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Preface 

This publicatiofl reports the results of five separate investigations of lunar samples 
Which, while heralding no important new discoveries and theories in planetary science, 
contain nevertheless a wealth of descriptions and compilations valuable by themselves and 
important enough to be published by NASA. The sarttp1es ahd the nature of their analyses 
are: 

An Apollo 1 S breccia ( 1 SO 1 5), which is thoroughly analyzed as to the nature of the 
mature regolith from which it derived and the time and nature of the lithification process. 

two Apollo 11 and one Apollo 12 basalts ( l  0069, 1 0071, and 12008), analyzed in 
terms of chemistry, Cross-Iddings-Pirsson-Washingtort nontls, mineralogy, and petrography. 

Eight Apollo 17 mare basalts (70017, 71055, 74255, 75075, 70215, 71569, 74275, 
and 75035), also analyied in terms of chemistry, Cross-lddings·Pirsson-Washington norms, 
mineralogy, and petrography. The first seven are shown to be chemically similar although 
of two main textural group�: the eighth is seen to be distinct in both chemistry and 
mineralogy. 

A troetolitic clast from a Fra Mauro breccia (14321), analyzed and contrasted with 
other high-temperatU1 · lunar mineral assemblages. Two basaltic clasts from the same 
breccia are shown to have affinities with rock 14053. 

And finally, the uranium-thotlum-lead systematics of three Apollo 16 samples (60018, 
60025, 64435) are determined; serious terrestrial-lead contamination of the first twc 
samples is attributed to handsaw cutting in the lunar curatorial facility. 

The text, tables, artd illustrations have been reviewed and approved for publication by 
a Lunar Samples Studies Editorial Board, chaired by William C. Phinney and Henry E. 
Clements. 

February 1977 WILLIAM C. PHINNEY 
Lyndon B. Johnson Space Center 
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1. the History of Lunar Brec�ia 15015 
The European Consortium and Frlends'l 

Breccia 15015, collected al the Apollo 15 lunar 
module station, is a coherent, tough soil breccia with 
an extensiPe glass surface coating. The wide range of 
data obtained on this rock is presented. The infomuz
tion concerns the natute of the mature regolith fro-m 
which the rock was formed and the time and nature 
of the lithilicatinn process. 

Lunar brecciu 1 50 1 5  is a coherent, tough breccia; 
95 percent of the observable surface is glass coated. 
This lurge rock (fig. 1 - 1 ) (25 by 1 5  by 13 em; 4770 g) 
was cot:ected about 20m west of the Apollo 1 S l�:�nar 
module (tM) site. It was first noticed by astronaut 
Scott during the standup extravehicular activity as 
unique in appearance and apparently unrelated to any 
nearby rocks or craters. Although 1 501 5 was not doc
umented during collection, its OJientation on the 
lunar surface is known. A large portion of the roc�. 
particularly the top antf sides, is highly vesicular and 
cindery in texture. 

The polarization properties of the rock indicate a 
ubiquitous vitreous coating on the exterior surfaces. 
The bulk chenil!ltry of this glass is similar to the bulk 
composition of the rock and appear� '>It petrological 
grounds also, to have been derived from fu:;ion of the 
rock. The rock contains a wide range �;I lithic frag
ments, among th .m both mare and �otassiuttl, rare-

0The team composition Is listed In Acknowledgments at 
!h'! �:-::! =! th!! !�':finn. 

Figure 1-1.- Highly veSicular glassy bretda iSOIS. 

earth elements and phosphbrus (KREEP1) basalts, 
mineral fragments, and glasses, including devitrified 
"greett glass." These components are typical of the 
Apbllo 1 5  regolith in general and irt detail are charac
teristic ot '.he surface material at the LM station. 
Argon-40/argon-39 (40 Ar/39 Ar) ages indicate at least 
one clast older than 3.7 billion years (b.y.). The 

lterm used to express chemical cl'mposition of lunat 
materials, after l lubbard, N. J.;  and Gast, P. W.: Chemical 
Composition a nd Origin of Nonmatc lunar Basalts. 
Proceedings of the Second Lunar Science Conference, vol. 2. 
MIT Pres.� (('ambridge, Mass.), 1971. p. 999. 
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3 8 AtJl 7 Ar ages. nobie gases, and track studies indi
cate an extensive preconsolidation exposure to cos
mic tays, and an unusuall� large exposure age fot one 
clast limits the consolidatic.'h age to less than 2.7 b.y. 
The "isochron age" of frothy vesicular glass tenta· 
tively indicates consolidation 1.0 b.y. ago. t:�rbon (C) 
data and rtoble gases show that the constituent grains 
have been heavily irradiated by solar wind. At some 
tl!me in its history, possibly during impact lithifica
tiofl, 15015 experienced a nonuniform heating that 
caused light or more volatile speCtes to be pteferen
t'ally lost from its upper surfaces. After formation, 
the breccia w.as buried at a depth greater than 2 m 
until it was ejected onto the surface, possibly as re
cently as 30 million years {m.y .) ago. 

SAMPLE PROCESS I NG 

the Consortium allocation, 15015,15 (150 g) was 
cut from the whole roclf as a column to provide 
material from the top, irherior, anti bottom of the 
sample (fig. 1-2). Aliquots of material from each of 
these locations were studied for their C chemistry. 
rare-gas content, cosmic ray fission tracks, trace
element composition, and selenochronology. In addi
tion, surface samples from both top and bottom were 
investigated for their optical properties. Polished thin 
sections (15015,14,13::! to 135) for the mineralogical 
and petrological studies were prepared from a slice 
adjacent to the surface sampled for the other meas
urements. 

All sawing operations were performed at the Uni
versity of Bristol with a water-cooled saw operating in 
a stainless steel nitrogen-filled glove box situated in a 
clean-air facility (ref. 1-1 ). The rock was fed slowly 
into a IS .2· by 0.05-cm diamond cutting 

'
disk by a 

counterbalance. thi!Jping operations were conducted 
directly in the flow of a laminar-flow clea11-air bench 
using a stainless steel hammer and chisels. The nitro
gen glove box and all materials coming into contact 
with the samples (aluminum foil. forceps. chisels. 
etc.) were precleaned by ultrasonic extraction in redi
stilled analytical rllagent grade toluene metharol 
(3: I). All processes were documented photograph
ically. The sample allocation plan is shown in table 
1-1. The bulk chemical analysis (table 1-11. analysis I) 
was performed on the dust generated during sample 
division. 

,-, ,-' \ " "-'"' ... _, 

\.\ I ' ' I I 
/ I I ( f '------- I __ ., 

Figure 1·2.- Sample subdivision of lunar breccia ISO IS. 

The procedures used for the determination of 
methane (CH4) and carbide (ref. 1-2), rare gases (1ef. 
1-3 ). bulk. trace chemistry. and electron microprobe 
analysis (ref. 1-4), track studies (ref. 1-5). seleno
chronology (ref. 1-6), and optical properties (ref. 1-7) 
have been detailed previously -:-lscwhere. Total C. sul
fur (S), and nitrogen (Nl analys.!s were performed by 
submitting samples to complete combustion in a par
tial atmosphere of oxygen (0). Carbon was collected 
as carbon dioxide (C02 ), S as sulfur dioxide (SO 2 ). 
and N as nitrogen gas (N2). During this procedure. an 
attempt was made to measure the volume of helium 
(He) released: however. the amount released was he
low the detection limit of the manometer used (0.002 
mi. or S X I 0 3 cc/g of analyzed sample). 

' '- . 
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tHE HISTORY OF LUNAR SRECCIA 1 5015  3 

TABLE t • I . • SAMPLF. ALLOCA1lON PLAN 

Posit I on of sample Sample no. lnwotiAation 

To? surface I 50tS,22 Tracks 
tSOtS,23 Selenochronology 
tSOtS,24 Opt leal propert le• 

Surface t50tS,26 Selonochronology 
Clast tSOt5,27 Rare gaa�s 

Top t5QIS, t6 Trace elements 
I SOlS ,17 Carbon, nttrogena sulfur 
1SOtS,I9 Se !enoch ronology 
t SOtS ,20 Rare ;... .ses 
1S01S,2t Methane and carbide 

Middle t SOtS ,6 Methane and carbIde 
1SOIS,7 Carbon, nitrogen, �ulfur 
tSOtS, It Trace elements 
tSOtS, t3 Selenochronolo�l"-
tSOtS, t4 Rare gas 
1S01S,29 X•ray photoelectron 

spectroscopy 

Bottom surface 1501S,8 X•ray photoelectron 
,11pectroscopy 

IS01S,9 Optical properties 
1S01S,10 Tracks 
1S01S,28 Mineralogy/pet rc logy 

Bottom tSOt5,2A Methane and carbide 
t5on,2s Trace elements 
1S01S,3 Carbon, nitrogen, -:;ulfur 
tS015,4 Rare gases 
tS015 ,5 Selenochronology 

Polished thin t5014, Mineralogy/petrology 
section 132 to t 3S 

--------

Samples examined by X-ray photoelectron spec
troscopy (XPS) were mounted on the sample holder 
of an ES200 spectrometer with epoxy adhesive in 
such a way that four faces could be independently 
examined . To avoid spurious contributions to the 
spectta, the adhesive region was covered with gold 
foil. ----

R ESU LTS AND DISCUSSION 

Optical Properties 

The top surface of breccia 1 50 1 5  ( 1  SOl S .l S .24) is 
a very·dark hued sample with a highly glassy. specu· 
lady reflecting surface. Titc geometric. albedo (meas· 
ured at a phase angle of 5°) Is 0.070 at wavelength 
;\. = 3SO nm (3500 A), 0.073 at 450 nm (4ti00 A), 
and 0.083 at 600 nm (6000 A). The amount of polar
izntion (P = (I, -.1,)/(/, + J,)) Jeaches a maximum of 
0.4 1 5  at a phase angle of 120°. corresponding almost 
to the Brewster angle of silicates. These polarization 

properties are characteristic of speculat reflection 
from dark vitreous surfaces of complex. structure. 

The rate of change of polarization witl1 phase 
angle (the so-railed polarization slope). generally de· 
tetmined at phase angles ncar 30°. is related to the 
geometric albedo. In this respect, the exte:lsivc glassy 
top surface of 1 SOlS, 1 5,24 conforms to the polariza
tion slope/albedo law previously established for pul· 
verized terrestrial samples, lunar fines, and rough 
lunar breccia surfaces. This law has been applied to 
the determination of asteroid diameters {refs. 1 -8 and 
1 -9) . . 

The exposed top surface of breccia 1 SO 1 5  ,IS ,24 is 
outstanding for the ubiquity of its black glass coating, 
generally smooth and vesicular, and possibly splashed 
on. Some parts of the thin shell exhibit cavities sev· 
eral millimeters in diameter. Freshly chipped surfaces 
are rough and do not produce glassy material. 

Dimple microcraters, apparently not of impact ori· 
gin, are abundant at the sutface of the glass coating, 
as seen in figure 1 ·3. Some areas display a network of 
mounds (fig. 1 ·4) of alntost equal site- a few tenths 
of a micron in diameter - and often regularly spaced 
or alined in chains. These mounds suggest metallic 
features similar to those postulated {ref. 1 ·10) to have 
been produced by reduction. 

Chemical Analysis 

Chemical analysis for major clements .§as per· 
formed on a homogenized sample. 1 501 S ,1 5 ,  of 
powder and rock fragments obtained during sawing 
operations. A small amount of aluminum foil was the 
only visible contaminant, and this was removed by 
handpicking during the sieving of the sample . 

Classical nielhods of analysis were used, as de· 
scribed by Scooll in reference 14 .  The values ob· 
tained are given as analysis 1 .  table 1 ·11, and they 
agree closely with the matrix samples analyzed by 
Rhodes (written communication) given as analyses 14 
and IS, table 1 -11. These values are in close agreement 
with the <l·mm fraction of the contingency soil sam· 
ple ! S021 from the LM site, analysis 13. tahle 1 -11. 
This Similarity In composition extends to the trace
element abundance determined by reference 1 - 1 1 .  

The composition is Intermediate between mare ha
salts and thr Fra Mauro basaltic glasses described by 
reference 1 - 1 2. These relationships are expressed 

- --- -.---..,.-.- -c- -·--. 
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4 LUNAR SAMPLE STUDIES 

TABLE 1•ll,• CHmttCAL ANALYSES AND CtPW NORMS OF URilCCtA 150iSa 

(Analyses of whole rock and reprcsentativP MlaRs frBRmentn ) 
(a) DP.scripti•fi of samples 

Analysis no. �ample description 

15015,15 whole rock analysis; analyst, J, H. Scoon 

2 Class; light brown, from vesicular external skin of 15015,133 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

15 

Class; light brown, smooth external skin of 15015,15 to 25 

Class; light brown, from vesicular vein penetrating sample 

Class; very p .. le brown, finely devitrified br•Jken sphere; green glass spheres (CGS) 
b 

Glass; somewhat inhomogeneous pale•brown stripli':e fragment molded on matrb; possibly a 

''splash'' glass (mare· basalts (H) )b 

Glass; very pale green sphere (H) 

Class; brownish fragment with single vesicle (high·K Fra Mauro basalt (HK�)b 

Class; brown•tinted, investing hypersthene crystal; a cored ''microuomb'' (HK)b 

r.lass; colorless or very pale green fragment of �phere partially devitrified at edge; 

medium•K Fra Hauto basalt (HK)
b 

Glass; colorless sphere 

Glass; colorless sphere; highland basalt (HB)
b 

15021 <1•mm tines; LH site; Apollo 15 Preliminary Examination Team 

15015,15,2b matrix sample; analyst, J. H. Rhodes 
15015,15,11, matrix sample ; analyst, J, H. Rhodes 

aAnalysis 1 by classical wet pro�edure ; analyses 2 to 12 by electron microprobe; analyses 13 to 15 
by X•ray fluorescence. 

bClass types from reference 1•12, 

graphically for certain major elements in figures I -5 
to 1 -7 .  

Mineralogy and Petrology 

Breccia 1 50 1  S may therefore be a shock-lithlf'ied 
representative of a regolith similar to 1 502 1 .  Such a 
regolith could be predominantly derived fr()m the 
local rocks of the Apollo 1 5  site , or, if the collection 
area lies on an ejecta ray, It couid reflect In part 
compositions of rocks from a distant source area. In 
the former case, one would expect the block I SO 1 5  
to have been ejected from some local crater whereas. 
In the latter case , the possibility exists that it was 
shock·lithified at some distant source and represents a 
residual boulder In fine-grained ray material deposited 
at the Apollo IS site . 

Rock 1 50 1 5  is probably a shock-fused plllymict 
soil breccia. The matrix is compt1sed of glass or its 
crytHocrystaltine devitriflca\ion products crowded 
with 111inute (1 to 2 IJm) mineral fragments in which 
pyroxene predominates over plagioclase. The ghtss is 
gray-brown in sections <IS �.un thick but almost 
black and opaque In thicker sections. The opacity is 
in part due to submicroscopic Iron (Fe) or troilite 
droplets and "ilmenite" crystallites dispersed in the 
glass. 

Larger rock, mineral, and glass fragments are set In 
this base. Most of the fragments fall within the fol· 
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TABLE 1•lt.· Continued 
(b) Cbelllical analysis 

-

C•Jopuuhd': Arialysls no-. d 
• .r�:.% 

' 2 ) 4 

�lOZ 47. IT 48.(}1 48.49 47 .4� 

tl{)2 1.90 1.89 1.80 1.92 

Al2o1 14.46 13.43 11.96 1].62 

cr2o3 .40 .02 .40 • (e) 
FeD 14.18 12 .76 14. J7 14.94 
!fDO . 19 (e) .Zl .02 KgO 9.9] 10. 1 6 9.56 9.50 
.__ 10.47 11.16 10.41 9.94 sazo .]I .iit - '' .51 

!11
2

0 .28 .24 .19 .01 

P2o
5 

.22 .OS (e) (e) 

Total 99.65 98.28 100.02 97.91 I 

� 

45.65 

• J7 

7.5) 
.60 

20. 44 
.11 

17.74 

8.25 .Zl 
.02 

(e) 

101.14 

6 7 8 

47.46 47.03 55.30 

2.02 2.2(\ 2.16 

10. 31 12.15 14.16 

.51 .41 .12 

19.50 18.(}8 11.10 .32 .27 .17 
11.52 8.27 4.70 

10.36 11.06 8.91 .JO .25 1.06 

.11 .o� 1.24 

(e) (e) .13 
102.4] 99.77 99.25 

TABLE I•II •• Concluded 
(c) CIPW normf 

9 

50.29 

1.94 

16.12 

.15 

10.66 
.16 

6.18 

10.25 

.82 

.95 

.•7 
98..69 

Mine ral Analysis no. d 
• vt .% 

I 2 3 4 5 6 7 8 

!Juai"tz .. 0. 35 0.95 1.04 .. . . 0.83 14.02 Orthoclase I .6� 1.]9 1.)4 .06 0.12 0.77 • 10 7. 31 Albtte 4.12 4.74 4.20 4.32 1.95 2.54 2.12 ij.97 
,\northite (An) 16. 34 ll.44 35.11 34.� 19.45 26.40 ]1.88 10.22 
Plagioclase 40.65 18.18 l'J. ]I 19.1 6 21.40 28.94 14.00. 39.19 
Di••P""ide II .69 17.77 13.69 11.98 17 . 66 20.77 19.26 9.91 
H·.:per.;then� 38.22 16.86 40.>2 42.04 27 .IJ 37 .I� 40.�7 2>.76 
;.JU._·ine 2.86 .. .. .. H.24 10.22 .. . . 

Chr�·::11h. .59 .OJ . 60 .. .88 . 7> .60 .18 r lmenite 1.61 3.59 }.41 3.6� . 70 3.84 4.18 4.10 
Apatit-e .47 .II ·- .. .. .. .. .78 

�ol: f�a.O 4' 60 37.90 42.9 4).80 38.90 46.4) �2.40 S2 .50 

a.n nero p·,;ro:aen.e 

Pf:oU. An 1r 88.80 86.90 8 0 88.40 90.90 90.70 93.80 76.00 
n..,r- pl:tgiocla..-.,e 

- - --

a
Analvsi;; T b� classical wet procedure; analyses 2 to 12 by electTOD micropro'le; analyses 1l to 1S b·. X·rav flu:;:,rescence. 

'......._ \aas� tvpeo; from reference 1•1Z. 

.. c·5.tC"2 • s111ca; tto2 
• titanla; A12o1 • alumina; cr2o1 • chromic oxide; FeO • ft.·rrous oxide ; 

MnO • m.anSane� r aKmox1de; !ll.gO • ma;nesta; CaO • lime; Na2o • soda; K
2

o • potash; P
2

o
5 

• phosphorus 
pento•i*· 

9 

7. I) 
5.61 
6.94 

37.�0 
44.44 5.81 
29.>> 

.. 

.22 
3.68 

2.30 

44.20 

83.60 

-

• 

10 !1 1 2 I) 14 IS 
49.74 48.61 46.66 t�0.5� 47.50 lo7 .);) 

1.56- .58 .38 I. 75 1.76 �. ?4 

o6.64 17.61 25.91 1).7) 1).99 14.16 

.25 .32 .22 (e) (e) (e) 
9.49 8.46 5.28 15.21 14.6) 14.S6 

.17 .16 .u8 .20 .21 .22 
9.26 14.]1 7.48 10.37 10.12 10.09 

10.56 10.82 10.24 10.54 10.52 10.62 

.76 .06 .17 .41 .so .so 

.49 .02 .00 .20 .24 .22 

.]6 (e) (e) .18 .24 .22 

99.2& IOO.!oS 96.42 
I 

99 IS 99.71 99.6:; 
- I - ___ __) __ 

10 II 12 ll 14 1> 

1.27 .. .. .. .. . . 

2.91) 0.12 .. 1.18 1 . .:.., , • Ju 
6.43 .15 1.44 3.47 :..23 . �-�' 

40.�) 47.72 69.93 ]�.03 }�.22. I }). ;� 
46.98 48.23 71.}7 38.�0 ]9.45 39.97 

7.74 4.80 4.59 ll.JO 12.h 1�.e1 
34.21 41.8> 21.74 li>.JI 19.'· 38.1� 

. . 4.38 2.&8 6.0> 2.&9 l. ';(J 
• 17 .47 .12 .. .. . . 

2.96 1.10 .72 3. J2 3. )'. •• lO 
.85 .. .. .4) .57 .51 

33 .00 23.80 26.90 42.70 •2 .20 �2.20 

8�.60 98.90 91.90 90.49 88.70 88.� 
- - - -- - -·-·- -··- --

dFrom tabl• 1·11 (a). 
"Not determiaed. 
1cross•Jcld1Das•P1rsson.Vasblag�cm DDECS • 

-

b. ...... 
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6 lUNAR SAMPLE STUDIES 

lowing size ranges: minerals. 0.02 to 0.3 mm; glass 
f•'lgments. 0.02 to 1.0 mm; lithic fragments, 0.20 to 
1.50 tnm. Within the lithic fragments, basalts of sev· 
eral types predominate (84 percent) over metaclastic 
rocks (16 percent). Sporadic lithic fragments of basal· 
tic com!>osition up to 1 em in size also occur. The 
distribution of fraglllent types is somewhat variable as 
is seen from the modes of four thin sections given in 
table l·lll. No distinct banding or segregation can be 
o'>setved. 

One surface o f  the rock, seen in sectioil 
15015,133, is coated by a vesicular glass of cindery 
appearance. The surface of the rock appears frothy 
and partially melted to a depth of about 5 mm. In 
thin section, every surface of the rock is seen to be 
coated with a thin skin of light-brown-colored glass 
that, with an increasing amount of resorbed mineral 
fragments, merges in an irregular 1uanner into the 

body of the rock. On the opposite surface, the �las� 
I SO IS .IS to 25 is more in the na tun: uf a gla.:cd �ki•t 
up to 0.5 mm thick coating the rock. In thin sc.:tioa, 
the glass is similar in color but less vesicular than the 
frothy glass . Flow bands arc visible in thin sect ion 
and arc accentuated by minute submicron dwple1s of 
metallic Fe and troilite. The contact hetwec11 the 
glass skin and the rock is smooth, and the trm.sition 
from one to the other is clear-cut.. 

The co111position of the two glasses is qt•.otcd in 
table 1-11. analyses 2 and 3, along with the •;umposi· 
tion of a thin vein penetrating the sample (analysis 4). 
These compositions are similar and dose enough to 
the composition of the whole rock to suggc�;t that 
they have developed from the melting of !he whol� 
rock or of a slightly heterogeneous soil or rock of 
closely allied composition (figs. 1·5 to 1·7). 

Figure 1·3. ·  Dimple craters on breccia 15015,15,24. 

·•t··:·!:OIJUCIBILll'Y OF TWI 
:: :'!._!. PAm·; IS POOl 

I 
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Figure 1-4.· Mlcromounds on breccia 1SOIS.IS,Z4. 

TABLE 1•III. • MODAL MINERALOGY OF BRECCIA 15015 

Component Vo l\.llile. percent 

Polished thin section no. Average 

132 133 135 142 

Rock fragments 16.1 8.8 8.6 8.0 10.4 
Pyroxene fragments 16.3 12.2 26.0 21.9 19.1 
Piagioclase fragments 5.6 7.2 8.2 10.4 7.8 
Giass fragments 9.4 12.1 9.; 8.9 10.0 
Metal. oxide. sulfide fragments 1 • 1 2.2 2.4 .4 1.5 
Matrix 51.1 56.9 45.7 j(1.4 51.2 



8 LUNAR SAMPLE STUDIE'i 
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20 

IS 
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5 

0 
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10 
MgO, wt.% 

+ Averil9es of Apollo 15 glass types fret. 1·121 
• Three analyses of rock 15015 
• Bubbly coating glass on 15015 
9 Glass seam in 15015, probably splash glass 
• 1 ndividual glass fragments 

li4J < 1 mm lines, mare sites 
II] > 1 mm lines, Apennine front sites 

15 20 

Figure 1·5.· 15015 gla8s fragments and coatings, ferrous 
oxide/magnesium oxide (Fe0/Mg0). GG = green glass, 
HB = highland basalt, H K = high·K Fra Mauro basalt, 
LK = low·K Fta Mauro basalt, MK = medium·K Fra 
Mauro basalt, and Ml to 4 = mare basalts I to 4. 

The principal differen�;e between the veining and 
coating glass and the whole rock is that the latter is 
just oli\tine normative (2.5 to 3.5 percent) and the 
former just quartz notmative. Such differences, if the 
possibility of analytical error is excluded, could be 
reasonably associated with a minor heterogeneity in 
the original rocks or with incm1tpletc melting in the 
production of the coating glass. Molten material 
might possibly have been added in t1ight In an 
impact-prodUced cloud that was subsequently laid 
down as a ray deposit. The latter view would be more 
in accord with the studies of Carter (ref . I· 13), who 
made a detailed scanning electron microscope (SEM) 

2!i 

20 

tP 15 

i 
:i 10 

s 

10 15 
Al203,wt.% 

+ Averages of Apollo 15 glass types fret. 1·121 
• Three analyses of �ock 15015 
• Bubbly coaling glass on 15015 

HB .. 

• Glass seam in 15015, probably splash glass in original deposit 

• Individual glass fragments 

Figure 1-6.- 15015 glass fragments and coatings, ferrous 
oxide/alumina (FeO/ AlzO:t>· 

"' 
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�2.0 + 
� 1.5 ... 2 ! 1.0 

� .s N Cl. 
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. r: t 

r· M2�1
\' l 

' ' 

:··'" 1M \\ 
GG,, '+. .,.•t 

!f/ M3' 
10 15 20 

A l203 , wt.' 
+ Averages of Apollo 15 glasses lref. 1·121 
• Three analyses of rock 15015 
• Bubbly coating glass on 15015 
• Glass seam in 15015. pro�bly �olash glass 

• Na20+K20 In Individual glass lngments 
• P2o5 in Individual glass fr�ments 

HB 
. !:....J 

25 30 

Figure 1·7.· t50i5 glass fragments and (.Oatlngs. Composite 
plot of sodium oxide plus potassium oxide (Na20 + K20) 
and phosphorus pentoxlde <P205) against alumina 
(AI2o3). Tie lines join analyses of individual glas.� frag· 
ments In which the three oxide contents have been deter
mined. 
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s tudy of the exterior glass from sample I SOl 5,36. He 
described metallic Fe and troillte mounds, whisker 
structures, outgasslnL\ structures, and low.vcloclty , 
hot·targct impact structures on the glass surface. The 
glass cnatlng was Interpreted as a siliceous melt gei'ler· 
ated in a hot, hnpact·produccd duud. In suc.:h a sltua· 
tion. stric.:t comparahllity uf the compositiun of coat· 
ing glass and coated rock would not be 1.1xpected. 
Reference 1-13 also indicated that the absence of 
high-velocity. microimpact craters un the glass exam· 
ined suggests that this sample was from a surf�ce that 
had been buried or shielded while on the Apollo 1 5 
site. 

Milwral Clasts 

Mineral clasts are angular to subangular fragments 
the maximum grain size of which may be up to three 
times that found in the same minerals in the lithic 
clasts. This finding indicates that rocks coarser in 
grain size than the lithic clasts or the degradation 
products of such rocks exi!'ted in the source areas of 
the material that contributed to the makeup of rock 
1 5015 .  

Most of  the mineral clasts show evidence of  shock 
metamorphism in their undulose extinction. irregular 
lamellar features, and, in the case of plagioclase. the 
presence of felsitic devitrified maskelynite. Rare frag
ments, usually hypersthene, are n>ated with a thin 
layer of brownish glass; this gla�. has affinities with 
the Fra Mauro basaltic glasses ot' reference 1· i :!. One 
examrle is quoted as analysis 9, table l-11. 

Pyroxene clasts cover a wide range of cumposi· 
tions that embrace those of the pyroxenes of the 
lithic da::ts. Analyses of typical examples arc quoted 
in table l·IV and plotted un the pyroxene quadrilat 
eral in figure 1-8. It is pussiblc that the hypersthencs 
with >85 percent enstatite (En) arc derived from 
coarsely crystalline rocks of the anorthosite . norite, 
troctolite (ANT) suite that arc proposed here as a 
Sl'lln.:e of the plagioclase dasts with approximately lJh 
percen t anor thite (An). 

Plal(ioclase clasts range in composition from 97 to 
80 percent An with orthoclase (Or) content fmm 0.1 
to 0.8 percent in the more sodlc ntcmbers. Normally. 
the clasts arc not wned; a histogram of com posit ions 
is given in figure J-1). along with the composition of 
the plagioclase in the lithic clasts studied. A popula· 

+ 
0' 0 •••• 0 <> 

. .. .. 
+ I • 

/JJ•o t ' ' 

Mol% 
o Mare-type basalts 

• Feldspathic basalts 

• Fra Mauro-type basalts 

• 

• Metamorphic lrecrystalllzedl rocks, probably metaclastlc, 
some Fra Mauro, Others ANT suite 

+ Single-crystal clasts 

Figure 1-8.· 15015 pyroxenes and olh·ines from lithic and 
mineral clasts. (DI • dlopslde, Fs • fenosilite, Fo • for· 

sterile, En · enstatite, Fa · l'ayaHte, Hd • hedenberglte.) 

tion of plagioclase clasts is distindly rict· er in , \n 
than the feldspars in the lithic clasts. This _.li�'•P with 
approximately 96 percent An is p1 �� ·:� derived 
from more coarsely cry:·tallit"' o.."·,n·•_l o�i. c ncks of 
the ANT suite that ow..:•• "·� n:r .�o:�t.:••l-�d anll'ng the 
lithic clasts. The group ./ith �8 to 93 per�.t>nt An is 
probably derived from th.: marc basalts and \lte feld· 
spathic basalts recognized among the lithic cla!>•s; tl•l' 
group with approximately 88 percent An may have a 
source in the disintegration of the Fra Mauro basalts 
recognized among the lithic clasts. 

The fer� 1us oxide (FeO) content of the plagioclase 
clasts shows some correlation with An content. The 
majority of the clasts in the range of 90 to ll7 p�:r..:ent 

10 

fi 
o> ; i .. "' 

0 
100 CIS � 85 80 75 

!\1'1, Mol\ 

• Composition ol plagioclase in lithic lr�ments 

11igurc 1-9.· 15015 histogram uf plagiuclao;c •:nntpusilinns in 
mineral dast�. sl1e 100 tn .tOO 11m. 
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10 LUNAR SAMPLE STUDIES 

TABLE 1•IV.• ELECTRON MICROPROBE ANALYSES OF BRECCIA 15015 PYROXENE CLASTS 

-
Colllpound, 

element, or 
llliciUal 

Si0
2 

T10
2 

Al20
3 

cr
2
o3 

FeO 
Mn.O 
MgO 
CaO 
Na2o 
�0 

Tolal 

Enstatite (En) 
Ferrosil.ite (Fs), 

mol% 
Wollsiltonite (Wo) 

Silicon (Si) 
Titanium (Ti) 

AlUIIIinum I'! (Al 
iv) 

AlUIIIinUII VI (Al 
VI

) 
Chromium (Cr) 
lrCift (Fe) 
lfaftganese (Mn) 
Mapesium (Mg) 
Calcium (Ca) 
Sodium (Na) 
Potassiu�D (K) 

' ,, ·- _ • .;. ___ • • • - ... 0 • 

,, 

1 2 

Htpersthene 

54.70 53.76 

.18 1.31 

4.54 1.94 

.51. .33 

8.80 9.68 
.15 .90 

30.26 3 0.42 
1.55 1.22 

.00 .oo 

.00 .01 

100.71 99.57 

85.7 81.6 
13.9 16.0 

2.3 2.4 

1.907 1. 911 
.005 .036 

.093 .082 

.094 .. 
• 014 .010 
.251 .288 
.005 .028 

1.$73 1.612 
.044 .047 
.000 .ooo 
.000 .001 

Analysis 

3 4 5 " 7 

Sub calcic Sub calcic: Augite Ferroaugite 
augite ferroaugite 

51.86 49.78 48.86 50.10 47.88 

.25 .92 .64 .80 . 1.26 

.97 2.04 1.89 2.48 1.10 

.74 .58 •. 74 1. 11 .22 

14.88 22.99 29.12 17.12 28.15 
.29 .42 .61 .28 .46 

26.28 14.40 10.56 11.65 6.57 
1.81 8.10 8.14 16.24 13.75 --- . ..0.0 ... .02 .. . .• 

.. • 00 .01 .. .. 

97.08 99.23 100.59 99.78 99.39 

73.2 43.2 31.9 3.5.3 20.2 
23.2 39.4 50.4 29.2 40 ... 

3.6 17.4 17.7 35.5 3 0.4 

Unit formula 

1.939 1.929 1.926 1.922 1.937 
.008 .027 .019 .024 .039 

.043 .071 .074 .088 .053 

.. .021 .014 .024 . . 

.022 .018 .024 .034 .08 

.466 • 745 .960 .550 .953 

.010 .014 .021 .010 .016 
1.465 .832 .621 .666 .397 

.073 .337 .344 .668 .596 .. .000 .002 .. . . 

.. .ooo .001 .. .. 

' l 
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An contain less than 0.1 percent FeO, whereas clasts 
in the range of 80 to 90 percent An show higher 
concentrations of up to 0.9 percent FcO. 

Metallic Fe occurs as sporadic rounded l'ra8mcnts 
up to 50 /Jill in diameter. The fragt1tents fall into two 
subgroups: (1) fragments with <2.0 percent nickel 
(Ni), 0.1 to 0.6 percent cobalt (Co) and <O. l percent 
phosphorous (P), probabl�· derived from basaltic 
rocks and (2) fragments with 3.0 to 10.0 pcrccnt.Ni, 
0.3 to 0.5 percent Co, and <0.2 P.Crccnt P, probably 
of meteoritic origin. 

Viti'ic Clasts 

Vitric clasts constitute approximately 10 percent 
of rock 15015. fhey include indeterminate plastic 
forms, twisted and ropey forms. spheres, and broken 
fragments. One unique clast had the app.earance of a 
splash glass in thin section and a composition similar 
to that of a mare-type basalt (analysis 6, table l·U). 

The glass fragments may be completely fresh or 
show partial, usually rr.arginal, devitrification. One 
type, chemically similar to the green glass spheres de· 
scribed by reference 1 - 14, is always completely devit
rified. 

Five main chemical categories of glass fragments 
may be recognized and can be correlated with the 
glass types recognized by reference 1·12. Representa· 
tive analyses of these types are quoted in table 1·11, 
and these and otheJ:- glasses from ISO 15 ate plotted in 
figures 1·5 to 1-7 along with the average compositions 
of the glass types recognized in the Apollo 15 soils by 
Reid et at. (ref. l -12). 

The similarity between the bulk cotnposition of 
15015 aud contingency fines 15021 has llready been 
mentioned. Although fewer glass analyses arc avail
able from 15015, it will be seen from comparison of 
figures t-5 and 1-6 with figures 2(a) and 2(b) of refer
ence 1-12 that the general sirttilarity extends to the 
compositions and relative abundances of the glass 
fragments In the two samples. 

These five main chemical categories of glass frag
ments are grouped as follows. 

1. Fra Mauro basaltic glasses arc the most abun
dant: they wnsist of ropey, pins tic, and broken 

fotms; in thin section ranglr.g in color from very pale 
fawn to pale brown. No glass spheres were observed. 
Low., intermediate·, and higlt·K types are repre· 
sen ted. Contpared with the contingency 11nes, ISO 1 5 
contains a higher proportiort of hi�h·K mcmbets that 
are slightly richer in Fe. than those of 15021. Phos· 
phorus pcntoxide (P205) has not been determined in 
all the glass analyses, but In figure 1-7 it is seen that 
glasses with high sodium oxide plus potassiutn oxide 
(Na20 + K2 O) often have high values of P 20 5, which 
is a characteristic of Fra Mauro. or KREEP glasses. 

2. Agglutin<>tcs arc a minor group; they ten•i to be 
heterogeneous and to have apJ•roxin1ately the same 
composition as the bulk.o£..150 1 5. 

3. Mare-type basaltic glasses are a subordinate 
group. They usually occur as fragments and occa
sional spheres with a yellow-brown to green-brown 

. color. Too few have been analyzed to allow the recog
nition of any significant subdivisions within them. 

4. Highland basalt glasses - a f.ew colorless frag
ments arid spheres have been analyzed witb the high 
alumina (Al203) and calcium oxide (CaO) and tow 
FeO characteristic of this group. 

S. Green glass spheres occur as a subordinate glass 
type but are always represented by dcvittified spheres 
or broken forms composed of fawn-colored crypto
crystalline devitrification products. They form a tight 
cluster clolC to the average determined by reference 
1-12 for the green glass spheres. This may be seen in 
figures 1-5 to 1-7. 

Such devitrified types of the unique gree1t glass are 
not uncommon In soils and breccias of the Apollo 15 
site. Reid et al. (ref. 1-12) comment on their abun
dance along with unaltered spheres in 15601: in refer
ence l -1 5, their presence is noted as a t:tinor compo
nent in 15425 as a green clod dominantly composed 
of the green glass. 

The gteen glass spheres conceivably are the prod
ucts of several events operating on identical material. 
However, their uniformity in composition suggests 
their fortttation In a single event. irrespective of mag
matic, meteoritic, ot impact origin. 

The presence of devltrified green glasses implies 
that annealing occurred in �ome thermal event subse
quent to their initial fortilatlon. The event associated 
with this annealing could have been a secondary 
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12 LUNAR SAMPLE STUDIES 

crate ring (if 15015 were shock-lithlfied near the 
Apollo 15 she) or a primary event if shock· 
lithification were associated with ejection in the 
Aristillus or Autolycus tay, of which 15015 may be 
an irttegral component. If the green glass is a compo· 
nent of the ray, then it must also either have been a 
component of the regolith of the Aristillus-Autolycus 
area or have been generated in the major-impact ex· 
plosion and devitrified by a secondary crater.ing event 
acting on the deposited ray material. 

Lithic Clasts 

Lithic clasts constitute approximately lO percent 
of rock I SO 15 . The following types are recognized: 
mare basalts (30 percent), Fta. Mauro basalts (33 per· 
cent), feldspathic basalts (22 percent), and metat1lor· 
phic (recrystallized) clasts ( 15 percent). 

Mate basalts.- Mare basalts are represented by 
fragments of porphyritic clinopyroxene-rich basalts, 
porphyritic pyroxene vitrophyres, and subophitic 
ilmenite basalts. lnsofar as l·ntm fragments are valid 
for an assessment, these basaltic fragments can be 
matched texturally with tnare basalts collected at the 
Apollo 1 5 sHe. It is significant that olivine-bearing 
types are rare atnong the fragments in 1 5015 . 

Analyses of minerals from these typical fragmertts 
are quoted in table 1-V(a), analyses 1 to 8, and the 
pyroxene compositions are plotted on figure 1 ·8. The 
pyroxenes are commonly zoned and range from early 
formed, pale-colored, calcium-poor pigeonite with a 
ratio of Fe to Fe plus magnesium (Mg) approximately 
0.30 by way of calcium-rich pigeonite� to late fer· 
roauglte with Fc/Fe+Mg approximately 0.55. The late 
pink-brown fcrroaugitc may contain up to 2.0 per· 
cent titanium dioxide (Ti02) and 9 percent Al2o3. 

Fra Mauto basalts.- Fra Mauro basalts are repre· 
sented by mesostasis-rich (or intersertal), olivine-free 
basalts with up to 45 percettt lathlike, often slightly 
curved, crystals of plagioclase. The plagioclase in the 
fragments analyzed is restricted to compositions of 
approximately An83.5, albite (Ab) 1 5.0, Or1.5. 

The pyroxenes are zoned from colorless to very 
pale yellow-brown hypers�hcne with Fe/Fc+Mg ap· 
proximately 0.15 to pale yellow-brown calcium-poor 
plgeonites with Fe/Fe+Mg approximately 0.35 .  Occa· 
sional Ft-dch ferroaugite was observed. Early formed 

hypcrsthenes are relatively aluminous compared with 
the later crystallizing hypersthene atld pigeonite. 
Where a fine-grained mesostasis is present. it is com· 
posed of skeletal crystals of ilmenite, pyroxene, and 
plagioclase with interstitial potash feldspar, cris· 
tobalite, and troilite. No quantitative data were ob· 
taincd from.this material. 

Analyses of minerals from four typical clasts are 
quoted in table l·V(b), analyses 25 to 38, and the 
pyroxene relationships are plotted in figure 1 .:8. 

Feld�pathic basalts.- The feldspathic basalts in· 
elude fragments that were impossible to assign to 
either -lf the two principal groups just described. 
They are mote feldspathic than the unambiguous 
pyroxene-rich mare basalts, but their plagioclase has a 
higher An content and their pyroxenes a higher f..l:/ 
Fe+Mg ratio than the basalts here classified as of Fra 
Mauro type. The feldspathic basalts include variolitic, 
intersertal, and subophitic types of variable grain size 
in which o\ivine-bea,ring types are rare. A common 
type of clast consists of three or four subparallel 
crystals of tabular plagioclase with a few interstitial 
crystals of atlotriomorphic pyroxene and minor 
ilmenite. the plagioclase constitutes 30 to 55 petcent 
of the fragn1ents, and its composition lies within the 
following ranges: An86 to An92, Ab13 to Ab7, Oro.2 
to Or0.8. In some clasts, plagioclase shows normal 
zoning; in others, it is unzoned. Pyroxenes constitute 
from 45 to 70 percent of !ndividual clasts, and refer· 
ence to table 1-V(a), analyses 9 to 24, and to figure 
1·8 illustrates their wide range of composition. They 
range from calcic pigeonitcs with Fe/Fe+Mg approxi· 
mately 0.35 to subcalcic ferroaUgites ot ferroaugites 
with Fe/Fe+Mg approximately 0.85. Essentially, the 
pyroxenes cover the field shown by the pyroxenes in 
the mare basalts of Apollo 15. However, the intcrpre· 
tation of trends in individual clasts is ambiguous. 
Analyses 10 to 12 (table 1-V(a)) are not unlike those 
of late-crystallizing pyroxenes of 15085,1 4, a mare 
basalt described in reference 1·16, but their trend is 
also similar to that of the late-crystaUizing portion of 
143 10, which is a Fra Mauro basalt (ref. 1·17). 

Glcadow et al. (ref. 1 - 18) applied chcrilical dis
criminartt analysis to recognized petrographic types 
of clasts ih Apollo 14 and IS breccias. including 
15015,1 9. They recognized a distinct field for marc 
and Fra Mauro basalts but not for a feldspathic 
group. Most of the feldspathic basalts here recognized 
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THE HISTORY OF LUNAR BRECCIA 15015 1 3  

probably have closer affinities with mare basalts :tnd 
represent olivine-free types with early crystallizing 
plagioclase. 

Metam orphic (recrystallized) ciasts .- Two differ· 
ent types of metamorphic (recrystallized) clasts are 
recognized on the basis of texture. 

1 .  Feldspathic microgranulitcs are composed of 
polygonal crystals o£. plagioclase associated with sub
ordinate granules of pyroxene with or without minor 
olivine and ilmenite. These may range from ahnost 

pure anorthosite to types with ortly 50 percent plagi· 
ocl:tse. They appear to have been produced by ther· 
ma! recrystallization of an :tlteady crystalline rock 
with no marked differences in grain size. 

2. Porphyroclastic rocks have angular porphyro
clasts of plagioclase approximately 1 00 1-(ITi in size set 
in a finer grained matrix of plagioclase and hyper
sthene with or without minor olivine and ilmenite. 
The matrix grain size ranges from 5 ttm in the least to 
30 JJm. in the most recrystallized examples. Where 

TABLE 1 ·V .�LECTRON MICROPROBE ANALYSIS Ot MINEaALS FROM L ITHIC CLASTS OF BRECCIA 1 50 1 5 

Analysis I no . 

1 
2 

3 
4 

5 
6 
7 
8 

9 
1 0  
1 1  
1 2  

1 3  

1 4  
1 5  
1 6  

1 7  
1 8  
1 9  

20 
2 1  

2 2  
2 3  
24 

aAn , 
b An , 

(a) Description of Samples 

Hinllra1 DllBcript ion 

Mare·type , pyroxene-rich basalts with < 30 percllnt p la8ioclase8 

Pyroxene • pigeonite core 
Pyroxene • augite rim 

Pyroxene • pigeonite core 
P¥roxllne • augite rim 

Plagioclase 
Pyroxene 
Pyroxene 
I lmenite 

} 
} 

Porphyritic py�ene •rich .basalt ( 1 351) 

Porohyrit ic pyroxene vitrophyre ( 1 35F) 
Pyroxene , 46 percent ; mesostas i s ,  54 percent 

Pyroxene •rich ilmenite basalt ( 1 35K) 
Pyroxene , 83 percent ; p lagioclase , 17 percent 

Basalts with >30 percent p lagibclaseb 

Plagioclase 
Pyroxene • pigeonite core 
Pyroxene • augite intermediate 
Pyroxene • ferroaugite 

interstitial 
Ilmenite 

Plagioclase } Pyroxene • core 
Pyroxene • interstitial 

Plagioclase } Pyroxene • core 
Pyroxene • rim 

Plagioclase } Pyroxene 

Pyroxene • subcalcic ferroaugite } 
Plagioclase 
I lmenite 

88 mol% ; FeO ,  1 . 0 wt . % .  

9 2  t o  87 mol% ; FeO , 0 . 6  t o  1 . 4  wt . % .  

.. 

Coarse intersertal basalt ( 1 35L) 
Pyroxene , 53 percen t ;  plagioc lase , 47 pe rcen t 

Intersertal basalt ( 1 33F) 
Pyroxene , 54 percent ; p lagioclase , 46 percent 

Pyroxene•rtch basalt ( 1 3lD) 
Pyroxene , 69 percen t ;  p lagiocl ase , 31 percent 

Fine•grained basalt ( 1 35AB) 
Pyroxene , 45 percent; p l ngioc la�e , 55 percent 

Dark variolitic basalt ( 1 5 , 5 8) 
Pyroxene , 50 percent ; p lag ioc l ase ,  40 pe rcent ;  
I lmenite , 3 percent ; mesostas i s ,  7 percent 

� ' ' 
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pyroxene is dominant, it occurs as idioblastic rods set 
in interstitial plagioclase crystals of irregular outline. 
In the more feldspathic types, plagioclase forms ldio· 
blastic plates, ar:l the pyroxene forms the interstitial 
crystals. 

These porphyroclastic rocks were evidently 
formed by the recrystallization of fine-grained clastic 
rocks - including sons. The tecrystaUization is due to 
the heat remaining after shock-vitrification (or melt
ing) of originally unconsolid:tted material. Incre�se in 

grain size and changes in texture of the matrix rtHlect 
both the ter11perature attained and the dur:ttlon of 
the annealing period. 

On the basis of plagioclase composition, the clasts 
can be tentatively assigned to one of two chemical 
groups. Those with plagioclase with approximately 93 
percent An are possibly recrystallized rocks in which 
members of the ANT suite or its fragmental ass0ciates 
predominate ; e .g., analyses 44 to 47, table 1 -V(b). 
Those with plagioclase approximately S6 percent An 

TABLE� ·V , •  Continued 

Analysis I no, 

25 
26 
27 
2 8  

29 
30 
31  

32 
33 

34 
35 
16 
:\7 
38 

39 
40 
41  

42 
4 3  

44 
45 

46 
47 

(a) Concluded 

Mineral.. Description 

Hypersthene ' 'Pra Mauro• • basaltsc 

Plqioi:lase 
Pyroxene • core 
Pyroxene • rlm 
Pyroxene • interstitial 

Plagioclase 
Pyroxene • hypersthene 
Pyroxene • pigecini te 

Plagioclase 
Pyroxene • hypersthene 

Pyroxene • hypersthene 
Pyroxene • ptgeonlte 
Plagioclase 
Cdstobalite 
I lmenite 

} 
} 

Mesostaais•rich basalt ( 1 33A) 
Pyroxene , 51 percent ; plagioclas e ,  32 percent ; 
mesostasls , 1 7  percent 

Mesostasis•poor basalt ( 1 35M) 
Pyroxene , 60 percen t ;  plagioclase , 31 percen t ;  
mesostasis , 9 percent 

Pyr��ene , 30 percent ; plagioclase , 38 percent ; 
mesostasis , 32 percent ( 1 35H) 

Pal e ,  met )stasis•rich basalt ( 1 5 , 2 39) 
Pyroxene , 30 percenq pla�io.:J. ase , 20 percent ;  
mesostasls , 45 percent ; ilPenite , 5 percent 

Metamorphic (recrystallized) rocks , probably metaclasttcd 
-----------------------------

0Uv1ne } Hypersthene•rlch n�taclast � c  ( 1 35J) 
Pyroxene • hypersthene Femic minerals , 74 percent ; plagioclase , 
Plagtociase 26 percent 

olivine } Olivine , hypersthene , plagioclase granulite ( 1 3584) 
�yroxene • hypersthene Femic minerr.h , 49 percent ; plagioclase , 51  

percent (An85Ab 1 4or 1 > 

Plagioclase } Anortnosittc granulite ( 1 33E) 
Pyroxene • · salite Femic minerals ,  19 percent ; pl agioclase , 

81 percent 

Plagioclase } Noriti� metaclastic ( 1 35G) 
P>·roxene • hypersthene Pyroxene , 52 percent ; plagioc lase , 48 percent 

cAn , 82 to 84 mol% ; FeO , 0 .4 to 0 .6 wt .% . 

�umbers 39 t o  431  Fra Mauro affinity ; A n ,  85 to 88 mol%; FeO ,  0 , 3  to 0 . 4  wt . % .  
Numbers 4 4  t o  4 7 :  ANT affini ty; An , 92 to 9 4  mol% ; FeO ,  0. 1 to 0 . 3  wt .% . 
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TABLE 1 •V. • Cont inued 

(b) Chemical analyses, unit formulas., and atomic ratios 

:� 

•.;.. 

� .  
( 

'·\, . �' .· A.. 

Compound 
or element 

1 

sto2 < 3 . 08  

T102 .22 
Al2o3 2 . 49 

cr2o3 (b) 
FeO 1 7. 95 
ltnO (b) llgO 22.26 
Cal 3.46 Na2o .02 
'(

20 .02 
T.·tal 99.50 

51 1 . 95 1  
Ti .007 

Al lY 
.043 

AlVl .066 
Cr --
Fe . 554 
!fit --
!fs. 1 . 22] Ca . 137 
Na .002 K .002 -----

llg 63 . 9  
Fe 28 . 9  
Ca 7 . 2  

8rr0111 table 1 •V (a) .  
bNot determllled. 

2 3 
49. 39 50.93 

1 . 1 7  .72 

6.5) 5 . 78 

(b) (b) 

16.25 1 6 . 87 
(b) (b) 

1 3. 49 1 9.66 
14.64 :.. 1 3  

.06 .07 

.02 . 02 

101 .55 99. 1 7  

1 .835 1 . 1185 
.033 .021 

. 165 . 1 1 5  

• 122 . 1 38 -- --
.505 .522 -- --
. 747 1 .084 
.583 .204 
.005 .005 
.002 .002 I 

llg 40. 7 Mg 59.9 
Fe 37 . 5  Fe 28.8 
Ca 31 . 8  Ca 1 1 . 3  

4 

48.56 

2 .01 

9 . 2 1  

(b) 

1 5 .93 
(b) 

1 3. 6 1  
1 1 .68 

.08 

.02 

101 . 10 

1 . 792 
.056 

.208 

. 1 93 --

.492 --

. 749 

.462 

.007 

.002 

Mg 44.00 
Fe 28 . 9  
C a  27. 1  

Analysis no. , a. wt.% 
5 6 

48.26 50.85 

.02 1 .05 

3 ] . 16 3. 31 

(b) (b) 

1 .08 1 5 . 77 
(b) (b) 

.21  1 5 . 1 5 
1 7 .86 1 3 . 72. 

1 .28 .05 

.05 .02 

101 .92 99.92 

Unit formulas 

2 . 184 1 . 9 1 1  
.001 .030 

1 . 769 .089 
-- .058 -- --
.042 . 49& -- --
.015 . 849 
. 866 . 5 53 
. 1 33 .004 
.003 .002 

Atomic ratios 
Ca 88.2 Hg 44 . 7  
Na 1 1 . 5 Fe 26. 1 
K . 3  Ca 29'.2 

7 8 

5 1 . 31 (b) 

. 80 5 1 .68 

1 . 34 1 . 27 

(b) (b) 

18.50 46..03 
(b) (b) 

18.85 .00 
6 . 88 (b) 

. 30 (b) 

. 02 (b) 

98.00 98.98 

1 . 958 --
.023 0. 985 

.042. .038 

.019 --
-- --
.593 . 975 -- --

1 . 073 .000 
.282 --
.003 --
.002 --

Mg. 55 . 1  I Mg 0.00 
Fe 30 .41 Fe 100.00 
Ca 1 4 . 5  ---- -------- -

I 

9 

45 .28 

.02 

32 . 7 3  

(b) 

,68 
(b) 

. 07 
1 8 . 97 

,8 9  

.04 

98 . 68 

2 . 1 2 7  
. 001 

1 . 8 1 3  
--
--
.027 - -
. 005 
. 955 
. 081 
. 003 

Ca 91 . 9  
Na 7 . 8  
K . 3  

--···· --------

.. 

10 

50.45 

. 66 

2 . 7 1 

(b) 
2 3 . 2 1  

(b) 
1 5 . 93 

6 .25 
. 07 

. 02 

99.30 

1 . 933 
. 020 

. 067 

. 056 --

. 774 

r;10 
257 
006 

. 002 

Mg 47 .6 
Fe 3&.9 
Ca 1 3 .5 

11  

50.08 

.85 

2 . 6). 

(b) 

2 1 . 7 2  
(b) 

1 2 .91 
10.74 

. 09 

. 02 

99.04 

1 . 938 
. 025 

. 062 

. 059 --

. 703 --

. 745 

.446 

. 007 

. 002 I 

Mg. 39.3 
Fe 37 . 1  
Ca 23.6 

12 
48. 1 0  

1 . 1 0 

1 . 45 

(b) 

30.49 
(b) 
5. 1 1  

12. 96 
. 04  

.02 

99 .27 

1 . 957 
.034 

. (14 3  

. 1127 --
1 . 038 --

. )10 

. 566 

. 004 

. 002 

Mg 1 6. 2  
F e  54. 2 
Ca 29.6 

-1 :X m 
= 
en. -1 0 � 
0 '"f! 
r-' 2 > :;a 
= :;a m r"} n 
> 
VI 0 
lA 

VI 

.. - · ---

' 
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ColllpOUIId 
or ell!!lll!llt 

n 
s102 (b) 
no2 52.90 

At2
o

3 
. 1 3  

cr2o
3 (b) 

FeO 46< l 7  l'rnO (b) 11&1 . 1 1  CaO (b) lf�O (b )  
r.2

o (b) 

Total 99. 3 1  

51 ' --
T1 . 007 

Al [
V 

. 004  

AlV[ --
Cr --
Fe . 97 1  
� - -
!!g . 005 
ca --
Na --
K --

�ram table 1 -'/(a}. 

bNot determ!ded. 

14 1 5  

45.9<; 48.81 

.08 1 .05 

)4,02 2 .56 

(b) . 78 

.60 1 8 . 2 5  
(b) .40 

. 38 14 . 28 
1 7.89 1 3. 88 

.99 (b) 

.04 (b) 

99.99 1 00.01 

2 . 1 22 1 .873 
.003 .031 

1 . 849 . 1 1 6  

- - . 024 -- --

. 024 .586 
- - .014 
. 026 . 81 7  
. 885 . 57 1  
. 089 --
.003 --

1 6  

50. 1 4  

1 .0 1  

1 . 32 

.40 

26.66 
.05 

1 3 . 1 5  
6.86 
(b) 

(b) 

99.59 

1 . 956 
. 0 10 

. 044 

. 0 1 7  

.on 

.870 

.ooz 

. 764 

.287 --
--

-· --- -

TABLE 1 -v . - Continued 

(b) Continued 

Analysis no. • 
a wt.% 

1 7  1 8  1 9  20 

46 .56 50. 97 46 . 2 3  I 47 . 75 

.08 .46 1 . 25 .00 

31 . 9 3  1 . 1 6 1 . 1 6 33. 1 7  

(b) .87 .02 (b) 

1 .03 1 9 . 6 1  16.69 1 . 36 
(b) . 35 .48 (b) 

. 0 1  20.49 3.99 . 1 5 
1 7 . 75 5 . 38 1 0 . 32 1 7 .09 

1 . 1 5  (b) (b) 1 .23 

. 1 2  (b) (b) .02 

98.63 99 .29 100. 14 100 . 7 7  

Unit formulas 

2 . 180 1 . 927 1 . 920 2 . 183 
.003 .014 .040 - -

1 . 762 . o5z· .058 1 .  788 

-- -- -- ---- .026 . 001 --
.041 .620 1 . 274 .0�2 
-- . 0 1 2  . 0 1 7  --

.007 1 . 1 55 . 02 7  . O i l 

.891 . 2 1 8  .460 .837 

. 105 -- -- . 1 1 0 

.008 -- _j -- . 002 -- -- - -- -- --
Atomic ratios 

21 

48 .82 

1 . 1 2  

2 .42 

(b) 

28 . 09  
(b) 

1 0 . 08  
7 . 88 

.25 

. OJ 
98.69 

1 . 94 3  
. 034 

. 057 

. 057 
- ·  

. 915 
--
. 5 98 
. 337 
. 020 
. 002 

�· 

• 

22 

5 1 . 53 

.2& 

. 7 9  

. 1 9  

28.31 
. 1 7 

7 .85 
9 . 46 
(b) 

(b) 

98.5& 

2 . 052 
.008 
--
. 037 
. 007 
. 943 
. 006 
. 466 
. 404 
-------- - - -

23 24 

4 7 . 99 ! (b) 

(b) 51 . 1 5  

31 . 51 . 37 

(b) . 12 

. 99 4 6 . 27 
(b ) . 06 

. 36 . 81 
16.63 (b) 

1 . 43 (b) 

. 08  (b) 

98 . 99 98. 78 

2 . 228 ---- 0.981 

1 . 725 . 038 

- ·  ---- . 003 
.039 . 987 -- . 002 
.025 .0)1 
. 828 --
. 1 29 ·-

. 005 ---- I -----

l!g 1 . 0  
Fe 9 7 . 0 ·  

-� r 

0'1 

r-2 > :::c 
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� c 
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Compound 
or e l ement 

25 
--

SiOZ 4 7 . 97 

Ti0
2 I . 1 0  

At
2

o3 31 . 1 0 

cr2o3 (b)  
FeO I . 4 9  
:1n0 (b) 
�gO I . 1 8 
CaO I : 6 . 4 8  
sa

2
o 1 . 70 

KP . 22 
Total 98 •. 24 

II I 

-- ----- l ----

S i  
T i  

l \'  Al VI '1.1 Cr 
Fe 
!'In 
!'!g 
Ca 
S.J K 

--

.242 

.004 

. 7 1 4  

. .  

. .  

. 0 1 9  

. .  
. O i l  
.826 
• I �5 
. 01 4  

I I 
l 

I Ca 8 3 . 0  I I s .• 1 5 . 6  , K T . 4  : I 
3Fr<m table I •V ( a) . 
bSot determined. 

i 

26 27 

5 3 . 80 52 . 84 

. >7 . 78 

j, 79 1 . 86 

. 8 1  . 83 

9 . 82 14 . 2 0  
. 1 7  .26 

2 9 . 4 3  2 5 . 86 
1 . 41  I 2 . 39 
(b) (b) 

(b) I (b) 
99. 80 99.02 

- -----

1 . 901  1 . 930 
. 0 1 6  .022 

.099 .060 

. 059 . 02 1 

. 02 3 . 024 

. 2 9 1  . 4 14  

.006 . 009 
1 . 5 50 1 . 408 

.054 .0!14 

. .  .. 

.. . .  

�g 8 1 . 8  I !'!� 7 2 . 7  
fe 1 5 . 4  Fe 2 2 . 4  
C a  2 . 8  1 Ca 4 . 9  

I 

28 

4/ .98 

2 . 27 

1 . 9 3  

.82 

2 2 . 1 8  
.02 

8 . 0 1  
1 6 . 4 3  

(b ) 

(b) 
99.64 

- --

1 . 907 
01;11 

.091 

000 
.003 

738 
.001 
. 4 7 5  

700 
.. 
. .  

!1 �  2 4 . 8  
F t  38 . 8  
C a  36 . 6  

--

TABLE 1 •V . • Cont inued 

(b) Con� inued 

Analysis no . ,  a wt�% 

29 30 31 32 

48.62 5 2 . 44 52 . 83 48.. 31 

.02 • 74 .88 . 1 3  

33.00 4 . 28 I 2 . 5 1  32 . 05 

(b) (b) (b) (b) 

. 45 14 .45 1 9 . 30. . 5� 
(b ) (b) (b) (b) 

. 1 6 24 . 72 2 1 . 2 0  . 1 1  
1 5 . 38 2. 76 2 . 89 1 6 . 2 1  

1 . 70 .06 .OJ 1 . 5 1  

. 1 8  . 01 .02 . 29 

99. 5 1  99.46 99.66 99 . 2 0  
--- __ L__ --- - -

t:n 1 t formulas 

2 . 230 1 : 901 1 .95 2 . 232 
. 001 .021 .02 . 005 

I .  784 .099 .04 1 . 746 

- "' .084 .06 .. 
. .  " "  . .  . .  
. 0 1 8  .439 . 59 . 024 
·- .. . .  . . 
. 0 1 2  1 . 336 1 . 16 . 008 
. 756 . 1 08 . I I  . 803 
. 1 52 .005 . 00 . 1 35 
. O i l  .001 .00 . 01 8  

Atomic ratios 

Ca 82 . J !1!1 70.9 Mg 6 2 .  I Ca 84 . 0  S a  1 6 . 5 Fe 23. J Fe 31 . 7  Na 1 4 . 1  K I . 2  Ca 5 . 8  C a  6 . 2  K 1 . 9  

� 

�-33 3� 
53. 43 55 . 1 9  

.84 .45 

2 . 76 2 . 56 

(b) . 06 

1 3 . 70 1 5 .00 
(b) .21 

?5 . 5 1  2 3 . 81 
2 . 2 1  2 . 1 1  

. OJ (b) 

.01 (b) 

98.49 99. 39 

1 . 945 1 . 994 
.023 . 013 

.055 . 066 

.064 . 1 04 

. . . 002 

.418 .454 

.. . 007 
1 . 384 1 . 282 

. 087 . 082 

. 003 .. 

. 002 .. 

Mg 73 . 3  Mg 70.5 
Fe 22 . 1  Fe 2 3 . 0  
Ca 4 . 6  Ca 4 . 5  

,. 

35 

51. 1 3  

. 57 

2 . 66 

. 05 

1 9 . 87 
. 22 

1 9 . 9 8  
2 . 8 2  
(b) 

(b) 

9 9 . 30  
-· 

1 . 975 
. 01 6 

. 025 

. 092 

. 002 

. 61 8  

. 007 
1 . 1 07 . I l l  

. . 

. . 

Mg 60.2 
Fe 33.r. 
Ca 6 . 2  

36 

49. 36 

(bj 
)1 . 25 

(b) 
. 45 

(b) 
. 00 

1 6-. 06 
1 . 58 

. 20 

98.90 -
2 . 280 

. .  

1 . 702 
. .  
. .  
.0,8 
. .  
- -
. 7 95 
. 142 
. 01 2 

Ca 8].8 
Na 1 5 . 0 K 1 . 2  

� :::c � 
:::c -u.r a � 
0 "%1 
r-2 > ,c 
= 

� n 
> 
Ul 0 
Ul 
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T AB  I.E 1 -V . - Concluded 
(b) Concluded 

Cnmpound Analysis no . • 
a wt . %  

• 

or e lement l 7
:f0 39 40 41 42 43 44 45 46 47 

Si02 ---+--9-7 . 99 37 . 84 5 3 . 6 6  45 . 45 3 8 . 2 0  5 3 . 45 44 . 1 0  5 0 . 5 1  I 44 . 6 6  B. 17 
Ti02 (b ) 03 .82 .96 . 2 7  . 1 8 . 74 .00 2 . 00 . 00  . 76 
Al2o 3 1 . 70 84 .OS . 80 34.06 . 76 2 . 36 34 . 54 . 92 35.85 1 . 7 1  
cr2o3 (b)  I 14  (b)  (b)  (�) (b)  (b) (b) . 29 ( b )  (b) 

FeO . 2 7  I 46 . 79 2 6 . 84 1 6 . 30 . 39 2 2 . 89 1 3 .67 . 1 3  1 0 . 0 3  . J2 1 4 . 8 1  
HnO (b) I 1 0  (b) (b) (b) (b) (b) (b) . 22 (b) (b) � . oo 1 9  35 . 06 25 . 78 .00 3 7 . 33 26.50 . 1 3  1 2 .83 . 02 2 6 . 66 

��0 (b�2 i ��� :�� 1 :6� 1 ; :�� (b� 1 1 :�� 1 8 . !: 2�i,�7 1 8 :�� 1 :::: K20 (b) I (h) .Ol .02 . 1 9  (b) . 0 1  . 06 (b) . 1 1 . 0 1  

_ rutal 9'1. 98 _ _j 
-
�- 0�

-
-�()o . 8o_ __ 99.� _ 99.':_ _ 99.� _ 98.63 98-_40 9 7 . 57 1 00 . 52 j 98.92 

S i  Ti Al IV 
·�·r ,\I C r  F� 

'1n 
'I� Ca S.J K 

i I 
. I 

-=�1 . 0 5 5  

.003 

. 98 1  

.003 

. 006 

____ L ____ _ _  j __ _ 

----,- --- -' ''..:: ') . �  
I h· � 9 . 2  

0 . 997 
. 0 1 7  
.002 
--
--
. 59 1  - -

1 .  376 
.oos . 001 
.001 

��� 70 . 0  F e  30 . 0  

t:n ! t  formulas 

1 . 964 2 . 1 1 5 1 . 000 
.027 . 0 1 0  .001 
.035 1 . 868 - -

- - - - . 024 - - - - --
. 499 . 016 . 502 
-- - - - -

1 . 406 .000 1 . 457 
.063 . 8 7 7  .001 
.003 . 1 09 --
.002 . 0 1 2  - -

Atomic ra t i os 

'I� 7 1 . 4  C a  87 . 9  Mg 74 . 4  F e  25 . 4  S a  1 0 . 9  Fe 2 5  . t  
C a  1 . 2  (( 1 . 2 

1 . 942 I 2 . 0 7 1  1 . 944 2 . 05 4  1 . 95 7  
.02 1 - - . 058 . 000 . 022 
. 0 58 1 . 9 1 2  . 042 1 . 944 . 04 3  
. 04 3  - - . 000 - - . 032 - - - - .009 - - --
. 4 1 6  . 006 . 32 3  . on I .456 - - ; - . 008 -- - -

1 . 435 . 0 1 0  . 7 36 . 002 1 . 408 
.066 . 945 .857 . 927 . 07 1  
. 0 1 6  . 06 1  - - . 069 I . 000 
.001 .004 - - . 007 I . 001 

M� 74 . 9  C a  9 3 . 6  I Mg 38 . 3  C a  92 . 4  llg 7 2 . 7  Fe 2 1 . 7  Na 6 . 0  Fe 1 7 . 2  Na 6 . 9  Fe 2 3 . 6  
Ca 44 . 5  K . 7 Ca 3 . 7  

----�·,:::;:;::.::_ �� ' ... ��:��� 

-oc 

r-� > "' 
til 
� ..., r-' m 
� c: 
52 m til 

--'-- -- --
K_ . 4  _I 

---- - - -- ------
''From table 2 -V ( a) . 
bNot detennined. 
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tHE HISTORY OF LUNAR BRECCIA I SOl S  1 9  

are possibly recrystallized rocks in which members of 
the Fra Mallro or i<REEl? suite or their fragmental 
associates predominate: e.g . •  am1lyscs 39 to 43.  table 
1 -V(b). In both gruups. homogeneous hypersthene is 
the dominant ferromagncsi:111 phase . The Fc/E!c+Mg 
ratio of approximately 0.25 in the hypersthene is 
within the range of zoned hypersthene in the Fra 
Mauro basalts. The calciut1l {Ca) content is marginally 
lower and the aluminum (AI) content distinctly less 
in the mctamur.phic pyroxenes. 

No fragments of rocks similar to members of the 
mare basalt group with a metamorphic texture have 
been found in 1 50 1  S. The same is true for the fcld· 
spathic basalt group. Reference to figure 1 -8 shows an 
absence of metamorphic pyroxenes with the Fe/ 
Fe+Mg ratios >0.3 that :ire characteristic of these 
igneous groups, which reinforces the tentative conclu
sion that the feldspathic basalts arc variants of the 
marc goup of basalts. These basalts should be 
grouped together as ynunger ctfusivcs that postdated 
the in1pact events that were ultimately responsible for 
the metamorphic nature of a proportion of the clasts 
here assigned to the Fra Mauro and ANT suite. 

A Tentat ive H istory of 
1 501 5 Based on G eneral Petrology 

Breccias I SO 1 S and 1 S02 1 .  nearly identical in 
chemical composition, were collected on a ray from 
Aristillus or Autolyc1,1s just west of the LM and ncar 
the eastern lin1it of the marc surface overlooked by 
the mountains of t�tc Apenlline frotH (ref. 1 · 1 9). This 
suggests that thclock 1 SO 1 5  could be a boulder from 
a distant sourc� . which lay partially buried in the 
finer graine�, · ss coherent ray material. or that it was 
buried and rccxcavated by some minor cratcring 
event. A It natively , this boulder may have been 
formed bf shock-lithit1catiol1 of unconsolidated ray 
materi:d;by some local cratcring event that deposited 
it whcr! it was collected. In the first case, lithification 
was effected by or preceded by the Arlstillus event. 
and 1the matcri:tl of the boulder reflects unly the li· 
thl)(ogy of its distant source. In the second and more 
pr(1bable case. during the Interval between ray forma· J'!on and shock·lithillcation. material of more local 

1 origin could have been mixed with the surface layers 
/ of the ray material and formed an additional compo· 

/ ncnt of the shock-lithilicd ejecta. Reid et al. (ref. 
1 - 1 2) have shown that I 502 1 is enriched in Fra 

Mauro basalt glass. and l'owcll ct at. (ref. 1 -20) have 
shown that Fra Mauro hasalts arc more abundant in 
the <4-mm lithic fragments at the LM site than at 
other marc sites visited during the Apollo 1 S misllion. 
The same features arc found ill the vitric and lithic 
clasts of 1 S 0 1 5  and arc considered diagnostic •.1f the 
ray . Thc•�forc, the ro\�ks from which t hcsc clasts 
were dcr 1 possibly underlie the marc basalts of the 
Autolycus·Aristillus region . Tlie overlying spectrum 
o!' mare basalts should also be found in the ray mate· 
rial. Possibly the feldspathic basalts of 1 SOt S . which 
were assigned previously to the marc basalt group, are 
the representatives of lllare basalts of this distant 
region. 

The smai� amount of metamorphic rocks in 1 SOl S  
could be of local (Apcnniltc front) origin or could 
have come from a distant source : a major crater like 
Aristillus cou!d be expected to excavate fallback ma· 
tcrial from the Imbrium event. 

The green glass spheres are tound as a subordinate 
component of the glasses in the <1 -mm fraction 
(t S02 1)  of the ray soil. They arc also a subordinate 
component in Ute shock·lithiticd boulder of soil brec
cia 1 50 l S .  but here they are all in a devit ril1cd state. 
The wide distribution of the green glass spheres and 
their greater concentration in many of the <1 ·111111 
fractions of the surface regolith samples from the 
Apollo 1 S site suggests that they arc not a part of the 
original ray material, but that they were deposited 
after ray formation and before the cratcring event 
that shock-lithiticd 1 50 1  S and deposited it as a sur· 
face boulder. 

Selcllcllrollolog_l • 

Six salllplcs of 1 SOl 5,1  S have been subjected to 
40 Ar.39 At analysis. They were: Sc. a 60-mg sample 
of the dark matrix col\ taining numerous small inclu· 
sions: Sb, fragments (33 mg) of a large gray clast 
chipped from the dark matrix; 23c (52 mg). :!3d ( 1 9  
mg). 26, fragments (24 mg) of  bubbly glass chipped 
from the upper surface of the rock ; and :!3b.  frag· 
mcnts (20 mg) of a white clast embedded in the sur· 
face of rock 1 SOt S  and partially inclulled in the 
bubbly glass. The min>!ralogy of the rock fragmer.t'; 
has been described in detail previously. Sample Sb is a 
dark variolltic basalt with >JO percent ph1gioclasc 
(fcldspathic basalt) .  Sample :!.�h is a pale mcsostasis· 
rich basalt (Fra Maum type). The matrix and glass 
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20 LUNAR SAMPLE STUDI ES 

were not subjected to a separate mineralogical a1wly· 
sis, though analyses 1 and 2 (table 1 .11  ), respectively, 
can probably be taken as representative. Details of 
the irradiation (designated Si l l S) have bec11 pub· 
lishcd elsewhere (ref. 1 ·6). 

blch sample was subjected to a stepwise heating 
exrerimcut, and the Ar·rcleasc patterns obtained arc 
sum111:1rized in. table 1 -VI. Apparent K·Ar ages have 
been calculated from the gas released at each temper· 
ature step for the two chasts and arc showrt in figs. 
1-10 and 1-1 1 .  The amount of cosmogenic 3 8Arc is 
calculated for each temperature assuming a binary 

(a) 
.001 �--�--�----�---L--� 

37Ar released, petcent 

� . 06 � $ :=� � C , 
0 20 40 60 

(bl 37Ar released, percent 

(c) 

200 

150 

39 A r released, percent 

I 
80 

1. 0 

. 1  "' u 
. 01 i2 
.001 

Figure 1 · 1 0.· Argon Isotope release pattern for Fra Mauro 
basah-type fragment 2jb, Indicating a 75-perccnt loss of 
radiogenic 40Ar and a 20·perccnt loss of cosmogenic 
38Arc. The hlgh·tempcrattlre 40Ar/39Ar age attains a 
value of 3.7 t 0.1 b.y. despite tlfe extreme loss and Is 
comparabie to, but slightly lower than, more precise ages 
of other Fra Mauro basalts. A well-defined cosmic ray eX· 
posure age of 490 m .y. ls determined. 

· 'h ,..c 
"' . 1  � . 01 

,001 -- I 
(al 37Ar released, percent 

. 16 

,..:c . 12 
• •  

� .08 
r;,c .04 

(b) 37At release:1, percent 

0 20 

(c) 39Ar released, percent 

15Ckl 

Figure 1 · 1  t ,. Argon isotope release pattern for variolitic ba· 
salt fragment Sb, indicating 40Ar and 38Arc loss similar to 
that of fragment 23b. the high-temperature 40Ar/39 Ar 
age is imprecise, 3.4 ± 0.2 b.y. The cosmic ray exposure 
age is well defined and extremely high, 1 290 m.y., indl· 
eating that 5b received extensive cosmic ray irradiation for 
at least 800 m.y. after crystallization and before incortmra· 
lion !n the part of tile regolith that was later to be llthified 
to fotm 1 5015. 
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THE I-IISTORY OF LUNAR BlthCCIA 1 SOl S 21 

mixture of cosmogenic Ar (36ArJ3BAr = 0.65) and 
trapped Ar (36ArJ38At = 5 .35). The ratio 3 8Arc/ 
37 Ar Is p!otted .also in figures 1 · 1 0  and 1.· 1 1 and is 
related directly to the 3 8  Arc/Ca ratio and hence to 
the cosmic ray exposure age (ref. 1 ·2 1). 

Also �lotted in fi�ures 1 · 1 0  and 1 • 1 1.  is the ratio 
39 Ar*/3 Ar. which is proportional to the average 
K/Cll ratib of the sites releasing Ar at cac1utage of 
the experiment2 . The overall K/Ca ratio for the 

240Ar• and39Ar• refer to Ar produced by radioactive 
decay of 40K and (n,p) reactions on 39K, resp.ectively. 

matrix, 0.024, I!. identical to that of other mattix 
samples (analyse� 1 4  and 1 S, table l .JI ) and is slightly 
smaller than that of the glass, 0.030. The K/Ca ratio 
of the gray clast (5b) is much lower, 0.005 1 ,  while 
that of the white clast (23b) is high .  0.062 . reflecting 
the presence of a KREtP componen � .  

Both clasts show the effects of  e <tteme radiogenic 
40 Ar loss, at least 75 percent , based on the maximum 
40 Ar*/39 At* ratios reached in .the high-tentp�rature 
release. Variations in the 39 Ar•t3i Ar ratio indicate 
that the loss is associated with low-retentivity, 
potassium-rich sites. A parallel lo:;s of cosmogenic 

TABLE I •VI. • BkEcCIA 1 5015, 15  AIIGOM•RELEASI!. PATTDNS 

Temperature • K <•c> 

773 (500) 
873 (600) 
97 3 (700) 

1 04 1  (170) 
1 1 2 1  (850) 
1 1 93 (9201 
1 301 ( 1 030) 
1403 (1 1 30) 
1 S7 J ( 1 300) 

T�tal 

773 (500) 
873 (600) 
913 ( 700) 

1023 (750) 
1073 (800) 
1 12 1  (850) 
1 1 91 (920) 
1 34 )  ( 1 070) 
1 5 7 1  ( 1 )00) 

Total 
---- -

-
--

7 7 1  (500) 
873 (600) 

971 (700) 
1041 (170) 
1 1 l l  (850) 

0 . 30 ! 0 . 05 
. 29 ! .05 
. 78 ! .1)3 
. 9 1  ! • 01 

1 . 2 5  ! . 01 
1 . 1 7  ' .01  
1 , 04 � . 0 1  
1 . 00 ! . 0 1  

. 80 t . 0 1  

1 . 03 

1 . 14 ! 0 , 30 
. 87 ' . 2 1  . 90 ' . 02 

1 . 06 ' . 01 
, 95 ' .01  

I . oo ' . 0 1  
1 . 42 !. . 01 
I . 2 8  • , 0 1  
1 . 40 ' ,01 

1 . 28 

- ------------ --
5. 1 1  • 0.09'  
5 .  32 ' .06 
s. 12 • .02 
5 . l l • .04 
5. J3 . . 01 

1501 5,15, 23b (white clast , 33.0 111> 1  J • 0 .02982 

0 .0345 ! I I  . .  1 . 66 ! 1 1 . 2 1 ! 0 . 0 1  
.0180 ! 
.01 38  ! 
.0301 ! 
.0543 ! 
.0631 ' 
.0609 ! 
.0580 ! 
.05 7 1  ! 

.046 

I ! 
6 ' 
7 • 
4 ' 
0 ' 

0 . 021 
.009 
.01 7 
.062 
. 1 38 
• 1 72 
. 1 7 1 
. 1 7 1  
. 162 

0 • 
4 ! 
9 
9 

. 1 37 

9 
4 
3 
1 
4 
4 s 
6 

l7 
1 9 

4 s 
1 2  

2 
6 
s 
·, 

· -"-

. .  . 110& ! 16 5 .81 
0 . 0 1 )4 ' 4 . 227 ! I 37 . 7  

.0285 ! 3 .0762 • s 1 2 7 . 3  

.0474 ' 3 .0457 • s 206 

.0561 ! 4 .0403 ! s 194 .ossa ' 4 . 02 1 1  ' 1 1 89 

.0517 � s .0082 ! 2 218 

.OSSl ! 6 . 0 1 56 ' 4 227 

.042 • I l l  59. 8 

1 SOI 5 , 1 5 , 5b (&rajl clast , 20,0 ms) ; J • 0. 02982 

0 .0189 ! 40 0 . 2 2 1  � " 1 2  o .  3 
.0092 . 20 .092 . 6 1 . 0 
.0168 ! 4 .�25 1 ! 18 1 0 . 4 
.0569 ! 5 .r oos ' 1 4  60.9 
. 129 . I . 0087 ! 20 1 46 
. 1 59 .0102 ! 2 5  1 56 
. 1 4 3  ! 1 .ooss . 1 8 1 75 
. 149 1 .001 8  ' 8 1 80 
• I l7 . 1 .001 1 ! 1 201 
. 1 1 9 .0093 49 . 5  . .  L----------�--

�---
--- � ------- --

ISOIS,IS,iJe (veslcul,ar slaao , 5 1 .9 IIIl i  J • 0.0298 

! .04 
! . 2  ' . 8  ' 1 • 4 ' s � 2 1  
' 20 

' O . l  ! . 3 ' . 9  
! 7 . o  • 40 

40 
60 
80 

! so 

-·---··-

1 8 . 6  
2 8 .  I 
1 8 .0 1 ) , 6 
6 . 1  
3 .  7 
2 . 9  

. 8  
1 . 2 

9� . o  · -'--
2 . 0  
2 . 4  
1 . � 
1 . 1 

. 58 .ss  

. 19 
, 2 )  
. 5 7 

--�_1 -

-L= .  -: ;� - - , ::: ::fr ::: : � ::- -: :  . 

1 . 61 . 0 1  . I l l  l 1 2 1 . 0  1 . 5 2 . 7  
2 . 9 1  . 0 1  , 1 09 • 2 1�4 . 9 l . 1  4 . 4  

Apparent 
a1e , b . y .  (c) 

0 . 068 ' 0.001 
. )0 1  . 002 

1 .42 . 01 
2 . 96 . 01 
3 . 7 1  . 02 
3.61  . OJ 
J . S7 . 04  
J , BO . 14 
) .86 . 14 

1 . 93 

0,01  o . ol 
. 06 . . 01 
. 5 1  . . OS 

1 . 95 . • I S  
3 . lS • 15 1 . 2� . • IS 
) . 4 5  ' . ss 
1 .  s . . 1 1. 7 . 4  

1 .  7 1  - - - -----
d 2 . 08 � 0 , 04 
d1 . 18 . 0 1  
d , ,  2 �  . 02 
1 1 . 2 q  . 04  11 . 2 1 . 08 I 

1 1 91 (9l0) s .  11 
1 )41 ( 1070) � . 1 7  • 
1571  ( 1 100) s . ,  . 
1 741 (1 470) � . 14 • 

.03 . 02 

. 04 

. 0 1  

1 .46 • ,04 .0909 • 15 269 . 2  ),b J . 2  
1 . 7 1  • •  0 2  , 0 504 ' 5 481 .11 4 , 9 9 . 1  1 . %  • .01  . 0187 • 268 . 7  • 4 . 1  9 . 2  
: ::: ·_ ·� -- -- - - - ---

:::��� 
-
- __! ::: :: . 1 . 1  :: : : 1 

t�)tal 5 . 1 7  -- - - - - ·-··-· 

"th€' 18Arc /.11Ar rdt lo wd"' ���lculatPd .assumlnM that 18Ar o r l � lnoh·� HOh• l y  f rom co,.�tltll'nt.  Ar ( ( 1.,Ar/ 18Ar) t· .. O , fJ..,) 1nd t r ar11ed At 

( ( 16Ari 18Ar) t Ill lj , )�) . nw ('<.)ffl'RftOndnR 18ArfJCrt fdt lo Is ta.t v(•n by 18A r("/Ca . 4 , 1 4 w 1u·J " J • c
18

A r !
17

A r \  rm 1 Hl 1tnd.1r.l tPmJIPr O t u n· 

preRsUf(l (STP) /gm C a �  1o:here .' (g the l r radtatlon t•oe f f t dxnt ( rp f ,  1 •2 1 ) .  

bAmo,..t•  I n  unit• o f  o o '8 
cm

1 STPfg, Unre rt olnt v I n  ob,o lute .ll\loUniH  l q  • 20 percent . 

c \ a 'i . lO� " 10• tO v•t , \e a O . IJ8S • 10• tOv• l ,  4°
K/K .. 0 . 0 1 ttJ pl"rcpnt . 

J • (cxp( \ t )  • 1) /lt0ArJ 19Ar*).  No corret."t ton appl tl'd for t ralJped/ro!lmoll\ent�.: ltOAr t.•xrt.•pt und,•t ( d ) . 

dApparent ORPA calcullltPd BHRU11ltn� (40Ari1"Ar) t e O . Q 7  for t rAf'pPd l"OiftpnnPnt In r,,. and <41lAr / 1  .. Ar) t a t .  1\ fur 2 k ,  : ·hi nnd 26 .  

- ..- - - ' 
� 
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2 2  LLUUR SAMPLE STUDIES 

TAIIL� 1 •V I. • �onc ludod 

Tempurdturo, II (°C) Apperonc aso , � .y .  (r) 
1 50 1 5 , 1 5 ,214 (vouLculor 8laaa , 19 mal l J • O.U256 

� 

803 UlO) 5 . 37 ! 0 . 1 5  0 . 903 ! 26 .. 0 . 1 :14  I 58 720.0 ! 320 , 0  0 . 1  .. 

903 (630) S . 27 � . 1 0 . 8JO ' 1 8  . .  . 1 86 ' 1 8  U 7 , 0  ; 1 6 . 0  • 7 d2 . s  1 o . z  

99) (720) ! , 26 ! ,0) 1 . 046 ! 8 .. . 1 )6 • s 1 1 2 . 2  ' 4 , 1  2 . 2  d l . 9  ' , I  
IOU (820) S . 24 t .0) 1 , 0¥6 ! 7 .. • 0979 ! l l  1 0 1 . 0  • 1 , 5  4 , )  •1 . 2  ' , I  
1 1 73 (900) 5 . 28 • .04 1 . 600 ' 1 5  . .  • 0852 ! 14 1 10 . 1  • 2 , 9  3 . 2  dl . 7 ! , I  
1263 (990) 5 . 20 • .01 1 . 847 • 1 2  . .  . 0 7 l6 • 21 22S ,2 t 6 . 3  2 .8 d2 . o  t . 2  
1 :15 )  ( 1 080) - . 16 � . 04  2 .841 • 2 3  . .  • 0608 t 4 305 .o • 1 . 4 1 1 . 8 .. 
1 4 1 )  ( 1 140) 5 . 16 ! .04 1 . 369 ! 1 2  . .  .0387 ! ) 2!0.4 ! 1 . 2  1 2 . 9 .. 
141l ( 1 200) 4 .8 1  • • 01 • 776 • 4 .. .027S • 1 2  270.0 ' 1 2 , 0  1 . 5 . . 
1583 (I )10) 4 .82 ' .08 .65) ' 1 4  . .  .0210 ! 71 840.0 ' 260.0 .2 . .  
1 723 (1450) 4. 77 ! .06 • 568 ' 1 3  . .  • 0254 ' 62 660.0 • 1 70 . 0  . 2  . .  

Total S . l6 I ,  70 O.OS4 2 ) ) . 2  40.0 . .  

1 501 5 , 1 5 ,26 (vesicular &llllla ,  2 4  mal 1 J • 0.0256 

803 (5)0) S .29 ' 0 . 1 1  1 , 0]4 • 35 .. 0 . 2 39 ! 1 7  1 02 .8 ' 7 . 9  0 . 7  d2 . o ! o . z  

903 (630) 5. )5 ' . 06 .682 • II .. . I  38 ' 7 50 . 2  ' 3 . 2  1 . ]  
d , 7 7  ' . 1 0 

99) (720) S . l4  ' .0] I. l i S  . 1 9 .. . I l l  ! 3 94 . 4  ! 2 . s  2 ,  I d , 88 ! . 08  
1073 (800) 5 . 25 ' .04 2 . 467  . 26 .. .0962 ' 1 8  1 8 i .6 ' ), I ) . 4  d, 99 ' . 08  

1 1 1) (900) 5. 20 ' .01 ) ,000 ! 1 9 .. . 0819 ' 1 7  255 .9 • 5 . 1  2 . 6  dl . )  ' . 2  

1 263 (990) 5 . 1 5  ! .0) 2 .476 2 1  . .  .osoo ! 20 )29.6 ! 1 2 , 8  1 . 9 d i . Z  ' . ) 
135) ( 1 080) 5 . 20 ! .03 4. )5) 28 . .  .0472 ! ) 5 5 3 . 0  ! 2 .  7 9 . 1  .. 
1 4 U  ( 1 1 40) 5. 14 . . 03 2 . 279 18 .. . 0 )08 . 9 454 . 5  • 1 2 , 4  4 , 1 . .  
147) ( 1200) 4 .84 • .0) . 92 1  9 . .  .0098 ! I I  690.0 ' 1 20 . 0  . 2  . .  
1 72) (1450) 4 . 9 1  ! .05 1 . 068 1 9  . .  .CJI ' 9 . .  . 2  . .  

Total 5. 18 3.04 0. 052 365 . 2  2 5 . 6  . .  

1 50 1 5 , 1 5 ,5c (matrl•, 60 mal ; J .  0 . 02982 

7 7 3  (500) 5 . 25 ! 0 . 08  0 .  74 ' 0. 1 5  . .  0.45 . ' 0,09 )I.  3 ' 0. 9 1 . 6 d
0 , 98 ' 0 . 0) 

873 (600) 5 . 28 ! .05 .45 ! . O J  . .  ,281  ' . 0 1 9  1 5 . 1  ! . 2  2 . 9  d , )5 ! . 01 
973 (700) 5. )I ! ,0) .58 ' . 01 .. . 1 5 3  ' ,00) )1 . 4  t . ) 4 . 3  d , 5 7  ! . 01 

1 04 3  (770) 5 . 2 7  ' .0) 2. )I • . 0 )  . .  .086 ! . 002 162 . 8  • 2 . 6  ) . 9  di . 06 • . oz 
1 1 23 (8�0) 5 . 22 • ,02 4 . 94 ! .07 . .  .060 ' .001 444 . 7  • 7 . 2  2 .8 .. 
1 1 93 (920) 5 . 25 ! .02 6,08 ! . I> .. .OS> ! .002 555 .6 ! 8 . 4  2 . 4  . .  
1 27 3  ( 1000) 5 . 1 7  ' .0) ). 87 . • 1 4  . .  .0]4 ! .002 53� ! 28 1 . 8 .. 
1 34) (107C) 5.25 ' .02 8, 71 • .28 . .  .046 . .00) 968 ' 55 II, 7 . . 
1393 ( 1 1 20) 5 . 1 9  ' .02 4 . 1 3  ! .05 . .  .022 • .001 950 • 24 7 . 7  . . 
1473 (1 200) 5 . 07 ' .0) 1 . 62 ' . 04  .. . 0 1 4  • .001 66l ' 46 1 .0 .. 
1553 ( 1 280) s. 19 ' .04 2 . 1 8 ' • 07 . .  .019 ' .001 587 ' 3 1  . s . .  
1 74) ( 1 470) 4.89 • . 05 1 . 42 ' . 4 3  . .  . .  . .  . 02 . . 

Total ), 22 5 . 0  . .  0 .044 .. 40.6 . .  

�e 18Arc! 17Ar ratto was calculated asHumlnft that 18Ar orlslnotPs solely from cosmosenlc Ar ( (  16ArJ 18Ar) c • 0 . 61)) and t rapped Ar 

( (36Art38Ar) t • 5 , 35 ) .  The correopondn8 18Ar0/Ca ratlo lo given by 38Ar/C• • 4 . 1 4 • 10
"1 • J • c 18Ar/17Ar) cm3 ot .. ndard temperature 

preaoute (STP) /gm Ca , vhere J Ia the lrradlotlan coe f l l c lent (re f .  1 •2 1 ) , 

bAmo!Jnts tn .m l t a  of 1o·8 cm1 StP/a. Uncerta1nty tn absolut� amoW\ta ls •20 ptorc::ent . 

01 • 5 . 305 • 10" 1 0  y" 1 , 10 • 0 , 585 • lo" 1 0
y

" 1 , 4°K/K • O , Q I Iq percent . 

J • (e�e.p ( A.t) • t ) /&0Ar!19Ar•) . No cottect lon applied for t rapped/cusmogenlc 40Ar except \D1der (d) . 
dApparent agea ralrulated aooumlns (40Art16Ar)t • 0 . 9 1  for trapped component L k and c40Art 16A.-)t • I, I' for Zlc , 2Jd ond 2 & ,  

3 1!Arc is in the low-temperature release . evidenced hy 
low 31! Arcf3 1 Ar ratios and suggest ing that some of 
the Ar loss OCl'llrred after the main period or cosmic 
ray exposure of the fragments.  The d�emical simi
lari ty  of glass and matrix (section entitled "Minera· 
logy and Petrolobry" )  suggests that the glass was 

·���------------

formed hy mdthg and l i thi fication of a preexisting 
soil. Such an event couiJ certainly acwunt  for the 
extreme Ar loss in this sampk .  However. it should he 
noted that 50 percent of the art i llciaiJy indlll'Cd 
31J Ar* was released hy H73 K (htJO" (' ) in hoth dasts. 
and i t  therefore seems qmte possihle (ref. 1 ·22 )  that 

�·� !'.'J.>r-touucwtJ...JTY o�· THS 
; . : ' " ' ' -' .·\ ' ,  PAG[l; IS PooR 
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sumo uf the loss could he accounted for hy solar 
lwat ln�. 

In the last I S  p ... rccnt uf 39 J\r"' release from �Jh. 
tlw 4 0 1\rll'/ 3 9  1\r'� ml iu reaches a mean value cllfi'C· 
sponding to an ;�!1parent a��· uf .t7 1  ± 0 . 1  :2 h .y . This 
must be rcgardclt as a lmwr l imit  tu  thc. original 
crystalliza tion age. The high·tcmpcratun� rell�asc from 
Sh ( I  07.1 to 1 57.1 K (H00° to 1 300° (' )) corrcSJlOIHis 
to an 40 A1·.39 J\r age of �1 .4 ± 0.::! h .y . Because nf t he 
extreme degree of 'tO Ar"' loss :tncl t he lnw K content 
of Sb . this age is rather inaccurate and again must he 
regarded as a lower iimil to the original crystallization 
age. 

The major release of cosmogenic Ar occurs :it high 
temperature . and well·denned . but distinct , 3 11 Arc/ 
3 7 Ar plateaus are obtained for both clasts. Based on a 
nominal 3 8Arc production rate llf 1 .4 X I 0 - 8 cm3 
standard temperature pressure (STP)/g Ca/m .y. (ref. 
1 ·2 1 ) . exposure ages of 490 m.y .  (23b) and I�QO 
m.y . (Sb) are calculated . Ages based on total 3 8Arc/ 
3 7 Ar are respectively 400 m .y . and I 050 m.y .  and 
refl�ct some 20 percen t  3 8 Arc loss. 

The Ar dat:l for the matrix (Sc) and t he glasses 
(23c, 23d , 26) are dominated by t rapped Ar. and age 
inform.dion is Jess clear. A graph of 40 Ar/36 Ar 
against 39 A r•;J 6  Ar (fig. 1 · 1 2) reveals 311 apparent 
correlation for glasses 23c and 26, corresponding to 
isochron ages of 1 .2 b .y. and 0 .8 b .y . The correlations 
are largely denned by relatively low temperature 
points (<9273 K (9000° C)) and are subject to nu· 
merous interpretations. Sample 23d shows no correla· 
tion. The frothy glas� contains many smJII l i thic and 
mineral inclusions. and it is suspected that the low· 
temperature release. being relatively iow in trapped 
Ar. may be dominated by these inclusions while t he 
glass i tself may be responsible for the greater propor· 
tion of trapped Ar in the h igh-temperature Ar. I t  
seems likely that the isochron ages may represent at 
best an upper limit to the age of the glass. on the 
assumption that the lithic clasts were largely out· 
gassed at the time the glass was mel ted. The 40 Ar/ 
36 Ar ratio of the trapped Ar in the glass is I . 1 7  ± 
0.04. as indicated by the Intercept i n  figure 1 · 1 2 . This 
is 0.20 ± 0.06. higlter than the corresponding ratio for 
the matrix .  The difference could have resulted from 
the homogenilation of trapped Ar and radiogenic Ar 
withh• the glass at the time of i ts formatit)n and to 

6 

8 -

6 

0 
(b) 

6 

lei 

12 
1 0 8  o.! o-tt'ii 8 

J _ _ _ __ .L� _ _  L _ _  I - . I . 
. 02  . 04  

1 
. Ob ..1 - - -� . 08 

Figure 1 · 1 2 . ·  l socl\ron diagram of 4°Ar/36Ar and 
39 Arfil/36 Ar for At from vesicular glasses 2Jc. 2Jd. and 
26. The numbers represent temperature in units of I 00" C 
(TK = Tc + 273. 1 5). The slopes of the isochron for 23c 
and 26 conespond to ages of 1 .2 and O.M b.y ., respectively. 
No conclation is observed for 23d ,  and the dashed line 
drawn conesponds to the same apparent age as 2Jc. The 
correlations appear to Indicate t.utgassing of the glass or of 
Inclusions within tile glass within the last 1 .0 h.y. It has 
been tentatively infcned that the glass formed at 1 .0 h.y. 
or later. but the corrctatlons could rellcct reumt solar 
heatln�o�. (11) Sample I SOfS.2Jr. (b) Sample ISOIS .23d. (c:) 
Sample 2502S.26. 

this extent is consistent wi th the glass hl'ing I dat i vely 
recent . 

The matrix sample (Sc:) do�s not yield a well
defined correlation of 4'0 /\r/3fi J\r and :l <J  J\r*Pt' ,\r .  
Above I :!�3 K (QS0° C). the yield is ent irely li llllli-
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24 LUNAR SAMPLE. STUDIES 

n:ttcd by trappcrl Ar with a 4 0 Ar/36 Ar ratio of 0.97 
± 0.04. A11parent :tgcs for the low-tcll\pcraturc release 
steps arc calclllatcJ assuming a trapped component of 
this composition and arc included in table I -VI. The 
apparent ages arc l.ow, reflecting Ar loss, as ob">crvcd 
for the clasts and possibly for the glass. 

Tltc prcdothinance .. f trapped Ar in the ma,rlx and 
glass precludes an accurate estimation of. an 38 Ar ex
posure age for these smnplcs. The 36 Ar/38 Ar-ratio 
(table 1 -VI) decreases by a fcw..per.cent in the higll· 
temperature release. which is consistent with a .small 
cosmogenic contribution. An 38 Ar/36 Ar alld 37 Ar/ 
36 Ar correlatii.Jn diagrat11 (fig. 1 - 1 3) appears to indi· 
catc the absence of cosmogenic 3 8 Ar in the low
temperature release (approximately 1 0  percent of 
total 37 Ar release). Tbe 38Arf36Ar ratio in. the high· 
temperature release increases with increasing 37 Ar/ 
36 Ar in a fashion appwximatcly consistent with the 
presence of cosmogenic 3 8 Ar. The data for both 
matrix and glass do not appear to be in conflict with 
an exposure age similar to that of 23b, but the total 
variation in 38; rf36Ar is only a few percent. In view 
of the possibility of fractionation effects at this level 
due to thermal diffusion, it is not possible to make 
an}' precise comments on the exposure age data of 
matrix and glass. 

The results of these measurements provide a num
ber of constraints for models of the possible history 
of I SO 1 S .  but they do not define a unique history. 
The constraints arc as follows. 

1 .  The higll-tcmperaturc 40 Ar*/39 Ar* ratios from 
the Fra Mauro basalt clast (23b) indicate that the 
parent rock crystallized at 3 .7 ± 0. 1  b.y. or earlier, 
predating the Hadley Rille mare basalts (refs. 1 -23 to 
1 ·26). 

2 .  The variolitic basalt (Sb) crystallized at 3 .4 ± 
0.2 b.y .  or earlier. 

3. Although no marc basalt clasts from 1 SO 1 S 
have been dated. their presence (section entitled 
"Mineralogy :md l>ctrology") indicates that the br�c· 
cia formed after the basalt flows had crystallized. If 
the marc basalt fragments are locally derived, this 
would imply that the breccia formed more recently 
than 3 .3 b .y .  ago (refs. I -23 to 1 -26). 

4. the variolitic basalt clast (Sb) has an exposure 
age of 1 290 m.y .. greatly In excess of that of the Fra 
Mauro basalt clast 23b, 490 m.y ., and also greatly in 
excess of neon-21 e 1 Nc) exposure ages Inferred for 
the matrix (noble gas data). This implies a prcirradia· 

_..=.....:..... --' 

0.22 

. 21 L, 
.. 

""<· •-Sc .... 
-.:: . 20 D 23c <D<.- • 23d .... 

0 26 0 00 

. 1  • 3 . 4  

Fi�ure 1 · 13.· Correlation diagram o r  38Ar/36Ar and 
7 Ar/36 Ar for matrix Sc and glasses 23c, 23d, and 26. The 

Ar is a mixture of trapped Ar (38Art36Ar = 0.1 88, 
37 Ar/36Ar = 0) and cosmogenic Ar produced predomi· 
nantly from the bombardment of Ca (38Ar/36Ar "' 1 .6, 
37 Ar/36Ar -F 0, inversely proportion:1l to exposure age). 
For all samples, the low-temperature release lies on a hori· 
zontal line, reflecting the absence in dtcse (Ca) sites of 
cosmogenic 38Are and 36Ar. The hi�ter temperature 
pointS show the release of cosmogenic 3 Arc and 36Ar in 

amounts applOXlmately proportionlll to tlte amount of 
37 Ar (= Ca). The upper line cotresponds to an exposure 
age of 1 000 m.y. irradiation coefficient (J = 0.0298) or-
1 160 m.y. (J = 0.0256). The slope of the middle line corre· 
sponds to an exposure age of half this. The absence of 
cosmogenic Ar in the low-temperature points appears to be 

at odds with the obServations ot radiogenic 40Ar (fig. 
1 - 12). 

tion of clast Sb f'lr at least 800 m.y. before incorpo· 
ration in the breccia. Such a history of preirtadiation 
combined with the 40 Ar*/39 Ar* age indicates that 
1 SO I 5  was formed more recently than 2 .6 ± 0.2 b .y .  
ago from a mature regolith . Petrologic considerations 
(discussed 1.':-.rlier) suggest that this regolith was lo· 
cally derived. In view of the late date of the lithifica
tion in comparison to the time of basalt exttusion. lt 
appears likely that lithification resulted from meteor· 
ltc impact. 

S. The 40 Ar.39 Ar isochron ages of 23c a�d 26. 
around 1 .0 b .y . ,  may represent the formation time of 
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tlte glass and also the time of the lithification, aJ. 
though this interpretation is speculative. If the glass 
does date from this time, it is apparent from tlte track 
and 3He measurements (discussed in following sec· 
tions) that the sample remained buried at depth until 
quite recently . 

Cosmic Roy Tracks 

Combined high-voltage and scanning electron mi· 
croscopy, previously applied to Apollo 1 1  and 14 
breccias (refs. 1 -27 and 1 -28) have been used to study 
both radiation damage features and various textural 
features in indiridual grains from breccia 1 5015 .  

Preliminary 1 -MeV electron microscope examina· 
t ion of micron-sized grams extracted from . the 
bottom chip, 15015,1 5 ,10, yields the following 
results. 

Ill 

1 .  Less than 1 0  percent of the grains appear as 
totally amorphous, but a much higher proportion 
shows evidence of shock (i.e.,  diffraction patterns in· 
d lcative of disorder and deformation bands in --···
pyroxenes). 

2. No evidence exists for ultrathin amorphous 
coatings or high densities of latent tracks characteris· 
tic of highly irradiated particles in mature . .  soil 
sampl�s. 

3. Approximately 30 percent of the grains contain 
microcrystallites (fig. 1-1� simil!!r to those found 
both in .artificially heated lunar 1 ust grains and in 
mildly metamorphosed Apollo 1 1  and 14 hreccia�-
belonging to groups 1 and 2 (ref. 1 ·29). 

P-olished sections from two exterior chips, 
1 5015 ,1 5 ,10 C:.lottom) and 1 50 1 5, 15 ,22 (top), have 
been irradiated with a californium (252Cf) source to 
induce fission-fragment tracks and then examined by 

fbi 
z .,.m 

Figure 1-14.· l ·MeV electron micrographs of crystalline grains loaded with mlcrocrystaUites. (a) Dark field. (bJ Bright neld. 
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an SEM. Gradual etching was used to reveal both arti· 
tical and fossil tracks successively in glass. feldspars, 
and pytoxencs (each mineral phase being identified 
with the electron microprobe attachment of the 
SEM). The main results are as folloWs. 

t .  A very slight etching quickly Jissolves the line· 
grained matrix that presumably cortsists of glassy or 
highly disordered grains. Glass is also found irl vesicu· 
tar veins and in numerous :mgular clasts. and cortsti· 
tutcs the external coatings of the two chips. All intc· 
rior glassy grains have fossil track densities of approx· 
imately to6 tracks/cm2. I.Us almost impossible to use 
the exterior glass coating as a h .tck detector because 
high concentrations of vesicular bubbles are superim· 
posed on the track distribution. Therefore, no track 
density gradient can be identified, and an approx
imate estimate indicates the density p is of the order 
of 1 07 tracks/cm2. The very heavy exposure age of 
the-glass coating is therefore < 1  o7 years. 

2. Feldspar grains are very scarce , very small (<10 

0. 1 mm 

pm). and surrounded by a much larger area of dis· 
ordered mineral phase of anorthosite composition 
(fig. 1 - 1 5). Eleven such )U'ains have been found with 
track densities at the centers ranging from 1 07 to 4 X 
1 o? tracks/ cm2 . 

3 .  Pyroxene grains arc highly fractured and have 
track densities at the center ranging from about 1 o6 
to 4 X 1 08 tracks/cm2 . 

In a previous study of Apollo 1 1  and 1 4  breccias, 
two distinct groups of breccias were defined in terms 
of track metamorphism (re fs. 1 ·27 ...and 1 -28) as 
follows. 

1 .  The mildy t'nctamorphosed breccias still con· 
tain radiation damage features due to the irtdividual 
irradi:ttil)n of their constituent grains in solar t\uclear 
particle fluxes before brecciation. Such features 
appear either as high densities of latent nuclear parti· 
cle tracks (approximately 101 1  tracks/cm2) or as 
very small crystallites similar in size to those formed. 
iti. artificially heated mature lunar dust grains. These 

<. .,.m 
Figuie 1 · 1 5.· Scanning electron microgl:lphs bf a polished section Chat has been ctdll'd to reveal h:ll'ks In MdsJHII'S. (a) 

Aluminum X·ray scan superimposed on a backscattercd electron scan. The arrow indicates the locatinn of a feldspar grain uf 
hlgl\ track density In a rich Al·bearlng mineral phase. (b) MkrngraJlh of the same feldspar grain nf high track thmsity. 
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breccias are also characterized by high dertsities (ap· 
proximately 1 o9 tracks/cm2) of etched t racks at the 
center of 100·/Jnt grains. 

2. In the stronglv metamorphosed breccias, no 
remnant of the ptebrcccia solar irradiation is found, 
and the track de'nsities of about 107 tracks/cm2 seem 
to be due to the exposure of the whole breccia to 
galactic cosmic rays. 

Rock 1 50 1 5  is intermediate between these two ex· 
treme groups. It contains tl'icrocrystallites sin1ilar to 
those observed in mildly metamorphosed .breccias but 
much larger in size . Furthermore, the track densities 
in feldspars and pyroxenes ate spread over two orders 
of magnitude, in striking ci.'litfast to the narww range 
of values observed for the second grouP. of breccias. 
These "intermediate" characteristics suggest either 
that the breccia has been formed from a mixture of
mature and . nonmature soil or that a non thermal 
process has also been responsible for the track meta· 
morphism. At p.1.esent, the second explanation is pre· 
ferred, because several textural features (extensive 
fracturing, lattice disorder) support the hypothesis 
that rock 1 SOl 5 has suffered a strong shock event 
that could have severely affected its track distribu· 
tion. 

Noble Gases 

Concentratit>ns and isotopic compositions of He, 
Ne, and Ar were determined by mass SlJectrometry of 
three matrix samples and of one clast sample of 
1 5015 , 15  (table l ·VII). 

The spallogenit and trapped Ne components are 
evaluated by assuming a 22Ne/2 1Ne ratio of 1 . 10  ± 
0.05 In spallogenic Ne and one of 32 ± 1 in trapped 
Ne. These calculated concentrations are given in table 
1 -VII. Together with the chemical composition given 
in table 1-11 · and respective elemental production 
rates, the 2 1 Ne exposure ages are computed (table 
1-Vll). Within limits of error, the 21 Ne exposure ages 
of the three matrilt samples and the clast sample agree 
with each other. Unfortunately, the chemical compo· 
sltion of the clast was not determined, which renders 
the 21 Ne exposure age uncertain •1espitc the com par· 
atively small ertor of the spallogcrtlc 2 1  Ne com· 
ponent. 

The predominance of trapped Ar renders the cal· 
culation of the spaUogenic Ar components uncertain, 
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except fi:lr the clast sartlple . Assuming an 36AfJ38At 
ratio of 5 .35 ± 0.05 for trapped Ar and ona of 0 .65 ± 
0.03 for spallogcnic Ar, a concentrlltion of spal· 
logenic 3 8Ar approximately 30 X ·t o- 8 cm3 STP/g is 
calculated for the clast. Spallogenic 38 Ar is also 
clearly present in the bottom.and top san1ples, but 
the quantities are uncertain. With a Ca concentration 
in the clast assunuul to be equal to that in the matrix, 
an exposure age of 290 ± 20 m.y .  is determined. 
Using the formula for the production rate of 38 Ar. 

_ given by reference 1 -3 1 ,  an .exposure age of 203 ± 56 
m.y .. is obtained. An evaluation of the radiogenic and 
trapped 40 Ar components is not [!ossible. As seen 
from the measured. 40 ArJ36 Ar ratios, a single 40 Ar/ 
36 Ar ratio in the Ar initially trapped and a constant 
concentration Of r.adiogenic 40 Ar can both be ruled 
out. This is presumably due to an inhomogeneous K 
distribution.  With the K concentration given in table 
1 ·11, aP.proximately t0-4 cm3 STP/g of radiogenic 
40 Ar would be expected if the sample had retained 
Ar for 4 b .y .  Clearly , the clast sample has either re· 
tained Ar for a shnrter period or i!! depleted in K. 

Concerning the composition of the He in the 
1 5015  samples, the following obServations are made. 
The 4He/3He ratios of trapped He in lunar fines are 
around 2800, and the. 3HeJ21 Ne ratio of spallogenic 
gas, around 6. Thus, a substantial deficit of 3He is 
evident in all samples. Also, the measured 4Hc/20Ne 
ratios are lnw compared to lunar soil values of ap· 
proximately 20 to 50. TJ- 'S indicates also a substantial 
deiicit of 4He. Taken together and considering that in 
lineer heating experiments trapped He is more readily 
teleased than spallogenic 3He (refs. 1 -32 and 1 -33), it 
is concluded that only a minor fraction of trapped He 
initially present has been retained. Thus, precise de· 
termination of the components is not possible be· 
cause of the substantial loss of l:te in :ttl three cases. 

With respect to the different events te�orded by 
the noble gases in the breccia, these findings can be 
interpreted as follows. The occurrence of solar Ne 
and Ar indicates that the matrix of the breccia 1 50 1 5  
contains constituents that were exposed to solar ir· 
radiation as finely dispersed material befote forma· 
tion of the breccia. The 21 Ne and 3 8 Ar exposure ages 
of the matrix and the clast arc 280 ± 25 m.y. The 
deficit of spallogeliic 3lfc indicates a recent degassing 
event. Compared to solar He, Ne, and Ar in lunar 
fines, the bieccia contains not only concentrations 
lowered to a variable degree but also severely altered 
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TABLE 1 •VI I. • NOBLE GASES RELEASED FROM 1 501 5 ,  15 , TOGETHER WITH CALCULATED EXPOSURE AGES 

[ Al l  units in 1 0"8 cm3 
STY/g unless- oth�rwise indicatedl 

I � I 4He [ 2�e -� 2 1���_l��22Ne��-
-

3�Ar I 38Ar I 
Top ( 1 501 5 , 1 5 ,20) ; 3.06 mg 

32. 8  :t 1 . e 21 400 :!: 1 000 9620 :!: 450 63 :!: 3 

�32 - 8  - - 3 7  :!: 7 39 :!: 6 -- - - 9580 :!: 450 24 :!: 7 

�33 .. -- 250 :!: 40 

Middle (1 501 5 , 15 , 14) ; 3 . 04 mg 
68 ± 4 1 67 000 :!: 9000 24 900 :!: 1 300 1 04 :!: 7 

�6& -- 40 :!: 20 42 :!: 1 9 -- .. 24 900 :!: 1 300 62 :!: 20 
�68 r -- 270 :!: 1 20 

Bot tom ( 1 501 5 , 1 5 , 4 ) ;  3. 35 mg 
100 :!: 4 274 000 :!: 10 000 45 000 ± 1 600 1 60 ± 8 

� 1 00 -- 47 ± 1 I 59 :!: 1 0  -- -- 45 000 ± 1 600 1 1 1  :!: 1 3  
�100 -- -- 3 1 0  ± 70 

Clast ( 1 501 5 , 1 5 ,27) ; 16.57 mg 
2 3 . 0  :!: 0 . 3  29· 300 ± 300 251 ± 3 4 1 . 2 :!: 0.6 

�23 .. 38 . 7  :!: 2 . 7  40 . 7  :!: 2 . 0  -- -- 212 :!: 5 0 . 5  :!: 2 . 0  -- -- -- --
�23 -- -- 269 :!: 1 2  

L_____. -- ·-

820 :!: 40 1 1  900 ± 600 

42 :!: 7 - -

780 :!: 43 1 1  890 :!: fOO 
- ·  · -

2030 :!: 1 20 Lost 

46 :!: 20 . .  
1 990 :!: 1 22 - ·  

- -
·

-

3620 :!: 150 f4 500 :!: 900 

54 :!: n - -
3570 :!: 150 24 500 

r · 

- -

60.9 :!: 0 .9 16.9 ± 2 
I 

44 : 8  ± 3. 1 20.0 :!: 1 . 7  
1 6 . 1  :!: 3 . 2. 1 49 :!: 2 : 6  -- --

-- - -
---- --- - ---- ·-

2240 ± 1 1 0  

- -

·2220 :!: 1 1 0  
--

--
- ·  

--
--

4640 ± 200 
I --

4570 :!: 250 
- -

56 . fl :!: 0 . 9  

30.8 ± 2 !2 
n:8 ± 2 . s  . .  
b203 :!: 56-

290· :!: 20 L..._ _____ 

-rroductiGD rates. fr0111 Bogard et al . (ref. 1 •30) , but P(38) • 1 .4 " to·8 cm3 
STP (g ea)"·l a.y . r l  

bProduct1GD rated acct'rdtng t o  Weber (ref. 1 •3 1 ) .  

40Ar 

23 00 :!: 1 000 

--
--
--

.. 
--
--
' 

23 900 :!: 1 000 

- -
--
--

5690 :!: 250 

--
--

;5400 ' --: 

N OC> 

r ,... 
z :> :;:c-
:;n :> � ""C r :T. 
tn-:j c 
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abundance patterns. The bottom sample shows the 
least depletion and the clast, the turgest. 

It is interesting that th<! degree of depletion is par· 
alleled by an alteration of the elen1en.t abundances. 
This change in the element abundances shows that 
the varying concentrations are not solely caused by 
differences in matrix grain size. It is tempting to in· 
voke thermal differences as the reason for the solar 
gas pattern observed. The loss of spallogenic 3He 
seems to be larger in samples closer to the top of the 
rock. A concentration gradient is also observed for 
trapped noble gases_ The loss ._.f noble gases may have 
occurred during the heating caused by the coating of 
the rock with glass. However, comparison of the 
noble gas abundance patterns in I SO 1 5 to those in 
lunar fmes sl1ows larger variations than those ob· 
served during linear heating experiments. this may 
indicate that shock events played an essential role in. 
the alteration of the initial abundance patterns. 

Carbon, Nitrogen, and Sulfur 

Three small samples of the breccia from the top, 
middle , and bottom of the rock were analyzed for C. 
S, and N (table t -VIII). The value for C is in the range 
of other measurements of C content for Apollo I S  
samples (ref. 1 -34). Little variation was found. and 
the average value for three samples {table I-VIII) is 
12 1  parts per million {ppm). This C content is only 
29 ppm lower than the measured value of four fines 
from the same station (st:ttitln LM . ref. 1·34). The 
average S content of the three samples is 630 ppm 
and is not significantly different from the S content 

of the fines at the same station (ref. 1 -35). The aver· 
age N content of the three sam)Jies iS 54 ppm; ap· 
proximately half the N content measured in the fines 
{refs. 1 -35 and 1-36). The C/N ratio in the breccia is 
2.24, whereas in the fines it is 1 .4 1 .  

All three elentertts show isotopic depletion of the 
heavy isotopes relative to. the nieasured values for 
fines samples 1 50 1 2  and 150 13  fr.om the sa1ne sta
tion. Fines average 6Cl 3 

= +'I I per mill ; booccia = 
-4.3 per mUJ ; Ss34 fines = +8.1 per mill ; breccia-= _ 
+7.1 per mill ; 6Nl 5 fines = +35 .6 per mill ; breccia = 
+0.9 per mill. The greatest difference betWeen iso
topic values in the fines and breccias is for N,  fol
lowed by C, with the least change in S. 

Petrographic and microscopic studies {previously 
discussed) indicate that coincident with, or subse· 
quent to, formation of the breccia, thermal annealing 
may have occurred. The conclusion that heating oc
curred is also supported by the very low content of 
4He. The temperature of the sample heating can be 
estimated by comparing pyrolysiS profiles obtained in 
the experimt:nts on fines sample 1 50 1 2  (ref. 1 -35). It 
is evident from this study that, at 1 073 K {800° C), 
>90 percent He, 45 percent N2, and 20 percent C arc 
lost from the sample. At this temperatute. J is negli· 
gibly affected. Furthetmore , C preferenti::.lly CJ11!ched 
in cB and N enriclied in N l 5 are released at temper· 
atures of heating from 873 to 1 073 K {600° to 800° 

C). The relatively greater losses of N 2 from the top of 
the 1ock (samples closest to 1 50 1 5 . 1 5 , 1 7) suggest 
that this section may have undergone heating to a 
slightly higher tcmp�rllture or remained heated for a 
longer period. 

TABLE 1 •VI I I . •  CARBON , SULFUR , AND NITROGEN IN BRECCIA 1 501 5 ,  OBTAINED 
EY COMBUSTION IN PARTIAL OXYGEN ATMOSPHERE 

Sample Location in 
no. consortium slab 

1501 5 , 1 5 , 1 7 Top 
1501 5 , 1 5 , 7  Middle 
1501 5 , 1 5 , 3  Bot tom 

Average 

BpDB • Pee Dee belemnite . 
bc.o. • Canyon Diablo. 
c:

co
2 

repurified. 

dBelow detection limit .  
elmpure . 

. .. . ... .. .... . . ....... . 

Wei ght , c ,  6c
13 

8 ppm PDB 
(a) 

0. 5568 1 3 1  c .2 , 8  
.6 393 1 2 1  ·4 . 5  
. 4607 1 1 0 •5 , 5  

. .  .t2 i  ·4 . 3  

s ,  6s34 N, 6N1 5 He 
ppm C . D .  ppm atr  pp m 

(b) -
673 7 . 4  42 • 1 , 5  

d 
586 7 . 6  6 1  3 . 2  < 

628 6 . 3  59 (e) 

630 7 . 1  54 . 9  
'---

f . 1 
:; 1 i ' • .  1 
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Methane and Carbide tive to carbide ; C04/CH4 tatios uj> to approxitnately 
21 have been observed (rc:fs. 1 ·38 and 1-39). The 

Interior .;amples from the top, ntiddle, arid bottom . highly vesicular appellrance of the top surface uf 
of the slab were examiitcd by dissolution in deute· 1 S0 1S  is strongly indicative of a ihermal lrlechanism 
rium chloride (DCI) (38 percent in deuterium oxide) ; rather than a shock process for the removal of volatile 
the CH4 and CD4 releaSed were analyzed quantit::.· species. The materials comprising the interior and 
tively by gas chromatogral>hY (table 1 -IX}. The bottom of 1 S0 1S  have progressively less violent his· 
amount of curbide (hydrolyzable C) indicated by the tories. Even so, the middle underwent a process sim· 
CD4 is essentially the same in each sample ; however, ilar to agglutination and the bottom, an ev.cnt like 
the CH4 (methane trapped gas) concentration is that usually accompanying the formation of group 0 
much less in samples fr.om the highly vesicular top to 1 regolith breccias or soil microbreccias. Unmet:k 
portion and from the center of the rock. This obser·--lnorphosed breccias exhibit low CD4/CH4 ratios (ap· 
vation is paralleled by the ligl1t rare-gas conccntra· proximately 4.0) approximately equal to the ratio!! 
tions and total . .N measuremems (discussed earlier). observed for bulk soil and constant \Lith volatile.CH4 
The ratio of volatile to involatile C (C04/CH4 ratio; retention (refs. 1 -38 and 1 -39). 
bottom 7 .3, middle 26.0, and top oo) suggests that a Formation o£.. 1 S0 1 S  from local soi1.(1 S04 1 ; CD4 : 
preferential loss of the volatile species CH4 from the· 23.5 p.g/g; CH4 : 4.6 p.g/g) by lithification at a ten.lper-
uppertnost sections o£..1 SOl S  oc.curred and that pre· ature of approximately 1073 K (800° C) would result 
sUill.ably this rock has experie:iced a thermal gradient. in the observed reduction in the carbide content (ref. 

these results are consistent with the following his· 1 -40). Indeed, the material constituting the 11latrix of 
tory {or 1 50 1 5 .  The rock is a metamorphic breccia; the breccia lias a bulk chemistry that is identical to 
urJike the Apollo 14 metamorphic breccias, which th:tt of thr local soil ( 1 504 1) (ref. 1 - 1 1  ); thus. 1 SOl S  
wete formed front a soil containing only a small por· ntay have been f'or111cd by an impact occurring at the 
tion of mature regolith (ref. 1 -37), it was compacted Apollo 1 S site. The similarity in the absolute amounts 
from very mature fmes. of carbide for the three sections of l SO lS  suggests 

The material constituting the top of 1 SOl 5 has that volatile fractionation resulted from the top sec· 
experienced a pro,:ess more violent (higher tc!Ppela· tion of the rock being at an elevated temperature for 
tures or longer time) than during the formation of --a longer time (i.e., the bottom of the rock had a more 
highly vesicular gla.ssy agglutinates. Aliquots of such rapid rate of cooling) rather thar. fwm an Increased 
particles selected b.Y microscopic appearance or by temperature. The circumstances leading to the ob· 
density/magnetic pmperties from the lunar fines servtld temperature gradient within 1 50 1 5  arc pres· 
show considerable Cractionation of volatile CH4 rela· ently not understood. 

TABLE 1 •iX . • QUANTITIES OF METHANE ANb D£UTER.IUM CAiBIDE REL�SED BY 
DISSOLUTION 1� DEuTERIUM CHLORIDE 

Sample ne1 . Locat ion in Weigh t I g CD4 , �g/g CH4 ' �g/g CD4 / CH4 
coasort ium slab 

1 501 5 , 1 5 , 2 1  Top 0 . 0728 1 4 . 6  < 0 . 0 1  <.'0 

� �0 1 5 , 1 5 ;2 1  Top . 0573 1 5 . 3  < , 0 1  "' 

1 50 1 5 , 1 5 ,6 Middle . 0098 1 6 . 6  . 64 26 

'I 501 5 , 1 5 , 2 A  .Bottom . 0082 1 5 . 0  2 . 0  7 . 3  

I 
L " 
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X-Ray Plwtoclectrrm Spcctro.w:opic Studies 

Three types of sautpl� surface from two chips of 
rock. E01 5 , 1 5 ,8 and .  1 50 1 5 , 1 5.:29, were ex�mincd. 
These were an exterior glass face frot11 the bottom of 
the. rock and interior chipped and sawn surfaces. 

Intense signals due to oxygen (0) and..C were ob
tained in the XPS analysis of the exterior surface. 
Oth�r peaks identified included Ca, silicon, (Si). At, 
E'e, and Mg. the presence of  all clements was con· 
firmed by detailed high-resolution spectra from the 
appropriate kinetic e_ncrgy regions of the spectrum. 
Etching at 1 333.22-5 NJm2 ( lo-5  torr) for 20 min.. 
utes using At-ion bombardment (removal of very ap
proximately 2 nm (20 A. of materiaL) reduced the C 
signal to a level just above the background noise and 
constant with a slow buildup of contamination from 
residual gases in the spectrometer. The major C peak 
in the unetched sample was presumably due to sur· 
face contamination. 

The analysis of a chi.,ped surface (gteater in area 
than the collection area of the spectrometet to ensure 
maximum sensitivity) agairt revealed a spectrum dom· 
ina ted by C. This C signal was removed by 30 minutes 
etching with Ar ions. An examination of cut faces 
yielded similar results, except in one case when the 
C/0 ratio suggested that contamination from the dia· 
mond saw was occurring. 

No evidence for the ptc:;ence of the carbidic C 
giving rise to CD4 on DC 1 dissolution (discussed 
earlier) was found, although XPS evidence for this 
species has been teported for fines and a breccia from 
Apollo 1 6  (ref. 1 -4 1).  It was �lso impossible to deter· 
mine the valence state of '·e from either its peak 
pronte or position, even in cases when the etching 
procedure enhanced the signal due to Fe. Detailed 
high-resolution study of the appropriate region of the 
spectrum also failed to reveal the presence of the N 
that was observed by pyrolysis (discussed previousiy). 

In conclusion. it appears that XPS is not sufli· 
ciently sensitive. t>t present, to detect the low concen· 
trations of C, free Fe, and N that occur in lunar fines 
and breccias. 

CONCLUSIONS 

The consortium investigation allows the following 
tentative history for 1 50 i  5 to be drawn. 

� - - -,-- - -.�- - .--.- --:- ·.- :- -�- - - --c--,-- ---- ----·-- - - --· -----

Bl' ccc ia I 5 0 1 5 is petrologically a�signed to 
Warner's group 2. It was formed from a well-mixed 
soil ; tbe ntany fragment types recognized suggest an 
origin from a shallow depth of regolith. The bulk 
chemistry of the matrix is similar to that of the local 
soil . and presumably 1 50 1 5 was derived at the Apollo 
1 5  site rather tnan being deposited there fro�else· 
where. The soil here could itself still have a large 
component of disintegrated "ray" material even 
though the breccia was generated at the Apollo 1 5  
site.. 

The varying exposure ages of both clasts and rna· 
trix indicate· a complex history before lithification. 
The presence of large amounts of noble gases, carbon 
compounds, and nitrogen. together with etchable 
tracks and microctystallites. suggests a considerable 
exposure of the constituent grains to solar wind. 

The 4 0 Ar retention ages and 38 Ar exposure ages 
considered together indicate that 1 501 5 was not con· 
solidated earlier than 2 .7 ± 0 .2 b.y .  However, the 0 .8· 
to 1 2-b .y .  age of the frothy vesicular glass estimated 
from a 40 AtJ39 Ar "isochron" very tentatively sug· 
gests that lithification occurred considerably later. 
During consolidation, the maximum temperature 
reached was approximately l 073 K (800°C} based on 
carbon chemistry and noble gas measurements. Both 
suggest. however. that 1 50 1 5  exhibits a unique thcr· 
mal gradient and that the top of the rock was main· 
taincd at a higher temperature or was heated consid· 
cr:tbly longer than the bottom . Shock events m�y also 
have played a part in the preferential fractionation of 
volatile compo11cnts from the upper regions of the 
breccia. 

· 

1-lelium-3 and the track density in the coating glass 
indicate that after consolidation 1 50 1 5  was buried at 
a depth greater than 2 m until it was ejected onto the 
lunar surface possibly as rccerttly as 30 m.y . ago. 
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2. Com position of Lunar Basalts 10069, 
10071 , and 12008 

E. Jarosewichfl ahd Brian Mason'!.---· - ·- - --- ·--··- ····- -- . . ..... --- -.... - --· 

C h emic al an alyse s, Cto� s-Iddin gs-Piruon
WllShington norms, and mineralogical and petrograph
ical data are pre..ented for lunllr basalts 10069 and 
10071 (from the Apollo 11  mission) and 12008 
(from the Apollo 1.2.J»ission). 

As part of the program for tilling gaps in the ana
lytical base for some of the early Apollo missions, 
samples of basaltic rocks 10069, 1007 1 ,  and 1 2008, 
collected during the Apollo 1 1  and 1 2  missions, were 
allo1.ated fot analysis. The results are reported in 
table 2-1 with their. Cross-Iddings-Pirsson-Washington 
(CIPW) norms. 

DISCUSSION 

Approximately 0.5  g of sample was taken for each 
chemical analysis. Silica, magnesia (MgO), lime (taO), 
total iron (Fe) as ferrous oxide (FeO), titania (Ti02), 
and manganese oxide (MnO) were determined by 
using the general procedure for silicate analysis (ref. 
2-1 ). AlumihUm (Al) was determined gravimetrically 
by precipitation with 8-hydroxyquinollne on an ali
quot from the R203 solution after removal of inter· 
ferlng ions by means of the mercuty electrode . Sodi
um (Na) and potassium (K) were determined by 
flame photo me tty ; and phosphorus (P) and chro
mium (Cr) were determined .:olorirnetrically with 
molybdenum blue (ref. 2-2) and diphenyl carbazide 

0SmlthSC1nlan Institution. 
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TABLE 2 • I . •  QIEMICAL ANALYSES AN D  CIPW 
NORH$. OL.LUNA!t BASALTS8 

Compound 
or min�ral 

(b) 10069 

Sample no. 

Compound abtmdance , wt . %  

S102 40. 4 1  40 .47 

Ti02 1 1 . 97 1 2 . 31 

Al203 8 . 22 8 .08 

tr2o3 . 36 . 33 
FeO 1 9 . 76 1 9 . 7 9  
HnO . 2 7  .26 
MgO 7. 75 1 . 56 
cao 1 0 . 50 1 0 . 63 
Na2o .55 . 54 

K20 . 3 1  . 32 

P205 . 2 1 . 1 8 

Total 100 . 3 1  100.47 

CIPW norm , wt . %  

Quartz 2 .08 2 .28 
Orthoclase 1 . 84 1 .89 
Albite 4 .66 4 . 56 
Anorthite 1 8 . 94 1 8 . 6 3  
Diopside 26 . 0!1 2 7 . 08  
Hypersthene 22 . fi 1  2 1 .69 
Olivine .. . . 
Chromitle .53 • 49 
Ilmenite 22 . 70 2 3 . 30 
Apat ite . so . 44 

Feme . 40 . 40 

12008 

42 . 58 

4 . 82 

8 .49 

. 5 3  
22 . 40 

.28 
1 1 . !19 

9 . 1 0  
. 2 4  

. 1 4 

.OS 

100 . 62 

.. 
.83 

2 . 04 
2 1 .65 
1 9 . 26 
2 7 . 73 
1 9 , 02 

. 78 
'1 . 1 3  

. 1 0 

. 46 

�. Jarosewich , analyst .  
b Sio2 • silica, A12o3 • alumina , 

Cr2o3 • chromic oxide , Na2o • �oda, K2o a 

potash, and P2o5 • phosphorus pentoxtde . 

cFem c FeO/FeO+HgO mole rat io in 
normative sil icate s .  

• •• 
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(ref. 2·3), re:;pcctl\'ely . Summations are somewhat 
greater than I 00.00: this feature has been noted by 
other analysts of lunar rocks. Some of this excess can 
be ascribed to the presence of metallic Fe, whereas all 
Fe is reported as FeO. It is possible that titanium (TI) 
and Ct may be present in lower valence states than 
reported. It was rioted that ignition of the samples in 
air results in a weight gain , which is evidently the 
result of combination with oxygen (0). to econo· 
mize on the consumption of material , sulfur (S) was 
not determined. Similar Apollo 1 1  rocks average 0.2 
percent S, and 1 205 1 ,  a rock similar to 1 2008, con· 
tains 0.09 percent S (ref. 2-4). 

R OCK.SAMP LES 1 0069, 1 0071 

Schmitt et at .  (ref. 2·5) describe I 0069 as a 1 20-g 
specimen of very fine grained, vuggy to vesicular , 
glass-bearing granular basalt aggregate (type A), and 
10071 as a 1 95-g specimen of fine-grained, vesicular 
to vuggy, glass-bearing plumose basalt aggregate (type 
AB). Ba�ically , these are hand-specimen descriptions . 
James and Jackson (ref. 2·6) have provided mote de· 
t::tiled descriptions based on thin-section examina· 
t ions . T h e y  classify both rocks as intersertal 
basalts - 1 0069 as a very fine grained hornfels ,  and 
1007 1 as unmetamorphosed .  Their modal analysis of 
10069 by volume percentage is pyroxene, 54.3 ; pia· 
gioclase, 22.4; ilmenite , 1 4.9 ; troilite , 0.9 ;  cristo· 
halite, 4. 1 ; myrmekite and residual glass, 3.2 ;  and 
apatite , 0 .2. For 1 007 1 ,  the modal analysis is olivine , 
1 .7;  pyroxene, 5 1 .5 ;  plagioclase, 20.6; ilmenite, 16 .8; 
armalcolite , trace ; troilite, 0. 1 ; cristobalite, 2.8; 
n1yrmekite and residual glass, 6.2; apatite , trace ; and 
others , 0.1 . The chemical analyses (table 2·1) show 
that the two rocks are essentially identical in compo· 
sition. The potash (K2Q) content shows that the 
rocks belong to the high K., rubidium (Rb), zirconium 
(Zr). barium (Ba), ceriurh (Ce), thorium (Th), urani· 
um (U) geochemical group of the Apollo I I  basalts 
(ref. 2·7 , p. 1 20). A noteworthy feature is the pres
ence of quartz in the norms and cristobalite in the 
modes despite the low silicon dioxide (Si02) content 
This feature Is related to the high Ti02 content. 
which combines with much of the FcO as ilmenite. 

A considerable amount of chemical data has been 
published concerning these two rocks. Ma.ior clement 
data for 1 0069 arc given hy Ehmann and Morgan (ref. 

2·8), Gules et al. (ref. 2·9), and Teta ct at. (2· 1 0).  
Minor and trace elc111ent data arc provided by Gales 
et al. (ref. 2·9), Tcra ct al . (ref. 2·1 0), An nell and 
Helz (ref. 2·1 1 ) ,  Murthy et at. (ref. 2·1 2), and 
Lovering and Butterfield (ref. 2·1 3). 

Major clement data for 1 007 1 arc given by 
Ehmann a:1d Morgan (ref. 2-8) and Gales et al . t'ref. 
2·9); minor anci trace element data. by Coles e1 al . 
(ref. 2·9), Ann�ll and Helz (ref. 2·1 1 ), Gast et al . (ref . 
2-1 4), and Tatsu1'1oto (ref. 2·1 5). Titese data are cc m· 
piled in tables 2 ·11 and 2-lll.  For sample 1 00ti9, 
n1atkcd dlscrepanc;es exist between the data of the 
::tuthors of thi� paper and those of .Ehmllnn and 
Morgan, apd Goles et al. for 0, magnesium (Mg), AI, 
and Fe. h\ all instances, the authors' measuremenrs 
are greater than those obtained by instrumental neu · 
tron activation analysis by the other investigators . 
Tite authors believe their data are to be preferred. 
because they alone provide a summation close to 1 00 
percent. The large discrepancy between the oxygen 
data see.ns certainly to be due to an error in the 
instrumental analysis, betause Ehmann and Morgan 
record 40.3 percent 0 in 1 007 1 ,  a rock essentially 
identical to 1 0069. Agreement between the authors' 
measurements and those of other investigators for 
1 007 1 is got>d to excellent. 

ROCK SAMPLE 1 2008 

Rock 1 2008 is a 58-g specimen collected along the 
traverse route between the lunar module and Middle 
Crescent crater during the first  extravehicular activity 
on the Apollo 1 2  Jitission. Warl'ler (ref. 2- 1 6) classifies 
rock 1 2008 along with 1 2009 and 1 20 1 5  as type I of 
the group I lunar basalts. These are porphyritic ba· 
salts with skeletal and t:uhedral olivine phenocrysts in ' 
a dark, glassy matrix and hav� been described as oli· 
vine vitrophyres . A polished thin section (fig. 2· 1)  
provided with the analyzed sample shows equant and 
prismatic olivine phenocrysts (0. 1  to 0.2 mm in cross 
section, up to 0.6 tmn long) in a black, opaque 
groundmass that contains dendritic skeletal olivine 
crystals (up to I nun long, but only 0.03 r.un across) 
and some red-brown titanaugite with a feathery tex
ture suggesting formation by devitrlfication. The rock 
contains 2 1  volume percent olivine phenocrysts, de
termined by point counting. The cninpositions of the 
interiors of the olivine phenocrysts range from 2R to 

. . . . . . . . . . .  �.�.�� 

' 
.t 

. -;��.,-=� 



t 

F. lemont 

L i th tum, ppm , 
B" rv l l l um ,  ppm 
Roron, ppm , 
Ox�11on, percent 
Sodi um ,  ppm 
llaKRes lum, pe rcent 
A lumi num , percent 
S i l i con, percent 
Phosphorus , ppm 
Potassium, ppm , 
Calcium, pe> cent 
Scandi um ,  ppm 
Ti tan ium , pe rcent 
Vanadium, ppm 
Chromium, ppm 
Mangane se , ppm 
Iron , pe rcent 
r.obal t ,  ppm 
Nicke l ,  ppm 
Copper,  �pm 
Zinc , ppm 
Gallium, ppm 
Germanium, ppm 
Arseni c ,  ppm , 
Rubidium, ppm 
St rontium , ppm 
Y t t r ium, ppm , 
Zi rconium, ppm 
Niob tum, ppm • 

Molybdenum, pp:. 
S i l ve r ,  ppm 
Cadmium, ppm 
Indium, ppm 
Ttn1 ppm • 

Antimony, ppm 
Tellurium, ppm 
Cesi um , ppm 
Barium, ppm 
Lanthanum, ppm 
Ce rium, ppn 
Neodymium, ppm 
Samat tum, ppm 
Europ ium ,ppm 
Terbium, ppm • 

Holmium ,  ppm • 

Ytterbium, ppm 
Lutetl..am, ppm 
Hafn ium , ppm , 
Tant alum, ppm 
Tungsten , ppm 

Rheni um ,  ppm • 

Osmi um ,  ppb 
P lstl num, ppm 

, ,  Go ld , ppm 
Mercury, ppm , 

) ·. Thallium, ppm 
L"ad , ppm 
BiaOOJth , ppm 
Thorium ,  ppm 
Uranium , ppm 

a
tn ppb. 

! •  

t 
� · 
t 

' 

h. r"'-+ -

COMPOSlTtON OF LUNAR BASALtS 10069, hl07 1 , AND 1 2008 

TADLP. 2 • 1 1 •  P.LilMP.NTAL AIIUNilANC�:s IN I.UNAJ! UASAI.T 1001>9 · 

Abundane<• aa d<• tt• rmln�d by -

.1 oro•owi ch t:hmann and Gal on Tor a Artn� l t  1111d 
and Horgan ct al . ot a t .  Hclz 

Mason (re f .  Z•8) (re f .  2•9) (rll f ,  2 • 10) (ro f .  2 • 1 1 )  

1 7 . 2  1 8  
] ,  3 
• 1 0  

40 . 8 3  3 7 . 6  
4 1 00 36$0 3400 
4 . 6 7  3 . 7  
4 ,  35 3. 7 3 . 8  

1 8 . 89 1 8 . 3 1 8 . 3  
900 < 2000 

2600 2438 
7 . 50 7 . I  7 . 20 

7 2 . 4  9 4  
7 . 1 8  7 . 2  

87 72 
2500 2 1 30 2760 
2 1 00 1600 2 390 

1 5 . 36 1 4 . 1  
26 . 0  30 

6 , 7  
1 2  8 . 7  

<4 
4 . 9  

< I  
< 4  

5 . 70 5 . 5  
1 5 5 . 6  I JO 

164 
520 566 

20 
< 2  < , 2  
< 8  < I  

< 1 0  
< 1 00 
< 300 

. 16 3  d 
250 288 420 

2 3 . 7  2 7  
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< 1 00 
1 8 . 0  
2 . 04 

4 . 8  
6 .9 

2 0 , 8  
2 . 6 7  
1 7 . 8  <20 
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·· Jo 

< 3  
< . 2  

• 8 
· I  • I  < I  

< 100 
• 7� • 500 

- ,  .... .. , 

Murthy 
o l  al . 

(r .. r .  2 • 1 2 )  

2295 

5 . 60 
1 6 5  
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• , I 1 • , 
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Figure Z·l.· Photomicrograph (transmitted light) or a thin 
section of lunar basalt 1 2008, showing phenocrysts or oli· 
vine (maximum lehgth 0.6 mm) in opaque groundmass. 

35 ntol% fayalite , with an average of 32 mol%. ln 
reflected light, the groundmass is seen to contain 
occasional small euhedral chromite grains and rare 
minute metal particles. 

The analysis of 1 2008 is comparable with analyses 
of othet Apollo 1 2  basalts, such as 12022 (ref. 2-1 7), 
1 205 1 (.·ef. 24), and 12063 (ref. 2·1 8). The Ti02 
content (4.82 percent) is somewhat higher than many 
of the Apollo 12 basalts, the average for which Is 
approximately 3 percent. The amount of normative 
olivine is somewhat less than the modal ahtount. in· 
dicating that the grouhdmass may be slightly ovcrsat· 
urated . fn the dassitlcation of James and Wright (ref. 
2- 1 9). 1 2008 belongs in grour I IA,  ilmenite-bearing 
olivine basalts. It Is evidently a quenched sample of 
this subordinate magma type at the Apollo 12 site. 

Anders et al. (ref. 2-20) provide trace clement data 
for I 5 elements in 1 2008. 
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3. Composition of Eig t!! Apollo ·17 Basalts 

Brian Masmfl. E. Jaroscwiclla, Sara JacolJsona, and G. 11wmpsonb 

C hem ical analyses, Cross·lddings-Pirsson· 
Washington nom1!1, and mineralogical and netro
graplrical data are presented for eight mare basalts 
collected Oil the Apollo 1 7  mission. Seve�� of these 
have very similar chemical compositions but call be 
divided into two textural..groups: medium to coar.se 
grained ( 7001 7, 71.055, 74255, 75075) and fine 
grained ( 70215, 71569, 74275). The eighth, 75035, 
has a distinctive chemlcal and mineralogical composi· 
tion (lower titania, higher silica, quartz in tire.norm, 
and crl!Uobalite in the mode), and evidently repre· 
sents a dif!etent flow probably undetlying the high· 
titanium basalts at Camelot Crater. 

7. Sample 75035: A 1 235-g, medium•grained ba· 
salt collected at station 5 (southwest rh'n of Camelot 
Crat.ct) 

8. Sample 75075:  A. l008·g, coarse-grained, vuggy 
basalt.collected at station 5 

Approximately 0.5 g of sample was taken for each
of. the chemical analyses listed in table 3-1 .  Silica 
(Si02), magnesia (MgO), lime (CaO), total iron .(Fe) 
as ferrous oxide (FeO), titania (Ti02), and manganese 
monoxide (MnO) were determined according to the 
general procedure for silicate analysis (ref. 3- 1 ). Alu
mina (AI203) was determined gravimetrically by pre· 
cipltation with 8-hydroxyquinoline on an aliquot 
from the R203 solution after removal of interfering 
ions by means of the mercury electrode . Soda (Na20) 
and ootash (K20) Were determined by flame photom· 

-----------------=====-- etry . and phosphorus (P) and chro111iun1 (Cr) were 

the authotS received samples of the following 
Apollo 1 7  basalts for analysis: 

1 .  Sample 700 1 7: A 2957-g, coarse-grained, vuggy 
basalt collected close to the lunar module (LM) 

2. Sample 702 1 5 : An 131.10-g, dense. fine-grained. 
nonvcskular basalt collected approximately SO m 
northeast of the LM 

3 Sample 7 1 055: A 669-g, medium-grained, very 
vesicular basalt collected at station l a 

4. Sample 7 1 569: A 289-g, fine-grained lmalt col· 
lected at station 1 a  (take fragment) 

5. Sample 74255: A 737-g. coarse-grained, vuggy 
basalt collected at statl011 4 (south rim of Shorty 
Crater) 

6. Sample 74275 :  A 1 493-g. dense. fine-grained 
basalt collected at station 4 

3Smlthsonlan Institution. 
bwoods Hole Oceanographic Institution. 

41  

determined colorimetrically with molybdenum blue 
(ref. 3·2) and diphenyl .catbazide (ref. 3·3), respec· 
tively . Summations often are somewhat greater than 
1 00.00: this feature has been noted by other analysts 
of lunar rocks. Some of this excess can be ascribed to 
the presence of metallic Fe, whereas all Fe is reported 
as FeO. It is also possible that titanium (ti) and Cr 
may be present in lower valence states than reported. 
Ignition of the samples in air resulted in a weight 
gain , evidently the result of combination with oxygen 
(0). To economize on the consumption of material , 
sulfur (S) was not determined; analyses reported by 
the Apollo 1 7  preliminary examination team (ref. 
3-4) show about 0 . 17  percent S in the Apollo 1 7  
basalts. which i s  equivalent t o  approximately 0.5 per· 
cent troilite. 

Modal analyses were made of most of the mcko; by 
the point-counting technique. ln general . the modal 
analyses were in good agreement with the normative 
composition. which is to be expected in view of the 
dose correspondence bctwl�en normative and ob· 
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42 LUNAR SAMPLE STUDIES 

TA&LE 3•1 , • CHEMICAL ANALYSES AND CI� NORMS OF APOU.O 1 7  BASALTS , IN ORDER OF KgO CONTENT8 

CompoiD\d Sample no. 
or lllinetal 

(b) 74255 74275 75075 700 1 7  71 569 71 05.5-- 702 1 5  75035 

Compound abundance, wt. l  
--

Si02 37 . 98 38. 2 1  37 .45 37 .62 38. 6 3  37 . 30 37'. 71  41 .29 
Ti02 1 2 . 55 1 2 . 42 1 3 .96 1 3. 90 1 2 . 75 1 3 . 2 7  1 3 . 48 1 0 . 40 
Al2o3 8.94 8.62 8 .59 8.85 7 . 99 9 . 45 9 .08 9 . 5.2 .  
Cr2�3 . 56 . 55 . 5 1  . 5 4  . 4 2  .40 .40 .23 
FeO 1.8 .64 1 8 .67 1 9 . 82 1-9.60 20 .0� 20 .00 20 .01 1 8 . 78 
MnO .29 . 2 7  . 2 7  . 2 9  . 29 .26 .26 .25 
MgO 1.0 . 7 3  1 0 . 63 9 . 58 9 . 42 8 . 99 8.44 8 . 2 3  6 . 50 
CaO 10 .09 1 0 . 1 9  9 . 83 9 . 81 1 b . 3 1  1 0 .52 1 0 . 7 1  1 3 . 0 7  
Na2o . 39 • 37 . 37 . 4 1  . 39 .43 .42 .46 
K2b .08 . 08 .06 .07 .07 .06 .05 .07 

P2o.S .04 . 0 3  . 0 4  . 0 4  .04 . to . 07 .05 

Total 1 00 .29 1 00 • .04 1.00. '•8 1 00 . 55 99.93 I 1 00 . 23 1 00 . 42. 1 00.62 

CIPW nonl, wt .J: 

Quartz -· .. .. .. . 1 6  .. .. 1 .60 
Orthoclase 0 . 47 .47 . 35 . 4 1  . 4 1  . 35 . 28 . 39 
Albite 3 . 30 3 . 1 3  3 . 1 3  3 . 47 3 . 30 3 . 64 3 . 5 1  3 . 88 
Anorthite 22.41  21 . 62 2 1 . 60 22 . 1 0  1 9 . 85 23.68 22 . 7 1  2 3 . 60 
Diopsf.de 22 . 1 9  2 3 . 29 2 1 . 86 21 . 37 2 5 . 40 22 . ao 24 .52 33 . 9 1  
Hypersthene 20 .97 2 1 .98 24.97 ::5 . 1 9  2 5 . 89 20 .86 22.61  1 6 . 94 
Olivine 6 '!1 5 .08 1 . 2 1  . 72 .. 2 . 88 . 37 . . 

Chromite . 112 • lit . 75 . Btl . 62 .59 .59 . 34 
Ilmenite 23. 114 2 3 . 59 26 . 51 26 .40 24 . 22 25 .20 25 . 50 1 9 . 80 
Apatitl! . 09 .07 . 09 . 09· .09 . 2 3  . 1 7 . 10 
Feme . 28 . 28 . 30 . 30 . 35 . 35 . 35 .45 

�. ,larosewich, ana1yst .  
b Si02 e silica , Tto2 • t itania, Al2o3 • alumina, cr2o3 • chromic oxide , FeO • ferrous oxide , 

MnO • manganesn monoxide ,  HgO " magnesia, CaO • lime , Na2o • soda, K2o • potash , P 2o5 • phosphorus 
pentoxide • . 

cFem • FeO/FPO+MgO mole rat io in normative silicates . 

served tniheralogy . Modal pyroxene is a few percent 
higher than normative pyroxene , because of the i,,. 
corporation of minor amounts of At2o3 and Ti02 ; 
and, because 11ot all At2o3 i� combined as plagio· 
clase . the modal amount of the latter is slightly less 
than the normative amount. When olivine is present 
in the nor111. evert in amounts less than I percent, it is 
seen in thin sections. It is also prcsc11t as small pheno· 
crysts in 7 1  569, although the an::1ysis is slightly 
quart z-normative ; interstitial cristohalltc (or tri· 
dymite) was detected in the gruundumss with the 
microprobe. Cristobalitc is a prominent accessory in 
75035 .  amounting to about 5 percent, although only 
1 .6 percent quartz is In the norm : the add!thmal Si02 

is evidently pruvid\:d � 'Y substitution of aluminum 
(AI) for silicon (Si) in pyroxene. 

Trace clement deten11inations on aliquots of the 
analyzed samples arc reported in table 3-11 .  the tech· 
niquc used i� described by Titompson and Bankston 
(ref. 3-5). Trace clement variations within these ba· 
salts arc not great, which Is consistent wath the lil11it· 
ed range in the major clement composition. Com· 
pared to data on Apollo 15 basalts (ref. 3:6), the 
Apollo 1 7  basalts have lower Cr, cobiilt (Co). and 
nickel (Ni) and higher gallium (Ga). strontium (Sr), 
vanadium (V), and zirconium (Zr). the higher V can 
probably be correlated with the high Ti content of 
the Apollo 1 7  rocks. 
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TABLE 3•II . • TRACE ELF:MENT ANALYSI!S OF APOLLO 1 7  B:\SALTS
a 

Element 

74255 74275 75075 

' Bari um- 1 30 1 00 45  
Lead 1 0  6 - - ·  

S t ront ium 275 1 90 1 20 
Ytt rium 1 35 1 35 - -
Zirconi1Jiil - 1 25 1 45 320 
Nickel 1 9  33 20 
Cobalt 1 2  1 3  1 6  
Z inc <2 <2 5 
Copper 9 7 30 
Lithium 9 9 9 
Chromium >2000 > 2000 31 00 
Vanadium 240 270 290 
Gallium 1 3  1 0  1 3  
Boro�. <2 <2 1 

8G. Thompson , analys t .  

PEtROLOGY 

Table 3-1 shows that the basalts analyzed are re
markably uniform in composition. with the exception 
of 75035.  Omitting the latter from consideration for 
the present, the remaining seven basalts can be clearly 
divided into two distinct textural groups as follows. 

1 .  Samples 7001.7. 7 1 055. 74255. and 75075 are 
medium· to coarse-grait1cd basalts with ophitic to sub· 
ophitic textures. 

:2. Samples 702 1 5 . 7 1 569. and 74275 arc fine· 
grained basalts with acicular ilmenite crystals and 
skeletal and/or suhequant phenocrysts of olivine in a 
groundmass of plagioc'ase and pyroxene . 

Despite the textural differences. the compositions 
may be essentially identical (as fur 74255 and 
742'.'5 ). suggesting that the differences reflect differ· 
ent cooling histories. Other investigators have also dis· 
tinquishcd these two groups of Apollo 17 basalts; 
group A corresponds to type 3 of Papike and Bence 
(ref. 3·7) and mare basalts I l l  of Brown ct al . (ref. 
3·8). whereas group B corresponds to type 2 of 
Papikc and Bence and marc oasalts I of llrnwn et al . 

. . 

Samp le �o • .  

7001 7  7 1 569 7 1 055 702 1 5  75035 
Aimfidartce , ppm - . .  

45 I 80 so 55 1 50 
- ·  1 8  - - - - 3 
1 40 1 45 1 30 1 30 295 
- - 1 45 --- -- 155  
235  1 75 240 240 220 

20 25 28  1 1  22 
23  5 27  2 1  8 

4 4 5 6 <2  
1 7  8 25 1 6  7 
1 0  1 0  1 3  1 0  1 2  

2950 >2000 2950 3050 1 500 
260 280 3 15  320 140  

I 9 1 3  1 1  1 1  1 0  
1 <.2 2 3 <2 

Brown et al . classify 75035 as marc basalt I t ,  and i t  
probably belongs to type l of Papikc and Bence. I t  is 
therefore convenient to describe the petrology of the 
samples in terms of these three groupings. 

ROCK SAMPLES 7001 7 , 7 1055, 
74255, AN D 75075 

Samples 700 1 7 . 7 1 05 5 . 74255 .  and 75075 arc all 
mediunt-to coarse-grained basalts (maximum length 
of plagioclase crystals. I to 4 mm) with ophitic to 
subopltitic textures. The principal minerals arc calcic 
and subcalcic augite . plagioclase . and ilmenite . with 
tnin•1t amounts (I to 5 percent) of olivine ; some cris· 
tubalite is usually present as late crystallization . Tra�c 
constituents arc armalcolite (in ilmenite). chromian 
ulvi.ispincl .  troilitc . and metallic Fe. Brown . silica-rich 
(Si02 - 70 percent) and potassium-rich (K{l - 5  per· 
cent) mcsostasis is present in small amounts. Plagio· 
clasc is very uniform in composition . averaging H� 
rnoi'J anorthite (An8 2 ) ;  some of the larger crystals 
arc weakly zoned . the maximum rangr noted being 
frnrn AnK s (core) to An 1 7  ( m:u�in l . Olivine shows a 

-�-'=-"-' -� �----�-·---�----. ...._;�-- ;..---. _________________ - --· 
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moderate range in composition 28 to 38 mol% fayal· 
ite (Fa2s to Fa38); the olivine in 7425 5 is more mag· 
nesian than that in the other rocks; this correlated 
with the lower feml value (0.28) for this rock (table 
3·1). The pyroxene (fig. 3·1) is largely calcic to sub· 
c!>kic augite, with ·n1inor amounts of pigeonite; the 
pigeonite occurs sometimes as cores to large augite 
crystals, and sometimes pigeonit.e. and augite are com· 
plexly zoned with each other. 

Additional information har. been obtained r.egard· 
ing Ti and AI concentrations in the pyroxenes in 
1001 1  and 74275.  As can be seen in figure 3·2, the 
Ti:AI ratio (atomic) straJdles the 1 : 2  line, indicating 
the presence of a CatiAI206 component. The pyrox
enes in 74275 are notably richer in both Ti and AI 
than those in 70017; this suggests later crystallization 
of ilmenite and plagioclase in 74275 than in 700 1 7., 
whereby the pyroxene in 74275 crystallized from a .  
magma rich in Ti and AI. A few of the pyroxenes in 
700 1 7  fall between the 1 : 2  and l : t. line, suggesting 
that a !!mall amount of Ti3 (as the component 
CaTiA1Si06) may be present. On the other hand, the 
pyroxenes in 74275 plot between the I :2 and the 1 :4 
line , indicating the presence oi the CaAI2Si06 com
ponent. 

0 70017 
0 71055 
0 74255 
{:, 75b75 

ROCK SAMP LES 7021 5, 7 1 �·$9, AN D 74275 

Samples 702 1 5 , 7 1 569, and /4275 arc basalts with 
microphenocrysts of olivine and acicular ilmenite in a 
fine-grained groundmass of augite and plagioclase. 
they are in,Hstinguishable in bulk chemistry fm1u the 
preceding group. The ccmpositions of their constitu
ent minerals are very uniform (fig. 3-3). Olivine 
ranges from Fa21 to Fa34 ; individual crystals are 
sometimes zoned from magnesium-rich cores to more 
iron-rich margins. The pyroxene is a.strongly colored 
reddish-brown augite of remarkably uniform compo
sition. (Most compositions are within a. field 37 to 47 
mol% Wollastonite (Wo37 to Wo47), 1 6  to 22 lllol% 
fe:rosilite (Fs1 6 to Fs22). PlagioclaSe occurs as small 
laths in the groundmass; its composition is also very 
uniform, An77 to An80. Some of the-olivine includes 
small crystals of chromian ul\·ospinel. A little tri
dymite or criStobalite was detected in the groundmass 
with the microprobe. Among these three rocks, 
702 1 5  is texturally distinctiv� for the presence of 
long (up to 2 mm) skeletal divine crystals. 

Figure 3·1.- Composition or ollvirie and pyroxenes In mare basalts 70017, 7t055, and 75075. 

lFem "' 1-'eO/FeO+MgO mole ratio In normative soUcates . 

I · I  
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0 0 0 

0 0 0 

I 

Figure 3-2.· TI02 aald AI203 content of cUnopyroxenes in mare basalts 70017 and 74275. 

Figure J.j,. Composition of oUvinc and pyroxen,,s ln mare basalts 70215, 71569, anil 74275 • 
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ROCK SAMPLE 75035 

Rock 75035 is a medium-grained (augite grains up 
to 0.6 mm across, plagioclase laths up to 1 .5 mm 
long), ophitic, vesicular basalt from the southwest rim 
of Camelot Crater .. near the center of the Taurus
Littrow valley . the primary assemblage is strongly 
zoned cillcic to subcalcic augite (fig. 34), plagioclase 
(unzoned to weakly zoned, ranging in composition 
from An86 in the centers of large crystals to An77 at 
their margins), and ilmenite in lathy to blocky crys
tals. Olivine i� absent , and cristobalite is a prominent 
accessory (-5 percent). The pyroxenes are zoned to· 
ward increasing Fe and somewhat diminishing calci· 
urn (Ca), going from cote:i to margins; the zoning 
does not appear in thin section as discrete bands but 
as rounded, irregular patches. Many of the pyroxene 
crystals are dmmed by pyroxfetr.oite. Meyer alld 
Soctor (ref. 3-9) give a detailed account , with ana· 
lyses, of the opaque minerals in 75035 ;  ilmenite is the 
majot opaque mineral, but ulvospinel, metallic Fe, 
troilite, tranquillityite, baddeleyite . and zirctmolite 
are also present in small amounts. 

Sample 75035 is unique among the basalts ana· 
lyzed by the author. Its fern value of 0.45 (table 3-1) 
is considerably higher than the other basalts, and it 
has the lowest Ti02 and MgO and the highest CaO 
contents. Its mineralogy is notable for the absence of 
olivine , the presence of appreciable crlstobalitc, and 

0 0 
o o  0 

0� �0 

the presence of  pyroxfcrroite. All these features sug
gest a more strongly fractionated magma as the 
source material . 

DISCUSSION 

Papike and Bence (ref. 3-7) comment that their 
type 2 and type 3 basalts, equivalent respectively to 
the 8 and A groups of this paper, have essentially 
identical chemistry and could represent different 
cooling histories in the same basalt flow. Thi� obser· 
vatiort is certainly true for 74255 and 74275 ,  as can 
be seen from tables 3·1 and 3·11 .  All the major "ele· 
ments and most of the minor elements are identical 
within the range of probable error. The only excep
tions are Ni ( 1.9 and 33 ppm) and Sr (275 and 190 
ppm); the Ni values are probably controlled by the 
erratic occurrence of minute metal particles, but the 
cause for the variation in Sr i� not obvious. If the Sr 
variation is disMissed as a chance artifact, then 74255 
and 74275 may well be parts of the same flow, 74275 
representing a rapidly crystallized marginal phase. 
These two rocks were collected dose together on the 
rim of Shorty Crater. 

The remaining rocks of groups A and 8 (700 1 7, 
702 1 5, 7 1 055 ,  7 1 569, and 75075) were collected 
eithel" at, or ·.vithin approximately 1 kl11 of, the LM, 
in the central part of the Taurus-Uttrow valley . They 
show some range in major clement chemistry, the 

0 0 
0 

') 

0 0 0 

Flgute 3-4.· Composition of pyioxenes and pyroxferrolte lri maie basalt 750 35. 
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principal variable being MgO (9.58 to 8.23 percent), 
resulting in fern values from 0.30 to 0.35 . Most of the 
trace elements are relatively uniform throughout, ex· 
ceptions being Co (5 to 27 ppm), copper (Cu ;  6 to 30 
ppm), Ni (1 1 to 28 ppm), and Zr (175 to 320 ppm) 
The variations in these trace elements seem rando 
and unrelated to the MgO and fern variation. Cob t, 
copper, and nickel are probably concentrated in are 
metal particles, and Zr, in an accessory mineral uch 
as baddeleyite ; the variation may be 111ore ap arent 
(affected by sampling), rather than a sig ficant 
effect. All these samples could well be fr gments 
from a single flow tir a sequence of thin ows of 
similar composition. 

Rock 75035 is clearly a basalt of disti ctive .:om=
position. The only comparable rock t us far de· 
scribed from the Apollo 17 mission �· s  5055 ,  from 
the same location, the analysis of whi (ref. 3-4) is 
essentially identical. It thus appear that Camelot 
Crater excavated both high·titaniumjbasalts (75075,  
1 3 .96 percent Ti02) and low-titanium basalts 
(75035,  10.40 percent Ti02). Cam�l!>t Crater is one 
of the largest craters in the Taurus-,Littrow valley , and 
it may have penetrated a greater· depth of the mare 
lava flows than the other craters visited. Such an 
occurrence would suggest that .:75035 and 75055 are 
samples of a deeper, older ll\va than the basalts of 
groups A and B. 
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4. Troctolitic and Basaltic Clasts from 
a Fra Mau ro Breccia 

N. G. Ware'l and D. H. GreenO 

A troctolitic clast removed from breccia 14321 is a 
well-equilibrated subsolidus mineral assemblage of 
olivine (86 moWo forsterite) and plagioclase (95 mol% 
an&rthite) with accessory whitlockite, chrome spinel, 
ilmenite, arhUJlcotite, and barian potassium-rich feld
spar. This clllu is a low-temperature-equilibrated ex
ample of the spil'lel troctolite compositional groupil'lg 
and contrasts with the high-tempetature, quei1ched 
mineral assemblages of mdst rocks in this group. 1\vo 
basaltic clasts from the same breccia have affinitieS 
with rock.. /4053. 

Lunat sample 1 4321 is a partly annealed but coher
ent clastic breccia found near the riln of Cone Crater 
in the Fra Mauro region; it is included in the classifl· 
catitJn of Chao, Minkin, and Best (ref. 4- 1)  as a 
"moderately annealed Fra M:.uro breccia" and in the 
classification of Warner (rei'. 4·2) as a "medium grade 
partly annealed breccia.'' Gtieve et al. (ref. 4·3) have 
examined the petrology it\ detail and identify several 
generations of brecciation culminating in the incor· 
poration of basaltic and other clasts, including anot· 
thosite, in an unrecrystallized light friable matrix. 

A troctolitic clast weighing 0.5 g and two basaltic 
fragments weighing 0. 1 5  g each were removed from 
the light matrix in consortium sampfe 14321 ,88 (W. 
Compston. consortium leader). The rare-earth ele
ment (REE) abundunces h:ive been determined by 
Taylor et al. (ref. 4-4): the basaltic clasts are enriched 

0Research School of Earth Sciences, Australian National 
University. 
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by factors of 1 00 to 50 Oanthanum to ytterbium 
(La/Yb )) relative to chondrites with a moderate nega· 
tive europium anomaly, and the troctolite is enriched 
by corresponding factors of 50 to 1 2  (la/Yb) with 4 
positive europium aMmllly. Compston et at. (ref. 4-S) 
report rubidium tb strontiUJI1 (Rb/Sr) mineral ages of 
4.08 ± 0.1  4hd 4.05 ± 0.08 billion years (b.y .) for the 
basalts and 3 .74 ± 0.1 7 b .y .  fbt the troctolite . 

TECHN I QUES 

A S- by 4-mm polished thin section and a 
0.05-g fused glass bead were made from the troc
tolite fragment. After using the small basaltic 
clasts for Rb/Sr mineral age determination and 
fdr spark source mass spectrography, insufficient 
material remained for preparation of thin sec
tions; therefore , electron-vrobe analysis was per
formed on selected grains from mineral separates. 

All electron-probe analyses reported herein 
were performed using an Applied Research Lab
oratories EMX microanalyzer and techniques de· 
scribed by Lo\'ering and Ware (ref. 4-6). Measure
ments also were made using a technisch Physi
sche Dienst microprobe fitted with a silicon 
(lithium-activated) detector (ref. 4-7); these addi· 
tional data confirmed the earlier conventional 
probe analyses. 

TROCTOLITE CLAST 8A 

The C ross- iddi ngs-Pirssou-Washin�ton (CIPW) 
norm calculated from th� electron-probe analysis of 
the fused glass bead from troctolite clast 8A of sam
ple 1 432 1 ,88 Is given in table 4-1. The CIPW norm is 
in good agreement with the observed mi.1eralogy II\ 
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tABLE 4 • I . • COMPARI SON OF TROCTOL ITE CLAST SA AND AVERAGE SP tNEL TROCTOLITE3 

Compound Troctolite clast SA Sp ine l t roctolite 
ot mineral 

Con\pound abundance , wt . %  

Silicon dioxide ( Si02 ) 

Ti tanium dioxide (Ti02) 

Aluminum oxide (Al2o 3) -
I rort oxide (FeO) 
Manganese oxide (MnO) 
Ma�nes i um oxide (MgO) 
Calcium oxide (CaO) 
Sodium oxide (Na2o) 

Potassium oxide (K20 )  

Chromium oxide (Cr2o 3) 
Phosphorus pentoxide (P20

5 ) 

Tot al 

CIPW norm , 

Corundum 
Orthoclase 
Albite 
Anorthite 
Olivine 
Diops ide 
Hype rs thene 
Ilmenite 
Chromi te 

a 
Spine l t roct olite o f  P rinz et al . 

the thin section . which contains approximately 35 
percen t  olivine (86 mol% fursteritc (Fo86). table 4-11) 
set in plagioclase (()5 mol',� anorthite ( An9 5 ). table 
4-iil).  Whitlncklte (table 4-IV). which constitutes 
approximately i percent by vohunc and occurs in 
groups of 50-JJm euhedral grains within the plagio
clase. Is the main acccssllry phase . Lesser amounts of 
ilmenite and aluminous chrome spinel arc distributed 

4 3 ..5 0 4 3 ...2. 
• 1..9 . 1 7  

23 • .2 9  2 2 . 7  

4 ..5 6  4 . 9 
. 06 . 07 

. 1 5 . 82 14 . 7  
1.2 . 2 7 1 3 .  1 

. 2 a  . 39 . 

. 06 . 05 

. 0 3  � 1 1  
. 04 

1 00 . 06 99 . 93 

wt .% 

0 . 5  0 
. 4  • 3 

2 . 4  3 . 4  
60 . 8  58 . 1 
29 . 7  3 1 . 2  

0 3 . 6  
5 . 9  3 . 0  

. 4  • 3 

. 04 • 1 

(re f .  4 ·8 ) . 

randomly throughout the clast. and tlucc grains of 
armalcolitc were found assodated with ilmenite (fig. 
4- 1 .  table 4-V). A few 40-JJrn anhedral grains Within 
plagioclase were identified as barian potassium-rich 
feldspar (K-fcldspar) (table 4-l l i ) .  

T h e  plagioclase. the whitlockitc. and the 
ilmenite arc remarkably homogeneous and un
zoned. and the composit ional scatter in the 
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TROCTOLITIC AND BASALTtt CLASTS FROM A FRA MAURO SP ECCIA � I  

'l'ABl.E 4 • 1 1 , • OUVINE ANALYSES 

Compound , Bas alt clasts Troc t o l i te and basalt fus i on  c rust 
e lement , ·-

or mine ral 4A 6A Clas t SA Gla� ... ,. b as a l t i c  Cont a ct 
fr :1gment zone rim

a 

Compound ab undance , wt . %  
·--r·---

Sio
2 

36 . 05 37 . OS 4 0 . 0 6  35 . 2 9  35 . 39 

FeO 36 . 2 3  2 9 . 6 3  1 2  • .89 3 5 . 86 37 . 2 0  
:-!nO . 28 • 31 . 1 3 . 2 7  . 3 3 
NgO 27 . 5 2 3 2 . 7 3  46 . 39 28 . 5 2  26 . 54 
�aO . 1 5  • 1 4  . 0 3  < , 02 • 1 7  
cr

2
o

3 
. 2 0  . 2 2 < . 0 3  < . 0 3  < , 0 3  

Total 1 00 . 4 3  1 00 . 08 9 9 . 5 0 99 . 94 99 . 6 3  

No .  grains 1 7 .� 1 4  1 3 

b 
Mo le cular proport ion 

- · -

Si 1 . 001 0 . 9 99 1 . 000 0 . 985 0 . 998 
Fe . 84 1 . 6 68 . 26 9  . 837 . 8 7 7  
�In . 007 . 007 . •  003 . 006 . 008 
Mg 1 ,  1 39 1 . 3 1 6  1 .  7 2 7  1 . 1 8 7  1 . 1 1 5 
Ca . 005 . 0 04  . 0 01 . o  . 005 
Cr , 004 . 0 05 . o  . o  . o  

��neral abundan ce , mol %  

Tot a l  Fo 57 . s  66 . 3  
Max . Fo . .  68 . 0  
Hin . Fo . .  6 3 . 9  

a
Artalysis at rim t o  glas s .  

b On the bas i s  of four oxygen i ons . 

spinel analyses is considerably less than that 
found in  aluminous lunar chromites from other 
r ocks. A small but significant composi tional 
scat ter of olivine is evident .  but zoning was not 
observed within individual grains ex·�epling t hose . 
desaibed later.  at the edge of the dast . 

The presc111.:e ' . :· magm.•sian armakolitc is un· 
usual: this minl·ral is usually fmmed as a liquidus 
phase in t i tanium-ril:h magmas. and any assod 
ated chrome spinel has <1 wry high t i tanium con· 

---

ts6 . 5  58 . 6  
8 7 . 1  - -

85 . 1  . .  

tent rct1ccting the concentration i n  t he liquid. 
F o r  e x a m pl e .  t h e  ]H i mary SJlincl in tlw 
armakolitc·hearing rock 70035 contains :�s much 
a� 2.1 pcrccn t t i tanium dioxide ( Ti02 ). The oli
vine (!olb mol% magnesiu m  ( MgK b )  ) .  annah;olite 
( Mgb U ). spinel (Mg5 3 ). and ilmenite ( Mg3 7 . 5 )  
a�sodation in t he t rodolih� i s  a suhsulidus
equilihrated assemblage t hat is hclicvcd hy t he 
authors to he unique among the anorthosite and 
troctolite samples investigated.  
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TABLE 4 • I I t . •  FtLDSPAR ANALYStS 

Compound , Basalt clas t s  Troct oli te clas t 8A 

f 
�· 
) 
/ ' •  

e lement • I or mineral 4A 6A Plagioclase 

Compound abundance , wt . %  

S i0
2 

47 . 2 4  46 .87  44 . 9 1  

Al
2o

3 
33. 1 4  3 3 . 55  34 . 94 

FeO . 49 . 45 . 0 7  
MgO . 1 8 . 1 9 . 04 
CaO 1 7 . 54 1 7  . 7  .. 1 1 9 . 2 0  
SrO < , 04 < . 04 < . 04 
BaOa 

< . 04 < , 04 < , 04 
Na

2
o 1 . 1 4 1 . 1 3 . 45 

K
2

o . 1 5  . 1 3 . 08 

Total 99 . 88 1 00 . 0l 99 . 69 

No . gra:i.ns 23 1 0  1 5  

MolecuJ.ar pr6�"lrt ionb 

Si 8 . 7 0 1  8 . 26?  8 . 3 : 8  
Al 7 . 1 94 7 . 2 78 7 . 62 7  
Fe . 07 6  . IJ69 . 0 1 1 
Mg . 049 . 05 2  . 0 1 1 
Ca 3 . 46 1  3 . 492 3 . 8 1 0  
Sr I . o  . o  . o  
Ba I . o  . o  . o  
Na . 407 . 403 . 1 62 
K . 035 . 0 3 1  , 1 1 9  

Total 1 9 . 923  1 9 . 5 92 1 9 . 958 

· Mine ral abundance , mol% 

Tot al An 88 . 7  88 . 9  95 . 5  

Total Ore . 9  . 8  . 5  
Max .  An 9 1 . 8  93 . 4  9 5 . 7  
Min . An 80 . 0  8 5 . 0  95 . 0  

3Ba0 = ba�ium oxide . 
b On the basis of 32 oxy�en ions . 

cor = orthoc lase . 

I' . 

��.��� '�· =· -'�-��;9· p-��. ----------�---· ·_· ·-- --���-· ----, 

I K · fe ldspar 

63 . 0 1  

- 1 9 . 98 

< . 0 3  
< , 03 

. 45 

. 04 
3 . 0 0  

. 45 

1 3 .  1 5  

1 00 . 08 

3 

1 1 . 7 33 

4 . 385 
.o 
. 0  
. 090 
. 0 04  
. 2 1 9 
. 1 63 

3 . 1 24 

1 9 . 7 1 8  

2 . 5  

86 . 9  . .  .. 

· .  

ClaHsy 
b as a l t i c  
f ragmen t 

47 . 87 I 
32 . 40 \ 

. 5 3  

. 49 
1 7 . 02 

< , 04 
< , 04 
1 . 6 3  

. 29 

1 
1 

1 00 . 2 3  � 
1 i 

' 

8 .  7 94 
7 . 0 1 5  

. 08 1  

. 1 34 
3 . 350 

. 0  

. o  

. 58 1  

. 068 

2 0 . 02 3  

8 3 . 8  

1 . 7 . . . .  

' 

1 
1 

! 
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TABLE 4•tV ,  • WlllTLOCKITE IN  TROCfOLIT£ C . .Af'T11 

COIDJIOIInd or 
olomcnt 

Aburodanr.o , 
wt . %  

Primary dotcet 1ona 
P2o� 
sto2 
T102 
"120 3 
FeO 
MnO 
HgO 
CaO 
Na2o 

K2o 
b Y203 

Clb 

Total 

44 . 50 

. 2 3  

.04 

• 32 

. 52 

. 04 
3 . 47 

42 . 1 3 
. 3 1  

. 0 3  

2 . 52 

. 02 

94 , 1 3  

Addit iondl detect ionsc 

Cerium oxide (Ce2o3) 

Neodymium oxide (Nd203 ) 

Gadolinium oxide (Gd2o3) 

D;spros ium oxide (Dy2o3 ) 

Erbium oxide (Er2o3 ) 

L��thanum oxide (La2o3) 

�an of six analyses .  

2 . 0  

1 . 5  

. s  

. 5  

. 5  

. 8  

bY2o3 • yttrium oz1de , C l  • chlorine . 

cApproxlmate value s .  

Gooley e t  at . (ref. 4-9) describe a troctolite of 
similar bulk composition. having slightly higher 
magnesian olivine content (Fogg). in which the 
discrete spinel grains are compositionally variable 
with lower Ti02 and aluminum oxide (AI203). 
higher chromium oxide (Cr203). and a lower 
magnesium value (Mg4 5 ): titanmm·rich phases 
such as ilmenite and armakolite arc absent ,  and 
whitlockite Is an extre111ely rare accessory min· 
eral. The symplectic intergrowth of dlopside, 
enstatite , and spinel observed by Gooley et al . is 
not present in troctolite fragment 8A. and the 
spinel is an equilibrium phase associated with oli· 
vine and anorthite. 

Roedder :tnd Weiblen (ref. 4-10) describe a 
spinel troctolite fragment from Luna �0 soil sam· 
pies having similar bulk composition , but the oli
vilte in this sample is F o9 1 and the spinel 
(Mgg2) contains 70 percent AI203 and 1 .7 per· 
cen t C r 2 o 3 • Titis sample has an igneous, 
quenched texture. In an earlier repor t .  Rocdder 
and Weiblcn (ref. 4·1 1 )  described a slightly 
shocked olivme anorthosite (s:Jmplc 1 4303 .S I) 
containing spinel (Mg5 3) of very similar composi
tion to those in troctolite clast 8A with 1 8  per· 
cent AI203 and 46 percent rr2o.l ·  hut these 
spinels coexist with olivine of composition Fo74 
to Fo77 .  
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TABLE 4 · V ,  • OPAQUE ANALYSF.S 

. 
Compound or Basalt c last 41\ T roctolite clast SA Glassy basal t i c  

e lelllOAt Sp inel T I lmenite Spine l I Ilme n i te I f rar,meil t  sp ine l 
AJ;ma.lc.ol.i.t.e-

----"---· --
Compound abundance , wt . %  

510
2 

0 . 1 4- < 0 . 03 0 . 1 2  0 . 07 0 . 0 3  < 0 , 09 

T� 4 . 28 5 2 . 98 1 .  96 57 . 1 6 74 . 1 3  5 . 50 

ZrO a - - . - - < , 04 < , 04 . 5 2  - -
2 

Al
2

o
3 

1 6 . 2 2  .09 2 5 . 5 4 . 08 - 1 . 7A- 1 5 .60 -
a 

. 9 6  < . 0 3  . 2 7  . 0 3  V203 
< . 05- . - -

cr
2

o3 4 0 . 2 4  . 4 0  4 1 ..92 . 30 1 . 20 42 . 1 4  

FeO 32 . 76 4 3 . 55 1 8  ...3 1 3 1 . 39 1 1  • 5 1  3 3 . 02 
MnO . 30 . 39 • 1 9  . 32 . 0 3  . 26 
MgO 4 . 2 2  2 . 47 1 1 . 69 1 0 .62 1 0 . 34 3. 1 9  
CaO • 1 5  . 1 2 • 1 3  • 1 0  . 1 1  . 22 

Tot a l  99 . 27 1 00 . 00 1 00 . 1 3  1 00 . 07 9 9 . 6 1  99 . 93 

No . grains 1 4 6 7 3 1 

Molecular proport ion 

0 4 . 000 6 . 000 4 . 000 6 . 000 5 . 000 4 . 000 
Si . 005 0 . 004 . 003 . 001  0 
Ti . 1 09 1 . 978 . 045 1 . 998 1 . 965 . 1 39 
Zr - - - - .0 . o  . 009 - -
Al . 646 . 005 . 9 1 6  . 0 04  . 072 . 62 0  
v . 02 6  0 . 007 . 001 0 - -
Cr 1 . 07 5  . 0 1 6  1 . 009 . 0 1 1 . 0 33 1 . 1 2 3  
Fe . 9 26 1 . 808 . 466 1 . 220 . 3 39 . 9 3 1  
Mn . 009 . 0 1 6  . 005 . 0 1 3  . 0 0 1  . 007 
Mg . 2 1 3  •. 1 83 . 5 30 . 7 34 . 54 3  . 1 60 
Ca . 005 . 00 6 - . 004 . 005 . 004 . 008 

Total cat ions 3 . 0 1 4  4 . 0 1 2  2 . 986 3 . 989 2 . 967 2 . 988 

Rat i o
b 

1 8 . 7  9 . 2  5 3 . 1 37 . 6  6 1 . 5  14 . 7  

a 
Zro2 

• zirconium dioxide , v
2

o
3 

• vanadium oxide . 

:,
1 00 Mg /Mg+Fe , 

The large partition coefflcient for Mg :md iron 
(Fe) for coexisting olivine and spinel In sample 
SA contrasts With much smaller partition coeffi· 
c ie nts in the two other "igneous" samples 
quoted. From this difference and from the very 
strongly selective partition against Ti02 and zir· 
conium dioxide (Zr02) in  spinel and against 

Zr02 and Cr203 in ihnenite, the authors Infer 
that the troctolite nliheral assemblage equilibrated 
at comparatively low temperatures. well below 
the solidus but possibly above the temperature of 
equilibration of olivine and spinel and that of 
reaction between olivine and plagioclase In the 
troctolite described by Gooley et .ll . (ref. 4-9). 

�:.._--"--� ·_: -=_:_· . . . . . .. . .. .. ........ -... 
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Fipre 4-l.· Retlec:ted light photomicrograph ihowing the 
association of spin�l (Sp), ilmenite (lim), and armaloolite 
(Artn) in clast SA; the stringers and stnall inclusions within 
tbe ilmenite are spinel. 

The texture of the troctolite clast is shown in 
figure 4-2. Brown et al. (ref. 4-1 2) have observed 
2· to 3-nun-size fragments of olivine (Fo86) and 
plagioclase (An95) intergrowths in breccia sample 
14320,4 and describe their texture as crescumu
late , simUar to the layered ultra-ba�ic rocks of 
Rhum (ref. 4-13). The lortg, 'branching olivines 
characteristic of crescumulates are absent in clast 
SA; olivine occurs as chains of randomly ori· 
ented, interlocking crystals set in a .  matrix or 
polyccystalline plagioclase . These chains could be 
remnants of a cbarset, crescumulate texture , but, 
if so, recrystallization has. been comP.leted . Alter- -
natively , .  deformation� followed by complete 
annealing could produce the observed texture . 

A glassy fragment fused to the troctolite clast 
along a 2-mm boundary in the thin section 
seems tl> be partly remelted mare basalt. This 
fragment contains . plagioclase , spinel, and pigeon• 
ite· (tables 4-lll, 4.Y, and 4-Vl) ty,pical of such 

Figure 4-2.· Orilinary light photomicrograph of ttm:toUte clast 8A showing polycrystalline aggregates of olivine and plagioclase. 

I "1 

' 
I .  
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TABLE 4-VI . - PYROXENE ANALYSES \A 0. 

•L . .. . . J 

Compound , Basal.t. clast 4A &asalt clast 6A Contact zone, I Glassy basalt , 
element , enstatite I pigeonite. 

'i \ 

: . 

}. I 'I I ., i ! 

or miner3l 

Si02 
T10

2 
Al2

03 
FeO 
MnO 
MgO 
CaO 
Na

2
o 

cr2o3 

Total 

Si 

Al
iV 

AlVI 

Ti 
Fe 
� 
Mg 
Ca 
Na 
Cr 

Total 

Enstati te 
Ferrosi l i te 
Wollaston i te 

Pigeonite. I Mg-augite. I Fe-augite. P
_
i�e_etrlte. l Mg-augite I Fe-augite. 

5 3. 01 50 . S3 

. 46· 1 . 1 2 

1 .  7 9  1 . 50 

1 ; . 99 22 . 54 
. 22  33 

23. 35 1 4 �06. 
4 . 24 9 :2 3  
< . 04 < , 04 

. a4 . 38  

99 90 99 . 69-

1 . 942 1 . 94 6  

. 058 .054 

. 0 1 9  . 01 4  

. 0 1 3 . 032 

. 490 . 726 

. 007 . 0 1 1 
1 . 27 5  . 307 

. 166 . 38 1  
0 0 

. 024 . 01 2  

3 . 994 3 . 983 

66 . 0  42 . 2  
25 . 4 37 . 9  

8 . 6  1 9 . 9  
--L__ ____ ---

CompGund abuldance., wt • % 

48 . 60 52 .67 50.45 ' 
1 . 37 .55 1 . 09 

' . 26 1 . 9 2  3 . 45 

29 . 89 1 6 . 76 1 5 . 76-

, 43 . 31 • 31 
4 .64 22 . 5 7  1 9 . 00 

1 2 . 5 3  4 . 9 1  8 . 86 
.07 < , 04 < ; 04 

.06 . 86 1 . 26 

98 . 8.5  1 00 . 55 1 00 . 1 8  

Molecular proportiona 

1 . 9 7 9  1 . 9 30 1 . 876 

. 02 1  . 070 . 1 24 

04 0  . 01 3 r27 Jo42 . 0 1 5  031 
1 . 0 1 8  . 5 1 4  4 90 

10 1 5  . 0 1 0  . 01 0  
282 1 . 2 34 1 . 053 

. 547 . 1 93 . 353 

. 006 0 0 

. 002 . 02 5  . 03 7  

3 . 952 4 . 004 I 4 . 001 

�Uneral abundance , mol% 

1 5 . 3  
55 . 1  
2 9 . 6  

--- -- ------------ 1 

6 3 . 6  55 . 6  
26-. 5 25 . 8  

9 . 9  1 8 . 6  

50. 1 1  

1 . 62 

1 . 9 1  

22 . 56 
. 40 

1 2 . 98 
1 0 .64 

. 06 

. 56 

1 0 0 . 84 

1 . 9 1 9  

. 081 

. 005 

. 04 7  

. 722 

. 0 1 3  

. 74 1  

. 4 37 

. 005 

. 0 1 7  

3 . 98 7  

2 9 . 0  
38 . 0  
2 3 . 0  

56 . 6 1  

. 35 

1 . 59 

9 . 99 
• 1 1  

30;54 
.49 

< . 04 

• 31 

99. 99 

1 . 982 

. 01 8  

, 048 
. 009 
. 2 9Z 
. 003 

1 . 593 
. 01 8  

0 
: 009 

3 . 972 

81. 7 
1 5 . 4  

. 9  
-------

aOn the basis of s i x  oxygen ions . 

�-· -- :-?_._:_��"� ,..,.. ....e4..- ·- - .. ....,.._._---;-� -=. i 

52 . 39 

. 61 

1 . 46 

18 . 22 
. 26 

2 1 . 1 5 
5 . 07 
< . 04  

. 64 

9 9 . 8 0  

1 .  947 
. OS3 

. 01 1  

. 01 7  

. 566 

. 008 
1 . 172 

. 202 
0 

. 01 9  

3 . 995 

69. 4  
29 . 2 
1 0 . 4 

� > � 
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basalts, although an oliville grain, unusual in con· 
tilinlng neither calcium (Ca) nor chromium, is 
also included. (See table 4-ll for limits of detec· 
tion.) troctolite minerals at the boundary have 
intetacted with the glassy basalt. Contacting oli· 
vihe grillns are strongly zoned. One large grain of 
typical Fo86 composition adj:tcent to the trocto· 
lite plagioclase is zoned to Fo56 at the glassy 
contact. A few homogeneous enstatite (En) grains 
(t:tble 4-VI) ar.e formed only along this contact 
region. l!lagioclase. however, is not altered. These 
reactions are confined to the contact. zone and 
do not influence the center of the clast. The 
rractions could havt: been caused by an event 
affecting the fragment edge before basalt attach· 
ment or, more probably, by "contact metamor· 
phism" produced. by the basalt glass coating. 
Mineral grains in the gl:tssy basalt are not zoneu, 
but availabltl data are not sufficient to determine 
any possible annealing history . 

The troctolite clast preser\'es evidence of an early 
loW-temperature recrystallization and equilibration 
and a later contact with a fused but rapidly chilled 
basalt, which did not cause penetrative reetJ.uilibra· 
tlon of the troctolite. The troctolite clast was finally 
incorporated int<> the light matrix of the breccia. 
Grieve et al. (ref. 4-3) and Duncan et al. (ref. 4·1 4) 
recogrtize three generations of recrystallization in 
fragments within the breccia, the first at a mean tent· 
perature of approximately 1273 K (1000° C) anu the 
second and third at 973 K. (700° C). This thetmal 
history does not fit neatly With that of the troctolite, 
although the lower temperature could correspond to 
that of e'-!Uilibration. 

BASALT CLASTS 4A AN D 6A 

8asalt clasts 4A and 6A of sample 14321 ,88 are 
rounded fragments containing grains larger than 200 
pm. Clast 4A contains approximately 3 percent oil· 
vine , 5 percent opaque minerals, and more pyroxene 
than plagioclase, whereas clast 6A contains approx· 
imately 20 percent olivine arid equai quantities of 
plagioclase and pyroxene with fine-grained ilmenite. 
Only one ohvlrie grain was successfully extracted 
ftom clast 4A (table 4-11). and the only spinel (table 
4-V) analyzed was inciuded In this grain. Because the 

entire Mnall, higlt-dcnsity separate of clast 6A was 
required for Rb/Sr dating, no iln1Cnite analyses were 
obtained for this clast. The pyroxene data for both 
fragments are summarized in figure 4-3, and repre
sentative analyses ate given in table 4-VI . Average 
plagioclase analyses are given In table 4-lll. 

The olivine in clast 4A is considerably richer 
in Fe than the early pigeonitc (fig. 4-3) ; conse
quently , the included �inel, although obviously a 
primary phase . may not represent tht> initial 
chtomite composition that crystallized. Neverthe· 
less , if the titanium partitioning is comparable to.. 
that in Apollo 1 2  basalts, then the titanium con· 
tent of the spinel indicates that the Ti02 coil· 
tent of the magma was appmx.imately 3 percent. 
The pyroxene zoning of clast 4A i!; similar to 
that of the type VI lunar basalt classilication of 
Bence and Papike (ref. 4 -1 5). The representative 
<>f the type is sample 14053, an aluminous rock 
having a very low oxygen fugacity in the late 
stllges of crystallization and apparently itself once 
a clast in a breccia. The spinel analysis may be 
matched precisely by primary nonreduced 14053 
Spinels analyzed in the authors' laboratory ; how· 
ever, the 14053 olivines are much more mag
nesian (Fo67 to Fo69) and the feldspars more 
calcic (An84 to An94). Pyroxene� �'-nnposed of 
35 mol% wollastnnitc (Wo3s) and En45 �ound in 
sarnple J4053 arr absent in the specimen re
moved from clast 4A. Nevertheless. the evidence 
is that the clast has a bulk composition and an __ _ 

x • Clast 4A 
• • Clast 6A 

Diopside Hedenbergite 

Figure 4-3.- Pyroxene zoning In basaltic c:lasts 4A (crosses) 
and 6A (dots). Core anci rim (greater terrosiUte content) 
analyses are joined. 

I 
• .. 
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initial crystallization history sin1ilar to those of 
sample 1 4053 but continued to precipitate olivine 
to lower temperatures. Late-stage pyroxenes are 
zoned toward hedcrtbergitc and were precipitated 
together with ilmenite. Unfortunately . no data 
exist for the final stages, which arc characterized 
in sample 14053 b} very low oxygen fugacities 
and recorded-by sllbsolidus ,..oxide rcductiort rc· 

--actimts. 
The olivine irt clast 6A is of similar Mg/Fe 

content to the most ma�nesian. pigeonitc, and the 
early subcalcic augite colltaitts as much as 3.5 
percent A1203 . Apart from the Al203 content. 
the chemical trends in the pyroxenes arc similar 
to those in clast. 4A. and sample 14053, aHhough 
zoning in the pyroxene quadrilateral does not ex· 
tertd as far in the hedenbcrgite direction. Clast 
6A seems to be another high·A1203 basall pre· 
serving minerals of a crystallization temperatu re 
earlier than those of ltlinerals in clast 4A. 

R E LATI ONSH I P  OF TROCTO LITE 
C LAST TO OTH E R  L U NAR 

H I G H LAND COMPOSI TI EJNS 

2rinz et al . (ref. 4-8) have described. analyzed, and 
classified 1 57 lithic fragments from the lUJtar high· 
land region sampled by the Luna 20 spacecraft. The 
rock type classil1ed as spinel troctolite has an average 
composition close to that of the troctolite 8A clast 
(table 4·1), The mineralogy given for spinel troctolite 
(table 2 and tigs. 8 to 1 3  of ref. 4-H) shows olivine 
avetaging Fo8 3 and plagio ·lase averaging An96 but 
spinel typically with 111orc than 60 percellt At2o3 
and less than 5 percent Cr203 . Prinz ct al. noted that . 
in bulk composition and milteralogy , the spinel true· 
tolite fragmehts form a tightly clustered group .  Ttoc· 
tolite clast MA therefore assumes a greater slg11lt1c;llice 
in exemplifying the subsolidus equilibrated mineral· 
ogy of this bulk compositional gruuping. The discus· 
sions in references 4·8 and 4· 1 h of crystallit.ation in 
the Fo·rich olivine/anorthite/silica system illustrate 
that the spinel trodt11ite bulk cmnposition will 
crystallit.c as an equilihrated assemblage of olivine 
and anorthite plus accessory minerals. iududing 
,. h romium-rich spinel and minor orthopyroxene . 
llowever, if this asscmhlage is partly or completely 
melted in an impact event .  the mineralogy will �:on, 
lain hi�hly aluminous spinel as a major phase. Thus. 

the principal differences betwet!n the mineralogy of 
troctolite SA and that of the spinel-bearing troctolites 
described in references 4-S and 4·9 are due to differ· 
ence' in temperature of crystallization, 

The primary origin of troctolite clast 8A mny 
have been as a cumulate from magnesian, high· 
AI203 basalts of the "Fra Mauro type" (reL 
4· 1 7). If this origin is valid , the presence of ac· 
ccssory titanium-rich minerals, whitlockite, and 
barian- K.feldspar establishes a link with the geo· 
chemical characteristics Of the alkali-rich members 
of this basalt suite (e.g,, high·K Fra Mauro ba· 
salts; 'UQtassium, rare-eartlt elements, and phos· 
phorus (KREEP)). The cumulus origin would 
imply , interstitial entrapment of source patent 
liquid and equilibration of this unit with the 
cumulus P.hases at .sursolidus temperatures, 

An alteatative to the precedi1tg genetic rela· 
t imtship is to interpret the Fra Mauro basalts as 
having been formed by varying degrees of inctlm· 
plete melting of a paw•H ttUctolitc composition, 
Results Gl' experimental studies (refs. 4· 1 6  and 
4- l H) show that olivinl! (Foso for KREEP, Foss 
for sample 143 1 0) and plagioclase arc the near· 
liquidus phases for �ra Mauro basalt '' types at  
low pressure and would be the residual phases 
duting partial melting. lncmnplctc melting of the 
troctolite would leave olivine (f:os6 .S+)  and pia· 
gioclasc (An9 s .s+) as residual phases and cliltli· 
nate phases such as batian K·fcldspar. Whitlockitc. 
and ilmenite. Comparison of REE data for troc· 
tolitc clast MA and Fra Mauro basalts (ref. 44) 
shows that REE data, ap)llicd with current uncer· 
taintlcs in partition coeftlcients and assuming 
partial melting ot crystallizatioll in ellllilibrium. 
arc consistent with either interpretation, 
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5. U-Th-Pb Systematics of Apol lo 1 6  Samp les 
60019, 60025; and 64435; 

and the Conti n u i ng  Problem o.f Terrestrial 
Pb Contam ination of Lunar Sam ples 

P. D. NunefJ, D. M. Unruhb, and M. Tatsumotob 

Uranium, thorium, and lead concentrations and 
lead isotopic compositions of Apollo 1 6  breccias 
60018 and 64435 and anorthosite 60025 were deter
mined. Serious te"estrial lead contamination of most 
60018 separates and of sample 60025 occurt'ed be
fore sample digesti01i, although no uranium or thori· 
urn contamination was detected. The data from essen
tially uncontaminated breccia 64435, breccia 60018, 
and a glass sepaftite of breccia 60018 yield wrmium
thorium-lead patterns much like those that the au
t/lots have fouild and published for other Apollo 1 6  
rock.S. A n  acid-leach experimellt of one of the /uglily 
contaminated samples (< 1 00 meslt, 60018) rel•ealed 
tllat the contaminate lead "';qs not easily leachable 
and that it may have occurt-ed by addition of not
easily·dissoiPed solids. A11alyses of a "clean " NASA 
saw biade revealed 1 0  to 1 1  ppn• lead ill tile saw's 
cuttiilg edge, wllicll may have been tile source of lead 
coma mination. 

The lead (Pb) isotopic compositions of Pb and the 
concentrations of uranium (U). thorium (Tit). and Pb 
were determined in Apollo 1 6  anorthosite 600:!5 and 
breccias 6001 8  and 64435 .  collected in the Descartes 
mountain region in the central lunar highlands. 

11Dcpartmcnt of Geology arid Mineralogy, Ro)·al Ontario 
Museum, Ontario, Canada. 

bu.s. Geological Survey, Denver. Colc>rado. 

6 1 

U n fortunate ly ,  te rrestrial Pb contamination 
grossly altered the Pb Nncentrations and U/Pb ratios 
of many of these �amples. An effort was made to 
discover the source oi this contamination. 

The relatively untontalninated samples supple· 
ment U-Th-Pb Apollo 1 6  data previously reported 
and augment U-Th·Pb patterns already established 
(refs. 5-1 and 5-2). 

ANALYTI CAL PROCE DU R E  

All whole-rock samples were crushed in a stainless 
su:el mortar and analyzed directly . Phase separates of 
bre��cia 600 1 8  were obtained by handpicking. sieving, 
and using a han<l magnet. 

Samples were dissolved in teflon bombs. Extrac· 
tion of the Pb was achieved using a two-step anion 
exchange technique (ref. 5 · 1  ). Total Pb blanks ranged 
from about 0.5 to 1 .9 itg during this study. the U 
and Tit were separated With Dowex I X 8. N03·form 
resin (ref. 5-3). The U and Th blanks were less than 
O .o l  ng. 

RESU LTS AN D DISCUSSION 

Concentrations o f  0 ,  th. and Ph and the P b  iso
torlc compo!>itions of brccdas 60018  and 64435 and 
anorthosite 60025 arc listed in tables 5-i and 5-11 . 
respectively . Tne U concentrations In breccia h00 1 8  
range from -v0. 1  ppm (plagim:lasc concentrate) to 
-v 1 . 2  ppm (light gray lithic fraction) and probably 

��_,..;';-� ; :--:-o -:-;:-----..,--'--::-.. , .;.._,· -.-c-_.�":'C: __ :�:t__:_:··.:".'-_;_'::-_,�, - ·�· .. - -- -
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62 LUNAR SAMPLE STUDIES 

reflect varying amounts of potassium, rare-earth ele· 
ments, and phosphorus (KRFEP) I con1portent. Plagi· 
oclase-pyroxenc breccia 64435 contains only about 
0.02 ppm U and 0.09 ppln Th - lower thart all lunar 
rocks yet analyzed excluding anorthosi tes. 

Data in tables·S-1 and 5·11 arc graphically displayed 
on a 206pbf207pb versus 2 3 8Uf207pb positive slope 
variant of the 207Pbf206pb versus 2 38Uf206pb plot 
(fig. 5 - l )  of reference 54. Also plotted for com· 
parisoll are breccia 66095 (ref. 5·2), hornfels .650 I S  

lTerm used to express chemical coJilposition .of lunar 
materials. After Hubbard, N. J . ;  and Gast, P. W .. Chemical 
C o m position and Origin of Nonmare Lunar Basalts. 
Proceedings of the Second Lunar Science Conference, vol. 2, 
MlT Press (Cambridge, Mass.), 1971 ,  p. 999. 

(refs. 5·1 and S-9), anorthosites 600 1 5  (ref. 5- l ) .  
1 54 1 5  (ref. 5·6). and b7075 (ref. S -8 .), and another 
analysis of 60025 (ref. 5·5). Except for anorthosites 
600 1 5 .  67075 ,  and 60025, all Apollo 16 whole-rock 
samples previously pul-!ish.ed (refs. S-1 S -2. 5-8 .  and 
5- l 0), fall within error on the solid line drawn in 
figure 5·1 . Chipped samples of hornfels 650 1 5 with a 
206pbf204pb ratio of >2500 (refs. 5-1 and 5-9) and 
breccia 66095 with a Pb content of "-'I  5 ppl11 (ref. 
S-2) represent pristine. essentially uncontaminated lu· 
nar material. The dashed contamination line in.figure 
S-1  defines the line al<:ng which hornfels 650 I S  
would move if mixed witt . modern terrestrial Pb. The 
proximity of anorthosite 60025 and five of the sep· 
a rates of breccia 60018  to this contaminatiol1 line 
and the rather low 206pbf204pb values of these sam· 
pies (table 5·11) suggest that up to 99 percent of the 

TABLE 5 ·1 . ·  CONCENTRATIONS U ,  Th ,  AND Pb IN APOLLO 1 6  
ANORTHOSITE 60025 AN D  BRECCIAS 600 1 8  AND 644 35 

Sample Run Weight , Concentrat ions , Atomic ratios 
mg ppm 

u Th Pb 
232Th 

21au 
238

u 
204

Pb 

Anorthos ite 60025 1 74 . 4  0 .000594 0 .001 5 2  0 . 0652 2 . 64 0 . 581 
a

2 1 1 3 . 7  . 000502 . 00 1 08 . 09 36 2 . 22 . 340 

Breccia 600 1 8: 

Whole rock 
a1 208 . 9  . 801  3 . 1 60 1 ..l.22 4 . 08 1 37 8  

< 100 mesh 1 48 . 7  . 796 3 . 021  6 . 64 3  3. 92 9. 55 
a

2 1 80 . 5  . 381 1 .  398 1 .  369 3 . 79 190 
Handp i cked 

a , glass 32 . 3  . 694 2 . 5 88 1 . 82 7  3 . 86 353 

Magnetics 1 29 . 8  . 433 1 . 5 44 1 . 657 3 . 68 34 . 9  

Handp icked 
dark gray 1 39 . 6  1 . 055 3 . 584 2 .6 2 3  3 . 5 1  1 6 l  

Handpicked 
a

1 l i ght gray 88 , 4  1 . 209 4 . 469 2 . ';20 3 . 82 2 30 

Handpicked 
whi te 1 1 9 . 1 1  . 1 1 2 3  . 544 . 7 1 0  5 .01  t:J. 4 

Breccia 64435 1 5 8 . 4  . 0226 . 09 1 7  . 354 4 . 1 9 39 . 2  
a

2 1 4 5 . 6 . 0299 - ·  . 39 7  - ·  35 . 6  

3
Samples total ly spiked b� fore digest ion . 
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Minimal ly  contaminated samples Pb extracted from these sal1lples is tet1estrial . Breccia 
64435 , breccia 600 1 8 ,  and handpicked glass samples 
of breccia 600 1 8. on the other hand . lie very close to 
or on the solid line irt figure 5-1 ; have high 
206pbf204pb ratios (table 5 ·11) ;  and appear to be 
negligibly contaminated with terrestrial Pb. 

When corrected for all assumed primordial Pb (ref. 
S- 1 1 ). the whole�rock and glass analyses of breccia 
600 1 8  fall within ertot on the 4.47- to 3 .99-billion· 
years (b.y .) disc0rdia line defined by other Apollo 1 6  

TABLE S · l l . ·  I Sn rnP I C  CI>�POS i l l i )� I)F Ph 1� :\l'tll.LO 1 6  SA.'t.PI.ES flfJO!� , bOU 1 8 ,  A�D h 4 4 JrJ 

s .• mp lc 

Whole rock 

Wholt" rock 

• 1 00 mf' <;h 
(ma�ne t l c s  

removed) 

Handpick�d 
� l ass 

Ma�net I c� 

Handp I eked 
dark �rav 

Hand p i  ckt•d 
l l l!h t v. rav 

Handp l chd wh I tt• 

\J.1wl £>  f1..•Ck 

9 ) - � 

74 • •  
1 1 1 .  7 

5& . 4  

208 . 9  

4 9  . )  
48 . 7  

1 80 . 'i  

7 1 . 9  

12 . I 
J2 . 5 
29 . 8  

4U . 9  
19 , h  

109 . 2  

8 8 . 4  

ftl) ,  J 1  
14 , 1 1  

1 1 . 0  
1 8 . 4  

t 4'J . Il  

Run 

I' I C 1  
dC2 

P I  
dc 1 

P I  
C 1  

1'1 
C 1  

P I  
del 

I' I n 

1' 1 

C 1 
dn 

1 8 .  '>Z 1 8 . 7 1  
1 8 .  >2 

25 . 9 2  

25 .�4 

2 24 . 2  

262 . 1  

1 2 3 .  7 

5 1 . 37 'iO , I '; 

1 4 8 . 1 
1h4 . 7 

2 10 . 2  

n h . R  

42 . 88 t. l  . 84 

I �4 . �  
1 '>tl . 'i  

l'i '>  . !  

A t  omit' rat i<l;--; 

Anort hos l t t.• h002J 1 - 1 '; . 7 2 -1 ,8 . 1 4 I �� .�� -
-l ;, . 78 1 '; , 7 1  1 8 , 8 1  1 '> . 74 

1 '; .6 4  1 8 , ';4 l '> , h'> -- - - � - - - -
-

--
Hrt•t'C { ,, fll)0 1 8  

4 12 . 0 1 
1
::� -

2 

60� . o  

244.  'I 
7 12 . 9  

1 9 . 58 4 '; '  1 �  
1 9 .  '; �  

1 2 4 . 2  

1 4 4 .  1 2 72 . 2  

2 1 9 . &  

1 2 .  '; 4  7 1 . 4 1  I I , 7 1  

7 7 . 88 1 � 9 . 0  

8 8 .  1 �  

1 1 0 . 2 � 1 1 .  2 

104 , ., 

2 & , 02 

l h . OO 
1 4 . h ';  
1 9 . & 2  

2 19 . 0  I 12 , 0  

298 . 2  

40'> . s 

'>2 . 1 2 
so , 82 

1 '; 1 ,  7 
1 74 . l  

21.7 . 2  

! : 1 .  I 

l h  J . O  

l 74 . L  

I I ; . 8 
I Oh . H 

I 18 . 1 7  J 
h! 7. 7 

4) . '>8 

I<J7 . 4  

7l . I'> 

1 ] \ . 1 1  

,• .'.!•I , � 

L4 . 12 .. I. 78 

4 1 . J l  � �� . �4 1 h 7 . •H, 
28 . � 1 ,lot . 'd•t 

Urt•t' l' l .1 h44 JC, 
1 • 8 . h  . .  ,.! , 8  ! �' l .  ·, ,' MI I , H  
1 AA . I  •• �' 1 • 1 .' i ' , il  
' 4'> . l 1 71 1 , 1! 

'
1
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6 .  60018 
1 • Whole rock 
2 • < 100 mesh lmagnetlcs removed\ 
3 · Handpicked glass 
4 • Magnetics 
S • Handpicked dark gray 
6 • Harillplcked llgllt gray 
7 • Handpicked white 

M. T. • Modern terrestrial 

- - -
1 . 2  

1 . 1  

1 .0 

.9  

.8  

.7 

238 /207 Uf PB 

Figure 5·l .· A plot of 206pbf201pb compared to 23But206pb, l'olew data from 60018, 60025, and 6 .. 435 arc plotted. The 
foUowing data are plotted for comparison: 60025 analy:ted in reference 5·5. an interior analysis of anorthosite 600 1 5  (ref. 
5·1), breccia 66095 (ref. 5·2}, anoHhoslte lS4lS (refs. S-6 and 5·7), anorthosite 67075 (ref. 5·8), and hornfels 6501 5  (ref. 
S·l ). Data arc conectl!d for blanks only. 

whole-rock U-Pb data cxclltditig anorthosites (refs .  
5-i and 5·9). the 6001 8  whole·tock analysi'l is nearly 
concordant at about 4.42 b.y .2 The glass contains 
excess Ph relative to U. which suggests it is either a 
soli imJ'fact melt (i.e .• the excess Pb may ha�·e been 
present before glass format ion) or the glass somehow 
�ahied Ph relative to U after its formation . 

Altt .ough breccia 64435 contains ilhly 'V0.4 ppln 
Pb. its very low U and Th contents indicate a severe 

2Thc constants used arc �:ZJK = 0. 1 5 369 x 10·9 yrl ; 
�235 "' 0. 97216 x 10·9 yf I Cref. 5-1 2); and 23KutBStl = 

1 37 .K Cref. 5- 1 3). If the U·dccay l'Onstanh of rct'cn•ncc 5 ·1 4 
were used, the ages reported here would be redun·d 
approximately 1 . 3  11crc·�nt. 

ne l enrichment l'f Pb relative to U and Th . Much like 
breccia 660QS (ref. S-1). breccia h44J5 apparently 
gained Pb characterized hy a very high 207f1bf206pb 
ratio of abo1.11 1 .45.  The isotopic character  of the 
excess Pb in 64435 requires that this fib was pro· 
duced in a U-rich reservoir very early in the Moon's 
history when the production rate of 2H7J>b exceeded 
that of 21l6Pb. Model ages of -' .73 to 4 .0 b .y .  fur the 
int roduction of excess Ph into breccia 64435 and of 
4.65 In 4.42 b.y .  for the productitlll of a lLrkb reser
voir (}J = 4t)(l to 1 1 1 5 )  may he calculated using two· 
and three·stage U-Th-ljb evoluti.m models. respec
tively. as discu�sed at length m rcfercn�:e 5·2 .  

IJcspite gross diffcrcnl·es in absobtc U. Th. and l,b 
con�:entrations measured In breccias 64435 (table 5·1)  

I 
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U-Th-Pb SYSTEMATICS OF APOLLO 1 6  SAMPLES 600 1 8, 60025 ,  AND 64435 65 

and 66095 (tef. 5-2), both these Samples appear to 
have undergone very similar U-Th-Pb evo\ution his· 
tortes. 

The Continuing Problem of Terrestrial Pb 
Contamination of Lunar Samgles 

Serious terrestrial Pb contamination of some of 
the Apollo 1 6  samples has occurred. In this section, 
the cause of contamination is discussed, artd pro· 
cedures whereby such contamination may be elim
inated in the futur.e are recommended. 

Contamination of. lunar samples by tenestrial Pb 
has long been a .problel1l to U-Th-Pb investigatou. 
Possible sources of contaminatLJrt discussed in the 
literature are as follows. 

1 .  P.b introduced by analytical blanks (currently 
only a serious problem in very small samples or in 
samples with very low Pb concentrationS such as 
a.J10rthosites) 

2. Mineral-separation techniques (e.g., the heavy
liquid prilblem reported in ref. 5-7) 

3 .  NASA preparation of the samples (�.g., the 
contaminated sawdust reported in refs. 5-7 and 5-1 5) 

4 .  Rocket exhaust contamination possibilities 
mentioned in reference 5-7 

5 .  Contamination on the lunar surface durin� sam
ple collection (e.g., the core tube contamination of 
Apollo 1 5  and 1 6  sa11tples reported in refs. 5-8 and 
5-1 6) 

Handpicked mineral concentrates and sieve frac
tions of breccia 600 1 8  and whole-rock al'lalyses of 
60025 show strong apparent terrestrial Pb contaminil
tion (table S-Ill). In particular. the Pb isotopic com
position of 60025 determined in the authors' labora• 
tory was indistinguishable front that of modern ter
restrial Pb (206pbf204pb "' 1 H.S ; measured Pb con
centrations = �.065 and 0.094 ppm). One split of the 
<tOO mesh fraction of 600 1 8  coritained 6.6 ppm Pb 
wi�h a 206Jibf204pb ratio of 26.0 1 ; whereas rela
tively uncontaminated whole-rock and glass samples 
from this sante rock suggest this ratio should be at 
least 1 0  times this value3. AJtogether. three separate 

3The Pb concentration determinations were made from 
1 0.6 ng and 4.9 ng of total Pb c\tracted In the case of 60025 
and 324 ng Pb extracted In the case of 60018 < 100 ntcsh 
split I . Analytical blanks associated with the.e ')tl02S and 
60018 analyses were 1 . 1 8  iig and 1 .72 ng, respectively. 

splits of the <tOO mesh fraction (minus the magnetic 
component) were analyzed. Two of these splits were 
analyzed directly (tables 5-I and 5-11), artd unc was 
used for art acid-leach experiment (taJ,le 5-IV). The 
gross differences in the measured U, Th , artd Pb con
centrations artd Pb isotope ratios of these thr�e sam
ples reflect considerable heterogeneity among the 
splits. The acid-leach expetiment sltowed that the res
idue·contained as much Pb as the preceding three acid 
leaehes combirted and had a lower 206pbf204Pb ratio 
than any of the acid leaches (table 5-lV). Thb f"mding 
probably indicates a particulate type of contamina
tion rather than easily dissolved surface contamina
tion. 
. Interestingly, the Th/U ratios found in the first 
two nitric acid leaches (steps 2 and 3, table 5-IV) are 
much higher than the th;rd acid leach (step 4,  table 
5-IV), which in turn has a lower Th/U ratio than does 
the residue (step 5 ,  table 5-IV). This pattern was also 
found in the leach experiment of breccia 66095 (ref. 
5-2), and shows that Th is bound in at least two very 
different sites. PosSibly the nitric acid leaches dis
solved one or more accessory Th-rich phases such as 
phosphates. 

Because sample 600 1 5  (ref. S - 1 )  falls outside of 
etror off the U-Pb trend established for other Apollo 
1 6  rock samples (fig. 5-1)  in the direction of modern 
terrestrial Pb, this sample may also exhibit a small 
degree of terrestrial Pb contamination. Alternatively. 
this sample may contain a lunar Pb distinctly differ
ent from that of most other Apollo 1 6  sampl!:s (ref. 
5-l ) .  

The Pb data for 60025 (this report and ref. 5-5) 
arc not sufficiently precise . owing to terrestrial con
tamination problems, to calculate model ages -
rather. these dat:i emphasize that some lunar pi agio· 
clase may �ontain almost n�.; Ph at all. 

The large quantity of Pb measured h1 several of the 
contaminated samples (especially the tirst < I  00 111esh 
split of 6001 8  with 6.6 ppm Pb) is impossible to 
explain by physical or analytical contamination in the 
authors' laboratory. All samples analyze� by the 
authors that exhibit s!:�nificant contamination have 
one thing in common: they were cut with a handsaw 
In the NASA lua·,ar Receiving laboratory. although 
not all samples so dissected were significantly con
taminated (tabl� 5-l i l ). To pursue this problem fur
liter. the authors requested and receive� a "clean" 
saw bla�e from NASA that had been ·:leaned as rc-
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TABLE 5 - l i i . - APOLLO 1 6  SA.'1PLES A:>lALlZED BY :\'V :>lES A:\1l TATSUMOTO 

[ Percentage lead contamination est imated by Nunes and Tatsumoto ( re f . 5 - 1 )  f rom the degree analyses 
depart from the ti •Pb trend defined by a Hne j oining 66095 and 650 1 5 who le -rock dat a i  

Sample no . 

600 1 5 ,46 

600 1 8 , 1 6 :  
· 100 mesh 

Handpi cked p l ag i o c l ase 
�agne t i c  f ract ion 
Handp i cked dark gray 
Handp icked l i ght gray 
H andp i cked g l ass 
Handp icked whole rock 

6 0 0 2 5 ,90 0 3  

6 0 3 1 5 , 8 1  

64435 , 5 -

650 1 5 , 5 2  

6609 5 ,4 1  

6 7J 1 5 , t l  

6 70 1 5 , 1 2  

684 1 5 ,6 �  

We i gh t ,  \ " ., 
l 

6 . 83 I 

2 1 . 6 7 

2 . 8-1 I 

3 . 04 

1 0  

3 . 09 

4 . 85 

5 .0 8  

Apparent l .. ad 
con t am inat ion , 

percent --
1 )  

7 7  
64 
5 3  

32 
1 2  
{b) 
( b )  

99 

( b )  

( b )  

( c )  

( c )  

( b )  

Any sawed 
sur f ace ? a 

Yes 

Ye s • on 
almo s t  a l l  
faces 

Yes , on 
about 60% 
of faces 

No 

Some 

No 

Nc 

No 

4 . 96 I ( b )  1 No 

--------- ----
Comme n t s  

a 

Th i n  c h i ps w i t h  s awt·d surf a,-... ,., alon� t il<" 
narrow edgt•s . 

P iece of 1 . 5 - .:m - t h i ck s l ah ;  sui f i c i .•n t 

mat e r i a l  e x i s t e d  i n tlw s l ab so t h.lt 
sawed surf ace cou l d  be chi st• led o i i  
t o  p roduce s - �  p ieces i re�· o f  s a  .. ·ed 
s u r f ace . 

Samp l e  is al l  of ,26 furnbhed by Hask i n .  

Fresh ch i p s  (no sa,..ed o r  lunar ext<" r h>r 
surf :1ce s ) . 

Samp le ob t a ined fror:: Ro,.,h<' l t ;  four I .tr�.: 
interior ch i ps .  

F re sh ch i p .  

Rock was not sa,..ed . 

Rock ... as not s a,..ed . 

Rock ... as not sa,..e d . 

3 . 48 ( b )  _j · so� saw"'d \ surf:tce 
--------�-------------

a
S awed surface pst �rnatPs and comment s by P .  But ler , J r .  

b
< 2% terre s t r i al Pb con tamination . 

cAssumed to contain no t e rres t r i a l  Pb . 
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TABLE �·IV. • t.EAD ISOTOPIC Cma'OS ITIOSS A."iD t: . Th . A.'fD Ph CO�TE:"iTS Of AC I D  LEACHES A:iD kES I Dl"t IH' A I!JO !"ft:SH 'iA..,PLE"1 ( "'tAt;� • .;J:TJtS RP.fi i\"EtH o• 8Rt.� .LIA ti�JlJ1 8 

' \  1 

( r  ·r· : '•l: . . ' . 

' "'- ' 

·-

Ste"P Leach clescrlpt !on Run Pb � rh AI: uml c rat to� d 

(b) (c) remo�d. removed .  r'lt"IDUV.-d 0 

ng n� n• Obst:o rved Corr�cted fur blanlr 

206 Pb 20 7  Pb Zt16Pb lOI>Pb 2117Pb 208Pb 
zo:.Pb 

204
Pb 

204Ph 104Pb 204Ph 204Pb -
! 

l 

I 

•• 

� 

4 .: v&ter; 4 days p I .  OS -- - - ( 2 ) . 6 2 )  ( 1 8. 72 ) ( 1, 11 . 1 6) c . 5 4  - - - - I l l .  }9 ) ( 1 8 . 2 ':, )  · -

• ool 1 ao.-.1 ( 111) p 1 5 7 . 2  46. 4 1  509 . 9 44.04 2 9 . �5 89 . I !  
aUric acld <IIIID11 :  c 1 58 . 8  46. 87 5 1 5 . 1 44.66 2 9 . 9 5  - ·  

Z days 
4 ool 1611 IIIII); 1 days p 254.6 26.99 2 1 8 . 4  ) 1 . 4 4  31.89 88.U4 c 296.8 Jl .loS Z'S�.� S 1 . SO 17 . 9 )  - -

Z 101 Sot hydrofluoric p 400 .9 1 )4 : .958 6 6 . 99 J9 . H  7 5 . 2  J 
acid (IIJ') + Z 101 I c 271 . 8 I 9 1 . ) .650 6 7 . 1 6  )9 . 6 1  --
1 611 1110}: 3 days 

4 . �  tal 50% IIF + 4 . 5  1111 p 897.9 2 1 9 .8 7 T t  .0 4f .04 26.66 )4 . f 6  1611 111101, baate� c 520 . 4  1 2 7 . 4  4 1 2 .0 1, 1 . 1 2 26 . 72 --
ovwmt�." l raatdue ; "�.sol"�'�) 

. tot al 296() n•.9 262 ) · - · - - -
Apparent ppa of 1:'.1tal 2 .9 7  • 728 2 . 6 3 ·- ·- . .  

sample 

Arne- total s�le vetghe!! 99'1. 7 ma; 208Pb spill• cont rt but tons were- subt rac-tt>d f rom u•n• ..-nt r.tt 1 (In a,..,r .t. 

1 2 7 . 2 1 )  
' 10 . 69) 

1.4 . 11 
" 4 . 24 

5 1 . 70 S 1 . 61o 

6i . 4 1  
6 7 . b l  

4 1 .20 
41 . 2 >  

- -

- ·  

t 2 2 .  1 4 ) -· 
( 20 . ��. I (5S . H I  

:10 . 1 1  89 . 8 1  
30.05 · -

)8.117 88. 62 
)8.02 --

19 . 75 75 . 7 7  
19.85 --

26 . H  S4 . 4 )  
26 . 78· --

- - ·-

-- - -

bTota! Pb blcd&a were 0 . 47 Dil fol' leuh steps T .  2 .  and 1; 1 .0 n,g for c;tep 4; and T . i  niL f· •r  t ht- .. r..., , r..- .. J dut' dh .. , · l u t wn . 
cp • coJIIIostttan. C • Concantrat l cm .  
4rarenthe•s tndtcc:e st3ttt f tcant tlllte'rtalnt-.: bt>cause o f  r:hr sma l l  amounts of h•ad prt·.,_..nt . 

I .lU 7Pb :"8Pb 
;;.ePh 206Pb 

( 0 . 76 1 ? )  ! 2 . u l• >  ( . 72 1 4) - -

. 6 )94 J. . UJ1 

. 6 794 - -

. 7 )64 I .  ' 1 4  
• 7 }64.. --
. 5896 1 . 1 24 
. 589� --

.649 ) 1 . 12 1  

. 6 49 1  --

i ·- --

I -- - -

•About 0111!'-tt:lrd of the stwp t. lt>ad\ solution was sp i l led before dtvtdlnJl and spilr ln11 n,,. C'••n t> n t r .1t i "n r · r r i . •n . . r  t h 1  -. . · J ·Jt l lln ; thu-;. ' rte  t or a h  of 
the 1;. Th. aa.d n coati'Dt& are slaght lv lower than rM t nw valurq . 
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(J8 LUNAR SAMPLE STUDIES 

c::::l _ . . .  ..  Wold • • • • • • • • 
·8 

c=:J,.· W ppm Pb 
3,02 ppm Pb 

D 3.00ppm Pb 

cutt,., .... . . . . .. 

U 
I I I I I I 

5 mm 

5.19 ppm Pb 

Figure 5·2.· Pieces of NASA �tee! bandsaw blade that were 
analyzed for Pb concentration (drawn approximately to 
scale), 

quired by the NASA specilication entitled "Lunar 
Receiving Laboratory Cleaning Procedures for Con· 
tamination Control." Four pieces were cut from the 
blade : two pieces contained varying amounts of the 
weld but no cutting edge , one piece cohtained only 
nonwelded steel, and the fourth piece included some 
steel and the cutting edge (fig. S-2). The saw blade 
san1!'les were cut with an acid-cleaned pair of tin· 
snips, and aU four samples were consecutively washed 
in twice-distilled acetone for about 10  minutes, in 
cold , 1 .7 normal hydrochloric acid for about S 
minutes, and in five-times-distilled water to remove 
any surficial Pb. The saw blade samples were then 
dissolved in hydrochloric acid and nitric acid, and the 
total samples spiked. Pb �paration was achieved with 
anion exchange columns. 

The total Pb contents calculated assuming a 
208Jibf206Pb sample ratio of 2.063 are shown in fig· 
ure S-2. Agreement of the Pb contents of the three 
saw blade samples with no cutting edge indicates the 
steel has a uniform Pb content of 'V3 ppm regardless 
of the arltount of welded region present. This value 
compares to the Pb content of O.b ppm found (ref. 
S- 1 5) for the co!'per·wlre saw blade used in cutting 
ApoUo 1 2  and 14 rocks. 

CONCLUSI ONS 

The high Pb content of the iJandsaw blade sampll' 
that Includes a portion of the cutting edge ('VS ppm) 
indicates Pb is concentrated in the cutting edge, 

which consist:� ot' diamundR cemented In a white 
bonding material. It hi emphasl;�.cd that l he measured 
Pb contents lrt these saw blade samples arc minimal 
because of the preliminary acid·waHhing procedure. 
Judging from the relative amounts of steel and cu t· 
ting edge in sample 4. u Pb content of "' I  O.M ppm is 
estimated fur the cut t ing edge material. This quantity 
ot' Pb is sufficient to ext'lain ull contaminated data. 
The variable aJ11ounts of Pb contamination (from 
insignificant to much) of bandsuw-cut samples may 
be explained as varyiug saw blade particulate con· 
t ributions to the salnples. This variunce can explain . 
for example, why the < 1 00 mesh fraction of bOO I !i 
was so highly contaminated (the starting material 
c o n t a i n i ng considerable saw-blo�de-cut surfaces): 
whereas the whole-rock sample displayed no obvious 
contamination , perphaps because it was picked from 
small chunks with no flat (cut) surfaces. Unfortunate· 
ly, an accurate assessment of the amount of saw blade 
surface on any given so:mple dissolved was mlt made 
before the realization that these samples were con· 
taminated.  In any case. th� particulate nature of the 
contamination. as indicated by the acid-leach cxperi· 
rttent and thr very high Pb wntcnt of at least 10 to 
I I  ppm found in the cutting edge of the handsaw 
blade, indicates that significant Pb contamination of 
l unar samples during sawing was likely. 

To ensure "clean" lunar samples in the future .  the 
following procedures arc suggested . 

I. Lunar investigators working with Pb should re· 
quest only chipped samples. 

2. When only sawed material is available , cilough 
material should be obtained so that individual investi
gators may themselves chip away material tha t  dis· 
plays no sawed surfaces. 

3. Sample chunks of cohesive material that arc 
derived from originally sawed samples should be 
washed in t wice-d istilled acetone and vibrated ultra· 
sonically to remove any particulate material that may 
be foreign to the sample . This cleaning should b� per· 
formed by the individual investigators before crushing 
and mineral separation. 
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