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Structurc of tunar glasses by Raman and soft x-ray spectroscopy
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Muaterials Research Laboratory.
The Pennavhania State University,
University Park. Pennsylvania 163802

Abstract-- Xeray specira and Raman spectra hayve been measured fromindividual particies of Tunar glasses.
Each particle was analvzed separately by clectron microprobe. Siticon emission shifts vary between parent
rock types and can be interpretedas o runge of Si O distances from 1,612 to 1.637A. Afuminum emission
shifis relaice o the amount ol - and 6-coordinated Al in the gluss, Raman spectra show broadened bands.
Certain bands recur in muny specimens and relate 10 the main normative minerals for the glass bulk
compnsition. olivine. pyroxene. and anorthite.

INTRODUCTION

THE VERY LARGE NuMBER of chemical analvses now available for glass particles and
lithic fragments in the lunar soils cluster into distinet populations that permit the
identification of the saume number of lunur rock tvpes. Various classifications have
been proposed. We have adupted the work of Reid r al. (1972) to classify the glass
particles examined t our investigation. It scems to be recognized that the composition
of the glass particles also Hirrors an average composition of parent rock types or
individual lupar minerads with hittie modification during mejting and transport.
There are. therefore. a number ol kinds of Tunar glass. wdentifiable by their chemical
composition. Our objectives in the present paper-are to relate as far as possible the
structure-sensitive parameters of these glusses to their chemical composition.

_ The approach is to measure Ramun spectra and x-ray emission spectra on in-
dividual glass particles: Electron microprobe analvses of the same particles permii

correfation of each particle with a known composition. and the interpretation of the’

structural measurcments can be made on this basis.
- EXPERIMENTAL METHODS

Sclection and mounting of specimens

A representative assortment of glass particles was selected under an optical

microscope from Apollo 115 fines. These glassy specimens consisted primarily of

opuque spherules, opaque gliss coutings on rock fragiments, and angular fragments
of transpurent and opaque ghiss. With the exception of three large specimens (15017.9.
1524356, and 1301526, all ~ 2 cm across), particle size ranged from 0.3 to 2 mm.
All specimens were prepared as polished grain mounts using Koldmount self-curing
resing FFor the three Lirge samples. small glass fragments ¢~ 2 mm) were broken off
and mounted. '
Chemical analvsis

The chennical analvses shown in Table 1 were obtained with an A pplicd Research
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Luboratories (ARL) electron microprobe. When two glass standards are used,
results are good o approximaicly + 107 refatively. The specimens were first checked
for chemical homogeneity by scanning the electron beam over a 360 x 360 g area
and -observing the absorbed clectron imuage. The samples were found to fall into

Tuabic 1. Nhereprobe stralyses (at” g off
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three principal categories: (11 homogenvous. (2) heterogencous with no clear phase
separation. and (3) heterogencous with sepuration into Al Ca zones and Fe, Mg
zones. YWith some care it was possible to focus the electron beam into each zone and
obtain individual chemical analvses as shown in Table 1. ‘

tunar ghisses used tor spectral measureinents.

Ti0,
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Emission shifts

The AIK . SiK . and OK, x-ray emission bands were recorded for all specimens
using un ARL ele «.n on microprobe model EMX operated at 20 keV and a specimen
current of 0.10 10 0.30 A An ADP crystal was used tor resolving the AIK , and SiK .
and clinochlore was used for the K. The peak shift was measured trom 2/3 height
position. The SiK; und OK, emission shifts (A) were measured with respect to an
F-quartz standard and the AIK, with respect to 2-A1,05. The microprobe was opera-
ted with a large spot dinmeter of ~ 100 g The spectra were measurcd at several points
on cach sample. The shift (A) is defined here as

A = 7 (specimen) — /4 (standard).

The precision of the shatft measurcments is about +10°,. Details of the experimental
procedure employved here are reported elsewhere (White and Gibbs, 1967, 1969, and
Gigl er al .. 1970y,

Raman spectra

. The Raman spectra of the mounted specimens were measured -using a Spex -
Ramalog double grating spectrometer. Excitation was provided by the 488 or 514.5
nm line of an ionized-irgon laser source with u power output of approximately
200 mW. The sample was positioned at the focal point of the luser beam and the
Raman scattered light observed at 907 to the incident direction. Because the laser
beam can be focused to a diameter less than 0.1 mm. it was possible to record spectra
at.several ditferent points on euch specimen. In a few msmnacx spectra from the
specimen mounting material (Koldmount), were superimposed on lm glass spectra.
However, this was casily subtracted out. ’

Raman spectra of some particles. particularly those musumd directly on un- -

mounted and unpolished glass fragments. exhibited considerable sharp fine structure

in the low-frequency region. Prolonged investigation has identified at least three

sources for the fine structure: '
. 1. Phase separation resulting in regions of crystalline matenal in the glass.

2. Instrument artifacts resulting from direct reflection of incident beam into
spectrometer. ' ‘
Unknown optical effects associated with use of small spherical specimens.

" Because these effects have not vet been fufly investigation. we limit the present paper

to speetra without fine structure. ' : :

CoMPOSITION OF GLASSES

Electron microprobe analvses of selected glass particles are listed in Table 1.
Analyses for inhomogencous glisses are shown as a range. The glasses, which are
clearly separated into Ca-Al-rich regions and FFe-Mg-rich regions. are histed with an
anadyvsis of each region. Glasses with two or more phases are common. atthough
only two phases ure prescutin large quantity. Figure | shows the tvpical morphology
of the biphasic ghisses and the extent to which the two regions are interlocked. The
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should be meaningful because the bulk of the Al contributing to the x-rav peak is
contained in the Al-rich phase.

Many classihications of the parent rock tvpe have now been proposed for the
tunar tines. For the present work we have used the Composilicm ranges of Reid er af.
(1972). The separavon into compostiional populations by these workers is in general
agreement with other analyses of tunar glasses (Glass, 1971 . Prinzei al.. 1971 Apollo
Soil Survey. 1971 Mever of al.. 1971). The glasses selected for spectra measurement
were assigned as derivatives of: (1) Mare busalts. (i) Fra Mauro (KREEP) busalis,
(i) Highkmd aluminum-rich basalts). and (iv) anorthosites. No particular-aticmpt
wias made 1o separate out the several subtypes of Mare basalts because of the in-
“homogeneity of the specimens. '

X-Ray LEMISSION SPECTRA

Al measurement on SiK 4 AIK . and OK, are given in Table 2. All shifts are in
units of 107 angstroms with respect to the listed standard. Table 3 lists several
relevant munerals for comparison. Jadeite and spodumene are included only 1o
provide un AIK, shift for aluminum in 6-coordination in a pyroxence host.

Tahle 20 Xeray emission shalt dara Tor Tuiar ghisoes.,

78I, St 1ALO, St 4810, Std.

SiKy, AIK, 0K,
Sample ATA 17T 7 AA = 107H A\ = 1073
HOOR4. L0 1A (Green) —13 + 35
TOURS 11010 e Green) - 20 +16 .
100841 10,2.x - 22 . + 37
084, 116,29 ~27 36
10RO -20 : +23
10084 HT0R ] -9 +33
120704241 —-33 . +38
12070,42-2 -28 BT
1207042 3 -4 Insuilicient Al
1207042 4 -2 ' + 39
12042 32 26 C437
12042.32.2 o ~28" 1
1204232 3 - -~ 34 i + 32
12042.32-4 - + 4%
1416247 - , - =3 : +37
14162.47-2B E — 35 436
1416247 2C ©=2s +49
1416247 -3 —44 438
13162.475 —an . 4+37
: 14162.61-1 —-42 +38
13162.61-2 N + 3
13162.01 3 - ~ 44 ) +45
13162.61 4 Y 33
14162.61 3§ - w7
EREAU IS -39 +20
1353140 - 52 No Al detevted
1323149 | ~54 T
1323049 2 -3 + 35
15323149 3 -39 30
15015.26 (Rock) -2 +49
130179 -3 + 34
1324356 —33 +37
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Table 3. N-ray emission shutt data for reference ininerals, .

IS0 Std. YALO, Sud. 7S, Sid, ;

SR, AR, OK, .

Sample A TR A A L DT A A > 07 !
Anorthie 1Oy ) PO} ] 4
Aunorthiie 1Gilassg B S -39 . < 12

4 -4 S AT

4 -13 + 62 <+ 120
Oiivne [N - =219
Yadeite 13477 - 26 =13 4112
Spodamiene -4 REE! + 136

The span of SiK shifts covers much of the range known' for silicate mincrals
{(White and Gibbs. 1967). The Highland and Fra Mauro basalt glasses have onlyv a
small spread i their shift values. The averages and corresponding Si-0 distances
(scaled from White and Gibbs's plot) are

SiK, Runge Si-O(A)
Highlund basalt gluss =244 (~-15:-39) 1.621
Fra Mauro basalt glass -38.5 - (-35:-49) 1.630

There is a geod correlation between SIK; and the $i-O distance, because all Siis
in 4-coordination. There is some ambiguity between Al coordination and Al-O
distances if only AIK ; shift datacare available. Tn contrast, the SiK; shifts of the Mare
basalts vary widely between specimens. The range of shifts is from -9 to ~32, which
corresponds to a range of Si-O distances of 1.612 to 1.637. Becuuse most of the Mare
basalt glasses examined were very inhomogencous. this result is not surprising. Two
of the fargest shifi values were found in grains 12070.42-3 and 15531.40. which had
extremely low aluminum concenirations. All glasses with anorthositic compositions
accurred as second phases with lower aluminum glasses, and no interference-{ree
SiK shifts were measured for these glasses. .
The AIK, shifts are plotted against aluminum concentration in Fig. 2. The Fra
- Muuro basalt glasses full into a narrow range. whereas there is a farge scatter for the
" other compositions. The unorthosite glasses have definitely larger shifts than the
more Fe-Mg-rich glasses. The mean: are '

" Anorthosite basalt glass 43.4
Fra Mauro basalt glass 358.5
Mare basalt glass 35.2 -
Highland basalt glass 32.0

The ranges are shown by the scatter of the data in Fig. 2. According to the criteria
proposed by White and Gibbs (1969), the aluminum in the anorthosite composition
glasses should be mainly in fourfold coordination. Some of the Highland and Mare
basalt composition glasses have low ALK, shifts. implying aluminum mainly in
6-coordination. whereas the bulk of the compositions full mto a range that would
imply mixed aluminum coordination.
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COMPOSIIONS,

RayvaN Specira

Representative Ruaman spectra of the lunar glasses are shown in Figs. 3.4, and S
The spectra consist of a variable number of weak bands. mostly broader than ex-
pected from crvstalline materials and narrower than most spectra of synthetic
glasses. In general. the spectra vary considerably from grain to grain and also from
different spots on the same grain. as might be expected from such heterogencous
samples. Although the overall spectra have a wide range. certain bunds reappear
consistently throughout the data. The spectra can be discussed i terHs of four
regions: 100 em™ ", 400 1o 800 cn ™! containing mainly bending motions of silicate
structural units and stretching motions of octahedruily coordinated structural units.
800 10 1100 em ™! contuining stretching motions of $i0, tetrahedra. and the region
above 1200em ™!,

The 800 to 1100 em ™! region contains a commonly recurring band in the range
of 1002 to 1006 cm ™!, a pair of bands at 819 10 823 and 850 10 853 em ™ 'L and a few

14
i
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10107 em ™" in close agreement with the ghass spectra. The second strongest bund
occurs us o doublet in the 630 to 670 ¢cm ™ ' revion for enstatite and clinoenstatite and
as a single band at 604 in diopside. A band oceurs it this frequeney range tor each
specimen for which the 1002 1o 1006 cm ™! band appenrs. However. these bands ave
broadened. and there is htde evidence tor doublet structure.

The other eryvstalline or guasi-erystalline phase that might contribute to the spectra
15 feldspar. particularly i those glusses with anorthosite composition zones. Beciause
of the low alkali content of the lunar glasses, anorthiie 1s the only feldspar likely to
be present. Raman spectra for three end-muembers feldspars are shown in Fig. &,
The atkali feldspars have a strong bund wi 306 to 313 ¢m ~* but the corresponding
band in anorthite Is relutively weak. The aurcement hetween this frequency of the
crystaitine feldspars and the 506 1o 308 band in the lunay glass spectra is rather good.
The Si-O stretching froquencies of the feldspars are all weak and do not appear in
the glass speetri. _

The broad band ut 1230 10 1260 cm ™" that appears in several of the spectra s
dithicult to interpret. It also appeared - in the spectra of Apollo 11 glasses reported
carlier (White eral.. 1971). This band is in the correct frequency runge o be due o
tetrahedral stretching vibrations but ties at a higher freguency thian wny St O vibra-
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co® s
" 4 =9
@ s Ry ~
a &
1 L i l 1 j { 1 J ! .
1000 830 600 4Co 200

A FREQUENCY {em™)

Fig. 8. Ruman spectra of polvervstalline feldspars.
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vons so far observed. When the $i--O stretching frequencies for olivine. pyroxene.
and feldspar are compared. 1t is apparent that the Raman frequencies increase from
850 1o 1000 1o 1100 to em ™! as-the amount of corner linking of the tetrahedra in-
creases. A similar effects in the infrared spectra of silicates has long been known, The
“highest-frequency mode m the feldspar structures with complete corner sharing is
1126 cin™ ' and the highest [requency in quantz is 1162 em ™! (Scott and Porto. 1967).

The Ramun spectra ol the tunar glasses contain bands from the following sources:

1. Submicroscopic ervstaliine inclusions of olivine and pyroxene.

2. Regions of the glass in which there 1s incipient crysiatlization to one of the
sihcate mineral phases. These give rise to the strong bands characteristic of
the mincral but with considerable band broadening.

3. Broad bands characteristic of the gluss iself. most important of these in the
1260 em ™! that may represent the Si-O stretching frequency of glass of higher
density. ’ ’
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- INTRODUCTION

This report is an interim one-year summary of the work carried out
'by the lunar sample team of -the Materials Research Iaboratory of The
Pennsylvania State University. Most effort was focused on the Apollo 1k4
samples which arrived in mid-1971 and the Apbllo 15 samples which
arrived in late 1971. The most important aspects of this work were
reported at the Third Lunar Science Conference and the complete papers,v
to be published in the Conference Proceedings, are appended_tovthis
report. ' ' _ '

Research on the structure and properties of lunar glass and syn-
thetic analogs has also been supported through the Universities Space

Science and Engineering Laboratory under NASA Institutional Grant

59-009-15.

. RESULTS REPORTED TO THE LUNAR SCIENCE CONFERENCE
Two aspects of the physical characteriiation of lunar fines and
glasses were presented. The titles of the papers were:
"Structure of lunar glasses by Raman and soft x-ray’
spectroscbpy” by G. W. Fabel, W. B. White, E. W.
White and R. Roy.
"CESEMI studies of Apollo 14 and 15 fines' by H. Gorz,
E. W. White, G. G. Johnson, Jr., and M. W. Pearson.

Both papers have been accépted for publication in the Conference Pro-
ceedings. Work along these lines is continuing particularly on the
Apollo 15 samples which arrived only a few weeks before the Lunar

Science Conference.

OTHER RESEARCH CURRENTLY UNDERWAY

1. Electronic Spectra_9£ Lunar Glass.

The role of iron and titanium in explaihing the_bptical proper-

ties ‘of lunar minerals and glasses is still a largely unresolved



problem. We are currently making measurements of the optical absorp-
tion spectra of glass .particles from the Apollo 14 and 15 samples.

The correlation of absorption features with specific transitions in
iron and titanium ions is, however, difficult because of the unknown
effects of electron transfer absorption. To provide a background for
spectra assignments we are preparing synthetic glasses of anorthite
and highland basalt composition but continuing either iron, titanium,
or iron + titanium in known concentrations and are melting the glasses
under various knowvm oxygen fugacities. Optical spectra of the syn-

‘thetic glaéses will then be measured.

2. Raman Spectra of Terrestrial Glasses

A wealth of new information has been uncovered by measurement of
Raman spectra of lunar glasses. Unfortunately this tool is so new
that little is known about the Raman spectra and their interpretation
of any glasses, As a result, the application to the structurally and
compositionally more complex lunar glasses is difficult. To provide
rart of this information we have assembled a suite of terrestrial
glasses, obsidians, fulgarites, and tekties fof spectral meésurement.
The chemical compositions have been determined by electron probe and

* both Raman and Soft-X-ray spectra are now being measured.



STRUCTURE OF LUNAR GIASSES BY RAMAN AND SOFT X-RAY SPECTROSCOFY

George W. Fabel, William B, White, Fugene W. White and Rustum Roy



CESEMI STUDIES OF APOLLO 1h AND 15 FINES
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CESEMI Studies of Apollo 14 and 15 Fines
’ 1
HERTA CORZ, E.W. WHITE, G.G. JOHNSON, JR., and MARY /. PEARSON

Materials Research Laboratory, The Pennsylvania State University,
: University Park, Pennsylvania 16802

Abstract - Quantitative size aﬁd shape analyses have been carried out on six
lunar fines from Apoilo 14 and 15 by computer evaluation of scanning electron
microscope. images (CESEMI). Fdr the size range of 0.56 to 30 um diameter, the
distributions are log-normal on a ﬁumber count basis. This finding is in con-
trast with results for coarser méterials in the fines reporﬁed by King et al.
suggesting the operati&n,of a different pfocéés. Aspect ratios range from
40.1 to 1.0 with‘an average value of about 0.6. Only slight differences are
observed among.samples. A shape complexity factor (ratio of particle perimeter

to ellipse periméter) also varies only slightly among the six samples.

INTRODUCTION

The CESEMI technique (Computér Evéluaﬁion of Scanniﬁg Electron Microscoﬁe
1Images) permits the size; shape and chemical analysis of fine pafticles in the
nicron and submicfon:range-(MCMILLAN et al., 1969; WHITE et al.,Al97O; CBRZ
et al.,.l97l)._ This paper presents results on the size and shape analysis of
six lunar fines including sample 14163,158; 15031,44, 15041,50, 15231,49,
15501,25, 15531,40. The purposé pflthis study is to determine the shape,bf
the grain size distribution curve in the lower particle size rangé (0.5-30um)
which cannot be readily done by other ﬁeans. Severél authors (FROMNDEL et al.,
1971; HEYWOOD, 1971; KING et al., 1971; SELLERS et al., 1971) have published
size distribution curves derived ffom weight determinations by sieving and
Coulter counting techniques. The lower cut-off of tho;e cur&es occurs at
around 2-10um, a size rangé where the scanning electron microscdpe techniqﬁe

is helpful in describing the finer grain sizes.



The microscopical studies of the six fines indicate an upper sizé

limit of around 600um, the shape of the particles ranging from spherical’
(br;wn glaSs, seldom) to angular with sharp edges. The minerals identified

' were pyroxene (greenish brown, sharp edges, sometimes isotropic), olivine
(green to brown, rounded), plagioclase (sometimes twins, optical character
negative), opaques, and glasses with various colors, shapes and refractive
indices. The amount_of glasses in these samples'is higher than in the éaméles
of Apollo 11 and 12_studied; It is remarkable that the appearance of the glass
fragménté regarding color and shape reéembles very often that of clinopyroxene.

Only very few glass spheres or dumbbells have been found.

SPECIMEN PREPARATION AND RECORDiNG PARAMETERS
The medium fgr dispersing the fines on a éubstréte for the CESEMI record-
ings.is a eutectic mixture of caﬁphor'and naphfhalene (THAULOW ana WHITE, in
-press). ‘For this study, highly polished metallic Be was choséﬁ as alsubstrafe.
The samples.werg not'given a conductive coating. The secondary eleétron iﬁageé
were'fecorded using a Voitage of 25'keV and‘ld~9 amp specimen‘current.. The
Sechdary electron detector was optimized to supbress éhadowé; " All images |

t

were recorded at a picture point density of 256 points per line and 256 lines.

Six images were recorded for each of the six samples; three were taken at 300X, -

three at 1250X magnification.

RESULTS AND DISCUSSION
. In order to accurately measure the size distribution over the range of
0.5 to 30um, data from the two magnification settings had to be combined, '
taking into account the relative areas represanted by the two magnifications.
The data were mergea with no overlap bétween magnifications. For the !

magnifications 300X and 1250X the following limits were used (Table 1):

-1



Table 1. Limits for merging

Magnification Lover size limit Upper size limit
1250% 0.5um 5.0um

300X 5.0um 30.0um

The number of counts must‘be weighted io acéount for the relative areas
‘sampled. The area sampled at 1250X is approximétely 1/17 that of the area
sampled at 300X,lhence the number of counts are adjusted accordingly.

Results of the particle size ;ﬁalyses are>summarized in the Figures 1
aﬁd 2. 'On the 1ogarithmic scalelis recorded the equivaleﬁt circular'diametér of
the éarticles; on the probability scéle the cumulative frequency of the number
of graiﬁs. The size distributions are essentially log-normal. Because of the
selected cut-offs discﬁssed above, the smallest grain size counted ié 0.5p. A
slight uncertainty due to statistics of the counting is evideﬁced in the upper
size range (above 98%). |

Table 2 presents the total number of grainé processed for establishing
fhe frequency curves, the median size of the eqﬁivalent circuiar diameter,
and the-slope of the distribution cﬁrves ﬁathematically.fitted for data»bet~
ween 5% and 95% probabiliﬁy.

Table 2. Number of parﬁicles, median size of merged equivalené cir—

cular diameter, and slope of distribution curves for six
lunar fines. -

‘ ~ Number of Median size of Slope of
Sample particles equivalent cir- distribution
measured cular diameter (um) curve

14163,158 471 090 0.97
15031,44 603 - 0.86 : 0.97 :
"15041,50 220 0.84 _ 0.91
15231,49 365 . 1.37 0.89 "
15501, 25 195 ' Co1ar 1,09

15531,40 ' 157 1.49 : 0.92



o~

The shaées of the particles in the.size range of 1,25~3Cum equivaleﬁt
circular diameter weve characterized from ellipses calculated by least
square fits to each particle pe:imeter (MATSON et al., 1970). Histograms
.of the aspect ratios (minor/major axzes of caléuiated elliﬁses) are given in
Fig. 3. Aﬁ'aséect ratio of 1.0 indicates an equant particle, while a ratio
of'O.lvindicates an elongate shape. Most grains seem to be slightly-to-medium
elongaﬁed with é ratio between 0.4-0.7. Samples 15501 and 15531 show bimodal
distributions,

" Figure .4 summarizes the histograﬁs of the shape compiexity factor (par-
ticle pefimeter/fitted ellipseAperimeter). Around 807 of ihg grains measured
have a shape complexity factor in the range 0.80-1.00. If a particle has a
shape comple#ity factor of greater-than 1, then the particle is highly angular
and complex with possible-reentraht perimeter. If fhg factor is equal to 1,
the particle is.smooth and not reentrant, while a factor less than 1 shows an

extremely regular particle but not elliptical in éhape.

CONCLUSIONS

The six samples of lﬁﬁar fines used in ;his study all have size distri-
butions that are.iog—normal on a number count basis éver the size range from
O.S'to 30um. All six distribution curves have the same slope. Aé the distri-
butions are ldg—normal on a nuﬁber count basis they ére, of necessity, nenlog-
normal on:a weight basis. This finding is quite differenL than King et al;
found for the coarsef fractions-where they find log;normal behavior on a
weight basis.

Sellers et ai. interpret the log-normal behavior (weight basis)Ato be
indicative of communition processes. Since we observe a different distribu-
tion function for the finer fraction (0.5—30Um) one can only assume that

different processes avre operative in generating these fine particles.
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Figure 1.

3%}

Figure

Tigure 3.

Figure 4.

‘CAPTIONS FOR TIGURES

Cumulative frequency versus equivalent circular diameter

.for three lunar fines.

Cumulative freguency versus equivalent circular diameter

for three lunar fines.

Frequency in percent versus the aspect ratio (minor/major
axis of calculated ellipse) for six lunar fines.

a. Sample
b. Sample
" c. Sample
d. Sample
e. SAmple
f. Sample

14163,158
15031, 44
15041 ,59
15231,49
15501,25
15531,40

Frequency in percent versus shape complexity Ffactor (ratio

of particle perimeter to
fines.

a. Sample
b. Sample

c. Sample

d.  Sample
e. Sample
f. . Sample

ellipse perimeter) for six lunar

14163,158

.15031,44

15041,40
15231,49 o
15501,25 _ '
15531,40 - .



