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PREFACE

Objective and scope of work

The objectives and scope of work performed under this contract
were to exarmine, by optical and scanming electron mucroscope, and,
where applicable, by transmission electron microscope and electron
microprobe, lunar highlands breccias and terrestrial impact-generated
breccias as designated by senior scientists at Goddard Space Flight Center.
Appropriate samples were to be chosen for determination of large-ion-
Lithophile trace element abundances, major element abundances and Rb/Sr
and Sr isotopic analysis. These data were to be reduced and interpreted,
and, us;r;g_ the results as a gude, to 1mtiate new work aimed at gaining furthér
knowledge and understanding of the nature of,and processes formang,the

lunar highlands crust, and surface processes affecting planets.

Conclusions

Samples, including chips, polished eleciron microprobe mounts and
polished thin sections of samples from the Apollo 15 and 16 landing sites
were examuined and analyzed during the course of this study Major, rmnor .
and trace element analyses of lunar samples 15255, 67455 and 61175 have
been completed. These data indicate that 15255 is a fragment-laden melt
containming muneral and lithic fragments probably derived from mare basalts
and gabbros By comparison with other lunar breccias and terrestrial
impact melts and breccias, 15255 appears to be ejecta rather than part of

a melt sheet. The breccia 18 coated with a vesicular glass rind which 1s

similar 1in major element composition to the bulk breccia, but differs in



Iithophile trace element composition. This rind was not derived from the
host breccia.

01175 and 67455 are light-matrix, friable polymict breccias which
contain clasts of melt rocks, anorthosite and metamorphic rocks (hornfelses
and granulites). 61175 contains a highly varied suite of impact melts,
granoblastic hornfelses, poikiloblastic hornfelses and granulites as well
as a2 few shocked anorthosite clasts. 67455 contains a smaller variety of
clasts, which include hornfelses of similar texture and composition to those 1n
61175, and a suite of hornfelses with hgher Fe content. The anorthosites contain
more plagioclase and have lower lithophile trace element abundances than the
anorthosites 1n 61175, Study of these two rocks extends the presence of
of the metamorphic component to two other sites at the Apollo 16 landing
site, and suggests at least three stages of formation, including primary
crystallization, thermal metamorphism and 1mpact fusion.

Samples, including polished electron microprobe mounts, polished
thin sections and hand specimens of impact melt and target rocks from three
terrestrial meteorite 1mpact craters have been examined and analyzed by
electron ‘rn.mropr)be for major elements and for lithophile trace elements, Rb/Sr
and Sr isotopes. The Tenocumer and Dellen lake craters were found to have
melts of unusual composition, which indicate different Crystallization histories
and cooling rates. Cooling rate and crystallization history are likely a
function of both composition and the number of included fragments. Major
element composition of Tenoumer melts can be explained by rmixing

amphibolite and granodiorite end members; however,trace element composition



cannot be so explained. An as yet unanalyzed component may be responsible
for the trace element compogitions of the melt.

Rocks from the Zhamanshin structure, near Aral, USSR, include
shocked gneisses and siliceous himestones, 1impact melis of basaltic
composition and dense black glasses (tekiites) of siliceous and basaltic
composition. Six samples have been separated and prepared for Rb/S_r and

Sr 1sotopic analysis and deterrmnation of lithophile trace element abundances.

Recommendations

It is recommended that additional samples from 61175 be obtained and
clasts separated for K/ Ar,4.gr /%ﬂ?r, major element and trace element
chemistry. Laser probe4.g.r/%gr age dating should be undertaken on
thoroughly characterized clasts. Further samples of glags coated breccias
should be obtained from the Apollo 15 collection 1n order to analyze and
compare 15255 with other glass-coated breccias from the Apollo 15 site.

Further samples of target and melt rocks should be obtained from
the Dellen and Tenoumer craters for Rb/Sr and lithophile trace element
analysis. These samples should be collected from the NE dike swarm at
Tenoumer (not yet sampled) and from Norra and Sodra Dellen whereimpact melts
different from those analyzed 1n this study have been found. Further samples
of the Zhamanshin 1mpact melts and their target rocks are being obtained
from P.V. Florensky, and should be analyzed for Rb/Sr and Sr 1sotopes
and lithophile trace element abundances Detailed petrographic and

petrologic analysis should also be done on these melts



INTRODUCTION

As outlined in the statement of work under contract NAS5-23544,
three areas of study were to be undertaken at the designation of senior GSFC
screntists. These areas were: 1) Petrology and petrography of lunar rock
materials, 2) Petrology and petrography, and isotopic analysis of terrestrial
impactites and 3) Petrology and petrography of meteorites No meteorites
were designated for study during this contract year, thus all work performed
was done under 1 and 2.

The study of terrestrial meteorite impact craters as Lunar analogues
1s an important one as such studies provide ;;rlméry data relating to the
impact process. Such data can be applied directly, or can be used to interpret
lunar breccias for which geological controls are lacking. This report presents
results of detailed study of two terrestrial impact craters (Tenoumer,
Mauritama and Dellen, Sweden), and preliminary results of studies of a
third, the Zhamanshin structure in the USSR. The results of these studies,
and others, provide a framework in which the returned lunar breccias can
be understood. This report alsc presents the results of detziled studies of
61175, an Apollo 16 breccia which is the subject of an ongoing consortium

study effort, and 15255, a glass-coated breccia from the Apollo 15 site. ™

PETROLOGY, PETROGRAPHY AND GEOCHEMISTRY OF TERRESTRIAL IMPACTITE

Introduction: Detailed studies of two terrestrial impact craters are nearing

completion, while the other is undergoing detailed study at this time. These



three craters, Tenoumer in Mauritania, Dellen in Sweden and

Zhamanshin in the USSR are all smaller craters (< 10 kmin diameter) which
contain impact melts. In this sense they differ from other small ampact craters
such as Odessa or Meteor Crater, which do not contain discrete bodies of

melt, although glasses have been found associated with the latter craters.

Of the four craters currently under study, Zhamanshin 1s unique in that it

has associated with 1t a group of tektite-like gl?'i?SES (Irghizites) (Florensky,
1975). Tenoumer crater has been the subject of extensive geochemical and
1sotopic studies for the past 2-1/2 years, and petrological studies of the
melts ha..ve just been completed. The Dellen and Tenoumer structures are smaller

craters which contain bodies of melt of unusual composition

TENOUMER CRATER, MAURITANIA

Tencumer, at 1 9 km in diameter, 15 the smallest of the four craters
studied It 15 located in the Sahara Desert about 250 km east of Zourat,
Mauritama (Fudali, 1974) The crater was described by Richard-Molard
. {1948) and by Monod and Pomerol {1966}, Both papers concluded that the
crater was formed by volcanic processes. Later work by French et al. (1970)
described features indicative of shock metamorphls;zl in rocks from the
crater providing strong evidence for the formation of the crater by meteorite
impact. Further evidence, including the young age (2.5 my via K/Ar) and
high imtial 81'87/51'86 ratio (0.720) for the melt rocks, also suggested an
impact origin., Fudali (1974) undertook a study of the impact melts found at
Tenoumer, coming to the conclusion that these melts, which occur as dikelike -

bodies just outside the rim of the crater, were formed as a result of melting

and rmaxing amphibolites and granodiorite, both of which are part of the



country rock suite. 1In Fudali's model, the dikes are formed by local melting
of amphibolite which occurs as a dike striking through the center of the
crater, and immediately adjacent granodiorite. This model differs somewhat
from other models of melt formation in that the melts may be formed at some
distance from the center of the crater, and the melts may not have the same
composition everywhere in the crater.

Because of the large volume of major element chemical data available
from Tenoumer, these rocks were chosen for studies of the behavior of the
lithophile trace elements and the isotopes of strontium. Preliminary results
have been reported by Winzer, 1975, and Winzer and Iam, 1976, and these results
indicate that the trace element compositions of the melts cannot be explained
in the same memner as the major element compositions. Further analyses
were made, with the result that at least two explanations of the trace element
content were possible, but neither was in any way similar to the explanation
for the major element compecsitions given by Fudali (1€74). Detailed petro-
graphic and petrologic analysis of the impact melts themselves had not been
done by any of the previous researchers, thus such analyses were undertaken
in order to clarify the composition of glasses and melts, and the crystallization

history of these melts.

Petrography and petrology

Four polished electron microprobe mounts representative of dikes
of the northwest and southwest swarms have been analyzed by SEM/ EDS. The

two swarms differ from one ancther texturally, and in the number and size of



xenocrysts and xenoliths present Though not described previously, melts
from the two different locations also differ from one ancother in ligquidus
phase and crystallization history

The basic texture of all the melts 1s intersertal with radiating sprays
of subhedral pyroxene or olivine 1n a groundmass of acicular plagioclase,
euhedral fitanomagnetite and glass (Fig. 1 a-c). Chief differences among the
sections and between geographic locations are 1n grain size (of the crystals
from the melt), vesicularity,and number and size of included fragments.

The coarsest grained melt rocks are generally those with the fewest
fragments. These also tend to be the rocks which are the least vesicular,
The coarse-grained rocks have a random intersertal texture consisting of sub-
hedral low calcium pyroxene, rimmed by high calcium pyroxene (up to
200 um 1n length) set 1n a matrix of lath shaped plagioclase (An45-An65)

(up to 500 um in length} and glass wlich contains cubes of titanomagnetite

{< 10 um) and droplets of what also appears to be titanomagnetite (generally

2 WM or less) The glass 1s quite siliceous (up to 70% SlOZ) and contains from
7-9% KZO + NaZO (Table ¥, Fig. 2). Pyroxenes are variable in composition
(F1g 3) and occur 1n three major textural forms: 1) as discrete euhedral to
subhedral grains of relatively constant composition throughout the entire
range shown in Fig. 3 when sampled over an entire portion of a thin section,

2) as rimmed subhedral cores and high Ca pyroxene rims; and 3) as subhedral
grains with very small inclusions of olivine Thas last type 1s very Tare,

Plagioclase compositions (F1g. 4) show less of a range from grawn to
grain, and are unzoned within the range detectable by the EDS system.

Variations in texture can be seen 1n areas 1mmediately adjacent to

larger clasts or xenocrysts in the coarser-grained melts. In areas



3

e Aol N e i 1. | L aacpiirs ity v 7 y
N o T T T
A et R o o e R NG S ABTAE, - T
+4 -2 BARLTY fasdy Mm RUdely T .rvh_ T ._ﬂH_..x.f“.“,;w..u_...@x”z_._ i iyl e H _..,w.
- s b, WY R chagtiy taxb "t oop AT ] o o
Ao S WU L A 1 Sty A AT S O
P A ,.S.ww. b .m.?.ﬁ%,ms ...P..w&?.\ SO ..”xu._fN_ ) hlr + 2 _;;wwj_m : wuu ke by - £
i L T 13 T».. ¢ T, ) &..w ! ﬂw_._-....unﬂ:. . e ' v
0 - ’ i .w._ ..: q.-..._.. .___..rmh. ._c:..__q . ._.»r m_n___‘.

Y i
{4
S

:
L]

4
Frdey

]

AN JEE R e

~ _
3
SeAthA e S PR NEERERY, S AR T y o T
e S A BT R W R AR o
PGS IUNE N M R T R P i T -4
g u.m AT ,n.,_..: S A ' ) ¥ _H_unn.f_ Jr__y..‘.a-.'wﬂw..,w. ..w..u -l _,n,u..u.nl..%uﬂ% L= _
R SO AN v e gl W SIS S
vt e ~ T s = g 4 5, ST N =
.\.:\..W.t;n.u\ \ P - . “ﬂ w- - ..‘-. o ffj.fuvvdcw. éﬂwﬁﬂﬂ.{ HHMFL-.T .a\lh"o-..ﬂn. —.HM.-—.MMu#r-HnN S B ! t u-
e R 7Ly __.V vyt e ...m_m.. WL YRR TR ST
3 ’ ’ ¥ - - ] .rnu.llu ! 1 4 £ ey iy | ' [l
LOASETE £l e G e
A AT I g = = T g ) Aol S -
__-_m . .v, v.~...,_.. ! Tw\“l Sar-T -r.a ﬁfbt-"ﬁ:%h. hwh%"l-ﬂu—ﬂ-.ﬂl#hﬁnlﬂﬂ_.w\ﬂw.hr?« ..u,u?.-Lu.‘ H“kwb-.@(ml\@tﬁqﬂ.. 1
' LN S Jh. ) P ‘n.“.p_u_._un! fl 12y e S UL B LRy
& foa B Y S - agtpe Wit -t.ﬂlr TN AN T e e
Iy \..rr‘n._dr.. W.-_. Loy - . ™ \_-.q ; lr.—:.c.lul _rl.-.__..Q-u. bﬁ-f ! ﬂ—?d‘- C;J}.aa{ _.L i A e
gl NPT e S G SRS T
RSO NI A T A R R L RS S e TR A N R
AT Ty S R CAN SN AN R T S NGRSV S A T S
w.—u.._.re)ima ot i 7, .....h*,ﬁ.” N .h_..m... .Ju_.N.U..l”....fr o ..wln. Bﬁ. ﬁlﬂﬂuﬂ.ﬁv- ..rm..rw«wﬂ_ ¢
AR ) A ) NS AR T S AR R R
P TR P T 1 W ...4.1...1_ ..@ .,M...H.ﬁ_.fl Af l*d.l....: XELys by N
£ N r o N uhqu ..-..nu.uwﬂw.. L..-.-.Wh__ Tpﬂfﬁf ﬁ_.m'. éﬁ.ﬂ.ﬂq ‘ m.m_.. e
L wld Tptds Uy Dl et X e . Baro e K
) I TR LA TR RY et
I S XA e
Vv b 7 H J -l
gl Pongqfl - ¥ YT
L - [ LY A rr. Lty
AT L TN

_.1 —__”r._\__:lkuf.”-_.r._.d. M m A
pRRE S LA T

.._v._ ] 14?.Fm.:»_._.m.. ._-... k4t Fq ____'1—' e . ’ ﬁll-- ;
._r... ne ___.’f.\:._"u ~ _._ﬂ__:.q\w ﬂ.__lnur.__- _.r . .rthC - — hw‘wu

.
1
LI LA TR R YT R __._...ﬂ.ufu ) I PRI o vy !

ORIGINAL PAGE IS
OF POOR QUALITY

FIGURE 1



FeO + MgO

30

20

10

K50 + Nag0

Afs03

12

10

FIGURE 2

[u]®

10
Alo03

20




- 01 -

Hd
/\
i
Q
2]
nﬂ
]
N \YA
s FIGURE 3
BE FIGURE 3
v G2
=17
® B
%Pﬂ

Fs



FIGURE 4

- 11 -



immediately adjacent to larger clasts, the melt has developed an irregular
vesicularity -- in places, almost an open framework in which the plagioclases
have become more acicular in form and the size of the pyroxenes has
decreased. Rims on pyroxenes are smaller, and some pyroxenes contain
small olivine i1nclusions (Fi1g. 5a).

Areas surrounding smaller xenocrysts {usually quartz) are generally
different. They are not vesicular, and are marked by a decrease in plagioclase
and pyroxene graiwn size (Fig. 5b). Near the xenocryst a necklace of anhedral
pyroxene crystals has formed. Inside this necklace, plagioclase crystals
are rare or enftirely absent The material inside the necklace i1s mainly glass
containing small subhedral pyroxene crystals,

The finer-grained fragment-laden melts, mainly collected from the
southwest dike swarm, exhibit an entirely different crystallization histo ry,
although they resemble the coarser-grained rocks texturally. The fine-grained
melts are also intersertal, but with small skeletal olivine crystals as the
first phase to crystallize (Fig. 6a). These olivines, subhedral to euhedral in
shape 1n the better formed crystals, enclose small, round zreas of glass. In
the best developed specimens, the glass inclusions resemble a string of beads
along the length of the crystal. (Fig 6b). These glasses are of distinctly
difierent composition than the matrix (mesostasis) glass (Table 1). They
have a considerably greater compositional range than the mesostasis
glasses, and are umiformly higher 1n FeO + MgO content (Fig. 7) The matrix
of the fine-grained melt rocks consists of acicular plagioclase, feathery to
irregularly shaped subhedral pyroxene and glass (Fig. 6b and ¢) Pyroxene compo-

sitions, where obtainable, are similar to those in the coarser grained melt

-12 -
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rocks (Fig 8), but a few are significantly more calcic. Pyroxene compositions
calculated from Niggli normative minerals are less magnesian than pyroxenes
which were analyzed, but show the same range of Ca content. Feldspars

show a somewhat greater range of An content (Fig 9) than those of the
coarser-grained rocks. Normative plagioclases generally calculate in the
forbidden area of feldspar compositions, which suggests that 1f crystallization
had continued, potassic feldspars would have crystallized independently

of the plagioclase series.

A third, distinctive set of pyroxene compositions can be found in areas
immed:iately adjacent to xenoliths and xenocrysts in coarse and finer-grained
melt rocks. These pyroxenes, described earlier as interstitial to fine-
grained radiating acicular plagioclases, are more i1ron-rich than the dominant
matrix pyroxenes. Exarmnation of Fig. 3, and comparison with the normative
pyroxene compositions calculated from glasses (Fig. 8) indicate that these
pyroxenes represent the most iron-rich of all ferromagne'smn phases analyzed
These pyroxenes are found mullimeters or less from normal mesostasis
pyroxenes, but the paragenetic sequence which can be deduced from the SEM
photographs clearly indicates that they were among the last phases to crystallize
(Fig. 10).

Comparisons of glass compositions and mineral analysis indicates that
the fine-grained fragment-laden melt rocks tend to be more heterogeneous than
the coarser-grained fragment-free melt rocks. All melit rocks tend to be
heterogeneous on the microscale. Examples are the pyroxene compositions
in the areas surrounding xenocrysts found in the northwest dike swarm

rocks, and the mesostasis pyroxenes from the same thin section.

- 16 -
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Based on detailed exarmination of the melt rocks, a paragenetic sequence
{crystallization history) can be reconstructed. For the fine-grained fragment-
laden melts, typified by rocks of the southwest dike swarm, olivine 1s the
first mineral to crystallize. The shape of the olivines found in these rocks
most closely resembles the chain and hopper olivines produced at cooling rates
of up to BOOC/hour (Donaldson, 1976), but the olivine shapes do not indicate the
more rapid coocling rates expected of quenched glasses. Titanomagnetite
appears to crystallize simultaneously, forming isolated, well formed cubes
scattered throughout. Olivine and magnetite crystallization 1s followed by
crystallization of lath-shaped and acicular plagioclase feldspars. The
feldspar morphology 1s consistent with morphologies of experimentally grown
plagioclase feldspars at AT of up to 100°C. The exceptions are -
to be found as radiating acicular grains several hundred microns long but
only 5-10 um across These spherulitic plagioclases are indicative of growth
at AT above 100°C and possibly above 200°¢G (Lofgren, 1974). Concurrent
with crystallization of fine -grained feldspars is the crystallization of feathery,
fine-grained pyroxene crystals. These pyroxenes, which have a dendritic
appearance, fill the interstices between olivine crystals, and interfinger with
plagioclase crystals. The form of the pyroxene 15 suggestive of very rapid
cooling rates. This 1s the final phase to crystallize, the remainder 1s the
mesostasis glass, which is filled with small droplets of titanomagnetite

The coarser-grained melt rocks,which are generally free of xenocrysts
or xenoliths,crystallize pyroxene first. Morphological and chemical analyses
suggest that the first-crystallizing pyroxenes were low Ca pyroxenes with an

enstatite content of around 77 mol %. This interpretation 15 complicated by the
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fact that pyroxenes with Wo contents from 10-40% can be found throughout the
rock, but the principal composition which forms the cores of the rimmed
pyroxenes 18 HWOIOEHT’{ Fsl3. Crystallization of low Ca pyroxene was
followed by plagioclase, and plagioclase + high Ca pyroxene and titanomagnetite.
Pyroxene and plagioclase morphologies are consistent with slower cooling or
smaller degrees of undercooling (< 100°C AT). Exceptloﬁs to this sequence
are to be found in regions near clasts or xenocrysts, wherein acicular,
radiating plagioclases form, with small, anhedral interstitial pyroxenes of
higher Fs content than surrounding pyroxenes. Iarger pyroxenes often contain
small, anhedral olivine crystals as inclusions. This same paragenesis

occurs 1n one of the coarsar grained fragment-laden melts, where lath shaped
plagioclase 1s intimately intergrown with anhedral to subhedral pyroxene.

The larger pyroxene grains enclose small, anhedral olivine crystals.

In summary, a paragenetic sequence can be established in the Tenoumer
rocks. The fragment-free melts crystallize a low Ca pyroxene and titanomagnetite
followed by high Ca pyroxene and plagioclase. In later stages of crystallization,
low and high Ca pyroxene, plagioclase and titanomagnetite crystallize together.
In the coarser-grained melts which contain xenoliths and xenocrysts, and in
areas near larger clasts, olivine has crystallized first, followed by low Ca
pyroxene It 1s likely that olivine has reacted with the melt to form pyroxene,
as the olivine always occurs as inclusions in the pyroxene. In the fine-grained
fragment-laden melts, olivine and titanomagnetite crystallize first, followed
by plagioclase and pyroxene.

Different textural relationships between minerals in the different types

of melts indicate dissimilar cooling histories, however, composifional differences
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also exist between melts, thus the different crystallization histories and

paragenetic sequences are likely a function of both.

Geochemistyy

In addition to detailed petrologic studies, selected samples from
Tenoumer crater have been analyzed for major, minor and trace elements by a
combination of wide-area analysis and isotope dilution mass spectrometry.
Wide-area analyses were done using a scanning electron microprobe equipped
with an energy-dispersive spectrometer and multi-channel analyzer. The
analyses are corrected by the Bence-Albee correction procedure (Bence and Albee,
1968}, but are not further corrected at this time. Isotope dilution mass
spectrometric analysis for lithophile trace elements follows the method of

Schnetzler et al. 1967.

Results of area analyses for NW and SW dike melts are presented in
Table 1 These analyses, done by averaging several areas on a single section,
are in substantial agreement with the wet chermaical analyses of Fudali, 1974.
These data were taken with care to avoid including xenocrysts and
xenoliths, while those of Fudali are of the bulk rock and thus include xenocrysts
and xenoliths. It is somewhat surprising that such agreement 1s found. The
data suggest that the melts do not differ sigmificantly from the composition of
their xenocrysts and melt maxtures, and thus support Fudali's contention that
the melts result from mixes of granodiorite and amphibolite country rocks.

The trace element geochemistry 1s not so easily interpreted, however.
Isthophile trace element abundances are presented in Table 2 and 1n Fig. 11.

It 1s immediately obvious from examination of Fig. 11 that not all trace element
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TABLRE 1

Arca Analyges and Mesostasia Glass Analysgess
Tenocumer Crater Melt Rocks

M %

Aiea Analysig> ¢ Glags Analygses, NW Dike Swarm

113018/ 064 13029/014 CL 334 AR4-18-6 AR4-1C-3 CL3-1-2 cL3-1-3 CL3-1-11 CL3-1-12
510, 6l 18 Z 15 57 69 111 69 38 74 53 69 99 75 49 74 62 69 85 70 99
TJ.O2 99 12 113 a9 1 04 129 113 0 81 072 1 1¢ 118
A1203 15 79 1 43 12 91 56 15, 94 13 30 15 64 13.08 13 67 15 3% 15 67
FeO 617 45 8 17 103 2 76 2 B4 2 76 173 138 232 1 56
MnC .11 11 12 03 - m=- i - G 23 --- 0 22
g0 4 05 52 6 68 89 .e- --- 0 68 “-- 0 23 - -
CaQ 5.57 35 6 15 39 1 86 0,92 314 0 56 0 66 176 0 61
Na,0 4 15 26 378 49 6 97 2 25 3 85 3 06 324 7 38 3 86
KZO Z 04 32 1 338 17 2 10 4 B85 Z 80 5 33 5 37 2 32 5 99

‘CL3-344 AR5-3-3 ARS5-~3-4 ARB-3-12 AR5-3-13 AR5-2-10 ARl-1-3 ARY-2-7 ARI-1-5 ARI-4-1 ARL-4-2

SLOZ 69 38 72 12 Tl 42 53 38 58 51 71 56 70 77 69 36 72 27 71 05 72 53
".[‘102 1 04 a 8o 0 82 6 33 5 78 113 1 50 1 42 1 30 1 52 i 28
Al203 15 94 14 89 15, 36 8§ 54 9. 22 13 60 14 78 14 80 14 16 14 10 13 67
reO 2 76 175 1 95 20 90 16 83 313 3 56 3 84 2 64 3 36 335
MonO —— - —-- 0 28 0,15 ¢ 15+ --- - --- 0 26 0 16
MgO -— 0 23 0 43 1 74 1,33 0 27 - —— --- -= ---
CaQ 1 86 2 23 211 3 64 3. 39 2 82 1799 2 84 i 55 1 36 1 42
Na, 0 6 97 4 02 373 217 198 3 28 5 38 4,53 5 61 5 86 4 89
1{20 2 10 4 09 4 30 2 37 2 53 4 09 2 34 3 28 2 65 2 61 2 78
*SEM/ EDS

» #*Column 1, average, column 2, 1T

---Below detection Lamit for L0S analysis - 24 -



50,
™o
Ale 3
FeO
MnO
MgQ
Cal
N,O
K,0O

510
TWO
A1203
e
MnO
MgO
CaO
NZO

K,0

Arca

AR-1-4-3 ARZ-1-7

70

53

1.51

13

6
2

Glass Analysgis, SW IDhke Swarm

08
24
15
24
62
12

58

73 97

ARZ-1-11
74 27
0 93
14 34

2 20

2 38

4 81

ARI-4-4 ARI1-4-5 AR1-4-6
74 20 74 28 58 26
129 123 1 38
13,79 14.19 9 54
2 98 2 42 9 08
- --- 5 76

o B0 0 %0 12 31

2 91 2 91 1 81

4 14 4 10 1 70

AR2-1-16
73 43
100
13 63

2 77

AR1-3-~1
76 27
1 29
13 23

1.11

117
3 26
3 60

73
1
13

2
5

58
0

12

9.

Y
10

A

3.

2

TABLE 1! (CONTINUED}

AR3-1-4

82
35
51
52
15
30
T4
32

22

(in ol)
AR1-3-5

49
70
05
09
18
78
44
01
36

AR3-1-6

73 37
1 44
13 43

2.58

0 64
3 62
4 B6

(in ol)
ARI1-3-7

60 26
1 22
13 48
7 49
0 24
8 94
3 34
2 09

2 55

- 25 -

AR3-1-7

74 40
1 51
12 54

4 88

{tn ol)
AR1-3-8

58 43
0 99
11 81
8,66
10 51

4 40

AR3-1-8
74 36
179
11 70

5 09

AR1-5-1
67 65
1 43
18 03
1 84
0 23
0 37
2 90
385

3 58

AR6-2C-1
70 00
o 81
13 54
1 80
0 26
6 16
2 62

4 04

ARl-5-2
68 78
1 49
17 38

2 B2
3 89
372

ARb6-2C-3
73 90
0 98
14 16
1 96

4 47

ARI-5-3
66 79
1 89
16 97
2 22

4,92
3 55

ARG-2C-5
75 47
113
12 57

2 33

219
5 43

(1n ol)
AR1-5-6

55 53
125
11 43

9 70

14 71

191
2 62



TABLE 1 {CONTINUED)

{in ol) (1n ol) {in ol) {1n ol} (1n ol) {1n ol}
AR1-5-7 AR1-5-8 ARI1-5-14 AR2-3-4 AR2-3-5 AR2-3-9 AR2-3-10 AR2-3-12  AR2-3-14
510, 56 41 55 25 67 44 60 62 59 68 52 91 56 53 55 81 54 86
T:O, 0 79 1 87 1 60 2 46 114 1 14 1 07 1 69 112
A1203 11 16 12 89 16 64 9 3t 19 70 11 27 9 92 13 41 7 54
FeO 9 77 10 71 2 06 8 76 31 10 63 10 88 7 35 13 11
MnO - 0.36 3 31
MgO 14 01 14 88 071 3 27 072 16 37 13.29 4 98 16 19
Ca0 2 28 1 85 3 58 11 48 7 69 2 93 185 11 54 3 35
Na,O 229 1 86 4 16 2 14 6 78 161 2 54 317 2 46
K,0 275 2 12 362 199 115 1 8} 2 43 1 89 1 37
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Sm

Lau

Z
1t

SW Dike SW Dike

29-12 29-15
12 0 14 3
420 399
2156 2809
90 0 90 3
33 1 34 2
5. 14 5 07
1 07 116
2 68 2. 45
1 28 123
103 0 978
0 152

TABLE 2

Lathopiunle Trace Element Abundances in Target and Melt
Rocks from Tenoumer Crater, Mauilitama

{ppm)
SW Dike NW Dike Amplubolite Amphibolite Granodioiite Country Rock
29-17 2 Ten 71-2C2  28-02 Ten 70-2 28-16 113027/372
13 9 11 9 10 1 10 1 19 9
17900
10 8
407 396 407 357 413 345
2417 1930 674 837 841 738
74 5 98 5 431 44 4 45 1 57 2
29 7 36 2 22 5 22 6 14 9 29 8
4 75 5 18 4 58 4 83 2 48 6 44
1 o8 110 1 50 1 48 0 744 0 B25
3 70 3 28 3 04 3 34 —-- 5 33
119 - 1 42 1 44 0 866 2 52
105 118 183 109 1 02 2 29
0, 142 0 154 0,33 0.149 0 089 0 308
156 90 1

2 56

- 27 -



Granodiorite
113027/ 367
La
X
Rb
Sr 316
Ba 1040
Ce 35 1
Nd 12 6
Sm 2 14
Eu 0 467
Dy 112
Exr 0 617
Yhb 0 508
Lu 0 108
Zr 99 5
Hf

TABLE 2 (CONTINULD)

Gramte
(Red) Vug Filling Run 1
TEN 713 TEN 71-102 BCR-1
0. 487 27 2 13 4
304 361 339
2520 2070 669
5 10 77 6 55 3
1 82 51 2 29 3
0 296 9 51 6 61
0 380 2 33 197
0 169 6 36 6 32
0,109 2,44 3 70
0 132 1 71 3 34
0 069 0 197 0 57
9 34 7L 3 190
219

--- Below detection Javuit
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Run 2
BCR~1

130

329
653
52 7

28 8

6 36

0.495
192
6 4



abundances can be explained by simple mixing of the endmember compositions
chosen by Fudalr {1974). Mixing of amphibolite and granodiorite with higher
lithophile trace element abundances can explain the compositions of the melt
rocks for Sm through Lu, but the light elements cannot be explained in this
manner. The melts themselves are all nearly i1dentical 1n composition, as
expected of melts produced by impact (see Winzer et al. 1975, 1977). Thas,
too, i1s 1n contrast to the major element compos:itions which can be explained by
muxing. The problem with explaining melt compositions by mixing of any
endmembers so far analyzed can best be 1llustrated by reference to Figs. 12
and 13. Fig 12, a plot of Nd vs Sm abundances in Tenoumer melts and
target rocks, i1llustrates the tight grouping of the melts, and the position of
the melts vis a vis the target rocks The melts appear enriched by a2 small
amount over both granodiorite and amphibolite, but they could be explained

by addition of some vug material and an as yet undetermined rock type with

a ligher Nd/ Sm ratio. By contrast, Fig. 13 shows that Eu and Sm can be explained
by muxing vug filling material with granodiorite and amphibolite The vug
filling 15 a later deposit, not related to the 1mpact 1itself. It would appear that
the best explanation would be that the trace element abundances have been
purturbed by the addition of vug filling, however this explanation 1s not
completely satisfactory, as the melts would have to contain almost 100% vug
material to be consistent with Ba and Ce abundances. Fudali (1974) calculated
the amount of contaminant, and found 1t to be generally less than 10%. This 1s
in agreement with our observations We must conclude that another as yet
unanalyzed component, probably with rather high hithophile trace element

abundances, occurs at Tenoumer,
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Summary
The trace element data indicate that the local melting hypothesis put

forth by Fudali in 1974 may need some modification If local melting and rmxing
of amphbolites and grandlorlteé were solely responsible for the melts, then

one would expect these melts to reflect the range of compositions seen in

the country rocks. That they do not does not rule out country rock melting

and maxang, but suggests another component which would have been 1nvolved

in all melts. Further collecting and analysis will have to be done to :dentify
’t:,hls component.

Dellen ILake, Sweden

The Dellen Lake structure, located about 300 km NNW of Stockholm,
Sweden, 1s a poorly defined rounded depression of as much as 10 km 1n diameter.
Associated with this structure i1s a group of melt rocks, called Dellenites,
which have been variously ascribed to volcanic origin (Svenonmus, 1895,

Redalli 1957 and Magnussen et al, 1963). In a more recent note, Svensson (1968)
describes shocked quartz in fragments included in the melt rocks,

and concludes from this evidence that Lake Dellen 1s an impact-produced
crater, Three specimens of melt at Dellen have been studied by SEM/ EDS

and optical microscopy, and samples have been separated and prepared for
Rb/Sr and Sr 1sotopic analysis

Petrography and petrology

The 1mpact melts studied range from fresh, nearly fragment free

hyalocrystalline rocks to altered fragment-laden melts Detailed

SEM/ EDS analyses have been carried out on the fresh, fragment-free melt

only. This hyalocrystalline melt contains at most 15% crystalline material,
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TABLE 3

Analyses of Dellen Lake Glasses

Clear G].ass1
Average 10

Wt. %

-SKTZ 75,23
T102 43
A1203 13.36
FeQO 2. 45
MnO 0.02
MgO 0.22
CaQ 0. 97
NaZO 2.68
KZO 4 79
3

Ilm 6
Ab 24.5
Or 29.0
An 5.0
Cor 2.1
En 9
F's 3.2
Qtz 34.7

1 Average of 22 analyses

2 Average of 3 analyses

.75
.14
.50
.33
. 06
.29
.13
.35
. 26

Brown Glassz
Average 10

73 63
0.57
13.62
2.57
0.11
0.15
1.22
3 89
4. 36

W
8]
[wn I

28.3

- 34 _

.52
12
.28
.09
.14
.18
.19
.31

.32

-

Glass enclosed 1n Px

67.52
0.39
13.94

5. 64

12

2 87
1.11

3.65

4.75

33.0
28.0

5.5

8.0
8.2

15.8



Fuhedral to subhedral ‘plaglocla.ses(Anél to An60), often zoned (An.b_o_)A.nSO)
occur in a random pattern throughout the shide. Plagioclase crystals
occasionally show skeletal outlines, swallowtail termunations,or a hopper
texture with blebs of enclosed glass along the length of the crystal (Fig. 14).
Smaller, equant subhedral orthopyroxene crystals are also scattered through-
out the melt. Both pyroxene and plagioclase cluster in subradiating sprays,
in addition to their occurrence as isolated crystals. Orthopyroxenes range in
cornposition from Wo_En

2762 47"

WOZEn62F536 and rims W°2-3 En47F550 occur throughout the rock. Very

small titanomagnetite cubes occur scattersd throughout the entire slide. The

to WozEn Zoned pyroxene crystals, with cores

remainder of the slide is composed of a siliceous glass with a relatively tight
compositional range. Table 3 presents average glass compositions for the
three major glass types present in the section. Clear glass (transparent

or with a shghtly reddish color when viewed in transmitted plane light) forms
the bulk of this sample. The normative composition of the glass {Nagglh

Fs

norm), 1s 58 5% feldspar (AngAb4zOr49),4. 1% pyroxene (En and 34 7%

22F S7g)
quartz. The glass 1s corundum normative The brown glasses, which appear
to have partially devitrified, are higher in normative feldspar, but otherwise
very simlar to the clear glass. Several of the more skeletal pyroxenes enclose
glass with a sigmificantly different composition than the surrounding glass.

Y, 16.2%

This third type contains 66. 5% normative feldspar (AnSAb OOr

5 42
pyroxene (En49Fs51),and 15.8% quartz. Itis also corundum normative.
Discussion

Mineral and glass analyses and textural relationships among these phases

indicate a crystallization history and paragenetic sequence for the fragment-free
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Dellen melts. All three mineral phases present appear to have crystallized
simultaneously. If equilibrium crystallization has occurred from the melt,
the normative mineral compositions (1n molecular proportions) should nearly
equal the actual compositions of the minerals in the rock This 1s clearly not
the case for the bulk glasses; however the pyroxene compositions overlap
those expected from crystallization of the glasses internal to the pyroxene.
The feldspar compositions calculated from either glass are not at all like

the plagioclases actually crystallized. One would expect, from the normative
calculations, that alkali feldspar would be the liquidus phase. Using the
normative compositions and the textural relationships between the minerals,
a reasonable scenario can be produced. The hot melt probably imitially
crystallized plagioclase feldspar, depleting the melt in Ca. Crystallization
of orthopyroxene followed fairly soon after crystallization of plagioclase,

and probably from a melt similar 1n composition to the enclosed glass
Pyroxene crystallization further depleted the melt 1n FeO and MgQO The
melt was then very rapidly guenched, so that no further crystallization took place.
The composition of the final melf 1s that of the clear glass. The composition
of orthopyroxene and plagioclase from a melt of this composition 1s unusual.
These phases suggest that the melt may have been at very high temperatures,

and this would be expected of impact melts,

ZHAMANSHIN STRUCTURE, USSR

The Zhamanshin crater, located near the Irgiz river about 200 km north
of the Aral Sea 1n Kazakhstan, S.S.R., 15 a small (~10 km) structure whach
differs from Tenoumer and Dellen in two important aspects. First, 1t 1s the

only crater of the three in which there 1s an 1nner depression surrounded by an
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outer ring. Second, the crater has associated with 1t a mmber of tektites,
making 1t one of three craters which can or may be directly involved in
tektite formation. (Bosumtwi and Ries are the other two). The tektites,
called Irghizites, and the shocked and melted rocks of the crater itself

are the subject of a study by a consortium of scientists including DeGasperis,
Ehmann, Florensky, Fredriksson, Philpotts, OfKeefe, Sclar, Short, and
Winzer. The purpose of this study is to relate chemistry, 1sotopes,

petrology, magnetics, age and shock effects of target and melt rock to the

Trghizites.

During the past 3 months, sarnnples of Irghizates, melt rocks and shocked
target rocks have been received and examined optically. Six samples were
chosen for initial studies of lithophile trace element abundances and Rb, Sr,
and Sr isotopes. These samples included three Irghizites, one Zhamanshimte
(an 1mpact melt) and two target rocks, a cherty limestone and a quartzofeldspathic
gneiss. Physical preparation and chemical separation of Sr and Rb have been
completed. Mass spectrometry i1s being done at present. Two papers are to

be presented at the 1977 annual meeting of the Meteoritical Society (See Attachment B).

PETROLOGY AND PETROGRAPHY OF LUNAR HIGHLANDS BRECCIAS

Work 1n the past contract year has concentrated on consortium breccia
61175 and on 15255, a glass-coated fragment-laden melt from the Apollo 15
landing site. This work was undertaken as part of a cross-comparative study
of lunar highlands breccias undertaken as part of the study "A study of major
and trace elemental and 1sotopic abundances, mineralogy and petrology, solar
wind radiation effects and magnetic properties in returned lunar samples', headed
by D. F. Nava of the Goddard Space Flight center,

~
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61175

Apolle 16 sample 61175 1s a light matrix polymict breccia designated
for consortium study by LSAPT. It has been the subject of a study by a
number of scientists for the past year Results of petrographic and petrologic
studies and of major .and trace element determinations are presented in Attachment B.
and in Winzer and Meyerhoff, 1977.

During this contract year studies were begun in conjyunction with
Dr O.A. Schaeffer, SUNY Stony Brook, to ascertain Ar/Ar and K/ Ar ages
using laser fusion of selected minerals in clasts which have been described

in detail by optical and SEM microscopy and electron microprobe.

15255
15255 1s a fragmen:-laden melt partly enclosed by a vesicular glass
rind. Study of this breccia was undertaken as a precourser to possible

consortium study Results of this study are presented in Nava et al 1977.

Discussion
15255 and 61175 are very different 1n provenance, and are indicative
of rather different pre and post impact histories. 61175 was not hithified
at hagh temperature, as indicated by the small amount of glass in the matrix,
and lack of sintering of the matrix. The clast population in 61175 1s diverse and
varied on textural grounds, but detailed studies indicate that, with the
exception of granulites and hornfelses, the clasts represent impact melts
with differing nucleation or cooling histories The only primary igneous

rocks present appear to be anorthosites, which have been moderately shocked.
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15255, by contrast, 1s indicative of ligher temperatures of formation,
as evidenced by larger amounts of matrix glass, and textures indicative of
rapid quenching or crystallization from the melt. The clast suite is not
nearly so diversified as that of 61175, and few clasts of any size remain in
15255. Those clasts that do remain are suggestive of either gabbroic
rocks or mare basalts. The overall composition of 15255 1s higher 1n Fe

and Mg and lower in Al than the 61175 breccia. The vesicular glass rind
found on 15255, and several other Apollo 15 breccias, is absent from

61175,

LY

When compared to terrestrial impactites, the origin of 61175 and 15255
can perhaps be constrained somewhat. 15255 can be compared to suevite-
Lke breccias of which the type locality 1s the Ries Crater in Germany.

These breccias contain glass veins, schlieren, and fragments of minerals
and lithic clasts. They are most commonly found as ejecta, glass bombs,
or irregular blocks outside of the crater itself, Suevite breccias appear to
grade into glass-poor breccias which are mainly collections of lithic clasts
held together by finely comminuted rock powder and small amounts of glass,
This variety of breccia 1s also found as ejecta, but may alsc be found within
the crater itself. The glass-poor fragmental breccias are analogous to
61175. This type of breccia generally contains the most diverse of the clast
suites, and many of the fragments and hithic clasts show evidence of shock.

On comparison with the lunar breccias studied, one conclusion can be
reached based on petrography and petrology. This conclusion is that neither
15255 nor 61175 are parts of large melt sheets like those found at Manicouagan
(Floran et al in prep) or Mistastin (Grieve et al 1974, they are also different
from the Apollo 17 breccia boulders which may belong to a single melt sheet

Tinzer et al 1977).
4 st al 1977) -39 -



These breccias are more likely to be ejecta from lunar craters, and have
undergone different formational histories. The differences in texture,
veflecting differences in temperature and shock pressure, are likely to

reflect derivation from different parts of the crater.
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Fig. 1

Fig. 2

Figure Captions

Optical and scanmng electron photomicrographs of melts from
Tenoumer Crater, Mauritama.

a) Optical photomicrograph of coarse-grained fragment-free

melt, N. W DIhke Swarm. Subradiating laths are plagioclase,
equant grains are pyroxene

b) SEM photomicrograph, coarse-grained fragment-free melt.
Laght crystals are pyroxene, darker cores are Ca poor, light rims
are Ca rich. Small cubes of titanomagnetite are 1n glass in
between plagioclase laths.

c) Optical photomicrograph of fine-grained fragment-laden melt.
Small subhedral grains are olivine, with glass inclusions, feathery
crystals are pyroxene. Laths and radiating acicular crystals are
plagioclase.

d) SEM photomucrograph of fine-grained fragment-laden melt
Light colored, subhedral hopper-shaped and chain olivines enclose
glass. Feathery crystals in the mesostasis are pyroxene, droplets

and cubes are titanomagnetite.

a) A1203 vs FeO + MgO for glasses from coarse-grained fragment-
free rocks from the NW Dike Swarm. @ Mesostasis OArea analysis
O included in pyroxene.

b} A1203 vs K,0 + Na,

fragment~free rocks from the NW Dike Swarm. @ Mesostasis

O plot for glasses from coarse-grained

O Area znalysis [ included in pyroxene.
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Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7
Fig, 8

Pyroxene compositions from coarse-grained fragment-free rocks
from the NW Dike Swarm, Tenoumer Crater @ core QOrim

O olivine & Pyroxene from reacfion rims around included xenolith.
Plagioclase compositions from fragment-free melts, NW Dike Swarm

a) SEM photomicrograph of vesicular area near large included
xenolith, Tenoumer Crater, NW Dike Swarm.

b} SEM photormicrograph or ''necklace' texture surrounding a

quartz xenocryst, wntermediate gra:1n size. Rang is anhedral
pyroxene. Acicular plagioclase occurs outside the pyroxene ring and

1s absent inside 1t.

a) Optical photomicrograph of the general texture of fine-gramned
fragment-laden melt, Tenoumer Crater, SW Dike Swarm.
b} SEM photomicrograph, fine-grained olivine with glass inclusions.

c) SEM photomicrograph of mesostasis area in fine-grained

\
fragment-laden melt. Droplets are titanomagnetite.

a) AIZO vs FeO + MgO plot of glass compositions from fine-

3
grained melts, SW Dike Swarm. Symbols as in Fig. Z.

b) A1203 Vs KZO + Naz

grained melts, SW Dike Swarm. Symbols as in Fig. 2.

O plot of glass compositions from fine-

Pyroxene and olivine compositions from fine-grained fragment-laden
melts, SW Dike Swarm @ core Qrim &olivine and + pyroxene compo-
sitions calculated from Niggli norms of glasses from the SW Dike

Swarm.
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Fig.

Fig.

Faig.

Fag.

g,

Fag.

9

10

11

14

Plagioclase compositions from fine-grained fragment-laden melf,
SW Dike Swarm. @plagioclase O normative feldspar compositions

calculated from glasses in SW Dike Swarm melt rocks.

SEM photomicrograph of area near included xenocryst Tenoumer
Crater Fine-grained, acicular light colored mineral is Fe-rich
pyroxene, Darker Acicular mineral is plagioclase, Larger, equant

minerals are more magnesian pyroxene. -

Lithophile trace element abundances in melt and target rocks from

Tenoumer Crater.

Plot of Nd against Sm for target and melt rocks from Tenoumer

Crater.

Plot of Eu against Sm for target and melt rocks from Tenmouer

Crater.

Optical photomicrograph showing general texture of melts from

Lake Dellen, Sweden.
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ATTACHMENT A

THE ZHAMANSHIN STRUCTURE: GEOLOGY AND
PETROGRAPHY
P.V. Florensky‘l, N. Short?, S.R. Winzer3 and
K. Fredriksson®.
1) Geological Institute of the Academy of
Sciences, Moscow; 2) Goddard Space Flight
Center; 3) Martin Marmetta Laboratories;
4) Srmthsonian Institution.

The Zhamanshin structure, near the Irgiz River
200 km nozrth of the Aral Sea in Kazakhstan, S.5.R.,
is a concentric disturbance with 2 5 km-wide,
loess-filled inner depression and a 10 km-diameter
outer ring Regional bedrock consists of "150 m
of clays, sandstones, marls, and himestones from
Cretaceous to Oligocene 1n age overlying Paleozoic
schists, volecanic series, and carbonates.
Fragments and blocks, mainly from the Paleozoic-
Mesozoic sequence, comprise an allogenic breccia
in variably thick deposits emplaced along hillslopes
outside the inner ring. Although shatter cones are
absent, the presence i1n the breccia of fused rock
and quartzose rocks containming coesite, theto-
morphic minerals and quazrtz showing planar
features led P. V. Florensky and others to postulate
in 1969 that the crater was formed by meteorite
impact. K/Ar age dating suggests that the event
occurred either less than 1 my ago or between 4.8
and 8.1 my. Associated with the crater are dense
black glasses (Irghizites) having many chemical
characteristics of the Australasian tektites.

Petrographic examination shows several stages
1n the fusion of bedrock, ineluding transitional
decomposition of pyroxene, variable vesiculation,
total fusion and degrees of crystallization. One
sample, apparently from a quartz vein, 1s
dominantly lechtelierite. Quartz planar features
in a chert and an orthoquartzite are atypical in
frequency, appearance and orientation relative to
most impactites; but planar features 1n quartz
within a carbonate breccia are similar to planar
features in Canadian impactites.

ORIGINAL PAGE IS
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ATTACHMENT A

THE ZHAMANSHIN STRUCTURE: LITHOPHILE TRACE ELEMENT
ABUNDANCES AND STRONTIUN ISOTOPE SYSTEMATICS

J.A.Philpottsl, S.R.Winzerz, S.Schuhmannili& R.K.L.Lum3
1 NASA/Goddard Space Flight Center, Greenbelt, Md.
2 Martin Marietta, 1450 S, Rolling Rd., Balt., Md.
3 University of Maryland, College Park, Md.

The Zhamanshin Structure, U.5.5.R., is of con-
siderable geochemical significance both because of the
wide diversity of coumtry-rocks involved in the impact
event (clays, sandstones, limestones, schists, quartz-
veins, basalts, andesites, etc. - many of which show
various degrees of fusion and shock-metamorphism) and
also because of the assoclation with these country-
rocks of a collection of glasses which includes tek-
tites. We are currently engzged in a systematic study
determining 1i, X, Rb, Sr, Ba, Ce, N4, Sm, Bu, Gd, Dy,
Er, Yb, Iun, Zr, and Hf abundances and Sr isotopic com-~
positions in these samples. In accord with major ele-
ment data, some of the dense black glasses (Irhizites)
have trace element abundances virtually identical with
those in some of the basaltlc rock samples. The maj-
ority of Irgizites, however, are not only siliceous
but have lithophile trace element patterns characteris-
tic of most tektites at the lower level of their repor-
ted range. There is only a minor negative Eu anomaly.
This pattern is very similar to that of shales. As
yet we have not been successful in modelling the compo-~
sitions of the tektlies in terms of analysed country-
rock samples, Analysis of further country-rocks, and
the study of geochemical indicators of volatilization,
inecluding Sr isotope systematlcs are expected to re-
solve this difficuliy.
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ABSTRACT

Clasts and matrix from consortium breccia 61175 have been
analyzed for major, minor and trace elements. Detailed petrographic
analyses of 58 clasts have been completed. The matrix of 61175 is anorthositic
in composition, with lithophile trace element abundances from 20 to 40 X
chondrites., Clasts comprise impact melt rocks, Xenocryst and xenolith-free
VHA and anorthositic basalts, anorthosite, and ANT granulites and hornfelses.
The VHA and anorthositic basalts are interpreted as impact melts, and all
are probably formed by impact into anorthositic or anorthositic gabbro
target rocks and their matamorphic equivalents. Hornfelses were probably
formed by incorporation of breccias or pre-existing melt rocks into a
melt sheet prior to cooling. Melt-rock lithophile trace element abundances
range from very low, with patterns similar to the anorthosites, to higher
abundances with patterns resembling Apollo 16 KREEP. This range may

be indicative of more than one melt sheet,

INTRODUCTION

Lunar sample 61175 is a light matrix polymict breccia collected

at Station 1 neai the rim of Plum crater, Apollo 16 landing site. As

described and classified by LSPET (1972) it is one of a small number of samples
containing the widest variety of clasts of any breccia type returned from

the site (Fag. 1). Because of the variety of rock types present as clasts,
this rock was designated for consortium study, and, early in 1976, such

a consortium effort was organized. The Principal Investigators of the

consortium are E. Anders, J, Geiss, D.F. Nava, 0.A. Schaeffer and M. Tatsumoto.

Figure
here



(92}

The consortium study is being directed by the senior author.

61175 is of more than usual interest because of the variety of
rock types present as clasts, and because at least three major processes
are indicated by the clasts., Major rock types include extrusive and plutonic‘
igneous rocks, impact melts, and fine and coarse-grained metamorphic rocks
(hornfelses and granulates). Almost all rock types described as single
specimens or in breccias and rake samples from other stations at the
Apollo 16 site are represented in the clast population of 61175. This
paper describes the major rock types found in 61175, and discusses their
petrologic implications. In addition, major, minor and lithophile trace
element data are presented for the bulk rock and two major clast types
separated and designated for detailed consortium study (age, 1isotopic

systematics and volatile trace element analysis).
MATRIX

The friable matrix of 61175 consists chiefly of comminuted mineral
fragments, from several millimeters down to several microns in size. The e
igure 2
mineral fragments are held together by a network of glass, which probably here
comprises less thanls% of the total mass of the boulder (See Fig. 2).
The glass 1s compositionally heterogeneous with matrix network glasses occa-
sionally showing elevations in Na and K contents relative to Na and K
contents in mineral fragments or lithic clasts.
lTable 1
Table 1 presents modal data for five polished electron microproble here

mounts made from large (several grams each) chips resulting from further

cutting of 61175,19, Modes from the five mounts reflect the variability in



distribution and size of lithic clasts of the major rock types present.
Grouped under breccias are a range of rock types including cataclastic ANT
breccias, melt rocks and the fine-grained metamorphic rocks (hornfelses).
The latter are included among the breccias because, apart from thelr re-
crystallized, equillibrated matrices, they closely resemble the melt Tocks
optically, and cannot always be identified with certainty in the absence of
chemical information. Likewise, granulites, which comprise the bulk of the
coarse—érained rocks of the ANT suite, are grouped with their respective
unmetamorphosed ANT suite rocks.

Lithic clasts comprise up to 45% of the breccia boulder
sections, but average about 20%. These clasts were defined somewhat
arbitrarily on the basis of the number of mineral grains included in the
clast, thus coarse-grained fragments with only three or four crystals were
not classified as rock types, whereas fine grained lithic fragments 0.5 to
1 mm in size were often considered classifiable. This arbitrary classification
tends to bias the mode towards finer grained rock types, as the coarse-
grained ANT rock types would have to be several millimeters in largest
dimension to be classifiable. Another caveat to be considered when using
these modes is the distinction between basalts and impact melts. All rocks
classified as impact melts contain mineral and/or lithic fragments, some
of which have been variable shocked. There are clasts, however, which are
texturally and mineralogically similar to the impact melts found in 61175,
but which contain no lithic or mineral fragments. As the textures of the
fragment free rocks also resemble those of some lunar basalts, they cannot
be classified as impact melts with certainty and hence are grouped with the

basalts.,



Optical, SEM and SEM/EDS examination of the matrix of 61175
suggests several conclusions, First, the matrix 1s composed of comminuted
mineral and lithic fragments of several different rock types, including at
least one apparently not represented in the clast populations. Coarse spinel
fragments, up to several millimeters in longest dimension, occur scattered
throughout the matrix of 61175, Such large spinels are not found in the
coarse-grained clast suite. Coarse-grained spinel troctolites are described
from other Apollo 16 rocks (Prinz et al., 1973), thus 1t 1s possible that
this rock type may be the source of these spinels. Second, the lithificatioen
temperature of the breccia was not high. Evidence against high temperature
lithification includes lack of sintering of mineral and glass fragments,
high porosity, lack of devitification of included glasses and sbsence of
reaction rims around included clasts and mineral fragments. Third, the
matrix of 61175 probably contains a significant regolith component, as is
suggested by the presence of glass shards and droplets and one or two well-
formed chrondrules, Fig. 2d. Fourth, the bulk matrix has lower lithophile

trace element abundances than Apollo 16 KREEP and higher abundances than the TFioma

anorthosites (Fig. 3) here

CLASTS

Lithic clasts range 1n size from less than one millimeter up to
about 2 em The majority of the clasts are shocked and brecciated ANT
rocks or melt rocks, with basalts, metamorphic rocks and igneous plutomic

rocks present in decreasing order of abundance.

ORIGINAL PAGE IS
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Because of the difficulties encountered in identifying basalts
and melt rocks, the two are grouped together under the superheading
"Rapidly cooled igneous rocks." Slowly cooled (plutonic) igneous rocks and

their metamorphic equivalents and the hornfelses are discussed separately.

RAPIDLY COOLED IGNEQUS ROCKS
Basalts

The difficulty in differentiating basalts andjmelt rocks on the
basis of texture and mineralogy has already been noted. Many clasts which
texturally resemble lunar basalts have bulk and mineral compositions similar
to the impact melts, but lack lithic clasts and mineral fragments commonly
found in those rocks classified as impact melts. Where field relations are
unknown, the distinction between clast-free impact melts and internally
derived extrisive rocks is probably impossible without extensive mineralogical,
chemical and isotopic data. The following guidelines have been used when
classifying clasts from 61175. 1) Rocks which contained Fe metal with 4%
or more N1 were classified as impact melts if they also contained Xxenocrysts
and/or xenoliths. 2) Fine-grained rocks which contained magnesian spinel

and magnesian olivine (Fo., or greater) were classified as impact melts as

70
this 15 an unlikely assemblage in basalts, It should be realized that all of
these rocks may be impact melts and that application of the term basalt to
these rocks 1s a convenience justified by their texture, but without genetic
1mplications.

Fig. 4 shows the range of textures and mineralogy found ain basalt

clasts from 61175, Clasts fitting the criteria outlined above show a con-



siderable range in texture and mineralogy. Hyalocrystalline rocks con-
sisting of euhedral plagioclase laths in glass of pyroxene composition

{(F1g. 4a) form one extreme, while holocrystalline varieties with a micro-

Figure 4

diabasic texture (Fig 4b) form the opposite extreme. Most basalts are here

holocrystalline rocks containing plagioclase, clinopyroxene, orthopyroxene,
oliving ahd ilmenite (Fig 4c). Most also exhibit a complex mesotasis which
contains one or two pyroxenes, ilmenite, metallic iron, zircon or a mineral
with a hagh zairconium content, sodic plagioclase, apatite and occasionally
K-feldspar or glass. All larger clasts with basaltic textures and mineralogy
are high alumina, low titania basalts.

Pyroxene compositions from basalt clasts are presented in
Fig 5, Most pyroxenes are zoned, generally from low Ca, En 55-60 to higher

Ca, En The most extreme zoning observed in a single crystal is from

45-50"° Figure 5
W07En72 to Wbl4En57, and the pyroxene compositions in that rock range from heze

Wb7En72F521 to WDZSEn27FS45' Pigeonites are most commonly zoned while augites
occur as smaller grains with restricted compositional ranges. Olivines

are not significantly zoned. Typical zoning ranges from two to four mol %
{(Fig. 5). Plagioclase compositions in all basalts generally range from

An » with larger phenocrysts zoned up to five mol % LAn97 ).

90-87
The chief differences among the basalt clasts analyzed appear to be

in degree of crystallinity, texture, crystallization history and the nature of

the liquidus phase. Plagioclase is the principal liquidus mineral; however,

in a few cases, olivine has clearly crystallized first on the basis of textural

evidence, Plagioclase 1s most often followed by pyroxene or ilmenite but in



some cases both crystallized together. The different crystallization
histories create a textural series ranging from hyalocrystalline through
intersertal to intergranular and, more rarely, subophitic. A few of the
more coarsely crystalline basalts exhibit a diabasic texture, with micro-
thenocrysts of zomed plagioclase (An97~923 1n a groundmass of euhedral plagio-
clase laths, subhedral pyroxene, olivine and ilmenite (Fig. 4c). The more
coarsely crystalline rocks lack the complex mesostasis regions found in the
fine-grained intersertal basalts,

Several conclusions can be made regarding the basalt component
of 61175: 1) All the basalts appear to be the hagh A1203, low TiO2
(when large enough to be classified reliably)}. Most fall into the field of

variety

anorthositic basalts as defined by Irving (1975). 2) They form two groups

en the'basis of crystallization history, those which crystallized plagioclase
first and those which crystallized olaivine first. 3} Their pyroxene and
olivine compositions are either similar to or slightly gore magnesian than

the hagh A1203, low T102 basalts described in other Apollo 16 samples

(e.g. Delano, 1975). 4) The wide range of textures either indicates differing

cooling histories or nucleation rates for the basalts present.

Impact Melt Rocks

By far the most common, and most variable, suite of clasts iFigure ¢
lhere

found 1n 61175 are the impact melt-rocks. Impact melts range in texture and
composition from glasses to holocrystalline rocks in which the groundmass
texturally and mineralogically resembles the basalts (¥ig. 6). Glass shards,
or fragments of glass and maskelynite up to 5 mm in longest dimension are

present (Fig. 6a). These glasses have compositions similar to those of



plagioclase found in the clasts (Fig., 7). Other glasses occur as Fioure 7
L=]

here
devitrified melt wath few mineral fragments to devitrified fragment-laden

melts {the fine grained hyalocrystalline melt rocks) (Fi1g. 6b). The
crystalline or partly crystalline melt rocks range in texture from wispy
fine-grazined hyalocrystalline melts with acicular to subhedral plagioclase,
often with glass cores and familiar "swallow tail' configureation (Fig. 6c)
to fragment-laden microdiabases with euhedral feldspar phenocrysts and
a ground mass of euhedral to subhedral plagioclase, low calcium pyroxene,
pigeonite and olivine. The plagioclases occur as either subradial growths
or as subaligned to aligned laths suggestive of flowage (Fig. 6b). Many
melt rocks contain opaque phases which are concentrated in patches (Fig. 6d)
of anhedral grains of Fe (up to 9% Ni), troilite, ilmenite and occasionally
a phosphide (schrexbersite?}.

Xenocrysts include plagioclase, olivine and, more rarely, pyroXene.
A few of the melt rocks contain Xenoliths, usually as very small polycrystalline
aggregates,” One such xenolith has an annealed texture, but others retain
1gneous textures. Xenocryst and xenolith populations range from zero to
more than 50% of the total clast.

Pyroxene and olivine compositions from melt rock clasts are

presented in Fig. 8. Pyroxene compositions generally overlap those of the

Figure .

basalts found as clasts in 61175, as do the olivines. In most melt rocks, here

groundmass pyroxenes and olivines are quite magnesian (Fo., or higher

70

{to Fogs), En for low Ca pyroxene). Plagioclases generally range from

70-80

An_, to An but sodic plagioclase occurs occasionally. K-feldspars,

38 95?

apatite and whitlockite are rare or absent.
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Accessory phases include magnesian spinel, chromite, troilite,
Fe{N1i) metal, schreibersite, ilmenite, armalcolite, a zirconium mineral and
rutile. Accessory phases are not always found in the mesostasis, but may
occur as individual grains scattered throughout the rock, or im aggregates
concentrated in certain areas of a clast. The texture of some of these
aggregate areas suggests that they result from breakdown and melting of
Xenoliths, thus some of the accessory phases may not have crystallized

from the melt formed by the impact.

PLUTONIC ROCKS AND METAMORPHIC EQUIVALENTS

Few pristine plutonic igneous clasts are found in 61175. Most
rocks of the ANT suite are recrystallized or brecciated, thus obscuring
original textures and making rock classification difficult. Both granulites
and igneous rocks are grouped together in this section for convenience A

few of the coarse-grained diabases or micro troctolites are included with

] Figure
{ here

the plutonic rocks (Fig. 9z), but the most common plutonic rock 1s anorthosite,

which occurs as larger clasts up to 2 cm long (Fig. 9b). The anorthosites
have been subjected to shock pressures up to the plagioclase/maskelynite
transition, and some have been shocked to the point where some melting has
occurred. Plagioclase in anorthosites is coarse-grained (to several mm),

and has composztions between Angs and Anl Minor and accessory minerals

00°
include magnesian olivine, orthopyroxene, and occasionally ilmenite or
spinel,

More commonly found are coarse-grained granulitic anorthosites,

norites or troctolites. These clasts exhibit a range of metamorphic textures,
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including granular anhedral groundmass plagioclase exhibiting smooth
boundaries and triple-junctions indicative of an equilibration during
subsolidus recrystallization (Fig, %¢). Included in this groundmass are
anhedral, irregular orthopyroxene poikiloblasts which enclose anhedral
plagioclase, and, rarely, ilmenite (Fig., 9d). In several clasts, these
orthopyroxene poikiloblasts have exsolved a high calcium pyxroxene as
lamellae up to 0.1 mm wide (Fig. 9d). The composition of the major
minerals in any one granulite clast is usually quite constant. Generally,
olivine and pyroxene are unzoned, plagioclase is often unzoned but euhedral
to subhedral grains are occasionally found to have more calcic cores and
more sodic rims. Anhedral plagioclase grains are occasionally found
enclosang small rounded olivine grains, or cuhedral ilmenites, Larger
anhedral magnesian ilmenites are found in some clasts,
Pyroxene and olivine compositions from plutonic igneous and Frgare 10
granulitic ANT rocks (Fig. 10) exhibit a very small range in compositiomn. [lEEEL————
Olivines range from F067———-—%>F072, pyroxenes range from Wo_En,  Fsse———>Wo

57767 "28 5

EngyFsgq #md Woze 4o Engg e

E F

F in one c¢last, to W°4-10En67—60F528—"" and

$17-14 33

9 (as lamellae in the low Ca pyroxene).

Wo,o_45Flgg 38F513.9

The texture and restricted range of compositions of the minerals
from the recrystallized ANT rocks 1s indicative of high temperaturs meta-
morphism., The textures and grain sizes are comparable to terrestrial
granulites, and are, by inference, the result of a rather long residence
time at high temperatures. Metamorphism has been sufficiently thorough to
reduce chemical gradients between minerals and within minerals. The presence
of such thoroughly metamorphosed rocks raises several interesting questiomns
about the lunar crust at the Apollo 16 site. These will be discussed in the

conclusions.
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HORNFELSES

The hornfelses are a group of clasts characterized by textural
variety and chemical homogeneity  Superficially, some of the hornfelses
resemble the melt rocks, however certain textural differences may be dis-
cerned The typical hornfels texture is one of anhedral to subhedral
plagioclase porphyroblasts or xenocrysts surrounded by anhedral olivine
or pyroxene (or both) and plagioclase. These anhedral grains form an
interlocking mass which, when viewed at moderate magnification with a
scanning electron microscope, exhibit smooth curving boundaries and traple
junctions (Fig. 11). This basic texture has several varieties, one of the
more important of which is the development of porphyroblastic pyroxenes
in the groundmass surrounding the xenocrysts (or xenoliths). Where this

texture 1s best displayed, large subhedral to euhedral pyroxene porphyro- Figure 1
here

blasts enclose plagioclase xenocrysts (sometimes subhedral to euhedral)

and groundmass plagioclase (anhedral) (Fig. 1lc, d). The gnterstltial areas
between the pyroxene porphyroblasts consist of granular olivine and plagio-
clase with smooth boundaries and triple-junctions  This textural type has
been found in only one clast so far. Anhedral pyroxene porphyroblasts are
more commogly found, but most common are small, anhedral pyroxenes with
anhedral olivine or plagioclase inclusions which make up the groundmass along
with single anhedral olivimnes, plagioclases and pyroxene. In the coarse
grained porphyroblastic varieties, two pyroxenes have been found. The main
porphyrcblast 1s a low Ca pyroxene (often orthopyroxene) hosting small high
Ca pyroxenes of irregular shape and size.

All hornfelses are characterized by an absence of glass and by

) } .
chemical homogeneity among the minerals present. Olivines and pyroxenes
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are unzoned and of constant composition throughout the clast (Fig. 8), in
contrast to olivine and pyroxene compositions from the melt rocks in which
considerable chemical heterogeneity 1s exhibited throughout a single clast.
Plagioclase 1s also generally unzoned and of constant composition, but in
the larger crystals and in the xXenocrysts, zoning does occur in the form
of calcic cores {usually most of the grain) and thin, more sodic, rims

The rim composition is usually the same as the composition of the ground-
mass plagioclase,

Accessory minerals include Fe metal, with the same range of
N1 content as the melt rocks (4.5-9%), troilite, ilmenite, occasional
apatite and phosphide. Sodic feldspar, K-feldspar and whitlockite are
generally absent.

In surmary, the hornfelses exhibit an equilibrated texture,
lack of zoning and chemical homogeneity among mineral phases, which is in-
dicative of a close approach to chemical equilibrzum. In this manner the
hornfelses are similar to the coarse-grained granulites. In fact, with
the exception of grain size, the textures and mineral compositions of these

two groups are remarkably similar.

BULK COMPOSITION

In order to relate the textural types found in 61175 to one
another, most of the clasts were analyzed using a defocussed beam technique.
These analyses, 58 1n all, were done as follows: As with the mineral amnaly-
ses, a scanning electron microscope with energy dispersive spectometer was
used. The microscope was set in scanning mode, and, where possible, the

magnafication adjusted to anclude the entire clast. Where irregular clasts
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or clasts with prominent cracks or holes were to be analyzed, the analysis
was done over several smaller areas and averaged. Three repeat analyses,
each with a counting time of 120 sec., were done. This 1s sufficient to
keep the counting error below one percent for all but minor elements. The
data were corrected using the Bence/Albees correction procedures and then
recorrected following the method outlined by Albee et al, 1977. Comparison .
of normative mineral compositions with the actual compositions obtained by
SEM/EDS analysis shows that the differences between the two are small (one
to two mol % An, Fo, En or Wo) for the major mineral components.

The bulk chemical analyses of ANT and granulitic ANT, basalt,

melt rocks and hornfelses are plotted on a ternary diagram (Fig. 12) after Frgace ]

here

Walker et al, (1973a). No single group of rocks, classified on the basis
of texture and mineralogy, is izdentifiable on the basis of bulk chemistry.
All groups overlap one another, and most lie in the plagioclase primary
crystallization field. The majority of rocks analyzed fit the criteria for
use of this diagram, including the '"basalts ', Three clasts, all breccias
containing significant glass, have compositions far from the compositional
plane of the diagram and are not plotted. The position of rocks in the
plagioclase field deserves comment. As indicated earlier, basalts can be
divided into two groups based on the liquidus phase (plagioclase or clivine].
The same 1s true for the impact melts, and may be extended to those rocks
which apparently crystallized magnesian spinel first. All rocks plotted om
this diagram would be expected to have plagioclase as the liquidus phase,
under equilibrium conditions. The fact that textural examination reveals
the presence of other liquidus phases suggests that other factors, such as

undercooling, may be controlling the liquidus phase, Another possibility,
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constdered less likely, is that these phases could be relicts, or were
nucleated around relicts as the melts cooled.
ther trends are evident from this plot. First, the basalts

are clustered toward the An apex of the triangle, along with the more
feldspathic granulites Many hornfelses cluster near the spinel-plagroclase-
olivine piercing point, but examples of both basalts and hornfelses can be
found throughout the entire range. The melt rocks (excluding breccias
and the odd glassy compositions) span the entire range defined by the
feldspathic granulites and the most ferromagnesian hornfelses.

A few clasts and matrix samples from 61175 have been separated
and analyzed for major elements by semi-micro atomic asbhsorption spectrophotometxry

(Nava and Philpotts, 1973) (Table 2). Large-ion-lithophile trace element Table 2

abundances were also obtained on these samples, following the method of here

Schnetzler et al , (1967). Differences in major element abundances in the
separated samples of matrix and clasts analyzed by atomic absorption spectro-
photometry mainly reflect different amounts of mafic and feldspathic com-
ponents, with the matrix being somewhat more mafic than the clasts. Bulk
matrixX samples analyzed are identical within analytical error (for major
elements), and their counterparts are to be found in other Apollo 16 boulders,
for instance 67455 fragment laden melt (Lindstrom et al., 1977) and 67435
glass coating (Warner et al., 1576). Counterparts to this composition can

be found both at the North Ray and South Ray crater sites. This 1s not sur-
prising in view of the generally anorthositic nature of the Apollo 16 breccia
boulders. The clasts differ from the matrix, and their chemical differences
reflect the different rock types invoived. Sample 61175,151 1s an anorthosite,

somewhat shocked and brecciated, and comparable in composition to other
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anorthosite breccias from the Apollo 16 saite; 61175,126 1s a melt rock
compositionally similar to those analyzed by SEM/EDS. It i1s also similar to
the bulk matrix of 61175.

Large-ion-lithophile trace element abundances for separated

[Table 3

clasts and matrix are presented 1n Table 3 and Fig 3. Compared to the here

matrix compositions for the Apollo 17 boulders, the matrix trace element
abundances in 61175 are more variable, and are considerably depleted in
KREEP (as discussed earlier). The matrix trace element abundances are
higher than those of the more feldspathic breccias such as 67455 (Lindstrom
et al., 1977), but are lower in abundance than Apollo 16 KREEP (Hubbard

et al., 1973). The matrix LIL trace element abundances are consistent with
the modal data, and SEM/EDS data which suggest that the majority of the matrix
1s anorthositic., Glass, which binds the matrix together, 1s of variable
composition, and 1s irregularly distributed. As the most potassic composi-
tions come from the glass, 1t is reasonable to assume that the glass i1s the
major contributor to the KREEP component of the matrix.

As insufficient number of clasts have been analyzed for trace
elements to make firm conclusions about the relationship of clasts to one
another, however some general remarks can be made. First, the anorthosite
breccias (subjected to shock pressures above the maskelynite phase transition,
but below those needed for significant melting) show typical anorthosite
lithophile trace element patterns with a range of from 1 to 10x chondrites.
More surprising, hgwever, are the low REE abundances in one of the dark meit-
rock clasts analyzed (61175,126). This pattern 1s typical of a highlands
anorthosite  The rare-earth element zbundances in the other dark clast
analyzed (61175,133) are higher than the other clasts or matrix analyzed,

and approach Apollo 16 KREEP 1n abundances (Hub%ard et al., 1973). The
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spread in lithophile trace element abundances between the melt rocks analyzed
differs from that of single terrestrial impact melt sheets. In terrestrial
impact melts (e.g., Winzer 1975, Winzer and Lum 1975, Floran, et al., in
press) the trace element abundances and patterns are usually nearly identical.
The same observation can be made for the Apollo 17 melts (e.g , Winzer et
al., 1977). The spread in abundances and differences in the patterns for the
two melt-rock clasts analyzed may indicate that more than one melt sheet, or
more than one impact event 1s represented in the clast population of 61175.

As some of the clasts analyzed by SEM/EDS techniques are low in K, they may
also be low i1n REE's and may represent an impact melt with a very low KREEP
component. Another possible explanation which cannot be discounted, 1s that
of sample heterogeneity. Both melt rock clasts are quite small, and, although
they are individual clasts from different parts of 61175, they may not be

representative of any given melt-sheet composition.

DISCUSSION

L4

The clasts in 61175 exhibit a remarkable textural daversity yet,
when bulk composition and mineral compositions are compared between groups of
samples, this diversaity tends to disappear. Unlike other major lumar highlands
samples, whose clasts differ significantly in chemical composition (e.g.,
Wainzer et al., 1977; James, 1977) no group of clasts in 61175 appears distinct
from another except on the basis of texture. All mineral compositions from
the various clast types overlap one another, and only those clasts with a
metamorphic texture form a distinct group on the basis of their restricted
mineral compositions. This restricted group 1s a sub-group of all other

clasts in terms of mineral composition.
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The simplest explanation for these similarities is that all igneous
textured rocks except the ANT suite rocks are impact melts whereas the horn-
felses are their metamorphosed equivalents. There 1s no doubt that the melt-
rocks, as described in the earlier portion of this paper, are of impact
origin. The more diffacult assertion to prove 1s that those rocks with
basaltic textures, free of xenoliths or xenocrysts, are also impact generated
melt rocks.

Evidence in favor of such an interpretation is indirect, but
suggestive. First, all igneous textured, xenolith and xenocryst-free rocks
plot in either the anorthositic basalt or VHA basalt fields delineated by
Irving (1975). They are similar or identical in composition to coarse-
grained i1gneous rocks of the highlands ANT suite. Experimental studies on
anorthositic basalts and VHA basalts (such as 68415 Walker et al., 1973a3b}
indicate that these compositions would have plagioclase, spinel and corundum
on the liquidus at 15 kb, and this assemblage contradicts that derived from
basalt parent materials. It was judged more likely that thias type of rock
represented shallow melting of plagioclase cumulates. Second, those clasts
which do contain iron metal show a nickel abundance which is considerably
higher than that of iron metal in mare basalts. Such elevations {generally
up to 9% N1 in these rocks) are usually considered to be indicative of
meteoritic origin (e.g , Hewins and Goldstein, 1975). Saderophile trace
element abundances for these clasts should help in their interpretation
Third, the bulk compositions of the melt rocks and 'basalts'" and the compo-
sitional ranges of their major mineral phases are identical. Detailed
petrological studies of terrestrial impact melts (e.g., Grieve 1975; Floran,

et al., in press) indicate that rocks with highly variable textures can be
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formed by the crystallization of melts with relatively constant composition.
Winzer (1975), Winzer et al., (1976, 1977) and Grieve (1975) have established
that impact melts have major and trace element compositions explainable in
terms of total melting and mixing of target rocks. The compositional
similarities of impact melts and "basalts' to ANT suite rocks found as

clasts in 61175 suggest that both are impact generated total melts derived
from such rocks. The présence of xenoliths and xenocrysts of ANT rocks in
the impact melts supports this hypothesis, as do the trace element abundances.

On the basis of the evidence cited above, we fzvor the hypotheses
that all non-plutonic, igneous-textured rocks are impact melts. The possibilaty
sti1ll exists, however, that the basaltic-textured rocks originated by internal
processes, such as shallow partial melting, however such processes seem un-
likely. Age dating and lithophile trace element data for these clasts should
help resolve the problem of their origin.

The origin of the metamorphic rocks remains to be explained. Con-
siderable controversy has arisen over the origin of the fine-grained rocks
containing sieve-textured pyroxenes. Depending on interpretation, these
rocks have been variously labelled poikilitic (e.g., Simonds et al., 1973)
or poikiloblastic (e.g., Albee et al., 1973). More recently, poikilitic
prroxenes have been reported from terrestrial impact melts {Grieve, 1975,
Floran et al., in press)}, but poikilitic plagioclase 1s more common  Experi-
mental studies (Lofgren, 1977) suggest that poikilitic textures can be formed
under restricted conditions of nucleation and under-cooling. These poikilitic
melts have several textural features in common with one another, the most
important of which are the dominance of euhedral to subhedral feldspars, as

found in poikilatic pyroxenes, and the presence of euhedral to subhedral
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crystalline material in the groundmass surrounding the poikilitic minerals
The groundmass may be glassy or completely crystalline.

The 61175 hornfelses, unlike the poikilitic rocks from terrestrial
melts, and Apollo 17 poikilitic rocks lack the dominant euhedral to sub-
hedral plagioclases found as inclusions in the pyroxenes. Those hornfelses
not containing sieved pyroxenes have a granular texture, with anhedral to
subhedral plagioclase, pyroxene and olivine. The texture ranges through
rocks containing pyroxenes or olivines with inclusions of plagioclase and/or
pyroxene or olivine through those with larger, sieve like pyroxenes including
anhedral (usually round) olivine and anhedral to subhedral plagioclase. The
interstitial material 1n all hornfelses 1s characterized by anhedral to sub-
hedral plagioclase and pyroxene and anhedral olivine. These minerals form
the granular base, with 120° intersections indicative of textural equilibra-
tion by subsolidus recxrystallization. The base texture is not reported from
any of the poikilitic impact melts, although recrystallization is evident in
partially digested clasts in the Manicouagan impact melt (Floran et al., in
press). On the basis of the dominant crystal form of included minerals and
interstitial groundmass in the 61175 hornfelses these rocks must have.underw
gone considerable subsoclidus recrystallization, and thus the textures ob-
served are considered to be dominantly metamorphic. The textures are thus
termed poikiloblastic where larger pyroxene grains have formed

Euhedral to subhedral feldspars do occur in the poikileoblastic
rocks, as well as in the granoblastic hornfelses. Most of these are clearly
xenocrysts, but occasional laths occur in the groundmass. These plagioclases
generally have the same composition as those which are anhedral, thus they

appear to be chemically equilibrated with the rest of the rock. It is
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uncertain whether these are xenocrysts, or whether their form is controlled
by the subhedral mafic phases. Euhedral to subhedrzl plagioclase and other
minerals are not uncommon in metamorphic rocks (see Spry, 1969 plates 15, 18,
21 and 23 for examples), thus their presence does not exclude a metamorphic
origin.

The presence of Xenocrysts in the hornfelses is strong evidence
that the original material could have been an impact generated melt rock,
Another possibility, which has been raised by Bence et al., (1973) and
Albee et al , (1973), is that the original rock was a glassy breccia or
agglutinate and that temperatures were sufficiently high to cause,partial
melting of the original rock. Evidence for this hypothesis includes the
presence of euhedral crystals, and the absence of less refractory phases
such as pyroxXene among the Xenocrysts This explanation cannot be excluded
with the evidence presently available.

If partial melting is an important process in the origin of the
poikiloblastic rocks, it could be an important factor in producing both the
coarse-grained granulitic rocks and the fine-grained hornfelsic rocks. The
poikiloblastic granulites differ only in grain size from the hornfelses, the
textures are similar or identical, as are the mineral compositions. There
i1s considerable evidence from large terrestrial melt sheets that digestion
or partial digestion of even very large lithic clasts can occur. This process
is similar to anatexis in high-grade metamorphic terranes, and 1s a combination
of metamorphic and 2gneous processes, producing textures indicative of both
subsolidus recrystallization and melting. The chief drawback to the clast
digestion process 1s that, more often than not, the melt which 1s forned in

the clast remains as a glass and does not recrystallize. In addition, no
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coarse-grained rocks equivalent in texture to the granulites have been found
in 1ncluded clasts in terrestrial melt sheets. Evidence from regional
metamorphic terrains suggests that development of such texturés requires
long time periods at high temperatures. Insufficient data exist to quantify
either the cooling times for large melt sheets, or the actual time needed to
form the coarser-grained granulitic textures, thus the plausibility of this

hypothesis cannot be quantitatively evaluated.
CONCLUSTONS

On the basis of the available evidence, the different lithotypes
found in 61175 can be explained by a multi-stage process. The first stage
would be formation of a relatively large melt sheet(s) by impact(s) into
highland ANT suite rocks. These impacted rocks may include granulites which
are metamorphic equivalents of the original ANT rocks formed by processes
akin to terrestrial regional metamorphism prior to impact (see Winzer, 1976).
As the melt expanded radially outward from the point of impact 1t would have
swept up and included clasts of original country rock, and breccias formed
during the impact. The melt would solidafy, forming a variety of textures
according to 1ts proximity to cold country rock and the size and number of
included xenocrysts and xenolitﬂs Included breccia or possibly pre-existing
melt rock clasts would undergo high temperature thermal metamorphism possibly
including extensive partial melting following their inclusion in the melt.
Following solidification of the melt, and final cooling, the resulting melt
sheet was again the target of an impact, which possibly formed the 61175
breccia from melt sheet and regolith components. More than one melt sheet

may have been involved, as suggested by the limited trace element data available,
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TABLE 2

Major and Minor Element Abundances
in Clasts and Matrix from 61175

61175,126
Dark Clast

61175, 151
White Clast

44, 6

61175, 147
Matrix

45,5
0.53

27,88
4,33
0. 06
4,88

16,14

29

61175, 168
Matrix

45,6
0.52
27. 87
4,25
0. 06
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16.19
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TABLE 3

Lathophile Trace Element Abundances
in Matrix and Clasis from 61175

aaple 21175, 126 | 61175,131 | 61175,133 61175,.147 61175, 151 61175,-1 67 | 61175,168 61?'75, 170 BCR-1
ark clast | white clast | dark clast matrix white clast | matrix while clasi

Li 4,80 4,98 11.5 10,1 4,48 6.50 T.37 2,00 12,4

K 318 504 1800 1050 244 666 794 36.1 13600

Rb 0. 636 1.57 5.41 2. 97 0.437 1.064 2.19 49,90

5r 200 174 149 246 219 177 182 163 332

Ba 45,7 65,3 280 153 91.8 8,34 663

Ce 5,87 11,4 76,0 33.0 18.9 0,541 53,2

Nd 4,18 7. 05 48, 2 21,1 11,8 0.392 28.7

Sm 1.17 2, 04 13,2 5.91 3.37 0.144 6,40

Eu 1.19 1.03 1.50 1. 66 1.20 0,695 1.85

3

Dy 1.85 2,97 16,6 8.41 4,40 0.155

Er 1.09 1.75 9. 94 4.69 2.59 0,104 3. 60

Yb 1,01 1,67 9,06 4,29 2,51 0. 095 3,37

Lu 0,152 0. 226 1.27 0, 654 0. 347 0.108 0,446

Zr 194
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Figure Captions 31

Photograph of 61175,19. This is the original slab, taken from
the center of 61175. The large white clast 1s a moderately
shocked anorthosite Smaller crystalline clasts are ANT and
granulites, while the small dark grey clasts are impact melts

or hornfelses. (NASA/JSC Photo 5-73-22080)

SEM photomicrographs of polished thin sections of the matrix

of 61175. a) Mineral fragments (mainly plagioclase) and small
lithic fragments (lower right corner) in fine-grained groumdmass.
b) Higher magnification photo of relatively glass-free portion of
the fine-grained matrix. Again, many of the fragments are plagio-
clase, but a small proportion in this size range are glass.

¢) Higher magnification photomicrograph of a more glass-rich
portion of the matrix. These glassy areas interlock together to

form 2 network which holds the rock together. Droplet chondrule
jin 61175 matrix. The chondrule is filled with plag:oclase.

Lithophile trace element abundances from clasts and matrix of
61175. 61175,133 and ,126 are dark clasts and are probably melt
rocks. 61175,131 and ,170 are white clasts, and are moderately

shocked anorthosites.

Textures of "basalt" clasts a) Hyalocrystalline. Euhedral

plagioclase laths (An ) 1n random oTrientation inm a glass

95-97
matrix. The glass has a composition close to that of augite.
b) Microdiabase porphyry. Phenocrysts of plagioclase in a ground-

mass of euvhedral to subhedral plagioclase and subhedral pyroxene.
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c) Typical basalt texture. Euhedral, tabular plagioclase pheno-
crysts (zoned An97 u*h-Ango) in a matrix of euhdral to subhedral
plagioclase laths CAngo —— Angs), low calcium pyroxene

5-85771-737520-24

ilmenite. d) Scanning electron photomicrograph of a polished thin

(Wo ) and olivine (Fo77_78), glass and minor
section of olivine basalt. This photomicrograph shows a typical
mesostasis texture, containing pyroxene (darker gray), glass

(lighter gray), ilmenite and Fe metal (bright spots).

Fig. 5 SEM/EDS analyses of pyroxenes and olivine from basalt clasts.
Different symbols represent analyses of minerals from different

clasts. Most points represent several analyses.

Fig. 6 Textures of melt-rocks from 61175, a) Maskelynite grain in
matrix of 61175. b) Coarse-grained melt with intersertal texture.
Plagioclase laths are aligned, aindicative of flowage in the melt.
Xenocrysts (longer subhedral to anhedral grains) of plagioclase
&vAngs) and one small portion of an annealed xenolith (near the
top of the clast) maxk thas as a melt rock. The melt matrix consists

of plagioclase (Ans3 —o= An both zoned and umzoned) pyroxene

95°
(WbSEnngsss), olivine (F072_75) and glass. c¢} Fine grained, clast-
laden melt rock. An amnealed ANT clast (upper right) with a

developing hornfels texture is enclosed in a fine grained matrix of
plagioclase CAn88—95)’ pyroxene (w°17—315n63-47F518-20) and olivine

(F Pyroxenes with En contents as low as 33 also occur in

°40-497-
this rock. These and the iron-rich olivines may be Xenocrysts.
d) Scanning electron photomicrograph of a metal-rich portion of a

melt rock clast. Dark gray grains are phenocryst and groundmass



Fig. 7
Fig. 8
Fig. 9
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plagioclase, lighter grays are olivine, pyroxene and glass. Bright
anhedral blebs are Fe metal with Ni contents of up to 9 wt.%, troi-
lite and mainor phosphide. Subhedral to euhedral lath-shaped grains

are i1lmenite.

SEM/EDS analyses of glasses from melt-rocks and matrix of 61175,
Different symbols indicate different clasts. *Composition of

orange glass (74220} (Nava, 1974 Proc. Lunar Sci. Conf. 5th, 1087-

1096) X Average Composition of Apollo 16 glasses, from Glass, 19876,

Proc. Lunar Sci. Conf. 7th, 679-693. Filled circles represent

glass from a breccia of mare basalt composition. The range of glass
compositions 1s a result of differences in degree of crystallization,
liquidus temperatures and crystallization histories of melt rocks

found as clasts in 61175.

SEM/EDS analyses of pyroxenes and olivines in melt-rocks and

hornfelses from 61175.

Textures of ANT suite clasts from 61175. a) Micro troctolite-
granulite containing olivine [Fo77), plagioclase ( Angs) and minor

low-Ca pyroxene (En b) Shocked aznorthosite; this is part of

70)‘
a large (~1 cm) brecciated clast. Some plagioclase has been
partially transformed to maskelynite, other plagioclases show
deformation lamellae (lower left). Very little glass is present.

Plagioclase composition is Angs-An ¢) Granulite. Anhedral

100)'
plagioclase, with curving boundaries and triple-junctions is
indicative of re-equilibration by subsolidus recrystallization.

Subhedral orthopyroxene grain is located in the upper left

corner. d) Norite granulite containing anhedral to subhedral
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plagioclase,some slightly zoned (An97_95). Anhedral ortho-
pyroxene host (WG4En63—67F528-333 (lower left) encloses
anhedral olivine. The bat shaped opaque mineral 1s a magnesian
ilmenite. e) Poikiloblastic norite-granulite. A sangle large,
anhedral orthopyroxene grain {(at extinction) encloses anhedral to
subhedral plagioclase (some with thin rims), anhedral olivine and
anhedral to subhedral ilmenite. The groundmass (upper left} is

granoblastic, and contains plagioclase, olivine znd pyroxene.

Fig. 10 SEM/EDS analyses of pyroxenes from ANT sutte rocks. Squares are
mineral compositions from the clast shown in Fig. 6d, triangles
from the clast shown in Fig. 6e. Most points represent several

analyses.

Fig. 11 Textures of hornfelses from 61175. a) Granoblastic-hornfels
consisting of olivine EﬁvFo77), plagioclase («uAngs) and minor low
Ca pyroxene. b) Unusual hornfelsed gabbro (?). This clast has
mineral compositions distinct from all other hornfelses analyzed.

Olivines (Fo ) are more iron-rich than those from the other

55-58

hornfelses (typically Fo )} and the pyroxenes are also more

74-80

iron-rich (En ) than those of all othexr hornfelses (typically

56-60
fvEn7s]. c) Scanning electron photomicrograph of the texture of the
hornfels shown in a. Anhedral plagioclase (dark gray) is surrounded
by, and occasionally found as tiny inclusions in olivine (light gray).
Curved boundaries show good triple junctions. Minerals are unzoned,
and compositions vary only slaghtly throughout the clast.

d} Poikiloblastic hornfels. Relatively large (.5-.7 mm) subhedral

orthopyroxene poikiloblasts (Wo4_8En72_77F518_20) enclose anhedral
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Fig. 12
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to subhedral plagioclase (FJAnSS_go), subhedral plagioclase,

xenocrysts and anhedral olivine (Fo Interstitial

78~81)‘
material surrounding the pyroxene crystals is a granoblastic

matrix of olivine and plagioclase (same composition as enclosed
grains) with curved boundaries and triple-junctions. Larger,
annealed Xenocrysts are seen in the lower half of the clast.

d} Scanning electron photomicrograph of the boundary between
orthopyroxene poikiloblast and groundmass. The area of the photo-
micrograph 1s a portion of the lower boundary of the large ortho-
pyroxene grain at the top of the clast in d. Note the anhedral to
subhedral plagioclases and iron metal grains in the pyroxene (right
half of the photograph} and the anhedral-granoblastic texture of the
surrounding matrix (left half of photograph). The large ortho-
pyroxene poikiloblasts contain i1rregular patches(?) of high calcium
pyroXene (Wb40_42En48_50F510_11]. This texture, with the exception
of grain size, is nearly the same as that of the granulite shown

m Fig. Se.

Ternary diagram (after Walker, 1973b) of bulk compositions of clasts
from 61175.

A ANT

B Hornfels

@ Impact Melts
€ Basalts

Unfilled symbols mark clasts whose classification is uncertaan.



