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Cathodoluminescence microscopy and spectroscopy of plagioclases from lunar soill
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ABSTRACT

Cathodoluminescence (CL) microscopy and spectroscopy of single plagioclase grains from lunar
soil show that plagioclases from Luna 20 (highland) have more or less homogeneous CL with both
blue or green colors, whereas plagioclase grains sampled by Luna 24 (mare) luminesce dominantly
green with partially distinct oscillatory zoning. The three main emission bands in the blue (~450
nm), green (~560 nm), and red-IR (~690 nm), mimic the most common emission bands in terrestrial
feldspars. Mf is the most important activator element in lunar plagioclases. Variations in the amount
of structurally incorporated Mhcause variations in the intensity of the green emission band at 560
nm, in some cases resulting in zoning of the CL intensity within single crystals. Calculations by a
combination of quantitative spectral analysis of CL emission and PIXE measurements yield Mn con-
centrations of 7—-47 ppm. The intense intrinsic emission band at 450 nm (probably aAlAle@ter),
which was especially prominent in Luna 20 plagioclases, causes their blue CL color. The occurrence of
a CL emission band at ~690 nm in plagioclases from Luna 24 samples confirms*taatiFated CL
is common in these grains. The results indicate that at least some of the Fe in Luna 24 plagioclases is
Fe*, whereas all Luna 20 plagioclases hav&-Rear the CL detection limit of about 0.1 ppm.

INTRODUCTION about 50% <0.083 mm. The sample material consists of about

Plagioclase is a principal mineral in lunar rocks and soil. #0% degraded bedrock and thus is mature soil (Taylor et al.
is generally assumed that Fe, the most abundant transition &&3)- Lithic fragments are mainly anorthositic norite and
ment in calcic plagioclases of lunar rocks and soil (regolitHjoctolite with calcium plagioclase, pyroxene, olivine, and only
occurs predominantly as Febecause Mosshauer measureinor basaltic constituents (Cameron et al. 1973).
ments, optical studies, and wet chemical analysis did not de- The landing site of Luna 24 is located in the south-eastern
tect Fé* (e.g., Herzenberg and Riley 1970; Forester 1973; BurR@rt of Mare Crisium, which fills most of the Crisium
et al. 1973; Bell and Mao 1973). However, electron spin resgultiringed basin (Vinogradov 1972). The Luna 24 regolith is
nance (ESR) and luminescence excitation spectroscopy stadélatively immature, pure mare soil with minor exotic com-
ies have indicated the presence 6 Bong with Mii* (Weeks Ponents and a near blmodal. size distribution with maxima at
1973; Niebubhr et al. 1973; Telfer and Walker 1975). To furth&t€ 200-94 and 40-10n fractions (Laul et al. 1987). The soil
constrain concentrations of F@n the moon, single plagio- IS dominated by monomineralic particles (Ca-rich feldspar, Fe-
clase grains from Luna 20 and Luna 24 samples, which repféh pyroxene of mare origin, olivine) with low agglutinate,
sent material of predominantly highland origin and materi§hic, and glass contents. Whereas the monomineralic popula-
mostly consisting of pure mare soil, respectively, were char{@" has a minor highland component, the fraction of glass frag-
terized by spatial resolved CL spectroscopy and spectral ammgnts contglps a significant proportion of clasts that are of
sis of CL emission. In addition, attempts were made to quantfijghland origin (Laul et al. 1987). _ .
the concentration of the most important activator for CL3Mn ~ Monomineralic grains of plagioclases investigated here

in these lunar plagioclases. mainly consist of transparent, pure plates and splinters with a
grain-size of 100-30Am. All investigations were carried out
MATERIALS AND METHODS on polished thin sections of the separated single plagioclase
Sample material grains, which were produced using low-fluorescing epoxy resin.

The landing site of Luna 20 is located in the highland rgsxperimental methods
gion between Mare Fecunditatis and Mare Crisiufi3Z3N
and 5633"E). The Luna 20 soil consists of loose-grained, Iigrgit
grey regolith with about 20% of the grain size >0.45 mm aneq

We used a “hot cathode” CL microscope at 14 kV and with
current density of ~1@A/mm?. To prevent the build-up of
ectrical charge, the thin sections were coated with carbon.
Luminescence images were captured “on-line” during CL op-
erations by means of an adapted digital video-camera (KAPPA
*E-mail: goetze@mineral.tu-freiberg.de 961-1138 CF 20 DXC with cooling stage). CL spectra were
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obtained using an EG&G (Princeton Research) digital tripleaboratorium at the Ruhr-University Bochum (for details see
grating spectrograph (resolution of 0.5 nm at 600 nm) with liddeijer et al. 1994). At an average spot size ofub® and a
uid nitrogen cooled, Si-based charge-coupled device (CCprpton energy of 3 MeV, the detection limit for Mn is 5-10
detector. The CCD camera was attached to the CL microscapen. At present, the calculated detection limit of QHRS-CL is
by a silica-glass fiber guide (Neuser et al. 1995). Lateral resointhe range of 0.1 ppm. To keep the calculated limit of detec-
tion is about 3(um. CL spectra were measured in the range 320@n (LOD) of micro-PIXE, QHRS-CL and moreover the quan-
to 800 nm. Wavelengths were calibrated using a Hg lamp. Intéitative ionoluminescence (Homman et al. 1994) comparable it
sity was calibrated through comparison with an external stamas calculated on the same way using the GUPIX software
dard (iceland spar). To prevent any falsification due to electrpackage (Maxwell et al. 1995).
bombardment, all spectra were taken on non-irradiated sample
spots. RESULTS

Chemical compositions were determined using a JEOL JXA- Luna 20 plagioclase compositions fromeAto Ang domi-
8900 RL electron microprobe. Beam conditions were 15 kV, Hate (Fig. 1) and no Fe-rich plagioclase fragments were found.
nA, and a defocused beam with a diameter gir@0Counting The low-Fe (0.014-0.065 wt% FeO), low-K (0.005-0.084 wt%
times for each spot were 20 s for Si, Al, Ca, and Na; 100 s for Ki,O) compositions of the Luna 20 plagioclases have been in-
Fe, Mg, Ba, Sr, and K; and 500 s for Mn. To minimize volatilizaerpreted as to reflect early crystallization of plagioclases from
tion of Na, this element was analyzed during the first sequenaaelatively low Fe magma (Roedder and Weiblein 1973).
Background intensities on both sides of the measured elemen®lagioclases of Luna 24 soil contain some more Na (Fig. 1)
peaks were analyzed with each half of the counting times. Refid some of the plagioclase grains significantly vary in chemi-
erence intensities were obtained from standard materials incladlcomposition. One plagioclase grain (Luna 24-1) is intergrown
ing anorthite and pure metal specimens of Ti and Mn. with a grain of Si@ which is clearly discernible due to its blue

Concentration of M#f was determined by quantitative high-CL. Furthermore, Fe-rich pyroxene inclusions were detected in
resolution spectroscopy of CL emission (QHRS-CL). Theuna 24 plagioclase (Fig. 2f), which is a characteristic feature of
method was calibrated for feldspar using an albite sample fronare origin (Laul et al. 1987). In general, the concentrations of
Spruce Pine, U.S.A.; (see Goétze et al. 1999a), which was B&-and K are more scattered than in Luna 20 plagioclases (0.234—
multaneously analyzed by proton-induced X-ray emissidh671 wt% FeO; 0.005-0.529 wt%®).
(PIXE) and CL spectroscopy (Habermann et al. 1998). The The Mg contents range from 100 to 3000 ppm, which is simi-
micro-PIXE analyses were done at the Dynamitron Tanddar to data reported by Steele et al. (1980). Mg tends to correlate
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FIGURE 1. Chemical composition of Luna 20 and Luna 24 plagioclases plotted into the Or-Ab-An ternary. Luna 20 samples represent
exclusively An-rich feldspars, whereas Luna 24 feldspar compositions are more scattered.
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FIGURE 2. CL micrographs of lunar plagioclase grai(e-c) Luna 20 samples show more or less homogeneous CL distribution within
single grains without distinct zoning. The grains exhibit both blue and gregu-&1).Luna 24 plagioclases luminesce exceptionally greenish
and show partially distinct oscillatory zoning. The blue luminescing grain in plagioclase 24-1 (see arrow in 2elfr&$0 pyroxene, which
was interpreted by Laul et al. (1987) as characteristic feature of mare origin, is present as non-luminescent, splintecisbmpedh
plagioclase 24-4Fig. 2f). The circles and numbersfirmndh represent spot positions of microchemical analysis (Fig. 3).
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with Ca in plagioclases. We did not detect Ba (LOD 90 ppd973) this emission band centered around 560 nm is due’to Mn
BaO) and Sr (LOD 310 ppm SrO) was observed only once. in M sites (most probably @asites). They reported this lumi-
The colors range from pale blue to green (Fig. 2). The plaescence emission in almost all plagioclases from Apollo samples
gioclase crystals of Luna 20 appear more or less homogeneand meteorites and concluded that?Ms the dominant activa-
under CL, showing both blue and green CL colors. Only iter in lunar and other extra-terrestrial material because of its wide
regular areas with slightly different CL colors are detectab&vailability and the common substitution for Ca and Mg. Mea-
within the bluish luminescing plagioclase grains (compare Figurements on synthetic anorthites (Telfer and Walker 1978) and
2b), but no regular zoning is visible. natural plagioclases (Mora and Ramseyer 1992; Gotze et al. 1996)
In contrast, Luna 24 plagioclases exhibit only greenish ltave shown a clear correlation between the intensity of the green
minescence colors and moreover show partly distinct oscillmission band and the Mn content.
tory zoning under CL (Figs. 2d-h). In Luna 24-3 (Fig. 2h) the Based on these results, we attempted to determine the Mn
zone with the brightest CL is Ca rich (#nhgrading to Ap, in  concentration by quantitative analysis of the CL emission in-
the zone with the dullest CL. However, other plagioclase graitensity. Using the method of Habermann et al. (1998) the in-
with significant variations in the chemical composition shovensities of the 560 nm band in the lunar plagioclases were
no differences in the CL behavior (e.g., Luna 24-6, see Figuantified by a noncommercial software, and Mn concentra-
2g). Therefore, it is doubtful that the luminescence charactépns were calculated from a reference standard albite sample.
istics of the plagioclases are primarily caused by variationsh concentrations of 7-47 ppm are indicated. The CL zoning
major components. Instead, the CL intensity shows a correlia-plagioclase grain Luna 24-3 (compare Figs. 2h and 5) is
tion with the variations in the Mn concentration within the placaused by variations of the Mn content between 7 and 31 ppm.
gioclase grains (Figs. 3, 2f, and 2h). The intensity of the blue emission at ~450 nm in most lunar
Spectral analysis of the CL emission revealed that the pfaagioclases is relatively weak. Only some of the Luna 20 an-
gioclases of Luna 20 and Luna 24 show in general three maithites show a strong emission in the blue (Figs. 2b and 4). In
CL emission bands in the blue around 450 nm, in the greerttase samples, both the blue and green emission bands deter-
~560 nm, and in the red/IR at ~690 nm (Figs. 4—6). These anéne the integral CL intensity and the resulting visual CL color
also the most common emission bands found in terrestrial ptd-the plagioclase grains.
gioclases (e.g., Geake et al. 1973; Marshall 1988; Gotze et al.The origin of the blue emission in feldspars has been exten-
1999b). The intensities of these emission bands vary betwesgrely discussed (cf. Marshall 1988). Although initial results
plagioclases of the different samples as well as within singdé Mariano and Ring (1975) connected the blue emission with
feldspar grains causing the different CL colors and CL zonifigin Al sites (T?* electron center), it is not clear yet whether Ti
(Fig. 2). is an activator or a sensitizer enhancing intrinsic CL. Here, Ti
shows no relation to the CL intensity. Similar results were re-
DISCUSSION ported from CL investigations on synthetic and meteoritic an-
The green peak at ~560 nm is the most dominant emissanthite (Steele et al. 1997).
in all samples (Figs. 4-6). According to Geake et al. (1972, Walker (1985) related the blue emission to structural de-
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FIGURE 3.Compositional profiles. Top, schematic illustrations of the spot positions of plagioclases Luna 24-3 and Luna 24-4 itorelation
the CL emission intensities (compare Figs. 2f and 2h). The zones with the brightest CL correspond to the highest Mn aoscBottatn
shows various elemental profiles. Symbols are at the right side. Error basta(@lard deviation) are marked foyxkand MnO, for the other
elements the error bars are within the range of the symbol size.
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FIGURE 4. CL emission spectra of plagioclase grain Luna 20-1

(visible green CL, compare Fig. 1a) showing dominant‘dativated FIGURE 5.CL emission spectra of different zones within plagioclase

emission at 560 nm and grain Luna 20-3 (visible blue CL, compagrzl:silt'ilézaanzd‘l;’agveh;%? i;eerflgﬁr(lzo?];sﬁén;?le2?]))/ i‘;‘;e:/?sr}t)lglgl
Fig. 2b) with an additional strong emission band in the blue at ~4 g P g .

nm (probably Al-G-Al center). The calculated Mn concentration of-2NINg 1S mainly caused by varying intensities of thé“\mission at

. . o : o .560 nm. The intrinsic blue emission band and the red band du&to Fe
grain Luna 20-1 is 47 ppm. Variations in the visible blue CL color Dhow only slight variations. The Mn contents calculated from
grain Luna 20-3 (zone 1 and 2 in Fig. 2b) are caused by variations In y slg )

. - . o quantitative spectral analysis of CL emission are 7 ppm (zone 7/8), 14
the intensity ratios of the blue and green emission bands. ppm (zone 1/2), 23 ppm (zone 3/4), and 31 ppm (zone 5/6)

fects (electron-hole recombinations at various hole centers)” |
similar to those in other silicates. The CL emission band aroungo ;
450 nm may be caused by the substitution &ffar Si* in the |
feldspar structure. Variations in the peak position are asso’gcilzoo'
ated with non-equivalent sites for the impurity Al resulting ifg s«
different types of Al-G-Al centers (Kirsh et al. 1987). The Al- z,,
O~Al (or OY/277Al) center forms with two Al atoms, one of £
which is “structural Al” and the other “impurity Al” (e.g., E”“"’
Marfunin 1979). The formation of short-range disordered d@-eo -
mains is due to Al-O-Al clustering associated with structural o
defects in their local environment (Petrov et al. 1993). Thus,
the strong blue CL emission in some of the Luna-20 plagio-fvoo300 P — o oo w00
clases indicates abundant lattice defects. wavelength (nm)
In some Luna 24 plagioclase crystals an emission band in the
red-IR at ~690 nm was clearly detected (Figs. 5 and 6). This is Ficure 6. CL emission spectra taken from two spots within
of special interest because the red emission band was notg&gioclase grain Luna 24-5 showing a clear emission at ~690 nm,
tected with any certainty for Luna 20 (see Fig. 4). Sippel amdhich can be related to FeThe two spectra of spot 1 and 2 (compare
Spencer (1970) found no evidence of a ~690 nm peak in anyFigf. 2d) only slightly differ in the intensity of the ¥memission
more than one hundred investigated lunar plagioclase grains(calculated Mn concentrations are 18 and 20 ppm, respectively).
Geake et al. (1973), Telfer and Walker (1975, 1978), and
White et al. (1986) showed that the red emission band arouraks been ascribed to Idy during plagioclase crystallization
700 nm is due to Fe which occupies At tetrahedral sites in (Geake et al. 1972, 1973). Nevertheless, the occurrence of the
the feldspar lattice. The deep-red luminescence is due to @leemission band at 690 nm indicates that at least some of the
4T, - ®A, electronic transition of tetrahedral*F€Telfer and Fe in lunar plagioclases is ferric.
Walker 1978; White et al. 1986). The sensitivity of the red peak Niebuhr et al. (1973) concluded from ESR studies of lunar
position to anorthite content in terrestrial feldspars has beglagioclases that one percent of the total amount of Fe in in-
previously reported (e.g., Sippel and Spencer 1970; Geakeestigated anorthite was Fén tetrahedrally coordinated &l
al. 1973; Telfer and Walker 1975; Mora and Ramseyer 19%tes. Considering this, calculations from microchemical analy-
Gotze et al. 1996). Both the structural state of the plagioclasss in this study would provide contents offethe range of
and the tetrahedral site occupancy of'lean affect the posi- a few up to about 100 ppm. Comparison of our spectral CL
tion of the red peak (Telfer and Walker 1978; Petrov et al. 1988)easurements with results of extensive measurements on ter-
The position of the red peak in the investigated Luna 24 plastrial plagioclases (Gotze et al. 1999b) indicate that the Fe
gioclases centered at 690 nm correlates well with the resultcoficentrations in Luna 24 plagioclases are below 100 ppm.
Ca-rich terrestrial plagioclases. However, the quantification of the red emission peak is diffi-
The weak or absent red emission band in lunar plagioclasest because much of the Fe chemically measured as traces in

Luna 24-5
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the lunar fe|dspars is |||(e|y incorporated asfem present in Habermann,lD., Meijer, J., Neusgr, R.D., Richter, D:K., Rolfs, C., and Stephan, A.
(1999) Micro-PIXE and Quantitative Cathodoluminescence (CL) Spectroscopy:

accessory phases. . . . Combined high resolution trace element analyses in minerals. Nuclear Instru-
The possible sources of ¥én lunar material are widely ments and Methods B, in press.

discussed. Ferric iron could give an indication of free oxygelfl\erzenberg C.L. and Riley, D.L. (1970) Analysis of first returned lunar samples by
Maossbauer spectrometry. Proceedings of the Apollo 11 Lunar Science Confer-

available during formation. For lunar mare basalts,p(@s ence, Vol. 3, 2221-2241.
estimated to be 18 to 10 at 1000°C, whereas p(f for = Homman, N.P., Yang, C., and Malmaqvist, K.G. (1994) A highly sensitive method

: i ; ; _ for rare-earth element analysis using ionoluminescence combined with PIXE.
terrestrial anorthosite __(e'g" Stillwater anorthosite) was sug Nuclear Methods and Instruments in Physics Research, A353, 610-614.
gested to be ~1& (Schurmann and Hafner 1972). It was conkirsh, Y., Shoval, S., and Townsend, P.D. (1987) Kinetics and emission spectra of
cluded that the PgFe, ratio in plagioclase can reflect the EXO thermoluminescence in the feldspars albite and microcline. Physics Status So-

. . lidi (a), 101, 253-262.

during crystallization. On the other hand, secondary ProCce€ssEy J.c., Rode, 0.D., Simon, S.B., and Papike, J.J. (1987) The lunar regolith:

may have changed the F&€* ratio. Niebuhr et al. (1973) Chemistry and petrology of Luna 24 grain size fractions. Geochimica et

suggested that during subsequent recrystallization substantjalCosmochimica Acta, 51, 661-673.
99 9 d y F\/Iarfunin, A.S. (1979) Spectroscopy, luminescence and radiation centers in miner-

cation redistributions due to intra- and intercrystalline exchange 45, 352 p. Springer-Verlag, Berlin.
occurred that may have also effected the ferric to ferrous irdfariano, AN. and Ring, P.J. (1975) Europium-activated cathodoluminescence in

. - minerals. Geochimica et Cosmochimica Acta, 39, 649-660.
I’atI_O. Agrell etal. (]_'972) deteCteq gpethlte ina v_veakly recry%/farshall, D.J. (1988) Cathodoluminescence of geological material, 146 p. Allen
tallized lunar breccia (Apollo 14) indicating that fine lunar sur-  and unwin, London.
face materials may have been oxidized on the moon. Griscadfaxwell, J.A., Teesdale, W.J., and Campbell, J.L. (1995) The Guelph PIXE soft-

. ware package II. Nuclear Instruments and Methods, B95, 407-421.
and Marquardt (1972) also detected traces @OF& lunar Meijer, J., Stephan, A., Adamczewski, J., Bukow, H.H., Rolfs, C., Pickart, T., Bruhn,

soil that they related to oxidation processes from cometary F., and Veizer, J. (1994) PIXE microprobe for geoscience applications. Nuclear

impacts or endogenous sources. It is not clear vet whether thelnstruments and Methods in Physics Research, B43, 229-232.
P 9 Y R/Iora, C.l. and Ramseyer, K. (1992) Cathodoluminescence of coexisting plagio-

Fe* is of primary origin or due to other secondary processes  gjases, Boehls Butte anorthosite: CL activators and fluid flow paths. American

(e.g., radiogenic oxidation), although the absence &f iRe Mineralogist, 77, 1258-1265.
; a1 inAteuser, R.D., Bruhn, F., Gétze, J., Habermann, D., and Richter, D.K. (1995)
Luna 20_ sample_s _bm the presence in Luna 24 material Inaﬁe Cathodoluminescence: Method and Application. Zentralblatt fir Geologie und
cates primary origin. Paldontologie Teil I, H. 1/2, 287-306.
Niebuhr, H.H., Zeira, S., and Hafner, S.S. (1973) Ferric iron in plagioclase crystals
ACKNOWLEDGMENTS from anorthosite 15415. Proceedings of the Fourth Lunar Science Conference,

. . . . . ) Geochimica et Cosmochimica Acta, Supplement 4, 971-982.
. The mineralogical collection of the TU Bergakademie Frelberg kindly Propetrov, I., Yude, F., Bershov, L.V., Hafner, S.S., and Kroll, H. (1989) Order disorder
vided samples for the present study. D. Dettmar (Bochum) is gratefully acknowl- of Fe jons over the tetrahedral positions in albite. American Mineralogist, 74,
edged for the careful sample preparation. The authors appreciate the thoroughggs—go9.

reviews of both G. Walker and an anonymous reviewer. Petrov, I., Mineeva, R.M., Bershov, L.V., and Agel, A. (1993) EPR of [Pb-Pb}{3+}
mixed valence pairs in amazonite type microcline. American Mineralogist, 78,
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