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The Apollo 15 Lunar Sample 
A Preliminary Descripti 

Apollo 15 Preliminary Examination T< 

Samples returned from the Apollo 15 site consist of ma 
breccias with a variety of premare igneous rocks. The mc 
from at least two different lava flows. The bulk chemical co 
textures of these rocks confirm the previous conclusion that t, 
consist of a series of extrusive volcanic rocks that are rich in ir 
sodium. The breccias contain abundant clasts of anorthositic f 
with clasts of basaltic rocks much richer in plagioclase than th 
These two rock types also occur as common components in soi 
this site. The rocks and soils from both the front and mare r 
variety of shock characteristics that can 
the craters Aristillus or Autolycus. 

The prime scientific objective lead- 
ing to the exploration of the moon is 
the characterization of this body as a 
planet. In particular, we desire to de- 
termine its present chemical and phys- 
ical structure and to infer from these 
its initial state. A most important ele- 
ment in planning the exploration of 
the lunar surface is the choice of sites 
to be studied. For the most compre- 
hensive coverage of the lunar surface, 
each landing site should have access to 
terrain with a variety of structural, 
temporal, and chemical characteristics. 
The Apollo 15 landing site is set be- 
tween mountains that rise more than 
4000 m above it and valleys that cut 
more than 300 m into the surface. 

best be ascribed to ray 

Hence, samples from tl 
a wide range of stratigi 
provide an insight into 
structure of the moon 
ogy, mineralogy, petrol 
istry of the Apollo 3 
described in this artic 
several preliminary hyF 
individual samples tc 
framework are suggest 
panying report (1) de! 
nological significance ( 

It should be menti 
that the samples repr< 
tinct selenological unit, 
(i) the Apennine F 
mountain range that 
during a collision of 
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an asteroid-sized object, (ii) a series 
of horizontal lava flows that fill a part 
of the impact-produced basin, and (iii) 
a ray of ejecta from a large, young 
crater that postdates the filling of the 
basin. The preliminary observations re- 

-a*S; ~ ported here further characterize each 
of these major units. For example, sev- 

on eral distinct types of igneous rock can 
be associated with different flows that 
fill the mare basin. The Apennine 

e~a~m Front samples are readily distinguished 
from the samples collected at the Fra 
Mauro site. They suggest that there 
are at least two major rock types with- 

ire basalts and in the Apennine Front at this locality. 
are basalts are The preliminary descriptions do not 
mpositions and clearly differentiate Imbrium ejecta 
he lunar maria from possible pre-Imbrium materials 
on and poor in within the mountain front. Neither do 
fragments along they identify material that originated 
te mare basalts. at a great depth, 20 to 30 km, within 
il samples from the moon. The resolution of these 
egion exhibit a questions must await a more detailed 
i material from study of the Apollo 15 samples. 

More than 350 individual samples, 
weighing altogether 77 kg, were col- 

his region cover lected from ten sampling areas in the 
raphic units and Hadley region during three lunar sur- 
> the subsurface face excursions on 31 July and 1 and 
.The morphol- 2 August 1971. These consist of indi- 

ogy, and chem- vidual rock specimens ranging in 
15 samples are weight from 1 or 2 g to more than 9.5 
le. In addition, kg, core tubes, and a variety of soil 
)otheses relating specimens. The samples come from 
) a geological two distinct selenologic regions, the 
ted. An accom- mare plain and the foot of a mountain, 
scribes the sele- 3000 m high, known as Hadley Delta. 
of the samples. The rocks from the mare plain consist 
oned, however, of two basic types, (i) extrusive and 
esent three dis- hypabyssal basaltic rocks and (ii) 
s or structures: glass-coated and glass-cemented brec- 
ront, a major cias that are apparently concentrated 
was produced in the region around the lunar module 

the moon with (LM) [see figure 6 in (1)]. The rock 
samples from the foot of the front 
constitute a very diverse set of rock 

ig group are P. W. 
;y, Pasadena), N. J. types that range from breccias to pos- 
rography group are sible metaigneous rocks. Thirteen soil 
;oton, D.C.), G. E. 
o Park, California), samples with an aggregate weight of 

akes (LSI), 
M.cN. 4.5 kg were collected from the mare mia). The chemical 

M. Bansal (LEC), plain, and 18 soil samples with an ag- gamma-ray counting gregate weight of 8.5 kg were collected and Root-Northrup, 
logard, W. R. Hart from the mountain front. 

are E. K. Gibson, Small rock specimens with average lose members listed 
dimensions ranging from 0.5 to 6 cm 
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Table 1. The range of percentages of main 
0.25-mm fraction). 

particle types in the soil samples (0.125- to of textures that include extraordinary 

Sta- Aggutinates Green Clino- Feld- Micro- Sam- 
tion and glass Basalt pyrox- spar breccias ples brown glass droplets ene 

LM 71.4 4.0 8.0 1.0 5.5 
8 63-67 3.5-3.0 5-6.5 13 2.5-3.5 2.0 2 
6 23-64 3-11.5 3-8.0 9-13 2.5-12 7-32 5 
2 45-53 3-8 2.0 8-14 7-13 7-13 4 
7 14-42 37-47 2.8-5.5 7.5 3.0 0-9 2 
9a 30-36 1-4 16.0 30-35 4-8 5.0 2 
9 55 4.5 6.0 20 5.0 5.5 1 

* Vitric and recrystallized. 

were collected at three sampling sites, 
St. George Crater, Spur Crater, and 
the rille edge. These samples were ob- 
tained by raking or sieving the soil in 
these regions and are statistically rep- 
resentative of the smaller rock frag- 
ments found at these sites. They in- 
clude fragments of several rock types 
not represented among the larger sam- 
ples. 

A macroscopic study was made of 
all the rock samples, and more detailed 

petrographic and chemical studies were 
made of a smaller set of samples. Most 
of the individual soil samples were 

analyzed both in thin section and by 
microscopic examination of several 

hundred grains of each soil. At this 

stage, studies of the core tubes were 
limited to nondestructive x-radiographs 
leading to gross textural characteriza- 
tion. 

The samples selected for chemical 
and isotopic studies and thin section 

analysis were limited to a representa- 
tive set chosen for preliminary charac- 
terization of the entire Apollo 15 col- 
lection by the Preliminary Examination 
Team and the Lunar Sample Analysis 
Planning Team (2). 

Mare basalts. Approximately one- 
third of the individually collected rock 

specimens are extremely fresh, basaltic, 
igneous rocks exhibiting a wide range 

Fig. 1. View of layering in the western wall of Hadley Rille as seen from station 9. 
The top layer appears to be relatively thick (about 25 m), but the next series of 
layers are relatively thin. The total width of the far wall in the photograph is 150 m. 
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zoned, pyroxene phenocrysts, which 

penetrate large vesicles or vugs in some 
samples. These basaltic rocks include 
massive, dense, fine-grained basalts and 
slightly vuggy gabbroic rocks, as well 
as highly vesicular and scoriaceous 
rocks that consist of more than 50 per- 
cent void space. Even a cursory mac- 
roscopic textural description indicates 
that the conditions of crystallization of 
these rocks varied widely. Several pre- 
cisely oriented rock chips were re- 
moved from large boulders on the 
lunar surface. Two such chips were 
taken from a rock that may have been 
only moderately reoriented since its 
time of solidification. 

The return of such well-documented 
samples makes possible a variety of 
experiments that could not be under- 
taken with the igneous samples re- 
turned from previous sites. It may, for 
example, be possible to infer the ori- 
entation of the local lunar magnetic 
field more than 3 X 109 years ago. It 
should also be possible to determine 
the age of one of the major secondary 
craters, Dune Crater, from the samples 
collected at its rim. The exposures ob- 
served at the rille edge, as illustrated 
in Fig. 1, suggest that the mare basalts 
collected at this site may come from a 
series of basalt flows up to 30 m in 
thickness. 

The chemical composition of seven 
individual basalt samples is given in 
Table 1. These include representatives 
from all of the mare sampling points, 
along with a single metabasalt (15256) 
collected at station 6 at the foot of the 
front. The range of compositions ob- 
served in these seven analyses is re- 
markably small, the greatest variation 
being found in the MgO, FeO, and 
TiO. contents. In the context of other 
lunar basalts or terrestrial basalts, 
these rocks are similar to those found 
at Statio Tranquillitatis and at the 
Apollo 12 and Luna 16 sites. In par- 
ticular, the high iron content and cor- 
respondingly high FeO/MgO ratio 
should be noted. Also as in previous 
mare basalts, the low Na2O content 
distinguishes the lunar samples from 
all terrestrial basalts. The average TiO2 
content is somewhat lower than that 
observed at previous mare sites. A 
more detailed comparison of the 
Apollo 15 mare basalts with terrestrial 
and other lunar samples is given in 
Figs. 2 and 3. The FeO concentrations 
(Fig. 2) reveal the systematic differ- 
ence in iron content of mare basalts 
and terrestrial and lunar highland ba- 
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Table 2. X-ray fluorescence analyses of igneous and metaigneous rocks from the Apollo 15 site. Each major element (except Na) was determined 
on a 280-mg aliquot of a sample prepared according to the procedure of Norrish and Hutton (9). Sodium was determined by atomic ab- 
sorption spectrometry; a 20-mg sample was used. Except for Sr and Zr, concentrations are given as percents by weight; ppm, parts per million. 

Location and sample number 

Component Seat Elbow "Meta- Dune Rifle Rille Anor- Gabbroic Apollo 14 
Component Elbow Dune Riue Rme Anor- Co tbelt ALSEP basalt" anor- control 

eston 1508 Crater sat Crater station station thosite aor oto 

15016 
8 15076 152 15499 15555 15556 15415 thosite sa ~~~~15016 ~15256 15418 14310 

SiO2 43.97 47.81 48.80 44.93 47.62 44.24 45.11 44.08 44.97 47.19 
TiO2 2.31 1.77 1.46 2.54 1.81 2.26 2.76 0.02 0.27 1.24 
Al2Oa 8.43 8.87 9.30 8.89 9.27 8.48 9.43 35.49 26.73 20.14 
FeO 22.58 19.97 18.62 22.21 20.26 22.47 22.25 0.23 5.37 8.38 
MnO 0.33 0.28 0.27 0.29 0.28 0.29 0.29 0.00 0.08 0.11 
MgO 11.14 9.01 9.46 9.08 8.94 11.19 7.73 0.09 5.38 7.87 
CaO 9.40 10.32 10.82 10.27 10.40 9.45 10.83 19.68 16.10 12.29 
Na2O 0.21 0.28 0.26 0.28 0.29 0.24 0.26 0.34 0.31 0.63 
K2O 0.03 0.03 0.03 0.03 0.06 0.03 0.03 < 0.01 0.03 0.49 
P2aO 0.07 0.08 0.03 0.06 0.08 0.06 0.08 0.01 0.03 0.34 
S 0.07 0.07 0.03 0.08 0.07 0.05 0.08 0.00 0.03 0.02 
Cr2Oa 0.70 0.11 0.18 

Sum 98.54 98.49 99.08 98.66 99.08 99.46 98.94 99.95 99.41 98.87 
Sr (ppm) 83 101 99 100 105 92 107 184 152 189 
Zr (ppm) 95 98 50 90 112 78 91 67 847 

Normative composition 
Quartz 0.00 1.15 1.61 0.00 0.38 0.00 0.00 0.10 0.00 0.16 
Orthoclase 0.18 0.18 0.18 0.18 0.36 0.18 0.18 0.06 0.18 2.90 
Albite 1.78 2.37 2.20 2.37 2.45 2.03 2.20 2.88 2.62 5.25 
Anorthite 21.97 22.86 24.12 22.91 23.82 21.97 24.48 95.29 71.46 50.73 
Diopside 20.25 23.35 24.56 23.27 22.90 20.51 24.26 1.22 6.73 6.58 
Ferrohypersthene 32.14 44.97 43.55 35.76 45.48 32.12 37.53 0.00 12.38 29.93 
Olivine 17.61 0.00 0.00 9.14 0.00 17.47 4.70 0.00 5.33 0.00 
Ilmenite 4.39 3.36 2.77 4.82 3.44 4.29 5.24 0.04 0.51 2.36 
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Fig. 2 (left). Contents of MgO and FeO in lunar rocks. Mare basalts are 8 10 12 14 16 
shown in open symbols as follows: (open circles) Apollo 11, (triangles) 
Apollo 12, (hexagons) Apollo 15. The solid symbols are as follows: (circle)ercent 
Luna 16, (triangles, apex down) Apollo 14 igneous rocks, (triangles, apex up) three averages of noritic or KREEP (11) fragments 
from Apollo 12 soil, (oblong circles) two averages of several hundred individual particles from the Apollo 14 soil, (squares) four 
eucrites. The star represents Apollo 15 sample 15418. The small dots represent analyses for oceanic ridge basalts and Icelandic ba- 
salts taken from the literature. The small triangles represent analyses of Hawaiian olivine nephelinites and melilite basalts. Oceanic 
basalts and Icelandic basalts are among the most iron-rich extrusive basaltic rocks found on the earth. Fig. 3 (right). Contents 
of CaO and Al208 in lunar and terrestrial basaltic rocks. The symbols are identical to those in Fig. 2. The line is the locus of 
CaO and A1203 contents of all chondrites, eucrites, and howardites. 
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salts. Both the content of iron and 
magnesium and the FeO/MgO ratio 
in a large group of mare basalts are 
similar to those of eucritic meteorites. 
Also, the FeO/MgO ratio for four dif- 
ferent mare regions falls in a rather 
narrow range between 2.2 and 3.8 if 
the high-magnesium basalts, probably 
enriched in olivine, from the Apollo 
12 site are excluded. 

The CaO and A1203 concentrations 
(Fig. 3) show that the mare and high- 
land basalts are separated by the Al/Ca 
ratio of chondritic meteorites. More- 
over, when all the mare basalts are 
considered as a group, there appears 

to be a significant correlation between 
their calcium and aluminum contents. 
Major terrestrial basalt types also fall 
on either side of the meteoritic Al/Ca 
ratio. Oceanic ridge basalts and island 
arc basalts are generally enriched in 
aluminum relative to calcium, that is, 
they have Al/Ca ratios greater than 
the meteoritic ratio. Conversely, neph- 
eline normative basalts tend to be de- 
pleted in aluminum relative to calcium. 
The comparisons in Fig. 3 suggest that 
both lunar and terrestrial basalts differ 
from most meteorites, in which the 
Al/Ca ratio is essentially constant (3). 
The variable Al/Ca ratios of lunar 

samples argue against the origin of 
achondrites from the lunar surface. 

The abundances of trace elements, 
including the contents of potassium, 
uranium, and thorium, of the Apollo 
15 basaltic rocks are generally similar 
to those of the Apollo 12 igneous 
rocks. 

Petrographic thin sections - of 13 
different Apollo 15 basalt samples have 
been examined. All the basalts from 
the mare regions have primary igneous 
textures and can be grouped to suggest 
that there are widespread layers under- 
lying the mare region. A single ba- 
saltic rock from the front (15256) 

Fig. 4. (A) Sample 15076,12 in thin section (crossed polars), showing zoned clinopyroxene and plagioclase containing cores of py- 
roxene. The inner zone is pigeonite and the outer zone is augite. The opaque mineral is ilmenite. (Scale bar, 1 mm.) (B) Sample 
15485,3 in thin section (plane light), showing skeletal clinopyroxene crystals in a glassy maroon matrix. Note the vesicle containing 
fragments of crystals and glass. (Scale bar, 1 mm.) (C) Sample 15535,11 in thin section (crossed polars), showing olivine pheno- 
crysts in a ground mass of pyroxene and poikilitic plagioclase. (Scale bar, 1 mm.) (D) Sample 15556,15 in thin section (plane 
light), showing possible plagioclase phenocrysts in a matrix of granular pyroxene, olivine, and opaques. Note the large vesicles. The 
scale bar represents 1 mm. 
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appears to be extensively shock meta- 
morphosed. 

Four distinctly different textural 
types of mare basalts have been recog- 
nized in thin section: 

1) Porphyritic clinopyroxene basalt 
(15058, 15076, 15085, and 15475), 
typified by prisms 3 to 9 mm long 
with cores of yellow-green pigeonite 
and rims of brown augite as pheno- 
crysts in a subophitic matrix. The 
matrix contains moderately to strongly 
zoned plagioclase with a-axial inclu- 
sions of pyroxene. Tridymite occurs in 
these sections (see Fig. 4A). 

2) Porphyritic clinopyroxene basalt 
vitrophyre (15485, 15499, and 15597), 
typified by skeletal prisms 1 to 7 mm 
long with hollow cores surrounded by 
pigeonite and thin rims of augite as 
phenocrysts in a glassy to devitrified 
matrix consisting of plagioclase and 
pyroxene 3 /um long in plumose inter- 
growths. The phenocrysts show pre- 
ferred orientations. One specimen has 
a prism of skeletal olivine in addition 
to pyroxene (see Fig. 4B). 

3) Porphyritic olivine basalt (15535, 
15545, and 15555), typified by about 
10 percent euhedral olivine phenocrysts 
in an inequigranular matrix of poikil- 
itic plagioclase and a wide range of 
sizes of weakly zoned clinopyroxene 
(pigeonite cores to augite rims). 
Cristobalite occurs in all three thin 
sections (see Fig. 4C). 

4) Highly vesicular (scoriaceous) 
basalt (15016 and 15556), typified by 
over 50 percent weakly zoned clino- 
pyroxene (pigeonite cores to augite 
rims) as part of a subophitic to inter- 
granular texture. Plagioclase is weakly 
to strongly zoned (see Fig. 4D). 

The first type is quite ubiquitous. It 
is identified in thin sections of sam- 
ples from Elbow Crater, Dune Crater, 
and the LM landing site. A macro- 
scopic examination of samples from 
the rille station (9a) suggests that the 
same rock type also occurs there. The 
most detailed collection of this rock 
type was obtained at three sampling 
points on a radial traverse 100 m long 
across the rim of Elbow Crater. The 
type 1 basalts cover a wide range of 
grain sizes, from gabbroic at the rim 
of Elbow Crater (15065), to por- 
phyritic rocks of much finer grain at 
the rille station. It is tentatively sug- 
gested that this variation reflects the 
ejection of samples from different 
depths of a thick, widespread unit 
near the top of the underlying bedrock 
in this area. A very fine grained, white 
crust, 0.1 mm thick, occurs along 
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Fig. 5. Thin sections of anorthosite (15415). (A) Shattered plagioclase fragments surrounded by glass; the scale bar indicates 0.1 
mm. (B) Parallel trains of polygonal plagioclase grains that have recrystallized along old fractures in a large plagioclase grain, 
as evidenced by displayed twin lamellae; the scale bar indicates 1 mm. 

fractures of this rock at Dune Crater. 
These are the first lunar samples with 
evidence of deposits or alteration that 
may involve vapor or fluid phases in 
their formation. 

The second type of mare basalt oc- 
curs in fragments obtained at the 
rille and as a large boulder at Dune 
Crater, from which two identical chips 
were taken 1 m apart. These sites oc- 
cur at the extremities of the region 
that was sampled, which suggests that 
this basalt type may also be a wide- 
spread unit in the underlying bedrock. 

Most of the samples of the third and 
fourth types of mare basalts come 

from the station at the edge of the 
rille. A single sample of type 3 was 
found halfway between Elbow Crater 
and the LM. In addition, some frag- 
ments of the type 3 basalt may occur 
in the rake sample taken at Spur 
Crater. At this stage, the distribution 
of samples of these two basalt types 
does not lead to any clear-cut hypo- 
theses that relate them to the under- 
lying bedrock. 

Nonmare basalts. Samples from the 
previous Apollo missions provide 
rather strong evidence that the premare 
lunar surface contained basaltic rocks 
richer in plagioclase and poorer in 

ferromagnesium and opaque minerals 
than the mare basalts. One of the 
objectives of the Apollo 15 mission 
was to elucidate the occurrence of 
these nonmare materials on the lunar 
surface. It was anticipated that such 
samples could occur at the Apennine 
Front, either as deep-seated ejecta 
brought to this region by the Imbrium 
collision or as subsurface materials 
brought to the surface by the faulting 
responsible for the Apennine Front. 
In either case, the samples in this re- 
gion should have a much more compli- 
cated history than the mare basalts 
and thus be much more difficult to 

Table 4. Gamma-ray analyses of Apollo 15 samples. Only the last three digits of each sample 
dpm, disintegrations per minute. 

number are given here; ppm, parts per million; 

Sampe or Weight Depth K Th U UAl 22Na B+ section K/U 
number (g) (cm) (% weight) (p(pp (ppm) /(dpm/kg) (dpm/kg) (dpm/kg) 

Soils (< I mm) 
431 145.4 0.19 ? 0.02 4.8 ? 0.7 1.1 -- 0.2 1730 68 - 14 36 ?+ 5 
021 132 0.16 + 0.02 5.1 ? 0.7 1.3 ? 0.2 1230 175 - 25 50 ? 7 
271,16 527.9 0.16 ? 0.03 4.2 ? 0.8 1.2 ? 0.2 1330 130 ? 20 34 ? 5 
211,2 104.2 0.15 0.03 3.8 0.8 0.96 ?0.20 1530 130 ? 20 57 9 
301 557.2 0.12 ? 0.02 3.2 ? 0.5 0.88 0.15 1360 104 ? 20 40 10 

Breccias and metaigneous rocks 
206 92.0 0.45 ?0.06 11 ? 2 3.0 ?0.6 1500 38 ? 15 45 ? 10 
265 314.2 0.19 ? 0.03 5.1 ? 1.0 1.3 ?0.2 1460 79 ? 15 38 ? 9 
558 1333.3 0.17 ? 0.02 3.4 ? 0.4 1.0 ? 0.1 1700 84 ? 15 36 ? 10 
466 118.0 0.15 - 0.03 3.5 ? 0.7 0.93 ? 0.20 1610 84 ? 15 40 ? 9 
086 172.1 0.14 ? 0.03 3.2 ? 0.5 0.76 ? 0.11 1840 39 ? 15 40 - 15 
455 881.1 0.090 ? 0.020 1.9 ? 0.4 0.50 ? 0.10 1800 65 ? 20 39 ? 15 
426,1 125.7 0.082 ? 0.01 1.9 ? 0.4 0.43 ? 0.10 1900 59 ? 12 38 ? 8 
418 1140.7 0.0086? 0.0010 0.13 ?0.04 0.04 ?0.01 2150 120 40 25 ? 10 

Crystalline rocks 
085 471.3 0.041 ? 0.005 0.51 . 0.10 0.13 ? 0.03 3150 71 + 15 33 ? 10 
256 201.0 0.034 ? 0.004 0.46 ? 0.10 0.15 ? 0.02 2260 95 ? 15 36 ? 8 
415 269.4 0.012 ? 0.002 0.007 ? 0.030 0.0024 ? 0.007 115 ? 15 36 ? 5 

Drill stems 
6-3 11-21 0.19 ? 0.03 4.7 ?1.0 1.3 ?0.3 1460 57 20 33 ? 18 77+ 15 
4-2 106-117 0.17 ? 0.03 4.3 ? 1.0 1.1 ? 0.3 1550 16 - 18 34 ? 15 45 - 10 
1-2 234-245 0.19 ? 0.03 3.7 ?1.0 1.1 ? 0.3 1730 < 11 < 10 <9 
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characterize. A preliminary examina- 
tion of samples collected from the 
mountain front provides strong evi- 
dence for the existence of a type of 
basaltic rock that is not found in the 
mare regions. Fragments of this type 
of basalt occur both in the rake sam- 
ple from Spur Crater and as clasts in 
breccia samples from the front. They 
are characterized by large proportions 
of plagioclase relative to ferromagne- 
sium minerals, by the color and homo- 
geneity of the pyroxenes, and by 
the character and abundance of the 
opaque minerals. Moreover, the non- 
mare basaltic rocks are consistently 
free of vugs and vesicles. An examina- 
tion of thin sections of several breccia 
clasts indicates that they are similar to 
the plagioclase-rich basalt (14310) re- 
turned from the Apollo 14 site (4). 

Clastic and metamorphosed rocks. 
A wide assortment of rocks whose 
textural characteristics indicate multi- 
ple events in their origins have been 
returned from the Apollo 15 site. Al- 
though the greatest variety of these 
rocks was concentrated along the foot 
of Hadley Delta, breccias of various 
types were found throughout the entire 
area. The front collection contains a 
number of unique specimens that can- 
not be more generally characterized. 
Several individual specimens that de- 
serve particular mention are discussed 
in detail below. 

Much of the material collected at 
the front is ultimately derived from 
basic igneous rocks, that is, extrusive 
basalts or cumulates enriched in pla- 
gioclase. Unlike the mare samples, 
however, all of the front samples have 
undergone substantial shock metamor- 
phism or brecciation followed by lithi- 
fication in the interval between the 
crystallization of the igneous source 
rock and the time of deposition of the 
rocks at their present site. It is not yet 
clear whether most of the shock meta- 
morphism and brecciation was post- 
Imbrium, that is, followed the forma- 
tion of the mountain front, or whether 
some of the breccias existed in essen- 
tially their present form prior to the 
Imbrium impact. In other words, it is 
not known whether any of the igneous 
rocks contained in the breccias are 
derived from igneous structures that 
underlie the debris layer now covering 
the mountain front where these sam- 
ples were collected. 

One fragment of extremely pure 
anorthosite (15415) was recognized as 
an anorthosite during the lunar surface 
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traverse, Photographs from the lunar 
surface show that this rock was 
perched on a pedestal of breccia, which 
suggests that the anorthosite was a clast 
in a breccia. The bulk chemical com- 
position and normative compositions 
are given in Table 2. Studies of this 
sample in thin section reveal that the 
rock is composed of over 99 percent 
plagioclase grains (95 to 98 percent 
anorthite) 1 to 3 cm across, and ap- 
proximately 1 percent clinopyroxene, 
0.1 mm across, consisting of interstitial 
augite and pigeonite, and augite inclu- 

Fig. 6. Thin section of 15418,8 (plane 
light). The outer zone is of swirled, de- 
vitrified glass, and the two inner zones are 
of intergrown plagioclase needles (light 
gray) and pyroxene (dark gray). Note the 
vesicles throughout the section. The scale 
bar represents 1 mm. 

sions in large plagioclase crystals. The 
wide range of crystal dimensions in 
this rock makes it difficult to describe 
its texture with a single photomicro- 
graph. Furthermore, thin sections of 
the rock reveal a variety of cataclastic 
textures, including at least two distinct 
types of postcrystallization deforma- 
tion. Small patches of highly fractured 
and shattered plagioclase surrounded 
by glass are observed in one or two 
sections (Fig. SA). They suggest that 
this anorthosite fragment was involved 
in a substantial impact subsequent to 
its crystallization. In addition, polyg- 
onal plagioclase grains 0.1 to 1.3 mm 
in average dimension often occur along 
fractures within a single crystal of 
plagioclase (Fig. 5B). Similar polyg- 
onal grains also occur along the crys- 
tal boundaries. These grains suggest 
that an older deformation and anneal- 
ing took place during either the origi- 
nal cooling of the anorthosite or a 
subsequent period of high temperature. 

A thin section of the material in 
which the fragment of anorthosite was 

Fig. 7. Coarse breccia (15459) from the rim of Spur Crater. The largest vi 
is 8 cm across. The glassy matrix makes up over 50 percent of the breccia. 
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Table 5. Characteristics of cores collected. 

Number of Bulk 
Location Lengh Ms textural density (cm) (g) layers (g/cm3) 

Station 2, along the outer edge of 63.9 1279 14 1.36 - 0.05 to 
a crater 10 m in diameter 1.66 0.02 

Station 6, inside the rim of a 36.2 622 4 1.35 
subdued crater 

Station 9a, at the edge of Hadley 65.5 1401 9 
Rille 

probably included reveals a complex 
set of flow-banded glass, glassy breccia, 
anorthosite fragments, and basaltic 
material. These textural characteristics 

give further evidence of the eventful 
history of this unique rock. 

A second unique rock (15455) con- 
sists of one-half white material and 
one-half iblack material, with inclusions 
of white in black along the contact 
area. Thin-section study indicates that 
the white portion is a severely shat- 
tered norite with about 75 percent 
plagioclase and 25 percent orthopy- 
roxene. A reconstruction of the relict 
grains indicates coarse plagioclase 
grains with interstitial orthopyroxene. 
The black material, which occurs as 
black veins in the norite, is a breccia 
containing clasts of norite, anorthosite, 
and nonmare basalts. 

Two rocks (15256 and 15418) ap- 
pear to be igneous rocks melted by 
shock. Rock 15256 contains a mixture 
of clasts, or inclusions, in fine-grained 
laths of clinopyroxene and plagioclase 
aligned along a curving structure of 
the flow type. Its chemical composition 
(Table 2) is nearly identical to that 
of the mare basalts high in iron. It 
seems likely that this rock was ejected 
from the mare plain onto the front by 
a collision of sufficient magnitude to 
metamorphose a dense, crystalline 
rock. Rock 15418 is unique in texture 
and in its chemical composition, which 
is that of a gabbroic anorthosite (Table 
2) very rich in anorthite. The 
FeO/MgO ratio '(Fig. 2) of this rock 
indicates that it was not derived from 
liquids with the high ratio of the mare 
basalts. In fact, we suggest that its 
FeO/MgO ratio relates this plagioclase- 
rich rock to the basalt type with high 
aluminum and low iron contents found 
at the Apollo 14 site and in the Apollo 
12 soil fragments. 

The thin sections of this rock reveal 
a banded structure of devitrified glass 
and microcrystalline basalts (Fig. 6), 
as well as patches of devitrified mas- 
kelynite, annealed pyroxene, and micro- 
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crystalline basalt. This structure sug- 
gests that the fragment was completely 
melted by shock and subsequently 
crystallized or annealed. The potas- 
sium content of this rock was deter- 
mined by gamma-ray counting as less 
than 100 parts per million, which is 
lower than that of any extrusive basalt 
found on the lunar surface and sug- 
gests that the source of the rock was 
an igneous cumulate. Moreover, the 
low potassium content implies that 
there was very little admixture of soil 
or regolith during the impact event 
that produced the rock. 

The largest sample returned from 
the front was a coarse breccia (15459) 
with clasts up to 8 cm across (see 
Fig. 7). This sample was collected at 
the rim of Spur Crater. It is a tough, 
dense breccia with a matrix having a 
substantial proportion of glass. The 
most abundant clasts consist of light- 
colored basalt and anorthosite, but a 

Fig. 8. Thin section of green rock (15426); 
green glass spheres of various sizes and 
fragments of green glass (medium gray 
areas) are shown. The large bright areas 
are devitrified green glass spheres with 
small patches of nondevitrified green glass 
remaining (see center of photograph). The 
scale bar indicates 0.5 mm. 

few basalt clasts similar to mare ba- 
salts are also observed. The overall 
clast characteristics indicate that this 
breccia sample is probably derived 
from a nonmare terrain in which a 
small amount of mare material is 
present. 

The largest rock closely observed at 
the front was seen at station 2 on the 
flank of St. George Crater. Two ori- 
ented samples (15205 and 15206) 
from this 1- to 2-m block were re- 
turned. Both the surface photographs 
and the two samples indicate that this 
rock is a typical breccia. It consists of 
a matrix with large amounts of de- 
vitrified glass in which are set clasts of 
nonmare basalt and gabbro. The potas- 
sium, uranium, and thorium contents 
of 15206 are higher than those of any 
other samples studied in this prelimi- 
nary examination. They approach those 
of the Apollo 14 breccia samples (4). 

During the surface traverse, an un- 
usual green material was noticed at 
the rim of Spur Crater. Several friable 
fragments of this sample (15426) were 
returned. Microscopic studies of these 
fragments reveal that they are breccias 
consisting of more than 50 percent 
green glass occurring as spheres and 
fragments of spheres (Fig. 8). Many 
of the green glass spheres have par- 
tially devitrified to crystals of ortho- 
pyroxene. In a few cases, these crystals 
occur in a radiating pattern similar to 
that seen in many meteoritic chon- 
drules. Chemical analyses of both this 
material (15426) and associated soil 
samples (15301) show an unusually 
high MgO concentration. Similar green 
glass spheres are abundant in the sam- 
ples of Spur Crater soil and are pres- 
ent in smaller amounts in most other 
soil samples. 

The breccias collected from the 
mare plain are clearly distinguished 
from the front breccias by the high 
abundance of mare basalts and opaque 
minerals in the former and the high 
abundance of nonmare basalts and 
gabbroic rocks and low abundance of 
opaques in the latter. 

The breccias from both the front 
and the mare region contain unde- 
vitrified glass either in the matrix or as 
clasts. Of the 15 thin sections of brec- 
cias, 13 have a significant amount of 
brown glass as matrix, some as much 
as 50 percent of the rock. Of the re- 
maining two thin sections, one con- 
tains partly devitrified glass in the 
matrix but clear glass clasts. The other 
(15405) is the only section with a 
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clearly recrystallized, or annealed, 
matrix, but, even in this case, there are 
undevitrified clasts of clear glass. The 
lack of recrystallized glass in the brec- 
cia matrix clearly distinguishes the 
Apollo 15 breccias from the Apollo 14 
breccias, in which recrystallization of 
glass was common. 

Although essentially all the breccias 
are unrecrystallized, many show a 
complex history of events. In several 
cases, where glass veinlets crosscut 
other breccia components and transect 
the preferred orientation, remobiliza- 
tion of the matrix material is indicated. 
In other cases, faulting of glass spheres 
and other clasts indicates a mechanical 
disruption of previously existing brec- 
cia. Apparently, multiple stages of 
melting and fracturing can occur with- 
out any evidence of recrystallization. 

The diverse textural characteristics 
of the breccias can be grouped into 
(i) the characteristics of the clasts, 
which vary from primary igneous rocks 
to polymict breccias and (ii) the char- 
acter of the matrix, which varies in 
both the proportion of glass and the 
degree to which the matrix is recrystal- 
lized. Viewed as a group, the Apollo 
15 breccias differ from the Apollo 14 
breccias in both of these categories. 
The Apollo 15 clasts are in large pro- 
portion made up of primary igneous 
rocks, in contrast to the Apollo 14 
clasts, which consist of preexisting 
breccias. The matrix of the Apollo 15 
breccias is distinct from that of the 
Apollo 14 breccias in the striking 
abundance of unrecrystallized glass. 
The characteristics of the Apollo 15 
breccias, unlike those of the Apollo 
14 breccias, cannot all be readily 
ascribed to the Imbrium collision. 
How many of these breccias were pro- 
duced by Imbrium or even by pre- 
Imbrium events must be considered in 
the detailed study of these samples. 

Soil samples. The 31 different soil 
samples returned from this mission rep- 
resent at least three distinct regions, 
that is, the mountain slope, the mare, 
and the ray or ridge that trends about 
30? west of north through the landing 
site. Four large soil samples, weighing 
about 1 kg each, were returned for a 
detailed characterization of these re- 
gions. A 100-mg portion from each of 
18 of the soil samples was examined 
microscopically to characterize the dif- 
ferent soil types. The distribution 
of particle sizes was determined 
by sieving and by direct measurement 
of the individual grains with a com- 
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puter-controlled optical measuring sys- 
tem. The grain size distributions for a 
number of soil samples are summarized 
in Fig. 9. 

The particle types in the Apollo 15 
soils are similar to those in the soils 
from the previous missions in most re- 
spects. The major difference is the pres- 
ence of green glass spheres with an in- 
dex of refraction of 1.65. The green 
glasses are different from any glass 
component previously observed in lu- 
nar soils. They are remarkably homo- 
geneous and nonvesicular and are iden- 
tical to the green glass found in sample 
15426. Other glasses, mainly brown 
and gray, occur as both droplets and 
angular fragments. With the exception 
of the green glasses, which are clear, 
most of the glasses contain detrital and 
crystal inclusions and may also exhibit 
a variety of devitrification textures. A 
summary of the particle types and their 
relative proportions in different soil 
samples is given in Table 1. 

The soils from stations 2 and 7 are 
probably most representative of the 
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Fig. 9. Grain size distributions for repre- 
sentative soil samples from stations 2, 6, 
7, 8, 9, and 9a and the LM site plotted 
on a probability scale. Most of the curves 
are very similar, and the range is plotted 
here as a shaded band. The solid line 
represents the coarsest grained soil from 
station 9a, and the dashed line represents 
soil from station 8. Median grain sizes 
range from 42 to 98 uzm. All soil samples 
are poorly sorted. Most of the soils are 
slightly finer grained than soils from other 
landing sites. 

Apennine Front. The station 7 soils, 
collected close to station 6, are from 
the edge of the relatively fresh Spur 
Crater, 100 m in diameter, which may 
have penetrated any surficial ray ma- 
terial to excavate debris from the 
Apennine Front. The soils appear to 
have been derived from several types 
of microbreccia, granular basalts, and 
clastic rocks composed of green glass, 
all of which could be rock types de- 
rived from the stratified rocks visible 
on the upper slopes of Hadley Delta. 
The variable abundance of the unique 
green glass component and its concen- 
tration in soil and breccia samples 
from Spur Crater indicate that it may 
be an important tracer in the study of 
the regolith at this site. 

The sites in the vicinity of the LM 
are located on a narrow ridge that 
trends south-southeast to the South 
Cluster of secondary craters. If the 
trend of the ridge were continued, it 
would intercept station 6. Except for 
differences in the content of green 
glass, the soils from station 6 are very 
similar to the soils from the LM area. 
This ridge has been interpreted by 
Carr and El Baz (5) as a ray from 
Aristillus or Autolycus. The similarity 
of the soil samples collected along this 
trend may be further evidence for the 
presence of this ray. 

The rille soils are what one would 
expect from comminuted basalt flows. 
The microbreccia component may have 
been derived from the debris extending 
out from the Apennine Mountains or 
from the well-stratified rocks inter- 
bedded with basalt flows in the rille 
wall. The soil collected at station 9 is 
a hybrid of the soils from the LM 
area and the rille edge. 

Soil chemistry. The chemical com- 
positions of seven soil samples are 
given in Tables 3 and 4. These compo- 
sitions are systematically different from 
the compositions of the rocks that pre- 
sumably underlie the soil samples, par- 
ticularly in the mare regions. In these 
regions, as at other mare sites, the soil 
has a much higher Al203 content and 
much lower FeO content than the as- 
sociated igneous rocks. Furthermore, 
the Nb, K, U, and Th contents of all 
the soils are systematically greater than 
those determined for the igneous rock 
15555. In addition, individual soil sam- 
ples from the mare region differ in 
composition from each other, particu- 
larly in the characteristics that distin- 
guish the soil from the mare basalts. 

The rille soil is in all respects more 
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like the mare basalts than the soil col- 
lected in the vicinity of the LM. The 
three soil samples from the front are 
consistently higher in A1203 and lower 
in FeO than the mare soils. However, 
the concentrations of other elements, 
such as K, Y, and Nb, do not distin- 
guish front soil from mare soil. The 
higher A1203 and lower FeO contents 
of the front soil again suggest that 
aluminum-rich units must occur in 
abundance in the mountain front from 
which this soil was at least partially 
derived. Figure 10 illustrates the in- 
verse correlation of FeO and AI203 
concentrations for the soil and breccia 
samples from this site. This correlation 
is nearly linear between 20 and 8 per- 
cent A1203 and 22 and 10 percent FeO. 
It is significant that the points for sam- 
ples 15415 and 15418 do not fall on 
the line drawn for the soil and breccia 
samples. However, the point for Apollo 
14 sample 14310 does fall on the soil 
and breccia line. Thus, the clasts in the 
front breccia and the average compo- 
sition of the front soil suggest that the 
dominant material found in the moun- 
tain front may be a basalt rich in 
plagioclase. In other words, the two 
end members responsible for the linear 
correlation seen in Fig. 10 may be an 
iron-rich mare basalt and an aluminum- 
rich, iron-poor premare basalt. 

Cores. A substantial portion of the 
soil returned from the Apollo 15 land- 

40.0 

35.0 

0 30.0 
- 

- 25.0 

1 20.0 

) 15.0 

a1 10.0 

5.0 

415 

>418 

14310 101 

26 1 471 301 -^501 601 
558 e 499 556 

076 x~ X, 016 
058 256 555 

0 5.0 10.0 15.0 20.0 25.0 

Percent (weight) FeO 

Fig. 10. The contents of A1203 and FeO 
for Apollo 15 soil and rock samples. 
(Crosses) igneous rocks, (solid circles) soil 
samples, (open circles) breccias and alu- 
minum-rich igneous rocks. 

ing site was in the form of cores of the 
regolith. A rotary percussive drill, used 
for the first time on this mission, was 
employed to obtain a core from the 
surface to a depth of 2.4 m. The length 
of this core may be a significant frac- 
tion of the regolith thickness at this 
site. Moreover, the unique location of 
this sample, in a region where both 
detritus from the degradation of the 
mountain front and the Autolycus or 
Aristillus ray material make substantial 
contributions to the regolith, makes it 
particularly useful in an investigation 
of the transport of soil by local crater- 
ing and the extent to which soils are 
mixed or homogenized because of turn- 
over by secondary impacts. This is 

probably the most useful single sam- 
ple returned from the moon. 

The deep drill consists of six sec- 
tions, each approximately 40 cm long. 
All except the lower section were re- 
turned completely full. The total mass 
of this core is 1.33 kg. Both the ease 
of drilling and the density variations 
found in different sections of the core 
tube suggest that the upper portion of 
the regolith may contain layers of dif- 
ferent densities. The sample from the 
lowest section of the deep drill has an 
unusually high density, 2.15 g/cm3. 
This is the highest density for any soil 
sample returned from the lunar sur- 
face. 

Only nondestructive examinations of 
the deep core by x-radiograph and 
gamma-ray counting have been under- 
taken to date. Stereo x-radiographs of 
the entire length of the core reveal sig- 
nificant variations in the abundance of 
small pebbles and show the density 
variations. Fifty-eight individual lay- 
ers, 0.5 to 21 cm thick, have been 
delineated by these somewhat sub- 
jective criteria. Both the layers and the 
occurrence and orientation of individ- 
ual rock fragments are illustrated in 
Fig. 11. Gamma-ray measurements 
made at three different depths in the 
core tube show that the 26A1 and 22Na 
activity decreases markedly in the low- 
est sections, as was expected. 

Three cores with maximum penetra- 

Table 6. Contents of noble gases in Apollo 15 soil and breccia samples. All the abundances are ? 5 to 10 percent based on multiple standard 
gas analyses. The uncertainties in the isotopic ratios represent 1 standard deviation of multiple measurements. The abundance blank correc- 
tions were typically about 1 percent, and in no case greater than 5 percent. The isotopic ratio blank corrections were significant only for 
4?Ar/3eAr and have been applied. STP, standard temperature and pressure. 

Specific 

Specific volume X Weight ( X 10- cm/g at STP) ( X(10-- Sample eght (X 1- cm/g at STP)cmg He/'He 20Ne/?2Ne 2eNe/21Ne aAr/Ar 40Ar/30Ar (mg) at STP) 

8He 4He 2Ne ~Ar 8Kr 1SXe 

15301,1 6.14 18.8 45,800 110 233 79.9 16.2 2435 12.60 28.03 5.37 1.78 
fines ? 0.02 ? 0.16 ? 0.01 ? 0.01 

15021,4 23.71 30.9 74,600 114 229 87.2 11.7 2419 12.68 27.91 5.41 0.747 
fines ? 0.04 ? 0.06 ? 0.02 ? 0.005 

15101,2 23.06 24.3 59,450 103 204 70.2 8.68 2444 12.71 28.56 5.42 1.172 
fines - 0.06 ? 0.29 ? 0.01 ? 0.005 

15601,3 7.62 16.8 35,600 58.3 95.1 44.3 5.51 2123 12.61 25.42 5.32 0.932 
fines - 0.02 ? 0.14 ? 0.01 ?_ 0.005 

15923,2 25.14 1.17 1,756 7.54 3.94 1.63 0.332 1458 11.65 10.93 4.59 4.40 
glass ? 0.02 ? 0.10 ? 0.005 ? 0.04 

15923,2 8.92 2.48 5,970 14.5 5.92 4.39 1.54 2413 12.72 25.38 5.08 2.71 
fines ? 0.03 ? 0.12 ? 0.20 ? 0.10 

15265,3 7.67 13.2 27,200 45.9 105 48.8 . 4.98 2062 12.57 24.50 5.33 1.87 
breccia ? 0.01 ? 0.08 ? 0.02 ? 0.01 

15298,3 8.83 22.1 50,600 89.8 203 125 14.4 2289 12.59 27.71 5.36 1.08 
breccia ? 0.02 ? 0.13 ? 0.01 ? 0.01 

15498,2 18.93 5.70 15,670 44.4 88.8 22.4 3.27 2748 12.24 21.00 5.30 1.88 
breccia ? 0.05 ? 0.09 ? 0.02 ? 0.01 

15558,3 7.47 23.8 49,150 74.2 135 78.9 13.3 2064 12.50 24.25 5.31 1.89 
breccia ? 0.02 ? 0.12 ? 0.02 ? 0.01 
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tions up to 70 cm were also returned 
with samples weighing altogether 
3.3 kg. The dimensions and character- 
istics of the individual core samples 
are summarized in Table 5. At present, 
none of the cores have been opened 
for examination. However, x-radio- 
graphs have been obtained for all tubes 
for their entire lengths, and descriptions 
of textural differences within the cores 
are based on stereo pairs of these x- 
radiographs. These descriptions are 
somewhat subjective, as grain sizes and 
sorting were estimated by comparison 
with soils of known grain size. Rock 
fragments larger than 2 mm can be 
measured and their shapes described. 
The layering and the distribution of 
rock fragments in several individual 
tubes are shown in Fig. 11. All of the 
cores exhibit layering in soil textures, 
grain size, and sorting. It appears that 
the regolith sampled in these cores is 
not a homogeneous rubble pile but a 
complicated sequence of clastic sedi- 
ments made up of ejecta blankets from 
nearby and distant craters. 

Gamma-ray activity. The gamma- 
ray spectra of 19 samples from the 
Apollo 15 site have been measured by 
the low-level counting technique de- 
scribed by O'Kelley et al. (6). The 
principal gamma-ray activity is due to 
the natural radioactivity of K, U, and 
Th and the radioactivity of 26A1 and 
'2Na induced by cosmic rays. 

The results of this survey are sum- 
marized in Table 4. The uncertainties 
shown there are largely due to uncer- 
tainties in the geometric corrections 
for differences in thickness and shape 
between the samples and the standards. 
Regions at three different depths in 
the deep drill tube were counted in a 
special counter with two NaI(T1) crys- 
tals, each 12.7 cm in diameter, in a 
lead shield. The results of these mea- 
surements demonstrate that the deeper 
parts of the drill penetrate farther than 
most cosmic-ray secondaries. 

The 26A1 and 22Na activities listed 
in Table 4 show that the Apollo 15 
soil samples, like previous soil samples, 
have relatively high 26AI contents. Only 
the sample (15431) from underneath 
the anorthosite is low in 26A1 activity. 
The breccias and crystalline rocks gen- 
erally have a somewhat lower 26A1 ac- 
tivity and, on the average, a lower 
26A1/22Na ratio. Two samples from 
the Apollo 15 site (15206 and 15086) 
have 26A1/22Na ratios less than 1. In 
the absence of any evidence for unique 
chemical compositions for these speci- 
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mens, it is suggested that they may 
have been brought to the surface where 
they were exposed to cosmic rays less 
than 1 million years ago. 

The concentrations of primordial 
radionuclides (40K, 238U, and 232Th) 
in the soil and breccia samples reveal 
no clear-cut distinctions between dif- 
ferent groups of samples. The inferred 
potassium contents range from 0.12 to 
0.19 percent with the exception of 
breccia sample 15206, which is unique 
in its high potassium content. The 
K/U ratios for all the soil and Ibreccia 
samples range from 1230 to 1850. The 
natural radioactivity of the soil and 
breccia samples from this site is, thus, 
quite similar to that of the Apollo 12 
soil samples. The two mare basalts 
analyzed here have relatively low potas- 
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sium contents and relatively high K/U 
ratios. As expected from its mineral- 
ogy, sample 15415 has an unusually 
high K/U ratio, which can be ascribed 
to the inability of quadrivalent ura- 
nium to substitute into the plagioclase 
lattice. With this exception, the range 
of K/U ratios in the Apollo 15 s,m- 
ples is similar to that observed in sam- 
ples from previous sites. With these 
additional observations, there appears 
to be little doubt that the K/U ratio 
of the moon (1.2 X 103 to 4 X 103) is 
distinct from that of the earth 
(1.0 X 104 to 1.2 X 104) (7). 

Noble gases. The abundances and 
isotopic compositions of the five noble 
gases, He, Ne, Ar, Kr, and Xe, were 
determined by mass spectrometry for 
five soil and four fragmental rock sam- 
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pies and are presented in Table 6. Soils 
15301, 15021, 15101, and 15601 were 
sampled over a wide area from loca- 
tions near the LM, St. George Crater, 
Spur Crater, and Hadley Rille, respec- 
tively. Sample 15923 is soil containing 
abundant green glass spheres that was 
collected with rocks 15425 and 15426 
near Spur Crater. An almost pure glass 
fraction and a soil fraction were ana- 
lyzed separately for this sample. Brec- 
cia 15558 was collected near the LM, 
while the other fragmental rocks were 
collected near the front. 

In most of these Apollo 15 samples, 
the concentrations of the noble gases 
are similar to the concentrations deter- 
mined in Apollo 12 and Apollo 14 bulk 
soils and somewhat lower than the con- 
centrations in Apollo 11 soils and brec- 
cia. These noble gases are predominant- 
ly from the solar wind, with smaller 
amounts of a component produced by 
nuclear reaction. The elemental abun- 
dance ratios fall within the range of 
values determined previously for lunar 
soils; the average values (omitting 
15923) are 4He/20Ne = 45, 20Ne/36Ar 
= 6.3, 36Ar/132Xe = 18,000, and 84Kr/ 
132Xe =7.5. Individual values for the 
ratios vary by a factor of 2 because of 
differences in efficiencies for solar wind 
entrapment and retention. In general, 
the isotopic composition of the solar 
wind component is essentially identical 
to that determined previously for lunar 
material (4, 7). For the soil samples 
the trapped 20Ne/22Ne ratio is 12.66, 
and the trapped 36Ar/38Ar ratio is 
5.38. 

A number of samples show varia- 
tions in the 4He/3He and 40Ar/36Ar 
ratios that apparently cannot be ex- 
plained by differences in radiogenic 
4He and 40Ar contents. Thus, for 
4He/3He, the value of about 2430 ob- 
tained for all the soil samples except 
15601 and the value of 2063 obtained 
for breccias 15265 and 15558 may 
represent an actual isotopic difference 
in the trapped solar helium in these 
samples. Likewise, the trapped 40Ar/ 
36Ar ratios differ by as much as a 
factor of 3, even after corrections are 
made for radiogenic 40Ar based on 
measured potassium contents and an 
age of 3.35 X 109 years. This variation 
in 40Ar/36Ar exists for those soil sam- 
ples which possess similar 36Ar contents, 
and was not noted for Apollo 11 and 
Apollo 12 soils. Indications are that the 
variation in this ratio arises from differ- 
ing contents of 40Ar in the lunar atmo- 
sphere. Three out of four breccias have 
identical 40Ar/36Ar values. It is not 
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apparent whether the variable 40Ar 
component in the soils is due to re- 
tention efficiencies, geographical distri- 
bution of the samples, or some other 
factor. The low 40Ar/36Ar ratios of 
all these samples preclude accurate 
determinations of radiogenic 40Ar 
from in situ decay of potassium. 

The isotopic compositions of Kr and 
Se in these samples reflect a solar wind 
origin, with small variable amounts 
from gases produced by nuclear reac- 
tions. The ratios for Kr and Xe in all 
of these samples are not presented in 
this article. The isotopic compositions 
of these elements are essentially identi- 
cal with those found for soils from 
other sites, with the exception of small 
enhancements in 'the abundance of 
136Xe. No evidence was found for ex- 
cess 129Xe of a radiogenic origin. 

The concentrations of 21Ne, 80Kr, 
and 126Xe produced by cosmic-ray 
spallation have been calculated for all 
of these samples. Differences in expo- 
sure ages appear to exist even when 
variations in target chemistry are con- 
sidered; the ages fall in the range 50 
to 500 million years. 

Total carbon content. The total car- 
bon contents of 16 samples have been 
determined by direct combustion of 
soil or pulverized rock, according to 
the technique described by Moore et 
al. (8). The results of these analyses 
are shown in Fig. 12, along with re- 
sults obtained for Apollo 11, 12, and 
14 samples. The carbon content of the 
soil and breccia samples is systemati- 
cally higher than that of the Apollo 15 
igneous rocks and similar to that of the 
soil samples from the other Apollo 

sites. The carbon content of the Apollo 
15 extrusive igneous rocks is signifi- 
cantly lower than that reported for 
igneous rocks from previous sites. This 
difference probably results from im- 
proved procedures for handling and 
contamination control. 

The shock-melted anorthosite (15418) 
from the front has an even lower car- 
bon content than the extrusive igneous 
rocks. This difference can, perhaps, be 
ascribed to the removal of carbon dur- 
ing shock metamorphism. Alternatively, 
it may be an indication that the gab- 
broic anorthosite from which this rock 
was derived had an even lower carbon 
content than the extrusive basalts. The 
low carbon content of this rock fur- 
ther substantiates the earlier assertion 
that it underwent shock metamorphism 
with negligible admixture of soil or 
regolith with the parent rock. 

The substantiation of the systematic 
difference in the carbon content of the 
soil and igneous rocks appears to con- 
firm the hypothesis (8) that most of 
the carbon in the lunar soil may be 
ascribed to the solar wind. We may, 
thus, infer from the data given here 
that the carbon content of the moon is 
much lower than was previously in- 
ferred from analyses of the lunar soil 
or from previous analyses of lunar 
igneous rocks. 

Several specific conclusions can be 
drawn from this preliminary examina- 
tion. They are: 

1) The K/U ratio of both the mare 
basalts and the soil further establishes 
the earlier conclusion (7) that the 
K/'U ratio clearly distinguishes the 
moon from the earth. 

2) The soil chemistry and the lithol- 
ogy of fragments in the rake sample 
and in breccia clasts indicate that 
plagioclase or aluminum-rich basalts 
are a common component of the pre- 
mare lunar surface. 

3) The 2.4-m core tube shows that 
the lunar regolith probably contains a 
substantial stratigraphic history. 

4) An unusual green glass compo- 
nent, rich in the soil samples from the 
front, suggests that in the vicinity of 
this site there is a rock type rich in 
magnesium and iron that has not been 
sampled at previous sites. 

5) Most of the carbon found on the 
lunar surface was emplaced there by 
the solar wind. 

6) Variations in the abundance of 
40Ar in several soil samples further 
support the hypothesis that 40Ar may 
escape into the lunar atmosphere and 
be recaptured from this atmosphere. 
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Although it is well known that major 
genes control the resistance of plants 
to a wide variety of parasites and that 
these genes are of value when produc- 
ing resistant forms of crop plants (1), 
the detailed structure and function of 
these host genes remain obscure. For 
example, it has frequently been re- 
ported that genes conferring resistance 
to an obligate parasite are grouped 
together in a small segment of a host 
chromosome, but in most cases it is 
not known whether these genes are 
closely linked or functionally allelic. 

One of the best examples of such 
groups of host genes comes from the 
work of Flor (2) with flax (Linum 
usitatissimum L.) and its rust [Mel- 
ampsora lini (Ehrenb.) Lev.] where 
genes dominant for conferring resist- 
ance have been assigned to five "loci" 
named K, L, M, N, and P, with 1, 11, 
6, 3, and 4 "alleles," respectively. Other 
good examples include the Rpl locus in 
maize (Zea mays L.) and the Mla locus 
in barley (Hordeum vulgare L.), where 
14 different genes conferring resist- 
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ance to maize rust (Puccinia sorghi 
Schw.) (3) and at least 7 different 
genes conferring resistance to pow- 
dery mildew (Erysiphe graminis D.C. 

f.sp hordei E. M. Marchal) (4) have 
been identified, respectively. 

Initially, the genes within these 
groups were considered allelic when 
they failed to show recombination 
among F2, F3, or a limited number of 
testcross progeny (5). Recently, how- 
ever, more critical data on the structure 
of some of these groups have been 
obtained by testing much larger test- 
cross families. 

For example, both Flor (6) and 
Shepherd (7) detected rare recombina- 
tion between genes from each of the 
L, M, and N groups in flax. In the 
more extensive studies of Flor, the ex- 
pected reciprocal products of recombi- 
nation were recovered with the M and 
N genes, but only the double recessive 
phenotypic class was detected with the 
L genes tested. Also, Saxena and 
Hooker (3) showed that several of the 
genes in the Rp1 group of maize could 
be recombined with low frequency and 
reciprocal products were recovered 
whenever the testcross progeny were 
tested with an appropriate combination 
of rust strains. 
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Hooker (3) showed that several of the 
genes in the Rp1 group of maize could 
be recombined with low frequency and 
reciprocal products were recovered 
whenever the testcross progeny were 
tested with an appropriate combination 
of rust strains. 

From these results it was concluded 
that each of the M, N, and Rp1 groups 
are complex regions of chromosome 
possessing several closely linked genes 
that can be recombined reciprocally 
(3, 6). Because the reciprocal products 
of recombination were not detected 
with L genes, Flor was unable to decide 
whether these genes are "mutually ex- 
clusive alleles" or closely linked genes. 
However, we shall show that when his 
results are compared with the expecta- 
tions from a modified cis-trans test for 
allelism, the L genes appeared to be- 
have as functional alleles. 

In our work we have set out to test 
critically the possibility that some 
groups of genes conferring disease re- 
sistance consist of closely linked genes, 
whereas others consist of a series of 
functional alleles. The practical im- 
portance of deciding between allelism 
and close linkage has been stated by 
other workers (3, 6), but such a de- 
cision could contribute to an under- 
standing of the origin and mode of 
action of genes conferring disease resist- 
ance. Consequently we have chosen flax 
and its rust to make a detailed study 
of recombination between two gene 
groups, L and M, that seem to have 
different structures. Our results are re- 
viewed in this paper and more detailed 
treatments are forthcoming (8, 9). 

Concept of Allelism and a 

Modified Cis-Trans Test 

Before referring to our experiments, 
it is necessary to choose an operational 
definition of the gene, and hence al- 
lelism, appropriate for genes controlling 
disease resistance. The modern defini- 
tion of the gene is as a unit of func- 
tion, the cistron, which has been shown 
to be composed of numerous mutant 
sites separable by recombination [see, 
for example, Fincham (10)]. Thus to 
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