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ORGANIC ANALYSIS OF THE RETURNED LUNAR SAMPLE
P. I. Abell, G. H. Draffan, G. Eglinton*, J. M. Hayes,
J. R. Maxwell, C. T. Pillinger
The Organic Geochemistry Unit, School of Chemistry,
The University; Bristol, England

ABSTRACT
The analysis scheme was designed to detect and identify carbon compounds over a
wide molecular weight range.

Mass spectrometry has been used to examine a sample of I unar fines for trapped
volatile constituents. A variety of small organic molecules, including methane
and other hydrocarbons, accompanied the rare gases when the sample was heated
in a stepwise fashion to 900°C under vacuum. In addition, specially designed
apparatus has been constructed to perform the classical geochemical procedures
of extraction, separation, deri vati sation, chromatography and mass spectrometry,
using the smallest possible volumes of solvent, and with a minimum exposure of
the sample to the atmosphere.

Stringent precautions were taken in the laboratory but contamination introduced
during the course of the Apollo 11 mission undoubtedly made a major contribution
to the observed organic content of the fines. The much cleaner samples and
complete procedural blanks expected for subsequent missions must be awaited
before the true nature and extent of indigenous lunar organic matter can be determined.

*Speaker
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SPEC'ih.i1L F.EF1.1CTI VI'l.'I 01' APOLLO 11 LUNAR f,M.4PLE.S

John B. bctams1
Robert L. Jcnes2

Apollo J.l cry::;tb.lline rocks containing
no ulivine show
~:;_ 19~ b~nd

P.J'Tt)Xt:ne

but

36% absorption bi:nd centered at 0.94 microns and

h

at 1::.0 microns.

Crystalline rock Bamples containing

pyroxene and minor olivine !:lave a 23% bend at 1.00 microns end

E:

10% b1md at LO microns, the expected bt=.md frequenciec for mixtures
of these minerals.

Surface fine::s t-..nd breccies have on.1y traces of

olivine, and the combina.tion bcmds occur at approximately 0.95
!llicrons ( 5%) and 2.0 microns
end breccias is

5%).

Band shallovmess in the fines

related to their J.ower integr&l reflectivity.

:ufJjor bbnds are f).ssigned to Fe2+ in clinopyroxene tlnd olivine.

All
Glass,

feld.:;par and opaques apparently do not contribute meHS'.ll'E,ble 8b::;orption
bands in diffuse reflected lie,ht.

Bend frequencies are not sensitive

to exposure of sumples to N2 or air, or to m:lcrofractur:i.ng and partial
vitrific&tion.

Band depths, ho ;7ever, f..re diminished by the micro-

fracturing and vitrification.
tail

~ith

Curves for surface fines agree in de-

McCord's 0.4-l.l micron telescopic reflectivity curve for

an 16 km. spot tbat includes the Apollo 11 site.

Results confirm

ea.rlier predictions of lunar surfhce mineralogy based on telescopic
curves and strongly support the feasibility of obtuining mlneralogic;;J. infontation remotely, using telescopic rei'J.ecti vi ty data.

1
2

CuribteBJJ. Research Institute, St. Croix, Virgin Islands
ftllanned Spa.cecrnft Center, Houston, Texas
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Observations on the mineralogy and composition
of some lunar samples from Tranquility .Bo. s f: ·
S.O. Agrell, I.

Drummon~,

J.V.P. Long, J.D.C. McConnell and I.D. Muir,

Department of Mineralogy and Petrology,
University of Cambridge;
England.

Electron-probe, optical and electron-microscope data are
presented for minerals and glasses from:
a)

Igneous rocks - individually collected samples and the
'fine3 1 materia l from the bulk sample container.

b)

Microbreccins and regolith material including glassy
spheres, clast3 of shocked and unshocked material and
composite fragments welded together by vesicular glass.
The dark colour of the latter may in part be due to
submicroscopic droplets of metallic iron and possibly
troilite

c)

di3po~ed

in a complex flow pattern.

Fragce nts cf meteoric origin.

The bulk

co~rosition

of the glassy spheres scatters around that of

the lunar basaltic igneou-s rocks, with extreme types having the composition
of almost pure plagioclase

(.~n

95).

Iron crystals at the margins of glassy

or crystaline spheres tend to be richer in nickel (7 - 17%) than those well
within the spheres, where the nickel value of the kamacitic iron

(~3%)

approaches that associated \olith the troilite €<'1%) in lunar basaltic
rocks.
Preliminary studies by scanning electron microscopy have been made
on micro-impact craters and the surface of some of the glassy

sphe~es.
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THE LUNATIC ASYLUM*
OF THE CHARLES ARMS LABORATORY OF GEOLOGICAL SCIENCES
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA 91109

ABSTRACT
Precise internal Rb-Sr isochrons have been determined on several crystalline rocks.
All of the major mineral phases analyzed were studied to establish their composition
as well as the accessory interstitial phases containing alkalis. The initial Sr

87
/ sr86

ratios show that there has been a small and variable but significant enrichment of
Sr8 7 relative to the more primitive values found in basaltic achondrites. Moon dust
samples show an apparent age of 4.6 x 109 yr. but individual glass grains yield
variable results reflecting the complex origin of the dust mixture.

Gd was isotopically analyzed in dust, cores and rock and the thermal neutron exposure
of these samples was established. The integrated thermal neutron flux was found to
be highly variable ranging from less than 10
on cosmogenic

v50

15

n/cm 2 to over 10

16

n/cm2. A limit

was established in rock 10017 and the soil.

40 Ar- 4 °K & 4 He-U-Th ages on some total rocks and minerals was determined.

The

amounts and isotopic composition of rare gases of cosmogenic and solar wind origin
were measured. TheabundancesofLi, Na, K, Rb, Cs, Ca, Sr, BaandGdwere
determined in selected rocks and the results compared with meteorite abundances.
*The Inmates are:
A. L. Albee (co-investigator)
D. S. Burnett (co-investigator)
A. A. Chodos
0. J. Eugster
J. C. Huneke

D. A. Papanastassiou
F. A. Podosek
Price G. Russ TT
H. G. Sanz
F. Tera
G. J. Wasserburg (Principal Investigator)
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APOLID ll LASER RANGING RETRO-REFLECTOR EXPERIMENT,
CONI'INUING PRECISION LIGHI' TRAVEL TIME MEASUREMENTS
AND EXPECTED IDNG TERM SCIENTIFIC RESULTS
C.Oo Alley, Principal Investigator, P.L. Bender, W. Carrion, R.F. Chang, D. Currie,
R.H. Dicke, J.E. Faller, W.M. Kaula, G.J.F. MacDonald, J.D. Mulholland, H.H. Plotkin,
S.K. Poultney, E.J. Wampler, and D.T. Wilkinson
Following successful acquisition in August of reflected ruby laser pulses from
the laser ranging retro-reflector, LRRR, using telescopes at the Lick and McDonald
Observatories repeated measurements of the round trip light travel time were made
from the MCDonald Observatory in September with an equivalent range precision of

2.5

meters.

These demonstrated the performace of the LRRR through lunar night and

during sunlit conditions of the moon.
In October instrumentation providing a

4 nano-second

laser pulse length and a

refined timing system was activated at the MCDonald Observatory.
light travel time with an equivalent range uncertainty of

15

Measurements of

em is expected shortly.

The improvements in our knowledge of the earth-moon system to be expected from
continued monitoring for many years of changes in point to point distances with the
above uncertainty and the implications of this knowledge for the study of gravitational physics internal mass distribution and orbit of the moon, the rotation of
the earth and the wobble in its axis and continental drift will be presented.
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A BS TRA CT

Search for Magnetic Monopoles
in the
Lunar Sample of Apollo 11

by
Luis W. Alvarez, Philippe H. Eberhard and Ronald R. Ros s
Lawrence

~adiat ion

Laboratory

Berkeley, California
Robert D. Watt
Stanford Linear Accelerator Center
Stanford, Ca lifornia

A s earch f or magnetic monopoles of the minimum size predi cted by
Dirac, or any l arger size, has been performed on 8 . 37 kilograms of lunar
surface material returned by the Apollo ll crew.

No monopole was found .
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MINERALOGIC, PETROGRAPHIC AND SURFACE MICROSCOPIC STUDIES OF
TRANQUILLITY ROCKS AND THEIR BEARING ON THE EARLY PETROLOGIC HISTORY OF THE MOON
A. T. Anderson, Jr., A. V. Crewe, J. R. Goldsmith,
P. Bo Moore, R. ~,_C. Newton, E. J. Olsen,
J. V. Smith" and P. J. Wyllie
Residual glass compositions in Type A and B rocks indicate fractional crystallization under very reducing conditions. Oxide mineral compositions of ferrobasalts
indicate oxygen fugacities below one-hundredth of terrestrial basalt at equivalent
temperature.
Type A rock (10022 and fragments in breccia 10061) contains augite
(Wo E~.~Fs 22 - Wo 2 ~E~nrs 48 ), ilmenite (Gi 1 ~~ 1,Il 86 - Gi 0 JHmO 9Il 98 ), plagiocla~J (~n or
- ~n80 cr
2 2 ). Glass interstit1~I to euhedr~I cry~tals varies from
1
andesite ~ an6~thosite to"rhyolite (similar to tektite) composition. Plagioclase
vitrophyres in breccia (10061) are close to highland Surveyor 7 analysis.
Breccia and soil contain glass spheres, angular vesicular fragments and
vesicular-rimmed fragments. Glassy pieces have large composition variation
consistent with impact melting. Glass-rimmed fragments suggest surface melting
from a hot gas generated by meteorite or comet impact. Breccia is consistent
with flowing cloud deposit.
Scanning electron microscopy of glassy spheres shows minute, rubble-filled,
circular, lipped depressions consistent with micrometeorite impact.
Rutile and chrome-spinel lamellae occur in ilmenite coexisting with ferropseudobrookite in Type A (10022) rock. A probable immiscible iron-sulfur melt yielded
iron (0.)% Ni) enclosed in troilite of both Type A and B. The complex internal
structure of iron suggests unmixed carbide, phosphide and/or oxide.
Tranquillity rocks are interpreted in terms of a differentiating liquid Moon
hit at differnet stages by incoming bodies (Kuiper, 1954).
Using the density and composition of Type A and B rocks from Tranquillity Base
in relation to alpha-scattering analyses of sea and highland regions, we propose a
differentiating liquid Moon involving the key feature of inverse density stratification associated with a growing solid core:
a) surface cooling and crumpling produces a dynamic crust (now mostly highlands)
on a molten convecting Moon. Plagioclase floats up from differentiating convecting
liquid and is incorporated into crumpling crust,
b) fractional crystallization produces progressive outward increase of transitionmetal content of both liquid and crystals by a diffusion barrier from a solid core,
c) impact -breaking or convection-thrusting of thin crust releasing iron- and
titanium-rich magma yields Tranquillity-type composition,
d) after total solidification, impact produces only local melting of whatever
rock is struck, excluding a unique correlation of rock composition with impact date.
At Tranquillity Base, Type A rock crystallized more rapidly than B because of
accidental depth of consolidation. The soil consists of mixed sea and highlands
material combined with very minor meteoritic material. The breccia consists
essentially of soil compacted by impact mostly involving a glowing cloud.

*

Speaker and Principal Inves tigator, NAS 9-8086
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Apollo 11 Samples:

Composition and Microstructure
by

Arrhenius, G., S. K. Asunmaa, J. I. Drever, J. Everson,
R. W. Fitzgerald, J. Z. Frazer, H. Fujita, J. S. Hanor,
D. Lal, S. K. Liang, D. Macdougall, A. M. Reid, J. Sinkankas
and L. Wilkening
Phase chemistry, structure, and radiation effects were studied in
rock, breccia and soil samples.

The soil is part of a regolith that

may have developed in the final stages of accretion and that was modified
by later impact processes and radiation weathering.

Exposure ages

indicate transfer of buried igneous rock fragments to the near surface
late in lunar history.

With a few exceptions igneous rock fragments,

soil and breccia share the same distinctive chemistry, possibly acquired
before accretion of the moon.

The igneous rocks texturally resemble

basaltic achondrites, and the soil and breccias contain glassy spheres
analogous to chondrules.

9

Apollo ll Lunar Science Conference

Ga, Ge, In and Ir in Apollo 11 Lunar Samples
Philip A Baedecker and John T. Wasson
Institute of Geophysics and Planetary Physic s and
Department

:;:f

C!1emistry

U!Di ver s i t~r ::·f C:: L. .. orni c.
L::>s Ange les, CalL:'ul·;.-. ic )0024
The trace elements Ga, Ge , I n and Ir have bee n determined in 8
Apollo-11 samples by radiochemical neutron activation.

The same elements

have also been determined in a number of meteoritic and terrestrial
samples, including 4 basaltic achondrites and 7 terrestrial ba salts.
Gallium is found to be remarkably constant in the lunar samples, with
all values falling in the 4.6--5.5 ppm range.

These values are about

3 times higher than the concentrations in eucrites, and about 4 times

lower than those found in typical terrestrial basalts.
concentrations range fran less than 0.04 to 0 . 4 ppm.
ar e about

Lunar

Ge

The hi ._,; hest values

4 times lower than the relatively constant -va l ues observed in

terrestrial basalts.

The lowest lunar Ge values ar e comparab l e t o

thos e abserved in basaltic achondrites.

Lu.:;.ar Ge values tend to be

higher in breccias than in crystalline rocks.

Concentrations of In

range tram 3 to 60 ppb; two powdered samples, including the lunar soil,
contained about 700-l()()() ppb, but were possibly contaminated.

Typical

values in terrestrial basalts are 80--110 ppb, and in basaltic achondrites,
0.5--1.5 ppb.
the ppb range.

Our Ir data needs further refinement, but values are in

10
Preliminary results of petrological investigations of lunar samples from
Tranquility Base.
Fragments of varied nature from the "bulk sample", and specimens of
specific rock types have been studied.
Minerals found (with volume modes)include: plagioclase (An _ ,
80 89
24.2-36.2%), pyroxene (augite and pigeonite, 64.2-46.4%), ilmenite (some
shocked), troilite, native iron, Fe-Ti spinel (ores 9.8-25.4%), cristobalite
(0-6.3%), olivine (0-1.8%), alkali feldspar, apatite, and quartz.
In the igneous rocks, the textures of ilmenite - pyroxene - plagioclase
intergrowth are of at least four distinct types. In the coarse grained rocks,
some troilite grains contain small blebs of native iron bearing only trace
amounts of Ni and Co, and the ilmenites within each rock type vary in composition from grain to grain.
The breccias are of two kinds, one a mixture of igneous rock and mineral
fragments in a fine-grained matrix, the other containing mainly glass fragments. In the glass breccia, Fe-Ni blebs (up to 30 ) occur.
Electron microscope study of the lunar dust showed the presence of
glassy spherules down to about lOOOA diameter, some with adhering crystalline
material. Ilmenite grains in the dust showed a much higher density of dislocations and stacking faults than ilmenites from rock 10044.
Co-authors but not co-investigators

Co-investigators

11.12.69.

Principal Investigator

J.
P.
A.
J.
W.
W.
E.
J.

c.

Bailey
E. Champness
c. Dunham
Esson
S. Fyfe
S. MacKenzie
F. Stumpfl
Zussrnan

Department of Geology,
University of Manchester.
England
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Micropaleontological and Fine Structural Examination of
Lunar Material from Apollo 11
Elsa S. Barghoorn
Harvard University
Delbert E. Philpott and Charles Turnbill
NASA-Ames Research Center
In view of the fact that the rocks and finely particulate remnants
("Dust") of the lunar regolith from Tranquility Base exhibited an extremely
low carbon content there seemed little or no possibility that the moon had
ever evolved a biosphere during the course of its history. This ~priori
conclusion has been confirmed by careful examination of rock chips (microbreccia) thin sections (microbreccia) and dust. Observations were made by
bright field and dark field reflected light by transmitted light and by
scanning electron optics. Morphology and optical properties of discrete
objects in the lunar material, at all levels of observation employed in
this study, show total absence of structure that can be interpreted as
biological in origin. The lunar fines examined in this work were virtually
devoid of terrestrial contaminants.
Examination of loose sediment and breccia returned from Mare Tranquillitatis has been accomplished by light, electron and scanning microscopy.
Glassy spheres 0.5 to l.Qmm in diameter appeared in a heterogeneous distribution. However, the presence of fractured glass rules out the possibility
of determining an upper size limit. Their shape and structure is consistent
with the theory of cooling during free flight. In the laboratory, spheres
were produced from the lunar soil itself by heating in the vacuum of the
electron microscope.
No weathering is evident in the sample.
a strong electrostatic charge.

Most of the particles carried

The loose sediment seems the least likely place to discover any
pre-existing forms of life due to the hostile conditions of soil turnover,
vacuum, temperature and radiation present on the moon. The breccia might
provide some protection; however, no organized forms were observed here
either.
Acid treatment produced a whitish insoluble portion partly explained
by surface etching. Removal of radiation darkening is also possible. Lunar
soil was heated in the laboratory to remove darkening with some success.
It may be that some of the color of the moon is due to radiation effects.
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Thermal Radiation Properties and Thermal Conductivity
of Apollo 11 Lunar Material
R. C. Birkebak, C. J. Cremers
University of Kentucky, Lexington, Ky .
and

J. P. Dawson
Scientific Specialties Corporation, Houston, Texas
The thennal radiation properties were measured for lunar fines and
chips from three different lunar rocks. Measurements for the fines were
made at atmospheric pressure and at a pressure of 10- 5 torr or lower. The
directional reflectance was obtained over a wavelength range of 0.35 to 2.2
microns for angles of incidence up to 60 degrees. The bidirectional reflectance--the distribution of reflected light--was measured over a wavelength
range from 0.35 to 40 microns for angles of viewing up to 60°.
The thermal conductivity, as defined by Fourier law of heat conduction,
i s determined at a number of temperatures under both atmospheric and vacuum
conditions. The range of temperatures used spans approximately the range of
temperatures experienced by the lunar surface. The measurements are made
using the line heat source method. An entirely different method being
developed for the later vacuum samples is also described.
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TRAPPED SOLAR WIND NOBLE GASES,
RADIATION AGES AND K/Ar AGES IN LUNAR MATERIAL
P. Bochsler, P. Eberhardt, J. Geiss, H. Graf, N. Groegler,
U. Kraehenbuehl, H. Oeschger, H. Schwaller, H. Schwarzmueller,
A. Stettler and M. Wahlen

The isotopes of all the noble gases and tritium and potassium were
determined in bulk material and in separates from rocks and lunar soil.
From these results the chemical and isotopic abundances of trapped solar
wind gases are deduced.

Radiation ages and K/Ar ages are given and discussed.

14
APOLL0-11 LUNAR SCIENCE CONFERENCE
ABSTRACT

"The mineralogy and chemistry of igneous rock-types and fines
from Tranquility Base".
G.M. Brown (P.I. ), C.H. Emeleus, J.G. Holland and R. Phillips.
(Department of Geology, University of Durham, England).

Three polished slices of igneous rock-types and Sg of fines
(1mm - 1cm) were analysed by optical microscope and electron
microprobe.

Two unrelated, one related rock and the dust-size

fines were analysed by X-ray fluorescence.
Rock slices and fragments are free from granular preferred
orientation and mineralogically anomalous compared with terrestrial
analogues.
pla~ioclase,

Phases detected and analysed are clinopyroxene,
olivine, cristobalite, apatite, ilmenite, ulvospinel,

tr~lite and iron.

The clinopyroxene is a single phase optically~

and zoned from augite to either pigeonite or ferropigeonite.
Ti and Cr decrease with Ca.

Al,

Calcic plagioclase is zoned and

magnesian olivine accompanies free silica.

Ilmenite ( < 0. 3% trace

elements) exsolves an FeTi o -ri ch phase.
Troilite (~0.2% trace
2 5
elements) is cogenetic with iron (1% Ni+Co).
A calcic plagioclase
rock (fines) supports crystal fractionation processes.

A 2mm

spherule, devitrified entirely to calcic plagioclase (An
liquid formation (dry) above 1500°C.

) indicates
92
A spherical core and elsewhere

a spherical appendage of ilmenite breccia points to a fragmentaryparticle source for silicate-droplet genesis.
Four XRF analyses show quartz-normative calcic basalt but
with trace element (ppm) anomalies: Cr(2170-3530), Zr(228-393),
Sr(145-206), Ba(82-162), Ni(4-162), Nb(lS-26), Cu(4-16), Zn(3-30) 7
Rb(1-5).
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MS TRACT

Examination of the fines by o:.1tical m·icroscopy conf·i rm:: d the presence
of the mi crosph e res and shm,!ed them to bt,; of t.v10 gene r al extrcm2s,
from those which contained apparent vaculoes to tho se which contained
optically dense inclusions.
SL) JTI2

The low value of th e total carbon raisPd

question as to the possible carbon content of the

v~cuolGs

and

inclusions in the S!Jheres.

~le the.reforo proc:er~d8 d with three ser:uencc s of opcr-0tions: (1) dll'N:t

a preliminary extraction

~vith

distilled nan:Jgtadc benzene/meth unol, follO'.·rcd

by d·irect introduction into the mass spectl'ometer; (3) solution of the fines
1)

Space Sciences Labor·atory

2)

Depc:wtm2nt of Ch emistry

4)

Ltll"!l"encc Radiation Labo r atory
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in 2W,: flF, pu rg ·ing l·:·ith hel·it:r,l to trap any vol0.tile nJo.ter·f al s , f ollo·..::: cl
by solvent ext ract on and pyrolysis of the residue .
Direct pyrolysis indicates the presence of ca.r[JOil in
at llO C(' C at a leve l of 200 ppm.

produ ce CO.

fo;,i1 of CO

This does not necessar"ily indicate

CO since the r·eaction \·lith iron oxide and

indi~! ~~ rwus

tl~<:~

Calibration of the method IIlith

CJ

silic ~ te

\!Ould

Ha,·Juiian baso.lt (I. Kc1p lan,

University of Cal-ifornia, Los Angel es) cont aining 120-150 pp r11 carbon by
co~nb ustion

do :::s indee d

p1~oduce

the corresponding amount of CO, \'ihile the

addiUo n of graphite to the fused fines follo\•ied by pyrolysis docs rwt
convert more than 3% of that graphit:;.to CO.

~Je

are, therefore, led to

the conclusion tho.t there will be only a small amount, if any, grvphitr.
present in the fines.
Finally, extraction of 20 grams of fines with

benzGn e /n ~ thanol

produced a trv.ce of hydrocarbon material, in addition to

nitrogen-contairl'in~

fragments \·Jh·ich are recognizable as products of the retrorocket combu:; tion.
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OPAQUE MlllERALS IN LUNAR SAMPLES FROM
APOLLO 11 AND THEIR SIGNIFICANCE
Eugene N. Cameron
University of Wisconsin

The principal opaque minerals in lunar samples examined are
ilmenite, troilite, and native iron.

Minor accessories thus far

feund are nickel-iron, titanium-rich spinel, Ulvospinel, cbromite{?),
and an yttrium-bearing iron-titanium-zirconium-calcium silicate.
Schreibersite may be present in two rock fragments.
Ilmenite contents determined for holocrystalline rocks range
by volume
from 10 to 17 percen~ contents of troilite plus native iron range
from 0.5 to 1.3 percent.

Percentages of the three minerals are

essentially the same in both fine- and coarse-grained rocks and
appear to be independent of textural fabric.

l differentiation

series is not indicated; the textural relations of ilmenite, moreover, are inconsistent with concentration of ilmenite either by
,....

gravitative settling of early-formed crysta\... ls or by concentration
in a late residual liquid. The rocks are therefore fundamentally
Ti-rich
different from(terrestrial differentiates associated with gabbroanorthosite complexes and layered mafic intrusions.
The restricted and monotonous nature of the opaque mineral
assemblage suggests a narrow range of composition for the materials
from which the parent liquids of the rocks were generated, but
the textural variety exhibited indicates that the various rooks

E. N. Cameron
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crystallized at different rates and probably at different depths.
The opaque mineral species present indicate a

che~tcal

environ-

ment more reducing than those in which terrestrial igneous rocks
have formed.
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ABSTRACT
MINERALOGY, PETROLOGY, AND SURFACE FEATURES
OF APOLLO 11 LUNAR FINE SAMPLE NO. 10085,16
James L. Carter, Geoscience Division, University of Texas at Dallas,
P.O. Box 30365, Dallas, Texas, 75230
I. D. MacGregor, Geology Department , University of California,
Davis, California, 95616
This sample was shown by microscopic analysis to be a mixture
of mineral grains, a variety of glasses, glass spherules, and rock
fragments that consist of breccias, microbreccias, ves~cular and
fraqments are partially coated with glass. X-ray ana microscopic
analysis showed that th . .:-ock and mineral fragments are mainly clinopyroxene, calcic plagioclase, and ilmenite, with lesser amounts of
olivine, cristobalite, spinel (?), pyrrhotite (?), and metallic
iron (?) •
Uncoated specimens of microbreccias, vesicular glassy fragments,
an C. glass spherules were examined by scanning electron mi cr, ' L copy.
T!:e :nicrobreccias are composed of angular mineral and rock fragments,
ves1cular glasses, and glass spherules as small as G.l microns. The
slass spherules range from solid to highly vesicular, and range ~~
co.i.or f rom colorless through green, brown, and wine-red to opaque: .
'·'
s ~:faces of the spherules and glassy fragments may ~e smooth,
c.:,:; o:: .'nn protruding rock and mineral fragments, or have pits, cavi t:ies,
:nounds, impact structures, patches of vesicular glass, and magnetic
globule-like features that are partially imbedded in their surfaces.
The magnetic globule-like features were shown by electron microprooe analysis to consist mainly of Fe-Ni. Semi-quantitative
electron microprobe analysis of uncoated glass spherules showed
that the spherules are chemically heterogeneous; approximate weight
percentage ranges are: Si0 , 40 to 52; Al 2 0 , 2 to 18: Ti0 , 3 to
2
2
3

~~;ncr~O~, o.~o~~o~~~08~ ~~o!_3"t~.l4;~M~?~ 2nt~ 9~ - c~o~~l t?~l~;
. . . . . ,.,...,, v ••

tc ...,.,, ..... v,

"'· \ ~ _,

""'v

...... ...

,an""'"' . .._v,

,, . . . 0 _.... .. ·· -·

.- .... o ...

may be homogeneously distributed throughout a glass spherule, may
reside in the glohular Fe-Ni surface features, or mav be concentrated
in minerals such as native Fe (?), ilmenite, pyrrhotite (?), or an
Fe-Ni-Cr mineral (spinel ?) •
These data suggest that fusion, brecciation, and other phenomena
associated with meteoritic impacts played an important role in the
genesis of this sample of lunar soil.
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Deformation of Silicates from Mare Tranquillitatis
N.L . Carter , I. S. Leung and H.G Ave'Lallemant
Department of Geology and Geophysics,
Yal e University, New Haven, Connecticut

Plag ioclase and olivine crystals in the crystalline rocks from
Mare •rranquillitatis show little or no evidence of static or dynamic mechanical
deformation as deduced by optical microscopy and X-ray Laue and precession
studies .

The pyroxenes generally show moderate to large disorientations within

individua l grains; the more uniform distortions are commonly consistent with
slip on the system T

= {100},

=

t

[001].

However, the general absence of

deformation of other silicates and the presence of thin, straight, undeformed
plagioclase laths in some

hi~hly

distorted areas of pyroxenes indicates that

the disorientations are not due to plastic deformation.

They may be accounted

for by rap id growth and quenching phenomena as sugg ested by studies of
chondritic meteorites, rapidly quendhed terrestrial basalts and of experimentally
produced mel ts of pyroxene-bearing rocks.
Sil i cates in the breccias and lunar regolith show the same features
as t hose in the primary i gneous rocks and, in addition, some of them show
evidence of shock deformation.

Some of the pyroxenes and plagioclase crystals

contain " s hoc k" lamellae and one plagioclase crystal appears to have been
part i a lly transformed to glass.

Slight undulatory extinction in one olivine

grain produced by slip parallel to [100] and mechanical twinning on {001} [100]
•
in one pyroxene grain can be ascribed either to static or dynamic deformation.
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PETROLOGY OF UNSHOCKED CRYSTALLINE ROCKS AND SHOCKED
EFFECTS IN ROCKS AND MI:NERALS FROM THE SEA OF TRANQUILLITY
by

c.

Eo

c.

E.

T. Chao, Odette B. James, Jean A. Minkin,

Jackson,

c.

B. Raleigh, and Judith A. Borman
Abstract

Unshocked crystalline rocks are classified into two suites, and the rocks
of each suite are further divided into igneous and metamorphic types.

Rocks of

the dominant suite are ilmenite-rich; rocks of the subordinant suite are
feldspar-rich.

The rock modes, rock textures, and mineral compositions

characteris~ic

of each suite will be presented.

The dominant effects of low to moderate shock in the rocks are:

micro-

fracturing and shearing of all minerals; lamellar twinning of clinopyroxene
parallel to (001); formation of planar features in plagioclase; conversion of
plagioclase to thetornorphic glass; lamellar twinning of ilmenite; and striking
preservation of rock texture.
Intensely shocked rocks are converted to glasses, many of which are
heterogeneous indices of refraction of spherules and angular fragments of
glass range from 1.57 to 1.70, and the variation is correlated with chemical
composition.

Rock glasses can be readily distinguished from thetomorphic

mineral glasses.

The presence of abundant minute nickel-iron spherules

demonstrates origin by impact-induced fusion.
An unknown yellow mineral from medium-grained ilmenite-rich rocks has
been found to be a calcium-bearing iron metasilicate isostructural with
pyroxmangite.

Optical properties, specific gravity, chemical analyses cell

perimeters, and an indexed x-ray powder pattern will be presented.
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Micromorphology and surface characteristics
of Apollo 11 dust and breccia 1
by
Preston Cloud 2 , Stanley V. Margolis 2 , David Krinsley 3 , V. E. Barnes 4 ,
Mary Moorman 2 , J. M. Barker 2 , and F. R. Licari 2
1 contribution No. 1. of Biogeology Clean Laboratory, U.C.S.B.
2 oepartment of Geology, University of California, Santa Barbara,
California.
3 Dean of the Faculty, Queens College, Long Island, New York.
4 Bureau of Economic Geology, University of Texas, Austin, Texas.
Examination of lunar dust and breccia yielded no components
of direct biologic interest.

Consideration turned, therefore, to

features having life-like configurations or implications for lunar
weathering and outgassing.

These include bits of glass, chips and

small pits with glazed surfaces, and minute bubbles on the latter.
Of the total dust and breccia perhaps one percent or less
consists of spheroidal, ellipsoidal, and rare dumbell-shaped bodies
of amber to clear glass containing bubbles, small inclusions, and
trichites.

Diameters of spheroids observed range from <1 to

392~

and show size distributions that skew sharply toward smaller diameters.
Were such objects to be replaced by carbonaceous matter they could
easily be mistaken for microfossils.
Small rimmed pits averaging O.Smm in diameter were observed
on external surfaces of the breccia.

Their glazed surfaces imply
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Micromorphology and surface characteristics
of Apollo 11 dust and breccia

impact fusion.

Still smaller pits within these impact areas

(and ~n glazed chip~ commonly show overhanging edges and other
features indicating they are products of outgassing.

Cometary

projectiles could account simultaneously for the glazing, the
gas bubbles, and the carbon in the lunar dust and breccia; but
fusion experiments show that the gas could also be endemic.
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INFRARED AND THERMAL PROPERTIES OF LUNAR ROCK

by
P~

E. Coegg, D. Fielder, and J. A. Bastin

Absorption properties of various types of lunar rock have been
investigated in the range 2 - 2000
for TypeD material varies from 0.95
+

-

20 em2 g -1 at 2llo
.I

•

~

The mass absorption coefficient
2
0.05 cm g-l at 1300~ to 300

In addition to this broad increase with frequency

molecular vibration bands characteristic of the Si-0 band were observed.
These results imply that the characteristic absorption length for thermal
protons in the rock is at least an order of magnitude greater than the
mean particle size.
Using earth based measurement of the microwave parameter for lunar
radiation,
k

~

2.5

o,

we obtain a mean conductivity for the top lunar surface layer,
-6 cal em -1 0 K-1 sec.
x 10

Provisional values of the electrical conductivity and specific
heat for various types of rock will also be reported together with direct
measurements of the thermal conductivity.
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ELEC'fRICAL <X>NDUC'fiVITY OF APOLLO II SAMPLES

L. S. Collett and A. Becker
The electrical conductivity of lunar samples is measured
by a Q-drop in the resonant circuit of a marginal-type Colpits
oscillator at six frequencies between 20 KHz and 10 MHz.

The

method consists in measuring the power absorbed by the sample
when inserted in the solenoid of the oscillator.

A correlation

between the power absorbed and the conductivity of known
terrestrial specimens is achieved empirically.
The instrument is also calibrated electronically.

The lunar

samples are protected from moisture absorption by maintaining them
in a nitrogen atmosphere.
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Rb-Sr CHRONOLOGY OF APOLLO 11 LUNAR MATERIAL
William Compston
Australian National University

Major and a number of minor elements have been determined in 10 lunar
specimens by x-ray spectrometry to assist in establishing cogenetic groups.
Rb/Sr abundance in the same powders and also in several mineral concentrates
have been determined by mass spectrometry.

Data for major and most minor

elements agree in general with published P.E.T. results.

The Rb to Sr ratio

is widely dispersed between rock specimens and Sr-87 abundance is sufficiently
well correlated with it to define an age close to the older limits of the
P.E.T. K-Ar ages.
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APOLLO 11 SOIL MECHANICS INVESTIGATION
By
N. C. Castes, W. D. Carrier, J. K. Mitchell, and R. F. Scott
ABSTRACT
During the preliminary examination of lunar soil samples
at the Lunar Receiving Laboratory, the Soil Mechanics Team
observed the general appearance, color, structure, texture,
grain size distribution, consistency, compactness and mechanical
behavior of the fine-grained material sampled by the core tubes,
and collected with the Contingency, Bulk, and Documented Samples.
In addition, the specific gravity, void ratio and porosity
of the soil in the core tubes were determined, and the penetration
resistance of the soil in the Bulk Sample was measured at the
minimum and maximum soil density attainable in the nitrogen
cabinet of the Bio-Preparation Laboratory.

From the latter tests

the cohesion of the returned soil was estimated.
These investigations, combined with tests performed on
simulated lunar soil, indicated that although the lunar soil
differs considerably in composition and range of particle shapes
from a terrestrial soil of the same particle size distribution
it does not appear to differ significantly in its mechanical
behavior.

From these results inferences can be made regarding

the mechanical behavior of the material under in-situ environmental conditions that are in agreement with the soil mechanics
data obtained during touchdown and lunar surface extravehicular
activities at the Apollo 11 landing site.
(To be presented at the Apollo 11 Lunar Science Conference)
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RADIATION HIS TORY OF THE MOON
G. Crozaz, M. Hair, P. Hoyt, J. Kardos, M. Miyajima,
M. Maurette, M. Seitz, R. Walke!*, M. Wittels, and
D. Wollum, Laboratory for Space Physics, Washington
University, St. Louis, Missouri

We have studied the radiation history of the lunar surface by measuring fossil
nuclear tracks, x-ray lattice distortions, thermoluminescence, and total energy
release. All the major types of lunar samples, including both glassy and crystalline
materials show the effects of their prolonged exposure to galactic and solar radiations.
The high track densities of -106 to 10 7 /cm2 in different minerals removed from the
interiors of four different rocks are shown to be due to galactic cosmic rays.

The

much higher track densities of >109 /cm2 on the surfaces of these rocks, and in
crystals and glass spherules from the fines, are shown to be due to solar flares.
The thermal stability of tracks is found to be especially dependent

on the composition

of different glasses. Although many crystals have severely perturbed structures, the
majority- with the possible exception of the smallest size fraction of the fines- do
not show severe x-ray distortions caused by radiation.

Thermoluminescence is found

in both the rocks and fines with the amount increasing markedly with depth in one
drill core. Exothermic energy release upon heating in air is small (<20 cal/gm)
and occurs in two broad temperature regions.

Most of the uranium in the rocks is

found in small clusters and not in the lattices of the major minerals which typically
have concentrations of--5 ppb.
value.

The glass fraction has close to the average uranium

From the radiation data we can set limits on the erosion rates of rocks and

the turnover of the lunar surface.

Perhaps most important we can use the lunar

samples to study the past history of energetic solar radiations.

* Speaker
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Thermoluminescence of Apollo 11 lunar samples
G. Brent Dalrymple and Richard R. Doell
U.S. Geological Survey, Menlo Park, California

Samples of two crystalline rocks, two breccias, and lunar fines
all give natural thermoluminescence (TL) glow curves with a peak at
350°C when heated at a rate of 20°C per second.
0

Artificial irradiation
0

0

with X-ray produces additional peaks at 125 C, 185 C, and about 260 C.
Measurements of natural and artificial TL on various mineral fractions
from the lunar fines indicate that plagioclase is the TL carrier.
Thermal drainage of electron traps during the lunar day is an
important factor in determining the amount of TL observed in these
lunar samples.

This is best seen in the samples from core tube #1 where

the amount of TL increases with depth, probably because of thermal
insulation.

It is suggested that with respect to TL, the rocks at

Tranquility Base are presently in equilibrium with their radiation and
thermal environments.
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THE COSMIC-RAY PRODUCTION OF ARGON RADIOACTIVITIES IN LUNAR MATERIAL
R. Davis Jr., R. W. Stoenner, and Warren Lyman
Brookhaven National Laboratory, Upton, N. Y.
The argon radioactivities Ar 37

(35 day half-life) and Ar 39 (269 year

half-life) were obtained from lunar samples by vacuum melting.

The

activities were measured in small proportional counters, and by using
energy discrimination the individual radiations from Ar37 and Ar3 9 could
be observed simultaneously.

The extractions and counting measurements

were performed in the Lunar Receiving Laboratory.

Samples investigated

were interior and exterior portions of rock no. 10057 and a portion of
the fines from the bulk sample container.

The release of argon as a

function of the temperature was followed for the fine material.

The

release of these activities was found to occur in the temperature range

The production of these radioactivities was found to correspond to
that expected from cosmic-ray bombardment of the lunar surface.

A

comparison is made of the activities observed in the lunar samples to
those expected from the spallation of iron, titanium, and calcium.

From

these data and the Ar 38 contents, the cosmic-ray exposure age o£ rock
no. 10057 is deduced.
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Magnetic Properties Survey of Lunar Samples at the
Lunar Receiving Laboratory

,

Richard R. Doell and C. Sherman Gramme

U.S. Geological SurveyJ Menlo ParkJ California
A triaxial magnetic gradiometer was used to estimate natural remanence
and induced magnetism of most Apollo 11 lunar samples.

This detector was

capable of biological sterilization and was operated behind the primary
biological barrier inside the vacuum chamber and inside the class-) nitrogen
cabinets.

Preliminary tests of standard samples indicated that the system

was accurate to within a factor of two or three.

The sensitivity of the

gradiometers was of the order of 0.1 y/cm; however} the "uncertainty level"
of the system for a given experiment varied considerably} depending primarily
upon sample size and magnetic interference generated by the vacuum chamber
and nitrogen cabinets.

Minimum values for detection were about 10- 5 emu/gm

but ranged as high as 10-2 emu/gm.

In spite of these relatively high

limitsJ a significant induced magnetism (in ambient fields of 0.3 to 0.9
oe.) was .detected in 6 of 13 crystalline rocks tested and in 13 of 18
micro-breccia samples measured.

Natural remanent magnetization was detected

in five of the micro-breccia samples.
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Department of Energy, Mines and Resources
Ministere de l'Energie, des Mines et des Ressources
CANADA
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PETROLOGICAL- MINERALOGICAL INVESTIGATIONS
OF SOME LUNAR SAMPLES

J. A. V. Douglas, M. R. Dence, A. G. Plant, R. J. Traill and K. L. Currie

Crystalline rocks, including fragments in the breccias, show textural
and compositional variation implying generally rapid crystallization and minor
cumulation processes.

Observations on the identity and composition of the

crystalline phases have been made on clinopyroxenes, orthopyroxene, a
pyroxenoid-type polymo rph of ferrous metasilicate, olivine, plagioclase,
potassium-barium feldspars, cristobalite, ilmenite, an iron-chromium-titanium
mineral of the spinel group, iron sulphide, native iron, apatite and an irontitanium-zirconium silicate.

Glasses from the breccias show degrees of

inhomogeneity and recrystallization and have compositions comparable with
the reported lunar rock analyses.
Deformation expressed as fracturing, crinkling and undulatory
extinction is evident in the crystalline rocks and larger fragments in the breccias
and may be the effects of distortion during crystallization with superimposed
weak shock.

Distinct evidence of moderate to strong shock metamorphism is

found in some small mineral and glass fragments in breccias and fines.
includes, in increasing degree:

It

planar features in plagioclase and pyroxene

with nearly normal optics; multiple sets of fine planar structures with lowering
of refractive indices and birefringence towards isotropism in plagioclase,
pyroxene and cristobalite; partially mixed glasses, some with mineral fragments
and microspherule inclusions; essentially homogeneous glasses.

g. t267
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PROPERTIES OF THE SUB-MILLIMETER FRACTION OF LUNAR SOIL

By:

2
3
4

M. B. Duke, C. C. Woo, R. B. Finkelman
M. L. Bird and G. A. Sellers - U. s.
Geological Survey - Washington, D. C. 20242

Lunar soil in the sub-millimeter fraction of the bulk sample
5-

box collected at Tranquility Base consists of microbreccia and fused

6

soil (7CJI,), vecy fine-grained basalt (1~), fine-grained microgabbro

7

( J1,) medi urn-grained gabbro or diabase ( 1~) , varicolored angular glass

8
9

fragments ( 1~) , varicolored glass spheres ( 1~) , and broken crystal

! fragments

10 - 1
ll

12

gm em

-3

(14~).

The mean density of the -125

ym

fraction is 2. 95

governed largely by the densities of the glassy breccia

i~ragments;

these range fran 2.2 gm cm- 3 to 3 .2 gm cm-3 because o~ the

13

variable composition, crystal content, metallic iron content, and

14

microvesiculation of the glass.
15-

sample into:

A hand magnet crudely separates the

(1) crystals, rock fragments, and netal-free glass

16

(non-magnetic); and (2) breccia and fused soil (magnetic).

17

magnetic fraction increases from 5CJI, of the 500- 1000

18

75'/o of the 20- 37 pm portion; the magnetic properties are due to

19

micros copic and submicroscopic spherules of metallic nickel-iron.

20?I

)1II1

The

portion to

Particles less than 10 pm diameter are notably deficient in the sample
The abundance of glass spheres reaches

4;,

in the 5-10 )l.lll range.

Colorless glass spheres, with low iron and titanium content unlike
23

any rock type recognized in the soil, are abundant in the finest

24

fraction.
25U. S. GOVERNMENT P RI NTING OFFICE' 19S9 0 - 511 17 1
867 •1 00
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ABSTRACT OF PAPER TO BE PRES::!!t:TTED AT THE HOUSTON CONFERENCE, J ANUA.llY 1970o
TITLE:AUTHORS:-

Luminescence and thermoluminescence induced by 159 MeV proton bombardment.

Dr . J.A. Edgington (Principal Investigator), Queen Mary College,
London, England.

Dr. I. M. Blair (Co-Investigator), Atomic Energy Research Establishment,
Hari'Tell , Berkshire, Englando

ABSTRACT
We have

obse~ ed

a red luminescence, qualitatively similar

to that of enstatite achondrites, in unsorted fines, their
s eparated mineral phases, and rock-chips.
efficiency of ·t he

~lagioclase

The energy-

fraction is approximately

1~.

At -196°0 the effect is enhanced by a :f actor of between one
and two .

All 1·ractions except the il neni te exhibit blue

thermoluminescence with a pronounced glow-peak n ear -135
ar:d an energy e1.ficiency of approximately 10-5.

0

c,

Unlike the

thermoluminescence of terrestrial and meteoritic material it
is non-repeatable even after annealing at +200°C.

Similar

thermolumin'"scence is seen in rock-chips but in unsorted
fines i t is mask ed by the

opa~1e

i l meni te fraction.

----oooOooo-----

35

Oxygen, silicon and aluminum in lunar samples
by 14 MeV neutron activation
William D. Ehmann and John w. Morgan
Department of Chemistry
University of Kentucky
Lexington, Kentucky 40506
AbstractAbundances of oxygen, silicon, and aluminum in a set of 27
lunar rocks and 3 aliquants of lunar soil have been determined by
14 MeV neutron activation analysis.

Using the designations, A

for crystalline, fine grained, vesicular rocks, B for crystalline,
coarser grained, vuggy rocks, and C for breccias the mean abundances are:
Type A, 2 rocks

-

38.5 + 1. 2% 0
18.9 + 0.8% Si
4.0 ± 0.4% Al

Type B, 7 rocks

-

39.4 ± 1. 0% 0
18.7 + 0.8% Si
5.0 + 0.6% Al

Type C, 18 rocks- 41.1 + 1. 0% 0
19.7 + 0.7% Si
6.6 + 0.5% Al
Soil, 3 aliquants 40.8 ± 1. 2% 0
20.2 ± 0.2% Si
Deviations expressed are the standard deviations of the individual abundances of samples in each type. Oxygen abundances in
lunar materials are lower than found in most common terrestrial
rocks and are comparable to those found in certain types of stony
meteorites.

On the basis of the elements determined here, the

lunar soil is most similar to the Type C rocks.

(Abstract submitted is for paper to be presented at the Apollo · 11
Lunar Science Conference, Houston, Texas, January S-8, 1970.
Paper to be read by Dr. w. D. Ehmann~
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LUNAR (APOLLO XI) ROCK COMPOSITIONS AND SOME INTERPRETATIONS
Celeste G. Engel and A. E. J. Engel
The rocks 10044 and 10057 and the dust 100e4 collected
in Mare Tranquillitatis consist largely of pyroxene, ilmenite,
and plagioclase.

The pyroxene is a pale

pi~~

to beige, titan-

iferous augite and the plagioclase is bytownite.

These sili-

cates are common in terrestrial mafic igneous rocks.
Texturally and mineralogically the rocks are similar to
terrestrial basalts, diabases, and gabbros, and unlike meteorites.

Houever, concentrationg of minerals and major elements

differ in the lunar rocks from all known terrestrial rocks.
The lunar rocks are characterized by the absence of ferric
iron and combined water and low amounts of Si, Na, and P, and
high Ti and Fe.
These and other data indicate:
(1)

The moon is a rock complex less differentiated

than the earth but probably syngenetic with it.
(2)

The lunar rocks are products of igneous processes,

possibly surficial, which reflect intermediate differentiative events in planetary evolution.

(3)

No grouping of meteorites approximates the com-

position of the lunar rocks.

The high Ti in the

lunar rocks is further evidence that Ti may be

mo~e

:abun-

dant on the moon and in the earth than in meteorites.
Th: only titaniferous achondrite is Angra dos Reis
(Ti02, 2.39).
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Engel
Comparisons

or

lunar and terrestrial rock compositions

indicate that the earth is highly fractionated from its primordial source materials, hence yields misleading evidence
of initial earth-moon compositions and processes.
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MINERALOGISCH-PETROGRAPHISCH ES INSTITUT
DER UNIVERSITAT TOBINGEN
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DlREKTQR, PROF. DR. W. v. ENGELHARDT

Shoc k metamornhism in lunar materials

fron~

.< \polio 11 mission

This investi gation wa s made on the following samples:
Fines (Nr. 10035, 1 OOR4); fin ger specimens (breccias: Nr. 1002 7,
10065); t hin sections (breccias: Nr.1005 9 , 100o0, 100o5;
coarse grained crystalline roc k : Nr.10047).
The following methods have been used: microscopic examination,
refractive index and density determinations, X-ray diffraction,
electron microscopy, microprobe analysis, annealing experiments.
Besides weaker effects of plastic deformation and fracturing
the followin g unequivocally shock induced transformations
produced by solid state reactions and meltin g have been observed:
Partially isotropic p lagioclase with lamellae
Planar deformation structures in pyroxene
Diaplectic plagioclase g lasses of higher refractive
index and density than fused g lass of the same composition
Glasses (droplets or fragments) of varying composition
presumably formed by fusion of small rock particles
differing in mineral composition.
These phenomena are frequent in the breccias and the fines.
Breccias and fines containing mineral and rock fragments of
different stages of shock metamorphism are considered as being
produced by impacts of large meteorites. There is evidence of
multiple shock in the breccias. Zones of progressive shock
metamorphism within small rock particles indicate hypervelocity
impacts of small meteorites.
Tuebingen, Dec. 10, 1969

W.v.Engelhardt,
J. Arndt,
w. :Muller,
D. Steffler
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OF APOLLO XI VJ"!,!A.ll ROCKS AND

Nir~ErtAIS

by samuel Epstein and Hugh P. Ta.y:r.or, Jr.

The o18 jol6 and Si 30/Si 28 ratios of lunar materials from Hare
T"r~.nquillitat.us

arA very uniform and are indistinguishable from those of

terrestrial basaJ.ts and gabbros.

ol-8;c}6

The lunar rocks are distinctly

tl,an the basaltic achondrite meteorites.

lunar gabbros show a progressive enrichment of

hi~her

in

Coexisting minerals in the

ol 8

in the sequence ilmenite -

pyroxene - plaeioclase, and the oxygen isotopic fractionations among these
mi.nerals are canpatible with crystalJ.ization at very high temperatures
(at least 1000°C).
The deuterium concentration in hydrogen gas extracted by heating
lunar dust is ::1bout 90 per cent lower than in terrestrial ocean water.
This indicates that al.Jnost all the hydrogen in the dust is derived fran
solar wind, which apparently is largely deuterium-free.

The Sll'lall amounts

of deuterium present in the samples may be due to contamination fran terrestrial sonroes.

Approxilnatel:r 130 ppn carbon with an isotopic composition of

+ 19 per rrd.l (re-;ative to PDB) was extracted by siJrlple heating and degassing

of· the lunar dust sample.
In summary, (a) the oxygen and silicon isotopic canpositions of
the lunar roeks and minerals are very siJnilar to those of analogous roeks
on Earth;

(b) their hydrogen isotopic eanpositions are very much di.tterent;

and (c) the carbon in the lunar samples is unusuaJ..l:y enriched in c1 3 relative
to terrestrial materials.
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Abstract for Lunar Science Conference
Houston, Texas

January 5-8, 1970

The crystallography of lunar troilite
Howard T. Evans, Jr.
U. S. Geological Survey
Washington, D. C.

Fine, single, euhedral crystals of troilite have been found in a
fragment of Apollo 11 Lunar Sample 10050.

These crystals are about 0.1 mm

in diameter, are yellow with bright metallic luster, and implanted on the
walls of cavities in the last stage of solidification.

The habit is

stubby prismatic with brightly reflecting faces, showing forms that are
clearly associated with the simple NiAs-type structure cell that prevails
above the transition at 140°C.

The crystals give sharp, undistorted single

crystal x-ray patterns that conform closely to the crystallography described
for troilite by Haraldsen (Z. anorg. allgem. Chern. 246, 169, 195, 1941).
The hexagonal unit cell derived from goniostat measurements has a
and c

= 11.750

0

= 5.962

~

~in close agreement with Haraldsen.

Bertaut (Bull. Soc. franc. Min. 79, 276, 1956) has found .an approximate
crystal structure based on space group P62c with 12 FeS in the unit cell.
His structure has now been refined using Bertaut's parameters as a starting
point, and a set of 1,120 independent intensity data recorded with a Picker
automatic diffractometer.

Bertaut's structural scheme of a distortion of the

basic NiAs structure is confirmed, but bond lengths are now determined to
±0.01 ~.

The six bonds in the distorted FeS6 octahedron are:

2.42, 2.50, 2.56, 2.72 ~.

2.38, 2.36,
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NUCLEAR GAMMA RAY RESONANT ABSORPTION OF 57Fe
AND HIGH VOLTAGE ELECTRON MICROSCOPY IN
PYROXENES FROM APOLLO 11
By: Humberto Fernandez-Maran, Stefan S. Hafner, Mitsuo
Ohtsuki, and David Virgo
The University of Chicago
Chicago, Illinois 60637

ABSTRACT
The separated pyroxenes from 1000 3 and 10044 were crushed to a
grain size of 50 microns and further separated into fractions of different Mg,
Fe, Ca compositions. Each fraction yields a distinct resonant absorption
spectrum. The doublets due to Fe2+ at the Ml and M2 sites are generally
well resolved, with 54 to 71 per cent of Fe2+ located at the M2 sites. The
Mg, Fe, Ca distribution is principally an ordered one, M2 being almost exclusive2
ly occupied by Ca and Fe +, M 1 being occupied by Mg and excess Fe 2 +. No
Fe3+ peaks could be detected. The temperature dependence of the cation distribution is interpreted in terms of the cooling history.

Specimens cleaved and sectioned by diamond knife ultramicrotomy were
examined by high voltage electron microscopy and diffraction. Evaluation of

•

2000 plates show uniform 300 to 600A-wide bands, probably corresponding

•

to single crystal domains, with lattice spacings of 2.5A. These dense bands,
found predominantly in lunar pyroxene, are absent in terrestrial pyroxene XYZ.
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.

Lattice spacings of 6.5A in lunar pyroxene and 18.2A in pyroxene XYZ were
directly visualized. High resolution bright and dark field images of iron-rich
and magnesium-rich crystals were compared with corresponding electron diffraction patterns. Possible relations of observed structures to magnetic domains
were considered.
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The Isotooic Abundance of Actinide Elements in Lunar Material
P. R. Fields, D. N. Metta, H. Diamond, C. M. Stevens,
D. J. Rokop and P. E. Moreland
Argonne National Laboratory, Argonne, Illinois 60439
The abundances of uranium and thorium were measured as

0.60

±

.02 ppm and 2.24

±

.06 ppm, respectively, for the fines

(sample number 10084,75) of Apollo 11 bulk sample.

The measure-

ments were made mass spectrometrically using the isotope dilution
technique. 230 Th and 233u were the tracer isotopes used. Samples
from different vials varied by 3% in both uranium and thorium
content. The ratio of 235 u: 238 u was found to be 0.007258 ±

0.000016 in good agreement with terrestrial uranium. An upper
limit to the 236 u was set at < 3 x 10- 9 of 238 u. Isotopic

dilution and mass spectrometry also set limits to: 239 Pu < 1 x lo- 15
grn/gm of sample, 244 Pu < lo- 16 gm/gm of sample, and
24 7 cm < 1 . 25 x 10 ~ 16 gm/gm of sample. The alpha-particle spectrum
of the thorium is o lated from a 10 gm sample yields a

230 rh: 232 Th

ratio that is consistent with the uranium and thorium abundances
.
· more act1v1ty
· .
f rom 22 7Th an d 1ts
reporte d a b ave, b ut t h ere 1s

decay products than would be in equilibrium with the 235u in
the sample.
investigated.

This recently observed anomaly is being further
The search for evidence of other actinide and

transactinide nuclides is continuing.
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Abstract for Apollo 11 Lunar Science Conference
Tritium and

Ar~Radioactivities

in Lunar Material

E. L. Fireman, J. D'Amico, and J. DeFelice
Sn<iths on ian Astrophysical Obs e rva tory

The tritiUJn and argon radioactivities were rneasured in a sample of
lunar soil and in three lunar 1·ocks.

The tritium in the soil was 325 i 17

dpm/kg and in th~ rocks ranged from 219 to 245 dpm/kg.

The tritium con-

tent at the surface (topside) of a rock was within 10% of the value for an
interior sample, which indicates that the amount of solar-wind t1·itium is
small compared with the amount produced by energetic cosmic rays and
3
3
solar flares. The H can be combined with the He to obtain exposure ages.
The exposure age for rock 10017 is 37 5

± 40 million years, and for rock

10072 is 205 ± 25 million years.
39
In the soil, the Ar
(270-year half-life) was 12. 1 ± 0. 7 dpm/kg, and the
37
39
Ar
(35-day half-life) was 27.2 ± 2. 2 dpm/kg. In rock 10017, the Ar
was
37
16. 6 ± 0. 9 dpm/kg and the Ar
was 23. 3 ± 2. 1 dprn/kg. In rock 10072, the
37
3
39
Ar
was 15. 8 ± 1. 0 dpm/kg and th<:; Ar
was 25. 7 ± 2. 0 dprn/kg. The H ,
37
39
Ar , and Ar
activities are not very different from those observed in stony
85
81
meteorites. The Kr
and the Kr
activities in the soil were less than 0.1
ai1d 0. 3 dpm / kg, respectively.
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PARTICLE TRACK, X-RAY, AND MASS SPECTROMETRY STUDIES OF
LUNAR

M~TERIAL

FROM THE SEA OF TRANQUILITY

by R. L. Fleischer, E. L. Haines*, R. E. Hanneman, H. R. Hart, Jr.,
J. S. Kasper, E. Lifshin, R. T. Woods
General Electric R & D Center, Schenectady, N. Y.
and
P. B. Price
University of California, Berkeley, California

Charged particle tracks, predominately cosmic ray tracks,
are abundant in lunar minerals and glasses.

The track density

in rock 17 decreases rapidly with increasing depth below the
surface.

This pattern is characterized by an extremely steep

cosmic ray energy spectrum, so that these tracks of low energy
particles are most likely caused by solar cosmic rays.

High

density, short tracks in glass fragments are tentatively identified as spallation recoil tracks.
Three findings show the lunar surface to be active.

Mul-

tiple reorientations of rock 44 are indicated by the isotropy
of the cosmic ray tracks in the center of the rock.

Material

from core 10005 has been thoroughly stirred, as revealed by
the random distribution of cosmic ray track densities.

Fission

track dating of one glass fragment yields a maximum age of
35 m.y.

*

On JPL Fellowship from Jet Propulsion Laboratory, Pasadena, Cal.
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Crystal phases identified by X-ray diffraction are
anorthite, pyroxene, olivine (30±5% fayalite), and ilmenite.
The crystals are generally of good quality, without major
structural defects.

Twinning occurs in some larger crystals.

Microprobe studies identify these same phases, plus¥ troilite
and free, non-meteoritic iron, and show the pyroxene to be
augite.

Mass spectrometry reveals an abundance of

dominately hydrogen and helium, in the lunar fines.

gases~

pre-
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A Search for Bio-organic Compounds and Microstructures
in Lunar Fines and other Materials
S. W. Fox, K. Harada, G. Hinsch, and G. Mueller
Institute of Molecular Evolution
University of Miami
and
P. E. Hare
Geophysical Laboratory
Carnegie Institution of Washington
Hydrolysis of a sample of lunar fines indicated few compounds on
the Phoenix K-5000 Amino Acid Analyzer.

The peaks obtained represent

ammonia and a compound in the basic amino acid region (fuel conversion
product?).
Proc.

~.

Application of a new ultra analyzer (E. Hare, Federation
709, 1966) to hydrolyzates of aqueous extracts revealed the

presence of at least seven peaks corresponding to: glycine, alanine,
glutamic acid, serine, threonine, and a,/3-diaminopropionic acid.
The lunar particles found in the sample include: 1) spherules,
rotational ellipsoids, dumbbells, tear-drops, rings, and crescents
which have 2) diameters of 0. 1 to 500 microns; 3) bud-like features on
the particles; and 4) chemical inhomogeneity (electron probe).

The

morphologies tend to resemble those of tectites but differ from those
in terrestrial volcanic and impact sprays and from chondrules in
meteorites.

The results suggest processes of fusion followed by

rotational subdivision of particles during unusually intensive solar flare
activity.
Some of the processes and results inferred for Moon have been
simulated by the electron beam and low pressure of the electron microscope .

Basalt (Hawaii) and chondrite (Orgueil) have been found to

behave similarly.
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PROPERTIES AND ORIGIN OF LUNAR GLASSES AND MICRO-BRECCIAS
by
K. Fredriksson, J. Nelen, W. G. Melson & E. P. Henderson
Smithsonian Institution, Washington, D. C.
Abstract:
Major mineral phases and sixty glasses (spherules, fragments and
"crust" adhering to rock fragments) have been analyzed.

The glasses have

a wide range of composition, e.g., Ti0 2 ,<l to 13 wt. /. and Al 2 0 3 , 4 to
30 wt.%.

The results, e.g., strong anti-correlation between Aland Ti,Fe,

indicate that most glasses formed by fusion in impact events of various
proportions of the major minerals, pyroxene, plagioclase and ilmenite.
Trace element analyses support this view.
rified;

Some glasses are partly devit-

a few show skeletal olivine (Fa 25 ) and resemble chondrules.

The

textures of the shock lithified breccias resemble that of some chondrites
and impactites.

Impacts on the moon have produced "chondrules" (quenched

silicate droplets) and shock lithified rocks.

The possible importance

of secondary impacts is indicated by a lens-shaped piece

(~4

mm) of

meteoritic nickel-iron displaying hypervelocity craters (up to 0.2 or
0.3 mm in size) caused by impacting lunar matter, high Ti silicates.
The crystalline rocks from Apollo ll cannot account for the composition
of all the glasses or the breccias.

In the soil, numerous fragments of other

igneous rock types and minerals were found, some of which are low inTi.
Noteworthy is pure anorthite (< 0.1 wt.% Na 20), in one case coexisting with
augite and an unusual pyroxene(?), approximately (Fe 0 . ca . Mg 0 . )Si0 .
1
7 0 2
3
silicate approaching Mg0·CaO·Al2 0 3 ·2Si0 may also be present.
2
composition Zr0

2

was found in a crystalline sample (10049,22).

A

A phase with
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(1) The Water and Deuterium Content of Some Lunar Materials
Irving Friedman and Kenneth Hardcastle
(2) The Amount and Isotopic Composition of Carbon in Certain Lunar Materials
Irving Friedman and Jim Gleason
18 16
(3) The o 1o
Ratios of Selected Lunar Rocks and Minerals
James R. O'Neil and Lanford H. Adami

Breccia samples 10046-21 and 10046-22 were outgassed in vacuum at
50°C and heated stepwise to 1350°C.
were evolved, collected and measured.

Helium, hydrogen, water and

co 2

The melted sample was then

combusted in an oxygen atmosphere at 950°C.

A total of approximately

1 cc/gm of He, 39 ppm of H (.0004 mole% D), 450 ppm H o (.007 mole% D),
2
2
13
200 ppm carbon (o c
= -5 ~ PDB) was found.
An igneous rock (10017-16) similarly treated yielded approximately
25 ppm H o, 70 ppm carbon (OC
2

13

= -20

per mil).

Two large pieces (approximately 3.5 g each) of breccia #10060-11
which had been sealed in vacuum in Houston were removed from their
containers and quickly weighed and processed.

One was treated as above

and gave 1 cc/g He, 150 ppm H 0 (.002 mole% D), 50 ppm H (.002 mole
2
2
13
%D), 100 ppm C (CC
= -3.2 %r PDB). The other piece was combusted
directly in an atmosphere of oxygen and gave 113 ppm carbon (oC

13

=

-10.6 ~ PDB), 75 ppm H 0 (.005 mole% D).
2
Nine grams of lunar dust (10084) were combusted in oxygen and gave
190 ppm carbon (CC

13

= -17.6

~

PDB), and 80 ppm H o (.007 mole% D).
2
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The lunar dust and breccias that we analyzed contain approximately
1 cc/gm He, 50 ppm H (.0004 to .002 mole % D), 150 to 500 ppm water
2
13
(.002 to .007 mole % D), 110 to 200 ppm carbon (&C
= -4.8 to -17 ~
PDB).

The igneous rock contained less water and carbon.
Two whole-rock breccias (10057-2A, 10060) and whole-rock dust

fines yield 80

18

values between 5.8 and

oxygen yield of 13.20 micromoles

o2 /mg

cJ_

6.~

with a rather uniform

sample.

This range of

is similar to that of terrestrial volcanic rocks.

o values

Oxygen isotope

fractionations between mineral separates from numbers 10050 and 10017
are, respectively, 1.9 and 1.7 (plagioclase-ilmenite) and 0.6 and 0.6
(plagioclase-pyroxene).
temperature of 1200-1300

These fractionations imply a crystallization
0

c.

Mineralogy and Chemistry of Lunar Fines and Rocks

51

Clifford Frondel, Cornelis Klein, Jun Ito and John C. Drake
Department of Geological Sciences, Harvard University
Standard chemical analyses establish that the bulk lunar fines
(<limn), the <.37 micron fraction thereof, the microbreccia rock and
the scoriaceous glass that constitutes the bulk of the glass in
the fines have virtually identical chemical compositions. Standard
analyses of the microgabbro and the vesicular basalt diverge therefrom
chiefly in containing more Fe and Ti and less Al.
The glasses in the fines range from silica glass with n 1.462
to colored silicate glasses with n to over 1.75. Glasses with composition of calcic plagioclase (range An6Q to An94), clinopyroxene and
of the bulk fines are relatively abundant. The variation in glass
composition is almost continuous {~300 microprobe analyses) due
to varying admixture of the initial materials. Coexistence of
different glasses in individual grains in noted.
The crystalline phases of the fines include {in decreasing order
of abundance): pyroxenes, often zoned or exsolved, including augite,
pigeonite, ferroaugite, and titanaugite (one standard analysis and
probe analyses), anorthite (average An92, from standard analysis),
ilmenite, olivine (Fo61 to Fo76), tridymite; cristobalite; iron-nickel
(~3 to 14 wt. % Ni in 35 probe analyses) including both condensation
droplets and fragments of meteoritic iron; iron ( < 0.5 wt. % Ni) from
igneous rocks; schreibersite, cohenite and troilite. The morphology
of euhedral crystals of ilmenite, iron-nickel, anorthite and pyroxene
from the fines is described.
The mineralogy of the microgabbros includes anorthite (average
An9o, from standard analysis; range Ans3 to An93, from probe analyses),
pyroxenes (one standard analysis and 60 probe analyses), ilmenite
(one standard analysis), olivine (F062 to Fo7o), pseudobrookite (?),
cristobalite, tridymite, iron and a triclinic Ca-Fe-Mg silicate (Wo14
En3 Fsa3) allied to pyroxmangite. An accessory mineral containing
Fe and Cl is noted. The pyroxenes are highly zoned and range from
Wo4o En43 Fs16 to Wo23 En9 Fs68; others are pigeonite of variable
composition. Low-cristobalite forms oriented microgranular inversion
pseudomorphs after high-cristobalite. The low-tridymite forms
inversion pseudomorphs after h~h-tridymite crystals.
"Zap" craters are common on spherules and fragments of glass and
iron-nickel in the fines, and their morphology is described. Evidence
is given that the zapping was an episodic event, that occurred
while the fragments were in flight in the explosion cloud of a meteorite
impact in which the hyper-velocity impacting particles were gen~rated.
Zapping of the lunar surface is viewed as a concomitant event and
not as a continuing erosional process.
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APOLLO 11 DRIVE-TUBE CORE SAMPLES:
AN INITIAL PHYSICAL ANALYSIS OF LUNAR SURFACE SEDIMENT
by
R. Fryxell, D. Anderson, D. Carrier, W. Greenwood, and G. Heiken
Two drive-tube core samples were obtained from the lunar surface.
Fines are medium grey, loose, apedal, very weakly coherent, and had bulk
densities of 1.66 ± 0.03 gms. and 1.54 ± 0.03 gms/cc. Initial sieve
analyses showed sizes predominantly between 1 mm to 30 microns with rock
fragments and glass spherules to 1.5 em. Subsequent analyses by others
reveal higher percentages of fines and fragments in the micron range.
Microscopically, fines are about half glass, including weakly-coherent
aggregates, and plagioclases, clinopyroxene, ilmenite and olivine.
Freshness (except for shock metamorphism), limited devitrification, lack
of hydration of glass, and unoxidized free iron (Preliminary Examination
Team; Science, 1969) indicate a waterless vacuum environment for the
samples throughout their history. Both accumulation and mixing are
demonstrated by features of the sections. Neither core showed a bleached
surface layer.
Characteristics of these cores suggest processes involved in the
lunar environment may be expressed as follows: r (regolith) =
f(cl,p,r,t,b,a, ... ), in which climate (cl) is largely constant and the
time (t)-dependent processes of bombardment (b) and accumulation (a)
assume significance unparalleled on earth because of their effects on
parent material {p} and relief (r). Thus, in contrast to earth, lunar
alteration processes are primarily mechanical rather than chemical.
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(Abstract)
Alkali Metals, Alkaline and Rare Earths

~

Strontium Isotope l.omnositions in Tranquillity
Base Basalts
P. W. Gast and N. J. Hubbard
Lamont-Doherty Geological ObservatC'lry of Columhi.; Un1verc;itv
Palisades, N.Y.
The abundance of 18 elements has been determined in 8 samples (six
igneous rocks, one soil and one breccia), using isotope dilution combined
with ancillary techniques. The rare earth element concentrations are
higher than those of terrestrial basalts and virtually unfractionated
between Nd and Yb, except for Eu which is depleted by more than a factor
of three relative to Sm and Gd. La and Ce are depleted relative to
heavier rare earths by a factor of two for the rock with the lowest REE
abundance, to 40% for the rock with the highest REE abundance. Total REE
abundances vary by more than a factor of two.
One soil sample and one breccia sample are almost indistinguishable
from each other for all elements studied. Two breccia samples and one
soil sample have Nickel contents ranging from 150-200 ppm. Six igneous
rocks have Nickel contents that are consistently under 25 ppm. Sr 87 /sr8 6
ratios for three coarse grained (10020, 10003 and 10062) igneous rocks are
virtually identical with those of achondrites- 0.7000±.0006. One fine
grained rock (10017) has a higher ratio of 0.704f a breccia (10073) sample
is intermediate between these limits.
The chemical characteristics determined in this study suggest that the
Tranquillity Base basalts are derived by igneous differentiation, plagioclase
and olivine are probably the dominant liquidus phases. The parent liquid
for the Tranquillity Base basalts probably had Al 0 contents in excess
2 3
of 16 weight per cent, Na o contents less than 0.4 wei~ht per cent. and
2
Ti0 2 contents of more than 1. 0 ~veight per cent.
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DIFFRACTION AND MOSSBAUER STUDIES OF MINERALS
FROM LUNAR SOIL AND ROCKS
by P.Gay, G.M.Bancroft and M. G.Bown (University of Cambridge).
Preliminary X-ray diffraction studies (mostly single-crystal) were
concentrated on qualitative observations of major mineral constituents; some minerals
occurring very rarely in the samples were identified. In both soil and rock samples
the major minerals studied were plagioclase, pyroxene, olivine and ilmenite. Native
iron, glass and rare mica (?) were identified in the soil, and rare amphibole and
aragonite in the rock sample.
Plagioclase crystals possess (transitional) anorthite structures, with
interesting variations in the intensity and diffuseness of type (c) reflectionsone crystal from the rock showed an unusual intermediate plagioclase structure.
Pyroxenes are sub-microscopically unmixed with variations in the proportions of
pigeonite and augite constituents and in the perfection of unmixing. Augite usually
predominates, but one crystal from a rock was pigeonite with unusual incipient augite
exsolution. Olivine crystals appear to be normal and unaltered.
Mossbauer spectra have been recorded of bulk lunar soil samples from
no.l0084 and no.l0085, ground rock from no.l0045, and mineral separates from no.l0044.
Peaks have been assigned to olivine, ilmenite, augite, troilite, iron metal and
magnetite {perhaps containing some Ti).
Quantitative estimates of the proportions of these minerals have been
made from computer-fitted areas. The pyroxene spectra show that there is appreciable
ordering of the divalent cations.
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Luminescence, e.s.r. and optical properties of lunar material
BY

J.
A.
G.
W.
G.

E. Geake, U.M.I.S.T., Manchester, England
Dollfus, Paris Observatory, France
F. J. Garlick, University of Hull, England
Lamb, University of Hull , England
Walker, U.M.I.S.T., Manchester, England

Dust from the bulk sample shows no luminescence under UV excitation,
but a broad spectrum of weak visible luminescence under 60 KeV protons.
Proton damage produces a rapid decrease in luminescence efficiency, but
no detectable change in appearance or albedo. Heating the dust above
600°C in argon changes its color to brown, doubles it albedo and its proton
luminescence efficiency, and causes some devitrification. Proton damage then
produces a very slow decrease in albedo and a rapid decrease in efficiency.
Some rock chips show luminenscence from inclusions, under UV excitation,
and more general luminescence under protons.
No natural or excited thermoluminescence has been observed for
dust or chips.
The e.s.r. spectrum of dust shows a broad dipole resonance about
6 kilogauss wide which changes after heating above 600°C but not below
this. Some rock samples show a similar spectrum, but others, including
separated glassy particles, give no e.s.r. signal. Surface and sub-surface
core samples give identical e.s.r. signals.
The polarisation characteristics of light scattered by lunar dust
samples agree with those for the lunar Mare as observed from the Earth.
Severe proton damage produces no detectable change. Several wavelengths
3~~tJ

from ~ to

nso

{Jiif)A have been used;,

GaāL C~'"~

t

·• T

Rock chips give ' 'j
results.
Scanning electron microscope photographs show the surfaces responsible for
the polarisation characteristics.
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LUNAR SAMPLE ANALYSIS
Optical, Electrical and Surface Properties of the Lunar Sample
T. Gold, M.J. Campbell and B.T. O'Leary
The optical scattering and polarization law at different
wavelengths has been observed with the lunar dust and compared
with the observations of the moon as a whole.
general very close correspondence.

There is in

The dielectric constant

of the material is within the range that had been estimated
for the moon as a whole by radar methods.

The distribution

of particle size appears to indicate that there is more mass
in particles of less than 20 microns radius than in those that
are larger.

The differential mass spectrum as a function of

radius is almost constant from 100 microns down to 1/10 micron.
The shapes of the particles indicate a variety of different
agencies having been responsible for their generation.
The low albedo of the lunar material appears to be caused
to a large extent by a thin surface deposit on the grains.
many cases this deposit has a metallic appearance.

In
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ABSTRACT
For Presentation at Apollo 11 Lunar Science Conference
Houston, Texas January S-8, 1970
ABUNDANCES OF MAJOR, MINOR AND TRACE ELEMENTS IN CHIPS FROM 27 LUNAR ROCKS
*
+
...L
+
G. G. Goles , R. A. Schmitt , W. D. Ehmann+, H. Wakita ,
K. Randle * , M. Osawa * , and J. W. Morganf
Instrumental activation (14-MeV neutron, thermal-neutron and 23-MeV
bremsstrahlung) analysis has been applied to the determination of ten major
(Si, 0, Ti, Al, Mg, and Ca), minor (Na and Mn) and trace elements (V and
Cu) in ca. 1 gm chips from 2 Type A, 7 Type B and 18 Type C rocks. Also
abundances of 15 additional elements, Sc, Cr, Fe, Co, Ba, La, Ce, Sm, Eu,
Tb, Yb, Lu, Hf, Th, and U, will be obtained by this technique. The results
are summarized below with attached error estimates of one standard deviation
from the mean. Soil compositional abundances are included {or comparison.
Average Abundances in Lunar Rocks and Soil

Si(%)
0 (%)
Ti (%)
Al (%)
Mg (%)
Ca (%)
Na (ppm)
Mn (ppm)
V (ppm)
Cu (ppm)
a
number

TyJ2e A (2)

TyJ2e B (7)

Ty2e C (18)

TyJ2e D (soil)

18.9±0.8
38.5±1.2
6. 2± 0. 5
4. 3± 0. 6
3.9±0.3
6.8±0.1
3600± 70
1680± 120
88 ± 1

18. 7:!0. 8
39.4±1.0
5.9±0.8
5. 5± 0. 8
4. 6± 1. 1
7. 4± 0.9
3180±440
1830±180
82 ± 19

19.7±0.7
41.1±1.0
4. 7± 0. 5
7. 4± 0. 9
4. 6± 0. 6
8 .1± 0. 6
3520±160
1580±130
71 ± 13
13± 3 (6)~

20.2±0.2
40. 8± 1. 2
3.9±0.3
7.lf:0.1
4 .8::J: 0.1
7.4±0.2
3070±100
160 0±1 0
63± 4

12±2(1)~

11±2{1)~

of rocks

On the basis of Ti, Al, and Mg abundances, the bulk composition of Type
A rocks differ markedly from Type C rocks and soil, whose bulk compositions
are quite similar. Type B rocks appear intermediate in composition between
Types A and C.
Departments of Chemistry and Geology, University of Oregon, Eugene, Oregon
+ Department of Chemistry and The Radiation Center, Oregon State University,
Corvallis, Oregon
;f Department of Chemistry, University of Kentucky, Lexington, Kentucky

*
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Rb-Sr and U, Th - Pb measurements on lunar material
K. Gopalan, S. Kaushal, and G. W. Wetherill
UCLA, Los Angeles, California

The Rb and Sr concentration and Sr isotopic composition
has been measured on the whole rock and five density fractions
of a sample of microgabbro.

When plotted on a Sr evolution

diagram, these points define an isochron with a slope of
3200 + 600 m.y. and an intercept of 0.7007 + 0,0008.

Three

other whole rock samples fall on this isochron within experimental error.

The point representing fine surface material

falls below this isochron.
Pb from the fine surface material is highly radiogenic
with Pb 206 ;Pb 204 > 230. An age of 4750 +50 m.y., analogous
to Houterman•s age of the earth, has been calculated from the
ratio of radiogenic Pb 207 ;Pb 206 . The concentrations of U, Th,
and the lead isotopes are consistent with the evolution of lead
in a 4700 m.y. old closed system characterized by the U/Pb and
Th/Pb ratios of this surface material.
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Luminescence of Apollo 11 Lunar Samples

Norman N. Greenman and H. Gerald Gross
Link, in 1946, on the basis of lunar eclipse observations, proposed
that the light of the moon contained a small luminescent component
in addition to the reflected solar component. Many observations
since that time, both of additional eclipses and of spectral line
sha~ by the line-depth technique, have tended to confirm this idea.
The purpose of this study of the Apollo 11 lunar samples is to
understand the origin and significance of the observed luminescence
by (1) determining the luminescence spectra and efficiencies of the
samples with ultraviolet, X-ray, proton, and electron excitation,
the chief sources present in the space environment, and (2) comparing
the luminescence behavior of the samples with similar terrestrial
lithologic material. At the time this is written, the experiments
with ultraviolet excitation are in progress; these involve the
Lyman-alpha (1216 A) and middle and near ultraviolet (2000 to 4000 A)
wavelength ranges. The results of these experiments on selected chips
of 1 unar rocks will be reported.
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Surface Properties of Apollo 11 Lunar Samples

J. J. Grossman, J. A. Ryan, N. R. Mukherjee, M. W. Wegner
ABSTRACT
This paper presents preliminary results on the analysis of microchemical,
microphysical and adhesional properties of lunar samples from Mare Tranquillitatus.

Primary scientific objectives are to investigate the relative

effectiveness of various agglomeratron and disruptive processes primarily
responsible for the present state of the lunar surface and the effects on
lunar materials of long exposure to the lunar environment.

Lunar samples

are exposed to various gases to observe chemical effects on individual
particles and adhesion mechanisms between two or more particles.

Chemical

Etching, and microscopy are used to study particle defect structure and
element distributions across grain boundaries which provide information on
agglomeration and disruption mechanisms.

Adhesion forces are measured

between freshly formed lunar material surfaces, and are compared with previous results on terrestrial materials.
A UHV sample was not available and the effects of only reactive gases will
be described on fines previously exposed to N2 • Results obtained on the
adhesion force between sections of a UHV fractured rock chip will be presented.

Finally, etched defect densities and distributions in various par-

ticles and element distributions across particle interfaces will be used to
characterize agglomeration processes.

Apollo 11 Samples:

Selected Mineralogical and Petrographic Data
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Meeting Abstract

s.

* L. Finger,
Haggerty, F. R. Boyd, P. M. Bell,

w.

Bryan

Microsc opic, optical absorption, x - ray, and el ec t ron probe studies
have been carried out on olivine, spinel and ilmenite in rocks 10020 and
10071.

The average composi ti on of the olivine in rock 10020 is Fo72 Fa28

with detectable amounts of Ca, Mn, Cr, Al, and Ti.

This olivine contrasts

with terrest rial olivines of igneous origin in its high Cr content (0.21%

o ) and low Ni (< O.Ol1oNi O). Spectral analysis of single crystal s of
2 3
this olivine in the visible and near infra -red shows pleochroism of t he
cr

Fe and Cr bands.

Single crystal, x-ray diffraction data are in the process

of refinement.
Reflection microscopy indicates t hat ilmenite is by far the most
abundant opaque phase, forming between 10-20% by volume of the crystalline
rocks.

Ilmenite is generally homogeneous, but fine, well developed lamellae

of rutile (along [Oll2]) and lensoidal rods of spinel (along [0001]) have
been identified.

The spinel and rutile invariably coexist within ilmenite

and t hey are often int imately associated.

Textural interpretation of these

int ergrowths sugge sts t hat the phases are interrelat ed by a complex rather
than a simple exsolution process.

In addition to the spinel which has

exsolved f rom ilmenite, there are sparse grains of primary spinel, sometimes
mantled by ilmenite, in rocks 10020 and 10071 and in the breccias.

Detailed

electron probe analyses show that the primary spinel in 10020 is rich in
Fe, Cr, and Ti, while in 10071 it is rich in Fe and Ti, but low in Cr.
These spinels are homogeneous and free of exsolution.
rocks 10020 and 10071 are similar in composition.

The ilmenites in

In addition to Fe, Ti,

and Cr both the ilmenites and the spinels contain Mg, Mn, Al, and ca.

The

spinels with ilmenite mantles contrast with those in terrestrial lavas
where the early f ormed Cr-Mg

*Principal

Inves~i gat or

spine~s

are commonly mantled by titanomagnetite.
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Chemistry and Optical and X-ray properties of Pyroxene
in Three Coarse-grained Lunar Samples
by R. B· Hargraves, L-S· Hollister,and G· Otalora
Department of Geological and Geophysical Sciences
Lunar sample 10058 contains

(55% by volume) subhedral, pink-brown

to pale pink, poorly cleaved subcalcic clinopyroxene(median grain diameter=
0.4mm).

Electron microprobe analyses reveal both sectoral and radial

compositional variations.

In the

(100?) sector of a single crystal,

the most extreme, continuous radial compositional change is from
(Ca Fe Mg Mn
Cr
Ti )
(Al Si
)
near the center to
.64 .41 -92 .oos -004 -05 2-03 -07 l-91 l-98
(Ca Fe
Mg Mn
Cr
Ti
)
(Al Si
)
at the edge.
The maximum
.32 1.52 .12 .022 .001 .025 2.0d .04 1.95 1.99
measured sectoral difference, between the (100?) and (001?) sectors,
is

(Ca Fe Mg Mn
Cr
Ti )
(Al Si
)
to
.63 .40 .93 .oos -005 .04 2-01 .07 l-92 1.99
(Ca Fe Mg Mn
Cr
Ti )
(Al Si
)
• The approximate
.75 .33 .as .oo6 .oos .07 2.01 .14 l-85 1.99

coupled substitution of (Ti+2Al) for {2Si+1Divalent cation) across the
sector boundaries suggests that the Ti is predominately quadrivalent
and that the Al is predominately in the tetrahedral position.

The

sector-zoning is geometrically related to the crystallographic directions,
which suggests that the pyroxenes were nearly euhedral in their early
stages of crystallization.

Based on the two dimensional atomic

configurations on possible crystal faces, higher Ti and Al are predicted
for the {001) sector relative to the {100) sector.
The continuous compositional variation is reflected in 2VZ
{40.5° to 47.5°), refractive indicies
(0.023 to 0.030).

(Ny=l-706 to 1-722), and birefringence

Discontinuities in extinction angle correlate with

sectoral compositional boundaries.

Broadened X-ray peaks hinder precise

unit cell dimension determinations.
Measurements of pyroxenes in samples 10047 and 10062 are in progress.
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Rare-Earth Elements in Apollo 11 Returned
by Larry A. Haskin, Ralph

o.

Luna~

Samples

Allen, and Philip A. Helmke

Department of Chemistry
University of Wisconsin
Madison, Wisconsin 53706
Using neutron activation analysis, we have analy zed

5

f i~e

grained and 1 medium-grained igneous rocks, two breccias, and l
sample of lunar soil fines for 12 of the rare-earth elements (REE).
Atnong these samples, the abundances of the lighter REE vary by a
factor of

4 and those of the heavier REE by a factor of 2.

The

relative abundances of the REE in these lunar materia l s are
similar to those found in chondritic meteorites, except that the
medium-weight elements are enriched about 40% relative to the
heaviest and the lightest REE, and Eu is present in only
1/

2

its interpolated abundance.

1

/ 4

to

Concentrations of the nEE in the

lunar samples exceed those in the chondrites by 20 to 80 times.
The only common terrestrial rocks that have relative and
absolute abundances similar to those found in these lunar s amples
are the subalkaline marine basalts associated with ocean ridges.
The resemblance between these materials is so striking that similar
chemical processes were probably involved in their origins.
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ABSTRACT

Magnetic properties of Lunar Dust sample 10084 and Lunar Rock
sample 10022.
Charles E Helsley, Geosciences Division, University of Texas at
Dallas, P.O. Box 30365, Dallas, Texas~ 75230

Curie point determinations on the -150 mes·h fraction of
the Lunar dust show a pronounced Curie point at 770°C and lesser ones
between 300-400°C.

Several small rock fragments

(0.3 to 0.4 grams)

have remanent intensities between 8.4 x lo-5 and 1.7 x lo-5 emu/gm
while the large sample (22 grams) has an intensity of 2.8 x 10- 6 emu/gm.
Upon alternating field demagnetization the magnetization of two of
the small samples was found to be viscous in origin while the third
sample was shown to possess a remanence that appears to be stable.
The remanent coercivities of this sample are greater than 50 oersted
and thus it is unlikely that the remanence was acquired after its
return to

ea~th _

Partial

ther~al

remanence

expe~iments

on this

sam~le

indicate that it must have acquired its magnetization by passing
through the Curie point in the presence of a field in excess of 500
gammas or that it acquired its remanence as a result of a stress
induced magnetization during an impact event.

The major

potentia~ly

magnetic mineral phases in these samples are ilmenite, native iron,
pyrrhotite, and perhaps a spinel.
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»D:SSION SPECTROGRAPHIC DETERNINATIOl OF TRACE ELID·:iENTS

IN UJNAR SAMPLES

by
Armin Helz and Charles Annell
U.s. Geological Survey, Washington, D.C. 20242
ABSTRACT
Eighteen minor or trace elements were detected and determined
by emission spectroscopy.

Direct d-e arc exci t nJd o;:: of pow·dered

samples was used with three variations in the procedure.

Thirteen

lunar samples consisting of four fine-grained igneous r ocks, one
medium-erained igneous rock, six breccias, one sanple of fines, and
one bi o-prep sample were analyzed.

The breccias had betileen one

and two magnitudes greater concentration of zinc and nickel than
the igneous rocks.
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ANALYSIS OF FIRST RETURNED LUNAR SAMPLES BY
II
TECHNIQUES BASED ON MOSSBAUER SPECTROMETRY
C. L. Herzenberg and D. L. Riley
IIT Research Institute

Abstract. Nuclear gamma resonance measurements for the nuclide
Fe 57 in lunar material have been made in transmission on lunar
fines and in scattering on intact lunar rock chips.
significant amount of ferric iron ha.s been detected.

No
Strong

resonances have been observed for ilmenite in all samples.
Strong resonances are also present from ferrous iron in silicate
phases, including pyroxenes and, in some samples, glasses and
olivine.

Metallic iron alloyed with nickel and troilite have

also been detected in the lunar fines.

Differences in the

spectra of different samples of lunar material and their
significance are discussed.
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Report on Inert Gases in Lunar Samples from Apollo-11
D. Heymann, A. Yaniv*, J. A. S. Adams, and G. T. Fryer
Departments of Geology and Space Science
Rice University, Houston, Texas
We have measured mass-spectrometrically the absolute amounts and
isotopic compositions of all the inert gases in sample 10084, 40 (consisting of fines, < 1 mm) and splits thereof; and in a few "rocks".
4
20
36
84
13 2 .
.
.
Most of the He , Ne , Ar , Kr , and Xe
1.s 1.nversely proport1.onal
to grain-size, hence these gases appear to be concentrated at the surfaces of the particles.
solar wind.
Ne

20

/Ne

.

Ne

~13.40;

84

/Xe

21

/Ne

22

132

~4.5.

cosmic-ray produced gases.
xe

132

: xe 134 : xe

30.86.

136

~0.036;

Ne

20

/Ar

36

~6;

Ar

3

~2680;

36

/Ar

38

4

He /Ne

20

=5.36; Ar

~100;

36

/Kr

84

~

These ratios are virtually unaffected by
xe 124 : xe 126 : xel28: xe

129

: xe

130

: xe

131

:

= 0.48: 0.54: 7.93: 103: 15.66: 100: 81.78: 37.36:

A cosmic-ray produced component, however, has been identified

in several particles.
ccSTP g

4

In the most gas-rich part1.cles He /He

22

2000; and Kr

The most likely origin of these gases is the

-1

m.y.-

1

3

On the basis of a production rate for He =2.0xl0

the "radiation ages" range from about 10 ~ 300 m.y. Ar

-8

40

appears to consist of two components, a radiogenic one and a surfacecorrelated component.

On the basis of an adopted K-content of 0.1 weight %

40
and terrestrial K
abundance, the K-Ar age of the dark particles in sample
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10084
Ar 40 is

y.

The origin of the surface-related

the present time, but we favor a lunar

origin.

DH:jw

*

On leave of absence from the University of Tel Aviv, Ramat Aviv, Israel
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P.I. :

H. Hintenberger

Concentrations and Isotopic Compositions of Rare Gases,
Hydrogen, and Nitrogen in Lunar Dust and Rocks
by
H. Hintenberger, H. W. Weber, H. Voshage, H. Wanke, F. Begemann,
E. Vilscek, and F. Wlotzka
Max-Planck-Institut fUr Chemie (Otto-Hahn-Institut), Mainz
Abstract
The concentrations and isotopic abundances of the rare
gases He, Ne, Ar, Kr, and Xe have been investigated in fines
and 3 types of rocks. The results obtained from different
grain-size fractions and from samples leached with HN0 and
3
HF to different degrees demonstrate the strong concentrations
of the solar-wind component in the surface layers of the grains.
In leached samples as well as in the fractions of large grain
sizes a spallation component can be observed. Further
experiments have been done by stepwise heat extraction. By a
combination of the results of the different experiments the
solar-wind component, the spallation component, and the
radiogenic component can be determined separately.
Special experiments have been performed on a separated
fraction of iron grains and other larger grains of other
material.
Hydrogen, Nitrogen and other gases released by heat
extraction have been analyzed by a high resolution mass
spectrometer capable of resolving the ( 3He - HD - H ) 3
and ( N2 - CO - c 2H4 ) - multiplets. The concentrations of
hydrogen and nitrogen have been determined. The (D/H)-ratio
has been measured by two different methods. Deuterium is
depleted in lunar fines and type-C rocks as compared to
terrestrial water.
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SEARCH FOR
PORPHYRINS ON THE MOON:
ANALYSIS OF

LUNAR

SOIL RETURNED BY APOLLO

11

ABSTRACT*
Fluorescent pigments were observed in lunar soil collected by
Apollo 11; spectral evidence coupled with specific physical and
chemical behavior suggests that porphyrins were present.

Scanning

of fluorescence excitation in the region of the Soret band of
porphyrins, for characterfs tic emission in the red,
band at 390 nm and a stronger, broad band at 455 nm.

sho~-1ed

a weak

Demetallation

analysis with methanesulfonic acid intensified the excitation peak
at 390 nm, in keeping with the general behavior of metal complexes
of porphyrins on conversion to strongly fluorescent free-base pigments.
After recovery procedures for free-base porphyrins, specific excitation
at 390 nm was observed for emission maxima at 600 and 630 nm in
hydrochloric acid.

Complexing with copper destroyed the fluorescence.

Abundance in the "bulk" sample is estimated to be 10- 1 0 grams per
gram.

Similar pigments accompanied by more complex background fluorescence

are present in exhaust products from lunar descent rocket engines.

It

is tentatively concluded that the indicated porphyrins in the Apollo 11
"bulk" sample were generated from dimethylhydrazine at the combustion
temperatures of the descent engine, an observation of considerable
importance in high-temperature cosmic generation of biochemical compounds.
Authors:

Gordon W. Hodgson, Etta Peterson, K. A. Kvenvolden, Edt-lard
Bunnenberg, W. E. Reynolds, B. Halpern and Cyril Ponnamperuma.

Principal Investigators:
Date:

Cyril Ponnamperuma and Berthold Halpern.

Decenmer 8, 1969.

*Prepared for Houston meeting, as per request of November 15 from J. Calia.

71

Rb - Sr Isotopic Relationships in Apollo 11 Samples
10020.28, 10022.43, 10047.24 and 10072.25
Patrick M. Hurley and William H. Pinson, Jr.
Department of Earth and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
Preliminary total rock analyses indicate a greatly
different Rb depletion between two groups of these igneous
rocks.

Samples 10020 and 10047 contain Sr with a very

primitive ratio of sr 87 ;sr8 6 , close to 0.6998, while samples
10022 and 10072 have ratios close to 0.7051.

The abundance

of Sr in all four samples is within 10 percent of 170 ppm.
The ratio Rb/Sr in the first pair is close to 0.0043, and
in the second, close to 0.032.

The analyses are relative

to srB7;sr86 in Sargasso Sea water equal to 0.7090; and
to standard solutions that agree with the C.I.T.-U.C.L.A.
standards within less that 1 percent for Rb and 0.1 percent for Sr.
The Rb depletion in these materials must have occurred
during or shortly after the accretion of the terrestrial
planets.
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Search for magnetite in lunar rocks and fines.

J.Jedwab, R.Wollast, N.Van Geen-Peers, A.Herbosch

& G.Naessens.

Abstract

Mag netite crystals larg er than 2 microns are absent from rocks
and dust. Smaller opaque spheres found in the dust can tentatively
be identified with magnetite. Their concentration is not higher than

r.ro-5

or even

r.ro- 6

particles/ particle inferior to I mm.

This result indicates that in the dust from the sampling site, the
contribution of material similar to Type I carbonaceous meteorite
is unsignificant, either because it never existed, or because it
was evaporated or comminuted by impact, or diluted by indigenous
materials. Other magnetite habits typical of carbonaceous meteorites or eventually of cosmic dust were also looked for without
success: rods, platelets,
crystals.

framboids~

spherulites and idiomorphic
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PYROLYSIS-HYDROGEN FLAME IONIZATION
DETECTION OF ORGANIC CARBON IN
THE APOLLO 11 LUNAR SAMPLE

Richard D. Johnson and Catherine C. Davis
Exobiology Division, Ames Research Center
Moffett Field, California 94035

Abstract

The lunar samples were analyzed for total organic carbon content
by pyrolysis at 800° C and subse_quent detection of the resulting

volatilized organic compounds in a hydrogen flame ionization
detector.

The organic content was found to range from 10 to

126 ppm, depending primarily upon the degree and type of handling
in sample processing.
type has been shown.

No correlation of organic content with rock
The small quantities of organic matter are

ascribed primarily to contamination, and the organic content is
estimated to be less than 10

ppm~
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Compr es sional and Shear Wave Velocities of Lunar Samples
Hiroo Kanamori, Amos Nur, D. Chung, Gene Simmons
Department of Earth and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 021:39
Ultrasonic P- and S- velocities of Apollo 11 lunar samples, 1 006;)
and 10057, were measured up to 5 kb pressure at room t e mperatures .
The standard pulse transmission method was used with 1 MHZ transdu cers.
The samples c ut in the form of a rectangular cylinder with dimensions
lx1x2 em. were jacketed by either copper foil or a rubber tubing to exclude
the pressure liquid from the pores.

Pressure (kb)

Sample
1 0065 ':'

density
3
=2. 34 g/cm
10057
density
3
=2. 93 g/cm

The results are (unit.: km I sec):

0
p

{s

{

0. 5

1

2

3

4

5

l. 50

2.90 3.50 4. 05 4.30 4.45 4.50

l. 05

l. 70

1. 90

3.70 4.62 5. 70 6.20 6.55 6.75

1. 50

2.40 2.85 3.20 3.40 3.52 3.68

2.00 2.28 2.42 2.65 2. 78

':' average of two orthogonal samples.
The velocities increase as much as twofold for the first 1 kb pressure increase.

This increase is much more pronounced than in earth rocks.

If

the samples are representative of the lunar material, an efficient waveguide
must exist near the lunar surface.

The samples were found to be highly at-

tenuating; for both P and S waves, the value of Q is about 10 at pressures
above 300 bar; less at normal pressures.
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ABSTRACT- APPOLLO 11 LUNAR ANALYSIS CONFERENCE
Concentration and Isotopic Composition of Carbon
and Sulfur in Apollo 11 Lunar Samples
by: I.R.Kaplan and J.W. Smith
Five samples were received for analysis:

1 bulk fine (10084),

2 breccias (10002, 54 and 10060, 22) and 2 fine-grained basaltic
rock fragments (10049 and 10057,48).
The carbon content ranged from 10 to 200 ppm in single
determinations.

Highest carbon content was found in the breccias

and in the bulk fines, the lowest carbon content was in the finegrained rock. C 13 was most enriched 1n the total carbon from the
fines and breccias, reaching a value of nc 13 + 19.5 %u(POB) in
one sample.

c 13

was depleted in carbon from the fine-grained

rock relative to POB.
in samples by

c 13 1c 12

Carbon from non-lunar sources was detected
measurements.

Descent engine exhaust was

apparently not a major source of carbon analysed.
Sulfur concentration as sulfides varied from 770 ppm (in fines)
to 2280 ppm (in fine-grained rock). The isotopic concentration
ranged from os 34 + 4. 7%~ to +1.2%., (relative to meteoritic sulfur)
in the above samples.

The breccias gave intermediate values
for both sulfur concentration and os 34 .
The results suggest that light isotopes of carbon and sulfur
have been preferentially removed from the lunar surface.
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METEORITE OO'ALL, SOLAR-WIND FLUX, AND FORMATION CONDITIONS OF
THE MOON FROM TRACE ELEMENT DATA; RADIOACTIVITY OF LUNAR ROCKS.
~~

~~

~L

"

Reid R. Keays," R. Ganapathy," J. Co Laul," Ed~rd Ander s,''- Gregor y F. Herzog,
and Peter M. Jeffery

+

Lunar soil and Type C breccias are enriched i n the following trace eleme nts ,
relative to Type A and B rocks: Ir, Au (lOOx); Zn, Cd (10-20x); Ag, Pd, Br, Tl
(3-5x). This enrichment increases with decreasing particle size of the soil.
Other elements (Co, Ga, Rb, Cu, Cs) are enriched by factors of less than 2; of
the elements measured by us none are depleted. This enrichme nt must be due to
a combination of meteorite infall and solar-wind bombardment. If attributed
entirely to the former, the average influx rate of meteoritic matter at
Tranquillity Base is 3xl0-9 g cm-2 yr-1, about a fact or of 4 lower than the
rate for the Earth. The trace element proportions suggest that at least half
of the infalling material is of enstatite or carbonaceous chondrite composition.
If the trace element enrichment is attributed entirely to the solar wind, the
average proton flux in the last 4.5xlo9 yr must have been 8xlo 9 cm-2 sec-1, a
factor of 40 higher than either the present-day value, or the value inferred
fro m the xenon content.
Type A and B rocks contain Co, Ga, and Pd in essentially the same
abundances as continental basalts. Other elements are depleted by the
following factors: Rb, Cs, Ir, Cu ( lo-1); Ag, Au, Zn, Cd, In, Tl, Br
(---lo-2); Bi (-lo- 3). Part of the depletion may be due to the unusual
mineralogy of the Tranquillity Base rocks. But if we assume that these
results are typical for the entire lunar crust, we are led to the tentative
conclusion that the MOon either accreted at a higher temperature than did
the Earth, or acquired a smaller proportion of volatile-rich material during
its formation.
Radioactivities in lunar rocks were measured by Y-Y coincidence spectrometry, using samples of 8 - 29 grams. Na22 and Al26 contents were comparable
to those measured at the Lunar Receiving Laboratory, and seemed to correspond
to saturation levels.
Total positron activity of five lunar samples were determined by Y-Y
coinsidence spectrometry. The accuracy of the method was verified by the use
of two independent counting systems and by determining the activities present
in a synthetic sample of known composition. The abundances of Th232 and u23B
which were needed as correction factors to resolve the contributions of Na22
and Al26 were measured and agree well with the values found by LSPET. In
general the total positron activities observed are comparable to those fou nd
by LSPET. The rock chip 10072,41 showed an activity higher than that observed
for the parent rock by the Houston team which may indicate that the chip is
near-surface.material. Preliminary results suggest higher Na22:Al26 ratio s
than those previously reported.
~~Keays, Ganapathy, Laul, and Anders are responsible for the trace element
measurements.
+Herzon and Jeffery are responsible for the radioactivity measurements.
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Mineral Chemistry of Apollo 11 Lunar Samples
Klaus Keil* and Martin Prinz
Department of Geology and Institute of Meteoritics
The University of New Mexico
Albuquerque, New Mexico 87106
and
T.E. Bunch, K. G. Snetsinger
NASA Ames Research Center
and
I. Harding-Barlow
3717 Laguna Avenue
Palo Alto, California
Polished thin sections of loose surface fines 1 mm in diameter
(10084,97), breccias (10010, 22;) 10059,27; 10067,8; 10068,34), and igneous
rock (10045,29) were studied by optical and electron microprobe techniques.
The following minerals were recognized and analyzed: augite, ferroaugite,
titanaugite, ferrohedenbergite, pigeonite, hypersthene, plagioclase
(An04 to An9g), maskelynite, K-feldspar, olivine (F065 to Fo 80 ), silica,
ilmenite, Ti02, magnesium-iron-titanium oxide (Ti02 72%), splllel, ulvospinel,
native iron, metallic nickel-iron, troilite and chlorapatite. Furthermore,
glass spherules and glass fragments ranging in color from black to brown,
red, orange, green and colorless were analyzed. The following tentative
conclusion may be drawn from these studies: 1. There are no indications
of large scale differentiation from mafic to silicic rocks (Si02 contents
are usually 50%). Some micron-sized silica-rich areas (Si02 65-75%) and
silica can be explained as small-scale late differentiates indigeneous to
the mafic rocks. 2. There are no indications of chemical weathering and
the presence of hydrous minerals. 3. Contributions by weight of meteoritic
material to lunar surface rocks are minimal, as judged by the low abundance
of metallic nickel-iron. 4. The solid rocks have typical igneous textures
and must have originated in an igneous process from a melt by comparatively
fast cooling (as indicated by pronounced chemical variations of pyroxene).
5. Shock features in minerals and glass indicate that at least some of
the loose surface material and breccias are impact produced. 6. Vapor
fractionation may account for some of the observed element abundance patterns
in the glasses.
Laser microprobe analyses were made on polished sections of handpicked grains from lunar fines (sample 10084,97). Coppe~ bari~and
vanadium were determined. Black glass fragments show the following ranges
(all numbers in ppm): Cu, 90-590; Ba, 150-1500; V, 400-950. Composite
grains consisting of fine-grained mineral phases gave: Cu, 10-430; Ba,
300-1300; V, 120-640. In the latter case, values must be considered as
bulk determination, because grain size is too fine to allow analysis of
discrete phases by the laser probe. Clear green spherules have approximately
the same contents of the three metals as the dark brown spherules, although
barium seems to be slightly higher in the latter variety. Pyroxene grains
show zoning with regard to these trace elements. Cores of pyroxene have:
Cu, 240; Ba, 320; V,SOO. Edges of grains contain; Cu, 80; Ba, 120, and V,l30.
*Speaker
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MINERALOGY AND PETROLOGY OF THE ONE MILLIMETER
TO ONE CENTIMETER FINE FRACTION OF THE
LUNAR SURFACE LAYER AT TRANQUILLITY BASE
Elbert A. King Jr., Max F. Carman, and John C. Butler,
Department of Geology , University of Houston, Houston Texas
Abstract - A five gram sample (10085,11) of "coarse fines"
(1 mm. to 1 em.) contains a total of 1227 grains as follows:
gabbroid crystalline rock fragments, 585; microbreccia, 395;
irregular glass spatter and agglomerates, 204; regularly shaped
glass, 6; and 37 grains of other types. Of the crystalline rock
fragments, 428 show little or no shock metamorphism and 157
appear to have undergone moderate to strong shock. 135 microbreccia
fragments have glass crusts or spatter on some part of their
surface.
Major minerals of most of the holocrystalline rocks are ilmenite,
titaniferrous augite (2V = 40-50, 2V dispersion r>v), and calcic
plagioclase (An8 5 _ 90 ). Olivine (Fo 70 _ 80 ) is relatively sparse.
Refractive indices and 2V of these minerals are both consistent
with values for terrestrial minerals of the given compositions. A
pyroxene was detected with smaller 2V 2 (30-35) and 2V dispersion r<.v.
X-ray diffraction shows pyroxene, plagioclase, and ilmenite in
fines (less than lmm) adhering to the "coarse fines".
Glass spherules, dumbells, teardrops and angular fragments have
a wide range of refractive indices that generally correlate well
with their colors and appear to represent both fused and shocked
rock and individual mineral glass. The variety of rock types,
textures and glass in this size range far exceeds the variety
found in the larger rock specimens, but mostly seems to be closely
related to and is probably derived from material similar to large
rocks returned by Apollo 11.
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4
Study of Distribution and Variations of
ne in Lunar Material
by a Microprobe Techn i que

T. Kirsten , F. Steinbrunn and J. Zihringer
Max-Planck-Institut ftir Kernphysik, Heidelberg
The combination of an electron microprobe and a gas mass
spectrometer allowed the registration of He - concentration profiles across polished sections of lunar breccias related to the
chemical composition with a resolution in the order of 10 ~·
It is found that
(1) lie is distributed very inhomogeniously, with variations exceeding a factor of 100 from spo t to spot.
(2) He is generally
enriched in fine grained material.
(3) He is strongly depleted
in small crystalline fragments within the breccias,
(4) He increases with the Ti and Fe concentrations of particular grains,
except for crystalline fragments included in the breccias,
(5)
He decreases with the Ca-content of the particular grains.
In
cristalline rocks the concentrations are be l ow the detection
limit of the technique applied.
To avoid effects due to intergrowths of different minerals,
handpicked grains of different dust constituents and of different
grain size, both, etched and unetched, were singly mounted , bombarded with the electron beam, and He was analyzed.
It is found that
The average He concentrations of different constituents differ
by more than a factor of 10 .
The sequence corresponding to decreasing He-concentrations is ilmenite, glassy Ti-rich conglomera t e s , glass spherul e s , p y roxene , plagioclase .
(2) He-concentrations increase for smaller grain sizes.
This is also supported
by total rare gas an a lys i s of grain size fractions of lunar dust.
(3) Etching of the outer 2 ~removes a substantial part of the total
He, Ne and Ar contents.
(4) Grains of the same type show distinct
fluctuations in th e ir He-concentrations.
A few grains without
any detectable He were also found .
(I)

Ar,

H

Cavities i n crystalline rocks contain small amounts of He,
and N .
2
2

The data suggest that He is f i rst incorporated in outer
layers of particular grains and later ~ransfered into the interior by means of diffusion .
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Abstract of paper for Apollo 11 Lunar Science Conference, January 1970
LEAD AND THALLIUM ISCII'OPES IN MARE TRANQUILLITATIS SURFACE MATERIAL

Truman P. Kohma.n (Principal Investigator),
Lance P. Black, Haruhiko Ihochi, and James M. Huey
Department of Chemistry,

Carnegie~ellon

University,

Pittsburgh, Pennsylvania 15213
Lead and thallium are volatilized from powdered solids in vacuo
at ~oo0 c and purified for solid-source mass spectrometry.

Elemental

abundances (in the vapor condensate) are determined by isotope dilution
using Pb 206 and Tl203 spikes.

Preliminary results are reported for a

sample of Apollo 11 fines ( < 1 nnn) •
Isotopically, the lead is unique:

Pb 204 /Pb 206/Pb 207/Pb20 8

=

1/71.2/50.3/89.6. It is more radiogenic than any meteoritic lead reported
and older than any terrestrial radiogenic lead.
(meteoritic troilite) yields a Pb 207 /Pb 206 age of

SUbtracting primordial Pb

4.6e

Gy.

The radiogenic

Pb 208 /Pb 206 ratio corresponds to a Th 232/U238 ratio of 3.89 (Th/U mass
ratio

= 3.76 ).

The volatilized Pb constitutes 1.22 ppm of the sample,

giving a lower limit to the Pb content.

Evidently Pb was strongly depleted

and U and Th strongly enriched in the formation of this material ( 1.1

=

present o238 /Pb 204 """58, compared to ""0.4 in Type I carbonaceous chondrites,

-4 in ordinary chondrites, and -9 in the earth).
The volatilized Tl constitutes 5. 5 ppb of the sample; this is
probably an upper limit to the Tl content because of non-zero blanks.
amount was too low to yield a mass spectrum of the unspiked Tl.

The results

indicate a strong depletion of Tl, even relative to Pb, and favorable
conditions for the eventual detection of T1 205 /Tl 203 variations due to
extinct natural radioactivity of Pb 205 (half-life ..J24 My).

The

~ hs~ r a ct

of

~he

pap e r to b J

ore s e~t e d

in t he Conf er ence
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Fractional Crystallization of Some Lunar t-Jiafic Magmas and
Generation of Granitic Liquid
I. Kushiro * , Y. Nakamura * and S. Akimoto * *
The phases in the crystalline igneous rocks 1002 2 (Type A)
and 10024 (Type B) have been analysed with the electron probe
rnicroanalyser.

Clinopyroxenes in both the rocks are pigeonite

(near Ca 10 Mg F e
by mole) and stronFlY zoned augite - subca lc ic
65 2 5
ferroaugite (e .g., ca

Mg Fe
- Ca Mg Fe
) . Olivine found in
15 7 78
38 45 17
the roc k 10022 is zoned fr om Mg Fe
to Mg Fe . Pl agioclase
71 29
50 50
is b ytownite a nd little zoned.
The mesostasis , which fills many
interstices and would represf; nt residual li qui ds, c ons i sts of
fine-grained plagioclase and potassium -rich glass with or without
ilmen ite , iron-ric h clinopyroxene, silica mineral, troilit e, native
iron and apatite .

It s bulk c omposition is close t o those of

g r ani t es , indicating that at le as t some lunar mafic magma s can
generate g rani tic li quids by fractional crystallizati o n .
su~ge • sted

It is

from rr.ineral assemblage and textural relations that

rapid crystallization took place at relatively high tempe ratures
10017 and
and under low Po 2 . The crystalline rocksA10072 were also observed
and the same conclusions have been obtained.
~ elting

The preliminary

experiments sh ow that the liquidus temperature of a Type A

roc"!J: from the bulk sample 10085 is ab out 1220°C at 1 atm under
controlled P o 2 a r, d a bout 1325°C at 20 Kb, nearly same as those of
some terrestrial baealte.

*

Geological Institute, University of Tokyo, Tokyo, Japan

**

Institute for Solid Sta te Physics, University of Tokyo,
Toky o, Japan
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Magnetic properties of Sample No. 10048
by
A. Larochelle and E. J. Schwarz

-4
The natural remanent magnetization (3.7 x 10
emu/cc)
3
and the volume susceptibility (6.3 x 10- cgs) of an 18.5 g
specimen were determined with instrumentation and techniques
currently used in paleomagnetism.

The relatively low magnetic

stability of the rock in the earth's field or in an alternating
demagnetizing field precludes considering it as a reliable
paleomagnetic carrier.

A thermomagnetic study yields an

unusually high Curie temperature (750° C)
due to metallic Fe containing about 2% Ni.

~1hich

is possibly

Abstract
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APOLLO 11 PASSIVE SEISMIC EXI'ERIMENT
Gary V. Latham, Maurice Ewing, Frank Press,
George Sutton, James Dorman, Nafi Toksoz,
Ralph Wiggins, Yosio Nakamura, John Derr, and Frederick Duennebier
The Apollo 11 Passive Seismic Experiment. The lunar seismic experiments provide the principal tools for determining the structure, physical state, and
rate of energy release of the interior of the moon. The Apollo PSEP (Passive
Seismic Experiment Package) represented the first opportunity for demonstrating the feasibility of lunar seismic exploration. As part of the Apollo 11
mission, the PSEP was successfully installed at Tranquility Base, was operated
for 21 days, and demonstrated that the goals of lunar seismic exploration
would indeed be achieved. An important result of the PSEP experiment is that
background noise level on the moon is extremely low; in fact, below the threshold of the instruments (0.3 millimicrons for periods from 1 to 10 seconds).
Of the many signals recorded, at least some are produced by venting processes
and thermal stresses within the LM. Many signals may be of natural origin,
i.e., they may have been generated by moonquakes, impacts, or movement of
surface rocks. However, distinct phases corresponding to various types of waves
are not apparent in any of the recorded seismic signals. Many of the wave
trains are prolonged with a gradual buildup in amplitude. These characteristics
were also observed for the signal received from the impact of the LM ascent
stage during the Apollo 12 mission. This similarity makes plausible the hypothesis that many of the signals were produced by meteoroid impacts or nearsurface moonquakes. The high sensitivity at which the PSEP instruments were
operated would have resulted in the detection of many distinctive seismic
events if the moon were as seismically active as the earth and if lunar rocks
transmit seismic waves as effectively as those of earth. Among the possible
expl anations for these results are heterogeneity of lunar material, which would
scatter seismic waves, a low Q interior which would absorb seismic waves, an
inability of the lunar material to store high stress, and the absence within
the moon of dynamic processes which are associated with major crustal movements on earth.
Gary V. Latham
Maurice Ewing
James Dorman
Lamont-Doherty
Geological Observatory of
Columbia University,
Palisades, New York
Frank Press
Nafi Toksoz
Massachusetts Inst. of
Technology, Cambridge

George H. Sutton
Frederick Duennebier
University of Hawaii,
Honolulu
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Electron microprobe, neutron activation analyses and fission track
studies of Apollo 11 Lunar Samples.
by

J. F. Lovering, D. Butterfield, J. D. Kleeman, N. G. Ware
Electron microprobe analysis are reported on clinopyroxenes, plagioc lase, ilmenite, olivine, cristobalite, metal, troilite and glass phases
in fine-grained igneous (A), coarse-grained igneous (B), breccia (C) and
separated phases from the fine lunar dust (D). Clinopyroxenes are characteristically extremely inhomogeneous both within grains (B) and between
co-existing grains (A,B). Ferrosilite-rich areas in some clinopyroxenes
(B) have broken down into sub-micron vermicular intergrowths of clinopyroxene, fayalite and a Si0 2-rich phase (cristobalite?). Plagioclase grains in
B are also inhomogeneous, often with rims enriched in Na 0 0- 3%) and K 0
(·• 0. 5%. Ilmenites (A,B) are relatively homogeneous wi th2 low MgO (0 .1-l%)
and unusually high Zr0 2 (average 0.26% in A, 0.12% in B), but with 0.6% Co.
The breccia (C) contains similar phases and aggregates of A, B along
with a wide-variety of glassy spherules with Ti0 2 contents ranging 0.09-10.5%.
One metal fragment had a meteorite-like composit1on of 6.22% Ni and 0.29% Co.
The fine surface material (D) consists of inhomogeneous clinopyroxenes
and plagioclases, numerous and widely variable glassy materials together with
olivines. Another meteorite-like metal grain (5.29% Ni, 0.48% Co), with
silicate grains around the margin, was separated from the fines.
Re, Os and Ru abundances in lunar samples from the Apollo 11 site have
been determined by neutron activation techniques and the results compared
with terrestrial materials. The contribution of infalling meteoritic 1naterial
to the lunar rocks is also calculated.
Uranium distributions have been measured in lw1ar rocks using the
Lexan-plastic print method of localisation of induced uranium fission
tracks. Most of the urru1iurn in the igneous rocks (Types A,B) is contained
in interstitial and intergranular phases.

1Present address;

School of Geology, University of Melbourne,
PARKVILLE, VICTORIA, 3052, Australia.
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MORPHOLOGY AND RELATED CHEMISTRY OF SMALL LUNAR PARTICLES FROM TR/1.!\QUILITY BASE
David S . McKay , William R. Greem-1ood, and Donald A. Morrison
Sixty perc ent of the rock chips (4-10 mm.) returned are crystalli ne rocks .
remaining 40% are microbreccia .
enti rely with glass .

The

Many of the rock chips are coated partially to

Glass also coats crystal fragments and forms irregular to

dendrit ic dust impregnated and coated shapes.
Fine material was examined by optical microscope, scanning electron mi c roscope
with non -dispersive x - ray attachment, and electron microprobe.
i s less t han 37 mi crons .

41% of the fine material

Significant features of the glass spherules include multiple

hype rve loc ity impact pits and related frac ture patterns, radiating spray of molte n glass
jets and droplet trains, and spallation.

A number of glas s spherules show a micro-

strat igraphy of accretion of smaller spherules, crystals of plagiocla se , pyroxene,
ilmenite , olivine, and chromi t e, rock fragments, and droplets of iron, nickel-iron,
and troilite.

The metallic droplets are predominately in the mi cron and submicron

size range and i n places .forms a partial coating on the surface of the glass spherules .
Thi s microstratigraphy indicates that the glass spherules passed thro ugh an impact
plume or cloud of hot fragment ed rock material interspersed with an aerosol of mol ten
iron , nickel -iron, and troilite droplets.
during thi t event.

Some of the glass spherules were molten

Relative velocities in this cloud were high enough to produce

numerou s hypervelocity impac t pits on chilled or partially chilled glass spherules .
The chemical composition of the glass spherules and fragments is extremely
variable between particles and range s from quite variable to homogeneous withi n
indi vidual particles .

Two unusual glass fragments containing small olivine pheno-

crysts were observed i n a microbreccia,

The glass compositio n is 45.2% Si0 , 15. 5%
2

Al 2o , 0 . 3% Ti02 , 9. 9% CaO, 13. 5% MgO, 13.6% FeO, 0 .2% K o, and 1.4% Na o .
2
2
3

A chrome

titanium sp i ne l was analyzed and contains 41.5% FeO (total iro n) , 24 . 5% Ti0 , 21 .4%
2
Cr 2o 3 , 4.6% Mgo, 6 .5% Al o , and S . J% Sio •
2 3
2

86
Preliminary Magnetic Resonance Studies
of Some Apollo 11 Lunar Samples *
Stanley L. Manatt, Daniel D. Elleman, Robert W. Vaughan,
Sunny I. Chan, Fred Tsay and Wesley Huntress, Jr.
Space Sciences Division
Jet Propulsion Laboratory
a~

De partment of Chemistry and Chemical Engineerin g
California Institute of Technology
Pasadena, California 91103
ABSTRACT
Electron spin resonance (esr) searches at 9 Gc on several fines
s ampl e s and portions of three rocks collected during the Apollo 11
landin g have y ielded signals whose lineshapes and temperature dependences
r e veal them to be principally ferromagnetic in nature.
Thus far, proton magnetic resonance (pmr) searches at 60 MHz with
these sam e samples have not revealed any signals ascribable to water or
an y other types of hydrogen.

The instrumentation employed possessed a

special cross-coil probe constructed of low proton materials and is
capable of detecting and measuring proton contents down to 0.0001 % by
weight (1 ppm) contained in resonance lines as wide as 50 gauss.

These

results presently suggest that the proton contents of the samples available
to us are ver y low or that the resonance of any solar wind protons present
ar e too broad to be detected under the conditions we have employed thus
far.

This latter situation could very well prevail based on the epr detec-

ti o n o f ferromagnetic centers reported above and the now known unusually
lar g e magnetic susceptibilities of the Apollo 11 samples.

*This

paper presents the results of one phase of research carried out at
th e Jet Propulsion Laboratory, California Institute of Technology, under
Contract No. NAS 7-100, sponsor~d by the National Aeronautics and Space
Administration.
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ABSTRACT OF PAPER ON LUNAR SAMPLES
Solar Wind Gases, Cosmic-Ray Effects and the Irradiation History
K. Marti, G. W. Lugmair and H. C. Urey.

U. C. S. D.

The gases in the soil samples in general resemble those found in gasrich meteorites.
heavy noble gases.

However, He and Ne are depleted relative to the
The Xe isotopic composition differs from both ter-

restrial atmospheric and trapped chondritic Xe, but the neutron-rich
isotopes agree with those found in the Pesyanoe meteorite.

Rare gases

in the rocks are predominantly cosmic-ray produced and radiogenic.
Accurate cosmic-ray exposure ages have been obtained for several rocks
as well as for the soil sample by using the Kr-Kr dating method.

Vary-

ing relative production rates and isotopic anomalies from slow neutron
capture in Gd give information on the contribution from cosmic-ray
secondaries on shielding effects and on erosion rates.

These results,

coupled with the ages obtained by different dating methods, allow us
to trace back the history of each sample.
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Mineralogy and petrography of lunar samples
B. Mason, K. Fredriksson, E. Jarosewich,
G. Melson, E. P. H~nderson, J. S. White
Smithsonian Institution, Washington, D. C.

w.

We have confirmed the presence of plagioclase, augite, ilmenite,
olivine, cristobalite, tridymite, kamacite, taenite, and troilite.
The principal rock types can be broadly grouped into ilmenite
basalts (Types A and B) and breccias (Type C).

Except for its

high ilmenite content, the lunar basalt resembles the Moore County
meteorite in composition and structure.

In addition to the type

A and B crystalline igneous rocks, rare more felsic varieties, consisting of subequal amounts of glass and anorthite (An 95 ) were found
as small fragments.
(weight percent):

CaO=B, Na20=0.6.

This glass has the approximate composition
Si02=43, Al 2o3=13, Ti0 2=1.3, Fe0=13, Mg0=17,

The lunar soil includes basalt and breccia frag-

ments, mineral grains, and a large amount of glass, highly variable
in color and composition.

The finest component

(~

10 microns)

consists largely of glass shards, vesicular on a submicron scale
(electron microscopy).

Evidence of a meteoritic increment in the

lunar soil is provided by the presence of nickel-iron particles in
glass and breccia, and the occurrence of metal-troilite spheroids;
the breccias contain occasional silicate aggregates resembling
meteoritic chondrules .
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THE CHEMICAL COMPOSITION OF LUNAR MATERIAL
John A. Maxwell*, Sydney Abbey** and W.H. Champ**
Geological Survey of Canada, Ottawa
ABSTRACT
The chemical composition, including major, minor and trace elements,
has been determined for three samples of lunar material, comprising two
igneous rocks (Types A and B) and a portion of the <1 mm fraction of the
TypeD fine material.

The samples were analyzed for Si, Al, Fe (total),

Fe (II), Ca, Mg, Ti, Mn, P, H2o-, H2o+,

co 2 ,

C, F, Cl and S by wet chemical

methods, and for Na, K, Sr, Ba, Co, Ni, Cr, Zn and Li by atomic absorption
spectroscopy; determinations of Si, Al, Ca, Mg, Mn and Fe (total) were also
made by the latter method.

Analyses were also made for Zr, Y, Sc, Be, La,

Nd, Ce, Yb, V, Cu and Nb, in addition to Mn, Cr, Ni, Co, Ba and Sr, by
optical emission spectroscopy.

*

Principal Investigator

** Co-Investigator
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Search f or

c15

to

c

30

Alkanes in Lunnr Fines

W. G. Meinschein, Eugene Cordes
and v. J. Shiner, Jr.
Indiana University
Bloomington, Indiana i~ 7401

ABSTRACT
Step>vi se extl·actions of 50 grams of lunar fines yielded separate
benzene-methanol eztracts of the intact, pulverized, and hydrofluroic
ac id di ge ste d sa :r.ple.
quantities of

c15

to

None of these three extracts contained detectable

c30

alkanes.

No

c15

to C30 alkane was present in

t be lunar sample at a concentration exceeding 1 part per billion by
wei ght .
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Total Carbon and Nitrogen Abundances in Apollo 11 Lunar Samples
by
Carleton B. Moore,
Everett K. Gibson,

+

-3~-

•

Charles F. LeWls,

-i*X

and Walter Nichiporuk"

Total carbon abundances were determined in lunar samples by combusting
the samples at 1800°C in an oxygen atmosphere and detecting carbon dioxide
produced with a gas chromatograph.

Weighted mean analyses for bulk fines

were 225 and 140 ppm total carbon.

Individual values on samples of 100 to

350 mg in weight ranged from 110 to 350 ppm total carbon.

The weighted mean

total carbon in fine breccia ("C") was 230 ppm; coarse breccia 100 ppm; finegrained rock ( 11 A11 ) 70 ppm and medium-grained rock ( 11 B11 ) 64 ppm.

Fines passing

through a 300 mesh sieve contained 500 ppm total carbon, those between 140 and

300 mesh 210 ppm and those between 6o and 140 mesh 115 ppm.
Nitrogen was determined after opening the lunar samples at 2400°C in a
graphite crucible to produce reducing conditions.
determined in a gas chromatograph.
ppm for bulk fines.

Molecular nitrogen was

Weighted mean analyses were 150 and 100

The weighted mean total nitrogen for fine breccia ( 11 C11 )

was 125 ppm; for coarse breccia 100 ppm; for fine-grained rock ("A") 115 ppm;
and for medium-grained rock ( 11 B11 ) 30 ppm.
The total carbon and nitrogen in fines appear to be mixtures of indigenous
lunar material together with meteoritic and solar wind components.

Meteorite

impact material is most likely not accumulating on the lunar surface to any
significant extent.

-l~Arizona State University
+

NASA Manned Spacecraft Center
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Multielement Analysis of Lunar Soil and Rocks Returned by Apollo 11
G. H. Morrison J. T . Gerard, A. T. Kashuba
E. V. Gangadha ram, A. M. Rothenberg , N. M.
Potter, G. L. Miller
1

1

Department of Chemistry, Cornell University, Ithaca, New York 14850

ABSTRACT

Results are presented for the multielement analysis of lunar soil
and seven rocks returned by Apollo 11. Both spark source mass
spectrography and neutron activation analysis were employed on each
sample resulting in the determination of 64 elements including major 1
minor 1 and trace elements. The relative standard deviation of the determination by spark source mass spectrography is 5 to 25% about the mean,
while the precision of the neutron activation results is 10% or less.
Accuracy of the results was controlled by the use of U.S. Geological
Survey standard rocks. The analyses showed that the samples for all
practical purposes are similar in composition. Comparisons with cosmic 1
meteoritic 1 and terrestrial abundances are made.
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Mossbauer Spectroscopy of Apollo 11 Samples

A. H. Muir, Jr., R. M. Housley, R. W. Grant,
A. M. Abdel-Gawad and M. Blander
Science Center, North American Rockwell Corporation
Thousand Oaks, California 91360

Lunar bulk sample 10084 (< 1 mm size dust) and samples from the
rocks 10017, 10046, 10057, and 10058 have been investigated by Fe 57
Mossbauer spectroscopy in the temperature range 4-300°K.

We have

identified and semiquantitatively estimated amounts of Fe metal and
the Fe++ minerals ilmenite, pyroxene, troilite, and iron-containing
glass.

Initially part of sample 10084, which had been maintained in

a nitrogen atmosphere, was exposed to air while the intensity of one
of the outer Fe lines was monitored with a constant velocity spectrameter.

No change was detected in a two week period, indicating no

significant reaction occurred, so all subsequent sample handlin g was
tlone in air;

'l'he < 74 micron fraction of sample l008l1 wu.s sepu.:cuteu

into three parts with heayy liquids.

The light part which contained

most of the glass also contained most of the Fe metal.

The anti-

ferromagnetic transition in the ilmenite of the dust 10084 and the
rocks 10017 and 10058 was studied by the constant velocity counting
rate method.

All samples had transition temperatures of 57 ± 2°K

corresponding to stoichiometric FeTi0 .
3

A magnetically separated

sample of rock 10057 was used to clarify the nature of the magnetically
ordered phases in the

~,

principally troilite with minor amounts

of Fe metal in contrast with the dust.
will be discussed.

Implications of our results
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Search for Organic Materials in the Lunar "Fines" b y Mass Spectrometry.
R.C. Murphy, G. Preti, M. Nafissi and K. Biemann
De partment of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts
In an effort to detect and, if possible, identify organic compounds
present in the lunar materia l ("Fines"), three kinds of experiments were
performed:

(1) Vaporization of the volatilizable components directly

into the ion source of a high resolution mass spectrometer.

(2)

Ex-

traction of the material with organ i c solvents before and after dissolving
~nd hydrofluoric
most of the inorganic substrate in hydrochloricracid; these extracts were
investigated by a combination of gas chromatography and mass spectrometry,
as well as by fractionati ng the extract into the high resolution mass
spectrometer.

(3)

The gases evolved on addition of acid were analyzed.

The organic content appears to be very low and represents mainly
aliphatic and aromatic hydrocarbons, compounds containing one nitrogen or
one or two oxygen atoms, and some sulfur containing materials (sulfides
and disulfides in addition to hydrogen sulfide).

Most of these are

evolved under pressure and temperature conditions that make it unlikely
that they are indigenous to th e moon.

This question will be discussed in

the light of the structure of t hese compounds and data obtained on the
insoluble residue.
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Magnetic Properties of Lunar Crystalline Rock and Fines

T. Nagata, Y. Ishikawa, H. Kinoshita, M. Kono and Y. Syono
University of Tokyo
and R. M. Fisher
U.S. Steel Cooporation Research Center

ABSTRACT
(a)

Magnetic compositions of a lunar crystalline rock of Type B ( 10024.22)

are paramagnetic orthopyroxenes and olivines, antiferromagnetic Fe-pyroxenes
( Neel point x 41 °K), antiferromagnetic ilmenites (Neel point= 57°K) and ferromagnetic metallic irons (Curie point"" 1 053°K ).

All ferromagnetic beheviors

of the lunar rock, therefore, are attributed to the metallic irons which are

X

mostly dispersed within troilites. The specific susceptibility,
at the
0 ,
4
4
room temperature is 2.6x10- emu/gr, but it becomes 7.6x10- emu/gr at
4.3°K.

Natural remanence is 2.7x10-S emu/gr in specific intensity,

but its

distribution within a rock piece is not homogeneous.
(b)

Magnetic compositions of the lunar fines ( 10084.89) are principally the same

as those of Type B rock, but the abundance of metallic irons is much larger and
the antiferromagnetic phase of Fe-pyroxene is not clear in the fines.
include a number of fine spherical balls of metallic irons.

1:::;'

0

The fines

of the fines

is dependent on the content of metallic irons which is different in different parts,
3
the average value of X 0 being about 5 x 1 o- emu/gr.
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Abstract of paper for Apollo 11 Lunar Science Conference, January 5-8, 1970
ORGANIC COMPOUNDS IN THE LUNAR SAMPLES FROM MARE TRANQUILLITATIS:
AROMA TIC AND GASEOUS PRODUCTS OF THERMAL TREATMENT,
E X TRACTABLE HYDROCARBONS AND AMINO ACIDS
by
Bartholomew Nag/-, Charles M . Drew 2 , Paul B. Hamilton3 , Vincent
E. Modz e leski1 , Sister Mary E. Murphy4 , Ward M. Scott1 , Harold
C . Ure.f and Maria Youn~.
l., The University of Arizona, Tucson, Arizona 85721; 2., Naval
Weapons Center, China Lake, California 93555; 3., Alfred I. Du
Pont Institute, Wilmington, Delaware 19899; 4., St . Joseph College,
West Hartford, Connecticut 06117; 5 . , University of California at
San Die go, La Jolla, California 92037 .

Lunar fines, both untr e ated and solv ent e x tracted, and powder ed
chips from insid e a r ock, heate d at 700°C in he lium yielde d methane as
the p r incipal component, as well as benzene, toluene, naphthalene and
C0

and small amounts of saturated and unsaturated hydrocarbons of
2
low molecular weight, thiophene, methyl thiophenes, xylenes, methyl
naphthalenes, biphenyl, etc .
resulte d in traces of

c 25

Extraction of fines with benzene /methanol

- C

alkanes and sulfur . Extraction with hot
40
water indicated H S and yield e d glycine , alanine, e thanolamine (32, 36,
2
22, ppb . r e spe ctively) and urea. P r ocedure blanks, biological controls
and a terrestrial rock, dunite, provided by NASA after exposure to the
LM d e sc e nt e ngine e xhaust in vacuum, did not show th e lunar sample
amino acid distribution.
The origin of the solve nt extracted hydrocarbons is not known;
the y may be ter re strial contaminations .

It is possible that the amino

acids are indigenous to the moon; these amino acids can be synthesized
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abiologically in the laboratory.

Most of the gaseous components and

aromatic compounds may either be polymer decomposition products
or carbon compounds released from enclosures in mineral matter by
heat treatment.

Scanning electron and light microscopy revealed hol-

low glass beads and thin walled glass bubbles at impact craters which
could have been broken open by the heat treatment.

Extreme care must

be exercised in interpreting the origin of trace quantities of carbon compounds in lunar samples which could have been contaminated during
acquisition and/or initial sample processing on e arth.
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LUMINESCENCE, THERMOLUMINESCENCE, AND SPECTRAL REFLECTANCE OF TRANQUILITY
SAMPLES: EFFECTS OF PROTON/ULTRAVIOLET IRRADIATION, AND VITRIFICATION
D. B. Nash , J. E. Conel, R. T. Greer
Jet Propulsion Laboratory
Pasadena, California 91103
ABSTRACT
Experiments simulating solar wind and radiation were performed with
Tranquility samples to determine luminescence efficiencies
and effects on reflectance properties
and soil is weak to undetectable.
cies are 3-6 x 10

-6

(0.23-2.5~).

(0.25-0.72~)

Luminescence of all rocks

At 2 keV, H+-excited luminescence efficien-

for crystalline and 1 X 10

decrease (i.e. "age") with ion dose.

-6

for soil and glass material, and

Top surfaces of crystalline rocks

give aged luminescence spectra relative to interior or bottom surfaces,
i ndi cating solar wind impingement of

~

19

10

+

H em

-2

Ultraviolet (0.24-0.43~)-

excited luminescence, and natural thermoluminescence (23-500°C) are absent in
all rocks and soil; faint induced thermoluminescence with efficiency 6 x 10~T

23-l20°C was obtained with fresh crystalline powder.

If these properties

are typical, then lunar luminescence cannot occur at reported levels.
Refle ctance measurements of crystalline material show that while a 2 keV
proton irradiation of 4 x 10

19

em

-2

(~

2 x 10

4

years solar wind equivalent)

reduces albedo from 20 to 17%, artificial vitrification reduces it to

8%;

irradiation reduces the spectral reflectance uniformly, while vitrification
increases the ratio red/blue and broadens the reflectance minimum near
1.0~.

Similar irradiation of vitric powder reduces its albedo from

7.8 to 5.4%.

The cause of experimental irradiation darkening is not

understood, but contamination and sub-micron particle removal are suspected.
These results suggest that vitrification may be an important darkening
mechanism on the Moon's surface.

7

for
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Experime ntal :Fetrology of lunar mat erial;
t he natu r e o f mas c ons, s e as and t he lunar i nter i or .

M. J. O' H/1-RA ,

G . E~

BIGGA.R and S . W. 3.ICHA.J.tDSOh
.

I f mat e r i al f ron Tranquillit y Base is regard ed as a
primary magma , gabbro (O - 100 kms) , clinopyroxenite (0 -

>700

kms) or ec lo g it e ( 35 0 -

roc ks .

>700

kms) a r e poss ible source

It c ann ot represent average lunar in terior comp osi -

tion be c au se of c hange to dense ruti le -ilm e nit e -eclo g ite
( SG

> 3 . 7)

at c. 300 kms.

Ne ar cotectic charac t e r ( clino-

pyroxene, feldspar , ilm e nite) and narrow li qu idu s -so l i dus
int erval a t atmos pheric pr essure suggest t his i s a l a te
residual liqu id of low

~ re s sure

frac tiona tion.

Hi gh pre s sure

eclogite or clino pyr oxenit e fra cti onation in t hese comp ositions enriches Ti0

even in li y_uids which at low press u re
2
have an ilme ni te o r pseud obrookite li qu idus; hen ce mas cons
may be early oxide cumulus from mare size l a v a l ak es althoug h
mere p resence of de e p , h i gh density lava lakes may be sufficient.

Even as an evolved d ry magma the su rfa ce material

is bes t d erived from clino pyroxenite (or other models
in consistent with chondrite composition) rend ering an e a rth
parentage for the mo on unlikel y .
QF~1/

Experiments at 2 kb, PH

20

,

100

QFH buffer, show brown amphibole, olivine and clinopyroxene
as n ea r l i qui du s phase s , and sugg est a pos s ible origin by
melting of l h erzite or am phibole-lherzolite which might
DFFRPPRGDWH
DFKRQGULWH composition within the mean

l unar den s it y.

Rapi d alkali loss a t 1200°C, 10-5 torr,

i mpl i es ma teri al may be si gnificantly bias ed by loss of more
v ol a til e oxi des fro m cooling magma surf ace, seriously
a f fect ing t he premi s e s of age-work, the he a t-pro ducing
nu clide c ont en t and c ert a i n petrologic arguments.
Solidus tem pera ture s of clinopyroxenite enha nce the
possi bility of convective hea t-transfer in the moon at
lo vTer tempera t ure s t han previou sly considered likely.
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ELEMENTAL COMPOS I TIONS AND AGES OF
APOLLO 11 LUNAR SAMPLES BY
NON -DESTRUCTI VE GAMMA-RAY SPN::TROMEI'RY
G. Davi s O'Kelley and James s . Eldridge
Oak Ridge National Laboratory
E. Schonfeld and P. R. Bell
NASA Manned Spacecraft Center
ABSTRACT
A low -background gamma - ray spectrometry system in t he Lunar Receiving
Laboratory was used to determine radioactivity of a suite of returned
lunar samples which included crystalline rocks, breccias, and fine
material. Data were collected in singles, gamma - gamma coincidence,
and sum coincidence modes for detailed analysis by an iterative leastsquares technique . Analyses were performed with reference libraries
acquired through use of replicas which contained known amounts of the
radionuclide s of interest . Sample volumes obtained from the replicas
were combined with sample weights to compute bulk densities of rocks
and fines .
Three naturally radioactive species and seven cosmo genic nuclides were
measured . I n addition, two cosmogenic species were tentatively iden tified. Potassium concentrations in the eight samples ranged from
just below to three times t he average potassium concentration of
chondrites ( 0 . 085%) . Concentrations of uranium and thorium were those
of terrestrial basalts, a nd the ratio of Th to U was constant at about
4 . Despite variations in potassium concentration of a factor of about
6, the ratio K/ U is rema r kably constant a nd much lower than similar
ratios for terrestrial rocks or meteorites . Products of low - energy
nuclear reactions showed pronounced concentration gradients at rock
surfaces .
Concentrations of potassium a nd of 22Na determined in this work were
combined with rare gas data from other experiments to estimate 40K - 4oAr
gas retention ages and 22Na - 22Ne cosmic-ray exposure ages for some
of the crystall ine r ocks .
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Abstract

Oxygen isotope fractionation between coexisting minerals
in lunar rocks, and an estimate of the temperature of
formation.
Naoki Onuma, Robert N. Clayton and Toshiko K. Mayeda
Enrico Fermi Institute, University of Chicago
Oxygen isotopic compositions of coexisting minerals
from lunar rocks (10017, 10020, 10022, 10044, 10047, 10058)
follow the same sequence as in terrestrial igneous rocks:
ilmenite (6o

18

= +4.5%o relative to SMOW), olivine (+5.3%o),

clinopyroxene (+5.9%o), plagioclase (+6.3%o), cristobalite
(+7.1%o).

For each mineral, the variation in 6-value from

rock to rock is within the analytical uncertainty of ±0.1%o,
independent of rock type, with the exception of 10058, in
which all phases are consistently 0.4%o lighter.
Isotopic fractionations for mineral pairs fall on concordance lines previously determined for terrestrial igneous
rocks and meteorites for the systems:

plagioclase-pyroxene-

olivine and plagioclase-pyroxene-magnetite, suggesting that
these minerals were crystallized in oxygen isotope equilibrium, in spite of the strong chemical zoning of the pyroxene.
Oxygen isotope temperatures of the rocks is estimated to be
ll00-1200°C, using a temperature scale based on laboratory
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measurements of the plagioclase-magnetite fractionation.
The isotopic composition of the lunar pyroxenes falls
in the range observed for pyroxenes of terrestrial basalts
and ordinary chondrites, enstatite chondrites and achondrites,
but lies above the range observed for pyroxenes from basaltic
achondrites, hypersthene achondrites and mesosiderites.
The whole-rock a -values for Type C microbreccia (10060)
and Type D fine soil (10084) are slightly larger than that
for Type A and B rocks (10060: +6.1%o; 10084 whole rock +6.3,
glass spherules +6.3, brown glass fragments +h.O).
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BIOGENIC ELEMENTS AND COMPOUNDS IN SURFACE SAMPLES FROM THE
SEA OF TRANQUILLITY.
J. Oro ~ , W. S. Updegrove, J. Gibert,
and J. McReynolds.
Departments of Biophysical Sciences and
Chemistry, University of Houston, Houston, Texas 77004;and
D. A. Flory, NASA-Manned Spacecraft Center, Houston, Texas
77058 .
An examination by different methods of the fine particulate material and small rock fragments from the moon obtained
by the Apollo XI crew, has given the following results
in ppm) .

(values

Spark ionizable H (0.01 to 1.2); C (5 to 41); N

(7 to 20); P (59 to 270); S (590 to 4,200).

Non-graphitic

hydrogen flame ionizable compounds released from ambient ternperature to 600°C, less than 1.

Organic solvent extractable

compounds measured by gas chromatography, less than 0.001. The
latter two values indicate that at least some of the samples
have not been grossly contaminated by terrestrial organic
matter.

co 2

and other gases were observed by stepwise thermal

volatilization-gas chromatography-mass spectrometry (V-GC-MS).
In addition to helium, direct V-MS gave evidence of masses 28
(CO, N ), 44
2

(C0 ), and 64
2

(S0 ).
2

The main volatile product

formed by acid treatment of the samples, as measured by GC-MS,
was H2 s.

Sulfur-34 was approximately 4.2%.

are also being measured.

Carbon-13 values

When complete isotopic values become

available an assessment may be made of the possible contribution
of extra lunar sources, including the solar wind, to some of the
biogenic elements of the igneous material from Mare Tranquillitatis.
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APOLLO 11 LUNAR SAMPLE: A SEARCH FOR VIABLE ORGANISMS

Vance I. Oyama, Edward L. Merek and Melvin P. Silverman, NASA,
Ames Research Center, Moffett Field, California 94035

ABSTRACT
The hypothesis that the Moon could harbor vi able life forms was
not verified on the first samples from the Apollo ll mis sian.

A

biological examination of 50 grams of the bulk fines confirm the
negative results obtained by the MSC quarantine team.

No viable

life fonns including terrestrial contaminants were found when the
sample was tested in 300 separate environments.

Only colored

inorganic artefacts, resembling microbial clones, appeared around
some particles.
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ABSTRACT
RARE GASES I N THE APOLLO 11 LUNAR SAMPLES. R. O. Pepin and L. E. Nyquist,
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota
rare gase s in the lunar crystalline rocks are mixtures of trapped

NonradiJP.~nic

and s pall ogenic
the same sample.
in the heavy
sug~est

~a ses.

Trapped gas concentrations are hiP.hly variable, even within

The spallation

~as e s.

co~p onent

is dominant in several cases, particularly

Some isotopic spallati on yield pat Lerns, especially in Xe,

a softer irradiation spectrum than that deduced from spallation

most meteorites.

~ases

in

Radiation ages and P.as-retention ages of the crystalline rocks

are variable, ranp,ing downwArd from several hundred million years and
years respectively.

~4

billion

Trapped pases dominate in the lunar dust, in concentrations

which agree closely with those reported by LSPET.

Assuming spallogenic Xe
126
superimposed on carbonaceous-chondrite-type Xe in the dust, ~50% of the
xe
is

Given the
40
reported K concentration in the dust and assuminr an age of 4.5 b.y.,
Ar is
~pallo~enic

and the Xe radiation age of the dust is

~

400 m.y.

overabundant by a factor ~ 6 above that expected from 40K decay, implying a trapped
40
Ar component. The isotopic ratios 4 He/3He = 2300 .± 4%, 20 Ne/22 Ne = 12.66 ±<1%,
21

Ne/ 2 Ne = .0341 ± 3% and 36Ar/3 8Ar

=£3:%<1%

are typical of repeated bulk

analyses of the dust, but in a stepwise heating experiment from l00°C to 1300°C
these ratios show excursions of
temperature fractions.

±~10%

from the bulk sample values in particular

Trapped 20 Ne/22 Ne varies from ~ 14.6 (l00°C fraction) to

~ 11.4 (1200°C and 1300°C fractions).

All rases are rather firmly sited, with

release peak temperatures ranping from 500°C for 3He to ll00°C for Xe.

Spallation

pases are more retentively held than trapped gases, fractionating out preferentially
at high temperatures .

The isotopic composition of Kr in the dust resembles that

of atmospheric Kr with an added spallation component.

Trapped Xe exhibits the general

isotopic pat+.ern found in carbonaceous chondrites but is significantly underabundant in the heaviest isotopes, implying a depletion in fission Xe.
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COS~viOG E ~II

A

C AND PRIrf:ORD I AL R/\0 IONUCL IDE f.'; EASURE!,': ENTS I N APO LLO II S/\ I.PL ES BY
NOt~D ESTRUCT I VE GA ·!l·~jA - RAY SPECTROMETRY( a)

R. W. Perkins, L.A. Rancitel I i, J. A. Cooper,
J. H. Kaye, and N. A. Wogman
Batte! le Memorial Institute, Pacific Northwest Laboratories
P. 0. Box 999
Rlchlend, W~~nlngton 99352

ABSTRACT
. ra d.1onuc t·d
7 8e , 22N a, 26AI , 44T.1, 46 5c, 48V , SIC r,
Th e cosmogen1c
1 es
54t"ln, 56 co, 57 co, 60co, and the primordial radionuclides 4°K, 238 u, and 232 Th
were measured by nondestructive gamma-ray spectrometry in lunar fines and
portions of three rock samples from the Apollo I I mission.

The relative and

absolute concentrations of the cosmogenic radionuclides are substantially
different from those observed in meteorites.

This reflects both the target

element compositional differences and the substantial solar cosmic-ray contributions to radlonuclide production in the lunar material.
trations of both

22

Na and

26

Twofold lower concen-

AI in an apparently shielded area of a lunar rock

than in lunar fines indicate the magnitude of the solar contributions and suggest
that the top few millimeters of the lunar surface may have a tenfold or higher
22
26
concentration of
Na and
AI than underlying material. Assuming a const~nt
galactic flux, the high

26

AI concentrations suggest long cosmic-ray exposure

ages of alI of the lunar surface samples.

Cosmogenic radionucl Ides which are

produced by low-energy threshold reactions are generally Increased.
(a)

The high

: . s paper is based on work supported by the National Aeronautics and
~ja ce Administration - Manned Spacecraft Center, Houston, Texas, under
Contract NAS 9-7881.
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natural titanium content of the lunar material accounts for most of the

44T.I •

46

The lunar samples show considerable differences in their primordial

radionuclide concentration, indicating different origins of the material.

A

sc and
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Apollo 11 Returned Lunar Samples:

K, Rb, Sr, Ba, and

Rare-Earth Concentrations in Some
Rocks and Separated Phases
by
John A. Philpotts
and
Charles C. Schnetzler
Laboratory for Space Physics
Goddard Space Flight Center
Greenbelt, Maryland 20771
K, Rb, sr, Ba, and rare-earth element concentrations have been
determined by mass-spectrometric isotope dilution in 8 whole-rock
samples (3 igneous rocks, 4 breccias, and< 1 mm soil), in a fine fraction
from the soil, and in plagioclase, pyroxene, and opaque fractions from
two of the igneous rocks.

Sr in the whole-rocks is about 15 times

chondritic concentration, whereas K and Rb are at chondritic levels.

Ba

and the rare-earths are relatively unfractionated at about 40 to 100 times
chondritic levels; Eu is depleted by about a factor of 3 relative to
adjacent rare-earths.

Two igneous rocks are indistinguishable for all

elements analyzed, and have higher concentrations than the four breccias,
which are similar to each other and which in turn have higher concentrations than the bulk < 1 mm soil which is very similar to the fine fraction
from the soil; a limited number of provenance sites may be indicated.
The trace element data, including Eu anomaly, K/Rb, K/Ba, and Rb/Sr, suggest that the rocks studied represent liquids derived in an igneous
differentiation process involving feldspar and starting from basaltic
achondrite-like material; terrestrial dredge basalts constitute a sequence
that is analogous in many respects.
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A SEARCH FOR COMPOUNDS OF BIOLOGICAL SIGNIFICANCE
IN THE LUNAR SAMPLE
by
Cyril Ponnamperuma, Elso Barghoorn, Irving Breger, Sherwood
Chang, Alan Duffield, Charles Gehrke, Berthold Halp~rn, Gordon
Hodgson, Heinrich Holland, Richard Johnson, Ian Kaplan, Klaus
Keil, Konrad Krauskopf, Keith Kvenvolden, Delbert Philpott, Glenn
Pollock, William Schopf, and John Smith*
A sample of lunar soil from Mare Tranquilitatis was examined
for the presence of organic compounds which may have a bearing
on chemical evolution in the solar system.

The analysis included

an examination for total carbon, organic carbon, isotope fractionation, microstructures, and mineralogy; and an investigation of water,
lipid and acid extracts.
Of the 120 parts per million of carbon detected, 40 parts per
million consisted of organic carbon.

The 5 C

13

value of the carbon

in a representative sample was +20 relative to the PDB standard.
Micropaleontological study by light and electron microscopy
revealed the total absence of any structure which could be interpreted
as biological in origin.
When the sample was treated with 6 N hydrochloric acid, some
hydrocarbons were evolved suggesting the presence of carbides in
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the lunar sample.

Porphyrins appear to be present.

However,

since similar pigments were identified in the rocket exhaust, it
is possible that these porphyrins derived their origin from
components of the rocket fuel.

There were no detectable amounts

of normal alkanes, fatty acids, amino acids, sugars, or nucleic
acid bases.

':'Ames Research Center Consortium for Analysis of Organic
Compounds in the Lunar Sample.
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ABSTRACT
Impact Metamorphism of Lunar Surface Materials
at Tranquillity Base
by
William L. Quaide and Theodore E. Bunch
Space Sciences Division, NASA-Ames Research Center
Moffett Field, California

Regolith materials at Tranquillity Base consist of monomineralic
grains, igneous rock fra gments, glass grains, glass bonded mineral
aggregates and breccias.

Monomineralic grains have the same composi-

tions and orders of abundance as grains of the igneous rocks, but
many have been shock metamorphosed.

Impact metamorphosism of silicate

grains ranges in degree from internal fragmentation through complete
lattice disruption to thermal melting.

Half of the crystalline

g~ains

in the 63-125 micron size range have shock features equivalent to
those produced at peak pressures greater than 100 kilobars, indicating
extensively repetitious shock loading.

In contrast, large igneous

rock fragments examined exhibit little evidence of shock damage.

Either

most of the cumulative shock metamorphism was accomplished by the more
numerous small scale impacts or the more highly shocked components of
each impact are concentrated in the finely comminuted products.

Grains

of glass of varying form, color and composition, and the glass bonding
materials of the glass-mineral aggregates appear to be melt products
of highly energetic events.

The breccias examined consist of granular

surficial materials compacted by shock waves of low pressure amplitude.

113

Rb-Sr Ages and The Elemental and Isotopic Abundances
of some Alkali, Alkaline Earth, and Rare Earth Elements
in Apollo 11 Samples
V. Rama Murthy
Department of Geology and Geophysics
University of Minnesota
~1inneapolis, Minnesota
and
R. A. Schmitt and P. Rey
Department of Chemistry
Oregon State University
Corvallis, Oregon
The elemental abundances of K, Rb, Sr, and Ba in 6 Type A and B
rocks, 1 breccia and the fine material have been determined by stable
isotope dilution methods. The isotopic composition of Sr in these samples
has been determined to a precision of 0.5-2.0 parts in 104 by improved
analytical techniques.
Under the assumptions of uniform initial 87 sr; 86 sr and chemical
closure for the same time period, the Rb-Sr isotopic data for the lunar
samples, under different groupings, give ages from 4.36-4.55 AE. The
initial 87sr;86sr varies from 0.69774 to 0.69790.
There is an excellent coherence in the trace element abundances of
K, Ba and Sr in these samples. The trace element ratios Ba/Sr, K/Ba, and
K/Sr increase systematically with increase in K content. The K/Rb ratios
range from 350-700, with a suggestion of decrease in K/Rb as K increases
when the breccia and the dust are excluded. Insofar as an increase in K
content can be correlated with increasing differentiation, these trace elements ratio trends suggest normal magmatic differentiation trends. The
pronounced depletion trend of Sr relative to K, Rb and Ba is suggestive
of effects caused by plagioclase separation, because of the tendency of
plagioclase to concentrate Sr relative to K, Rb and Ba. If this is the
case, the chemical composition of the undifferentiated lunar lavas would
be even richer in Ca and Al than observed in these rocks, approaching
gabbroic-anorthosite composition as already suggested by others.
The elemental and isotopic abundances of Samarium, Europium and
Gadolinium have been measured in two lunar rocks and the fine dust.
Because of its large thermal neutron capture cross section, the abundance
of 157Gd in these samples can be used to estimate the limiting integrated
thermal neutron flux to which these samples were exposed. The 157Gd/158Gd
ratios in these lunar samples are similar within 0.2% to the terrestrial
values and therefore a neutron flux of 2~3 x 1olS njcm2 can be deduced.
This flux is compatible with current estimates of secondary neutron production by cosmic ray interactions in the lunar surface materials, and
therefore is not considered to reflect the differences between lunar and
terrestrial materials in any primordial fractional or uniform irradiation
history.
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The lunar samples show a definite depletion of Eu as indicated by
the Sm/Eu ratios of 7 compared to chondritic and Ca-rich achondritic values
of 2.8. If the Eu depletion is due to plagioclase fractionation (as is also
suggested by other trace element trends) significant plagioclase separation
must have taken place. This leads to the expectation that rocks rich in
plagioclase (gabbroic anorthosite, anorthosite) may also be found on the
moon.
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Physical Properties of Lunar Materials
Gene Simmons, K. Horai, H. Kanamori, D. Wones

Thermal diffusi vity of four Apollo 11 lunar specimens, 1 0020a, 1 0057a,
1 0046a, 1 0065(23), was measured at 1 atm and near 150°C by modified
•

If

Angstrom method.

The results are summarized as follows:
Temperature

Thermal diffusi vity
-3
2
(x10
em/sec)

Sample No.

( oC)

10020a

142

4.59

10046a

158

3.17

10057a

163

5. 96

10065(23)

136

2.92

The porous fabrics of the lunar surface materials cause the low thermal
diffusivity values obtained here.

Additional measurements of thermal

properties under high vacuum and at low temperature are still in progress.
Values of dielectric properties and thermal expansion will be reported at
the Conference.
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I~o'line ral s

in the Lunar Rocks from

~·i are

Tranquilli tatis

Paul Ramdohr (Principal Inve st i gato r)
Ahme d El Goresy ( Co-Investigator)
Th e opa que minerals in the lunar rocks loo47, l oo 5o, loo57, l oo 59 ,
l oo68 and in the rtu st were studie d .
Hoc k loo47 containf.lmenite as a r.1ain comp:ment besides Al-bearing
chromian u lv~spinel, a new Ti, Fe, Zr silicat e , troilite, cobaltian
LX. Fe, minor l1afnian baddelyi te and dysana lyte. Dysanalyte contains
Ca, Ti and Fe as ma j or e lements and shows concentrations of (REE
t o ge ther~ lo %
) of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Hf, Y, Zr besides traces of Nb, Ba and Na. The chemistry of ilmenite
in the igneous rocks shows no appreciable variations.
In the polymict breccias a mineral with anosovite composition was
encountered. The microbreccias and the f ines contain meteorite
debris indicating an impact origin.
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Abstract of talk for NASA Apollo 11 Lunar Science Conference
January 5-8, 1970

Some Trace Element Measurements and Accessory
Mineral Observations on Apollo 11 Lunar Surface
Samples and Their Implications *
by George W. Reed, Jr., Stanka Jovanovic, and Louis H. Fuchs
Argonne National Laboratory, Argonne, Illinois 60439

Halogen and mercury contents similar to meteoritic concentrations and distributions are observed. The reported uranium,
scandium, and chromium contents are confirmed. Measurements of
ruthenium, osmium, tellurium, and lithium are presented. The
volatilization of mercury in heating experiments indicates that
a significant fraction of the total mercury content is located
on grain surfaces. Leaching experiments suggest that some
halogens are on surfaces and/or in water-soluble phases. Some
accessory minerals were identified in powder samples used for
trace element investigations. A medium-grained rock contains
euhedral fluorapatite as inclusions in a yellow mineral which
is a manganese-poor iron-rich variety of pyroxmangite. Also
associated are fayalite, tridymite, and cristobalite. The
association quartz-cristobalite occurs in a fine-grained vuggy
rock.
Identifications were confirmed by x-ray powder patterns.
Cell constants, optical data, and chemical composition for the
yellow mineral, and composition of the fluorapatite are
presented.

*Work

supported by NASA and USAEC

Abstract

for Apollo

11 Conference

118

ISOTOPIC ANALYSIS OF RARE GASES FROM STEPWISE HEA'l'ING OF LUNAR FINES
AND ROCKS 10044 AND 10057

J. H. Reynolds,

c.

M. Hohenberg , R. S. Lewis, and P. K. Davis

Department of Physics, University of California, Berkeley, California 94720

At abstract time, data are for the lunar fines and rock 57. Parenthetical numerals
are the release temperatures at which effects were seen, in hundreds of degrees Celsius.
The ratio Ne 20/Ne

Lunar fines (sample 10084):

for spallogenic neon) varies from

:5

11.3 to

at the lowest temperatures ~ (2.6) to (3)
Rock

22

in trapped neon (after correction

~ 14~3,

with the highest values seen

J .

. Ne 20/Ne 22 in trapped neon (after correction for spallogenic
.21: The ratl.o

...

neon) varies from< 8e3

to

(2) and (3)

temperatures ["

>;,.

J .

PET value for potassium content.

cosmic rays is 43

±

7 m.y.

13. 9, with the highest values seen at the lowest
The K-Alr age is 4.1 .:t 0.3 aeons, using the

The Kr81/Kr80 ' 82

age for exposure to galactic

The following components of Kr and Xe were noted in

addition to trapped and galactic-cosmogenic~ strongest at (12)__7 isotopes:
fissiogenic xenon
Xe

128

~ (10) and below

[" (6) to (9)

_7;

J;

excess Xe
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[" (6) to (9)

80
excess Kr
~ (6), (7), (9), (10)

J.

_7 ;

excess

The effects of

solar cosmic raye will have to be considered before these last four components can
be interpreted.

Finally, there is a very large excess of Xe

which is not presently understood.
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(6) and aboveJ
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ALPHA PARTICLE ACTIVITY OF APOLLO XI SA!v1PLES

by
K. A. Richardson

&T.

H. Foss

The alpha activity of several polished sections of lunar samples
was

st~di ~d

by autoradiography and alpha particle spectrometry.

Auto-

radiography of a breccia sample shows variations in the concentration of
alpha-emitting nuclides that do not appear to relate to any specific
mineralogic or petrologic component of the sample.

Preliminary examin-

ation of autoradiographs of breccias and crystalline rocks shows no
clusters of alpha tracks that would indicate a concentration of thorium
or uranium in accessory mineral grains.

Because this experiment was

restricted to non-destructive analysis of the lunar samples, alpha
particle spectra were taken from a number of the relatively thick polished
sections in an attempt to determine thorium and uranium contents and the
state of equilibrium in the thorium and uranium decay series.

The integral

counting rates of these samples are on the order of a few tenths of a
count per hour, and additional counting time is required to obtain
significant spectral data.
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Fluorometric

~amination

of The Lunar Sample

Joon H. Rho! Albert J. Bauman1 T. F.
1

Yen~

and James Bonner)

Jet Propulsion Laborator,y, California Institute of Technology

2 University of Southern California

3 California Institute of Technology
We have examined the bulk fine

1-~

sample for the presence of

porphyrins by spectroscopy and spectxlluorometr,y.The sample was
sucessively exyracted (24 hours each) with methanol,benzonitrile,
and a mixture of naphthalene and methane sulfonic acid ( equal weights)o
The extracts were reduced in volumne, taken up in methylene chloride,
and the presence of porphyrins sought in the presence or absence of the
porphyrin demetaling agent, methane sulfonic acid.
Porphyrins were not found in any of the extracts even under condi1
tions in which lesa than 1.0- 3 moles per gram of sample could havv
been detected.
We have found however that the lunar sample contains other
light absorbing and fluorescent materials. Thus the Benzonitrile
and naphthalene-methane sulfonic acid extracts are yellow.The benzonitrile extract exhibits an absorbtion peak at 360

~

and fluorescence

peaks at 405 and690 ill¥' the latter with excitation maxima of
410

~

360

~

and

( uncorrected) respectively. The naphthalene methane sulfonic

acid extract absorbs over the region 310 to 380
escence peak at 410

~·

~

and exhibits a fluor-

These materials in their absorbtion and

solubility properties are reminiscent of the keragen of earthly rocks.
Whether the materials whose optical properties we have described are
intrinsic to the lunar surface or contaminants remains to be determined • .

121
PETROGENESIS OF LUNAR BASALTS, INTERNAL CONSTITUTION AND ORIGIN
OF THE MOON

A.E. Ringwood and E. Essene
Department of Geophysics and Geochemistry
Australian National University

ABSTRACT
Apci!G - II

Phase relationships in lunar basalt of average

"

composition have been determined over the range 0-JO kilobars
and 1000-l500°C.

The basalt transforms to eclogite at an

unusually low pressure -

12 kb at 1100°C.

The high density

of the eclogite (3.74 gm/cm3) precludes lunar basalt from
being a major component of the moon.

This evidence, together

with a consideration of near-liquidus phase relationships and
trace element data imply that lunar basalts have been formed
by a small degree of partial melting in the lunar interior,
and not by surface impact fusion.

Compositions of near-liquidus

phases have been determined using an electron probe microanalyzer.

The data,

in conjunction with the mean density and

moment of inertia of the moon provide strong constraints upon
the mineralogy and composition of the lunar interior from which
the basalts were derived.

The lunar interior was probably

composed dominantly of orthopyroxene and sub-calcic clinopyroxene, carrying about J-4% of Al 2 o3 , together with some
Fe
olivine. The average F e+ Mg ratio of lunar interior is about 0.25.
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The composition of the lunar interior is generally related
to that of the earth's mantle, but there are also some
important differences in major element composition,
oxidation state and trace element composition.

The bearing

of these similarities and differences upon theories of lunar
origin is discussed.
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Silicate liquid immiscibility in lunar magmas,
evidenced by melt inclusions in Apollo 11 rocks
Edwin Roedder
U. s. Geological Survey
Washington, D. c. 20242
Silicate melt inclusions, now consisting of glass ± daughter minerals, in 91
sections from 26 rocks p rovide the following data on lunar petrology:
1.

Abundant evidence exists of late-stage , high-temperature silicate
liquid immiscibility in all 58 sections examined from 15 crystalline
rocks, and in the fragments of most breccias. The resultant glasses
differ widely in index of refraction and color; individually they
vary but little from the following weighted averages of 35 complete
microprobe analyses (high- and low-silica glasses, respec·tive ly):
Sio 2 74.2, 49.4; Al 2 o 3 12.1, 3.3; FeO 4.7, 3D.6; MgO 0.3, 2.6;

CaO 2.0, 11.2; Na o 0.3, 0.2; K o 5.9, 0.5; Tio 2 0.5, 2.3. Composi2
2
tionally, these are essentially potassic granite and pyroxenite. The
high-silica glass constitutes only about l % of the rock., mostly as
inclusions but some a? vug lining. The immiscibility, which has been
verified with quenching runs on synthetic melts held in pure iron
containers in vacuum in the range 1075- ll35°C, may be important in
the distribution of lunar radioactivity and heat, and possibly in the
formation of the lunar highlands and tektites.
2.

Sequential heating experiments (in vacuum) to determine the crystallization or melting of daughter minerals in multiphase inclusions in
olivine phenocrysts from rock 10020 yield the following approximate
temperatures for the magma:
ilmenite liquidus -- 12l0°C; pyroxene in
-- ll40°C; plagioclase in -- ll05°C; solidus -- 1075°C. These data
refer to olivine-saturated liquids, as the runs were made in olivine
"containers".
Inclusions with similar daughter minerals occur in
olivine phenocrysts from several other lunar rocks.

3.

There are small amounts of volatile constituents in these inclusions,
as more pyroxene crystals are present in inclusions open to the furnace
vacuum than in adjacent completely sealed inclusions in the same grain,
at near-liquidus temperatures.

4.

Devitrification of the glasses and the formation of inclusion daughter
minerals place some limits on both the maximum and minimum cooling rates.

?ID
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SEHIHICRO CHEMICO-X-RAY FLUORESCENCE AnALYSIS OF
RETURNED LUNAR SAMPLES
by
Harry J. Rose, Jr., Frank Cuttitta, and Ed-vrard J. Dwornik

U.s. GeoloGical Survey
\~ashington ,

D.C. 202 l.f2

ABSTRACT
The major and selected minor element composition (Si~, Ale03 ,

P

10-

' of lunar materials, collected at the Apollo XI Tranquility Base has

',

been determined by combined chemica-X-ray fluorescence semimicro

:2

methods.

The analyses were performed on thirteen samples ueighing

13

I a t otal of seventeen grams and consisting of seven whole rock fragment,

'4

' five
'-

lunar soil.

; '

Three different rock types were represented:

1.

vesicular, fine-grained basaltic rocks,

2.

medium t o coarse-grained, vuggy gabbroic rocks, and

3·

breccia.

Preliminary analytical data indicate that compositional ranges

'"
2r• -

portions of lnnar rock previously pulverized at the IEL, and the

(in percent) for some constituents of the allocated lunar materials
are:

total iron as Fe2 03 (17-22), CaO (10-12), KeO (0.05-0.4),

Ti~ (8-13), MnO (0.2-0.3), and Cr2 03 (0.2-0.4).
_· l

The

Zr02

content was

found to be generally lower than that reported in the IRL APOLLO l l
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----------------------------

Descriptive information on the samples} the analytical scheme
.'

f or conducting the analysis} and the detailed compositi onal data

'

are presented f or the suite of thirteen samples.
The analytical data suggest the presence of Ti 3+.

4

R

Q

i

!0 ;I

12

13
14

15 -

1". S. (';OVERNME'JT PRINTING OFFICE: 19r.,9 0-511171
fl\67 • l l')u

126

The Lunar Clinopyroxenes: Chemical
Composition, Structural State, and Texture
by
Malcolm Ross, 1 A. E. Bence 2 , E. J. Dwornik 1 ,
Joan R. Clark1 , and J. J. Papike 2
Single crystal X-ray, microprobe, optical, and electron optical examination of clinopyroxenes from Apollo 11 lunar rocks 10003, 10047, 10050,
and 10084 shows that, generally, the crystals are composed of (001) augitepigeonite intergrowths. The ratio of the two phases varies from crystal
to crystal and even within an individual crystal. For example, six crystals from rock 10003 have augite-pigeonite ratios of 4:1, 7:3, 1:1, 1:1,
2:3, and 1:4. Transmission electron micrographs reveal a complex array
of (001) pigeonite and augite exsolution lamellae, many only 60
thick.
In addition to the phase discontinuities, chemical discontinuities are
clearly demonstrated by microprobe analysis of augite containing no
pigeonite. The calcium and iron contents in the clinopyroxene crystals
vary inversely with iron generally increasing toward the crystal margins.
This inverse relationship indicates preferential occupancy of the M2 site
by iron even at liquidus temperatures. The depletion of calcium towards
the margins of the clinopyroxene crystals may be related to the depletion
of calcium in the melt through continued precipitation of very Ca-rich
plagioclase. Chemical discontinuities similar to those found in terrestrial "hourglass" pyroxenes are also observed, (Mg + Si) varying inversely
with (Ti + Al) and with alternate sectors high in (Ti + Al) and lower in
(Mg + Si). The various chemical and phase discontinuities may explain
the lattice misalignment resulting from b-axis rotation, which is common
in the lunar clinopyroxenes.

A

1u.s. Geological Survey, Washington, D.C.

20242

2Dept. of Earth and Space Sciences, State University of New York, Stony
Brook, N.Y. 11790
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Magnetic properties of lunar samples.

s.

and

K. Runcorn, D. W. Collension, N. N. Greenwood,
w. O'Reilly University of Newcastle on Tyne.

On samples of the fines and on the breccia the following have been studied:
(1) Isothermal remanent magnetization and induced magnetization after
exposure to fields up to 8,000 oe.
(2) Partial thermoremanent magnetizations have been measured in steps of
100°K.
(3) Curie point determinations have been made in an alternating magnetic

field of 2 oe. and in a high field.

(4) Viscous remanent magnetization in a weak field.
(5) Anisotropy of susceptibility in weak and strong fields.
(6) D.R.M. in the presence of a weak field and its stability tested.

MBssbauer studies indicate that free iron is present to about one tenth
of the total iron.

This iron, perhaps in the form of globules or whiskers in

the glass, appears to dominate the magnetic properties, in striking contrast
to those of crystalline rocks and terrestrial rocks generally.
A.Co demagnetization of the breccia reveals no appreciable magnetization
which can have been obtained on the moon.
Implications for the interior and origin of the moon will be discussed.
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Abstract for Jan. 5-8, 1969 Apollo 11 Lunar Science Conference, Houston
by 0. Schaeffer, P. I. and J. Funkhouser, Co I., State University
of New York at Stony Brook, D. Bogard, Co I., NASA Manned Spacecraft Center and J. Zahringer, Co I., Max-planck-Institut fUr
Kernphysik, Heidelberg
GAS ANALYSIS OF Tiffi LUNAR SURFACE

The rare gas contents of the lunar surface has lead to important
conclusions concerning the moon.

The large amounts of rare gases,

He, Ne, Ar, Kr and Xe, found in the lunar soil and breccia indicates
that the solar atmosphere is trapped in the lunar soil.

In the

crystalline rocks the Kr and Xe show an abundance pattern characteristic of cosmic ray spallation on Ba, Sr, Y and Zr. The cosmogenic
products, notably the He 3 , Ne 21 and Ar 38 indicate that the exposure
ages of the 17 lunar rocks measured vary from 20 to 400 million years
with some grouping of the ages.

The most striking feature is the

old K - Ar age which for the 13 rocks analyzed varies from 2.5 to
3.8 billion years.

It is concluded that the Mare Tranquillitatis

crystallized about 4 billion years ago from a molten state probably
produced by either a large meteorite impact or a volcanic flow.

129

ABSTRACT
For Pres e ntation at Apoll o 11 Lunar Scienc e Con fe rence
Houston

I

Texas January 5-8

1

19 70

ABUNDANCES OF 30 ELE MENT S IN LUNAR ROCKS, SOIL AND CORE SAMPLES
R. A. Sc h mitt, H . Wakita and P. Rey
D e partme nt of C h emistry and The Radiation Center
Ore gon State University
Corvallis, Oregon
Th e t e chnique of IAA , instrumental (14 -MeV neutron, thermal-neutron
and bre msstrahlung) acti vation anal y sis, was used to determine in five TypeS roc k s, two Type C roc k s and in lunar soil the abundances of ten major and
minor elem e nts, i.e. Sil Ti, Al , Fe, Mg, Cal Nal K, Cr and Mn. Using
INAA (instrumental neutron activation analysis) 8 additional minor and trace
elements (Co, Sa, La Sm, Eu, Yb, Lu and Sc) were also determined in the
same specimens. Radiochemical activation analyses of selected rocks and
soil yield e d abundances of all 14 REE (rare earth elements) plus Y, Cd and
In. Abundances of th e ten bulk e lements overlap for the breccia rocks and
soil samples. The ave rage Ti and Al abundances distinguish Type-S rocks
from either soil or breccia roc k s ; Ti and Al values are 5. 9±0. 8% and 5. 1±
0. 6% , respectively, in Type -8 rocks compared to 4. 1±0. 4% and 7. 2±0. 3% ,
in soil, respectively. Cd abundance s in lunar rocks and soil and In in some
lunar rocks are similar to abundance s in ordinary chondritic meteorites.
Indium abundance in soil is excessively high (0. 58 ppm), probably due to
external contamination. REE abundances in breccia rocks and soil are rather
similar i n th eir distri bution patte rn and similar to the REE pattern in abyssal
subalkali ne basalts. Total REE abundances (Y included) are ca. 300 ppm in
breccia a n d soil compared to ca. 100 ppm in terrestrial abyssal basalts.
Total REE a b undances vary by a factor of four in Type-S rocks. Europium is
highly d e pl e ted, ca. 60% , i n all lunar rocks and soil relative to the adjacent
REE, Sm and Gd. Re lative to ordinary chondrites, Sa is enriched in breccia
roc k s and soil to about t he sa me d e gree as are th e REE, i.e . by a factor of
ca. 60. Sc is e nriched b y only ca. 8 in soil and breccia rocks compared to
ordinary chondrites . Only 34±4 ppm of Co is present in soil, which indicates < 5% admixture of chondritic meteorites to these rocks and soil. Since
abundances of 11 trace elements are ca . 20 % higher in breccia rocks compared to soil , it is highly probable that the breccia rocks of Apollo 11 were
not compacted of surficial soil like that at the landing site. Five samples
of core tube soil (73-146 mg) from 2. 6 em depth intervals were subjected to
INAA. Abundances of Ti, Al, Ca, Na, Mn and V indicate uniformity in composition.
I
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Micropaleontological Studies of Apollo

ABSTRACT.

11

Lunar Samples

Optical and electron microscopic studies of

rock chips and dust from the Bulk Sample Box returned by
Apollo 11, and of petrographic thin sections and acid-resistant
residues of lunar material, have yielded no evidence of
indigenous biological systems.

J. William Schopf
Department of Geology
University of California, Los Angeles
Los Angeles, California 90024
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Shock-Wave Damage in Minerals of Lunar Rocks from Tranquility Base
by
Charles B. Sclar
Department of Geological Sciences
Lehigh University ·
Bethlehem, Pa 18015
LSPET reported that the lunar rocks from Tranquility Base had been
subjected to multiple shocks because of the occurrence of (1) microbreccia
which appears to be shock- lithified ejecta from impact events, (2) angular
fragments of microbreccia within a matrix of microbreccia, (3) spherules,
broken spherules, and angular fragments of a glass of variable composition,
and (4) glass-lined pits on exposed surfaces of rock fragments. Studies of
small-scale shock-induced microstructural damage in minerals of the microbreccia and loose fines by light and electron microscopy support this
conclusion. These microscopical features include (1) microfaulted, shattered,
and highly strained grains of plagioclase, (2) fragments which appear to be
devitrified maskelynite, (3) occurrence (thin section LRL No. 10060.20) of
three grains of a colorless mineral with low birefringence and (+) ZV-25°
-32° which show several sets of shock-induced planar features and which may
be either shocked and strained quartz or shocked plagioclase in which the
optical indicatrix has been changed markedly, (4) bent, highly strained,
and microfaulted clinopyroxene, (5) development of shock-induced multiple
twin lamellae on (001) of clinopyroxene, a structure well-developed in
diopside experimentally shocked at about 200 kilobars, (6) fractured olivine
grains with weak development of the regular lattice-controlled discontinuities
which are highly developed in olivines experimentally shocked at about 200
kilobars, and (7) occurrence of angular metallic iron-rich particles with
a fine etched-revealed fabric resolvable in the electron microscope which
resembles that of iron experimentally shocked above 100 kilobars at elevated
temperatures below about 600°C ~-:.E. transition).
Although most of the minerals which constitute the crystalline igneous
rocks, the microbreccia, and the loose fines show little or no evidence of
shock effects, selected mineral fragments in the microbreccia and fines show
shock-induced damage which suggests that they were subjected to peak pressures
of between 100 and 200 kilobars.

a
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CHEMICAL ANALYSES OF SOME LUNAR SAMPLES
by J.H.Scoon

This paper reports the chemical analyses by wet methods of four
specimens from the Apollo 11 collection. CIPW norms are also presented.

Comparison with the spectrographic results reported by the Preliminary
Examination Team confirms the low silica and compar&tively low alumina
figures. It also confirms the unusual abundance of titania with values
ranging from 7.757. to 11.107..

Iron exists in a very low state of oxidation.

In some cases the ferrous iron estimation is higher than the total iron.
This may be explained , either by the presence of a sulphide phase,or by the
presence of some of the titania in the titanous state.
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Pattern of Bombardment-Produced Radionuclides
in Lunar Soil and in Rock 10017
by
S. H.R.E.L.L.D.A.L.F.F.a

Abstract
A large number of radionuclides have been measured as a function
of depth in the lunar surface rock 10017.

Six subsamples have been

chemically separated and counted using specialized detector systems.

A sample of lunar soil has also been studied.

Data are reported on

Bela, Na22, Al26, Cl36, v49' Mns3, Mn54, Fess, Co56, Co57 and Ni59
and upper limits for Sc

46

, v

48

, Cr

51

and Co

60

•

There is no evidence of

change of position of rock 10017 over the last few million years.
The earlier history may have been more complex.
The results for several nuclides show striking evidence of excess
surface production in addition to that expected from galactic cosmic
ray bombardment on the basis of
to solar protons.
Al

26

(7xl0

5

meteor~te

Clear examples are Co

year) and Mn

53

(~2xl0

6

studies.

56

year).

This is ascribed

(77 day), Fe

56

(2.6 year),

Production of Ni

59

(8xl0

4

year)

appears to be due to solar a-particles.
The data for Co

56

are accounted for by known flares, mainly the

event of April 12, 1969.

low.

For Fe

55

and Na

22

the calculated values seem

The data for the long-lived isotopes appear to show a moderately

intense flux of solar protons near the earth,

average~over

times up to

millions of years.

aA group of colleagues including (in acronymic order) Julian P. Shedlovsky,

Kasatake Honda, Robert C. Reedy, John C. Evans, Jr., Devendra Lal,
Richard M. Lindstrom, Anthony C. Delany, James R. Arnold, Heinz-Hugo Loosli,
Jonathan S. Fruchter, and Robert C. Finkel.
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LUNAR REGOLITH AT TRANQUILLITY BASE
by
E.M. Shoemaker, M.Ho Hait, G.A. Swann,
D.H. Dahlem, G.G. Schaber, and R.L. Sutton
The lunar regolith at Tranquillity Base is a layer of fragmental debris that
ranges in thickness from about 3 to 6 meters.

This layer appears to have been

formed primarily by repetive bombardment of the lunar surface.

The thickness

of the regolith and the size-frequency distribution and exposure histories of
its constituent fragments can be related, by means of a relatively simple model,
to the observed crater distribution.
The fragments comprising the regolith are of three principal types:

1)

pieces of crystalline rocks derived from the subregolith bedrock, 2) shock
lithified aggregates of fine-grained regolith material, and 3) fragments and
drops of glass produced by shock transformation of bedrock and regolith material.
In general, before they are ground away or reduced to fine particles by bombardment,
individual coarse fragments are tumbled and displaced many times by small cratering
events.

The lithified aggregates of fine material (microbreccias) commonly exhibit

a faint layering that, in most cases, is probably a relict bedding of the regolith.
Both the multiple tumbling histories of fragments and the preservation of regolith
bedding indicate that most of the erosion and transportation of regolith material
is produced by bombardment of the moon by macroscopic rather than microscopic
particles.
A puzzling feature of the surface of the regolith, first discovered at
Tranquillity Base, is the presence of close-spaced fine ridges and grooves with
relief of a few millimeters.

These small linear features appear to be related

to larger ridges and troughs that form a patterned ground observed in Lunar
Orbiter pictures.

EVIDENCE AND IMPLICATIONS OF SHOCK DAMAGE IN APOLLO 11 SAMPLES
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Nicholas M. Short
Goddard Space Flight Center
Greenbelt, Maryland 20771
Abundant shock eff ects in the lunar soil and microbreccias, related to impactinduced pressures (hundreds of kilobar range) and temperatures, include:
1.

Three to five sets of planar features in plagioclase, tending to orient

subparellel to the c zonal axis.
2. Plagioclase thetomorphs (maskelynite) in Type B fragments within breccias.

3. Glass spherules of both mineral and rock compositions; some contain small
Ni-Fe spherules.

4.

Changes in Na/Ca ratios in shocked plagioclase fragments, owing to variable

losses in both elements.

5.

Planar features in pyroxene oriented along

(ioo),

(101), and (331), and

deformation bands parallel to (100).

6. Partial decomposition of clinopyroxene leading to refractive indices
(; =

1.58 - 1.62) anomalously low for their initial compositions.

7. Pronounced polycrystallinity (mosaicism) imposed on plagioclase, pyroxene,
and ilmenite single crystals, indicated by x-ray asterism analysis.

8.

Quench crystals in shock-melted glasses and extensive recrystallizat ion of

these and thetomorphic glass phases.
9.

Derivation of microbreccias from lunar soil by shock-lithification producing

glass -cemented "instant rock 11 •
10.

Anorthite-rich (An

90 _95 ) aggregates which may be shocked microanorthosites

or shock-lithified feldspar fragments originating from anorthosites possibly located
in the lunar highlands.
Absence of discernible shock effects (excepting pyroxene cleavage ?) in Types
A-B crystalline rocks reflects relative resistance of basaltic rocks to pressures
less than (estimated) 300 kilobars.
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Lead-Uranium-Thorium Relations in Some Lunar Samples Collected by Apollo XI
Leon T. Silver

Preliminary evaluation of measurements of isotopic and elemental abundances
for Pb, U and Th in lunar dust and rocks provides the following information. The lead
in the dust is very radiogenic ( 206/204 and 208/204

>

200). The radiogenic 207/206

ratio yields an apparent age of 4.63 ± 0.05 billion years for the composite materials
represented in the dust.

Lead in some of the rocks has a distinctly lower radiogenic

207/206 ratio, with apparent ages of about 4.1 ± 0.1 billion years. This would suggest
some material in the dust has even higher radiogenic 207/206 ratios than the composite
and is apparently older than 4.63 b. y., ~no unexpected physical process has been
operative. U/Th ratios and uranium isotopic abundances appear similar to terrestrial
rocks but more refined analyses are in progress. U and Th abundances confirm the general levels reported by radiometry at LRL in preliminary examination. The low levels
of non-radiogenic lead compared to the uranium and thorium indicate unknown but
important geochemical fractionation processes in the formation of lunar rocks.
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QUANTITATIVE OPTICAL AND ELECTRON PROBE
STUDY OF THE OPAQUE PHASES
P R SIMPSON AND S H U BOWIE
Data are presented ~or chemical composition and optical properties
opaque phases obtained by electron probe microanalysis and
quantitative optical microscopy. The mineral phases determined in
this way include Ilmenite, Ulvospinel, Rutile, Tro~ite, Native Iron,
Native Copper and Nickel-Iron Alloy.
o~

The textural relations of the opaque phases are described and
the genetic implications discussed.
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CATHODO-LUMINESCENCE PROPERTIES OF LUNAR ROCKS- APOLLO II
by
Robert F. Sippel and Alexander B. Spencer

Basalts
Luminescent minerals -plagioclase, cristobalite, (tridymite?).
Plagioclase luminescence shows two overlapping emission bands centered in
the blue and in the green. These are commonly found in terrestrial plagioclase, but the red-infrared band common in terrestrial plagioclase is
absent. Luminescence zoning correlates well with normal compositional
zoning An75-An94, and some individual laths show almost the ful I range.
Luminescence petrography showed no complex zoning indicative of magmatic
turbulence, nor evidence of secondary aqueous mineralization.
Breccias
These show a wider range of luminescence phenomena and mineralogy.
Although calcic plagioclase is the dominant feldspar, other interesting
grains were found. One, possibly from a distant source, consists of intergrown potash feldspar and a si Jica mineral, probably quartz, and suggests
the possible existence of acid rock bodies.
Shock effects are common, planar features rare. Maskelynite emits
dull reddish luminescence resulting from degradation of the green plagioclase
peak. Disordering produces a peak shift toward the red, and broadening
which increases the relative red emission. Intermediate degrees of disordering are detectable in many grains, some of which appear yellow or
orange in luminescence. Many of these also show mosaic textures in crossed
nicols. In some instances shock effects can also produce intensified emission at short wavelengths.

MINERALOGICAL STUDIES OF PRIMARY ROCKS AND FINE -GRAINED
REGOLITH FROM MARE TRANQUILLITATIS AND EVIDENCE FOR A
MINIMUM LIQUIDUS TEMPERATURE OF ll40°C IN ROCKS 100)7 AND 10072.
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Brian J. Skinner and Horace Winchell
Department of Geology and Geophysics
Yale University
New Haven, Connecticut 06)20
A search for identifiable sublimates i n both the primary igneous rocks and
the fine-grained fragmental regolith from Mare Tranquillitatis was unsuccessful.
In the course of the search, interesting data were developed to show that:
1 . Most of the spheroidal glassy particles in the fine-grained regolith
have small but significant composition gradients along ra ndom diameters. While
large compositional differences occur between particles, the composition of all
speroids analyzed can be expressed in terms of the principal minerals of the
igneous rocks - calcic plagioclase, pyroxene, olivine, and ilmenite . They are
presumably derived from the same parent material as the rest of the regolith.
One markedly inhomogenous spheroid apparently originated from collision
of two particles in a liquid state. Surface tension produced a nearly plane
interface between the halves, but quenching was apparently rapid so that little
mixing occurred across the interface.
2. While secondary changes have not generally altered or changed the
remarkably fresh igneous rocks, rare grains of the Cr -ri ch ilmenite in rock
10072 have either exsolved or been degraded to a mixture of a spinel and a
Ti02 polymorph. There is not enough of the TiD2 polymorph available to
determine its crystalline form by X-ray diffraction, but microprobe analyses
clearly established its composition. The spinel is a Ti- and Cr-rich variety
which appears to be a solid solution between chromite and ulvospinel.
Troilite (FeS) and native iron in both the f i ne-grained (100)7) and coarse grained (10072 ) igneous rocks occur exclusively in complex intergrowths. The
native iron contents of the intergrowths are remarkably constant at 8.4% iron by
volume.
The absence of individual grains of iron and troilite (except for rare and
presumably secondary troilite crystals in vugs) suggest the intergrowths
originated from the breakdown of a high temperature phase of fixed composition.
No solid phase with the intergrowth composition is known; the parent phase must
therefore have been a liquid which coexisted immiscibly with the silicate magma.
The bulk composition of the intergrowths, 72 wt.% Fe, corresponds to a
temperature of ll40°C on the Fe - S liquidus. The sulfide liquid must therefore
have separated from the silicate magma at ll40°C or above. Textural relations
between skeletal ilmenite crystals and the intergrowths i n rock 100)7 indicate
that ilmenite either co-crystallized with or preceded the sulfide-rich liquid.
The minimum temperature at which ilmenite appeared on the silicate magma liquidus
can therefore be fixed at ll40°C.
Furthermore, because the dense sulfide-rich liquid remained dispersed in the
silicate magma and did not separate by gravitative settling, the igneous rock must
either have been very rapidly cooled, or have been largely crystallized by ll40°C.
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The elemental composition of lunar surface material
A.A. Smales
D. Mapper
}.i.S.W. Webb
R.K. Webster
J.D. Wilson
Abstract
The results so far obtained of the analysis of lunar materials received
at Harwell will be presented.
~

Two types of sample have been examined, fines

< 1mm) of the Bulk Sample (Sample No. 10084) and individual pieces of rock

(Sample No. 10060), which have been available to us for approximately two
months and one month respectively.

~.Iuch

of the work on emission spectroscopy ,

X-ray fluorescence spectroscopy and spark source mass spectrography has been
completed on these samples, but that using neutron activation ana}ysis and
mass-spectrometric isotope dilution analysis is by no means complete.
The infonnation available broadly confirms the analytical results
obtained by the Preliminary Examination Team (Science 165, 19D9, 1211), makes
possible the defining of lower limits for several elements and considerably
extends the list of elements determined.

ll• ~r~ · · rnl,. :

UN I Vlo:H:::Jl'I'Y OF

C/\.LIFOHNIA

r I ;• , l' J(,')
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LAWRENCE RADIATI ON LABORATORY
Livermor e , Californ ia
COMPRESSIBILITIES OF WNAR CRYSTALLINE ROCK, MICROBRECCIA 1 AND FINES

TO 40 kb *
D. R. Stephens and E. M. Lilley

ABSTRACT
The loading-unloading pressure-volume behavior of three lunar
samples was studied to 40 kb at room temperature.

The samples were:

a fine-grained vesicular crystalline rock {type A) a microbreccia (type C)
and fines (type D).

All samples were porous .. The microbreccia and fines

were quite compressible at all pressures; the compressibility of the
crystalline rock was 8.3 mb

-1

to pressures of 3 kb and 1.3mb

-1

at 30 kb.

Some of the porosity appeared to remain in the samples at all pressures.
The samples studied, and thus the PV data, may be representative of porous
surface

~d

near-surface material in the vicinity of the Apollo 11 landing

site but may not be representative of lunar material at depth.

*Work

performed under the auspices of the U. S. Atomic Energy Commission.
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Characteristics of Plagioclases from Eight Lunar Crystalline Rocks
2

D. B. Stewart, D. E. Appleman, J. S. Huebner, J. R. Clark

3

U.

s.

Geological Survey, Washington, D.

c.

20242

5·
6

7

Single-crystal and powder X-ray diffraction techniques and optica
examinations indicate that bytownites from ves icular fine- grained

8
9

1o-

type A rocks (samples 10020, 10049, 10057, 10071, 10072) differ from
bytownites in vuggy medium-grained type B rocks (samples 10003, 10047,

11

12

10050) .

Although all plagioclases examined were twinned on the albite

law, long X-ray exposures of single crystals from type B rocks show

13

14

1516

strong

11

a

11

reflections

reflections (E_+~ even, _!even ) and weak, but sharp,
(E_+~

odd, l odd), indicating space group

Il

11

b

11

and a c-axis

17

-14A.

The tiny single crystals from type A rocks show only

11

a

11

18

19

reflections, and probably have space group ci with c ~7'A.

2021

22

23
24
25
1', 5. GOVE RNME:-.: T

P UT !\'T i t'"C O F'F'IC E : 19'-9 0 ~ 'l l\1 71
6 6 7 . 100
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Lattice parameters were refined from powder diffraction

measuremen~s

2

of bulk plagioclase separates with internal standards, deleting lines

3
4

affected by ilmenite and clinopyroxene interference.

Corresponding

56
7

cell parameters for the eight crystalline samples range only 5-8 tLmes
t he associated standard errors, except for the angle 'l, which has a

8
9

10 -

range about 20 times the associated standard error.

Bytownite bulk

compositions in type B rocks are more calcic than those in type A

11
12
13

rocks.

Plagioclase patterns from type C breccias (10021, 10048, 10061,

10073) and typeD dust (10084) were too broad and weak for refinement.

14
1516

Lattice parameters of six ilmenites were close to those of pure
FeTi0 3 ; good values could not be obtained for the clinopyroxenes

17

because their diffraction lines were broad.

18
19
2021
22
23
24
25 -
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SUMMARY

Magnetic Studies of Apollo 11 Moon Samples

o. w.

Strangway* and E. E. Larson**

Preliminary studies of the Apollo 11 moon samples
have revealed the following interesting magnetic properties:
1.

Breccia sample No. 10023,2 has a strong remanent magnetism
of about 2.8 x 10-3 emu/gm. When subjected to alternating
field demagnetization, this magnetization is shown to be
moderately stable and falls off much like that in volcanic
rocks with magnetic particles a few microns in size.
No
change in the magnetic direction is found in fields up to
300 oersteds when the remanence is reduced to 2% of the
initial value.
This implies that the sample was either
magnetized on the moon in the presence of a magnetic field,
or it has been exposed to a field of several hundred oersteds
in the space capsule or the receiving laboratory.
If the
former is true, it implies that the moon had a magnetic
field at one time.

2.

Studies of the magnetic properties reveal that the powder
material (10084) has about 0.2 to o.s percent of native iron.
The Curie temperature found on heating in vacuum to prevent
oxidation, is about 755°c±l00 suggesting that some of the
material is alloyed with about 5 percent of nickel.
Heating
the sample to this temperature causes the iron to change phase
from the C:/ to the f) phase.
On cooling, this phase change is
sufficiently slow that there appears to be thermal hysteresis.
From the temperature for the phase change on heating and on
cooling, it can also be shown that there is about 5 percent
nickel present.
This suggests that the powder contains some
typical iron meteorite material (Kamacite) as well as some
pure iron material.
Similar meteoritic iron-nickel material
is found in the breccia sample.
There seems to be little
doubt that the remanent magnetism is carried in small particles
of iron or iron-nickel.
* Department of Physics,
University of Toronto
Toronto 181, Ontario,
Canada.

** Department of Geological Scienc~
University of Colorado,
Boulder, Colorado, 80302.

u.s.A.

145

3.

The weak-field susceptibility of the powder and of the
breccia sample is about 1.1 x 10-3 emu/gr. The high field
susceptibility of the powder is about 5 x 10-5 emu/gr.
suggesting the presence of about 10 percent iron in the
silicate phases.
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THE AGE OF THE MOON
An Isotop i c Study of U- Th-Pb System
of Lunar Samples from Apollo 11
Mitsunobu Tatsumoto and John N. Rosholt
U. S. Geological Survey, Denver, Colorado 80225
An isot opic study of

u,

Th , and Pb was made for Apollo 11 lunar

samples by mass spectrometry and a-spectrometry.

The concentrations

of these elements are low (U, 0.16-0.87; Th, 0.53-3.4; Pb, 0.29-1.7,
in ppm) but the e x tremel y radiogenic lead in all samples allows
radiometric dating.

The fine dust and the breccias have a concordant

age of 4 . 66 ± 0.06 b.y. based on the Pb
Pb

207

/U

235

, and Pb

208

/Th

232

207

/Pb

206

, Pb

206

;u 238 ,

.
rat1os from the whole rocks.

is comparable to that generally accepted for the earth.

This age
On the

other hand, t h e ages of six crystalline rocks are distinctly younger
than those of the dust and the breccias.

208

/Th

232

are about 3.6-4.0 b.y.

3.53 to 4.08.

206

;u 238 ,
232 238
Th
;u

about 4.1 b.y. while ages based on Pb
Pb

The Pb

207

Pb

/Pb

207

206

ages are

;u 235 ,

and

ratios range from

These results suggest that the crystalline rocks at

this location formed about 4 b.y. ago and that some chemical
diffe r ent i a t io n occurred in their formation.

The

u238 ;u 235

ratio

234
is the s ame a s that in earth rocks, and u
is in radioactive
238
equilibrium with parent U
•

. .
rat i os
The Th 230/Th232 ra d.1oact1v1ty

in lunar dust and breccia samples are similar to those of earth
crustal rocks of identical Th

232

;u 238

ratio.

The Th

230

/Th

232

radioactivity ratios in the crystalline rocks indicate that the
specific activity of Th
earth reference sample.

232

is 4-12 percent less than that in the
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GEOCHEMICAL COMPARISON OF
THE APOLLO ll AND APOLLO 12 LUNAR SAMPLES
Ross Taylor
LSPET, NASA Manned Spacecraft Center,
Lunar Science Institute
and
Australian National University

The samples from the two sites show basic similarities,
including high concentrations of refractory elements and
low contents of volatile elements:

they are clearly re-

lated but show many differences in detail.
The Apollo 12 rocks are in general lower in Ti, Zr, Y, K and
Rb than the Apollo ll rocks and contain more Fe and Mg than

the Apollo 11 rocks.

With one exception (12013) they show

less variation in K, Rb and related elements than do the
Apollo 11 suite.

The exceptional rock (12013) contains

about 60% Sio 2 and has concentrations of Rb, Ba, Zr, Li,
Pb and B over an order of magnitude greater than the rest of
the Apollo 12 rocks.

The trace element data are consistent

with crystallisation from a small scale residual silicate
melt.
The Apollo 12 fine material and breccias resemble one another
and are distinct from the rocks, in containing higher
trations of Ni, Ti, K, Rb, and Li.

conce~-

They resemble the Apollo 11
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fine material and breccias, but differ in detail in containing
abo u t half the Ti conte nt.

The Fe/Ni ratio in the breccias

and fin e rna terials ( 'V 6 0 0 ) are lower than the rocks

(1"\..1 3 0 0 0).

The absolute Ni content of the breccias and fine materia l restricts the amount of meteorite contribution to less than one
perce nt.
Both suite s differ notably in the abundances of many elements
compared to meteorites.

They are distinct from the basaltic

achondrites in containing much higher contents of Ti, Rb, Zr,
Y, Ba and other trace elements.

The high content of Ti, Zr

and Y in particular serve to distinguish the lunar samples
from terrestrial basaltic rocks.

S · TOL.Ai .SKY,

kOYAL HOLLOWAY COLLEGE, UNIvERSITY OF LONOON,

El\lliLAND.
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Interferometric Examination of Small Glassy Spherules and related objects
in the 5 gm Dust Sample 10084.15

S. TOLANSKY

(Royal Holloway College, Egham, Surrey, England)

ABSTRACT

Over two hundred spherules and cylinders have been extracted,
of sizes from 0.75 mm down to 0.03 mm, most of which are shiny glassy
objects studied here by interferometry.

This reveals (a) very high

specularity (b) a frequent high degree of perfection of sphericity
(c) clear evidence in some of micro-cracking and micro-chipping.
There is evidence that many spheres were once projectiles.

Some

have suffered impact in free flight with much smaller pieces of rocky
material which embeds in the surface.

It is tentatively conjectured

that the glassy spherules could have originated as a gas-blown shower
from a hot pool of molten glass.
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The abundances of 25 detectable elements in some Apollo 11 lunar
materials by sequential neutron activation analysis of 20 mg samples.
by
K. K. Turekian and D. P. Kharkar
Department of Geology and Geophysics
Yale University
New Haven, Connecticut
A neutron activation technique which requires 20 milligrams or less
of material was used to analyze a suite of Apollo 11 samples for 25 detectable elements. An accurately weighed mixture of 20 mg of lunar sample and
80 mg of chromatographic grade cellulose were mixed and compressed into a
pellet. Irradiation of the pellets set in high-purity aluminum covered
planchets together with a standard rock-type material was done in a rotating carousel. Two sequential irradiations were used: (1) a 15 minute
.
d.1at1on
.
. a 10 13 neutron em - 2 sec -l fl ux, two hour wa1t
. dur1ng
.
1rra
1n
samp 1e
return and 1000 sec counting for Na, K, Mn, Dy; (2) a 3 day irradiation
under the same conditions, one week wait, 1000 second count for Fe, Ti,
Eu, La, Sm, Lu, Sm, Yb followed by a one month wait and 9000 sec counts
for Cr, Sc, Co, Ta, Rb, Hf, Sb. Chemical separations with carriers allowed
determination of Ag, Hg, Ni, Se, Zr, Ce, and Th after the last instrumental
determination of the sample. Ga, As, Mo were below the level of detection
of the instrumental counting technique and Cu and Au interference from the
aluminum requires separation from the planchets prior to counting.
The rare-earth and Hf abundances vary with potassium abundance.
The relative rare -earth abundance patterns resemble chondrites except for
a general europium deficiency and a possible dyrprosium excess relative
to chondrites.
Other coherent units are Co and Cr varying with Ti and Sc with Fe.
An anti-corre lation appears to exist between the Ti, Co, Cr group and Mn.
These correlations are not easily comparable with those found in terrestrial
basaltic rocks.
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The The :;: ;:;al Eistor:/ of . Lun_f!_!__~!_rfe.ce Hocks ae
indicated by Ar 40 - Ar3 9 ~ayin ~ .

Abstract
Sar.J:!)les fror.1 seven of the crystalline rocks returne d

b~.r

Apollo 11 have been analysed in detail usin ~ the Ar4°- Ar3 9
datin ;~;

techniaue.

By analysin ;.:; tile thern al release patterns of

radio ~ enic Ar 40 and artificially produced Ar 3 9, the extent o f
radio ;:;enic

ar ;~; on

loss in all the samples has been calculated and

esti mates r::e.de of potas:iur;1 ar,;;on

a :_ ~es,

corrected for the eff ects

of this loss .•

A major cause of the escape of

~as

from lunar rock is most

probably the impact event which ejected it from its place of
ori ~ in

to its place of discovery on the lunar surface.

Upper

lil:1its for the tines at which these inpact events occurred, in
the seven samples, have been estimated.
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Electron l,li croprobe h1cly::>is of Lunar Samples
Principal Investigator:
Co-investigators:

I s idore Adler

Louis S . Halter
Paul D. Lowman
Billy P. Glass

:NASA-Goddard Sp2.ce Fli&)1t Center
Laboratory fer Spe.ce :i:'hysics
Greenbelt, ¥taryland

K. J. F. Heinrich
National Bureau of Standards
Gaithersburg, l,: nrylund
J. I. Goldstein
Metallurgy Departn~nt
Lehi~~ University
Bethlehem, Pennsylvania
Detailed electron analysis has been performed on a polished thin section (sampl e
No. 10017) Ca fine-grained, equigranular ''.rype A" rock) composed of (by volume} augite
C50 ~ );

plagioclase (181); and an aggregate of ilmenite, troilite, cru1enite, crys-

telline Si02 , and Fe (24~ ); end partly glassy interstitial material (~) containing
apatite.

There is no petrographic evidence of shock.

by the rapid cooling of a magna at or near the surface.

The analyses indicate formatio n
Low oxygen fugacity of the

magma is indicated by the absence of Fe 2 0 3 solid solution 1n the ilmenite and the
occurrence of metallic iron and cohenite in the troilite phase.

Exaolution of the

original augite is indicated by lamellae of pigeonitic pyroxene in the augite.

Tbe

apatite contains 2.9·" F, Q. 2·... Cl and (Ce andY not yet determined quantitatively).
~acroprobe

analyses have also been performed on grains and spherules (>100 mesh)

Geparated from a soil sample Ho. 10084.
one appeared to be a rock fragcent.

Of the gre::.ns examined one was olivine B.lld

l-1any of the grnins contained metn.llic spherules
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Blectron Microprobe Analysis of Lunar Samples, continued
up to 20 microns in diameter.
2-15 ' ~ Ni and 0.2-1~ Co).

detected).

Some had apparent meteoritic composetion (:najor Fe,

One spherule was essentially composed of Fe CNi and F not

Three spherules were glass and similar in compos! tion to the bulk rock.

One metallic, highly magnetic fragment was separated from the breccia sample
Uo. 10o46, 18.
Ni ond P.

This particle was composed of iron •rith heterogeneously distributed

The structure shows a fine eutetic mixture probably due to repid quenching.
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Principal Investigator
H. Wanke
Combined version
"Investigations on lunar samples."
a) Major and trace elements;
b) Cosmic-ray produced radioisotopes.
H. Wanke, F. Begemann, E. Vi lcsek, R. Rieder, F. Teschke, W. Born,
M. Quijano-Rico, H. Voshage and F. Wlotzka
Max-Planck-lnsti tut fi.ir Chemie (Otto-Hahn-Institut), Mainz, Germany
a)

Major and trace elements

Major element constituents in 3 types of lunar rock and "fines" have been
determined by instrumental neutron activation analysis. In addition concentration values for more than 30 trace elements including K, Th, and U as
well as the rare earth elements were obtained on the same samples by
destructive analysis.
The abundance patterns are distinctly different from those observed in
meteoritic and terrestrial samples, although certain elemental ratios are
identical with those in Ca-rich achondrites. In particular metal particles
from "fines" are similar in this respect to metal particles from the
achondrite Juvinas.
Elements like chlorine and indium are enriched in "fines" relative to rocks,
the excess being similar to that in the dark phase of gas-rich meteorites
relative to the light phase.
b) Cosmic-ray produced radioisotopes
Cosmic-ray produced radioisotopes in "fines" and ~e A rock (10 057)
were measured by t-ray counting (e. g. 22 Na, 2 Al, 54Mn) prior to
the fractional dissolution of the samples. The resulting fractions were
rich inCa, Al, and alcalines ("feldspar") and in Mg, Fe, and Ti
("pyroxene and ilmenite") respectively.
36

37
39
.
Cl,
Ar and
Ar must be atrnbuted essentially to spallation reactions
on Ca; neutron contributions appear to be insignificant. The same holds
26
for 26Al, for which Si is the predominant target element, the 2 7Al(n,2n) Al
component being negligeable.
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AGE DETERmiNATIONS AND ISOTOPIC ABUNDANCE

MEAS U RE ~ E N TS

ON

LU NAR SA mPLES (APOLLO XI)

* R.K.Wanless,

W.D.Loveridge

and

R.D.Stevens

Potassium and argon isotopic ana lyses on one sa mple of
Type A crys ta lline roc k (10057,34) have yielded replicate age
values of 2300 m.y. when ba sed on the assumption that the prim40
ordial
Ar content was ne gligible. The analysis of one sample
of Type C breccia (10065,35) has confirmed the presence of very
large quantities of argon, but with abun dance ratios that do not
permit the calculation of a realistic age.
Rubidium and strontium concentrations and isotopic
abundances have also been determined for the rocks listed above.
These samples contain very low Rb concen t rations associated with
87
relatively high Sr concentrations yielding a
sr enrichment
too low to permit meaningful age calculations.
Isotopic abun dances of Sr, Rb, K, Li, U and Th have been
found to be identical with terrestrial values within the
precision of our measurements.
Lead, uranium and thorium concentrations have been
obtained for one sample of TypeD fines (10084,33). The lead
207
206
isotopic composition yields a
Pb/
Pb age of 4670 m.y.,
but U-Pb and Th-Pb ages are discordantly high.

*

Geological Survey of Canada, Ottawa, Canada.
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Some Physical Properties of the Lunar Rocks No. 46 and No. 17
and
The Mechanical Properties of the Lunar Glass Beads
Nicholas Warren~ Naohiro+Soga~ Christopher ~cholz:
Edward Schreiber, Orson L. Anderson
Lamont-Doherty Geological Observatory
The compressibility, sound velocity, and thermal expansivity were
measured on two samples. The sound velocity was found to be surprisingly
low. Velocity measurements were made at high pressure and are low with
respect to terrestrial mantle velocities.
Thirty beads of glass were recovered from the lunar soil, in the
range 200 to 500 microns, and were sufficiently spherical to measure the
elastic properties by resonance techniques. The density varied between
2.6 and 3.3 with one outrider at 3.3. The average density was near 3.0.
The Poisson ratio varied between 0.25 and 0.3. In general beads with the
small densities have the smaller value of Poisson ratio. Evidence was
found that the beads are not from the same homogeneous melt.

* Rice University
+ Lamont-Doherty Geological Observatory

157
R,

t . ._

'; ~

r\ .

1

-

'.

!IJ'l::-.r

bee:: :r.J.dc.

A .I 1 of the S;-tr.,-d t:s of tLc fine:j 0:1:1 ;,_{ the hre :cJ «~

gr._, 2 .1 _and a ·,,iJ;:h l>l!

~

{ 1~'003 - l

L,

Tl: c inten:::it:.· of

lOOU gauss ;J t b') th 9 an!l 35 C:!l z.

this s1gn<'< l decreased and the width incrc2 sed with ciecre:asing t.emperature.
T'nis type of teQpcrature and freqt.:ency dependence is attributed to stront:
•
•
L
1nteract1ons
.,ctween
Fe 3+ ions.

Exposure of

po~ti~ns

oi snm1.1es to

~

2

~ ~d

then t c. non~al atmosphere d i d :1c-t rro(:U\.:0 detcctab1e chaHgr~s ill this sp-::ctru::..

Visually different fractions plcked D1H of the

which diffen::J but w!1ich, in rr.ost of
Spectral compcncnts with g = 11,

~

with g

~

sample gave EFR

4.29

and~

2.1,

'L

1

attr1uuta ~ !e

g

~

1.84.

Because of

A spectral c0mponent in 10at:· -2l

the~e

S)!Th~trv

g-values and of the rclnti :f ly

high abundance of Ti, it is tentatively attributeJ to Ti 3 +.

~4n 2 +

The :;pectrum of

was identified in several sa;nples (1004i-49, 10057-70, 10062-21).

temperature N:-!R spectra of
sample of fines

~ere

27

Al (I = 5/2) fron

rupole broadened (1/2

~--i/2)

ov~r

a

ra~ge

of resonant

Line shapes \o:ere due to second-order

transitions.

by nuclear quadrupole coupling constants of

Room

s.J.JTlples . of 10062 am! a

recorded in the dispersion mode

frequencies from 16 MHz to 8 MHz.

7.

to Fe-'

to Fe 3+ , were

80°K and 9 CH: had a shape characteristic of axial

= 1.89,

sp •~ \.:tra

t~ e fra~:tion s , wert- attributable

obser·;ed in selected fractions of 10047-49.

observed at

i~nes

~~uad-

These spectra are (;har;:t ctt:I"i : ·=d
sever~.!

t-filz: and l t is estimated

that n, the asymrr.etry para ::te ter, is 0.25 <·11 < 0.75.

[R es earch sp.J.lsorc·J

U.S.:\.E.C. under contract v.·ith Union Carbid(' Corp·")ration, a1:J NASA contract
NASA-MSC-T-76458.]
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P1"TROL03Y OF FINE GRAINED LAVA FROM !'tARE

TRAN~UILITATIS

All phases in a thin section from sample 10022 have been analyzed by electron
microprobe. Weight %of the major phases are: 21% ilmenite; 23% plagioclase; 5%
pigeonite; 50% augite; 1% troilite, iron and others. Sharply defined pigeonite
cores occur within augite grains. Augites show a steady increase of Ca/Mg away
from pigeonite cores and strong Fe enrichment in the outer 15-20 microns. Plagioclase
shows little systematic zoning within a spread of 73-81 mole

% An, but contains

high Si and low Al compared to stoichiometric ternary feldspars. Patches of material
crystallized from the residual liquid are scattered throughout the section. They
are made up predominantly of microcrystalline Fe-rich "pyroxene", plagioclase,
K-rich alkali feldspar and silica. Rare P and

~r

rich areas, presumed to be

microcrystalline apatite and zircon, contain 0.2% Ba, 1.5% Y and 6 wt% total rare
earths.
Ilmenite (density = 4.8 gm/cc) crystallizes at the liquidus temperature of
1300 ! 25° C. The density and viscosity of the liquid at 1300° are 2.95 gm/cc and
20-30 poises respectively (typical terrestrial basalts are at least an order of
magnitude more viscous). Ilmenite settling in lunar lava pools may have played
an important role in petrogenesis.

Daniel F. Weill
Io Stewart McCallum
Michael J. Drake
Gordon A. McKay
Yan Bottinga

Center for Volcanology
University of Oregon
Eugene, Oregon 97403
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LUNAR HIGHLANDS ANORTHOSITE AND ITS IMPLICATIONS
John A. wood , Ursula B. Marvin, Benjamin N. Powell,
and John S. Dickey, Jr.
Smith sonian Institution Astrophysical Observatory
cambrid ge, Massachusetts 02138
ABSTRACT
We have examined t hin sections of 1700 lithic fragments
(diam. r a nge 0.5 - 4 mm) from the Apollo 11 bulk sample.
Most consist of the expected Ti-rich basalts (37 vol.

%),

soil breccias (52%), and impact glasses (5%); but there is
also a significant component

(4%, 61 grains recognized) of

ga bbroic anorthosite, low in Ti and Fe.

These anorthosite

fragments are usually brecciated, and sometimes contain
admixed meteoritic iron.

They are light in color, low in

density (~ 2 .9 gm/cm3), and their bulk chemical compositions
match the composition of Tycho (highlands) material reported
by the Surveyor VII alpha-back-scattering experiment.

Very

probably our anorthosites are highland fragments tossed onto
Ma r e Tr a nquil li tatis by cratering impacts.

The simplest

model of near-surface lunar structure consists of a light
anort hositic crust floating on denser Ti gabbro.

Maria are

giant holes in the crust, torn out by major cratering events,
into which basalt has welled from the substrate.

The presence

of positi ve gravity anomalies over the more recent Mare basins
can be understood in the framework of this model without
recourse to additional (buried) rock types or meteorite
masses, or density reversals.
NASA- MSC- Com I. , Houston , Texas

