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THIS DOCUMENT HAS BEEN REPRODUCED FROM
THE BEST COPY FURNISHED US BY THE SPONSOR-
ING AGENCY. ALTHOUGH IT IS RECOGNIZED
THAT CERTAIN PORTIONS ARE ILLEGIBLE, IT
IS BEING RELEASED IN THE INTEREST OF MAK-
ING AVAILABLE AS MUCH INFORMATION AS

POSSIBLE.



) r
¢
CONTERTS :
Saction
T

. Abstract and Introduction

. {

yfgz, Major Element Abundances in Apollo 12 rocks and Fines
by 14 MeV Weutron Activation, Manuscript of Paper
Presented at the Apcllo 12 Lunhar Science Conference;
January i1l, 1871,

V/EII, - pyblication - Lunar Rock 12013; 0, 8i, Al, and Fe
Abundances, Earth Planet. Sci. Letters 9, 164-168 {1970).

+ IV¥. Publication ~ Oxyvgen, Silicon and Aluminum in Lunar
vg ) ) -
Samples by 14 MeV Neutron Activation, Science 167,
528-530 (1970).

V//vu Publication - Oxygen, Silicon and Aluminum in Anollo 1l
Bocks and Fines by 14 MeV Neutron Activation, Geochim,
Cosmochim. Acta, Proceedings of the Apollo 11 Conference
2, 1071~3078 (1970},

V//ﬁz. Publication - Elemental Abundances by Instrumental
Activation Analysis in Chips From 27 Lunar Rocks,
Geochim. Cosmochim. Adta, Profeédings. of the Avnollo 11
Conference 2, 1165- 1176 (1970} .

ViI. Publication - Inscrumental Activation Technicues for
the Analvsis of Meteorites and Lunar Materials, American
Laboratory September, '19-31 (12870).

“VIII. Publication - Precise Determination of Oxygen and Silicon
in Chondritic Yeteorites by 14 MeV Neutron Activation
with a Single Transfer System, Anal. Chim. Acta 49,

287-29% (1970)

&Ng;. List of Additional Publications Supported in Part by
this Contract and Papers Currently in Press. (Reprints
not supplied but will be furnished on reguest.)

¥, Distribution List for This Report.



SECTION I

Elemental Analyses of Lunar Samples by’
14 MeV and Thermal Neutron Activation

ABSTRACT

Instrumental 14 MeV neutron activation analysis was
used to determine the abundance of major elements in 28
samples collected by the Apollo 11 Mission and 1¢ samples
derived from material collected by the Apolle 12 Mission.
The elements determined include 0, Si, AL, Mg, and Fe.

2bun@ances of other minor and trace elements have also
been determined bv use of thermal neutron irradiations and
gamma~-gamua coincidence spectrometry. Implications of the
data to the understanding of the geochemistry of the moon
are discussed in various publications of this group included
with this report. -

INTRODUCTION

This report constitutes the final yepowri- on Contract
MAS 9-801l7 for the period ending January 31, 1971. It consists
largely of a collection of reprints and manuscripts generated
by the group during 1970 and 13971, to date. 2 majority of
the previously unpublished material is included in Section II

" which is a manuscrint of the vaper presented by Dr. W. D,

Ehmann at the Apollo 12 Lunar Science Conference in Houston,

Texas, on January 11, 1971. 7This manuscriot is being expanded
to include additional data and discussion. It will be sub-
mitted in its longer form for publication in Supplement II

of Geochimica et Cosmochimica Acta to be published by

M.1.T. Press. Other unpublished data on various minor and

trace elements are still being processed and will be published

later,



'Wé wish to point out that the O abundaqces fepoffed
in-our papers are the ég;z‘diréct &etermin;tioné of © ‘
reported on lunar samples that havé not ﬁeen exposed)to the
atmosphere. The only other group reporting éirect 0 deter-~
minations did not process their samples in an inert atmosphere
and their abundances may reflect aﬁmospheric contamiration
(Wanke, 1971 - Private communicétion), We also note with
some pride that a recent compilation of data on the lunar
rocks (Mason, 1970 ~ The Lunar Rocks) in listing prime
.abundance data has selected our reported data for the elements
0, Si, and 2al.

The Contract personnel for the period of this report
were: Principal Investigator - Dr. William D. Ehmann,
Professor of Chemistry: Co-Investigator -~ Dr. John ¥. Morgan,
Research Associate; and Mr. David E. Gillum, Research Asso-
ciate (filling this position for the period September 1370
through January 1971 éfter the departure of Dr. Morgan}.

Mr. Stephan Cox assisted with the computer work on a part-
time basis ‘

Financial records for the contract have been kept by
tﬁe University of Kentucky PResearch ﬁoundation and may be
obtained by contacting:

Mr. Robert Stivers
University of Kentucky Research Foundation

University of Kentucky
Lexington, Kentucky 40506
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Major Element Abundances in Apollo 12 Rocks
and Fines by 14 MeV Neutron Activation

William D. Ehmann and John W. Mcrgan*
Department of Chemistry
University of Kentucky
Lexington, Kentucky 40506
Abstract. Abundances of O, Si, Al, Mg, and Fe in seven

rocks and four samples of fines coilected by the Apollo 12
mission havé?beeq determined by instrumental 14 MeV neutxon
activation. Tﬁese five elements constitute approximately 20%
of the mass of these materials. The abundances for Type A,
Type AB, Type B, and Type D; respectively, are: 0-39.3, 39.4,
40.4, 42.0%; Si-20.7, 21.2, 21.4, 23.0%; Al—4.3,.5.l, 4.8, 6.7%;
Mg-6.9, 4.5, 4.5 to 10.1, 6.6%; Fé~15;5, 14.7, 15.1, 12.6%. These
results and separately published results [Morgan and Ehmann, 1970bl

-on five chips derived from rock 12013 are discussed and compared

to the results obtained on the Apolle 11 materials.

a

%
Present Address: Enrico Permi Institute for Huclear Studies; .

University of Chicago, Chicago, Illinois 60637,

(Paper to be presented at the Second Lunar Science Conference,
Houston, Texas, January 11, 1971, This woxrk has been supported
by N.A.S.A. Contract NAS 9-8017).
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INTRODUCTION

Activation analysis employing 14 MeV neutrons has been
used to determine the abundances of 0, S8i, Al, Mg, and Fe
in rocks and fines collected during the Apollo 12 mission. This
method of analysis has been shown to yield accurate and precise
abundance data while retaining the advantage of speed. The
method is essentially non-destructive, except for very minor levels
of radiocactivity induced in the samples and radiation damage.

We regard this as the most reliable method available for the direct
determination of O in bﬁlk samples.

Analyses of apollo 11 lunar rocks and fines ﬁsing these
techniques have been reéorted by Ehmann and Morgan [19701 . The
more important observations based on our analyses of the Apollo 11
materials are:

(1) The crystalline rocks fall into two distinct chemical
groups based on their Al abundances. These chemical groups are
independent of crystal texture.

(2) The breccias and fines are enriched in 0, Si, and Al,
ag compared to the crystalline rocks and must contain components
distinct in their composition from the crystalline rocks.

(3) The breccias and fines exhibit an apparent O deficiency
of approximately 1.6% O, as compared to the calculated 0 abundance
required for simple stoichiometry based on total silicate analyses.
This may be due to reduction and subseguent O depletion of the fines
and breccias due to the action of solar wind hydrogen. The crystal-

line rocks exhibit little or no O depletion based on stoichiometry.
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(4) Si and O are strongly correlated in“tae Apollo 11
rocks following the regression line fepresentéd by the-eéuétion:
0% = 1.15 Si% +°18.2. This regression line:has a slope signifi-
cantly different than that reported by Eugstef {%969] for terrestrial
4igneous rocks. The low G/S8i ratio in the lunar %ocks is in part
due to the pfesence of ilmenite (31.6% O) and reduéed species such
as Ti(IiI), but the difference in the slopes of the terrestrial
and lunar regression lines is not simply explained.
In this paper the results of the analyses on Apollo 12 rocks
and fines are examined in light of these observations on Apollo 11

materials.

ANALYTICAL METHOD
Apparatus. 14 HeV asutrons wvere produced by a Xaman Nuclear
model A-1250 Cockcroft-Walton generator, and the neutron yield
monitored by a low geometyy enriched BF3 detector. The pneumatic

single sample transier system, using dxy N, as propellant gas, and

2
the seguential programmin§ ciyxcuit arc essentially those described
by Vogt et ak. [1965]. Minor modifications were made to interface
with a data acquisition system based on a Nuclear Data KD 2201 4096
channel analyzer. Gamma~-ray activity measurements were made using

a 10 ean x 10 cm well type NaI(T1) detector.

Preparation of samples. Samples of lunar rocks were received

undexr a double dry nitrogen seal as irregular-shaped chips, ranging
in weight between 0.48 and 2.1g. The design of our usual poly-
ethylene rabbits [Ehmann and McKown, 1968] was modified to take

3/8 in.i.d. capsules., Before use, all polyethylene parts for the
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Aiabbié agsenbly were imﬁersg@ in absolute ethanol and agitated
ﬁltrasonically far 26 minﬁtes, They were dried in a jet of high

" purity dry W, , transferred té a vacuum desipcator, and dried under
vacuun. Samples were transferred to inﬁer capsules in a glove

. box under dry N Aftér sealing, the capsule was positioned in the

2.
outer container with polyvethylene spacers, so that the apparent
center-of~-mass was centered in the neutron beam position. The

outer container was flushed with dry Nz before it, oo, was sealed.

Preparation of standaxds. The encapsulation of the standards

was identical to that described for the samples. Fused optical
guartz L-1 (pieces of a broken guartz lens donated by Dr. W. Blackburn
of the University of Kentucky) was used as a standard for Si and O.
Potassium dichromate NBS#136b was used, -as received, for an additional
standard for the O determinations. In addition to powdered standards,
chunks of L-1 guartz, similar in shape to the rock chips, were pre-
pared. Initially, these were used together with powdered standards
for Si and O analyses, until it was establlshed that geometxy effects
introduced no detectable systematic bias. For O, é two way com-
parison was possible, with powdered gquartz and NBS#136b K20r207.

The guartz chunks agreed with both pf these to an accuracy of about
0.4 relative per cent.

Opal glass (NBS#91) and potassium feldspa& (UBS#70a) were dried
at 110°C and used for Al standards. The abundances of this element
in these materials bracket those reported in the lunar samples.

In addition, these standard materials contain Si as a major consti-
tuent and this element produces a primqry interference in the AL

determination. A correction for this interference was made specifi-~
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éqlly for each analysis'using-tﬁe measured Si qon;ent“of the
':appropriate samples, The apéarent Al ébundance of the standaxds
was also adjusted accordingly. .Any vesidual error in the esti-
ﬁafion of this correction will be largely self cancelling for
samples and standards possessing similar Al/Si ratios.

‘ ~ Standards for Mg and Fe were NBS#88a dolomitic limestone
{dried at llO°é for two hours) and reagent grade ferrxous ammonium
sulfate, respectively.

Procedures. Detailed procedures for the determination of -

Si and O have previously been given by Morgan and Ehmann [1970al.
vrocedures for Al, Mg, and Fe have been outlined.in Horgan and
Ehmann [1971], along with a detailed discussion of the analytical
priﬁciples and potential interferences. These procedures have
been shown to yield precise and accurate data fox these elements,
based on analyses of selected U.S.G.S. standaxd rocks.

Special care was taken to handle all lunar rocks and fines
under a high purity dxy N2 atmosphere. Therefore, it is felt the
0 data presented here closely reflect the true abundance of O
under lunar conditions.

Resulis. The results of the analyses of seven Apollo 12
crystalline rocks and four samples of fines are presented in
Table 1. The error limits for the individual rocks are standard
deviations of the means based typically on eight replicate analyses
for 0O, seven replicate analyses for 8i, and three replicate analyses
for al, Mg, and Fe. The error limits for the group means are

standard deviations of the mean, based on the distribution of
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the individual values within cach group. Prev%ously published
results [Morgan and Ehmann, 1970b] on five chiés of Apecllo 12
’.rock 12013 are summarized in Table 2.. All abundances are given
in units of weight ber cent.

Table 3 compares the Apolle 1l and the Apo%lo 12 data,
as obtained in our laboratory. Analyses for Mg‘and Fe were not
done on rock 12013 due to the small size of the chips and the
very limited time available to us to complete the analyses of
the chips and pass them to other iavestigators for further analyses.
The time factor also prevented determination of these two elements

in the Apollo 11 rocks which were part of a cooperative analysis

scheme {[Goles et al., 1970].

DISCUSSI0ON

Chemical groupings in Apollo 12 rocks. The Apcllo 11

crystalline rocks were found to fall into two distinct groups
based on their Al abundances [Ehmann and Morgan, 1970]. As can
be seen from Tablé 1, the situation is not as clear for the
Apollo 12 rocks. However, a similar chemical grouping is
suggested with rocks 04, 63, 22, and 35 exhibiting Al abundances
similar to the low Al group from Apollo 11 and rocks 21, 64, and
51 exhibiting Al abundances similar to the high Al group. Addi-
tional Al determinations on other Apollo 12 rocks would be useful,
however, in confirming the existance of distinct groups.

The Apollo 12 crystalline rocks and fines exhibit a signifi-
cant (99% confidence level) positive correlation for Al and Si.
This may be interpreted as an increase in feldsﬁar with differen-

tiation and a further envichment in the fines due to the addition
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of andr#hosite. The Al-Si regression line fdr the Apollo 12
rocks and fines connects directly wiéh the Al—si‘regression;iiﬁe
for rock 12013, but Al becomes negatively correlated with 8i in
éﬁe 12013 chips [Morgan and Ehmann, 1970b}. This negative corre-
lation could be explained by intrusion of a compacted s0il by a
liguid rich in Si (plus some potassium feldspar).

The unusual mineralogy of the troctoiite (rock 12035,04)
is reflected in the high abundancés of Mg and Fe found. The Lunaxr
Sample Preliminary Examination Team [1970] reports a composition
consisting of 15% pyroxene, 40% olivine, and 45% plagioclase
for this rock. ’

Fines. ‘The Apollo 12 data presented here suggest that the’
fines are not derived exclusively fxom the crystalline rocks
sampled, but represenﬁ rather complex mixtures. HMaterial of
anorthositic composition would be required in the fines to account
for the higher Al abundance in the fines (6.7% Al), as compared
to a simple 50-50% mixture of Type A and B crystalline rocks
(4.6% Al). Using the data presen£ed here an approximately 17%
admixture of average anorthositic material (16.2% Al) similar to
that reported by Wood et al. [1970] would be required to account
for the Al abundance in the fines. Ganapathy et al. [1970] have
estimated a 1.7% admixture of meteoritic matter in the Apollo 12
fines and have noted that an additional admixture of 10% of
material similar to rock 12013 would account for the higﬁ Rb,

Cs, and U abundances in the fines. -The calculation of the anoxr-
thositic contribution as made above'based on Al is rather insensitive

to the amount of 12013 material present (6.5% Al) and the small
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amount. of meteoritic matter. Howeyer,‘a mi#ture of ﬁé'meteoritic_
'matter, 71% average A and B rock, i?% anorthositié materﬁai, énd

10% rock 12013 material does yield a composition for the finés

almost identical to that found experimentally for the elements

Al and Fé. Abundances of Mg and Si calculated in the same manner

‘ are about 1% lower than found experimenﬁally, suggesting the reguire-
ment of still another component. Additional speculations concerning
the composition of the fines is not warranted pending detailed
mineralogical studies.

Oxygen in the moon and the earth. O and Si are found to

exhibit a significant (99% confidence level) positive correlation
{Fig. 1) in the Apollo 12 crystalline rocks according to the
equation:
) 0% = 0.96 S8i% + 19.6.

This regregsion line is nearly identical to that given by Ehmann
and Morgan (1970} for the Apollo 11 rocks:

0% = 1.15 5i% + 18.2.
In both cases the slope of the regression line is significantly
different than that given by Eugster [196S] for terrestrial igneous
rocks: i ‘

0% = 0.415 8i% + 35.0.
TheIApollo 12 rocks are generally higher in both O and Si, than
the corresponding Apollo 11 rocks. This is probably a reflection
of the generally lower ilmenite coﬁtent of the Apolle 12 samples.
The presence of ilmenite in the lunar samples resulis in a dis-

placement of the 0-8Si regression Yine to the 0 deficient side of

the line for the terrestrial rocks (ilmenite contains only 31.6% 0),
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but does not in itself explain the significant;difference in the
slopes of the lunar and terrestrial -regression lines.

In contrast, Morgan and Ehmann [1970b] have shown that
analyses of five chips of rock 12013 resulé in a 0~8i regression
line that closely parallels the terrestrial liné:

0% = 0.43 Si% + 33.0, -
but represents rocks poorer by some‘2% 0. The differences exhi-
bited among these several regressions must in part be related to
the amount of 0 available during the course of the crystailization
of the rocks.

An apparent 0 deficiency of approximately 1.6% O was noted
in the Apollo 11 fines and breccias, as compared to the amouvnt of
0 required for simple stoichiométry, based on total silicate

Apollo 12
analyses. At this writing the only complete analyses of the/fines-
available is that reported by the Lunar Sample Preliminary Examina-
tion Team [1970]1. Using their data for the elements not determined
in this work, a calculated O abundance of 44.6% is obtained for
the Apollo 12 fines, based on simple stoichiometry. The oxygen
abundance determined experimentally in this work is only 42.0% O,
suggesting an O depletion in the fines of some 2.6% 0. A similar
calculation for the Apollo 12 crystalline rocks yields a depletion
of only 0.7% 0. These calculations must be repeated when additional
total silicate analyses become available, but our observation of
an O depletion in the lunar fines based on the Apecllo 1l data
[Ehmann and Morgan, 1970] appears to 5e confirmed by the Apollo 12
data reported hére. .

Additional discussions of the data presented here in the

light of information presented at the Second Apollo 12 Lunar
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Science Conference will ba published elsewhere [Ehmann and

._Morgant 1571].
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Caption for Fig. 1. Relation of 5i and O in lunar materials,

The line for terrestrial igneous rocks is based on Eugster {[1969].
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TABLE 1. Major Elements in Apollo'lz Rocks and Fines.

Rock Type %0 £S81 $LL Mg RFe Total
04,32 A 39.9%0.2 21.2%0.2 4.3870.03 7.3%0.4 15.1%0.1 87.9
63,60 A 38.7%6.4  20.2%0.2 4,23%0.06 6.570.2 15.9%0.2 85.5

MEAN A 39.3%6.6 20.7%0.5 4.31%0.08 6.9%0.4 15.5%0. 4 86.7
51,46 AB 39.4%¢.2 21.2%0.2 5.1170.0¢9 4.5%0.1 14.7%0.2 . B4.9
21,81 B 40.0%.1 . 21.7%.1 5.54%0.05 4.670.1 14.2%0.7 ' 86.0
22,53 B 3g.9%0.1 19.670.1 4.04%0.01 6.1%0.4 15.1%0.4 83.7
35,04 B 41.1%0.2 21.7%0.1 4.3570.01 16.1%0.3 16.0%0.8 $3.3
64,3 B 41.4%0.2 22.4%0.2 5.4670.05 a.5%0.4 15.1%0.4 88,9

MEAN AE&B 20.2%0.5 21.3%0.5 4.90%0.30 6.071.1 15.0%0.3 ‘87. 4
32,34 D 41.9%0.3 23.9%0.2 7.29%0.09 6.570.6 12.4%0.8 92.0
44,18 D 42.0%0.2 23.2%0.2 6.51%70.06 7.3%0.7 14.2%0.3 93.0
57,79 D 42.8%0.3 23.0%0.12 6.58%0.18 6.470.5 - 12.3%1.1 91,1
70,70 D 41.4%0.2 22.0%0.2 6.59%0.03 "6.3%0.1 11.5%0.3 87.8

MTAN D 42.0%0.3 23.0%0.4 6.74%0.18 6.6%0.2 12.670.6 - 91.0

Error limits for individual rocks are the standard deviations of the

means for replicate analyses.

Error limits for the group means are

standard deviations of the means, based on the distribution of wvalues

for the individual rocks within each group.

See text for details.



TABLE 2. O, Si and Al in Apollo 12 Rock 12013
iMorgan and Ehmann, 1970b]

Chip Sample
Nurber ° Weight 30 $S51i $Al
{mg)
10,06 88 84.2%0.3 25.1%0.1 7.1%0.3
10,15 99 44.9%0.5 29.670.2 6.570.1
10,18 66 46.970.4 29.9%0.1 6.310.2
10,41 32 47.3%0.4 33.0%0.4 5.1%0.3
10,44 42 44.1%0.3 26.5%0.1 6.3%0.6
MEAM (MASS . . N
WEIGHETED) 45.270.6 28.471.3 6.570.3

Exrror limits are standaxrd deviations of the means of 6-8
replicate analyses for O and Si and 3 replicate analyses

for Al. The errcor limits for the means are standard
deviations reflecting the dispersion of the individual chip-

abundances.



=
TABLE 3. Comparison of Apollo 11 and 12 Analyses

20 ' $Si AL Mg sFe
Meterial ~11- ~12- -1i- -12- ~11- -12- ~12- -12~
Type A 38.5 39.3 18.9 20.7 4.0 4,3 6.9 15.5
Type B 39.4 40.2 18.7 21.3 5.0 4.9 6.0 15.0
Typs C £1.1 - 19.7 - 6.6 -- o .
Type D £G.8 42.0 20.2 23.0 - 7.2 6.7 .- 6.6 . 12.6
Rock . . .
12612 45,2 28, 4 6.5 ° - -

* .
Mg and Fe were not determined in the Apollo 11 materials, or rxock 12013,
due to time resitrictions required by cooperative analysis schemes.
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LUNAR ROCK 12013; G, Si, Al and Fe ABUNDANCES

JWMORGAN and W.D.EHMANN
Departiment of Chemistry, University of Kentucky,
Lexington, Kentucky 40506, USA

Received 27 July 1970

‘The abundances of O, S1, Al, and Fe have been determmed by 14 MeV neutron activation analysis in 5 chips and
3 powders derived from Apolle 12 Iunar rock 12013, These four elements constitute approximately 90% of the mass
of this rock. Mass weighled mean abundances mn weight per eent for the five chips where contamination problems are

expected {o be minimal are:

0:45.2%, Si-28.4%, Al 6.5%, and Fe: 10%.

A significant positve correlation was observed for S1and O abundances in the chips and a linear regression line drawn
through these data passes close to the mean for the Apollo 11 breccias. A significant negative correlation was observed

for Al with 8i in the chips.

i. fntroduction

Apollo 12 lunar rock 12013 has a composition
that clearly distinguishes it from all other 10cks re-
turned by the Apollo 11 and 12 missions. It is de-
scribed as being similar to a late-stage basaltic differ-
entiate, which does not resemble terrestrial diorites,
dacites, ancrthosites, or tektites in most elemental
abundances [1]. O’Keefe [2], however, has pormted
out that the major element composition of the glassy
portion of rock 12013 is more like some tektites from
Java than hke-any terrestnal igneous rock.

Rock 12013 15 extremely helerogencous and
bears some similaiity to a volcanic tuff or breccia [3].
Due to the modest weight of this rock (82 g) and its
heterogencity special care was taken Lo obtain the
maximum amount of data on small samples selected
to be representative of the various compositional
regions within the rock.

A group of five chips and two powders derived
from slice 10 of rock 12013 (see plate 1). These
samples along with a small sample of “sawdust”
derived from the original cutting of rock 12013 were
allocated to a cooperative analysis scheme involving

groups at the University of Kentucky, Oregon State
University, and the University of Chicago. The sam-
ples were first received by the writers and subjected
to 14 MeV neutron srradiation for the non-destructive
determination of the major rock-forming elements O,
Si, Al and Fe. The samples were then transferred to
R.A.Schmitt at Oregon State University for non-
destructive thermal neutron activation analysis, and
finally to E.Anders at the University of Chicago for
additional trace element determinations via thermal
neutron activation analysis and radiochemical separa-
tion.

The exiensive sequential analytical procedures
followed on the same rock samples should provide
coherent data which would have been difficult to
obtain in any other way. This paper presents only
the data obtained by the 14 MeV neutron activation
portion of this cooperative scheme of analysis. The
thermal neutron activation data of the groups at
Orepon State University and the University of Chicago
on the same samples are presented in separate papers
in this issue.

More detailed descriptions of the samples may also
be found elsewhere in this issue.
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2. Experimental

Details of the experimental procedures used for
the determination of O, Si, Al, and Fe by 14 MeV
neuiron activation may be found m previous publi-
cations of this group [4, 5]. The five chip samples
were reeeived under a diy nitrogen atmosphere and

-were sealed in polyethylene irradiation vials in an
atmosphere of dry nitrogen. Powders 10, (37 + 24)
and 10,35 were exposed to the atmosphere briefly

" during packagmg, but the vials were flushed with
dry nitregen prior to and after filling.

The powder samples were prepared from iniertor
samples which had been cleaned with acetone and
powdered in a stainless steel mortar prior 1o their
receipt 1 our laboratories. Since alteration of the
abundances of O and Fe might be expected in these
powder samples, thie data on the powders are not
included in the mean abundances computed. Powder
12013, 17 is sawdust derived from wire sawmg of the
rock. This sample is expected to be highly contami-

nated with residue from the Cu-Fe-diamond saw wire.

3. Results and discussion

The abundances of O, Si, Al and Fe in samples of
rock 12013 are given in table 1. The data for O and Si
are based on 7 to 9 replicate analyses and the data for
Al and Fe are based on 3 replicate analyses. The error
limits staled are the standard deviations of the mean
of the replicate analyses. The mean abundances in the
five chips have also been computed by mass-weighting
the individual chip data, as an approximation {o the
whole rock abundances.

Data for U.S G.S. standard rock BCR-1 are included
to provide an mdex of the accuracy of the method
The BCR-1 data for Al and Fe were obtained simul-
taneously with the rock 12013 data presented here.
The 81 and O data weie obtained previously on the
same samples usmg the same standards [4] . The agree-
ment with compilation values of Flanagan [6] is quite
satisfactory.

Due to the very small sample sizes used in this study
the Fe determinations reported here should be treated
with reservations in spite of the excellent agreement

Table 1

Elemental abundances in Lunar Rock 12013,

Sample Sample Abundance-wt.% *
designation weight (mg) 0 St Al Fe
Chips
10,06 38 442103 25.1£0.1 7.1%20.3 11x1
10,15 99 44.930.5 29.6 £0.2 6.6 £0.1 91
10,18 66 46.9%04 29.9%0.1 6.3+02 0x1
10,41 32 47.3 %04 33.0%04 5.1%£0.3 11+1
10,44 42 44.1%0.3 26.5+0.1 6.3%06 9]
Mean (weighted by
1ass — chips only) 452106 284413 6.5+03 10+0.4
Pavoders
10, (37 +24) 17 44008 28.4£0.2 6.9%0.1 13}
10,35 20 404 +0.9 249104 6.5%1.1 164
17 {sawdust) 37 33705 182+0.1 49103 8*1
Standard Rock BCR-1
This work ** 45.8+0.2 25703 7.0%0.1 9.6 +0.2
Compitation of ’
Flanagan [6] 45.5 25.5 7.2 9.5

.

* Error Himits given arc standard deviations of the mean of

2nd Fe.

** Datu for Al and Fe obtained during this series of

and standards,

6 1o 8 replicate analyses for O and St and 3 replicate analyses for Al

analyses. Data for Si and O obtained previously [4] using the same samples
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FFig. 1. Variation diagram of O versus Si. The rectangles are eaperimental results for five chips from slice 210 of lunar rocks 12013,
and are labelfed with the appropriate sample number. The size of the rectangles represents the standard deviafion of the mean cal-
culated from repHcate runs. The dramonds are Apollo 11 breceias and type § and type 2 crystalhine rocks [5]. The size represents
the standard deviation of the mean based on the results for cach rock chip analyzed. The small crosses are terrestrial comparison
samples and the size represents the standard deviation of the mean for replicate splits of these powders, Open circles are teklites
and the letters mdicate the group, A = Austratites, P=Philtppinites, I = Indochiniles, J = Javanitcs, 13 = Bediasites and other North Amer-
ican tekntes 1C = lvory Coast tekintes and M= Moldavites. Halifilled circles are {wo achondriies, The size of the circles has no signifi-
cance. The line marked Barth (Fugster, 1969) indicates the trend observed in terresteial igneous rocks [7]. The line marked 12013

is an unweighted regression calculated with Si as the mdependent variable.
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obtained on BCR-1. The activity levels for Fe were low
with. the error due 1o counting statistics alone equal o
approximately % 10 relative percent. Since calculation
of the Fe abundance involves several correction fac-
tors, the accuracy of the Fe determinations in these
small samples is probably no better than £15 relative
écrccnt. The errors due to counting statistics for O
and Al are between 3 and 5 relatjve percent, and for
Si between 0.5 and 2 relative percent,

_ A correlation between Si and O has been found in
{erresirial rocks [7], in six indwvidual splils of the
Allende chondrite [4], and in 27 Apoilo 11 rocks
{5].In the case of the five 12013 rock chips, the
relation of Si to O has been found to yield a correla-
tion coefficient (r) of 0.88. A simple unweighted re-
gression, taking Si as the independent variable yields,

0%=0438i%+33.0,

and is shown in fig. I. The stope of this line is signi-
ficant at the 95% confidence level (¢ = 3.3).

This line is virtually paraliel to the regression con-
structed by Eugster [7] for terrestrial igneous rocks;

0%=0425i%+35.0,

bul represents rocks poorer by some 2% Q.

It could be argued that there is a systematic error
in our analytical method, however, our analyses for
the U.S.G.S. standard basalt BCR-1 and the N.A.S.A.
Knippa basalt K89 are also plotied in fig. 1 and fall
very closely on to Eugster’s terrestrial line.

An extrapolation of the rock 12013 Si-C regres-
sion passes through the field defined by the Apollo 11
breccias. Inclusion of these rocks in the regression
change the slope insignificantly (f = 1.16). The crys-
talline Apolio 11 rocks do not lie close to the 12013
1egression hne.

It has been suggested [8] that the deviation on a
Si-O plot of the Apollo 11 regression line from
Eugster’s terrestrial line is simply due to the presence
of ilmenite, which is relatively oxygen poor. Accord-
ingly, the Apolio 11 abundances were recalculated
{o an ilmenite free basis using Ti abundances for the
same samples [9]. The recdlculation was found to
simply move the Apollo 11 rocks along lines paraliel
to the terrestrial and 12013 lines. Obviously, the
mineralogy does not control the Si-O plot in any

simple way. The reveise is suzely the case, that is, that
the mineralogy is very much controlled by the amount
of oxygen available during the counrse of crystallization.

There are veiy few data for Si and O in achondrites.
Results for Pasamonte and Johnstown {10] are shown
in fig. 1. These two points lie close to the 12013 re-
gression, but ar¢ below it by about the same amount
as the mean of the Apollo 11 breccias.

It has been suggested [2] that rock 12013 may
bear some chemical resemblances to tektites. Average
analyses f{or all tekfite groups were taken from
Schnetzler and Pinson {11} and the O centents cal-
culated from the oxides. The resulting mean abun-
dances are also plotted in fig. 1.

There is evidence that the Ivory Coast tektites
are of lerrestrial origin [12], and this is supported
by this teklite group falling on Evgster’s line. Unfor-
tunately, the position of the other tektites is less
satisfactory, as they lie between the terresinial and
the rock 12013 lines. The non-destructive analysis
of a large number of unpowdered tektite chips for O
and Si by 14 MeV neutron activation could lead to
a more realistic comparison.

The Al abundances in the five 12013 chips are
negatively correlated with Si(r= ~0.85) and 0 (r=
—(0.76). Regression lines constructed with Al as the
dependent varjable have a significant slope in the case
of Si (£ = 2.8} but not for O (¢ = 2.0). Negative corre-
lations with Si0, in tektites are well known [11].
The Al-Si negative correlatrons in tektites [11] and
the 5 portions of 12013 (14 MeV neutron activation)
are sufficiently similar to warrant a closer, compa-
rative examination.

The powders of rock 12013 were not included in
the preceding discussion because of possible conta-
mination. The two sources of contamination most
likely to interfere in this work are O and Fe. In the
S1-0 correlations these would tend to act in opposite
directions. If the powdeis arc plotted on an Si-O
variation diagram they would lie on the O-poor side
of the 12013 chnps line, indicating that the Fe con-
tamination may be the more serious. Although the
Fe analyses repoited here are near the limit of detec-
tion, they do indicate somewhat higher Fe abundances
in the powdess than in the rock chips.

The sawdust is known to be heavily contaminated,
however, 1t is clear from the analyses that the major
contaminant cannot be Fe. If the sawdust is a truly
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representative sample of 12013 which has been heavily
confaminated, our analyses indicate a contamination
level of about 25 to 30% by weight.

Further implications of the variations of O, Al, Si
and Fe in the portions of rock 12013 will be dis-
cussed in a future paper dealing with our completed
anakyses of other Apollo 12 rocks and fines.
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Oxygen, Silicon, and Aluminum in Lunar Samples by

14 MeV Neutron Activation

Abstract. 4bundances of oxygen, silicon, and aluminumn in 27 lunar rocks and ¢ ali-
quants of lunar soil have been determined by 14 MeV neutron activation. Mean abun-
dances and standard deviations of individual abundances (in weight percent) within
cach type are: type A (2 1ocks), 38.5 2= 1.2 oxygen, 18.9 = 0.8 silicon, and 4.0 ==
0.4 alumpuon; type B (7 10cks), 39.4 = 1.0 oxygen, 18.7 == 0.8 silicon, and 5.0 2
0.6 aluminum; type C (18 rocks), 41.1 = 1.0 oxygen, 19.7 + 0.7 silicon, and 6.6 =
0.5 aluminum; soil (3 aliquanis), 40.8 = 1.2 oxygen, 20.2 2= 0.2 silicon, and 7.2 o-
0.1 aluminum. Oaygen abundances are lower than those in most common terres-
trial rocks and are comparabie to those found in certain types of stony meteorites.
From these results the lunar soil is most similar to the type C lunar 16¢ks.

The elements oxygen, silicon, and
aluminum make up over 60 percent by
weight of common terresirial igneous
rocks. The abundances of these major
clements may be determined precisely
and accurately by means of 14 MeV
neutron-aclivation analysis. In addition,
the technique is rapid and essentially
nondestructive. .

All lunar samples and comparator
stapdards werc packaged in heat-scaled
polyethylene vials under a dry nitrogen
atmosphere (1). Samples and standards
were irradiated at fluxes of 105 {o 109
neuatrons cm-? sec! provided by a
Kaman Nuclear A-1250 14 MeV neutron
generator. A single sample transfer sys-
tem employing nitrogen for the propei-
lent gas was used {2). Samples and
comparalor standards were irradiated
separately, and radijoactivilies wore
counted sequentially. Corrections for
variations in the neutron flux were made
by use of a BF, neutron monitot. Com-
parator standards for oxygen and silicon
were powders and chunks derived from
a piece of pure optical lens quartz. In.

dependent standards of primary stand-
ard grade K.Cr,O; were also used for
oxygen. Standards for aluminum were
NBS 91 standard opal giass and NBS
70a standard feldspar. Samples of USGS
standard rock BCR-1 and several basalts
furnished by NASA were analyzed si-
multaneously with the lunar samples (3).

The nuclear reaclions involved are:
28i(n,p)*Al, ¥0(n,p)*"N, and *Al
(n,p) **Mg. Corrections for primary in-
terference reactions and gamma-ray
spectral interferences have been coo-
sidercd and applied where required. The
most important corrections were applied
in the determination of aluminum where
the 3°8i{n,&)** Mg reaction is a primary
interference reaction and the Fe(n,p)
su)Mn reaction provides a spectral inter-
ference. No correclions were applied
for the primary interference reaclions
21P(n,.)"SAl in the determination
of silicon and ¥F(n,n)™N in the
determination of oxygen. The target
nuchdes are likely 1o have relalively low
abundances in lunar rocks bascd on pre-
Jiminary analyses, but data presenied



here may be adjusted lafer, il required,
by notfag that 0.1 percent fluorine is
-equivalent 10 0.0415 percent oxygen and
1 percent P.O; is equivalent to 0.21 per-
. cent siticon, The technigques used, which
.Anchide & unique multiscaler data-acqui-
" sition procedure for exygen, have been
reported (4). Application of these new
techniques to analysis of the Pueblito de
Allende <hondrite (5) has shown that
the-standard deviations for six replicate
analyses on a given aliquant ranged
from == 0.5 {o = 1.2 percent oxygen and
from == 0.11 to * 0.24 percent silicon.
All calculations assume terresirial iso-
" topic abundances for these elements.
The same 27 lunar rocks have been
analyzed for numerous additional ele-
ents by others (6).
’ The most striking feature of these data
(Table I} is the depletion of oxygen in
.the [unar materials with respect to com-
mon terzesirial igneous rocks. Eugster
(7) tabulated oxygen abundances in comi-
mon terrestrial igneous rocks and noted
that most analyses fell within the rela-
tively marrow range of 40 to 50 weight
percent oxygen. Only ultramafic igneous
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rocks approach the mean oxygen abun.
dances reported here. Eugster has found
a good correlation for average composi.
tions of common lerrestrial jgneous
rocks as represented by the equation:
%0 = 0.194 X %8i0, + 35.0 (equa-
tion 1). A least squares regression fitted
to the pooled lunar rock data of this
paper yields the cquation: %0 = 0.538
X % 8i0, + 18.2 {equation 2). A null
hypothesis test of the significance of the
slope yielded ¢ = 5.0 (Student’s ¢ test),
which is very significant at the 95 per-
cent confidence level, The correlation
coefficient for elemental silicon and oxy-
gen is 0.71 (Fig. 1). The silicon and oxy-
gen data, plotted in the manner of

Table 1. Oaygen, sithcon, and aluminum -abundances in lonar rocks by 14 Mev neutron activa-
tion, Error limits for individual samples are standard deviations of the means calculated gen-
erally on the basis of six replicate analyses for 81 and O and two replicate analyses for Al
Error limEts expressed for the type means are standard deviations based on values for the indi-

vidual samples within the set.

5 1 Caygen Silicon Aluminum
ample (%) (%) (%)
- . Type A
10022,32 39304 194 0.1 42*0.1
10069,23 37601 i8.3=%0.1 37302
Mean 85xk12 189208 4.0+=04
Type B
10003,36 38104 17901 5101
1002420 389:£0.1 185=0.1 412202
10047,84 40101 201 =¢0.1 5.5£03
10050,29 403205 184%01 5302
1005821 39.9:%0.3 19002 5502
10062,28 38.0x02 18.0==02 5301
10071,21 403 %02 19.1 = 0.1 42+0.1
Mean 39.4=1.0 187=*08 5.0x.0.6
' Type C
10018,2% 40104 201 0.1 6601
10019,11 38802 18901 6502
10021 32 418 0.6 19,6 2 0.1 6.7%0.1
10048,32 39.8+02 18.1 £0.1 61£01
10056,23 41.3=0.3 202£0.1 57x0.1
10059,30 400201 19.1 0. 64=0.1
10060,17 40.3=0.2 200=01 6201
10061,32 41702 18.9=%0.1 6.7 0.1
10063,05 41903 203 =02 6602
. 10064,10 40504 194 =01 59%01
10065,54% 41.6 0.7 19.3=0.2 6601
10066,05 41.0=0.2 20.2=+0.1 69201
10067,05 41.6=0.1 20.6 0.1 7.0%0.1
10068,20 403203 i93%0.1 6302
10070,65 434%03 20,6202 7.1£0.1
10074,85 42105 19301 7.0
1007321 41.4:5£0.3 205201 7301
1007585 40402 19.8=0.3 74201
- Mean 411450 19.7=0.7 6.6=0.5
) Soil
10084,50 422x0.5 204=*0.1 7202
10084,50 405 %09 203%0.1 T 73F01
10084,50 39.8%035 20,0402 7.1=0.1
Mean 408412 202%02 72%0.1

Fig. 1. Relation of silicon as 810z to
oxygen"in lunar rocks and soil. The Jing
for ferrestrial igneous rochs is taken from
the tabilation of Eungster (7). Larpe cir-
cles represent mean abundances in various
types of stony meteorites (11). Meteorite
identification: CC I, I, and IIl are car-
bonaceous chondrites fypes I, 11, and III,
respectively; H represents high-iron or-
dinary chondrites and L represents Iow-
on oidinary chondrites, Ca-rich and Ca-
poor refer 1o achondrites that are rich
and poor in calcum, respectively, ()
type A rock; (O), type B rock; (O), type
C rock; (m), soil; and the laige circles
represent meteorites,

Eugster, are shown in Fig. 1. Clearly,
any line drawn through points repre-
senting the abundances in the thrce
types of lunar rocks is distinct from the
line based on terrestrial igneous rocks.
A line based on equation 2 does pass
close to the points defining the mean
abundances in the CH- and CL-group
ordinary chondrites.

The relative abundance of oxygen
aloms io that of silicon atoms {atoms
O/atoms Si) for the lupar rocks ana-
lyzed is 3.65 and for the lupar soil is
3.55. These values are similar to those
found in the ordinary chondrites (CH =
3.9 and CL = 3.7) and 1o the value of
3.65 estimated for the carth as a whole
(8). Gault er al. (9) had estimated this
abundance ratic to be 3.1, based on
remote analyses of the lunar surface,
The corresponding value f{or the solar
atmosphere js 29 (Z0).

In contrast to the situation for silicon
and oxygen, both the absoluie and
atomic abundances of aluminum ex-
hibit appreciable variation among rock
types, The relative abundances of alu.
minum atoms fo those of silicon atoms
{atoms Al/atoms Si) are 0.22, 0.28, and
0.35 for types A, B, and C, respectively.
This ratio for lunar soil is 0.36. Alumi.
num in Iunar rocks is greatly enriched
compared to the ordinary chondrites
(atoms Al/atoms Si = 0.06), or any
other chondrite group. On the basis of
these data, the Apollo 11 lunar soil is
most similar to type C lunar rocks.
Rocks of types A and B would not ap-~
pear to be the sele contributors fo the
formation of this lunar soii.

The precise silicon abundance data
presented. here should be of value in
the computation of atomic abundances
according to the accepted practice of
reporiing these relative to Si= 108
atoms. Abundances of iron may also be
derived from our experimentzal data (3).

WiLLiam D. EHMany
Joun W. MoRrGan
University of Kentucky, Lexington
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Oxygen, silicon and aluminuin in Apofle 13 rocks and
fines by 14 MeV neufron activation

W. D. EuMany and J. W. MORGAN
Depertment of Chemistry, University of Kentucky, Lexington, Kentucky 40506

(Recewed 30 January 1970; accepied in revised form 25 Febinary 1970)

Abstract—Fast neution activation analysis of Apollo 11 lunar material yielded: Type A (2 rocks)
38:5% O, 18-9% S1, 4 0% Al; Type B (7 rocks) 39-4% O, 18-7% Si, 5 0% Al; Type C (18 rocks)
41156 O, 19-7% Si, 6695 Al; Type D (3 aliquanis) 40 895 O, 20-2% Si, 7-295 Al and 12 49 Fe. The
crystalline rocks (Types A and B) can be put into two distinct chemical groups on the basis of Al
contents. The fincs and breccias are sigmficantly higher in O, Si, and Al than the crystailne rocks.
An apparent deficiency in the fines of about 1% O may be due to reduction by solar wind H.

INTRODUCTION

THE 14 MeV neutron activation analyses for O, Si and Al reported here repiesent the
first stage of a cooperative multielement activation analysis scheme [or a Jarge number
of major, minor and trace elements (GOLEs ef al., 1970). The 14 MeV neutron activa-
tion method is rapid, and, except for very minor residual radioactivity and radiation
damage, is essentially non-destructive. It is probably the only rehable method avail-
able for the direct analysis of O in bulk samples, and indications of O depletion in the
lunar surface (GAULT et al., 1967), make such measurements of considerable import-
ance. Both Si and Al are routinely reported in wet chemical whole rock analyses;
however, there is general agreement (Masow, 1962} that the procedures, at least for
Al, Teave much to be desired. The rapidity of the activation method enabled the data
collection portion of the analyses for these three elements to be carried out on 27
lunar rocks in a period of about three weeks, so that the samples could be transferred to
the next laboratory with a minimum of delay.

- ANALYTICAL METHOD

T Apparatus

14 MeV neutrons were produced by a Kaman Nuclear model A-1250 Cockeroft-Walton generator,
and the reutron yield monitored by a low geometry enriched BF, detector. The pneumatic single
sample transler system, using dry N, as propellant gas, and the sequential programnung circuit are
essentially those described by VogT er al. (1965). Minor modifications were made to interface with a
data acquisition system based on a Muclear Data ND 220! 4096 channel analyzer. Gamma-ray
activity measurements were made using a [0 cm X 10 cm well type Nal (Ti) detector.

Preparation of samples .

Samples of 27 lunar rocks were received under a double dry mitrogen seal as irregular-shaped
chips, ranging in weight between 045 and 24 g. The design of our usual polyethylene rabbits
(Eunanyt and McKown 1968) was modified to take § in. i.d. capsules, The lunar rocks fitled this
larger capsule except for two (10048-32; 10061-32) which were sealed in polyethylene bags within the
ouier rabbit container. Before use, all polyethylene parts for the rabbit assembly were immersed in
absolute cthanol and agnated vitrasonscally for 20 minutes. They were dried in a jet of high purity
dry N, transferred to a vacuum desiceator, and dried under vacuum. Samples were transfened to

1971
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inner capsules in a glove boa under dry N,. Afler sealing the capsule was positioned in the outer
container with polycthylene spacers, so that the apparent center-of-mass was centered in the neutron
beam position. The outer container was flushed with dry N, before it, loo, was scaled.

One 5 g sample of lunar fines was received and three aliquants of about 1 g cach were prepared
under dry NN, by quartering. Dupiicate aliquants of BCR-1, Knippa basalt K89 and vesicular basalts
VB-1 and VB-2 were also taken and made up in § in. i.d. capsules so that the analytical conditions
were closely comparable with those of the rocks,

Preparation of standards

‘The encapsulation of the standards was identical to that described for the samples, Fused oplical
quartz L-1 {picces of a broken quartz lens donated by Dr. W, Blackburn of the University of Kentucky)
was used as a standard for Si and O. Potassium dichromate NBSE 136b was used, as received, for
an additional standard for the O determmations, In addiion o powdered standards, chunks of
L-1 quartz, similar in shape to the rock chips, were prepared. Initially, these were used fogether with
powdered standards for S1 and O analyscs, until 1t was-established that geometry effects introduced
no detectable systematic bias. For Q, a two way comparison was possible, with powdered quartz
and NBS:: 136b K.Cr,0;. The quartz chunks agreed with both of these to an accuracy of about
0 4 relative per cent. - —

Opal glass (NBS 4 91) and potassium feldspar (NBS g 70a) were dried at 110°C and used for Al
standards, The abundances of this element in these materials just bracket those reported in the
prehminary analyses of lunar samples (LSPET, 1969). In addition, these standard materials contain Si
as a major constrtuent and this element produces a primary Interference in the Al deierrmnation,
A correction for this interference was made specifically for each anaiysis using the measured Si
content of the appropriate samples. The apparent Al abundance of the standards was also adjusted
accordingly. Any residual error in the estimation of this correction will be Jargely self cancelling for
samples and standards possessing similar AlfSi ratios.

Procedure

Detailed procedures for the precise determination of Si and O are given by
MorGan and Enmann (1970). The chemical composition of the Apollo 11 rocks and
fines is such that interfeiences are insignificant for O and Si determinations. Slight
changes were made to increase the speed of analysis. The dwell time used for mulii-
scaling in the O analyses was increased from 0-4 sec to 0-8 sec to reduce the number of
channels used. In the Si determinations, counting time was shortened from 300 sec
to 150 sec, after calculation showed that the precision wouid not be significantly
affected. )

Aluminum analyses were made using the 0-84 MeV gamma-ray of ¥Mg. Appro-
priate correction was made for the primary interference from the reaction *8Si(n, «)
*Mg. Samples and standards were irradiated for 1 min, and, following a delay of
300 sec fo allow decay of *®Al, were counted for 300 sec. The sigrificant interference
from the 0-85 MeV gamma-ray of ®Mn was empirically determined. by recounting
after a delay of about 100 min. In principle, Fe analyses can be based on the ®Mn
activity, but these were made only for the lunar fines, using the Knippa basalt K89
as a standard. Taking the Fe abundance of this rock as 9-4 per cent, the means of
triplicate analyses on cach of three aliquants of fines were 12+6 per cent, 12-3 per cent
and 12-3 per cent. The mean of these values, 12-4 4- 0°29 Fe, is in good agreement
with the results obtained by other workers.
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Results -

The results for O, S1and Al in 27 lunar 10cks and 3 -aliquants of fines are given in
Table I. The O results are the mean of fiom 5 to 12 replicate runs and for Si 5-8

Table 1. Oxygen, silicon and aluminom abundances in individual Apollo 11
lunar rocks and lunar fines by 14 McV neutron activation

Oxygen Siticon Aluminum
N ASA No (wi. %) (wt. 9)* {wi. 90"
Type A
10022-32 393204 194 4-01 42 - 0°1
10069-23 376 % 01 183 401 3-7-L 02
Mean 385412 189208 40 +04
Type B
10003-36 381404 179 01 51401
10024-20 3B-£01 185 - 0-1 41402
1004714 401401 201 -+ 01 55403
10050-29 40-5 1 6-3 18-4 & 01 53402
10058-21 399 4+ 03 190402 54+ 02
10062-28 30402 18002 53 L0l
L 1007121 40:3 402 191401 42 + 01
Mean 394 4-10 87 408 50406
Type C
10018-21 40-1 3- 04 201%+01 6-6 + 0-1
10019-11 99L02 189 4 01 653+02
10021-22 qd1-8 06 196 +: 0} 67 4 0-1
10048-32 398402 18-1 £ 01 61401
10056-23 413 1 03 202 4- 0 57401
10059-30 400 401 191 & O] 64401
10060-17 40-3 4- 02 200 4 01 62 4- 01
10061-32 41-T+ Q2 [89 o 01 67401
10063-05 41-9 103 2003 4-02 66402
10064-10 405 :- 04 194 3 O-1 50401
10065-14 416 - 07 19302 66 < 061
10066-05 4140 2 02 202 4 0F 69401
16067-05 416 £ 01 206 4 01 704 01
10068-20 403 4- 63 193401 ° 63-£02
10070-05 434303 200602 71 4 0]
10073-21 41-4 :- 03 205401 7301
10074-05 421:£05 193 401 70
10075-06 404 4-02 19803 74101
Mean 411 4 1D 197 +07 66405
Fimnes
10084-50 42-2 1, 05 20-4 4- 0! T2-L02
10084-50 451+ 09 20-3 4 01 73401
10054-50 398405 200402 7101
Mean 408 = 1-2 20025402 T2 4 1

* Error himits for individual samples are standard deviations of the means
calcutated generally on the basis ol 6 replicate analyses for Si and O and 2
replicate analyses for Al Those for the means are standard deviations of
individual rock abundances within each type.

replicate determinations were made. In the case of Al each value in Table 1 is the mean
of duplicate determmations, except for rock 10074-05 which is just a single determina-
tion, and for the three aliquants of fines and rocks 10022-32 and 10073-21 where
triplicate analyses were performed.
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Table 2. Cbmparison of O, 5i and Al analyses of Apolio 11 rocks and fines-

Oxygen Srlicon Aluminum
N.A S A. No. (wi. %) {wt. 9%, (wi. %) Relerence
Type A
10022 137 46 a
393 19-4 42 This work
Type B
10003 177 58 a
18-6 5-5 b
i 381 179 5-1 This work
10024 182 50 a
18-8 4-3 b
359 18-5 41 This work
10047 19-3 52 a
401 20-1 55 This work
10050 19-F 47 a
405 184 53 This work
10958 195 62 s
18-4 54 c
3929 190 55 This work
10062 1841 64 a
186 54 b
380 180 53 This work
Type C
10018 19'5 65 b
40-7 19:6 61 d
- 40-1 201 6-6 Thes work
10019 19-2 7-3 a
’ 399 i3-9 63 This work
10048 197 68 a
39-8 181 61 This work
10056 19-4 5-7 a
19-8 57 c
413 202 37 This work
10060 194 62 a
187 60 c
414 128 62 d
52 ¢
19-6 63 i
403 200 62 This work
10061 19-6 6-7 b
417 189 6-7 This work_
Fines
10084 19-5 : 71 b
20-2 73 c
4]1-5* 197 6-9 d
201 70 ¢
%-8 73 f
197 T4 g
41-9 19-7 73 h-
194 76 i
197 -T2 j
408 202 : 72 This work
Standard Rocks .
BCR-I 455 25-5 T2 k
458 257 70 This work
K§9 4161 181 53 i
42-63
423 17-8 51 Tins work
VBl 427 21-9 79 This work

YB-2 433 22:0 80 This work
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A large number of analyses by several different methods is now available for the
lunar rocks and soil, and some of these were made on rocks analyzed by us. Com-
parisons of analyses for rocks and fines are made in Table 2 and indicate no significant
systematic bias. The accuracy of the O, 8i and Al analyses of lunar rocks and soil
was also checked by simultaneously analyzing BCR-I, NASA Knippa basalt K89,
and NASA vesicular basalts VB-1 and VB-2. These results are given in the same
table.

Our O results for the lunar rocks and fines appear {o be lower than those obtained
by WANKE ef al. (1970) by about 0-5-1-0%, O. Although this discrepancy is of the
same order as our analytical uncertainty it is surprising that in all three cases where
comparisons arc possible our results are lower. In the past our O results on standard
rocks have been marginally high by =~0-3% O (e.g. MorRGAN and Eumann, 1970)
probably due to variable —H,O (LANGMYHR, 1970). As a result, very special care
was faken to handle the lunar 1ocks and fines under high purity dry N, at all times to
exclude the possibility of water contamination. It is suggested that our O analyses
closely reflect the true abundance of O in the samples under funar conditions.

PiscussioN

(1) Chemicaf grouping of crystalline rocks

The crystalline rocks were classified by LSPET (1969) on the basis of crystal
texture. CoMpsSTON ef al. (1970) have defined two chemical groupings which do not
correspond to the LSPET types. Group ! is characterized by very high Rb, K, Ba
and Th relative to Group 2. Of particular relevance to this discussion is the apparent
depletion of Al in the Group I rocks. Of the specimens analyzed here, COMPSTON ef al.
classified 10022 and 10024 in Group I and 10003, 10047 and 10058 in Group 2. Of
the remaining crystalline rocks listed in Table 2, 10069 and 10070 are clearly in Group
1 from the high Ba abundances (AnNneL and Herz, 1970), and 10050 and 100062 can
be ascribed to Group 2 on the basis of the low abundances of K (Turekian and
KHARKAR, 1970; RosE ef al,, 1970). For the crystalline rocks analyzed in this work

-

Rels. to Table 2:

(2} Rose er al. (1970} Siby SP; Al by CG and XRF.

(b) Compsron et al. (1970). Siand Al by XRF.

{¢) MorrisoN er al. (1970} Siby AA; Al by NA.

() WANKE er al. (1970). O, Siand Al by NA

{e) SMmaLes ef al. (1970) Si by XRF; Al by XRF and NA.
- ) MaxweLL et al. (1970). Siand Al by CG and AA.

() Peck and Ssitru (1970). Siand Al by CG.

(h} Wik and OianperA (1970) Si by CG and SP; Al by CG and AA.

O calculated by diference.

{r) EnceL and EnGEL (1970). St and Al by CG.

(i) AcreLL ot al. (1970). Si1and Al by CG.

(k) FranaGan (1969).

() Unpublished data provided by NASA.

* Sum of leach fractions yields 40 79,,.

1 O calculated from oxides scaled to 1009,

1 O calculated by difference.

AA == atomic absorption; CG = classical gravimetry; NA = neutron activation;
SP = spectrophotometry; XRF = X-ray fluorcscence.
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the Al abundances in each group form a very narrow distribuiion. The four Group |
rocks (10022-32; 10024-20; 10069-23; 10071-21} have a mean of 41 4- 0-2 and. the
five Group 2 rocks (10003-36; 10047-14; 10050-29; 10058-21; 10062-28) have a
mean of 33 3= 0-2. The means of the two groups are very significantly different
(t =96; p < 001)at the 95 per cent confidence level. Clearly the determination of
Al by 14 MeV neutron activation as done in this work provides a ready method to
characterize the crystalline rocks brought back by Apollo 1I. The mean values of
390 - -1 and 393 4-129% O and 18-8 4 0-5 and 187 4; 0-99, Si for Groups 1
and 2 respectively do not differ significantly {f = 0-4 and 0-3, respectively).

(2) Breccias and fines

The mean values for O, Si and Al in the breccias are significantly higher (95 per
cent confidence level) than for either group of crystalline rocks. Again, Al is very
useful diagnostically, as the mean abundances in breccias and crystalline rocks differ
very significantly, and there is a distinct hiatus between the {wo groups of values. The
abundances of the three elements in the lunar fines closely resemble those found in
certain breccias, {or example 10073-21, However, because of the very small variance
of the Al content of triplicate aliquants of fines, the difference between the mean Al
values is significant at the 95 per cent confidence level (f = 2-15). Tt appears, that the
breccias are not simply impacted soil, 2 conclusion reached independenily from
mincralogical evidence (DUKE ef al., 1970).

(3) Apparent oxygen deficiency

Several groups have reported high summations in total silicate analyses, partic-
ularly for the lunar fines (MAXWELL ef al., 1970 ; Rosger al., 1970; Peck and SMITH,
1970; Wik and QJaNPERA, 1970). These apparent errors were ascribed to iron andfor
titanium being more reduced than was assumed for the oxide calculations. ROSE
et al. measured “‘total reducing capacity” chemically and eapressed it as FeQ, Iron
values measured independently by X-ray fluorescence were then subtracted to give the
“excess reducing capacity”, This was found in all the samples analyzed, but was
greatest in breccias, and particularly in fines. MaxwEeLL ef of, by a more direct
method, found no anomaly in rock 10017 and only a small one in rock 10020. The
fines, however, showed a large difference, equivalent to 1% FeO. An excess of re-
ducing capaciiy of this size is too large to be due solely to metallic iron and MAXWELL
ef al. suspect the presence of Ti(Ill). ROSE ef al. also checked total Fe in the fines
chemically and arrived at 4-19%, FeO excess reducing capacity. These discrepancies
are difficult to resolve; however, MAXWELL ef al. ground their samples to 100 mesh
- beforeanalysis. Unless this was carried out under dry N, there is a very 1eal possibality
of oxidation {CHao, 1963). ROSE et al. give no delails of sample preparation. It
should be noted, however, that ROSE ef a/. analyzed a fines sample (311079} different
fiom that studied by MAXWELL ef af. (10084-132).

Our data indicate that the O depletion of the onginal sample of fines 10084-50
may be even larger than this. 1t should be'noted that our sample was quartered and
packaged in a dry N, filled glove box. The mean O values for triplicate aliquants
analyzed in our work show a rather large scatter. This is much larger than thatl found
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using the same method on well-mixed powders (MorGan and EHMANN, 1970), and
probably reflects a real inhomogeneity. Grinding of the sample under dry N, and then
splitting by quartering would probably have given morc consistent results, however,
this procedure was not permitted within the terms of our coniraci. The direct O
mean for the soil is 40-8 per cent with a standard deviation for the mean {6f+4/#) of
+0-7% O. The mean of three apparent abundances derived from chemical elemental
analyses calculated as oxides (MAXWELL et al,, 1970; Peck and Switi, 1970; Wik
and OJANPERA, 1970) is 42:4 + 0-1 per cent. The mean O depletion can be obtained
from the difference between the direct and indirect determinations and is
16 4- 079% O. The high summations of the three total silicate analyses cited above
indicate an O depletion of 0-6 -1 0 0,%. The difference between these two estimates of
O depletion is not significant at the 95 per cent confidence level (p ~ 0-3).

It is interesting to speculate upon the cause of the apparently smaller O depletion
observed in the crystalline rocks when compared to the breccias and particularly the
fines. The work of MAXWELL ef a/. (1970) indicates that the O depletion-in the crystal-
line rocks 1s mtnimal or possibly even non-existeni. The high abundance of solar
wind rare gases in the fines and breccias (LSPET, 1969) suggest the possibility that
some reduction could take place by solar wind H. Assuming a solar wind origin for
the Xe in fines and breccias (LSPET, 1969), it is possible to calculate from the relative
solar abundances of H and Xe that more than sufficient solar wind H has impinged
upon the soil and breccias 1o combine with all the O in these materials. On the other
hand, 2 similar calculation shows that solar wind H could af best only reduce about
I or 2 per cent of the O in the crystalline rocks.

(4) Oxygen in the moon, earth and nmeteorites

In order to compare the O abundances found in the lunar rocks and fines with
terrestrial and meteoritic abundances, in Fig. 1 we have plotted O against Si abun-
dance (EUGSTER, 1969). Meteorite abundances ate taken from Voot and EHMANN
{1965a, b). Because of the problem of terrestrial oxidation, only chondrite analyses
for fafls have been used. In terrestrial rocks (EuGsTER, 1969), Si and O are correlated
and can be expressed as:

% O = 0-415%, Si + 350, (1)

Terrestrial abundances in Fig. 1 are represented by a line based on equation 1. A
regression line calculated for Junar rocks can be writlen as:

% O = 1-15%, Si + 18-2, ) 2)

The lunar fines do not follow this regression, and show a variation of O abundance
for almost constant Si. The ordinary chondrites lie on the lunar rock regression,
although the O and Si abundances within the H or L group chondrites are noi cor-
related. When the values for 13 H and L group chondrites are introduced into the
lunar rock regression they cause no significant change in slope (i-11) or intercept
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(18-6). The low O/Si ratio in the ordinary chondrites is due to the presence of FcS
and Fe-Ni but in the lunar rocks the presence of significant amounts of ilmenite
(31-6% Q) and of Ti(III} is largely responsible.
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Abstracl—Analyses of 27 chips from lunar rocks by instrumental acuvation techniques provided
data on Si, Tn, Al, Fe, Mg, Ca, O, Na, Ba, La, Ce, Sm, Eu, Th, Ho, Yb, Lu, U, Zr, HI, Ta, Mn,
Cu, Co, Sc, V and Cr. These abundances may be used to comment on the merits of various analytical
methods and o survey geochemical characteristics of Apollo 11 rocks  We propose on compositional
grounds that rocks 10024 and 10071 should be classified as “basalts” rather than as “'microgabbros”.
The “microgabbro” 10050 15 compositionally anomalous, weth low Fe (in which 1t 1esembles breccias),
about 6-359, Mg which is the highest Mg content we have measured in these materials, and low La
and HF contents. It may be a specrmen from a geologic unit distinct from that on which Eagle
landed. Breceia 10056 is also compositionally anomalous, but  resembles “microgabbros™ Iike
10047 closely encugh so that one need not adduce exotic provenance as an eaplanation.

TwWENTY-SEVEN chips from diverse rocks of the Apollo 11 collection were provided for
analysis by our instrumental activation techniques. Three purposes were served by this
work: (1) A library of specimens for which many clemental abundances are known is
made available for further, possibly grossly destructive, investigations. Qur work
leaves minute amounts of artificially-induced long-lived radioactivities in the speci-
mens and introduces mmor radiation damage, principally from fast-neutran bombard-
ment, but the specimens are physically intact and essentially unmodified chemicalily.
(2) We gain experience in comprehensive analyses of gram-sized specimens, in case it
ever becomes necessary to undertake elaborate sequential investigations of especially
rare materials. (3} We learn much about the geochemistry of a wide variety of Apollo
11 rocks. This paper is mainly concerned with the first and second of these aims; we
here discuss briefly some technical innovations, report our data, and compare them
with abundances determined by other workers. * Geochemical miterpretations of the
data are in large part reserved {or other papers in s 1ssue.

Of the rock chips, four aie “basalts™, five are “microgabbros™ and the remainder
are breccias. Two of the “basalts™, 10024 and 10071, were initially classified as Type
B rocks or “microgabbros” (WARMNER, personal communication). We consider them
to be “basalts” on compositional grounds, but detailed petrographic studies should
be undertaken to clarify their classification.

Data on 51, O and one set of Al abundances were obtained by two of us (W.D.E.
and J.W.M.) using [4-MeV neutron activation analysis as described by MORGAN and

1165
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Enmann (1970). Samples and standards were ‘packagcd for irradiation and counting
under a diy nitrogen atmosphere in the manner of EMMANN and McKown (1968).
Silicon and oxygen abundance estimates are based on 5-12 replicate analyses of each
specimen, yielding standard deviations from the mean of about 40-129% Si and
£0-29% O. Aluminum abundance estimates are based on only {wo analyses (for the
Endrann-MorGawn data set) of each specimen, which yield an average deviation from
the mean of 4-0:29, Al
Data on T, Al {the second set), Mg, Ca, Na, Mn, Cu and V were obtarned by the
_Oregon State University group (R.A.S. and H.W_, with some assistance from their
co-workers). “A bricf account of the activation levels, nuclear reactions and detectors
employed is given in this issue (WaKITA ef al., 1970). A more detailed description is
given by Scusitt er al. (1970). During photonuclear activation (with 23-MeV
bremsstrahlung) for determination of Mg, which was done at the electron linear
accelerator of Gulf General Atomic, San Dicgo, the vial containing specimen 10050-29
ruptured. Modifications of the method of Enmann and McKowN have been devised
to obviate this problem, which arises because of the large decelerations experienced
by-the specimen container in the “catcher™ of the electron linear accelerator.

Table [. Major elcments in ipneous rocks (wi. ©,)

Range

“Basalts” “Microgabbros™ nerror
esti-
10022-32 10069-23 [0024-20 10071-21 10003-36 [0047-14 1005821 10062-28 10050-29 mates
Si 194 183 185 191 179 201 190 i8-0 1844 01-02
Ti 71 72 75 7-0 71 60 61 67 66 0-3-04
Al {4 2 37 41 . 42 51 55 55 53 53 02-03
47 3.8 43 45 - 57 57 6-3 61 58 0O1-02
Fe 15-7 14-1 15-4 149 153 151 14-9 150 136 0204
Mg 4-1 37 4-3 44 49 3-5 38 — 65 02-04
Ca 74 71 7-1 72 g3 87 81 93 82 07-09
4] 393 376 89 403 381 401 399 380 405 01-05

* First set of valucs for Al are those determined by W D.E and J.W.M. The second set (single detlermina-
tions only) were done by R.A.S. and H.\W.

Table 2. Major elements in breccias (wt. 5}

— ) Range in
crror
10018-21 10049-11 10021-22 10048-32 10056-23 1005¢-30 10060-17 10061-32 F0063-05 10064-10 estimates
§i 2010 8¢ 136 181 202 191 200 189 203 194 01-G2
T 49 49 4-9 48 8 47 51 44 53 56 02-03
Als (34 65 67 51 37 64 62 67 66 59 02
7 75 T2 67 64 0 60 78 77 56 02-03
Fe 131 1227 31 132 148 2-9 131 12-63 131 128 01804
Mg 51 3y 50 3-1 19 51 49 59 47 4-3 ¢2-05
Ca 88 90 77 30 94 g1 — —_ g7 —_ 08-1 0
Q 401 59 418 98 413 400 403 417 419 40 5 0i-06
10065-14 10066-05 10067-05 [0063-20 {007¢-05 10073-21 10074.05 10075-G6 Range i error cshimates
Si 191 202 206 193 206 205 193 198 01-03
Ti 47 49 53 47 50 49 - 4-7 45 0203
Al 66 69 70 63 71 3 70 74 92
66 78 &1 68 78 77 293 87 0203
Fe 131 1238 139 128 126 126 119 121 02-0-3
Mg 50 46 72 39 53 47 4-1 47 02-04
Ca o4 86 87 8-7 ge 59 93 85 08-09 -
] 41 6 410 416 403 434 4f-4 a1 404 01-07
* Furst set of values for Al are those determuned by W ILE, and J W.M. The second set (single deiermunations only) were

done by R AS and H W,
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Data on Fe, Ba, La, Ce, Sm, Eu, Tb, Ho, ¥b, Lu, U, Zr, Hf, Ta, Co, Sc and Cr
were obtained by the University of Oregon group (G.G.G., K.R. and M.O., with
much assistance from their co-workers). These abundances were determined by
techniques similar to those of GORDON ef al. (1968). A noteworthy extension of the
previous techniques is the determmation of U according to AsugL’s (1962) method,
but using an array of fourfeen BF; neutron detectors.

Elemental abundances and error estimates are presented in Tables 1-4. Errors
cited. are estimates of single standard deviations; owing to editorial policy, only
ranges are given Major clements in Tables 1 and 2 are presented in the conventional
order, with O last; minor and trace elements in Tables 3 and 4 are listed in the order
suggested by Tavior (1965). The complete Lunar Receiving Laboratory specimen
designation is given only in Tables 1 and 2. The igneous rocks which seem in sonie
way anomalous (“basalts” 10024 and 10071, “microgabbro” 10050) are listed
out of numerical order lo emphasize their peculiar character. Alihough some
of the breceras (notably 10056) may alse be compositionally anomalous, we do
not fecl confident enough of their distinct character to place them in a separate
subgroup. -

Averages of major element abundances arc compared 1n Table 5. Where necessary,
we have reclassified rocks to conform to the scheme used in this paper. It1s apparent
from Table 5 that the degree of agreement between estimates of bulk composition
obtained by different workers 1s very satisfactory. Almost all differences may be
accounted. for by sampling rather than analytical problems. Perhaps TUREKiaAN and
KHarRKAR (1970) are systematically too low for Ti, and the Ca values of MORRISON
et al. (1970) seem to be too high. There 15 a systematic difference between the two sets
of Al abundances reported in this papér, which of course cannot be related to sampling
difficulties, but it is not yet clear which set should be considered the more reliable one,
In any case, a reasonable infeience from the data of Table 5 is that our instrumental
techniques are fully competitive with more-conventional rock analysis methods.

Owing to sampling problems and possible marked heterogeneity from one rock
to another within a given class, we have not averaged minor- and trace-clement
abundances for purposes of making comparisons. Rather, Table 6 presents for com-
parison various sets of determinations of elements in different samples of selected
" rocks. Rocks were chosen for inclusion in Table 6 on the basis of having exiensive
data sets available, with a secondary consideration that of providing a repiesentative
selection. Agreement between the results in Table 6 is gratifying, especially to one
who recalls problems associated with securing agreement among analyses of standard
rocks such as G-1 and W-1 in diverse laboratories. Some of the disagreements ex-
hibited in Table 6 may be related to sampling but others seem to arise from serious
analytical errors. We comment below on both types of disagreements, on an element-
by-efement basis.

General agreement among Na abundances is good, although the LSPET (1969)
values scatter rather widely and the values reported by Rose ef al. (1970) are system-
atically too high by about a factor two. For rocks of these compositions, the instru-
‘mental activation analysis technique for Na is clearly one of the best available (sce
also SCHMITT ef al., 1965; and Stueser and GoLES, 1967).
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In contiast, our method for determination of Ba is of marginal utility. It is not

certain whether this element is quite heterogencously distributed in these rocks or
whether the accuracies and piecisions implied by other workers are overoptimistic.
Two 1sotope dilution results for Ba in rock 10058 differ by about 6 per cent of their

Table 3. Minor and trace elements in igneous rocks (ppm)

Range
in
“Basalls” “Microgabbros” erro1
esti-
10022 10069 10024 1007t 10003 10047 {0058 10062 10050  mates
Na 3550 3650 3620 3640 2700 3490 3020 3140 2630 50-70
Ba 220 250 170 450 220 — 40 230 — 50-80
La 259 23-7 230 25-8 13-5 El-3 11-8 131 T2 0-3-0:5
Ce 81 65 76 34 37 46 39 38 34 2-3
Sm 203 180 i92 2060 130 189 140 19 -8 02-03
Eu 215 204 — 2-12 1 84 27 214 2-07 220 00802
Tb 57 48 — 57 35 41 35 33 21 02-06
Ho 82 59 81 92 40 79 55 4+4 46 04-09
Yb 21 20-8 196 208 153 182 140 13-5 I1-1 0-5-3
Lu 269 2-67 320 308 262 288 194 1-94 196 005~
Q12
U 067 078 067 069 031 016 018 027 021 0 04~
010
Zr 130 520 650 210 560 — 190 290 — 80-160
Hr 19-6 17-8 200 1941 11-6 32 11-2 118 86 03-10
Ta 1-8 27 24 20 —_ 26 16 1-0 22 03-05
Mn 1770 1600 1640 1650 1740 2100 1870 1790 1990 100-120
Cu — 12 — Nl — —_ — — — 2
Co 298 260 B4 271 141 122 14 4 138 36 04-07
Sc 766 724 752 732 40 920 808 747 889 08-1-1
v 89 87 84 92 G3 63 78 5 17 6-10
Cr 2250 2130 2290 21790 1390 1250 1300 1540 2120 30-i00
Table 4. Minor and trace
16018 10019 1002} 10048 10056 10059 10060 10061 10063
Na 3720 3530 3430 3490 3370 3590 3630 3550 3380
Ba 280 — 350 200 240 —_ _ 260 —_
La 169 155 175 173 110 181 17-7 16-8 16:7
Ce Gl 54 61 381 34 59 61 486 —
Sm 145 [2-7 150 132 178 151 154 132 i2-e
Eu i-82 1-78 180 -91 263 i-78 1-84 1-78 1-83
Tb 36 — 4-2 3-8 50 37 37 34 —
Ho 53 50 69 4% 65 55 5-3 37 4-7
Yb 152 117 145 152 180 125 13-2 13-1 110
Lu 214 1-84 2-25 190 25 I 97 230 I 94 176
U 0 60 049 056 069 018 052 051 059 0-51
Zr 340 580 250 240 340 — 770 240 490
Hf 12-9 1¢-8 122 14-5 138 11-5 12-1 13-1 13-1
Ta 1-4 -7 1-6 1-9 1-6 1-6 2-1 —_ ——
Mn 1590 1510 560 560 1970 1440 1650 1450 1620
Cu —_— — — — —_ — —_ — 16
Co 327 345 07 322 [-9 340 16 337 352
Sc 663 609 61-8 62-7 9216 61-1 640 59-6 62-2
v 67 63 73 67 41 64 58 80 90
Cr 1880 1870 1950 1950 1280 1900 1880 1930 1940
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mean value (GAST and HussarD, 1970; and MurTHY ef al., 1970), but two isctope
ditution resuits for another “nucrogabbro™, 10062, differ by about 50 per cent of their
mean value (Gast and HuBBArD, 1970; and PHILPOTTS and SCHNETZLER, 1970).
Some of our values agree well with isolope dilution 1esults, but others seem to lie as
much as two standard deviations above them (see data for 10071, 10003, 10062 and
10021).

The degree of agreement among rare earth abundances is extracrdinary. Cerium
abundances appear to reflect sampling or analytical difficulties, even if one considers
only activation analysis or isotope dilution results, but these do not obscure funda-
mental differences between specimens. Samarium abundances of MoRRISON ef al.
{1970) seem to be systematically too high, and those of WANKE er «f. (1970) too low,
but these characteristics are discernible only against a background of excellent agree-
ment in other data. Terbium presents analytical difficulties to the activation analyst
and much of the scaiter in abundances of this element may be related (o them. Hol-
mium data are sparse, but perhaps the values of MORRISON ef al. are too high. LSPET
{1569) values for Yb are certainly much too low, as seem to be (to a lesser degree)
those of TUREKIAN and KHARKAR (1970). Two out of the three values for Yb by
MORRISON ef al, seem 10 be too high. Excluding these data, Yb abundances suggest
that this.clement is rather homogeneously distributed in these rocks. Our Lu values
may be sysiematically foo high, and those of TurRekIaN and KHARKAR are too low.

Most of the Zr values reported by LSPET (1969) are clearly too high, but even
upon excluding these data much scatter remains. ROSE er al. (1970) may have over-
estimated their sensitrvity for this element, but m any casc they were working close to
their detection limit. In view of the significance which abundances of this element are
likely 1o have for questions of lunar petrogenesis (GOLES ef al,, 1970), it would be

elements in breccias (ppm)

Range m
crror
10064 10065 10066 10067 10068 10070 10073 10074 10075  cstimates

3650 3600 3420 3590 3280 3140 3220 3750 3350 60-i80

290 - 220 _ — 150 3¢ — 280 430 50-100
196 17-8 174 201 16 4 17-3 128 13-8 14-9 0304
59 63 62 68 &0 56 48 55 50 1-7-5
153 46 151 167 14-4 131 E1-5 Ir 5 i1 5 0203
177 1-73 170 24 1.80 =74 160 1-73 {-62 00702
37 40 2-8 31 16 3t — 28 i1 0305
53 67 65 75 66 38 50 50 54 04-08
143 14-5 11-8 13-8 122 i4 72 12 112 0-4-1-5
2-46 201 1-90 220 26 1-80 i-76 -7 189 006-0-15
0-65 054 056 054 a6l 062 045 049 . 052 005-008
520 — — — 700 360 — 500 390 70-180
139 121 106 154 1o 123 39 -9 88 0-3-03
i7 2-1 2-1 2-1 18 1-Q 16 o t-4 03-04
1500 1540 1590 1820 1470 1520 [580 1420 1540 80-110
— — _— e 15 12 14 10 10 2
290 3t6 338 359 37 373 311 309 287 34-09
60 3 626 603 660 609 57-4 620 537 568 06-16
73 &4 59 71 46 a2 82 18 85 6-17

1850 1890 i%10 2040 1890 1860 1900 1770 1790 50-80
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Table 5A. Averages of major-clement abundances in “basalis™ (wA(. 0

5t iy Al Fe Mg Ca O
This work (4 rochs) 188 05 72402 41 L 02*% 15007 41 L03 72201 39011
43 4: 04F
COMPSTON ef al. 18-9 72 42 15-1 45 76 —
(19703 (3 rocks}
Gast and Husvarp — 76 — — — 75 _
(1970} (3 rocks)

Morrisor et af. 200 64 4-6 153 43 102 —
(1970) (3 rocks) -
Rosg ef al. (197¢) 187 76 4-8 145 48 74 —

{2 rocks) .
Taveon ef al. (1970) 193 65 52 14-2 46 75 —
{7 rocks)
ANk er al. (1970) 193 68 42 143 4-5 83 406
© (2 rocks)

Table 5B. Averages of major-tlement abundances i “microgabbros™ {wt. %)

Si Ti Al Fc Mg Ca 8]
This work {5 rocks) 187 £09 6505 53.£02* [48+07 47 % 1-4 8505 395411
5-9 -1 0-9*

CoMPSTON of al. 13-8 63 53 151 4-1 82 —
(£970) (4 rocks)

Gast and Hunsarp — 58 —_ — -— 7-9 —
{1970) (4 rochs)

Rosc ef al (1970) 188 66 56 145 42 8-t —
{6 rocks)

Taxiowr ef al. (1970) 9@ 5.5 62 140 48 76
(8 rocks}

Turckian and .
KKitarkAr (1970) — 33 - 12-5 — — —
{2 rocks)

Table 5C, Averages of major-element abundances in bieccias (wi. ")

St T Al Fe Mg Ca 0
This work {18 rochs) 197 207 50204 66-=05*% 13006 4606 8806 411 £10
T4 09% -

CoMPSTON ef al. 19-5 47 66 12-8 47 8-6 —_
{1970} (2 rocks}

MORRISON &7 al. 197 52 60 139 43 104 —
(1970) (3 rochs)

Rose ¢t al. (1970) 194 56 6-5 127 44 8-4 —
{4 rocks) oo

TavrLor er al. (1970) 19-6 53 62 13-7 51 74 —
{3 rocks)

TurErIAN and — 38 — 1257 . — — —
Kuarkar (1970}
{2 rocks)

WANKL ef al (1970) 197 54 62 t1-6 4-8 —_— 411

(2 rocks)

* Determined by W.D.E. and J.W._M. B
i Determined by R.AS. and H.W. Single determinations only.



"Elemental abundances by instrumental aclivalion analyses in chips from 27 lunar rocks 1171

worthwhile to undertake a detaded investigation of s distribution by, e.g. isotope
dilution or radiochemical achivation techiriques. An efficient way to attack this prob-
lem would be to use some of the chips reported on here, for which accurate Hf data
are already available with which to construct ZrfHf ratios.

Activation analysis determinations of Mn seem to be more reliable than any of the
various spectrographic or X-ray fluorcscence results. The relatively subtle diflerences
from one rock to another in Mn contents probably are best mapped with our technique,

LSPET (1969) values for Co are too low; otherwise the agreement for this clement
is good. .

Scandium values reported by LSPET tend to, scaiter in an apparently unrealistic
way. Our Sc resulis aie systematically shightly lower than those of other activation
analysis or of AnngL and Heez (1970); since we used standard rock W-1 as a flux
monitor for this element, it is not easy to rationalize this disagreement.

LSPET values for V are too low, but in several cases might represent the lower end
of the actual range of abundances in small samples. Without more information, it is
not possible to decide whether we are faced with sampling or analytical problems for
this element.

Agreement among Cr abundances is unsatisfactory. even if one focusses on activa-
tion analysis results alone. For example, four determinations of Cr in breccia 10060
by activation techniques are: 1880 - 60, 2200, 2800 and 1820 (all in ppm). It seems
likely that there are severe sampling problems here, and that all results {with the pos-
sible exception of those by LSPET) are equally valid from an analytical standpoint.

We shall conclude by discussing briefly the evidence for geochemical clans among
these rocks. As has been pointed out by numerous investigators at the Apollo 11
Conference, there are first-order distinctions beilween igneous rocks and clastic
materials {breccias and “soil”). 'We can now discern second-order distinctions within
these classes, cxhibited in abundances of many elements. Consider Tables 1 and 2,
especially data for Ti, Al and Ca. Titanium is relatively high in “basalts” and,
on the average, intermediate in “microgabbros” and low in breccias.  Aluminum is
distributed in a mirror-image way (EHMANN and MORGAN, 1970}, as is Ca, although fess
strikingly. In phratry A, the “basalts”, there is no chemical distinction between clan
A-1, rocks 10022 and 10069 whose classification was never in doubt, and clan A-2,
rocks 10024 and 10071. (This statement is valid for the data of Table 3 as well.) In

- phratry B, “microgabbros™ fall inte two clans, the populous B-1(10003, 10047, 10058,
10062) and the apparently rare B-2 clan of rock 10050. Rock 10050 is chemically very
unusual, with low Fe (near the upper end of the breccia range), the highest Mg content
we have measured, and strikingly-low La and Hf contents. It does not seem likely
that it can be petrogenctically related in a simple way to the other “microgabbros™.

Among the breccias of pluatry €, we may pick out a C-2 clan consisting only of
rock 10056. This rock has a Ti content like those of the B-1 clan, rather [ow Al, and
the highest Fe content among the breccias. Its trace-element abundances resemble
very closely those of “microgabbro” 10047. Presumably our sample of 10056 contains
one or more clasts of rocks of clan B-1 which tend to dominate the geochemical
relationships. Perhaps one cannot even exclude mislabeling as an explanation of
these observations. Our chip (10056-23) appears on superficial examination to be a
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Table 6. Comparisons of minor and trace elemental

10022 10071 10003 10058 10062

Na 3550 4- 70 3640 - 70 2700 4 60 3020 4 60 3140 - 60
30007 3500¢ 3000" 2900¢ 30000
67004 2900¢ 4100t 3300¢

63001 32008 s1o0!
5000t 29990

Ba 220 - 70 450 + 80 220 L 60 140 + 70 230 4. 70
100t 4708 1602 117¢ 79 9¢
277 327¢ 108¢ 85t 134

1402
1240
La 250.4 05 2584+ 04 135403 118+ 023 1340 4 03
264 4. 074 27s 152 1i-ye 13-8¢
27 8¢ 151 168 120
1414024
Ce 8l 42 844 2 7L 2 3942 B2
g L 2d 83-5¢ 47-2¢ 40-2¢ 42-7¢
413+ 070 458 40 2%
48p

Sm 20-3 4 03 200403 130+02 140402 119 4+ 02

21-2 3 0-14 22-7¢ 14-5¢ 17-1¢ 13-3¢
131 £ 04 22€ 147k
- 109

Eu 2052010 212 4+ 015 1-84 - 009 214 4011 207 + 008
2:04 4- 0 01d 2 29¢ j 82¢ 2 64¢ 202¢
. 1-80 L 0 0f9 308 207k

. 1-gp

Tb 57406 — 35403 IsLo2 —
47+ 014 326 + 007 548

Ho 82408 — 104+06 55405 —
5-5-8-7¢ 3-7—4-44 9

Yb 2143 208416 153 4:07 140+ 13 135+ 13
17-7 4- ¢ 5d 2020 127¢ i52¢ 12 1¢
7 1149 4- 0-3¢ 5t 11-3k

22¢ 63p
Lu 2694 009 308007 262 = 0 0% 194 4 008 1-94 4 6 07
2-55 + 0024 2:87¢ 1-81¢ 2:14¢ 1-73e
169 & 0014 238 176k
0870
U —_ 069 4 009 03E £ 005 018 +-005 —_
08730 026 4+ 0-031 0 20¢
029 - 002
0-2680 ’

Zr 130 . 11O 210 4 110 560 -5 160 190 4: 100 290 + 80
1000¢ 6448 3802 250t 3)9b
~200! 3090 380¢ <2001

<2001 <2001

Hr _— —_ — 2404 3118 4- 03

138 1oe
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10050 10018 {0021 10056 10060 10061
2630 -4 50 3720 £+ 180 3430 4- 70 3370 % 60 3630 = 70 3550 = 0
3800t 34000 15001 32008 34008 35000
4900t 39209 34707 38001 3700
3800n
36002
— 280 + 70 350 £ 80 240 + 80 — 260 + 70
220+ 2708 1008 270
1750 105¢ 1280
200k pANLS 90!
169 404 17-5 404 11-0-+03 177 4- 04 168 £ 04
158 228 13e 208 044 182
24v zr 25n 230
18¢ 184
— 6f 32 61 L2 3442 61 13 486 4 19
670 57:2k 42 . 58 4. 1¢ 370
52 8k 759 628
59 0k
560
— 146 4+ 03 150+02 178 £ 03 154 +03 —
16 3% 17-2% 23 154 £ 0 11—
§-52 . 2 17p 248
17-5k
[6!1
874
— 182+009 1-80 £ 009 2-63 % ¢-16 1-84 = 008 —
}-84% 191k 258 206 20020
1-684 1-8p 2-90 208
1-98k
19, 2-6
1-6fe
— — — 5005 37404 _
548 36 4 Q-1¢
50¢
6rl
— — — 65408 53406 —
g& 4 4-5-41
102
T
11-1 +05 52+ 04 145407 B804 15 132 L 07 131 4- 0-5
2-7¢ 11 8% 4-5¢ 208 132 .} 03¢ 1-8¢
111t 12:7k g3p 228
12-7%
140
10 ga
—_ 2144007 2:25 4 007 25303 2304008 —
187% 1-99k 1-88 200 1+ 0024
1-562 1-2p 208
1-92k
1-8o .
1-574
021 005 060 =008 056 4 009 018 005 0-51 + 007 059 4008
0-156° 060 + 009! 0 54 4+ 008! g-21% 0 60~ 0-674¢°
N 0 390 0450 0 60m
0 4n
- 340 4 100 250 4= 90 340 4 110 770 4 110 240 4+ 70
700¢ 4292 4242 4108 5808 3932
<2000 3280 1500f ~300t 3420
2300, 320, 340n 4001
— — —_ 138 4+ 05 13-1 £ 0-3 —_
11e 135

fe

120
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Table 6 (continued). Comparisons of minor and trace

10022 10071 10003 10058 10062
Ta — —_ — 16403 10403
1-08 180
Mn 1770 £ 110 1650 £ 100 1740 £ 100 1870 = 110 1790 & 100
2000t 22302 25800 4300" 23000
1900! 2300 19008 2100
23001 21008 15100
Co 298 407 271 4 07 14-1 & 04 144+ 04 138 £ 04
15t e 152 7t 137
14E N
Se 7664 10 732410 74008 808 &+ b1 747408
1101 972 948 1308 760
878
v 89 +5 9219 63+ 7 7819 —
6t 88 g2¢ 32t
41g
Cr 2250 + 100 2170 £ 80 1390 & 30 1800 L 70 1540 2 40
28001 3060 18602 37000 1700t
25001 18001 15008 13100
16004

L4

. ANNEL and Herz (1970); emission spectrography.

. Compston ef al. (1970), X-1ay fluorescence, flame photometry.

Gast and Husearp {1970}, 1solope dilution, atomic absorption, X-ray fluorescence, wet chemical
Hasgin et al. (1970); radiochemical activation analysis.

. KEAYS er al. (1970); radiochemucal activation analysis.

. LSPET (1969); principally emission spectrography.

. Morrison ef al. (1970); activation analysis and spark-sousce mass spectrography.

MuriHy er al. (1970), isotope dudution,

. O'KEeLLey ef al. (1970); gamma-ray spcctrometry.

TR RO TR

single clast of an infensely microbrecciated, relatively coarse-grained igneous rock.

We conclude that of the two anomalous chips we have analysed, 10056 seems to
be related to the “microgabbro” clan B-I and thus does not pose any extraordinary
. problems of provenance or petrogenesis. Rock 10030, however, may well have origi-
nated as an impact-mobilized fragment from a geologic unit distinet from that imme-
diately anderlying the regolith at the Apollo 11 landing site. If so, a detailed study
of this rock would be very valuable,
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!

10050 10018 10021 10056 10060 10061
— 14 — 03 — 16403 21 4: 04 —_
2ia 2:2F 178
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Instrumental activation techniques |
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over 30 years ago,’ this techpique only came

into peneral uss eeveral years sfter the end of
World War Ii. Sines thes, the applications have
spread to many ficlds, as the recent comprehensive
bibliography produced by the National Burssu of
Standards well illustrates.® It is probably true that
gctivation analysis, especially by neutrons, has had
its grestest impact in meteorite studies, where the
high sessitivitiss ‘and comparative fresdom {rom
1aboratory and resgent contaminntion heve enabled
radicchemical nnelysss to be muds rouiinely af
microginm fo nenogram fevels. Nondestructive
nentron sctivation analyses have Leen made using
Nai(T1) gamms-ay ccintilstion spectrometry,®
but the poor energy resolution severely restricts the
applicetion of this techaiqus, To favorable cases
where the indicator radiopuclide has two or mers
gammsa rays in cassade, very specific determine-
tions have bsgn carried by NsI{Ti) coincidencs
. counting® and by single perameter® and mult-
parameter® coincidencs spectrometry, The advent
of the high resolution, solid-state detectors has
added & new dimensiop o activation saslysis, 83
it makes possible the nondestructive determination
of a large number of msjor, mimor, snd Grecs
cloments in matesdnls of geothemical aud cosmo-
chemical “interest (soe, for example, Ref. 7). &
somowhat different approach to the nondestructive
analysic of meteorites and rocks has grown from
the commercial availability of amsll 14-Mev
neutron genesators. The major application of these
instruments has beex the nondsstructive enslysis

@ LTHOUGH ACTIVATION ARALYSSS was fisst used

Dr. Morgan & Reecorch Assoclate and By, Ehmena (3
Professor, Departmens of Chemistry, University of Ken-
fwehy. Thix paper wes presented at the Plisburgy
Conjcreice on AralyticalsCheslstry ond. dpplied Spece
troscorry, Clevaland, Oklo, iarch 3, 1970, Tlhils work wai
supporied In pert by NASA Controst NAS-$LCIT and
U.S. ABC Conteeit AT{20-1}-3670.
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of the lighter, more sbundant clemente.® @
‘The application of these techniques has been

particularly valuable for the snalysie of metoorites -

where specimens ave ofien rare and the amounts

vailable for analysis small. 'The experience gained
by & number of laboratories a this yps of analyzis
was furned to great advantage when the first ansr
rocks were retusned to earth, it is the purpess of
this article to summarize the principles of non-
destructive activation methods thet can be opplisd
to meteositic and lupar matesish.

Principles and teckniques

The nctivatios method iz based on induced
auclenr tenctions of naturally occurring isotopes
which yleld mdicactive indicator nutlides. Re-
gardless of the nature of the sctivating flux, the
activity of the indicator radionuclide after acliva-
tign can be piven by

A = ajoGh (1}
where )
4 = sctivity of product radiopuclide,
disintegrations sec? .
p = pumber of the target nuclide atoms I
the sample
f = bombarding particle flux, pasticles
cm-? gec

g = ectivation eross saction, cm®
. @ = growth, or saturation factor = (1-g™™%
D = decay factor = (™)

A == decay constsat of the produet redic-

nuclide .
¢ = timg

{,d = irradiation end decay, respestively.
Equation (1) hss two veriables, G aud D,
which ¢an be chosen to favor the analyses yequired,
Tho growth festor & it generally chosen to be
sbout 0.5; that is, the semple is irradiated for
one hal-lifs {fye = X/In2) of the produet nuclide.

AMERICAH LABORATORY :piB=dl,
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The decay factor D cen be adjusted so that shori-
lived interfering radionuclides mre allowed to do-
cay before counting. Here again, one half-life is
_generelly en accepteble period.

In most practical situations, the values for the
flux, cross section, and absolute activity are diffi-
cult to evsluate precissly, and it is customary o
irradiate & standard of known composition simul-

taneously with the ysknowa sample. After & cuit- .

able decsy the standard and sample ars sequens
tially counted with the same detector sysiema $o0
that ’
) ws I Rown oo Doa
| HemPaxpExpt @
where B is the éxpsrimental counting raie, W is
the weight of the clement, and the subzeripts refer
to sample &nd standard, respectively.
. ln some applications it is mot convenieat to
irradinte sample aad standerd simultaneously.
Samples and standards may bs irmdiated and
counted gequentially, and the relative flux can be
monitored independently. If the irradiation and
counting times are the game, the clemental abuge
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Flgure t Block diegram of cinglstrenster 18-V
aeiren cctivation Bystem,

dance ean then be derived by

< Mom R DM
4 e o Alstm
R’mmlﬂmnn X3 X .(3)

where A is the integrated monitor count.

H.Jdev neutron cotivation analysis

A eonvenient laboratory gource of fast neutrous
is provided by a simple Cockeroft-Walton gener-
ator. Deuterium is doubly ionized in an ion sourcs
and oceclerated by s series of clesirodes to &n
energy of about 150 kev, Heutrops are produced
by the reaction ;

8t {d,n} *He

The yield is very nearly isotropic, and the energy
of the neutrons is approxunately 14 Mev at the
taryit position. Many applications of 14-Mev
noutron activation utilize short-lived indicator
radionuclides, and therefore tirae is of the essemee
when ths lrradiated sample is transferred to the
counting position. Pneumatic sample transfer sys-
terns are almost universafly employed, and these
can be cheaply made from low density polyethylens
tobing.!® Eacapsulated samples may be propelied by
compressed pitrogen or vaguuim,h ¥ snd irradias
tion, delzy, and connting times are generally con-
trolled by preset electropic timing eircuits.
Mescorite and terrestrial rock specimens are
usually powdered before analysis, so that a repre-
sentative sample may be obtained, but for lupar
rocks the small pleces provided must often be kept

‘intast. The samples should bo prepared and en-

capsulated under dry nitrogen if oxygen determina-
tions are required. In our laboratory, semples are
gealed in polyethylene vials using heat-shrinkable

. tubing to effect a neat gastight closure.’® These are

reproducibly located in 2-dram, polyethylene,
gnap-top pill packs that are heat-sealed with a
Beveled iron to give a iruncated conical shape to
the completed “rabbit.”

The precision and accuracy of the l4-Mev
method are influenced by a number of {actors that
heve besn reviewed recentlyt®

In the determination of major elements in
terrestrial rock samples, good precision has been
obtained by irradjating sample and standard
simultancously?® 1 using & dual-transfer, biaxial-
totator gystem. For reasons connmected with the
ptatisticel advantages of comparing esch sample
with several standards, in our laboratory the
samples and standards arc irradiated sequentially
using » gingle-transfer system shown schematically
in Figure 1. By detailed attention to beam stability
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and flux noiformity and by carefu! quality control
of the neutron monitoring system, it is possible to
approach the precision attainable by biaxial ro-
tation.i¥ .

The major products of 14-Mev neutron re-
actlons.on esch clement have Deen compiied,!® and

a study of the analytical interferences has been .

made,'® Interferences may bs of twe types. Type X
are primary interferences where the indicator
radionuclide sought is produced by another reaction
on a difierent element, Type 11 are spactral inter-
ferences in which a radionuclide is produced which
has a photon energy unvesoivable from that of the

method [usually NaI(Tl} spectrometry]. Re-

-actions that are of interest ima the amelysis of

meteorites and lunar rocks are summarized in
Table 1. It will be noted -that cross sections are
given in millibarns, where 1 barn = 102 ¢m?. The
high encrgy "I gamma rays are very specific,*® and
this has enabled the development of a multiscale
method for oxygen, which eircumvents many prob-
lems associated with timing etrors and variations
in newtron flux.!” In this method both the output
of the nentron monitor and the 1N activity are res
corded on the sanie multiscale pass. This is-illus-
trated by Figure 2. By suitable computer processing

indicator radienuclide by the chosen detection it is possible to compensate accurately for flux and
Favey TR R N2
" Table § .
Elements of msm&ah@m;ca; iutar@at which maey bo determined by 14-av aoutron activotion
in&er-
Praoduct foronece
gammin Produge gemnie  interferenes
Anatytieal anargy, halé- Typol i Type I§ anergy. halfe
- Elsmant  Feaction Mov lifs interforeaca Interfarenge | Rovw Hin
0 160(np)i6N 693  7.3Besc  9F(na)ieN 11B{ap)tiBe 6.8 13.6 toe
742 &0’
Mg | ®riglne)dhie 1.37 16ty A (na) &N NE(n oyt 1.29 <83h
275 .
A BAlr.p) P Hig 0.84 86min  -0Si{na)TMg E8Fa{na)5Mn 0.68 268 br
301 B+ ennihilatien 1.02
Si 23K n 2841 1.7 2.3 min 2TALn )28 A 58Fa({n,5)5%Mn 1.8% 268 he
HP{n,ajBA 4271{n,p)4%8c 1.76 67.5 min
ki 46T 7,0} 40mEY 0.4 20 sea 4B5o(ny)¥0mSe  SFs{np)Thin' 1.37 1.7 mia
Fe - _G8Felnn)b8Min 0.85 280 hr SMn(oor)™in
1.81 $8Co{ra)58lin WBTi{n.p)5850 1,76 §1.5 min
s e R b S
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timing variations.
© About 1 min after irradiation, *Al produced
from Si is the major gamma ectivity visible in a
-silicate rock, and interferences are generally very
small.® A majof problem in the precise determina-
tion of silicon has been associated with the analyzer
dead time. This can be minimized by controlling
the analyzer with an external timer set for an
elapsed time E, The actual live time L is stored in
the analyzer. The empirical integrated gamma
- aclivity £ is then corrested by a factor E/L to give
a more representative integrated count. In some
cases @ more precise mathematical {reatment may
be needed. ’
A recent innovation in -analyzer design which
-claims a “zero dead time” will be of considerable
value for the measurement of short-lived activities,
This system stores counts arriving during 2 dead-
time period, and then transfers them to the same
address as the next count to arrive after the an-
alyzer is again enabled. Since the dead-time cor-
rection is important only for high couat rates, it

can be seen that the numbers of counts involved:

make this sampling procedure statistically sound.

The integration of the photopeak in the gamma
spectrury is carried out in our laboratory using the
procedure outlined by Sterlinski? This is a rela-
tively sirople mathematical methed for obtaining
‘good statistical data, which reguires no assump-

*

" uons to be made about peak shape or instrumental

resolution. it enmables the spectrum shape of the
sample and standard to be compared and can de-
tect nonlinearities in the baseline under the peak
being integrated.

The analyses of the lunar samples for sluminum
were based upon the 0,84-Mev gamma ray of *"Mg.
The interference {rom silicon is a large one, and it
vras found empirically that 1% silicon is equivalent
to 0.03% cluminum. In order to minimize the
offects of any residual error in this correction,
standards were chosen whose aluminum-to-silicon
ratio bracketed those of the lunar rocks.

In the Apollo 11 rocks the iron abundance is
high and constitutes a serious interfereace io the
aluminum determination. This was empivically cor-
rected {or by recounting the sample after approxi-
mately 2 hr. By this time 3*Mg bad largely decayed,
and the interfering *Mn photopeak could be pre-
cisely evaluated. From the same specira it was also
possible to derive iron abundances. Magnesium and
titanium analyses by 14-Mev neutron activation
have not yet been made on lunar rocks, theugh in
principle these measurcments are feasible.

Nal(Tl) coincidence spectromelry

The energy diserimination of NaI{Tl) dstectors
is often inadequate for the resolution of the com-

SaRETEO STERLTRESRRE 25 LA R N I LI PR T, 3T ST T ATSCS Tk Sk s
Table 2 ) Elsments of cesmochamical
interest which mey be determinad by gamma-gamma coincidence
Mejor Major i}
golncldance, Hall- coineldancs, Hulf-
Element Roeaction oy - Hie Element Reaction fiav lifo
Sodium BNalay)¢Ne 137275 16 be _Baiium 18983(ny)1318a  0.12-0.50 12 deys
Scendium  4BSc(my)¥¥8c  0.88-L12 84 days Lanthanum  138La(ny)140La  0.48-1.60 40ty
Mangancss E5Min{ny)68Mn  0.84-1.81 28 br Semerium  1828m(nv)188m 0.07-0.10 47 e
Cobalt 8Co(ny)%Co  1.17~1383 6.2yt Europium  151Eu{ny)1528y  0.122-0.26 2y
Nicksl - B8Ni{n.2)%8Ca 0.6% (B4} Hafmium  100H{(n,9)181Hf  0.13-0.48 42,6 days
~0.81~1.64 71 d
9| smtalum  19'¥a(ny)1®RTe  0.22-122  1iGdays
8Cu{n,r}%C 6.61--0.61 13 br
Coppar {a7)3Cu @&+ Tengsten  TBOW(n4)1ETW . 033-086 24k
Zine 84Za{rny)86Zn  0.51-051(3+) - . i
o .12 245 days irdium tellr(ny)i82e 032047 74.2 day
Selenium  74Ss(ny)T65e  0.16-0.28 120dsys | ThORUm m;(g;:m U x-rey-0.31  27.0 day
Bromi 8ip A2pr 0.65-0.78 38 hr -> .
Lromino ey Unlum  28U(ny)R0U 007021 235 dey
Tin 1185 n )1 TW8n 0.16-0.16 14 daye . B 258N
oy
Cesium 133Ca{m,y) 154 s

0.61--0.80 2 ¢
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plex gnmma spectra of en irradiated rock or
meteorite. The specificity may be improved if the
indicator radionuclide has two or morc gamma
rays which are in cascade, that is, which are
emitted to ail practical purposes .simultancously.
Except in very specialized cases, the ncutron out-
put of l4-Mev generators is not high enough for
use with the lower defector efficiency associated
with coincidence detection, Most activation anale
yses by ihe coincidence method require the high
thermal neutron flux available in & nuclear reactor.
A compilation of elements that may be Cetermined
by gamma-gamma coincidence has been made by
Wing and Wahlgren,?® who also calculated sensi-

tivities for thermal neutron irradiation. A selection -

of elements whose determination by coinciGence
may have some application to meteorite and lunar
tesearch is listed in Teble 2. The application of

the coincidence technique is readily iliustrated by.
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" the simp‘.'e example of the determination of cobait

in jron by activation analysis.®® Thermal neu-
tron irradiation of cobalt induces the resction
5Co{n, vyCo®, Iron under the same conditions
undergocs the feaction #Fe(n, v)**Fe, The major
gamma rays of e have energies of 1,10 and 1.29
Mev, which obscure the small “Co peaks at-1.17
and 1.33 Mev. However, the cobalt peaks are in
coincidence, and by using two NaI(T!) detectors
and appropriate coincldence mixing circuitry it is
possible to determine the cobalt content of iron
nondestructively,

More receatly a similar approach has been ap-
plied to the nondestructive determination of
iridium in chondritic meteorites. A block diagram
of the single parameter coincidence spectrometry is
shown in Figure 3. By use of this method it has
been possible to determine iridium nondestructively
at leveis between 10 and 107 g gt using only a
few tenths of a gram of sample,

The single parameter spectrometor has sc ne
grave limitations. It is often difficult to discriminate
between true photopeak coincidences and Compton-
Compton coincidences, and the spectrometer neecs
to be carefully adjusted for each radionuclice
sought. In addition, only half of the coincidence
pulses recorded are generally registered in the
spectrum, This deficiency does not occur with
0.51-0.51 anmihilation coincidences, but unforty-
nately in many cases these coineidences are far
from spesific, Iridium is anotlier favorable €ase,
wiere several coincident gamma rays occur close
to 0.3 Mev,

In the coincidence system just described, selece
tivity is atiained by the careful adjustment of the

- single-channel analyzer windows. This has the big

disadvantage that generally only one redionuclice
can be determined at a time. To avoid these prob-
lems, a multiparameter gammea-~gamma coincidence
spectromeier can be used,?® A block dlagram of a
simple rultiparameter system is shown in Figure 4.
The 2.5-cm-thick lead shield between the two
7.5- % 1.5-cm Nal(T1) detectors serves to reduce
caincidences due to backscattering, A typical spece
trum of the long-lived activity in & lunar rock is

. snown in Figure '5. The encrgy range covered is

roughly Q.1 to 1.5 Mev, ) -
Quantitative determinations can be carried ou
by, visual spectrum stripping or by suitable com-
puter proccssing. Visual stripping can be earried
out quite precisely, and the mean relative deviation
ol triplicate stripping. wenerally averages 1 to 2%,
There have been rew applications of gamma-
gamma coincidencr “-chniques to the analysis of -


http:analysis.of
http:0.51-0.51
http:analysis.24

~— LiNZaa 258 Py BINEAR =
Al fr are e
. ..._._‘._.l
: FRTT .
2 COINC. % el
o BIXER sca }
' l
DILAY !
LoX :
' .
i i
[ X TR, 1 S
£ b §

¢ ANAvzER 4

TeAlN

-y,
Ll

oy

i
o

Figure & Block disgrem ol o giret: multiparemeter
ceincidence speciremater used for .n..l wloment neuiron
acliveiion enelysis of meleotites ead lynsr tocks.

[

WO
&"?‘QQ
ot
RELATIVE ¥
SSUINETY

l'} pOS .r,-'.\f’_.
'}l, 7 m':;' ¥ e
"h.f}': g " & -‘f f‘

..;_,w” v, gl

/,"' ﬁl ”l’:! ll‘\

2y ":f/.l‘ %\} {\\{4 J}E\ ﬂ:

Figura B Typical multiparameie® wivozife o spocirutt:
ol the long-lived Jemris-iey »0.0ip 'n a neulier:
irtediated lunar rock. The iveu targe pouks wre dus
0.6%-Mev=1.12-Mav coluciscaces of i$5¢, Smaller potl s
due (0 1.17-Mev=1.33-04.% $“Co coirgidences end b

-

'ﬂh...m\m

meicaates snd Juaar rocks, An early
of tic coincidence micihod used the 0.5 1-0.51-Mev
anaihilation coiacidence of #Cu to determine ¢op-
per in meicorites.” The abundance of bromine has

been measured in stony mcteoriles using the cas-
cade gamma rays of *23r (Rel. 28). Tie clements
sodium, scandium, coblt, nickel, and inidium have
aiso heen determined in chondritic meteoritcs by
singic and muitiparamcier coincidence sp-.,cfmm-
etry®¢ The laier techmique is cmre'my Oun._,
appiied at the University of : Wentuexy to the deter-
mination of a number of elemcais in Apolo 11
FOCxs and soiis, :

High resolution Ge(Li) spectromeiry

The coincidence methods previously ouliindd

have the obvious Lmitation that thcy caa only bo

appiicd to radionuciices with abundunt coincident

- gamma rays. The resolution of Nal(Ti) deteciors

is not good cnough to identify and determiine un-
cquivocaily any but the most abundant piolopeais.
Fowever, the recent advent of lithium-drifted ger-
manium detectors has made direct nondesiructive
muiticieragnt activation amalysis a very viable
proposiion. A good solig-state Ge(Li) detecior,
with stable noise-free clectronics, caa yicld reso-
susion for the 1¥7Cs peak of 2- to 4-kev fuil widta at
hali maximum, as opposed to 2 value of about 50
kev using a good Nal(Ti) crystal. Naturally
gnough, the high resolution is accompanied by
some less desirable features. Becausc of e lowws
utoriic number, the photopeak- eiuciency for a
]-Mev gamma ray using a large (35- to 40-cin®
Ge(Li) detector is only about §% of ihat for 2
giancarg 7.5~ ¥ 7.5-cm Nal(Ti) deiector, and ihe
eoaparison is even less favorable at higher eact-
gies. 1n addition, the Ge{Li) deiccior must be kc;t
at liguid nltrogen teraperatures at all times, ond
very Jow roisc ampliiiers arc essential to obtain
e Dess reselotion of which the detecior is capable.
Tae reaali is that a Ge(Li) sysicm based on 2
35- 10 40-cia? active volume deteciorcan be 2 10 3
tuax more expensive than a 7.5- X 7.5-cm
Nal(Ti; spectrometsy assembly.

The spphication of Ge(Li) speciiome 'ry to noan=
dostnuhive reactor activation analysis of miaterial
of ‘;m..h...;.\'sal and cosmochemical iaterast has
baccaw wicsspread since the now classic work on
U, 8. G;olo;ucal Survey standard rocks by Gordon
et oLt

Elareats 10 naay be cetermined in rocks and
matearites by high resolution gamma-ray spectroi-
¢ivy ‘ouowarn vacior acutron activation ame sum

0.13-14ev=0.43-tev coincidences of 1Ml a3 swa VAL, marized In Tabie 3.
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Photoactivation

Irradiation by high energy bremsstrahlung pho-
tons can induce analytically useful reactions of the
types (v.y'), (v.n), and (y,p). Although photo-
activation techniques.can be applied successfully
to the determination of small traces of lipht ele-
ments, they are also useful for the determination
of major and minor components.in meteorites and
lunar materials. In particular, photoactivation has
been applied to the determination of elements such
as magacsium, calcium, and titanium,?* which are
not easily determined by neutron activation tech-
niques. Limited access to high intensity sources of
energetic photons has resiricted the widespread use
of this method.

Delayed neutron emission

When certain heavy elements are irradiated with
neutrons or other particles, fission takes place.
Probably the best-ksown example is the fission of
25U induced by thermalized ncutrons. The fission
fragments formed lic on the cxtreme neutron-rich

" side of the stability line, and they decay by ncutron

cmission as well as by the more usual mechanism
of beta decay. Techniques have been developed®®
in which samples are irradiated for a few seconds,
then quickly transferred to a continuing assembly
of boron trifluoride neutron detectors in which
they are counted for 30 sec. This method is quite
specific for fissionable material. If the irradiatiag
neutron energy is below the #3Th fission threshold,

Elements of cosmocheamical interest which may bs determined

.nondestructively by high resclution Ge(Li) spectrometry

Table 3
; Anglytical Helf-
Elament Rsection gamma ray, Kev life
Sodium '&JNa(n_,-y)!*Na 1368 i6hr
Potasslum  41K(ny)42K 1624 12 hr
Scendium  48S¢(ny)48Se 889, 1120 £4 day
Chromlum  80Cs(ny)#Cr 320 28 day
Meangansse ®Mn{ny)5Mn  B47, 1811 2.6 hr
lron ESFe(ny)59Fe 1100, 1201 45 day
Cobalt B3Co(ny)%Co  1173,1332 63y
Rubidium  ®Rb(ny)%Rb 1077 18 day
Zirconium  ¥4Zr(ny)982Zr 726, 767 65 day
18
8tNb 768 36 day
Antimony  1218b{nv)1225b 666 2.8 day
1238b(ny)124S6 1691 60 day
Cesium 133Cs(n7)134Cs 605, 786 FAR'
Barium ‘3°Bn(n.‘r}_“‘ Ba 216,373,45¢ 12day

Lanthanum 138Ls{ny)140Ls 320, 487,810, 40 hr

1688

Ana!ytica! Hatf-
Element Reaction gemma ray. Kev life
Cerium 140Ce (nv)181Cs 146 33 day
Neodymlum 148Nd(ny)1470d 3 01, 631 %1 day
Samarium  182Sm(n,9)163Sm 103 &7 tw
Ewopium  VS1Eu(ny)152Eu 122, 245,778, i2yr
1408
163Eu(ny)1B4Eu 724, 1277 16y
Gadolinium 152Gd(ny)153Gd 97,103 242 day
Terbium 169Th(n,y)180Th 299, 963, 866 72 day
Dysproglum 184Dy(n,y)165Dy 66 23 hr
Thulium 168Tmi(a,7)V70Tm B84 130 day
Yierbium  168Yb(,y)169Yb 63,177,188 32 day
174Yb(n,v)178Yb 283, 396 4.2 day
Lutstium T0lu(ny)177Lu 208 6.7 day
Hefnlum  180H{(my)'81Hf 133,482 43 day
Tentalum  182Ta(ny)'83Ta  68,100,1122 116 day
Thodum  232Th{ny)B3Th 94,98, 312, ;
18 416 27 day
23Pa

«B : SEPTEMBER 1870
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it is & scositive means of determining uranivm in
natural materials. By enclosing samples in cadmiuvm
to absorb thermal neutrons, thorium can be de~
termined using the same geaeral technique by ex-
posure to a fast neutron flux.

Other techniques, such as prompt gamma-ray
counting and charged-particle activation, have yet
to be applied, to any extent, to the analysis of
mcteorites end lunar rocks. Charged-particle acti-
vation is particularly suited to the analysis of trace
clements in surfaces, and could well find important
applications in the study of solar wind implantation
on the surface of lunar rocks.

Conclusion

The preceding discussion has indicated the scope
of activation techniques as applied to the non-
destructive elemental analysis of small, rare samples
such as lunar rocks and meteorites. The advantages
of high sensitivity, accuracy, freedom from reagent
and laboratory contaminaticn, and speed, coupled
with the potential of nondestructive analyscs for
many elements, suggest that this technique should
be a part of any modern analytical facility. For
14-Mev neutron activation a modest but adequate
scaled-tube neutron gencrator and the necessary
counting instrumentation may be obtained for un-
der $25,000. This price is not out of line with the
investment made for other modern analytical

" instruments,

.For trace element determinations via reactor
peutron irradiation, on-site irradiation facilitics are
not always required. Many university and commer-
cial nuclear reactor facilities offer irradiation
services at modest prices,* For this type of work
the only investment required in addition to the
basic counting instrumentation is for an adequate
shiclded shipping container. The absence of a
nuclear reactor at the University of Kentucky has
not been a serious handicap, as evidenced by the
many thousands of trace clement deterniinations
made by this group. Shipping delays generally limit
the sclection of indicator radionuclides to those
having half-lives of at least 10 hr.

The widespread use of activation techniques in
the NASA program for the analysis of the returned

lunar samples is a concrete example of the utility

of the method under conditions where accurate,
nondestructive dats on lerge numbers of samples
were required in a minimal time.

Referencas _
1. HEVESY, 6. and LEVI, M., “The ection of neutrons oa

30 : SEPTEMBER 1970

7.

10.

11

i2.

.

the rase earth elements,” Afathematisk-Fysicke Med-
delelser 14, 3-34 (1936). ;
LUTZ, G. J.. BORENI, B. J., MADDOCK, R, 8. and MEINER,
w. w., “Activation Analysis; A Bibliography,” Pis. 1
gnd 1, National Bureau of Standards T N 467 (U. 8.
Government Printing Office, Washington, D. C,
1968). Y
SCHMITT, K. A., SMiTH, R. H., and GOLES, O. G,
“Abundances of Na, §¢, Cr, Mn, Fe, Co and Cv in
218 individual chondniles via sctivation snalysis, 1,
1. Geophys. Res. 70, 2419-2444 (1965).

GREENLAND, L. P., “Application of coincidenice count~
ing 1o neutron activation asalysis,” Geophysical Sure
vey Prof. Peper 600-B (U. 8. Geological Survey,
Washingion, D. C., 1968}, pp. B 76-78.

EHMAKN, W, D. and MC KOWN, D. M. “Instrumental
activation of meteoriles using gamma-gamme coinci-
dence specirometry,” Anal. Letters 2, 49-60 (1963).
MORGAN, J. W. and EHMANN, W. D., “Multiparameter
coincidence spectrometry applied 1o the noa-
destruclive neutron activalion analysis of meteorites,”
Anal, Letiers 2, 537-545 (1969). .

GORDON, G. E., RANDLE, K., GOLES, G, G., CORLISS, J. B,
BEESON, M. H., and OXLEY, 5. 5., “Instrumental acti-
vation analysis of stendard rocks with high resolution
gamma-ray detectors,” Geochim. Cosmochim. Acta
32, 369-396 (1968).

WiING, J., “Simultanecus dstermination of oxygen and
silicon in metcorites and rocks by nondestructlive
sctivation analysis," Anal, Chent. 36, 559-564 (1964).
voGr, J. R &nd EHMANN, W. D, “An autcmated
procedure for the determination of oxygen using fast
neutron activation analysis; oxygen in stony meteor-
ites,” Radiochim. Acta 4, 24-28 (1963).

VOGT, J. B., EHMANN, W, D., 20d MC ELLISTREM, M. T.,
“An automated system - for rapid and precice fast
neutron activation analysis,” Inrern. J. Appl. Radia-
tion Isotopes 16, 573-580 (1565).

MEINKE, W. W. “Pneumalic tubes speed sctivation
analysis,” Nucleonics 17 (9), 86-89 (1959).

mewi. E. L and MEINER, W. W., “Determination
of oxygen by aclivation analysis with fast neutrons
using & low cost poriable neutron generator,” Anal,

. Chem. 34, 185-187 (i962).

12,

14,

EHMANN, W, D. and MC kowx, D. M., “Heat-sealed
polyethylens sample containers for neutron activa-
tion analysis™ Anal. Chem. 40, 1758 (1968).

EHMANN, W. D., “Non-destructive techniques in activa-

. tion analysis,” Fortschr. Chem. Forsch. 14, 49-§1

i 5 5

16.

17.

18

(1569).

VOLEORTH, A. and VINCENT, H. &, “Determination
of oxygen in U.S.G.S. rock standards by fest neutron
sactivation,” Nucl. Appl. 3, 701-707 (1567).
VINCENT, M. 4. and VOLBOXTH, A., “High precision
determination of silicon in rocks by fast neutron
activation analysis,” Nucl. Appl. 3, 753-751 (1967).

MORGAN, J. W. and EHMANN, W. D., “Precise determi-
nation of oxygen und silicon in chondritic meteorites
by 14 MeV ncution activation using a single transfer
sysiem,” Anal. Chim. Acia 49, 287-29% {1970).

cuvrers, M. and cuvreas, J., “Gamma-ray specim
god eensitivities for MeV neutroa activation analysis,”



http:Cat-dL.td
http:Geophyts.Re
http:Mcthenzfth.Fy

20.

26.

* 4
3.
28,

L) L
.

g 29,
30,
31

/

J. Radioanal, Chem. 1, 243-284 (19683,

MATOUR, 8. €, and ownaM, 0, "Interferences ene
couniered in 14 MeV neutron activation analysis”
Nuel. Energy, pp. 136-137 (Sopt.-Oct. 1967).
YOOT, J. R and MANN, W, b, “The ron-Cestructive
determination of silicon end oxygen in metcorites by
fas! neutron activation anaulysis,”™ Procecdings of the
iniernationzl “Conference on Modern Trends in”Actis
vition Anaiysis, College Station, Texas (1965), pp.
§2-85, | .

VAN CRIEREN, R, GIJBLLS, K., SPERCEE, A., and HosTE,
., “The determination of silicon in stesl by 14 MeV
aeutron activation analysia,” Anal, Chim. dcia 43,
199-2069 (1969).

- STPRLINSXY, 5., “Amalysis of dipital deta from a
ye

mitichannel pulse height analyzer on zamma ray
total adsorption peaks in activation analysis,” Anal.
Chem, 43, 1995-i998 (1968), -

o {
WING, J, and WAHLOREN, 8. A, "Detection sensfs
tiviiies in  thermal-neutron  activation,” Argonne -

Naiiona! Loboratory Rept. ANL 6953 (1965),

SALMON, L., “Gamma-spectroscopy applied to radio-
activation analysis. Part 3: The delermination of
covzlt in iron using gamma-gamma coincidenes
mensurernents,” U, K. Atomic Authority Rept. AERS
C/R 2377 (1958).

EEMANN, W. D, and MC EKOWN, D. M., “The none

Guesiruciive delermination of iridium in meteorites
usin® gamma-gamma  coincidence  spectrometry,”
Modern Trends in Activation Analysis, edited by J.
R. DeVoe, N.B.S. Special Publ, 312 (1968), vol. I,
ra. 305-314,

PEREINS, R. W. and ROBERTSON, . B., “Sclective and
scnsitive analysis of activation products by roulii-
dimensional gammaeray specirometry,” Procesdings
of the International Conference on Modern Trends

+in  Aclivation Analysis, College Siation, Texas

(1965), np. 48-57.

SCUMITT, R, A. &nd EMITH, R. M., "Research in ele-
racatal abundances in metcoritic and terrestrial
matter,” General Atomics Repl. 6642 (1965).

WYTTINDACIH, A, YON QUNTEN, M, &., and SCHERLE, W.,
“Octermination of bromine content and isotopic
composition of bromine in stony meteorites by neu-
tron  activation,” Geochim, Cormnochim, Acia 29,
ACT-4T4 (1965). :

SCHMITT, A A, LINN, T. A, J2, And WAKTTA, M., “The
Ceétermination of fourteen common elements in rocks
via scquential instrumental activation analysis,” Raedio-
cliim, Acta (10 be published).

GALE, N. 11, “Development of delayed nevtron tech.
nique as rapid and precise method of delermination
of uranium and thorium &t trace Jevels in rocks and
minerais, with applications to isolops geochronology,”
Radioactive Dating and Methods of Lew Level

Counting (international Atomie Energy Agency,

Vicnna, 1967), pp. 431-452.

O'KFLLEY, 0. B., "Survey on outelde use of renctor

facilities, preliminary survey — November 24, 1569,

American Clhemical Society, Div. of Nuclear Chem-

istry and Technolory (1969).
h -

————




SECTION VIII

Analytica Chimica Aviw . 287
Elsevier Publishing Company, Amsterdam
Printed in The Netherlands

PRECISE DETERMINATION OF OXYGEN AND SILICON IN CHONDRITIC
METEORITES BY 14-MeV NEUTRON ACTIVATION WITH A SINGLE
TRANSFER SYSTEM
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The significance of the chondritic meteorites to the study of solar system
elemental abundances has recently been reviewed!. The chondrites fall into well
defined chemical and petrological classes, with characteristic oxygen and silicon
abundances®. Every meteorite fall is unique, and museum curators are reluctant to
distribute large samples. There is a considerable advantage, therefore, in the use of
non-destructive techniques, and especially those that require only small amounts of
material.

The non-destructive analysis of meteorites for silicon and oxygen by 14-MeV
neutron activation is rapid and accurate.3. In these single transfer methods, samples
and comparator standards were irradiated separately and counted sequentially, and
corrections made for variations in neutron flux by means of the output of a neutron
monitor. More recently, assemblies have become available which allow the irradiation
of the sample and comparator standard simultaneously. Uniform exposure to the
neutron beam is achieved by biaxial rotation. Oxygen and silicon have been analysed
in a suite of standard USGS rocks with a biaxially rotating target assembly and a
dual transfer system**. Results on 2.5-3 g splits of well mixed rock powders were
reproducible to +0.25%, oxygen and +0.129%, silicon (mean standard deviation).
In this application sample and standard were counted simultaneously on separate
detectors. Diiferences in the geometry of the two irradiation positions and the
efficiency of the two detectors were compensated by a four-cycle irradiation sequence.
Each irradiation position and detector combination was used for both sample and
standard, and the resulting counts were pooled for the abundance calculations. Stable
beam conditions are essential for the compensation to be valid. Reproducibility for a

“single determination cannot be estimated, as each individual value is the mean of
four irradiation-counting cycles.

A dual transfer biaxial rotator system for the 14-MeV neutron activation of
oxygen has been reported which avoids the problems associated with the dual
detector system®. Sample and standard were irradiated simultaneously, but were
counted sequentially. The y-ray energy region between 4.8 and 8.0 MeV was registered
by a multiscaler, so that precise timing of the sample and standard counting sequence
was achieved. The precision of the ratio of activities of two pure benzoic standards
agreed with that expected hypothetically from the counting statistics. The sequential
counting system gives considerably poorer counting statistics than a single irradiation-
transfer system under identical conditions, and the simpler irradiation assembly of

Anal. Chim. Acta, 49 (1970) 287-299




288 J. W. MORGAN, W. D. EHMANN

the single system allows the sample {0 be more favorably positioned in the neutron
beam.

The disadvantages of the dual transfer-biaxial rotator system for large samples
are greatly outweighed by the precision achieved under optimum conditions. For
meteorites, the available sample is generally small and the loss in precision from poorer
counting statistics is more serious. There are definite advantages, therefore, in the
use of the single transler system, though improvement in precision is needed.

An evaluation of sources of random error was made. In the analysis for oxygen
precise timing was important, and errors could arise from fluctations in beam intensity
if the integrated neutron dose only was recorded. These considerations were met by
adapting the multiscaler approach to the single transfer system. The output of the
boron trifluoride neutron monitor and the induced activity were recorded on the same
multiscaler pass. By mathematically treating each channel recording the relative
neutron flux as an individual irradiation, changes in beam intensity could be precisely
compensated.

Requirements for precise silicon analyses were rather different. Improvements
were made to the statistical treatment of the y-ray photopeak evaluation and re-
finements were introduced to the method of analyser live-time correction as applied
to short-lived radionuclides.

NUCLEAR DATA

Analyses were made by means of 14.7 MeV neutrons produced by the reaction
SH (d,n) 4He.

Irradiation of oxygen and silicon with these essentially monoenergetic fast
neutrons induces several reactions which are summarized in Table I. The most
sensitive reaction for oxygen is that leading to the production of 7.35-sec 15N, whose
energetic y-rays are highly specific for this radionuclide. The most convenient
indicator nuclide for silicon is 2.3-min 2%Al, produced by an (n,p) reaction on the
abundant *$Si isotope. The 1.78-MeV y-ray of 28Al is not as unequivocal as the
high-energy !N photons, but for several minutes after a short 14-MeV neutron

TABLE 1 »

14-McV NEUTRON REACTIONS ON OXYGEN AND SILICON

Element Reaction

Isotope Cross Half Gamma Branching
abundance section life energy ratio
(%) f11:b) (MeV) (%)
Oxygen 160 (n,p) 1SN g9 8 33 7.35 scc. 6.13 68
7-12 5
150 (n,2n) 20 0.5 . 2min 0.511 100
Y0(n,p) N 0.037 112 4.1 sec =— —=
150 (n,a)15C 0.20 11 2.3 sec 5.3 —
Silicon 285i(n, p)28Al 92.2 250 2.3 min 1.78 100
295i(n, p) 22Al 4.7 100 0.6 min 1.28 94
2.43 6
A05i(n.x) 2" Mg 3.1 45-185 9.5min 0.84 ()
1.07 30.4
0.18 0.6

Anal. Chim. Acte, 39 (1970) 287-209
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irradiation, it is the most prominent photopeak in the spectrum of asilicate rock or
stony meteorite.

Sources of interference in 14-MeV neutron activation analysis have been
discussed by MatHUR AND OLpHAM?, who classified interferences into two types.
Type I arc reaction interferences, where the indicator radionuclide is produced from
elements other than that sought. Instrumental, or Type 11, interferences arise from
activities whose y-rays are unresolvable by Nal(Tl) scintillation spectrometry.
Possible interferences in the determination of oxygen and silicon are outlined in
Table I1.

TABLE II

INTERFERENCE REACTIONS I[N THE DETERMINATION OF OXYGEN AND SILICON

Reaction Isotope Cross " Half Gamma Branching

abundance  section life energy ratio
(%) (mb) (Mel) %)

Oxygen

Typel 1 (n,x) 16N 100 29

interference

Type I 1B(n,p)iBe 8o 3 13.6 scc 6.81 4

interference 7.99 2

Silicon

Typel 27Al{n,y) Al 100 0.5

interference 3P, x)8Al 100 140

Type 11 56Fe(n,p)*sMn 9L.7 115 2.58h 1.81 29

interference

The interference of fluorine can be serious, as this element produces SN
activity equivalent to about 0.6 of its weight of oxygen. An empirical determination
of this interference? shows that 0.19, fluorine is equivalent to 0.0415% oxygen. The
low (n,p) cross section for 118 and the low branching ratio of the high-energy. y-rays
of 11Be mitigate against interference from this element, and boron-to-oxygen ratios up
to 700 can be tolerated?.

Interference to the silicon determination from the (n,y) reaction on aluminum
is insignificant for 14-MeV neutrons. There is some moderation of neutrons from
shielding and empirical determinations of this interference® indicate that 5%
aluminum is equivalent to 0.01%, silicon. Phosphorus in the specimen can interfere
and 1%, phosphorus pentoxide gives an activity equivalent to 0.217% silicon®. The
Type 11 interference from iron can be neglected for rocks low in this element, but for
chondrites a small correction must be applied. Calculations show that 1%, iron is
equivalent to 0.00339%; silicon.

EXPERIMENTAL

Apparatus

Deuterons were accelerated by a Cockeroft-Walton generator (Kaman Nuclear,
Colorado Springs, Model A-1250). Titanium targets containing 5-Ci 31T were used
for the production of 14-MeV neatrons. To ensure stable conditions, the combined

Anal. Chim. Acta, 49 (1970) 287-299
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atomic and molecular deuterium beam was limited to 300600 A, and the acceler-
ating potential to 140 keV. The beam was defocussed for more uniform target
depletion and to improve the correlation between the sample neutron dose and the
count recorded by the monitor?. '

At the time of these analyses, the target had been bombarded for 100-150 mA
min-!, and was rather depleted. The neutron yield was about one third of that
obtained from a new target and the sensitivities are typical rather than optimal.

The relative neutron flux was determined by means of a low-geometry boron
(40% 1°B) trifluoride tube. The stability of the neutron monitor has a marked effect
on precision, and y2-tests were carried out on the BI's detector system with a Pu-Be
source before each series of determinations. The high voltage plateau, bias voltage
and time constant curves were checked periodically. After amplification and pulse
shaping the output of the neutron monitor was remotely recorded on a 6-decade
scaler. For multiscaling applications, the neutron monitor was connected to a single-
channel analyser, which provided suitable output pulses of uniform amplitude.

The details of the pneumatic sample transfer system and sequential program-
ming circuit have been previously described!®. Irradiated samples were counted in a
4 x4" well-type Nal(Tl) detector, and the output was amplified by a double-delay
line amplifier. Spectra were recorded on a Nuclear Data ND 2201 4096-channel
analyser. For multiscaling, a pulse train of uniform height was obtained using the
scaleroutput of a single-channel analyser.

Preparation of samples

Powders were prepared from four different interior portions of the Allende,
Mexico, chondrite!!.12. Aliquots of 0.4-0.5 g were heat-sealed!® in 11/64-in internal
diameter polyethylene vials. These were reproducibly located within 2 dram poly-
ethylene snap top “pill packs” which were also heat-sealed (“rabbits”).

The details of the source of the Allende specimens, and the weights of powder
packed into each rabbit are summarized in Table 11I.

TABLE 111

SAMPLING DETAILS OF ALLENDE SPECIMENS

Specimen Specimen Rabbit Sample
number welght (g) number weight (g)
S-3211a% 5.08 1845 0.4511
1846 0.5113
1847 0.4755
S-5211b® 6.20 1848 0.4710 .
S-5207ab.c 4.00 1840 0.4234
S-5207bb.c 3.17 1850 0.4694

* Donated by C. B. MookE.
® Donated by R. S. CLARKE, J&.
¢ U.S. National Museum specimen number USNM 35710.

Preparation of standards

Oxygen standards were prepared from primary standard-grade potassium
dichromate (Mallinckrodt Chemical Works) which was dried to constant weight at
110°. The loss in weight was 0.049%,.

Anal. Ckim. Acta, 49 (1970) 287-299
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1
Silicon standards were initially prepared from Specpure silica (Johnson-

Matthey), ignited'? to constant weight at 6oo®. The weight loss was 1.71%. These
standards were not entirely satisfactory and a primary standard was prepared from a
piece of pure optical lens quartz, designated L-1. Comparator standards were packaged
for irradiation in the same way as the samples.

Both oxygen and silicon standards were normalized to the pure quartz refer-
ence. The Stuichimnutr)' for the potassium dichromate agreed with the L-1 standard
to within 0.4 rel. %, but the silicon abundance in S pecpure silica was low by 1.9 rel. 9.
A determination of the oxygen in Specpure silica, normalized to L-1 quartz, yielded a
result which was 2.3 rel. 9, higher than the stoichiometric value. Specpure silica is
very finely divided and of ]ar;,e surface area; polymerized water may be present and
may not be entirely removed even at 600°. The oxygen and silicon analyses of Specpure
silica give a total of 100.399%, indicating good internal consistency for the inter-
comparison of the three standards.

Determination of oxygen

At the beginning of each irradiation cycle, the amplified output of the boron
trifluoride neutron monitor was connected through a single-channel analyser to the
multiscaler input of the ND 2201 analyser. The d\\ ell time of the multiscaler was set
at 0.4 sec. The multiscaler pass was initiated and the irradiation cycle begun. The
rabbit was irradiated for 15 sec during which time it was spun about its axis by a dry
nitrogen jet. At the end of the irradiation, the rabbit was transferred back to the
counting station. During the interval taken for the return of the sample, the multi-
scaler input was switched to the output of the detector assembly. A single-channel
analyser integrated the energy region between 4.5 and 8.0 MeV.

The multiscaler pass continued for go sec after irradiation, to follow the decay
to zero. The contents of the analyser memory were read out on to punched tape. The
tapes were batch-processed on an IBM tape-to-card converter and the analytical data
reduced by a computer.

In each series of analyses three samples and three potassium dichromate
standards were irradiated in the sequence-standard, sample, sample, standard; the
order was arranged so that a particular sample was not always ir 1a.dmted between the
same two standards.

" Determination of silicon

The amplified output of the detector assembly was connected directly to an
analogue-to-digital converter of the ND 2201 analyser. The discriminators and zero
level were adjusted to analyse only the region about the 28Al photopeak, and a
conversion gain for 512 channels was used so that analyser dead time was only
1-2%.

The actual elapsed counting period was kept constant, and was accurately
timed by means of a crystal-controlled time base. The live time was recorded in the
first channel of the analyser memory.

Irradiation and delay times were preset at 6o sec each. The mbblt was loaded
into the pneumatic system and the automatic irradiation cycle initiated. After a
preset delay time, the deuteron beam was turned on. The integrated relative neutron
dose, measured by the boron trifluoride detector was recorded on a six-decade scaler,
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gated by the timing circuit controlling the neutron generator. The same circuit
regulated the dry nitrogen jet which spun the rabbit.

The actual length of the irradiation period was recorded by a electromechanical
clock.

At the end of the irradiation, the rabbit was returned to the counting position.
After the preset delay to allow 16N activity to decay, the time base was enabled,
starting the 300-sec counting period.

The recorded spectrum and elapsed live time were read out on to punched
paper tape, and converted to punched cards for computer processing. Irradiation and
delay times, and the integrated boron trifluoride count, were manually recorded and
transferred to computer cards.

Calculation of results _

Oxygen. A computer program OXYCALC was used for data reduction.
Details of wcight and type of material in each irradiation capsule, together with an
index number indicating whether the rabbit was a sample, standard or blank, were
read in first. These were referenced for use in the calculation by the rabbit number.

Each multiscaler record was inspected for the start and end of the BF; count.
Each channel in this period was treated as an individual neutron irradiation. The
growth factor, G, was given by

G = (_‘[_ — e“}-AT)

where 2 is the "N decay constant and AT is the multiscaler dwell time. The decay
during each subsequent channel was constant and was described by a decay factor,
D, such that

D = (e-247)

The '*N activity induced during any time interval represented by a single channel,
J, containing a BFy count B(]), was proportional to G-B(]). The observed 16N
activity was corrected for flux variations in the following way. The term G- B(1)
represented the integrated induced activity I(1), at the end of the first dwell time
period. At the end of the second dwell time interval, the integrated activity, I(2), was
represented by D-I(1) + G- B(2). In the general case

I())=(D-I(J—1) + G-B(]))

The operation of the neutron beam was not synchronized with the multiscaler
and irradiation did not last for the whole time period in the first and last channels.
The calculation averaged the neutron dose over the whole dwell time for these two
channels, but for short dwell times the error introduced was trivial.

At the end of the irradiation record, the beginning of the 16N y-count was
sought. The multiscaler was running during the transfer of the activated rabbit, and
one or two of the initial channels usually contained anomalously low counts. The
channel containing the highest number of y-ray counts was therefore taken as the
true beginning of the %N count. The first 4o channels of the y-count were corrected for
decay to the midpoint of the channel representing the start of the *N decay curve

and a weighted summation made. The expected integrated activity calculated from
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the relative neutron dose was similarly corrected, and the weighted sum of the actual
16N y-connts was normalized to this number. An empirical correction was made for
the activity of the empty rabbit.

Silicon. Abundances were derived with the COMSTAR program. Spectra were
read in and corrected for the instrumental background. The area of the photopeak
was evaluated by the method outlined by SterL1NsKI'3, whose eqn. (7) was rewritten
in the form

n

Su=n-ao+ X(n—2i4+0.5) (a1 +a)
i=1

where # is the number of channels integrated, channel o being the middle channe! of
the photopeak; @44, a—; are the counts in the /th channels above and below the midlle
channel respectively. The computer program selected the center of the peak, and
performed the integration for increasing values of #. The variance, V4, was calculated
from:

»

Ven=n2a0+ X (n—2i+0.5)2 (ari+a—;)
i=1

and the value of S, with the minimum relative variance selected for the abundance
calculation. The integrated peak area was normalized for BIF integrated count and
irrradiation, decay and live times.

The integration method can compare standard and sample spectral shapes to
detect non-linearities in the sample spectrum underneath the photopeak. A linear
regression was fitted to the ratio of sample to standard peak areas, with the integration
width as the independent variable. The slope of the line was tested for significance
by means of null hypothesis model. Significant slopes were not found, indicating a
straight base line beneath the photopeak.

Sample and standard comparison

Results for oxygen and silicon were calculated according to three comparison
models.

Dual stendards. The activity of the sample was normalized to the mean of the
activities of the nearest preceding and following standards. This method was preferred
when analyses were made under conditions of serious beam instability.

Lincar regression. A least-squares fit was made to the normalized activities of
the standards in any series of irradiations, with run number as the independent
variable. Conditions where the beam was decaying appreciably but smoothly were
suitable for treatment by this model. It could be further sophisticated by fitting a
polynomial to the data, rather than restricting the fit to a linear regression.

Comparison factor. The mean of the normalized activities of the comparator
standards was used for the calculation of the sample abundances. Clearly, if the
standard activities are sufficiently reproducible there is considerable statistical
advantage to this approach. Provided that the generator and monitoring systems were

operating in a stable manner, this method of calculation was superior to the other two
models.
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RESULTS AND DISCUSSION

The results of analyses of the Allende chondrite for oxygen are given in Table
IV. The errors quoted are standard deviations for a single determination calculated
from the replicate analyses and are not derived from counting statistics. For oxygen,
the mean relative deviation for a single determination, derived from countingstatistics,
1s about 29%,. Table IV shows that the comparison factor method yields more precise
replicates than the dual standard or linear regression methods. The mean relative
deviation for a single determination calculated by the comparison factor model is 2.09,
and agrees well with that determined from counting statistics. Random errors from
other sources are therefore very small. The reproducibility of the replicate analyses for
oxygen in each Allende sample approaches that obtained with a refined biaxial rotator
system by LUNDGREN AND NARGOLWALLAS for the comparison of pure benzoic acid
and oxalic acid standards.

TABLE: IV

14-MeV NEUTRON ACTIVATION ANALYSES OF OXYGEN IN THE ALLENDE CHONDRITE

Sample Rabbit Niwnber of Dueal Lincar Comparisen
number sumber analyses standard regression Sfactor
S-52112 1845 6 36.3 + 1.3 30.4 + 1.3 36.2 + 0.7

1846 6 35:3:ELb 34.9 & 1.4 340 + 1.0

1847 6 35.7 k1.1 35.7 + 0.7 35.6 0.4
S-5211b 1848 6 36.4 4+ 1.5 362+ 1.1 36.2 + 1.2
S-5207a 1849 6 356 + 0.8 35.7 ko9 357+ 10
S-5207b 1850 6 36.8 4 0.8 36.9 -4 0.5 36.9 £ 0.5
TABLE V

14-MeV NEUTRON ACTIVATION ANALYSES OF SILICON IN THE ALLENDE CHONDRITE

Specimen Rabbit Numiber of Dual Linear Comparison
number number analyses standard regression factor
S-5211a 1845 (1) 16.05 + o.22 15.98 4 o0.15 15.98 + o0.14
1840 6, 15.49 4 0.17 15.47 4+ 0.13 15.48 4 0.13
1847 (] 15.64 L 0.14 15.66 4+ 0.14 15.66 4- 0.14
S-5211b 1848 7 16.36 4 0.35 16.38 -1 0.26 16.39 4 0.24
S-5207a 1849 7 15.93 -+ 0.27 15.87 -+ 0.20 15.89 + 0.11
S-5207b 1850 7 16.28 4 0.24 16.26 + 0.14 16.26 -+ 0.11

The results for silicon in the Allende chondrite are listed in Table V. Errors are
standard deviations for single determination calculated from the replicate determi-
nations on each sample. Again the best precision was obtained by the comparison
factor method, where the mean relative deviation for all the samples was 0.9%. The
relative standard deviation expected from counting statistics is 0.4~0.5%,, indicating
a small contribution from random errors elsewhere in the analytical system. Some of
the variation is probably due to the higher background in the 1.78-MeV region, and to
small interferences from other 14-MeV neutron irradiation products.

The preceding discussion has been confined to the variation of replicate
analyses for the same sample. These will now be compared with the errors between
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TABLE VI

MEAN OXYGEN AND SILICON ABUNDANCES IN THE ALLENDE CHONDRITE

295

Sample Number of  Abundance (%)
nwmber samples — = : = ==t -

Dieal standard Linear regression Comparison factor

Oxygen Silicon Qxygen Silicon Qxygen Silicon
S-52112 3 35.8 0.5 15.73 +o0.29 357408 15.70+0.26 35.6+0.7 15.70:+% 0.25
S-5211 4 35.9 - 0.5 1589 -+o0.40 358-+0.7 15874040 35.7:+006 1588+o0.40
S-5207 2 36.2 + 1.2 16.it 4-0.35 36.3+ 1.2 16,07+ 0.39 36.3+4 12 16.08 +o0.37
Mean 36.0 + 0.6 1596+ 0.35 36.04+0.7 1594+0.35 359+0.7 1594+0.35
Fluorine correction 0.001 — 0.001 0.001 —
Phosphorus correction — 0.05 — 0.05 —_ 0.05
Iron correction - 0.08 — 0.08 0.08
Corrected S-5211 35.9 15.76 35.8 15.74 35.7 15.75
Corrected S-5207 36.2 15.98 36.3 15.94 36.3 15.95
Corrected mean 36.0 15.83 36.0 15.81 35.9 15.81

different samples, which are summarized for both clements in Table VI. Standard
deviations are calculated from the mean values for each sample. In the case of S-5207
where only two samples were analysed, the quoted error is simply the difference

between the two values.

The variation between samples is considerably larger than would be expected
for a homogeneously ground, well-mixed powder. A large variation between different
pieces is reasonable, as the Allende chondrite does contain sporadically distributed
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Fig. 1. Correlation of oxygen and silicon abundances in six samples of the Allende chondrite.
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TABLE VII

OXYGEN AND SILICON IN TWO USGS STANDARD ROCKS

Standard Rabbit
rock nuniber
AGV.1 1821
1822
1823
Mean

Fluorine correction
Phosphorus correction
Iron correction
Corrected mean

BCR-1 1824
1825
1826
AMean

Fluorine correction
Phosphorus correction
Iron correction
Corrected mean

Number of
analyses

(e Rl o)

Dual standard

47.9
47:7
47

e
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H-H-H-

L
i

e
O N

0.24

Stilicon

27.77 + 0.62
28.19 4- 0.45
27.76 4 0.37

27.01 4- 0.25

0.10
0.02
27.79
26,11 4= 0.50
25.48 4 0.28
25,69 &+ 0,50
25.75 &= 0.33
0.07
0.03
25.03

Linear regression

Oxygen

48.1 +
47.8 &4

47.6 %

47:8 &

0.02

1.0
0.0

0.8

0.27

0.8

0.4
0.7

_,;0.1(;1

Silicon

1+ 0.60
4 4 0.406
3

4 0.42

3 4+ 0.18

25.79 4= 0.30

0.03
25.00 .

Comparison factor

Oxygen
48.3 0.9
47.8 4= 0.5
47.6 4 1.2
47.9 % 0.30
0.02

479

45.8 £ 0.0
45.0 0.4
459 £ 0.5
45.8 4 0.14
0.02

45.8
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inclusions of widely varying compositions?. Three of the samples, however, were
aliquots of the same powder (S-5211a), but their standard deviation is very close to
that for six samples of four different pieces. Apparently, homogeneous mixing of a
sample containing silicates of differing composition, sulphides and some free metal is
not a trivial problem.

Silicon and oxygen are largely in the same phases in chondrites. Table VI
indicates that their abundances are correlated. This is clearly seen in Fig. 1, where the
mean abundance for each sample is plotted. Error boxes represent the standard
deviations of the means and the regression line was calculated from the unweighted
means with silicon as the independent variable. The correlation coeflicient, 7 =0.86,
indicates a highly significant correlation between these two elements.

The large variation between samples and the correlation between silicon and
oxygen observed in the case of the Allende chondrite is in contrast to the results for
well mixed rock powders. Results for the USGS standard andesite, AGV-1 (split 110,
position 21) and standard basalt, BCR-1 (split 1, position 8) are shown in Table VII.
These analyses indicate the high precision which can be obtained with well mixed
powders. IFor both elements the deviation of the mean of three aliquots is significantly
lower than the deviations of the individual replicates for each powder. The silicon
analyses were made under conditions of severe beam instability, and illustrate the
reproducibility of the mean of six analyses even under less than ideal circumstances.
These silicon results again show how the dual standard model gives better precision
for individual replicate runs when the beam is unstable. Although the analyses for
the two standard rocks should not be taken as definitive, it is interesting to compare
oxygen and silicon abundances reported here with those of other workers. These are
summarized in Table VIIL.

The silicon abundances reported here for Allende agree reasonably well with
the chemical analysis made at the Smithsonian Institution by CLARKE ef al.12. The
specimens S-5207 were obtained from this Institution, and the mean value found for
these (Table V1) agrees very well with the chemical results. Agreement is less satis-
factory with the silicon abundances reported by KixG ef al.1*. The spectrophotometric
value falls within the range of abundances found in the present work, but the spectro-
graphic results are significantly lower.

The agreement between the direct oxygen analysis in Allende and that deter-

- mined from the full major element analysis is reasonable. The presence of sulphides,

free metal and unusual mineral phases introduces some uncertainty when major
elements are reported as oxides and may partly account for the difference observed.
The agreement is better with the S-5207 results than with the mean of all samples.

Agreement between silicon analyses of andesite AGV-1 and basalt BCR-1 is
acceptable particulariy when the wide range of values making up FLANAGAN's!S
average is considered. The oxygen values reported here are higher than values calcu-
lated from total major element analyses by 0.3-0.69, oxygen. Strangely enough, the
other z4-MeV neutron activation resultsf are fower than the chemical values by 0.4-1.0
absolute 9, oxvgen. VOLBORTH AND VINCENT4 discussed the problems of accurate
direct oxygen determination and stressed the role of “minus” water (H20—), i.e. the
water released by heating to 110°. Analyses for Ha0O — summarized by FLANAGAN1TS
range from 0.8 to 1.3% in AGV-1 and from 0.3 to 1.0%, in BCR-1. These differences
are of the same order as the discrepancies in the oxygen analyses. 1t is clear that in a

Anal. Chim. Acta, 49 (1970) 287-299



298 J. W. MORGAN, W. D. EHMANN
\

TABLE VIII

COMPARISON OF OXYGEN AND SILICON RESULTS FOR THE ALLENDE CHONDRITE AND TwOo USGS
STANDARD ROCKS

Method Abundance (%)

Allende AGV-1 BCR-r1

Oxygen  Silicon Oxygen  Silicon Oxygen  Siliccn
Compilation® S — 47-3 27.58 455 25.47
Spectrographic? — 14.49 — — —_
Spectrophotometric® — 15.59 — — —
Chemicale® 36.9 16.00 — - o
14-MeV neutron activation® — — 40.9 27.85 44-5 25.43
14-MeV neutron activation® 36.0 15.83 47-7 27.79 45.8 25.63
14-MeV neutron activation! 36.0 15.81 47.8 27.71 45.8 25.69
14-MeV neutron activation® 35.9 15.81 479 27.80 45.8 25.71

3 IFLANAGANIS; oxygen calculated from total analysis.
b KiNG el al V.

¢ CLARKE ¢l al .12,

@ VoLBORTH AND VINCENTS for oxygen; VINCENT AND VorLsorrsS® for silicon.
© This work, dual standard model.

! This work, linear regression model.

£ This work, comparison factor model.

definitive study of oxygen in standard rocks, determination of H-O— and drying of
samples at 110° before irradiation is essential.

This work was supported in part by National Aeronautics and Space Ad-
ministration contract number NAS g-8Sor7. Allende specimen S-5211 was donated
by Dr. CarLETON B. Moore, Arizona State University, and specimen S-5207 by
Dr. R. S. CLARKE, JR., Smithsonian Institution, Washington, ). C. The pure quartz
standard L-1 was donated by Dr. W. BLacksurx of the University of Kentucky.

SUMMARY

Improved methods for the determination of oxygen and silicon by 14-MeV
neutron activation are described. A single-transfer system is employed to attain a
precision approaching that of biaxial rotator systems. Analyses of six samples of the
Allende chondrite are given and a correlation is found between oxygen and silicon
abundances.

.

RESUME

B

On déerit des méthodes pour le dosage de I'oxygéne et du silicium par activa-
tion neutronique 14-MeV. Un systéme “transfer simple” est utilisé¢ pour arriver & une
précision voisine de celle des systémes “rotateur biaxial”. Les résultats d’analyse de
0 échantillons sont donnés.
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ZUSAMMENFASSUNG

Es werden verbesserte Methoden zur Bestimmung von Sauerstoff und Silicium
mit Hilfe der 14-MeV-Neutronenaktivierung beschrieben, Um eine Genauigkeit zu
erreichen, die derjenigen des Biaxial-Rotator-Systems entspricht, wurde ein Single-
Transfer-System verwendet. Die Analysen von 6 Proben von chondritischen Meteoriten
werden angegeben. Line Zusammenhang zwischen den Sauerstoff- und Silicium-
tiberschiissen wird gefunden.
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