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MARIE PALIVCOVA — ALENA CIMBALNIKOVA*

PETROGRAPHY AND CHEMISTRY OF VITROOPHITIC AND DENDRITIC
FRAGMENTS FROM THE MARE FECUNDITATIS (LUNA 16) REGOLITH

(Tab. 1 — 2, Figs.1 — 8)

Abstract: Two vitroophitic fragments [Nos. 1058, 3040) and a den-
dritic cryptocrystalline one with sheaf-like texture [No. 3042) from Mare
Fecunditatis regolith exhibit closely related textures as well as mineral
and chemical compositions. They correspond to the ANT group of lunar
rocks, i. e. to anorthositic-noritic gabbros and norites. The fragments
display the same high Al:O; content, the same CaO/Al:04 ratio (0,55) and
low contents of TiO. and alkalies.

The first two fragments consist of ,porphyritic® [,ophitic®) plagioclases
and vitreous dendritic matrix, the third one of skeletal dendritic laths of
inhomogeneous, mostly plagioclasic composition and homogeneous vitreous
interstitial matrix. The vitreous matrix of all the fragments corresponds
to the mixture of plagioclase and mafic minerals in chemical composition
(with mafic components prevailing).

The textural development of fragments and their origin are discussed.
The fragments are suggested to have crystallized from a supercooled
melt. They are considered to be fragments of lunar chondrules of the
ANT group. They can be held for further argument supporting the view
that the presence of highland material is not exceptional in mare regions.
The fragments indicate that hemicrystalline to cryptocrystalline vitreous
particles here are of non-mare composition and that chondrule type ma-
terial is widespread on Lunar surface.

Peawwme: [pa purpoodurossix (1058, 3040) u oaue meHApHTOBEI panHans-
wo-creGunenbit (3042) ¢parvenr ua peroanta Jlyns 16 umewor saansmonomnobinie
CTPYKTYpBl ¥ aHanorumyeckuii coctas. Cocrasom ouu oreesator nopoxam AHT —
IPYNIEL, AHOPTO3UTOBBIM HOPUTOBEIM rabfpo u HopuTaM. Yrto kacaercs xummama —
TAM O4MEHL 3AMETHOE TOMe caMoe BeicOKo? colepwkanue Al:O3 u Tome camoe coot-
womenne CaO/ALO; (0,55); conepsanme TiO: u menoueit uuskoe. Ilepppie asa
$parmenta coctoar us ,nopdupororo” (,ofuroBoro") nAArHOKAza M NEHAPHTOBON
OCHOBHO  Macchl, TPeruii M3 CKeneTo-o0pasHbIX JICHAPHTOBHIX NAATHOKJIA30BLIX
n2fiCT M rOMOTeHHOIl crexnoBaToil ocHoBHOH Macce, OcHoBHas Macca BO BEex cily-
Hamx OTBEYAET CMECH [JATHOKNA30B M MaguTOB ¢ npeobaanaHueM MaduUTOB 110
XHMHYECKOM COCTaBe,

JIMeKyTHPYIOTES  MHKPOCTPYKTYPLl H  BOZHHKHOBEHHE ¢parmenton.  PparMenTs
KpHCTaANAM3IoBaam M3 nepccxna}ﬁnemmr‘o pacninasa W MOKHO CHHTATH HX tbparbleu—
TAMH JYHHBIX WAPHKOB, KXACCHOMUMPOBAHHBIX KaK JyHHBIE XOHIpE (MAM XOHIpO-
naet) rpynnst AHT. Onu mMimssiM  10Ka3aTensCTBOM, 4TO TPHCYCTBHE MATEPHEO-
BOTO MaTepuana B Mopckoil ofsacti Jlyuet 16 He penxoe, uTo AyHuLIT cTeKIOBATHIL
MaTepuan ¢ nofobHBIMH MHKPOCTPYKTYDAMM OTBEYAET [OPONAM HEe MOPCKOro cocTana
I 4TO OH pacnpoctpaHeH no Beeil nosepxHoctH JIyesr

Introduction

Lunar particles similar to those studied in the paper (1058, 3040) have
been described for the first time by V. Smith et al. (1970] from Apollo
11 regolith as plagioclase vitrophyres. Similar textural types from Mare Fe-
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cunditatis [Luna 16) regolith have been shown and their composition deter-
mined as spherical particles by K. Keil et al. (1972, 252), G. Kurat et al
(1972, 708, 709) and from Luna 16 and 20 regolith by A. V. Tvanov et al.
(1976, 746). The fragment 3042 is texturally identical with the material from
Apollo 11 regolith described by J. L. Carter, L. Padovani (1973, 327)
also in the form of a spherule, and it is texturally close to the spherule
according to A. V. Ivanov et al. (1976, 748). By all these authors spherical
particles are interpreted as lunar chondrules (chondroids). By A. Cimbal-
nikova et al. (1973) the fragments studied were preliminarily called as
fgldspar basalts or non-mare basalts and they were classed into the anortho-
citic group of rocks (A, Cimbdlnikova, M Palivcovd 1975).

Methods

The polished thin microsection were made Irom the fragments selected under the
stereomicrescope. Analyses of bulk cempesition as well as of minerals weare perfor-
med with a JEOL-JXA-50A electron microanalyzer (EMA). Attention was paid to the
photomicregraphical documentation of the textures. Several analyses covering most of
the surface of the fragments were averaged fer bulk composition. The determination
of the distribution of elements by EMA was an additional method in the illustration of
textures. Analyses were performed by K. Jurek, M. Kozum plikovda and A.
Langrovd, microphotographs by V. Matéjkova.

Comments to the terminology of the textures

The fragments 1058 and 3040 exhibit hemicrystalline textures. They con-
tain well, lath- to needle-shaped plagioclases, arranged in a similar way as
in an ophitic texiure, or interpenetrating one another. The texture similar to
that of the fragment 1058 was described as intersertal by A. V. Ivanov
et al., 1976, as porphyritic by G. Kurat et al, 1972 and vitrophyric by V.
Smith et al, 1970; A. Cimbalnikovda, M. Palivcovad, 1975 used the
term ,vitroophitic®. All the terms do not lack a certain degrez of justifica-
tion. By the term Lintersertal” the hemicrystalline character and similarity
with ophitic texiure are emphasized; the original definition of the term,
however, implies only a small quantity of interstitial matrix, parily vitreous,
partly crystalline. The term ,,porphyritic® has been used to point out the phe-
nocrystic developmen: of plagioclases in the microcrystalline matrix. The
term ,vitrophyric® gives the idea of individual fenccrysis in glass — it does
not express ,the ophitic* arrangement of plagioclases. There is still another
term at disposal — ,hyaloophitic® — but in such texture a large volume
of hyaline matrix should be present (in the A. Johannsen's definition].
The present authors used an analogous term _vitroophitic® which enables to
point out the analogies with an ophitic texture on one hand and with a vitro-
phyric one on the other hand.

The cryptocrystalline texture of the fragment 3042 is known from various
chendrules. J. L. Carter, L. Padovani (1973, 327) denoted it as sheaf-
Jlike skeletal texture, A. V. Ivanov et al. (1976) as sheaf-like texture. The
authors called it divergently dendritic sheaf-like texture to emphasize the
dendritic to skeletal substruciure of the sheaves. In the literature diverse
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terms were used for it, e. g. recently fascicular, in'rafascicular (sze the
following chapters].

The reason why special attention was paid to the textural terminology is
the fact that often the description of textures is subjective and different.
Conzequently, without microphotographical documentation, the correlation of
analogous materials — a useful and notworthy approach to the study of
lunar samples — cannot be followed precisely.

Fig. 1a, b, ¢ — fragments studied under 75X magnification. a] 1058 — olivina anortho-
sitic gabbro; b) 3040 — olivine anorthesitic nerite; ¢) 3042 — guartz ncomatve anor-
thositic norite.

Petrography

The fragments display irregular forms, under s:ereomicroscope they are
dark grey to white grey in colour and they have a glassy appearence. By
the arrangement and shapes of feldspars, the textures of the fragments 1058
and 3040 resemble the microophitic textures of basaltic rocks. In the frag-
ment 3C42 the sheaf-like texture of skeletal laths can be seen indistinctly and
the light greyish-white colour indicaies already macroscopically the affinity
to anorihositic rocks.

The jragment 1058 (0,5 mm in diamster — fig. la, 2; chemical anal. No. 1
in tab. 1) is distinguished by leng perfectly euhedral laths of plagioclases
(0,2 mm], arranged in an ophitic textural manner of basaltic rocks. Some of
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Fig. 2. Vitroophitic fragment 1058 showing euhedral plagioclases and dendritic vitreous
matrix [matrix of clivine gabbro composition). Without polarizer, 490X. V. Matéjkova.

them are contiguous with each other. The interstitial matrix among plagio-
clases consisis of greyish brown vitreous material. The texture is called vitro-
ophitic, it also could be termed vitrophyric. The plagioclases- are unzoned,
in somz of them simple albite twins are developed. Often twins of two mu-
tually shified individuals occur, with filling following their central axis.
Thus the so called ,cored“, ,hollow® or ,tubular® plagioclases originate
(Fig. 2). The filling is formed by vitreous material of the matrix or by glassy
or opague pigmentation. The An content of plagioclases determined by EMA
corresponds to anorihite Ang,, normative plagioclase is An.,. The matrix is
vitreous and exhibits slight anisotropy in some places. The anisotropy is
due to some amount of patches of skeletal framework. Similar framework
was described as dendritic by some authors (see M, Palivcovd A. Cim-
balnikova, in print). This texture is often well developed at the plagio-
clase boundaries (comp. fig. 6 in the following sample). The margins re-
semble reaction zones, however, if element distribution by EMA is examined,
sharp boundary lines appear, (fig. 7a, b). By this method the texture of the
fragments becomes distinct.

The fragment 3040 (0,8 mm in diameter, fig. 1b; chem an. No. 2 in tab. 1)
illust-ates demonstrably analogous texture when compared with the pre-
ceeding fragment. The texlure is finer-grained, some decrease of the grain
size at one margin of the fragment is visible. Plagioclases are lath-shaped to
acicular. They often interpenetrate one into the other so that continuous
framework is developed. (Fig. 3). Two generations of plagioclases seem (o
be preseni, the acicular crystals penetrate into the older larger plates; ho-
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Fig. 3. Vitroophitic fragment 3040 showing platy and acicular plagioclas?s in vitreous
dendritic matrix [matrix of olivine melagabbro to troctelite). Without polarizer, 430 X,
V. Matéjkova.

Fig. 4. Dendritic  {skeletal) morphelogy in the vitreous matrix of the fragmznt 2040:
without polarizer, 550X, V., Matéjkova.
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Fig. 5. Dendritic texture at the plagioclase boundaries in the fragment 3040. Without
polarizer, 550 X. V. Matéjkova.

wever, no difference in composition was established — the composition of
both is anorthite Ang, normative plagioclase An,. The residual glass is
greyish white, slightly yellowish under the microscope. Dendridc patches
similar to those in the preceedine sample are abundant. [Fig. 4). The deve-
lopment of dendritic texture at the contact of plagioclases is seen in fig. 5.

The [ragment 3042 (0,8 mm in diameter, fig. 1c, 6a,-b; chem. an. No. 3 in
tab. 1) is macroscopically white, slightly yellowish. Sheai-like to lath-like
texture with skeletal, dendritic substruciure of the sheaves is particularly
well developed as seen in fig. 6b (in reflected light by EMA — fig. 6b —
the light component in dark, the mafic one in light). The sheaf-like laths
— 0,2—0,3 mm long — are made up of submicroscopic intergrowths cf im-
perfectly developed lamellae (indistinctly birefringent or viireous) of pla-
gioclase compesition and of mafic vitreous material among them. The inter-
nal structure of the sheaves is subparallel, dendritic to skeletal, and, some-
times, it is close to that described -as vermicular in some papers (J. C. Bai-
ley et al., 1970). The mafic vitreous material also fills the interstices among
the sheaves in the form of residual glass. This glass is markedly homoge-
neous. Minute dark to opaque spherical particles are always present in this
type of lunar fragments (fig. 1lc).

Chemistry and norms of the fragments

Bullk chemical composition was determined by several analyses [about
6—7 in each cample] sufficient to cover the greater part of the fragment
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Fig. 6 a. The texture cof the fragment 3042 enlarged 200X. Microphotc without
polarizer, V. Mat3jkova.

3 F £ " 7 i
T vl AL T I .
Fig. 6 b. Divergently sheai-like dendritic texture of the fragment 3042 in reflected
electrons [(dark-plagioclasic constituent, light — mafic glass). The composition of

interstitial glass corresponds to the olivine gabbro in composition. 300X. Photo K.
Jurek.
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Table 1

Chemistry and CIPW molecular norms of fragments (an. 1—3, total rocks) and their
vitreous matrix [(an. 1" —3")

1 | 2 | 3 | 1 | 2 3’
Si0; 44,20 43,46 46,95 46,07 44,04 43,91
TiO: 0,29 0,16 0,33 0,48 0,28 0,43
ALO; 25,24 25,09 26,78 18,56 10,51 17,61
Fe0 5,66 5,79 4,22 9,63 11,55 9,92
Mno 0,07 0,06 0,07 0,14 0,14 0,13
MgO 8,39 10,41 6,74 14,77 24,87 14,29
cao 14,17 13,80 14,69 10,66 8,30 10,39
Na20 0,38 0,38 0,20 0,31 0,24 0,36
K20 0,12 0,05 0,02 0,16 0,07 0,05

98,52 99,20 100,00* | 100,78 100,00* 97,10

+ calculated to 100 %

Ca0/Al.0;4 0,56 0,55 0,55 0,57 0,79 0,59
FeO/Mg0 +FeO 0,40 0,35 0,38 0,39 0,32 0,40
Mg0/MgO0 +FeO 0,59 0,64 0,61 0,60 0,68 0,59
CIPW norm.:

|
or | 0,72 0,28 0,11 0,95 0,39 0,28
ab | 3,20 3,20 1,68 2,62 2,04 3,04
an | 66,75 66,55 72,03 48,73 27,36 46,23
qu = - 1,10 — - —
ne — — — = — = |
di 2,83 1,50 0,63 3,32 11,04 4,27
hy 11,09 5,82 23,76 23,12 10,11 19,25
ol 13,33 21,46 21,02 48,30 23,08

ilm 0,55 0,30 0,62 0,91 0,53 0,82

98,46 9911 | 99,92 | 100,67 99,77 96,98

SAL/FEM 70,67/ 70,03/ 74,92/ 52,30/ 29,79/ 49,55/
27,79 29,08 25,01 48,37 69,98 47,43
norm. plg. Ancq,s Anos Anoy s Anoi 2 Anoy g Anoes 3
|
1 — bulk composition of the fragment 1058 [(1s) by the electron beam with a dia-

meter of 10 to 15 microns by EMA; average from 6 analyses)
— olivine anorthositic noritic gabbro

2 — bulk composition of the fragment 3040 (3s); average from 7 analyses
— olivine anorthositic norite

3 — bulk composition of the fragment 3042 (MS—10]; average from 6 analyses
quartz normative anorthositic norite

1" — residual vitreous dendritic matrix from the fragment 1058, average of 3 analyses;

the composition corresponds to:

— olivine gabbro

2! — residual vitreous dendritic matrix from the fragment 3040, average of 2 analyses;
the composition corresponds to:
— olivine melagabbro to troctolite

3 — residual homogeneous glassy matrix from the fragment 3042; average of 3 ana-
lyses; it corresponds lo:
— olivine gabbro
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Table 2

Chemistry of plagioclases [(an. 1p, 2p] and the calculation of the vitreous matrix
(1" — 3') to the mineral composition

[ 1p | 2p =‘ 1 5 3¢

Si0; 45,87 4529 46,07 44,04 43,91
TiO: 0,02 0,02 0,48 0,28 0,43
ALO; 33,39 31,83 18,56 10,51 17.61
FeO 0,76 42 9,63 11,55 9,92
MnO 0,00 0,00 0,14 0,14 0,13
MgO 1,14 0.33 14,77 24,87 14,29
ca0 18,17 19,43 10,66 8,30 10,39
| Na:0 0,76 0,34 0,31 0,24 0,36
K:0 0.03 0,03 0,16 0,07 0,05
100,00° 97 62 100,78 100,0° 97,09

* calculated to 100 %
calculated to 6(0)
calculated to 8(0)

Si 2,115 2,147 1,648 1,618 1,638

Al 1,817 1,776 AllV 0352 0,382 0,362

Ti 0,001 0,001 Z = 2,00 2,00 2,00
Z = 3,93 3,92

AlVI 0,429 0,073 0,410

Ti 0,013 0,007 0,012

Fe 0,029 0,012 0,287 0,354 0,308

Mn — —_ 0,004 0,004 0,004

Mg 0,079 0,000 0,792 1,371 0,799

Ca 0,900 0,987 0,409 0,327 0,415

Na 0,068 0,017 0,021 0,017 0,026

K 0,001 0,001 0,007 0,003 0,002

X = 1,08 1,04 1,96 2,15 1,98

plagioclase normat.: pyroxene

Angs Angy Fe 19,28 17,24 20,25

Abg7 Abpa Mg 53,26 66,82 52,49

Ca 27,46 15,93 27,25

1p felsie constituent of the dendritic fragment 3042 calculated to plagioclase (average
of 3 analyses)

2p plagioclase from the vitroophitic fragment 1058

1" vitreous matrix of vitroophitic fragment 1058, if recalculated to pyroxene

2" pitreous matrix of the fragment 3040

3" vitreous matrix of the fragment 3042

surface, and chemistry of main constituents by point analyses by EMA. The
results of averaged analyses (1, 2, 3) and their norms are in table 1; the
analyses 1’, 2', 3’ correspond to the cemposition and norm of the matrix (ave-
raged analyses). In table 2 chemical composition of plagioclases is given
(1P, 2P).
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The bulk composition of all three fragments indicates their mutual affinity,
which is particularly well demonstrated by high Al,0;, higher CaO, low TiO,
and higher MgO versus FeO, if compared with mare basaltic rocks. The che-
mistry of the three fragments — in spite of the basaltic macroscopic appea-
rance of the first (1058) — corresponds to that of the ANT group in the
sense of K. Keil et al., 1972, Especially the fragment 3040 is enriched in
MgO in its matrix. The affinity to the anorthositic group is also proved by
normative composition according to (7€ amount of salic constituents (69—
75 0y — see ]. M. Rhodes, 1973) as well as according to the nature of
normative femic minerals (hypersthene and olivine both rich in Mg compo-
nent, both prevailing, low amount of the normative diopside and ilmenite]).
Normative plagioclases of vitroophitic fragmenis are anorthites Angy_os,
which is in accordance with the chemistry of plagioclases examined by EMA
(1P, 2P). Increased FeO and MgO contents in plagioclases are probably due
to pigmentation (mechanical admixture). The Na and K contents in the frag-
ments are negligible.-Mafic constituents are concentrated in the matrix, in
fragment 3042 also as interstitial filling among plagioclase lamellae in the
sheaves. This is evidenced by element distribution under EMA (fig. 7a—d]).
The distribution of Mg0 and FeO is very distinct, both elements are concen-
{rated in the matrix, while Ca is almost equally distributed in both the pla-
gioclases and the matrix.

Thus according to the bulk chemistry the fragments can be classified as
noritic gabbros and anorthositic norites (Glossary, 1974). The 1058 frag-
ment is close to olivine troctolite (high olivine content], the 3042 fragment
is slightly quartz normative. According to the composition and petrochemical
indices (e. g. Ca0/AlL,0, = 0,55, MgO/MgO+FeO = 0,61, about 70 0 Ang;_os)
the fragments approach to the group classified as non-mare highland basalts
by P.Jake § et al.,, 1972; they differ only in the low TiO,.
~ The matrix of the three fragments has the composition of olivine noritic
gabbro, in 3040 fragment it is melanocratic, close to troctolite. The attempt
to recalculate the matrix to mineral composition has shown that the compo-
sition of the matrix cannot be expressed by the composition of one mineral
(high Al content in comparison with pyroxenes and olivine, high Mg, Fe con-
tents in comparison with plagioclases]. Thus the vitreous dendritic matrix
represents a mixture of mafic and felsic constituents enriched in mafic ones.

The chemistry of the fragments was compared with that of lunar chon-
drules examined by K. Keil et al, 1972 and A. V Ivanov et al, 1876
from Luna 16 and 20; in all diagrams (fig. 8) the analogy in chemistry is
manifested, which is especially perfect with K. Keil's et al. eamples. In
agreement with A. V. Tvanov et al. (c. 1.), low alkali content in the rocks
and high An content of plagioclases (almost pure anorthite] can be seen
in the fragments studied. The 8iO, content varies. The interstitial vitreous
matrix of the fragments studied is always close to mafic glass, not plagio-
clase glass.

Textural development of the fragments

The fragments investigated exhibit similar textures, petrography and che-
mistry as in lunar spherical particles which have been interpreted as lunar
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Fig. 7 a—d. Element distribution by EMA in fragments 1058 (a,Db) and 3040 (c,d), a,
¢ — distribution of Mg, b d distribution of Ca. Compare figures 2 and 3.
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chondru'es or chondroids (K. Keil et al, 1972; A. V. Ivanov et al., 1976)
from Luna 16 and 20 and from other localities of lunar samples, too. (G.
Kurat et al, 1972 and others). It, seems, therefore, reasonable to consider
them as clas s of crystalline and cryptocrystalline lunar chondrules.

From the beginning of investigation the textures of lunar chondrules
were interpreted as textures of rapidly solidified, supercooled melts. K.
Fredriksson (1970, 419]) has explfl'lir:led the chondrules as ,quenched
silicate drops®, K. Keil et al. (1972} 252) as producis of spontanneous
crystall zation from supercooled, rapidly solidified melt. Already in the first
papers some different explanations of their crystallization were expressed
(e.g. devitiification — E. Roedder, P. W. Weiblen, 1970; G. Lofgren,
1971) and there exists a numbzar of different views in details depending OR or
leading to various theories of their origin (newly discussed for ordinary
chendrules by Makoto Kimura and Kenzo Yagi, 1980). Almost all
authors favour their crystallization from supercooled melt. Following featu-
res in the fragments studied can be quoted to support their rapid crystalli-
zation: ,tubular® (,cored”, ,hollow") euhedral plagioclases [(1058), inter-
penetrating of plagioclases (interface texture, cross intergrowih), lath-shaped
and acicular plagioclases, skeletal textures of plagioclase sheaves, their den-
dritic subsiructure; the presence of interstitial (residual) glass, probably
also regular ,dendritic* framework in the glass.

All three fragments are of similar composition as the rocks of ANT group.
In spite of some differences in the crystallinity of the individual fragments
on the one hand, they have some textural similarities on the other hand. The
conclusion can be deduced that all three fragments represent one genetical
series, in which the differences are due to unevenly progressed crystalli-
zation, similarly as documented by A. V. Ivanov et al, 1976. Thus the vi-
troophitic fragment 1058 — containing well shaped ,porphyritic® euhedral
plagioclases arranged in the same manner as in an ophitic texture — re-
presents the best developed crystallization stage. The fragment 3040 of si-
milar texture characterized by interpenetrating plagioclases is a less per-
fectly developed and the sheaf-textured fragment 3042 marked by an ophitic
sheaves arrangement — the least perfect developed crystallization stage. All
fragments have vitreous residual matrix. They represent almost continuous
crystallization series of hemicrystalline to incompletely crysialline textures.

According to the examples from the literature the said series can be ex-
tended in two directions: to the hemi- to holocrystalline [intersertal, ophitic]
textures on the one end and to the typical cryptocrystalline (fibreous, fas-
cicular, spherulitic etc.) ones on the other end.

The gradual transition to holocrystalline textures is evidenced e. g. by
those examples that but little differ from the fragment 1058, by the micro-
crystalline or holocrystalline nature of the matrix only (G. Kurat et al,
1972, 709; K. Keil et al., 1972, 252).

Hemicrystalline to holocrystalline textures of such a type can be followed
also in the material in which typical ophitic to intersertal textures of basaltic
rocks enriched in plagioclases are developed (e, g. P. W. Weiblen et al,
1974, 752, fig. 1g; E. Dowty et al, 1974, 473, filg. 2¢; ]J. I. Goldstein,
1974, 655, fig. 1c; G. J. Taylor et al, 1973, 561, fig. 6F; I. M. Steele et
al., 1974, 923, fig. 3b. and other). The frequent presence of small amount or
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traces of dendritic glass in these rocks can be mentioned as the best eviden-
ce of their affinity to the samples under study. The intersertal and ophitic
textures of these rocks are commonly thought to be magmatic, crystallized
from a primary melt, less frequently from a secondary (impact) melt (espe-
cially the dendritic glass is used in support of the la‘ter.)
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I'g. 8. Chemistry of main oxides related to the FeO content in the fragments studied
(the vertical large crosses = bulk composition, the small ones = their matrices)
compared with the chemistry of Luna 16 chondrules by K. Keil et al, 1972 (dashed
field) and by A. V. Ivanov et al., 1976, (diagonal large crosse = bulk composition,
diagonal small crosses = residual glass).

Towards the less perfect cryptocrystalline textures, the variability of the
textures and consequently the diversification and discrepancy in terminology
increase enormously. A series of textures can be traced that are close to
the fragment 3042 by some features and different by another ones. Various
textures are involved which are common in spherical particles, such as ra-
diate, excentrically radiate, fasciculate, intrafascicula.e etc., characterized by
divergently or radially arranged sheaf-like, lamellar, fibreous, plumose etc.
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formations, gradually passing to fine fibreous and spherulitic, (terminology
see in G. Lofgren et al, 1974 on the basis of plagioclase growth]. Many
of these textures have been experimentally imitated (G. Lofgren et al, c.
|, M. Blander et al., 1976 by means of laser-action and many others].
A. V. Ivanov et al., 1976, 748, fig. 7 show the gradiation of some textures
from the well-crystallized centre to the less crystallized margin in the in-
dividual chondroids. Some of these textures (e. g. an analogon of the frag-
ment 3042) are thought to be primary (J. L. Carter, L. Padovani, 1973),
magmatic (A. V. Ivanov et al, 1976) textures, in other cases — very onften
— they are considered to be the devitrification products (e. g. S. E. Hag-
gerty, 1974, 197, fig. 2 d; R. F. Dymek et al., 1974, 243, fig. 6F) and still
in another case the shock induced isotropization and devitrification products
(M. R. Dence et al, 1970; A. C. Waters et al., 1971; E. Roedder, P.
W. Weiblen, 1970].

The dendritic framework in interstitial (residual) glass — as typically
developed in fragments 1058, 3040 — is commonly held for an evident result
of devitrification in the primary (e. g. in vitrophyres according to P. W.
Weigand, L. S. Hollister, 1973] as well as in secondary rocks (e. g.
C. B. Sclar, 1970, 868).

A similar series from crystalline textures to cryptocrystalline ones was
established during the crystallization of melted basalts (L. Kopecky, |
Voldan, 1959 — compare M. Palivcovd, A Cimbdlnikova, 1981)
partly due to cooling of the melt (porphyritic textures, skeletal tex-
tures), partly due to heating of quenched material (dendritic, spherulitic
tex.ures). Newly, typical ,lunar textures” in the entire series from crypto-
crystalline to holocrystalline have experimentally been modelled on the ex-
perimental or natural lunar materials and the conditions of the textural
types formation have been determined (G. Lofgren, 1971; G. Lofgren
et al., 1978: P. 1. Nabelek et al, 1978; D. Walker et al., 1978). From
the analozies in melted basalts and experiments it can be deduced — provi-
ded the me't being of the same composition — that the formation of various
textural types depends not only on the different cooling history (L. Kopec-
ky, ]. Voldan, 1959), the degree of supercooling and the rate of the
cooling (e. g. G. E. Lofgren et al, 1974, 1977; T. M. Usselman, G. W,
Pearce, 1974 etc.), but especially on the precooling history of the melt
(P. I. Nabelek et al, 1978; G. F. Lof gren et al, 1978). For instance
the different time of heating or melling of the material before cooling evokes
diffe-ent degree of nucleation (i. e. number of submicroscopic nuclei in the
melt), and different textures can thus originate even if the cooling rate is
(he same. Typical ,lunar® textures have been gained in this way, from cryp-
tocrystalline (radiate, fasciculate] to intersertal and subophitic ones. When
comparing the study of lunar fragments with the results of these experiments
and hasalt melting, the present authors are inclined to the view that vitro-
ophitic textures of the Jragments (1058, 3040) derive from crystallization of
supercooled melt, not from devitrification process. From the analogies with
the textures gained by P. I. Nabelek et al. (c. 1., p. 733, fig. A, B) it can
be judged that thesze texiures were influenced by the degree of nucleation.
Analogous experimentally reproduced textures were gained by cooling of
pariially crystallized melts at 1292°C; the texture similar to the vitroophitic
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fragment 1059 (tending to porphyritic] was gained if the duration of the
preccoling melting was 4 hours, the texture similar to finer-grained vitro-
cphitic fragment 3040 (interface texture) needsd 12 hours. Similar textures
were reproduced by G. Lofgren, 1977 (in P. I. Nabelek et al, 737,
figs C. D) by cooling rate 2 °C/hour, initial temperature 1280 °C, but precooling
heating 24 and 88 hours. G. E. Lofgren et al.,, 1978, 9569, fig. B, CD succeeded
to reproduce even holocrystalline textures in similar way. The pattern of
plagioclases in the textures of fragments 1058 and 3040 represents two most
common patterns in lunar ,primary® textures — hemicrystalline as well as
holocrystalline. The same mode of origin, i. e. crystallization from the melt,
not devitrification, is assumed for the cryptocrystalline fragment 3042. The
present authors suggest that the divitrification process can be excluded,
the in.erstitial [residual) homogencous glass bearing no signs of devitrifi-
cation.

On the contrary, the dendritic texture of interstitial glass in the matrix of
vitroophitic fragments 1058, 3040. cannot be explained unambiguously. In all
cases described in the literature this texture is considered as devitrification
one. The present authors suppose that not the primary skeletal growth during
cooling of the melt cannol be excluded even in this case but no proof
for such an assumption is available.

Provenance of the material, primary or secondary origin of the melt

In the previous chapter it was shown that the fragments studied conformed
to the material of lunar chondrule type. They correspond to the ANT group
of rocks. Thus the results are in accordance with the conclusions of K. Keil
et al., 1972 stating that the chondrules of Luna 16 are of the same chemical
composition as the highland rocks.

The highland material is a slrange, exotic element in lunar mare regions.
[t had to be transported into the present place of occurrence from lunar
highlands. Considering the distance of Luna 16 station from highland regions,
it is necessary to presume the transport most likely by an explosive action
of a strong violence. There are two main possibilities of explanation accor-
ding to the investigations achieved until now: either exogeneous impact pro-
cess or endogeneous volcanic process. In the first case the melt is of secon-
dary origin, in the second case it is of primary origin (although some local
secondary melting of surrounding rocks or solidified volcanic material during
voleanic explosion should also be admitted).

Most of the lunar scientists prefer the impact origin of lunar chondrules.
The main reasons for such interpretation — in addition to the geological ones
— are particularly: the spherical form of the particles (a phenomenon un-
known in the terrestrial volcanic products), textures speaking for a rapid
crystallization of the melt, a frequent occurrence of glass or dendritic ma-
terial interpreted as devitrified glass. A. V. Ivanov et al,, 1976 for instance
newly consider hemicrystalline and cryptocrystalline textures of lunar chon-
droids to be the result of impact process, and even from various stage of
crystallinity of chondroids they judge the position in the ,impact nebula®
during their formation.
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The textures of the fragments studied represent — as shown above —
{ransitional intermediate members of a textural series. At one end of the
series holocrystalline rocks developed analogous to those of primary rocks,
at the cther end cryptocrystalline material which is common in lunar sphe-
rical particles or glass is formed.

The occurrence of hemicrystalline to holocrystalline textures in chondru-
les of ANT group (K. Keil et al, 1972; G. Kurat et al, 1972) permits
a tentalive conclusion that the series is a genetic one. The experimentally

reproduced series of the textures — as mentioned above — supports such
a view. All series from cryptocrystalline to holocrystalline textures originated
during one experimental process — under minimal (atmospheric] pressure,

by changing the cooling rate, nucleation rate etc.

Textural analogy with melted rocks is usually used as an argument sup-
porting the secondary, impact origin of the melt. On the other hand B. M.
French's view [1972) should be taken into consideration that — particu-
larly in partially vitreous material it is difficult to dislinguish wheather
the textures are products of rapid solidfication of primary magmatic melt
or of crystallization from quenched melt. Consequently textural criteria
chould not be used — as usually do (e. g. V. Smith et al,, 1970, 901; C. B.
Sclar, 1970, 866 etc.) — in support of crystallization from secondary (i. e.
impact] melt. Neither the common presence of glass and its dendritic mor-
phelogy on lunar surface, nor the textures of rapid crystallization or dynamic
influence, isotropization of minerals etc. can justify such a view. The entire
texlural series of similar textures was produced from experimental melts
under normal atmospherical, not abnormal pressure conditions. The dryness
of lunar endogeneous melts and their crystallization under the vacuum
conditions must have evoked crystallization analogous to the experimental
dry melts. Due to the pressure change during the explosion into vacuum
such phenomena that are unusual or unknown in terrestrial volcanism, could
originate. The tendency to form spherical particles not only from glassy
material but aleo from some minerals could be one of such speclal features
caused by these conditions. Therefore, neither the textures nor the composition
of lunar spherical particles of chondrule type can be used in support of one
of the origin of chondrules from the two possibilities mentioned above.
According to most authors they could be transported into their present region
— allochtoneous to their origin — either as products of exogeneous impact
evenlts or of endogeneous explosive volcanic events. However, it is most
probable that — in respect of their textural as well as compositional analo-
gies — they originated only by one of these ways.

Conclusions

1. Three fragments from Luna 16, two of hemicrystalline (vitroophitic)
and one of cryptocrystalline (divergently sheaf-like, dendritic) texture re-
present fragments of lunar spherical particles of chondrule type.

2. The composition of the fragments agrees with the ANT group of lunar
rocks: it is analogous of the Luna 16 chondrules according to K. K eil et. al,
1972 and to Luna 16 and 20 chondroids according to A. V. Ivanov et al.,
1976.
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3. The textures of fragments represent a series from hemicrystalline (vitro-
ophitic) to cryptocrystalline members. The series can be considered to he a
genetic one, originated from supercooled melts under different ways and de-
grees of cooling. The textures are similar to those of melted basalts as well as
to experimentally produced (experimental and natural) lunar melts.

4. The ANT fragments represent an exotic, allochtoneous material in the
mare region, analogous to highland regions. The possibilities of transport
from their parent region to the present place of occurrence are discussed.

5. Neither textural nor compositional character of the chondrules can de-
termine the endogeneous or impact origin of the melt. The interpretation is
d:stinctly influenced by the working hypothesis about the geological deve-
lopment of Luna surface. Therefore, textural and compositional criteria should
be used cauticusly. On the other hand the new applied method of experi-
mental modelling of the textures could throw light on approximative condi-
tions of crystallization of Lunar material.
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