 10 SS,ES 

3 46 38 11 20 NAA 
4 39 32 9.4 21  NAA 

5 35 34 8.0 24 NAA,PAA 
6 32 30 11 18 SS,ES 
7 28 28 14 21 XRF,ES,AA 

8 28 28 10 18 XRF,ES,Chem 
9 28 28 11 15 XRF,ES,Chem 
10 28 28 11 17 XRF.ID 
11 27 26 13 14 NAA, ES, I D, PAA 
12 22 21 8.0 15 NAA 
13 18 17 56 4 NAA 
14 16 16 5.3 15 ID 

15 14 14 4.1 14 ID 
16 14 14 39 0 NAA 

17 13 6 25 2 NAA 
18 12 12 6.1 11 NAA 

19 7 4 24 1 NAA,PAA 
20 5 4 3.3 4 NAA 
21 5 2 11 1 NAA 
22 4 4 6.4 4 ID 

23 3 3 2.6 3 Y 

24 3 3 4.2 3 Y 

25 3 3 2.0 3 MS 
26 3 3 3.2 3 MS,a 
27 2 2 6 2 Chem-GC 
28 1 1 4.5 1 MS 

Report far Analytical Chemists 

George H. Morrison, winner of the 
1071 American Chemical Society 
Award in Analytical Chemistry, 
sponsored by  the Fisher Scientific 
Co. (ANAL CHEM. 42, X o .  12,59 A, 
1970), was cited for his outstanding 
research achievements and leader- 
ship in the field of trace analysis 
and materials characterization, and 
for his service to other scientists by  
providing them with the methodol- 
ogy necessary to  pursue their ob- 
jectives. He was one of the select 
group of Principal Investigators in 
the N A S A  program to analyze the 
first lunar material retnrned to 
earth. Dr.  Morrison is professor of 
chemistry and Director of the Ma-  
terials Science Center Analytical 
Facility at Cornell University. 

samples, the situation is much 
worse. 

While a considerable amount of 
geochemical interpretation of far- 
reaching significance to  lunar his- 
tory has been generated from the 
existing data, a substantiation of 
the concepts evolved can only be 
done after the deficiencies in the 
analytical data have been corrected. 
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