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PREFACE

Objective and Scope of Work

The objectives and scope of the work performed under this contract
were .to examine petrographically lunar highlapds breccias designated by
senior scientific personnel at Goddard Space Flight Center; to choose ana
.prepare appropfiate samples for large-ion-lithophile (LIL) trace element
and major element analyses; to interpret these data; and, Wi1_':h these
results as a gvuide, to initiate new work with the idea of ga.ining further

understanding of the nature of the lunar highlands crust,

Conclusions

Sampies -- chips, poiished thin sections and polished probe mounts --
frofn Apollo 14,. 15, 16, and 17 were examined during the course
of this study. Major, minor and trace element compositions of samples
from the Apollo 17, Station 7 boulder have been completed. These new
data, and data from other Apollo 17 boulders and rocks indicate that
breccias and melt-rocks from this site come from a singie melt sheet
formed by impact melting about 4 B, Y. ’ago. It is most likely that this
melt sheet was formed by a major impact event, possibly that which formed
the Serenitatis Basin, The rocks excavated and melted by this impact wefe
chiefly norites, possibly norite cumulates which were 4.4-4,.5 B.Y. old.

Examination of samples from the other three sites allows the following
preliminary conclusions to be made: Apollo 14 site breccias examined are
polymict and, unlike those at the 15, 16, and 17 sites, appear to be the
product of multiple impacts. They appear predominantly basaltic in
provenance. Apollo 15 sample 15255 is monomict, while the Apollo 16 and

17 samples are polymict. Apollo 16 breccia 61175 contains a number of
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different rock types, including basalts (mare and non-mare) and
anorthosite, norite and gabbro. The latter three types generally have
been subjected to high temperature metamorphism which possibly took
place prior to impact excavation and incorporation in the matrix of 61175.

Summary of Recommendations

It is recommended that consortium studies of 61175 be continued

and detailed petrographic and petrologic studies of the existing and new
vtl.lin sections be completed. Apollo 15 sample 15255 should be analyzed by
a small consortium for isotopic composition and age (Rb/Sr, Ar39/Ar40) and
for major, minor, LIL and volatile trace elements. Detailed petrography
and petrology should be completed., At least one of the Apollo 14 samples?
" probably 14305, should be made the subject of a major consortium effort,
Detailed petrographic and petrologic analysis of all three Apollo 14
breccias should be in process while the consortium is being set up.

The preliminary results from cross-comparative studies are
encouraging. The detailed studies should be continued, and an effort
made to integrate the results with detailed studies of terrestrial impact

analogs and their associated breccias and melt rocks.
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Introduction

This is a report of studies made on a number of lunar brecc’ia_,s
from the Apollo 14, 15, 16, and_l;l landing sites as part of a study of
major and trace elemental and isotopic abundances, mineralogy and
petrology, solar wind radiation effects and magnetic properties of
returned lunar samples being conducted at Goddard Space Flight Center. -
The purpose of these studies was to provide information to be used in
cross-comparative studies of lunar breccias, especially highlands
breccias. The object of the study was to identify and characterize pro- .
venance of the breccias and process of formation; to locate crystalline
clasts; and, where possible, to separate the clasts from the matrix for isotopic,
major and trace element analysis., The first two parts of this task pro- |
vide data which can be related to the lithology of the lunar .crust in the
sampled region and to the impact history of that region from the time of
formation of the crust to cessation of activity in that region. The latter,"
identification and characterization of crystalline clasts, provides data on
individual, pre-impact lithotypes which may or may not be primary
material, early lunar differentiates, or pre-mare basalts. Deducing the "
historical development of the crystalline rocks can be expected to provide
clues to the early history of the lunar crust.

Petrographic and Petrological Analysis

Thin sections and polished probe mounts of rocks from the Apollo
14 landing site (14171, 14305, 14319), Apollo 15 landing site (15255),
Apollo 16 landing site (61175, 67455) and Apollo 17 la.nding'site (77215)

have been examined. All of the above samples are designated consortiﬁm- :



samples (by LSAPT), and one (77215) is a sample from the Apollo 17,
Station 7 boulder consortium led by Dr. E.C,T. Chao.

All the above samples were examined in polished thin section and
polished probe mount by transmitted light microscopy, reflected light
microscopy and, in the case of 61175, by scanning electron microscope
and electron microprobe. Three samples were chosen for consortiﬁm
study on the basis of optical microscopy. Requests for consortium study
were made to LSAPT, the details to be found in our transmittals of
July 7, 1975; July 11, 1975; October 17, 1975; and November 13, 1975.

Details of petrography, modal analysis and petrology are contained
iﬁ these four submissions, A summary of all samples is given below,

Apollo 14 Breccias: Of all sections from the three rocks studied,

most indicate that these breccias are polymict fragment-laden melts which
may have resulted from multiple impacts. In general, matrix xenocrysts
(or surviving fragments of the original target rocks) are plagioclase,
olivine, opaque phases (ilmenite or iron metal) and pyroxene in that order
of abundance,

The amount of glass (melt) present is variable, but is usually
around 25-30%. Differences among the three samples are largely to
be found in differences in the mafic component (olivine or pyroxene).
For instance, 14305 contains more olivine than pyroxene, 14319 is the
reverse. The clast population is variable from section to section, but,
in general, breccia clasts are the most abundant, followed by basalt.
AN’f suife clasts are present, but are not usually more abundant than

10% of the total clast population.



Apollo 15: 15255 is the only sample from this site which has been
examined, 15255 is a dark gray to black matrix breccia with numerous
plagioclase and pyroxene fragments scattered throughout a glassy matrix,
15255 contains a few small clasts of unshocked norite or anorthosite, but
the bulk of the clasts present are heavily shocked norites or breccias which
are unidentifiable as dis;:rete rock types. This breccia differs from the
Apollo 14 Ereccias in that it appears to be monomict, does not :;.ppear to

be the result of multiple impacts, and contains virtué,lly no basalt clasts.

Apollo 16: 61175 a.:nd 67455 havé been examined. The;se two‘breccia.s
differ in the amount of melt present in their respective matrices and in
the variety of inclﬁded clast lithotypes. 67455 most cloéely approximates
the fragment-laden melts found at the Apollo 17 landing site texturally, but
it is difficult to ascertain whether or not 67455 is polymict, Most of the
sections have textures similar to those of terrestrial suevite breccias.
Few discrete, crystailine clasts are present in the sections; however,
regions ;:ontaining mainly breccia and little glass can be found within
more-melt-rich areas. The overall composition of the rock is noritic
or anorthositic. 61175, by contrast, is a friable polymict breccia con-
taining a wide variety of clasts. The matrix is dominantly plagioclase,
and SEM photographs indicate that the matrix is composed of small
feldspar fragments and very small glass shards. The clast population
is made up of breccia, basalt, anorthosite, troctolite and norite in that
order of abundance. Clasts of the ANT suite are dominantly metamor-
phosed (granulites), while most basalt clasts retain their original

igneous texture,



Apollo 17: Sections of 77215, a noritic breccia, were examined
as part of the Chao consortium (Station 7 boulder). Descriptions of
t.hese samples can be found in Winzer et al., 1976 and Chao et al.,

1976. Petrographically, the larger crystalline, non-brecciated sections
of the two slides resemble, texturally, 78235, a norite cumulate (see
Winzer et al., 1975a and Jackson et al,, 1975). The brecciated matrix
is dominantly noritic (plagioclase + orthopyroxene in approximately
equal amounts), but contains irregular regions which are olivine-bearing.
‘These regions are termed microbreccia bir Chao et al.,, 1975. Major
element chemistry of orthopyroxene and plagioclase,_ as well as trace
element chemistries of separated phases from both 78235 and 77215,
indicate that they are part of the same body (Winzer et al., 1976).

Comparison of Lunar Breccias Studied

All of the breccias except 61175 are fragment-laden melts; the chief
differences between them are in overall composition and clast population,
The Apollo 16 and 17 breccias are more anorthositic (plagioclase-rich) than
Apollo 14 of 15 breccias. This has been well established chemically (see
Lowman, 1976 for summary). These differenceé appear chiefly in the clast
population which presumably bears some relationship to the target rocks in
the area at the time of impact., The Apollo 14 breccias contain the highest
proportion of basalt clasts of all those examined, with, surprisingly enough,
61175 (Apollo 16) second highest. Apollo 14 samples are also the only ones
- which contain clasts of breccias which themselves contain clasts. This

texture is difficult to produce by any method other than multiple impact.



The pefrogra.phic evidence suggests that each site had a signifi-
cantly different pre-impact target rock composition and lithology. It-
also suggests that the Apollo 16 site may exhibit the greatest hetero-
geneity, as evidenced by the variety of clasts present in 61175. It must
be pointed out that this conclusion is partly based on the assumption that
61175 does not contain clast.s that could not have survived the higher
teinperatures and shock pressures indicated by the fragment-laden melts
found at the other sites,

The second major point of interest is that of the dichotomy indica.ted
by textures of crystalline clasts in 61175, and, to a lesser extent, in
14305. Generally, the textures of basalt or microgabbro clasts are
igneous, while the textures of anorthositeé, norites or troctolites are
metamorphic, Of the major ANT suite lithic clasts in 61175, most show -
textures which are indicative of subsolidus recrystallization at relatively
high temperatures and for relatively long periods of time. (See trans-
missions of July 7, 1975 and October 17, 1975.) This dichotomy holds
for 14305 as well, but, in this case, there are only one or two surviving

clasts in the thin sections examined.

There are two possible explanations for the production of such
textures, The first is that the ANT suite clasts were buried in a hot
ejecta blanket for a long enough pefiod of time to undergo extensive
recrystallization. The secénd is that the original ANT suite igneous‘
rocks underwent the lunar equivalent of regional metamorphism, with
an internal heat source rather than heating in an ejecta blanket, prior
to the formation of the breccia by impact.

Insufficient dat'a. exist to decide between the two possibilities, but

some consideration may be made of the alternatives, Experimental tests



of sintering in powders of basalt composition and mineralogy indicate

that textures found in Apollo 14 breccias and Apollo 17 breccias can be
produced in a short perind of time (up to 100 hrs,) (Hallam, 1974). These

' times are on the same order as, or somewhat longer than, times needed to
devitrify maskelynite (Bunch et al., 1968). These times are orders of mag-
nitude less than those indicated for production of granulite textures in
terrestrial metamorphic rocks of similar composition. This problem is
further compounded by the lack of extensive sintering and successivé re-
crystallization in the matrix of the 61175 samples. The textural evidence
from the matrix suggests that this sample was never excessively hot,

The evidence is against 61175, at least, being held at any elevated
temperature for a long period of time. The evidence also suggests
formation by a single impact. Thus, at present it would be logical to’
suggest that the granulite textures were not formed as a result of meta-
morphism in an ejecta blanket. This leaves the possibility that the
granulites were formed by the lunar equivalent of regional metamorphism. .

Sample Preparation and Chemical Analysis

Four samples have been split, or have undergone mineral separa-
tions, or both prior to chemical analysis (large-ion-lithophile trace
elements and major and minor element chemistry).

77215 samples were obtained from Chao as part of the Station 7
boulder consortium studies. Three of the samples received were
further separated, these being 77215,130, 77215,152, and 77215,115
contact zone. As the separation procedure has not been described in
detail in a previous transmission, the general separation procedure is

described below.



The purpose of these separations was to provide clean glass,
orthopyroxene, plagioclase and black glass separates for large-'ion‘-
lithophile trace element and major element analyses.

The initial sample contained fragments which were already some-
what enriched in the desired component or components, The sample |
was initially gently crushed and sieved on nylon screens into four
fractions:

(1) Sock

(2) >100 mesh < sock

(3) > 200 mesh < 100 mesh

(4) Pan (< 200 mesh)

The sock fraction, and the fraction lying on the 100-mesh screen, were
handpicked for the desired component. Usually one or two fractions

Vwould be picked. The first fraction was pure when viewed under the hig‘he'sf':
power of the stereomicroscope (70 x). This fraction would be placed

in a bottle marked pure separate, The second fraction was usually at

least 80% pure, but needed further refinement.

The <200 >100 fraction would be processed next, usually through
use of heavy liquid (Thallium Malonate Formate) adjusted to the density
desired with distilled, demineralized water. This fraction would be
successively sieved, separated gravimetrically and, where possible, hand
picked until sufficient purity (99+ %) was attained, whereupon the pure
separate would be placed in the bottle with the handpicked fraction, The
remaining 80% pure material would then be crushed further and density
separated until 99+ % purity was attained.

If, at this point, insufficient material was obtained, the pan fraction

"~ would be treated in the same manner as the above, The pure separate



" was then ground to fine powder in a boron carbide mortar, and aliquants
provided for LIL trace element and major element analyses.

Samples from 67455 were handled in substantially the same
* manner. These samples were initially started by M.-L. Lindstrom -
under the direction of S. R. Winzer, and were subsequently cémpleted
by M. L. Lindstrom,

Samples 61175 and 15255 were handled differently, These samples
were approved for consortium study (61175, S.R. Winzer, consortium
leader) and pre-consortium reconnaissance analyses (15255) by LSAPT.
Chipping and splitting operations were carried out in the nitrogen cabinets
at the Curatorial Facility in Houston, Texas. Accordingly, S. R, Winzer
traveled to Houston to carry out the chipping operation in accordance
with the LSAPT guidelines. A copy of these guidlines was transmitted
to D. F. Nava at Goddard Space Flight Center, by the Curator. The
details of the splits carried out at Houston are covered in our transmittal
of January 28, 1976. All splits requested have been carried out, and all
allocations to the members of the 61175 consortium have been made (see
transmittal of January 29, 1976). Thin sections, and chips of matrix and
clasts have been received, and preparations are being made for further
separations for chemical analyses,

Major element analyses and large-ion-lithophile trace element
analyses of splits and separates from the Station 7 boulder have been
completed (Winzer et al., 1976; Winzer et al., in preparation, Appendix
A). Major element cherﬁistry has been completed for some of the samples
from 67455, while two of these samples have been analyzed for large-ion-

lithophile trace elements,.



Electron Probe Microanalysis, SEM Petrography

Electron microprobe (SEM microscope with Energy Dispe!rsive
X-Ray Analyzer) analyses have been initiated on selectéd thin sections
from 61175, This type of analysis, coupled with the capabilities for
microscopic analysis of the SEM, has certain advantages over electron
microprobe analysis alone. The analytical results tend, however, to be -
less accurate than those of the electron microprobe,

';Z["he reasons for 'differences in analytical accuracy are twofold,
First, energy dispersive a_na.lyées are still in the developmental stage,
althdugh some authors now claim to be able to produce fully quantitative
analyses on. par with wavelength dispe rsive analyses (Reed and Wa.re,
1975). Differences are largely due to problems with obtaining background'
and correcting for peak overlap, escape peaks, etc., The deconvolution
. program used with the SEM at Martin Marietta Laboratories uses a
multiple least-squares fit for sample and standard spectra to produce
intensity ratios for use in the ZAF correction program. This method
assumes the background to be part of the continium, and it is handled in
the fit. This works well, providing the average Z of the sample is not
radically different from that of the standard. Repeat analyses using this
correction procedure have proven fully quantitative (+ 1% for major

elements, + 5% for minor elements, relative to the total amount present).

Second, the electron gun system in an SEM is not as stable over a
long period as the gun system in an electron microprobe. Our system

does not, at this time, carry a specially stabilized power supply, thus



. we must monitor constantly to catch drift., It is not always possible to
catch small driﬂ':s, and therefore our accuracy suffers. Periodic checks
of standards indicate errors of 4 2-5% for major elements, up to 4 10%
for minor elements relative to the total present. All analyses should be
viewed with these error limits in mind.

Selected clasts from three polished probe mounts from 61175 have
been analyzed with the SEM/Elgctron Mic;oprobe. These sections are:
61175,9, 61175, 95 and 61175,104, The clast types examined are ndrite,
anorthosite, basalt and breccia. Analyses are presented in Table 1, -

61175, 9: One large norite clast was analyzed. This clast contains
anorthite (A.n95), a low-Ca orthopyroxene (Wo4Eng3Fs32) which hosts a
high Ca pyrox‘ene (W025En56Fs19), and ilmenite. No olivine was found
during the reconnaissance phase of the analyses,

61175, 95: One norite clast, one basalt clast and one anorthositic
breccia clast were studied. The norite clast in this section differs from
that in 61175, 9 in that it contains olivine, the An content of the plagioclase .
is lower and no high Ca pyroxene was found in the pyroxenes analyzed.
The pyroxenes are more magnesian, Plagioclase (An84-An95) shows
considerable variation. This variation appears to be just outside the
error range for the analyses, and thus may be real. Olivine (Fog¢-79
Fa24_20) is present as small, round grains included in the plagioclase
and as small, anhedral grains in interstices between plagioclase grains.
Pyroxene (Wo7En73Fslg) occurs as larger subhedral grains, and appears
homogeneous except for a chrome-rich phase (Cr-Spinel?) found in

complex exsolution features in some grains,
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The basalt clast contains maihly plagioclase, with two distinct
compositions (An90Ab90r1 and An98), with pyroxene and olivine sub-
ordina’ce. Pyroxene occurs as a low-Ca phase (Wo1 6En57Fsz7) and a
high-Ca phase (Wo34En45F521). These may be exsolved in one another,
but the grains are small and the texture difficult to decipher. Olivine
(Fo63Fa37) occurs as discrete grains interstitial to feldspar.

The breccia clast appears to be entirely feldspar (An96Ab3Or1).
Many of these grains, which appear homogeneous and unzéned, contain
small FeNi spherules,.

61175k, 104: One anorthosite clast, one norite or gabbr§ clast and
one melt or basalt clast were examined. The anorthosite clast has an
igneous texture, and appears to be entirely plagioclase (AnIOO—An98)‘
This cla;st contains melt, which is essentially plagioclase in composition
with some added Fe and Mg. The norite clast is more interesting, con-

taining plagioclase (A'n90Ab90r1), low-Ca pyroxene (W05En6 high-

7¥%28)
Ca pyroxene (Wo40En46Fsl4) and olivine (F067Fa33). This norite or
gabbro clast is similar to the one found in 61175, 95, except that the
pyroxene is more calcic and the olivine less forsteritic.

The last clast examined appears, texturally, to be a quickly
crystallized melt of basaltic composition. The texture is similar to
some of the Apéllo 12 basalts with skeletal clinopyroxene crystals

(Wo1 5En FSZ8) containing small, rounded olivines (F065Fa35) in a

57

matrix of glass and almost acicular euhedral to subhedral plagioclase

(Ang(:‘Ab5 - An1 00).

spherules are found scattered throughout, Usually ilmenite occurs included

Small, rounded ilmenite grains and FeNi and FeNiS

in pyroxene, and the FeNi and FeNiS spherules in plagioclase.
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Too few clasts have been analyzed to reach any firm conclusions
about the units sampled. However, it does appear that the norites examined
.so far exhibit considerable variability. More detailed work on all five
mounts is needed.

Conclusions

The Station 7 boulder consortium has studied samples returned
from the various unité found on the surface of the boulder. Our initial
conclusion (Winzer et al., 1974) was that the three major textural types
found in the boulder matrix (77115, 77135, and 77075) were chemically
identical and could be explained by formation during a singie impact event.
Frorﬁ volatile element studies, it was concluded that this impact could
have been that which formed the Serenitatis Basin, Further work has
expanded this initial conclusion to encompass all the consortium boulaers
sampled at the Apollo 17 site (Boulder 1, Station 2; 73215 boulder; Station
6 boulder) (Winzer et al., 1975a;1975b and Winzer et al., in prep., Appendix
A). Furthermore, it appears that the boulder at Station 8 (78235), a norite
cumulate (Winzer et al.,1975a), is very nearly identical chemically and petro-
graphically to the noritic breccia clast found in the Station 7 boulder (77215)
(Winzer et al., 1975a; 1975b). The presence of norite cumulates as
clasts in breccia boulders, and as rocks (shocked, but not included as
clasts) at points around the Apollo 17 landing site, suggests that such
rocks are part of the pre-impact lithology at the site (Winzer et al., 1976
and in preparation). Major element composition of melt rocks (the
matrix df the boulders) indicates that the norites make up the bulk of the

target rocks at the site (Winzer et al., 1975b). Major, minor and trace element
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composition, ages and Rb/Sr systematics indicate that all the bduldér
samples were derived from a single melt sheet, which probably makes
up the hills surrounding the valley of Taurus-Littrow.

Regarding the other breccias from the remaining highlands landing
sites, some preliminary conclusions can be made. First, 61175 and
67455 appear to be polymict breccias which exhibit different degrees of
shock metamorphism, 61175 has been subjected to considerably lower
shock pressures than 67455, 61175 contains a wider range of lithic types
in its included clasts, whereas 67455 seems to be mainly anorthositic. |
ANT suite clasts from 61175 are generally metamorphic (granulites), and
these metamorphic textures cannot be explained by heating from inclusion
in the matrix of 61175. The texture of 61175 does not suggest multiple
events (breccia clasts do not contain breccias within them),' nor are the
granulites included in melt-rock breccias, thus suggesting that the event
which created the 61175 breccia exhumed and included pieces of a mefa—
morphic complex., This metamorphism must have occurred prior to
impact.

The pre-impact crust at the Apollo 16 site, judging from these two
breccias, may have been dominantly anorthosite or gabbroic anorthosite;
however, basalts must also have been present. This lithology contrasts
to that of the crust.at the Apollo 14 site, which, from the three speci-
mens examined, appears to be basaltic. The Apollo 14 site also appears
to have been subjected to multiple impact events, thus differing from
Apollo 15, 16 and 17, which, at present, appear to contain breccias

from only one impact.
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The Apollo 15 site cannot be explained or characterized conclu-
sively with one small sample. The single sample studied would suggest
a site composed largely of anorthosite, which is clearly incorrect.
Chemical comparisons suggest that the Apollo 14 and 15 sites are more
closely related than Apollo 16.

Recommendations for Further Work

Apollo 16: Determination of the fundamental age relationships
between clast types derived from 61175 must be undertaken in order to
answer the questions raised by the observed textural differences between
basaltic and ANT suite clasts., This work is presently being done by two
of the consortium members (Geiss and Tatsumoto).

Detailed petrology of the different clasts present must be completed.
Reconnaissance electron microprobe/SEM analyses have begun on
coarse-grained igneous and metamorphic members of the ANT suite.
These analyses should be concluded, and analyses of basalt clasts con-
ducted. The matrix fragments are likely to have been derived largely
from the clasts, but analyses of the matrix material must be completed
to confirm this conclusion,

The origin of the matrix 61175, and limits to temperatures and
pressures to which it has been subjected, need to be determined., Origin
.of matrix and breccia clasts included in the matrix can be investigated by
petrography and microprobe analyses coupled with rare-gas studies and
volatile element analyses. Both of the latter are now being undertaken by
consortium members Geiss and Anders. In order to be able to establish
the temperature history of the matrix, high temperature sintering experi-

ments need to be carried out on analog materials, A simple experiment

Tr .
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could be performed using a heating stage microscope and ﬁowdered
anorthosite of terrestrial origin. Peak temperatures indicated by
experimental and theoretical studies of impact cratering would be used
 as starting temperatures. Time decay curves would then be derived by
controlling the cooling rate of the stage, and textures resulting would be
studied optically and by scanning electron microscope. Such an experi-
ment would ‘at least provide qualitative cooling histories for the textures
observed.,

Apollo 15: ‘Apollo sample 15255 should be studied in detail by a
small consortium, Detailed petrologic analyses should be carried out,
as well as age dating. Volatile elements should be determined as an
indication of provenance of the projectile. The two chipé derived from
the sample and allocated by LSAPT should be analyzed for major, minor
and trace elements prioi’ to arranging a consortium effort.

Apollo 14: A major consortium effort should be undertaken on at
least one of the three samples studied, probably 14319, Detailed petro-
graphic and petrologic analysis should be completed on all three samples.

Cross-Comparative Studies of Lunar Breccias

The work carried out to date has provided some preliminary data
for comparison of breccias from the four sites from which highlé.zid
material was returned. The results are encouraging and suééest that
further detailed work, coupled with studies of terrestrial analogues, will
provide understanding of the similarities and differences among the four

sites,
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Abstract

Major, minor and trace element compositions, age data and
Rb/Sr systematics of Apollo 17 boulders have been compiled, and
additional analyses performed on a norite breccia clast (77215) in-
cluded in the Apollo 17, S-tation 7 boulder. The Apollo 17 boulders
are found to be identical or nearly so in major, minor and trace
element composition, éugéesting that they ail or’igina.ted as an impact
melt analagous to melt sheeté found in larger terrestrial craters.

0Ar/?’gAr) and Rb/Sr systematics available indicate

The matrix dates (4
that this impact melt formed by a single impact about 4 billion years
ago. This impact excavated, shocked, brecciated and melted norites,
norite cumulates and possibly anorthositic gabbros and dunites 4.4

billion years old or possibly slightly older. The impact was likely a

major one, possibly the Serenitatis basin-forming event.




Introduction

The large boulders at the Apollo 17 landing site have been studied
extensively over the past two years .by a number of consortia (1-4).

These studies have resulted in a series of high_ly detailed discussions of
each individual boulder, but, with the exceptions of (5-7), little effort has
been made to integrate these stuciies and relate them to other samples
returned from the Apollo 17 site. Sufficient dé.ta now éxist to attempt a
more coherent approach to the or-igin of the non-mare rocks found at th_e A
Apollo 17 landing site. In this paper we will attempt to relate chemical

and isotopic studies of all the boulders, and of a few other relevant samples.

The guidelines by which we will relate these studies are as follows: v

(1) In general, petrographic studies are not compared in this discus-
sion. To some extent this has already been done by (5). Petrography is
generally too subjective a technique to provide firm answers to the questions
.ra.ised by the lunar breccias when the author has not personally examined
sections from each boulder. From photographs of impact melts and breccias
presented in various papelrs (8-11) and extensive personal examination of
shock metamorphosed rocks from 30 or more terrestrial craters, it is
concluded that textures found in the Apollo 17 boulders are compatible. with
an impact oriéin, and that the range of textures found in the boulders can be
produced by a single impact event.

(2) The similarities among samples and groups of samples are
emphasized, and small differences are not considered to be germane toA a
first-order discussion. The reason for de-emphasizing small differences
lies in the overall petrographical evidence that all the boulders are impact

melts, and that the impact process, by its nature, produces considerable

heterogeneity on small scales.



(3) In taking analyses from other laboratories, laboratory errors

. are taken into account where quoted. However, no attempt has been

.made to evaluate interlaboratory bias, as pertinent data are not usually
given. Problems encountered with bias should be smaller when the data

are taken by the same technique; but where the same chemical data are
derived by different methods (i. e., microprobe and atomic absorption for
major elements), systematic errors can occur. Where considered a
problem, attention will be called to the possibility of bias. An additional
1;rob1em introducing scatter into analytical data is that of sample size,

Most analyses are made on samples of less than 50 mg. Defocused beam
analyses of clasts in thin sections or of matrix, and INAA or RNAA é.nalyse s,
are often made on much smaller samples. In a heterogeneous breccia, such
small sample size can be expected to produce scatter because the scale on
which sampling is made is below the size of many of the petrographic hetero-
geﬁeities found in lunar breccias,

With the above assumptions in mind, and with the major and trace
element data for the norite clast from the Station 7 boulder presented here,
we will discuss the chemical and isotopic similarities (and significant
differences) among the Apollo 17 boulders and the few other relevant breccia

and non-breccia samples for which data exist,

Station 7 Boulder

Major Element Chemistry

We have completed eight new major element analyses by Atomic
Absorption Spectrophotometry of phases from 77215 and 77135, The methods
are described in earlier papers (12,13). The results are presented in Table

1 and graphically in Fig. 1.



77215 is a brecciated clast considered to be the oldest material
present in the returned samples from the Station 7 boulder (4, 14). The ‘
major lithic component of this brecciated clast is a coarse-grained
norite, similar in modal mineralogy to the norite cumulate 78235,
""Clasts'' or veins of dark grey to black impact glass, olivine-beax;ipg
breccia, and an assemblage of troilite, FeCo metal, a silica phase and
a phosphate mineral are minor components (14). Two thin sections in our
possession aré d6minated by coarse-grained norite, with téxturés indicative
of cumulate origin (Fig. 2) enclosed .in or cut by veins of glassy breccia,
some of which contain olivine-bearing zones. Unfortuna.tely,’ samples of
sufficient size and coherence are lécking, so no firm textural evidence for
cumulate origin can be obtained.

Major element compositions of all Station 7 rocks aﬁal-yzed by us have
been plotted in Fig. 1, along with the compositions of breccias (matrix)
from boulder 1, Station 2 (15,16); 73215 Boulder (17); Station 6 Boulder (1-8);
and the norite cumulate 78235 (19). Also plotted are the mineral c}omp'ositiéns.
obtained from the Station 7 breccias (4, 20), and 78235 (19, 21, 22). This
diagram (which reflects the major mineral chemistry exclusive of ilmenite)
illustrates the striking similarities in the compositions of the matrix of the |
four boulders and the norites, and shows that the Station 7 matrix types are
indistinguishable from each other. Samples from the Station 6 boulder
and three of the samples from 73215 reported by (17) are also indistinguish-
able from each other and from the Station 7 matrix samples. Samples from
. boulder 1, Station 2 are more varied. Generally, the PET average composi-
tion for 72275 and breccias from 72275 (boulder 1, "Station 2) are indistinguish-
able from those of all the other boulders, but many of the samples from 72255

and 72215 plot in a group which is more aluminous and somewhat lower in MgO
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+ FeO than the other matrix breccias sampled. One sample from
73215 (17) plots with this group, as does the bulk rock (as opposed
to the melt rind) 78235. ‘

The analyses of the 73215 samples were obtained by defocused
beam electron microprobe analysis. Thus, some systematic differences
might be expected, becausé of complications in the correction of the data.
The remaining samples were analyzed by atomic absorption spectrophoto-
metry, thus the grouping should not reflect systematic variation due to
differences in analytical technique,

Two interpretations of this plot are possible, Either the more
aluminous segment of the Station 2 bouldef could be a new unit not sampled,
and perhaps not present, in the other three boulders, or the segment could
be a more plagioclase-rich pod, schlieren, or other relatively large-scale

.heterogeneity which is part of a continuous chemical variation within a melt
sheet of which all four boulders are a part. The first interpretation raises
the possibility of separate melt sheets, and thus a multiple event, while the
second interpretation is compatible with a single event sampling different
lithologies within the crater. To shed more light on this problem requires
data other than major element analyses; thus these data will be presented
before further discussion of the above points.

Another point which can be made from Fig. 1 is that all breccia
matrices fall close to or along the orthopyroxene-plagioclase mixing line
defined by the end-member mineral compositions derived from 78235 and
the Station 7 boulder rocks. This suggests the interpretation that the
matrix material (and the clasts) are derived primarily from noritic source
rocks. The norites 78235 and 77215 are reasonable representatives of

possible target material. The melt from 78235 (the rind glass) is probably
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more representative of the bulk sample than the ''whole rock" (19).
These two shock-melted rocks (78235 glass rind ‘and 77215) fall in the
center of the melt compositions of the other four boulders. This is
certainly strong evidence that rocks chemically similar to 78235 were
part of the target area.

Trace Element Chemistry

Large-ioq-lithophile trace element abundances have been determined
for orthopyroxene, plagioglase and gray glass separates from 77215,
matrix and breccia from 77215 and three dikes cutting the 77215 clast,
The method is described in (12). These data are presented in Table 2 and
Fig. 3. Comparison of these data indicates that the lithophile trace element
chemistry of the phases making up the bulk of norite 77215 is similar to that
of the phases from 78235. The orthopyroxenes are nearly identical to those
found in 78235 (V-3 opx especially (19)); the plagioclase is enriched 30% in
light REE's and up to 2x in heavy REE's over 78235 plagi-oclase'. Opx/Plag
partition coefficients are given for both rocks in Table 2, They are virtually
identical for Ce = Dy, deviating by about a factor of 2 for Ba and-Er, The
available major element analyses of coarse-grained anorthite ffom 78235 and
77215 are virtually identical (An8,9). The pyroxenes, more nearly identical
_ in lithophile trace element abundances, differ more than the plagioclases in
major element composition. 78235 pyroxenes (WoéfEn?éFslS) are more

magnesian than 77215 pyroxenes (WoSEn The major and trace

67-713F 52932
element compositions, grain size and texture, and overall modes strongly

. suggest that these two roéks came from the same body, and the presence of
77215 as a clast in the melts suggests that it was excavated by the same impact
that produced the melts. The melts, then, are at least partly (and from major

and trace element composition, probably to a great extent) derived from fusion

of norite cumulates.
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Examination of the LIL trace element composition of the melt rocks,
é.nd the glass rind from 78235, indicates some difficulties which need ex-
.Apla.nation. The norite breccia (77215, 45) and matrix (77215, 152) are almost
identical, and enriched in LIL trace elements by about a factor of 2 over the
glass rind from 78235. Three samples from ''dikes' which cut the norite
(77215,115; 119; and 121) are identical to the matrix composition of the
Station 7 boulder and to the LIL trace element compositions of the matrices
of the other Apollo 17 boulders. The dikes and breccia matrices of the
boulders cpntain from 3 to 10 times the LIL abundances of the norites and
norite breccias,
These data suggest that another compénent is present in the target area,

- and that this component is high in K and REE's. Two possible components
have been found: (1) ""granitic'" clasts and glasses found in boulder 1,.Station_
2 and 77215 (14, 20, 23); and (2) KREEP.-rich mesostasis present in the cumu-
lates. Neither of these components presents an entirely satisfactory explana-
tion, although insufficient data are available to resolve the problem. No
trace element analyses exist for the granitic glasses, thus it is not possible
to calculate any mixing proportions. If we assume abundances of about 1000x
chondrites, which is higher than those of any known lunar rocks, for light RE
elements (Ce, Nd) in the granitic component, aboﬁt 10% of the corhponent would
be needed to provide the enrichment seen, There is no evidence to suggest
that the ‘'granitic'' portions of the Station 2 boulder, or of 77215, are presént
at that level; indeed, the major element composition of fhe matrix material
virtually rules out such an addition., Similar problems exist for mesostasis;
however, microprobe analyses indicate higher trace element levels for
whitlockites in 78235 mesostasis (to 20, 000x chondrites) (21), thus considerably
less material would be needed. Mesostasis amounts for 78235 are estimated
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at close to 1% (21), which, . if the average enrichment §vere about 10, 000x
chondrites, would explain the enrichment in the melts. To satisfactorily
answer this question, large amounts of sample would havéa to be analyzed to
eliminate the possibility of heterogeneous distribution of mesostasis bias-
sing the re sul_ts. Some evidence.exists for LIL-enr_ichéd non-brecciated
material in the Station 7 boulder. One troctolite clast was found to be
enriched in REE's over all melts analyied (24).

A conclusive statement is therefore not possible with the available
evidence. On the basis of major elerhent chemistry of the bre'ccias, howéver,
it appears that another rock type (such as '"granite') is not present in
significant enough amounts to account for the enrichment of the matrix in LIL
trace-element composition. At this time, it appears more likely that
mesostasis accounts for the elevation in K 4 REE's and P in the matrix
breqcias and melt rocks over those of the norite target rocks,

Age and Rb/Sr Systematics

Dates have been obtained for all of the boulders. Most of the matrix
samples, however, have been dated by only one technique (i.e., 4,0Ar/39Ar).
The fact that clast-laden melts are difficult to date, means that a spectrum
of dates is present and, without corroboration by more than one method, their
interpretation is difficult. K/Ar age dating of terrestrial craters (29, 30)
indicates that ages most closely approximating the time of impact will be
obtained from pure glasses which show little or no devitrification., Rb/Sr
systematics for terrestrial craters (30-32) indicate that glasses and melt
rocks tend to form tight clusters which lie along or near isochrons defined
by country rocks, but do not tend to yield isochrons which are meaningful
themselves. It is possible that internal isochrons may be obtained from

crystallized melt sheets, provided few xenocrysts remain.
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40Ar/39Ar and Rb/Sr dates obtained for Apollo 17 boulders are

presented in Table 3. Good plateau ages from lunar breccias are

. difficult to obtain, It is not possible to sort out the range of 40Ar/39Ar
ages found in 73215, as the complete data have not been published. The
error on all the dates is approximately the same (+ 0.04 to 0.06 billion
years). It is imrnediately- obvious that most of the dates fall around 3.9

to 4.0 billion years, for 4oAr/39Ar and the two Rb/Sr ""matrix'" isochrons.
77135 and 77115 yiel'd lower dates, The problém of differences in age for
the three samples 77075, 77115 and 77135 is discussed by (6, 25), and it is
sufficient to say here that these differences cannot be regarded as real age
differences,

To place confidence in the age of any event, it is helpful to arrive at
the same date via different methods, Rb/Sr and Sr isotopic systematics |
have been determined for some of the boulders studied., The dates resulting
from this work are presented in Table 3. The matrix Rb/Sr dates agree
relatively well with the 4()Ar/?’9Ar dates determined. If the Rb/Sr dates were
derived from phases which crystallized from the melt, then some confidence
can be placed in the statement that the time of formation of the melts was
about 4 billion years ago.

In order to examine more closely the isotopic compositions of all the
melts, values given for Rb/Sr and Sr isotopic compositions of matrix and
phase separates from all published work were plotted on a Rb/Sr evolution
diagram (Fig. 4). These data are derived from the determinations of (3, 28,
33, 34). . The analytical results from the various authors were treated using
the York least-squares regression (35). It should be noted that the errors
shown could result from interlaboratory variation or from differences in

technique. The slope of the line gives an ''age' of 4.08 t .04 billion years,
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and an initial ratio of 0.69929 + .00008 for the matrix and mineral
separates, whereas the ''age' for the matrix exclusive of mineral
separates is higher (4.14 + .04 billion years). The initial ratios are
the same within the error range shan.

The 4.6-billion-year reference isochron also is plotted in Fig. 4. -
It is clear from this plot that the material represented by the point does
not retain Rb/Sr ratios and 87Sr/86Sr ratios of 4.6-'billion-year-old
(possibly primary) material or the ~ 4.4 billion year age for some of the
igneous clasts. The line derived for the matrix material (wholevrock) has
a very high correlation coefficient (0.9923), ‘but the date differs from those
derived by 40Ar/39Ar. The aggregate date (matrix plus mineral sepa.rafes)
is intermediate between the dates determined for crystalline clasts (up to
4.5 billion years) and the Rb/Sr matrix and 40A.r/39Ar dates determined
for the matrices from the different boulders. It wouid appear likely that the
matrix line and the matrix-plus-mineral separate line are mixing lines which
do not have age significance. The difference between matrix and matrix-plus-
mineral isochrons suggests that the mineral phases separated are mixtures of
younger phases crystallized from the melt ~ 4 billion years ago, and older
xenocrysts, Regression lines can be fitted to points from each separate
boulder, with similar results, suggesting that mixing of similar varieties of
material is responsible for all the breccia "isochrons. "

The behavior of the Rb/Sr system in the matrix material is similar to
that observed for glasses and melt rocks from terrestrial craters. It is
more difficult to illustrate this point for the lunaf melts because so few
whole-rock points from crystalline clasts exist, but the pattern (matrix
compositions intermediate between and near isochrons defined by end-.

members) is -similar to that found for terrestrial rocks. It is also worthwhile
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to note that all breccias plot together (i.e., no groups can be
distinguished), LG (light gray) matrix from boulder 1, Station 2 has

‘the highest Rb/Sr ratio, but falls close to the mixing line. The Rb/Sr
systematics are consistent with the interpretation of impact fusion and
mixing of 4.4- to 4.5-billion-year-old target rocks, the spread on the
evolution diagram being due to small variations in the end-member
compositions of the target rocks and to incomplete re-equilibration of Rb
and Sr isotopes during fusion. The position of the LG matrix from 72255
suggests the presence of a component with a higher Rb/Sr ratio, and more
radiogenic strontium, which‘ has, as yet, remained unidentified. One of
the whole-rock points for 77215 (Tatsumoto, pers. comm.,) falls near the
LG mafrix point, and is consistent with an end-member composition for thé
melf rocks, 72417, a dunite, lies close to the other end of the mixing line.
No siﬁgle point is available for 72417, but the '"'whole-rock' chips have low

87 2b/8%sr (36).

87Sr/86Sr and low
Discussion

Four independent lines of evidence suggest that the four boulders from
the Apollo 17 landing site were derived by a common process from a common
source during a single impact event occurring about 4 billion years ago.
Petrographic, chemical and isotopic similarities abound, although differences,
especially petrographic,do exist, Chemically and isotopically it appears that
the breccias and melt rocks found in the Station 7 and 6 boulders, in 73215,
and in parts of boulder 1, Station 2 are the same, quite probably originating
- from the same melt sheet. Portions of boulder 1, Station 2 have slightly
different major element chemistry, reflecting a higher plagioclase content.

The trace element and isotopic similarity to the other boulders, as well as

the age, suggest that 72255 is neither a product of a different impact nor a
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different melt sheet, but simply a more plagioclase-rich portion of the
breccia.

Insufficient data exist to explain or model in detail physical processes
by which the boulders were formed, but the textural similarities to
terrestrial impact melts and the similar behavior of major and trace
elements and Rb/Sr isotopes, suggest that these melts were derived by |
impact. ‘The details of the process will have to await further studies of
terrestrial impact craters where geological controls are available.

Enough data exist to provide a sketch of the original target area.

Clast populations of the Boulders, and boulders like 78235, which appear

as heavily shocked clasts (like 77215) in the matrices of thé Apollo 17
breccias, indicate that the source area was a differentiated norite or gabbro
body, possibly containing a small amount of dunite (see also (22)). These
roéks are about 4.4 té 4.5 billion years old. We can say nothing conclusive
about their depth beneath the lunar surface, although cratering dynamics do
suggest that th.ey could have been relatively shallow (37, 38).

This differentiated crust was impacted about 3.9 to 4 billion years ago,
judging from the preponderance of dates (40Ar/39Ar) clustering around that
time. It is not certain that this is the time of impact because all dated
samples contain small lithic fragments and xenocrysts from the original.
target rocks, and becatuse good agreement with Rb/Sr dates does not exist.
Most of the 40AI‘/39Ar plateau ages are derived from portions of the release
spectrum, because either the lower or higher temperature portions of the
. pattern are irregular. This type of age analysis has not yet been done
systematically on terrestrial impactites, Such aﬁa.lyses would aid in under-

standing the age significance of the release spectra.
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The available data from other rocks at the Apollo 17 site suggest
that the breccias at this site were all derived at the same time, by a
‘single impact event., Whether or not this event corresponds to one of
the large gasin-forming events cannot be conclusively proved, although
meteoritic trace elements do suggest that the Serenitatis event produced
this melt (39). It does apfzear that the Apolio 17 site melt rocks and breccias
belong to a single melt sheet. Finally, it is of interest to note f:hat the
matrix composition is quite di.fférent from the imighla.nd component 1n the
Apollo 17 soils. This is odd, and suggests that the common assumption that
the soil compositions reflect the rock compositions at a landing site needs to

be reevaluated,
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TABLE 3

Ages of Apollo 17 Boulders

Sample Age (40Ar/3-9Ar),B. Y. Age Rb/Sr,B.Y. | Reference
Station 7 . _ '
77075 3.96 - 3,99 -- . (25)
77115 3.85 - 3,91 -~ (25)
77135 3.85 - 3.90 B _ (25)~
77215 _ 4,42 4 (26)
73215 . 3.9 - 4,2 | | (1)

B_ouider 1, Station 2

72255 3,99 4. 4 (mixing) (28)

72275 , 4.0 (28)
Station 6

76015 4.0 - 4.1 (3)




Figure 1.

Figure 2,

Figure 3,

Figure 4,

Figure Captions

Major element chemistry of melt rocks, rocks and
minerals from the Apollo 17 landing site, See text
for data sources. '

Possible cumulate texture in 77215, Elongated ortho-
pyroxene crystal in plagioclase interstices.

Large-ion-lithophile trace element abundances in rocks
and minerals from the Apollo 17 landing site., See text
for data sources.

Rb/Sr evolution diagram for Apollo 17 melt rocks and
selected minerals. See text for data sources,
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