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ABSTRACT AND CONCORDANCE 

For over a year members of the Consortium Indomitabile 
have studied four documented samples taken by the Apollo 17 
crew from the surface of Boulder 1 at Station 2. The 
boulder is clearly layered in structure, and is composed of a 
relatively incoherent, light-gray breccia. It rolled to the 
foot of South Massif -50 million years ago, probably from a 
position near the crest of the massif. Samples of rocks 72275 
and 72255 were made available for study first, and were de
scribed extensively in Volume 1 of this report. More recently, 
samples of 72235 and 72215 were distributed. All four boulder 
specimens are discussed in the present report. 

The four boulder samples are similar in bulk chemistry, 
having compositions that correspond to moderately KREEPy, 
olivine-normative norites. Their clast populations include 
familiar and unfamiliar rocks types. In the former category 
are the anorthositic, noritic, and troctolitic lithologies that 
are ubiquitous to breccias and soils from all the highland 
sites sampled. Unfamiliar lithologies include fine-grained 
dark matrix breccia clasts (very abundant, and ranging in size 
from microns to tens of centimeters) and an array of basalt 
types, some of which can be thought of as intermediate in prop
erties between highland rocks and mare basalts. Clasts of 
potash microgranite, a lithology recognized in earlier highland 
samples, are exceptionally abundant in the boulder samples. 

Rock comprising the "Civet Cat" clast, a unique coarse 
norite fragment, is 4.18 x 10 9 years old, and the granitic 
clasts are probably ~4.1 x 10 9 years old (igneous ages by the 
Rb-Sr technique). Most of the ages obtained for components of 
the boulder samples, however, are 4.0 x 10 9 years to within un
certainty (4o Ar- 39 Ar ages of Civet Cat and surrounding 72255 
matrix; re-equilibration of Rb-rich components of Civet Cat; 
Rb-Sr isochron age of pigeonite basalt clasts in 72275; 244pU 

fission track age of whitlockite in 72255). The high-tempera
ture event reflected by this particular age was probably the 
deposition of the substance of the boulder in the form of hot 
debris from a single major cratering event, and its lithifi
cation. We think it likely that the dark matrix breccias were 
created during the impact phase of this event. Concurrently, 
in some high-pressure environment, fluidized dark matrix brec
cia and anorthositic material were mingled in such a way as to 
create the striking black-and-white clasts (such as sample 
72235) that characterize the boulder. The samples acquired 
their remanent magnetization upon cooling of the ejecta layer 
that contained the substance of the boulder. 

The boulder material appears to have been mechanically 
disturbed at some later time. We attribute zones of vari
able porosity in the rocks, petrographic evidence of shearing 
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and clast rotation, and perhaps even the grossly foliated 
character of the boulder to this event. Unequal rotation of 
various components of the boulder after it had cooled could 
also account for the observed lack of parallelism of direc
tions of the stable components of natural remanent magneti
zation in the various boulder samples. 

The relationship between these two events (Deposition 
and Disturbance) and excavation of the Serenitatis basin is 
still unclear. Three major possibilities are: 

(l) The boulder consists of Serenitatis debris; Depo
sition in what is now the South Massif occurred during the 
Serenitatis event, and Disturbance was a consequence of 
large-scale post-cratering tectonic adjustments. Presumably 
these continued to occur after the basin ejecta blanket had 
cooled beneath the Curie temperature of iron metal. 

(2) The boulder consists of pre-Serenitatis material; 
Deposition occurred in what is now Mare Serenitatis. The 
Serenitatis event hurled the intact boulder to Taurus
Littrow, where it was deposited along with other coarse 
clastic material. Disturbance occurred at this time, or 
during subsequent tectonism that raised the massifs. 

(3) The boulder consists of pre-Serenitatis material; 
Deposition occurred in what is now the South Massif. Dis
turbance may have occurred when Serenitatis tectonism 
created the Taurus-Littrow horst and graben structure. 

vi 



I. GEOLOGIC SETTING OF THE SOUTH MASSIF, APOLLO 17 SITE 

I Edward W. Wolfe and V. Stephen Reed 

U.S. Geological Survey 
601 East Cedar Avenue, Flagstaff, Arizona 86001 

INTRODUCTION 

Apollo 17 landed on the floor of a narrow valley that ernbays 
mountainous terrain near the southeastern edge of Mare Serenita
tis. Crew descriptions during the mission and the returned 
samples show that the valley is underlain by mare-type basalt, 
and the bordering massifs by impact-generated feldspathic breccias. 
Interpretation of the geologic significance of these massif 
breccias depends upon assessment of (1) the Serenitatis basin 
structure; (2) its significance in interpreting the geology of 
the Apollo 17 site; (3) local massif geology; and (4) later 
modification, largely by deposition of basin ejecta and by local 
impact and mass-wasting, of the mountain slopes to form the 
present sample setting. 

THE SERENITATIS BASIN STRUCTURE 

The Serenitatis basin has been interpreted as one of the 
Moon's older circular basins (Stuart-Alexander and Howard, 1970; 
Hartmann and Wood, 1971), which are generally considered to be 
impact scars. Wilhelms and McCauley (1971) mapped a Sereni
tatis basin structure of four rings concentric to a single basin 
center (Figure 1-1). They placed the second ring crest in an 
area slightly west of the Apollo 17 landing site; the overall 
diameter of their basin structure is about 1400 km. The outer 
two rings of their inferred basin structure are difficult to 
recognize; only the first ring, defined by wrinkle ridges within 
Mare Serenitatis, and the second ring, defined by the mountain
ous border of Mare Serenitatis, are unequivocally distinct. 
Hence, Stuart-Alexander and Howard (1970) and Hartmann and Wood 
(1971) suggested that the second ring, less than 700 km in dia-
meter, might be the basin rim. 

Geologic mapping by Scott (1972) suggested that Mare 
Serenitatis is underlain by two overlapping basins, the smaller 
one in the north and the major basin to the south. Subsequent 
interpretation of the Apollo 15 and 17 gravity data by Sjogren 
et ale (1974) showed that Mare Serenitatis is underlain by two 
rnascons, one centered near 23°N, l8°E, and the other north of a 
gravity saddle at 27.5°N. In the light of these results, Scott 
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Figure I-I. Map showing Serenitatis basin ring structure of Wil
helms and McCauley (1971). 

Figure I-2. Map showing revised Serenitatis ring structure. 
Solid line segments from Scott (1974); dotted line 
segments from Wilhelms and McCauley (1971); dashed 
line segments this section. Cross shows approximate 
center of southern Serenitatis basin. Numbers (1 
through 4) identify basin rings discussed in text. 
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(1974) revised the photogeologic interpretation to show a double 
basin structure with the larger, southern basin centered at ap
proximately 24 . 5°N, 18°E (Figure 1-2). 

Using Scott ' s basin center and modifying the ring structure 
of Wilhelms and McCauley (1971), one can derive the ring struc
ture shown in Figure 1-2. Comparison of this ring structure 
with the better preserved structure of Orientale is irresistible; 
Table I-I summarizes the comparison . 

Ring 1 in the southern Serenitatis basin is represented by 
prominent wrinkle ridges whose distribution approximates a circle 
400 km in diameter on the mare surface . Muehlberger (1974) at
tributes such concentric wrinkle ridge rings to the effect of 
drowned inner rings of the basin structure on the compressional 
stress field that produced the ridges. In the Orientale basin 
(Figure 1- 3) the innermost ring, 320 km in diameter, is on a 
bench surrounding mare material at the basin center (Moore et al., 
1974) . Such a bench in the southern Serenitatis basin woula-have 
been buried under the much more extensive Serenitatis mare fill. 

Ring 2 in the s outhern Serenitatis basin is represented only 
by the arcuate structure of the Haemus Mountains . Maintaining 
the 290 km radius measured from the basin center to the Haemus 
Mountains, we suggest that the remainder of this ring is buried 
bene~th mare basalt west of the landing site instead of connect
ing with the ring (Littrow ring) drawn by Wilhelms and McCauley 
(1971) through the mountains immediately east of Mare Serenitatis . 
In the Orientale basin the second ring is about 480 km in dia
meter (Moore et al., 1974). Head (1974b) describes this ring 
(his inner Rook ring) as formed by isolated peaks or groups of 
peaks up to 3 km h i gh. 

Ring 3 (Littrow ring) in the southern Serenitatis basin 
(Figure 1- 2) is represented by the portion of the second ring of 
Wilhelms and McCauley (1971) that passes through the crater 
Posidonius and by the portion of their third ring that passes 
through the crater Manilius. Adjustment so that the Littrow ring 
passes through the west rim of the crater Littrow and through the 
landing site preserves concentricity . Note, however, that, as 
shown for the Orientale basin in Figure 1-3, perfect circularity 
and concentricity of rings exist only conceptually . 

In the Orientale basin, ring 3, 600 km in diameter, forms 
the crest of the Rook Mountains . Mor?hologic similarities sug
gest that this so-called outer Rook ring (Head, 1974) and the 
Littrow ring represent analogous structures in the two basins. 
Figures 1-4 and 1- 5 are orbital views at similar scale of the 
Rook mountains in the southeastern part of the Orientale basin 
and the Apollo 17 landing area southeast of Mare Serenitatis . In 
each area massifs of similar shape and size are jumbled several 
deep with respect to the basin centers. In contrast, the 4th 
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Figure I-3. Map of the Orientale basin with the ring structure 
as shown by Scott (1974). Mountains or scarps 
forming rings shown by solid lines, idealized con
centric rings by dashed lines. Numbers 1 to 4 
identify rings discussed in text (2 = inner Rook 
ring, 3 = outer Rook ring, 4 = Cordillera ring). 



Figure 1-4. Rook Ilountains in the southeastern quadrant of the 
Orientale basin. Lunar Orbiter IV. high resolution 
frame 181. 



Figure 1-5. Mountainous terrain southeast of Mare Serenitatis 
in the Apollo 17 region. Cross shows Apollo 17 
landing point. Mapping camera photograph AS17-M-446. 



Table 1-1. Comparison of southern Serenitatis and Orientale basin structures 

Southern 
Serenitatis basin 

Diameter 

Ring 1 400 km 

Ring 2 580 km 

Ring 3 750 km 

Ring 4 1300 km 

Mascon: 442 km 
calculated 
surface 
disk 

Orientale basin 
(Moore et al., 1974) 

Southern Serenitatis /Orientale 
diameter / diameter 

Diameter 

320 km 1. 25 

(Haemus ring) 480 km (inner Rook ring) 1.21 

(Littrow ring) 600 km (outer Rook ring) 1. 25 

900 km (Cordillera ring) 1. 44 

(Sjogren and 300 km (Scott , 1974) 1.5 
Wimberly, 
1974 } 
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Figure I-6. Eastern part of the Orientale basin. Uncontrolled 
mosaic of Lunar Orbiter IV high-resolution photo
graphs. 



(Cordillera) ring of the Orientale basin is marked by a single, 
clean-cut mountain crest and basin-facing scarp (Figure 1-6). 
In each area, linear graben-like troughs radial to the basin 
centers cut through the massifs of the third ring. In the Apollo 
17 area, mare basalt has flooded such troughs and buried the low
er parts of the massifs. 

In the Orientale basin, knobby textured terrain (knobby 
basin material of Moore et al ., 1974; domical facies of Head, 
1974b) occurs in the graben-like trough that transects the Rook 
ring and extends over most of the surface between the Rook 
Mountains and the scarp that forms the west face of the Cordil
lera Mountains. Comparable knobby textured terrain (known in
formally as the Sculptured Hills) forms a major part of the high
lands adjacent to eastern Mare Serenitatis. 

Wilhelms and McCauley (1971) identified a fourth ring with 
a radius of about 670 km in the highlands southwest of Mare 
Serenitatis. Their third ring lies about 550 km east of the 
basin center shown in Figure 1-2. Whether either of these seg
ments represents a basin rim analogous to the fourth ring 
(Cordillera Mountains) of the Orientale basin or to the outer 
ring (Apennine Mountains) of the Imbrium basin is difficult to 
say. Such a ring in the southern Serenitatis basin structure may 
never have been well developed or may have been largely oblite
rated by subsequent events . 

As summarized in Table I-I, the southern Serenitatis basin 
structure consists of rings that we correlate with the four well 
defined rings of the Orientale basin structure. The correlation 
derives particular support from the shape, size, and distribution 
of massifs near the Apollo 17 site and in the outer Rook ring and 
also fr9m the spatial relation in both cases of the massifs to 
the knobby terrain. These results are in agreement with a com
parable correlation that Head (1974a) made between the Apollo 17 
region and the Alpes Mountains and Alpes Formation of the Imbrium 
basin. 

The southern Serenitatis basin structure is larger; its 
rings range in diameter from about 1.2 to 1.4 times the dia
meters of the equivalent Orientale rings . Interestingly, the 
surface disk calculated by Sjogren and Wimberly (1974) for the 
southern Serenitatis mascon is 1 . 5 times larger in diameter than 
the surface disk calculated by Scott (1974) for the Orientale 
mascon. In each case the diameter of the calculated surface disk 
approximates the diameter of the inner ring. Apparently a crude 
linear relationship exists from one basin to the other in the 
relative diameters of analogous features. 
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SIGNIFICANCE OF THE BASIN STRUCTURE IN INTERPRETING 
THE GEOLOGY OF THE APOLLO 17 LANDING SITE 

Assuming that our correlation of the southern Serenitatis 
and Orientale basin ring structures is correct, and that the 
massifs and Sculptured Hills at the Apollo 17 landing site are 
similar in origin to, respectively, the outer Rook Mountain 
massifs and the associated knobby basin material, we can extra
polate to the Apollo 17 landing area from the much fresher Orien
tale basin, which has been the focus of much previous thought. 
Howard et ale (1974) summarized recent thought on the origin of 
ring structure as follows: 

Two main views have been expressed on the origin 
of the mountain rings (Baldwin, 1974). One is that 
the rings represent slumping into the impact basin 
(McCauley, 1968; Hartmann and Kuiper, 1962), possibly 
enhanced by ring dikes (H a rtmann and Wood, 1971). 
The other is that the rings represent frozen tsunami
like waves formed by the shock (Baldwin, 1949, 1972, 
1974; Van Dorn, 1968, 1969). The observed ring 
spacing has been incorporated into both models (Van 
Dorn, 1968; Hartmann and Wood, 1971). Upturning or 
folding of the outer mountain rings is required by the 
ring-wave model. Evidence for this uplift is pro
vided by the outer (Altai-scarp) ring of the Nectaris 
basin which tilts sharply up from outside terrain 
(Baldwin, 1972), and by the broad concentric rises and 
depressions outside some basins, notably Imbrium 
(Baldwin, 1949; Hartmann and Kuiper, 1972; Wilhelms, 
1964). On the other hand the height of the Cordillera 
ring is comparable to the thickness of Orientale 
ejecta ..• and so may be entirely depositional. Pos
sibly both models are correct: rings (or the whole 
region) were uplifted and then immediately collapsed 
inward (McCauley, 1968). 

It seems probable to us that the rings were formed by a 
combination of uplift, whether due to the effect of tsunami-like 
waves or to some other deformational process, and normal faulting 
due to basinward collapse. 

Assessment of the geological significa~e of Jche material of 
the third ring depends not only upon the mode of ring formation 
but upon its relationship to the transient cavity created in the 
impact. As Howard et ale (1974) have cautioned, (1) no unequi
vocal way has been found to determine which, if any, of the rings 
represents the transient crater, and (2) inner ring diameters may 
have been shortened from their original lengths in the centri
petal motion that occurred during collapse along outer rings. 
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Head (1974b) summarized some previously published estimates, 
ranging from about 100 to 600 km, for the diameter of the tran
sient cavity for the Orientale basin. Later writers (Baldwin, 
1972; McGetchin et al., 1973: Moore et al., 1974; Head, 1974b) 
have preferred to-regard the outer Rook-ring (ring 3, Figure 1-3, 
approximately 600 km in diameter) as the approximate rim of the 
transient cavity. The most cogent photogeologic support for this 
hypothesis has been developed by Head (1974b), who, by analogy 
to the large crater Hausen (170 km in diameter) and to the 
Schrodinger basin (320 km in diameter), suggested that the inner 
Rook ring (ring 2, Figure 1-3) is a central peak ring, and that 
the outer Rook ring is the approximate rim of the transient 
cavity. 

Moore et al. (1974), estimating thickness from the calcu
lated depthS-o~buried craters, predicted a thickness of 3.6 km 
of Orientale ejecta at the crest of the Cordillera ring. They 
found empirically that the ejecta thins away from the basin as 
predicted by the equation of McGetchin et al. (1973) for a 
transient cavity 600 km across with 12 kffi of ejecta at its rim. 
The equation is t = T(r/R)-3.0 where T is the thickness of ejecta 
at the initial crater rim, R is the radius of the initial crater, 
and t is the thickness of ejecta at distance r, measured from 
the center of the crater. In addition, Moore et al. (1974) 
pointed out that the equation of McGetchin et al.-r1973) for 
small experimental craters (T = 0.04R, notation-as above) pre
dicts 12 km of ejecta at the rim of a transient crater 600 km in 
diameter. Using the equation of McGetchin et al. (1973) for 
cumulative volume (Vo ) at distances of r an~larger [Vo = 
2 TITR 2 (R/r), notation as above] and using R = 300 km, T = 12 km, 
Moore et al. (1974) calculated the total of volume of Orientale 
ejecta-Seyond the Cordillera rim to be about 4.5 x 10 6 km 3, a 
value in reasonable agreement with the 5.3 x 10 6 km 3 predicted 
by Scott (1974) from interpretation of gravity data. 

In summary, influenced by Head's (1974b) photogeologic 
interpretation and by the measurements and calculations of 
Moore et al. (1974), we believe that the massifs of the outer 
Rook ring--{Figure 1-4) represent thick Orientale ejecta em
placed near the rim of the transient cavity. Whether or not 
the 12 km estimate of thickness is correct, it seems inescapable 
that the ejecta thickness at the outer Rook ring exceeds the 3.6 
km determined at the Cordillera rim. 

By extrapolation from Orientamto the slightly larger 
southern Serenitatis basin, we infer that many kilometers, per
haps as many as 15 km, of ejecta were emplaced in the vicinity 
of the landing site. Later, but still during the southern 
Serenitatis event, the ring structure and radial faults that de
fine the massifs were imposed. 

Application of Pike's (1972) equations for experimental 
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Table 1-2. Major rock types* collected 
from the North and South Massifs 

Layered light- Blue-gray Green-gray Light-gray 
gray breccia breccia breccia breccia 

Sta 2, Bldr 1 sta 2, Bldr 3 Sta 2, Bldr 2 Sta 6, Bldr 1 

sta 6 , Bldrs sta 6, Bldrs Sta 7 Bldr 
1, 2 2, 4, 5 

Sta 7 Bldr Sta 7 Bldr 

---- - - -_. -- - ----~ -- --- -- -- --- -- -

*Only boulder samples are shown here . Several single rock 
fragments and rake samples also fall into these lithologic 
categories . 
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Figure I-S. (See next two pages.) Telephotographs of part of 
the South Massif; a and b taken from Station 3 
(NASA photographs AS17-144-22051 to 22057); c taken 
from the Lunar Module (NASA photograph AS17-144-
220S9). a: Boulder clusters are outlined with 
dashed lines. The area of the dark boulders on the 
left is the probable source area of the boulders 
sampled at Station 2. b: Sketch map of light
colored patches on the South Massif. Note their 
irregular patchy distribution. The approximate 
color boundary of R.W. Wolfe et ale (Vol. 1) is 
shown with a dashed line. The"normal faults" 
along the color boundary, mapped by Wolfe et ale 
(Vol. 1) in photos from the Lunar Module, are:not 
visible in this view. c: Lunar surface photograph 
on which R.W. Wolfe et ale (Vol. 1) mapped the 
linear color boundar~ 'Tick marks are approximate
ly aligned with the mapped boundary. 
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Figure 1-9. Boulder map of the South Massif . Long dashes show 
base of the massif . Solid lines show boulder 
tracks . Note the linear color boundary of R. W. 
Wolfe et al . (Vol . 1) (dashed line) and the patchy 
nature-of-right- colored material . Blocks appear 
randomly distributed or clustered, except near the 
top of the massif , where the regolith is thin . 
Rectif i ed photobase and topographic contours pre
pared f r om Apollo 15 mapping camera photographs by 
Defense Mapping Agency Topographic Center for the 
Nat i onal Aeronautic s and Space Administration 
Lunar Topographic Photomap , Taurus - Littrow , scale 
1 : 50 , 000 (1972) . 
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craters (a = 0.225 DO. 96 and h = 0.043 DO. 91 where a is the depth 
of the crater measured from the rim crest, h is the height of the 
rim above the local surroundings, and D is the diameter of the 
crater; all variables in km) to an inferred transient cavity 750 
km in diameter suggests that the southern Serenitatis event could 
have excavated to depths of about 100 km. 

GEOLOGY OF THE SOUTH MASSIF 

The South Massif rises 2.3 km above a graben-like valley 
floor (Figure I-7) that is underlain by at least 1 km of basalt 
(Duennebier et al., 1974; Talwani et al., 1973). A recent ava
lanche deposIt -at the foot of the-South Massif, called the 
light mantle by Muehlberger et ale (1973), has removed a substan
tial amount of unconsolidatea-material from the north face of the 
massif, leaving the massif talus relatively uncontaminated by 
mare material (Bence et al., 1974). Although minor amounts of 
mare material are presen~{Rhodes et al., 1974), a significantly 
higher mare contamination is seen In tEe North Massif and 
Sculptured Hills samples (Duncan et al., 1974). Size frequency 
distributions of craters (Muehlberger-et al., 1973) indicate 
the avalanche may be of Tycho-age. Crater-morphologies (Swann 
and Reed, 1974) suggest that the avalanche occurred between 10 
and 50 m.y. ago. Kirsten et ale (1973) report an exposure age 
of 20-30 m.y. for the orange soil at Shorty crater, which post
dates the avalanche. Eberhardt et ale (1974) report exposure 
ages of 30-45 m.y. for the orange-sOIl, 25 m.y. for a basalt 
fragment ejected by Shorty crater, and 230-240 m.y. for gray soil 
that may be pre-light mantle regolith that was excavated in the 
Shorty impact. 

Station 2 is in a cluster of boulders that apparently rolled 
down to the base of the massif after the avalanche. There are no 
distinct boulder tracks from which to infer their sources, but it 
is likely that they rolled from a large patch of boulders (Fig
ure I-8) about 2/3 of the way up the massif, directly above the 
sampled boulders (Muehlberger et al., 1973). 

A major question about the massifs is: Are they comprised 
of a layered sequence, or are they a heterogeneous mixture? 
The problem is complicated by the veneer of regolith, which pre
vents direct observation of outcrops. Most of the rocks seen on 
the surface of the massifs are not in place but are blocks 
ejected by local impacts. The possible exception is a thin band 
of rocks that forms a ledge high on the western face of the South 
Massif. Boulder maps made from both orbital and surface photo
graphs to determine whether there is a regular or random distri
bution of blocks show no obvious layers (Figures I-8A, I-9). 
There is a high concentration of boulders near the summit, where 
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the regolith is thinnest, but otherwise the boulders are randomly 
scattered or clustered. Color differences have been recognized 
both on the surface by the crew, and in photographs. R.W. Wolfe 
in Vol. 1 has suggested that one of these color differences re
presents a major lithologic change in the South Massif. Their 
color boundary (Figure I-SC), as originally described by Schmitt 
(1973), with blue-gray rocks above and tan-gray rocks below has 
an apparent dip of 10-15 degrees to the west and is apparently 
cut by normal faults. When this color boundary is mapped on 
orbital photos (Figure I-9), it appears as a steeply plunging 
lineation broken by a pair of "doglegs" that coincide with the 
high angle faults described by Schmitt. Detailed mapping on 
telephotos taken from the surface shows that the color units are 
irregular and discontinuous (Figures I-8B and I-SC); the discon
tinuous light gray patches lie above and to the west as well as 
below and to the east of the linear color boundary of R.W. Wolfe 
et al . (Vol. 1) projected northwestward. This lineation, as seen 
In Figures I-SB and I-SC, may result from the fortuitous align
ment of several discontinuous light patches. The patchy color 
distribution may be explained in two ways: (1) the massifs are 
not layered but are comprised of irregular lenses of differing 
lithology, or (2) the dark color is caused by dark mantle mater
ial irregularly distributed on the surface of the massif as shown 
o n Lucchitta's (1972) geologic map. Both light- and dark-colored 
rocks are visible in the large patch of boulders presumed to be 
the source of the Station 2 boulders (Figure I-SA). However, 
dark rocks predominate in this predominantly dark portion of the 
massif, suggesting that the color differences reflect lithologic 
variations and not just dark mantle deposits. It is probable 
that we see both effects and unlikely that the color boundary of 
R.W. Wolfe et al. (Vol. 1) represents a major stratigraphic 
break. - -

Four major rock types that were collected from the North and 
South Massifs are shown in Table I-2. All of these rocks are 
mUltiple breccias, suggesting derivation from multiple impact 
events. 

Preliminary examination suggests the following lithologic 
correlations between the South Massif and North Massif boulders 
(Muehlberger et al . , 1973). 

1. The greenish-gray breccias from both massifs are similar 
except that the vugs are smaller in the South Massif boulders. 
In addition, greenish-gray breccias with no cavities are seen in 
both massifs. 

2. 

3. 
able. 

Blue-gray breccias appear identical. 

Light-gray breccias from both massifs are highly vari
The light-gray breccias fall into two major categories--
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noritic breccias (Station 2, Boulder 1) and anorthositic gabbros 
(Stations 6 and 7). 

These rock types, seen as individual boulders on the South 
Massif, are all within single boulders on the North Massif. The 
Station 7 boulder shows the relationships particularly well 
(Figure 1-10). The light-gray breccia is enclosed by the blue
gray breccia, which, in turn, has been incorporated within the 
vuggy greenish-gray breccia. Therefore, it appears that the 
greenish-gray Boulder 2 at Station 2 represents the matrix that 
encloses the blue-gray breccia of Boulder 3 and the light-gray 
breccia of Boulder 1. Some of the clasts of blue-gray and light
gray breccia are quite large. In the Station 6 boulder the blue
gray clast is about 9 m across. The light-gray breccias are as 
large as the 2 m Boulder 1 at Station 2. Another large boulder 
(about 35 m across) on the slopes of the North Massif shows 
clasts up to 10 m across (Figure I-II). Such large clasts may 
indicate proximity to the target of a major impact. 

We have drawn the following conclusions from these ob
servations: 

1. The massifs are not comprised of uniformly layered 
sequences of differing lithologies. It appears from both the 
rock distributions and the patchy nature of color variations 
that pods and lenses of differing rock types are irregularly 
distributed in the South Massif. The occurrence of coarsely 
fragmental boulders suggests that the massifs are formed of 
thick, coarse breccia. If the Station 2 boulders originated in 
the upper third of the South Massif, and the boulders of Sta
tions 6 and 7 in the lower third of the North Massif, it is rea
sonable to suppose that most of the total visible thickness of 
these massifs consists of similar materials. 

2. We infer from the multiple breccias seen in the boulders 
that breccia was a major component of the pre-Serenitatis target 
material. Heterogeneous target material produced heterogeneous 
ejecta. Hence the massifs are composed of pods and lenses 
instead of continuous lithologically distinct layers. 

3. Boulder 1 at Station 2, along with the other light-gray 
and blue-gray breccias, is older breccia that was re-excavated 
and enclosed by the impact-melted greenish-gray breccia during 
creation of the southern Serenitatis basin. 

POST-SERENITATIS EVENTS 

The landscape in the Apollo 17 area, in approximately its 
present form except for mare flooding, was created during the 
southern Serenitatis impact event. Subsequent structural 
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modification (Head, 1974a; Muehlberger, 1974) has little bearing 
on our interpretation of massif samples. 

It would be unreasonable to suppose that all of the materi
als in the highlands are Serenitatis ejecta. Moore et ale (1974) 
have suggested that the Apollo 17 site lies within the area that 
may have been blanketed by Imbrium ejecta. Crisium ejecta might 
also be present in the Apollo 17 area. Scott and Pohn (1972) 
have mapped lineated terrain north of the crater Littrow and in 
the vicinity of the Taurus Mountains. They suggested that the 
latter, which is radial to the Imbrium basin and was mapped by 
Wilhelms and McCauley (1971), is not radial to either Imbrium or 
Crisium; we assume it represents basin or large crater ejecta 
deposited before the Imbrium event. Scott and Pohn (1972) recog
nized no lineated terrain south of Littrow. The preservation of 
pre-Imbrian lineated terrain north of Littrow and the absence of 
sculpturing related to Imbrium or Crisium in the Taurus-Littrow 
area suggest to us that Imbrium and Crisium ejecta, if present, 
are thin in the Taurus-Littrow area. Parallel evidence is pro
vided by the preservation of the Sculptured Hills topography. 
If our correlation of the Littrow ring and the outer Rook ring 
is valid, the Sculptured Hills terrain is related in origin to 
the southern Serenitatis event. Its distinctive topography 
would not be visible through great thicknesses of Imbrium and 
Crisium ejecta. This physiographic evidence combined with the 
extreme coarseness of the massif breccias suggests that the 
sampled massif boulders represent southern Serenitatis ejecta. 

Erosion of the massifs is difficult to assess. Certainly, 
continuing meteoroid bombardment and mass-wasting have removed 
material from the massif surfaces. If there was a thin deposit 
of post-Serenitatis ejecta on the massif faces, part or all of 
it may have been removed. 

SUMMARY 

The following points are critical in developing the geo
logic model proposed in this section: 

1. The Apollo 17 landing site lies approximately on the 
third ring of the southern Serenitatis basin structure, which is 
slightly greater in diameter than the Orientale basin structure. 

2. The third ring is located near the rim of the transient 
cavity created in the southern Serenitatis impact. 

3. Many kilometers of southern Serenitatis basin ejecta 
were emplaced here, and the massifs were defined by development 
of the ring structure and radial faults. This ejecta is visible 
in the massifs as discontinuous lenses of variable lithology. 
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Figure I-IO. Station 7 boulder. A: Close-up view of the 
boulder. B: Sketch map. The light-gray breccia 
clast is enclosed in blue-gray breccia, which in 
turn is enclosed in green-gray breccia (Hasselblad 
photograph AS17 - 146-2230S) . 
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Figure I-II . Enlarged photograph showing a 35 m breccia boulder 
on the North Massif . Note the large (up to 10 m) 
clasts in this boulder . Hasselblad photograph 
AS17 - l39 - 2l256 . 



4. Target rocks for the southern Serenitatis impact includ
ed large amounts of breccias; Boulder 1 at Station 2 is older 
breccia re-excavated from this target. 

5. Photogeologic evidence suggests that basin ejecta 
younger than the southern Serenitatis impact is thin or absent. 
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II. GEOLOGY OF BOULDER 1 AT STATION 2, 
SOUTH MASSIF, VALLEY OF TAURUS-LITTROW* 

Harrison H. Schmitt 

Office of Energy Programs, Code N, NASA, Washington, D.C. 20546 

INTRODUCTION 

The Apollo 17 exploration of the Valley of Taurus-Littrow 
in December of 1972 resulted in the acquisition of a large amount 
of descriptive, photographic, and sample data collected from 
several large boulders (Schmitt, 1973). These boulders had ob
viously rolled into their present positions at the base of the 
massifs that form the north and south boundaries of the valley. 
The sources of the boulders are linear boulder fields, i.e., 
"source-crops," high up on the approximately 25 0 slopes of the 
massifs. The potential importance of the stratigraphic, struc
tural, and petrogenetic interpretation of these boulders led to 
the formation of several interdisciplinary and interinstitutional 
consortia with the charges to study specific boulders and to co
ordinate the reporting and interpretation of the results. 

The author is an "ex-officio" member of the Consortium 
Indomitabile, assigned to work on Boulder 1 at Station 2. This 
section presents the descriptive geology of Boulder 1 at Station 
2 gathered during the Apollo 17 mission and some of the con
straints imposed by that geology on future interpretation. 

DESCRIPTIVE GEOLOGY 

Boulder 1 at Station 2 near the base of the South Massif in 
the Valley of Taurus-Littrow is a block of foliated and layered 
fragment-rich breccia about 2 meters in average diameter (Figure 
II-I). The general descriptive setting and field geological 
associations of this boulder (Figures 11-2 and 11-3) have been 
given by Schmitt (1973) and the Apollo Field Geology Investiga
tion Team (1973). Schmitt's information is repeated below: 

The most obvious sources for the boulders near station 
2 are on the upper one-quarter of the massif slope. Visual 
inspection from a distance indicated that linear source-

* Contribution No. 2420, Division of Geological and Planetary 
Sciences, California Institute of Technology, Pasadena, 
California 91109. 
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Figure 11-1. Close-up view of Boulder 1 at Station 2 looking 
northwest and showing sample location and foliation 
(Apollo Lunar Geology Investigation Team, 1973a). 
The visible width of the boulder is about 2 rn (NASA 
photograph AS17-138-21030). 

Figure 11-2. View of the local setting of Station 2 at the base 
of South Massif (Apollo Lunar Geology Investigation 
Team, 1973b). Boulder 1 is about 1 rn high (NASA 
photograph AS17-138-21072). 
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crops on this part of the massif and subtle linear 
color variations of blue -gray lying over tan-gray 
have an apparent dip of 10° to 15° to the west. 
Offsets of the color changes, downward to the east, 
suggest that normal faults dipping steeply eastward 
cut this apparent massif structure. 

Although certainly internally complex, the dom
inant fabric of the North Massif is apparently that 
of roughly horizontal structural units that may be 
depositional or intrusive layers. In the South 
Massif these units appear to be tilted westward or 
southwestward. High angle normal faulting and tan
gray breccia intrusions apparently break the con 
tinuity of the structural fabrics in both massifs. 
The tilting and faulting of massif units may relate 
to their uplift during the Serenitatis impact event 
or subsequent major basin events. 

The third boulder examined at station 2 is a 
strongly foliated and layered fragment-rich breccia 
that is much less coherent than either the tan-gray 
or blue-gray breccia types. This foliated layered 
breccia contains large clasts of both dark- and 
light-colored older breccias in a generally light
colored matrix. There are also small clasts with 
distinctive dark coronas around them. From a dis
tance this boulder has a blue-gray hue very similar 
to the blue-gray mate rials observed near the top of 
the west portion of the South Massif. 

Additional details on the nature of Boulder 1 are as 
follows (1972a): 

1. Boulder tracks from the blue-gray source-crops on the 
upper portion of the massif lead to the large boulders in Nansen . 
This supports the conclusion, based on visual correlation of 
colors viewed from a few kilometers away, that boulders from the 
blue-gray source-crops reached the base of the massif and that 
Boulder 1 is probably one of these. 

2. The foliation of Boulder 1 is expressed by "elongate 
knobs in the surface," "fracture foliation," and elongate 
"gray-matrix breccia ••• fragments within the white-matrix 
breccias" when viewed at zero-phase angle illumination. 

3. Portions of the description of Boulder 1 are repeated 
verbatim below: 

"The blue-gray rocks are breccias. They're multilithic, 
gray matrix breccias, I guess. There are [rock] fragments in 
them, but it doesn't look like more than about 10-15 percent 
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Figure II-3. View of the South Massif looking southwest and showing some of the struc
tural and tonal variation of materials from which the station 2 boulders 
were derived. The top of the Massif is 2300 m above the valley floor. 



[rock] fragments. Some of the light-colored [rock] fragments 
seem to have very fine-grained dark halos around them. The zap
pits [in the components of the matrix] do not have white halos, 
so I suspect they are not crystalline. They might be vitric or 
glassy breccias." 

"On the fresh surface these look like fragment breccias 
although the fragment size is fairly small. There are dark gray 
fragments and the light fragments we talked about. The [dark] 
gray ones are very fine-grained and dense, although I see 
flashes that indicate they may be crystalline." 

4. Close examination of zap-pits revealed poorly defined 
light halos around such pits in the matrix of the dark breccia 
portions of the boulder suggesting that the matrix is partially 
crystalline. The matrix generally was very dark with a greenish 
cast. 

5. Sample 72275 appeared to be "a light matrix breccia 
with dark fragments .•• and .•. has the [dark] halos around the 
light fragments." This sample was from a layer distinct from 
the layers represented by samples 72255, 72215, and 72235 which 
were taken from "dark-matrix or dark-fragment breccias." 

6. Boulder 1 samples 72255, 72215, and 72235 were taken 
across the layering at "half a meter," "a meter," and "a meter 
and a half," respectively, above the base of the boulder. Sample 
72275 came from the top of the boulder. 

Unpublished transcripts of a debriefing held about one week 
after leaving the Moon contain the following observation about 
the dark halos around fragments: 

"Against the fragment, the boundary [of the halo] was very 
sharp; against the breccia [matrix] it tended to be a little 
more diffuse." 

In summarizing the activities at Station 2, including those 
related to Boulder 1, the author (Schmitt , 1972b) transmitted 
the following upon leaving the station: 

"Those two major kinds of blocks that we sampled there were 
about the [only] two varieties we saw in the area. It's a long 
extrapolation I realize, but they do resemble in color, and I 
believe in texture, the blue-gray rocks and the tan-gray rocks 
up on the massif, so I feel fairly confident that we sampled at 
least the two major units visible from a distance in the South 
Massif ." 

"I think that there is a lot of post-mission work to be 
done on correlating the angularity and possibly the albedos of 
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the rocks we sampled with those on the Massif." 

The regional stratigraphic relations of the foliated and 
layered fragment-rich breccias as represented by Boulder 1 were 
summarized by Schmitt (1973): 

The oldest through youngest stratigraphic units 
which are present as bedrock in the North and South 
Massifs are as follows: (i) Light gray breccia and 
crystalline rock as distinctive clasts in the blue-
gray breccias. (These clasts may be closely related 
to the differentiates of an early melted lunar crust.) 
(ii) Crystalline blue-gray fragment-rich breccias and 
their metamorphic equivalents. (These breccias are 
possibly quenched and brecciated impact melts produced 
during the formation of the large lunar basins or even 
older events.) (iii) Crystalline, vesicular, tan-
gray matrix-rich breccia and any metamorphic effects 
associated with its intrusion into the blue-gray breccias. 
(These intrusions may be partially molten impact breccias, 
possibly of Serenitatis-age, or polygenetic tuff-breccia 
eruptives of undetermined origin.) (iv) Foliated 
layered breccia of low metamorphic grade which is rich 
in a vari~ty of breccia clasts and which appears to 
correlate with units near the crest of the South Massif. 
(These rocks may be representative of the youngest 
ejecta blankets from large basins.) 

GEOLOGICAL MODEL 

The field relationships given above and by the Apollo 
Geology Team (1973a, 1973b) and the presently available petro
logical and analytical data (Wood, 1974; Vol. 1; Stoeser et al., 
1974) permit the establishment of a preliminary working mOder
for the origins of the materials that now make up Boulder 1 at 
Station 2. This model is complex but gives us a test case 
against which we can play new data and new lines of investi
gation. 

Depositional Processes 

The key to the interpretation of the depositional processes 
that formed the materials of Boulder 1 lies in the nature of the 
layering and in the differences between layers. The differences 
bet ween layers are in their visual characteristics, coherency, 
and concentration of perpendicular fracture sets and has been 
documented by the Apollo Geology Team (1973a, 1973b). Differ
ences bet ween layers also have been found in their degree of 
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sintering, in rare earth abundances and in vector directions of 
natural remnant magnetism as has been pointed out by Banerjee 
(Vol. 1) and Wood (1974). Although the general petrographic 
characteristics of the layers appear to be similar (Stoeser et 
al., 1974), the other differences suggest multiple and separated 
aepositional events or unusual conditions within a single event. 
The final answer to the question of single versus multiple 
events must await further data on the boulder, confirmation of 
existing data, and additional synthesis. 

The materials studied to date indicate that each of the 
events that may now be recorded in Boulder 1 were generally 
similar with respect to the local depositional environment and 
the distant source materials. The petrography and chemistry 
reported by Wood (1974) and Stoeser et al. (1974) suggest the 
deposition of an ejecta blanket at approximately lOOO°C. The 
boulder was either derived from a shallow depth within a single 
blanket or the individual blankets in the boulder were thin 
enough to cool rapidly. This conclusion is suggested by two 
sets of data. First, Stoeser and Wolfe (Vol. 1) have reported 
the presence of textures and materials indicative of only very 
local partial melting and sintering in situ rather than exten
sive melting or recrystallization. This-IS also reflected in 
the friability, abradability, and weathering characteristics ob
served in the field. Second, Marvin (Vol. 1) has described 
finely laminated and "ripplemarked" dust in fractures in sample 
72275 which suggests near-surface degassing processes in which 
hot dust was entrained in the escaping gases and deposited on 
the walls of the vents. 

Source Region and Age 

The KREEP-like chemistry of Boulder 1 (Wood, 1974) and the 
absence of orbital geochemical indications (Metzger et al., 
1973) of regional deposits of KREEP-related materialS-in-the 
Taurus-Littrow region indicated distant or buried source areas 
for the materials that now comprise the boulder. The presence 
of known KREEP-related materials near Imbrium in turn might 
suggest a source or sources near that basin. Alternatively, 
pre-Imbrium KREEP-rich source areas and ejecta blankets now may 
be largely buried by younger, KREEP-poor materials, such as low
KREEP Imbrium ejecta and maria basalt, or the source areas may 
lie to the north or south of the limits on our orbital data. 

In contrast to the earlier interpretation of the author, a 
number of new arguments can now be made that would suggest that 
the layered and foliated breccias of Boulder 1 are older rather 
than younger than the Serenitatis event. The arguments are as 
follows: 
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1. The correlation of the color of the boulder with the 
color of the upper one-quarter of South Massif. This upper one
quarter is obviously an integral part of the Massif and was part 
of it when the structural movements occurred that created the 
general morphological features of the Serenitatis mountain ring 
of which the valley is a part. Presumably, these movements re
sulted in large part from the Serenitatis event itself. 

2. The KREEP-rich characteristics do not correspond to any 
known materials of possible Serenitatis derivation nor is their 
limited aerial distribution consistent with a post-Serenitatis 
origin such as being ejecta from the Imbrium event. 

3. A Rb-Sr mineral isochron age of 4.lB ± 0.04 x 10 9 years 
reported by Compston in Vol. 1 for a coarse-grained, probably 
metamorphosed norite clast from Boulder 1 may indicate the time 
of deposition. This age is significantly older than the Rb-Sr 
internal isochron age of 3.B9 ± O.OB x 10 9 years reported by 
Tatsumoto et al. (1974) for a metamorphosed troctolite 
clast in sample 77135 from the intrusive tan-gray breccias 
(Schmitt, 1973) which may have formed from the injection of 
shock-melted material produced by the Serenitatis event. It is 
also different from the "upper limit" 39Ar- 40Ar age of 4.05 x 109 
years given by Kirsten and Horn (1974) for tan-gray breccia 
samples 76055 and 77017. 

Source Area Characteristics 

The mineralogical similarities between the clasts and ma
trices in different layers and the KREEP-like chemistry of the 
boulder as a whole suggest that the source location or loca
tions for the layers were similar. These considerations, when 
combined with the relative lack of mixing of mineralogical com
ponents, suggest locations in the deep, immature lunar crustal 
regolith. An estimate for the depth of origin would be about 
15 ± 5 km based on a 50 to 100 km crater saturation size for the 
pre-large basin crust. Excavation from these depths probably 
was accompanied by much local melting and crushing and subsequent 
concretionary aggregation of melt and hot debris during ballistic 
transport. This is suggested by the dark rind "halos" on many 
light-colored clasts in all layers of Boulder 1. 

The data of Stoeser and Wolfe in Vol. 1 and Stoeser et al. 
(1974) suggest a source area very near the impact point and-one 
with fairly specific geological characteristics. Derivation 
near the impact point is indicated by the crystalline nature of 
the mineral and rock clasts but with a lack of large distinctive 
clasts of coarsely crystalline, unmixed material found in other 
breccias from the Taurus-Littrow Massifs. The source area was 
apparently dominated by coarse-grained anorthitic plagioclase, 
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low-Ca pyroxene, and minor olivine. Pigeonitic basalt containing 
an intermediate concentration of KREEP components probably 
formed numerous small intrusive masses in the crystalline rocks. 
Differentiation in some of these intrusives may be the mode of 
origin of the several unusual granitic rock types. 
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INTRODUCTION 

The geologic setting and morphology of Boulder 1 are described 
in Sections I and II of this volume. Briefly, the boulder is a 
complex breccia with a rough, knobby surface and a well-developed 
foliation. Figure 111-1 shows stereo views of the upslope surface 
of the boulder before and after removal of the samples. The hand 
specimens in their approximate in situ orientations are shown in 
Figure 111-2. Three of the specimens, 72235, 72215, and 72255, 
were resistant knobs from different layers of the boulder. 72275, 
in contrast, consists of soft matrix material that, despite its 
friability, formed a prominent projection at the top of the 
boulder. Matrix material similar in color and friability to that 
of 72275 was attached to the knob 72235. 
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Figure 111-1. Stereo pairs of photographs of Boulder 1 at Station 
2 before sampling (A) and after sampling (B, C, and 
D). Positions of specimens are labeled: 1 for 
72215; 3 for 72235 ; 5 for 72255; and 7 for 72275 . 
NASA photographs (color transparencies) reproduced 
are: 

A 
A 
B 
B 
C 
C 
D 
D 

left 
right 
left 
right 
left 
right 
left 
right 

AS17-l37-20900 
AS17-l37- 2090l 
AS17 - l37-20903 
AS17 - l37 - 20909 
AS17-l37-20907 
AS17 - l37-20908 
AS17-l37 - 20905 
As17-l37 - 20904 
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Figure 1II-2. Sketch of Boulder 1 in situ, showing the foliation, 
cleavage, and locations-rr0m which the samples were 
taken. The photographs show the four specimens 
approximately as they were positioned on the 
boulder. The lunar orientation of the boulder, and 
hence of the specimens, is indicated by the compass 
directions. The cubes give the conventional orien
tations assigned to the specimens in the Lunar 
Receiving Laboratory. The lunar and laboratory 
orientations are not the same. 
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A. LITHIC TYPES PRESENT AS CLASTS IN BOULDER 1 

Both for the purpose of clarity and for use with statistical 
studies to be presented later , we wish to present a comprehensive 
petrographic classification and description of the principal types 
of clastic material present in the Boulder 1 samples. All four 
samples from Boulder 1 (72215, 72235 , 72255 , 72275) have now been 
examined, and all consist of complex , matrix- rich , glass-poor 
breccias. Samples 72255 and 72275 have already been described in 
Volume 1 and Stoeser et ale (1974), and samples 72215 and 72235 
will be described in tlie~ollowing subsections of Section III. 
From examination of these four samples, it has become clear that 
Boulder 1 contains a suite of lithic clasts of considerable vari 
ety and complexity, and that many of the recognized types of 
highlands rocks are represented as well as a number of types that 
have not been described elsewhere . Because several of the lithic 
clast types have already been described in earlier works by this 
group, the reader will be referred to these sources to avoid re
iterating descriptions in the present volume . 

Table III - l outlines the detailed system of classification 
used in Section III to describe the clastic materials present in 
the Boulder 1 breccias. Clasts less than 0 . 2 mm in long dimension 
are considered part of the sample matrix . The dark matrix breccias 
are distinguished from other lithic types because , with one ex
ception, all other lithic types occur as clasts in them . In fact, 
the dark matrix breccias constitute the dominant matrix material 
of samples 72215, 72235 , and 72255 . The dark matrix breccias are 
recognized as a clast type because they occur as abundant, distinct 
clasts in the gray polymict breccia of 72275, and as clasts within 
other dark matrix breccia in the other three samples . 

ANALYTICAL METHODS 

New electron microprobe analyses of Boulder 1 samples are 
reported in Tables 1II-2 to 1II- 5, and 1II- 8. These analyses 
were performed using a three spectrometer MAC Model 400 electron 
microprobe operating at 0 . 03~A and 20 KV . Ten-second counts were 
taken for all elements except sodium, potassium, and barium, 
which were determined using twenty- second counts . Mineral 
analyses were performed with a focused beam of about 2~ diameter; 
the whole rock analyses were obtained with a defocused beam of 
100~ diameter. The "no . of analyses" figures at the bottom of 
Tables 1II-2, 3, 5, and 8 refer to the number of defocused-beam 
analyses averaged in each case . 
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Table III-I. Classification of Boulder 1 clast lithologies 

ANT suite 

1. Unrecrystallized ANT breccias 
(a) mafic « 50% plagioclase) 
(b) gabbroic (50-90% plagioclase) 
(c) anorthositic (>90% plagioclase) 

2. Granulitic ANT 
(a) gabbroic 
(b) anorthositic ( >90% plagioclase) 

3. Poikiloblastic ANT 
4. Poikilitic ANT 
5. Coarse ANT (mean grain size > lOO~) 
6. Unclassified 

Ultramafic rocks 

Basalts 

1. Olivine-normative pigeonite basalts (OLPB) 
2. Quartz-normative (KREEPy) pigeonite basalts (QPB) 
3. Mafic troctolitic basalts (MTB) 
4. Pink-spinel troctolitic basalts (PSTB) 

Microgranites 

Civet Cat norite 

KREEP norite 

Ilmenite microgabbro 

Devitrified maskelynite 

Glassy clasts 

Mineral fragments 

1. Plagioclase 
2. Olivine 
3. Pyroxene 
4. Chromite 
5. Pink spinel 
6. Opaque minerals 
7. Silica phases 

Dark matrix breccias (DMB) 
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ANT SUITE 

The acronym ANT (anorthosite-norite-troctolite) as originally 
used by Keil et al. (1972), was a chemical classification based 
on only five ITtnIc fragments from the Luna 16 fines. These 
fragments were descrived as "brecciated and recrystallized and 
apparently shock-modified derivatives of igneous rocks." Since 
its original definition , the term has come to generally represent 
highlands anorthositic (> 90% plagioclase) or gabbroic rocks whose 
mafic silicates are largely low-Ca pyroxene and olivine, and thus 
are modally either noritic (px> 01) or troctolitic (px < 01). In 
addition, these rocks are relatively poor in K, P, and the LIL 
elements. As used in this paper, ANT refers to rocks with the 
textures of unrecrystallized felsic breccias, fine- to medium
grained granulitic (recrystallized) breccias, poikilitic rocks, 
and cataclasites. 

Excluding the dark matrix breccias, the ANT suite of clasts 
is by far the most abundant lithic group present in Boulder 1. 
Many of the ANT clasts appear to have originated as breccias, and 
have subsequently been recrystallized. Our classification of 
the ANT suite is based on textures, and corresponds in part to the 
degree of thermal recrystallization experienced by these rocks. 
We recognize five main groups: 

(1) unrecrystallized ANT breccias 
(2) granulitic ANT 
(3) poikiloblastic ANT 
(4) poikilitic ANT 
(5) coarse ANT rocks. 

Unrecrystallized ANT breccias 

This goup of rocks consists of breccias whose matrices have 
undergone little or no recrystallization (Figure 1II-3, Vol . 1) . 
Their clasts are largely mineral fragments, but from these and 
the sparse lithic clasts present it is clear that their parent
rocks were crystalline ANT, largely of the granulitic type. The 
ANT breccias have been subdivided on the basis of their modal 
content of plagioclase (Table III-I). It is not clear that the 
mafic ANT breccias ( <50%) plagioclase) properly belong here, 
because insufficient analytical work has been done to define this 
subgroup chemically and mineralogically. The anorthositic sub
group includes what was defined as "anorthosite breccia" in 
Volume 1 (p. 49). These appear to be monomict breccias formed by 
the cataclasis of coarse-grained anorthositic rocks (Figure III-
7A, Vol. 1). 
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At least some of the ANT breccias appear to have been formed 
by the crushing of ANT clasts during the formation of the boulder 
breccias, and are found as clots enclosed in dark matrix breccia. 
Not all ANT breccias formed in this manner: many appear to have 
predated the event that formed the Boulder 1 breccias. 

Granulitic ANT 

Rocks of this group are characterized by their fine-grained 
( < 100~) granulitic textures, which are usually approximately 
equigranular and consist of a mosaic or framework of plagioclase 
that often exhibits the -120° interfacial angles typical of sub
solidus recrystallization. Where mafic minerals are intergrown, 
they tend to exhibit similar relationships. The granulitic ANT 
group is subdivided into two types: gabbroic and anorthositic. 
Both types have been described in Volume 1 (pp. 42-49) and in 
stoeser et al. (1974). 

Most of the granulitic gabbros are clearly recrystallized 
ANT breccias. They consist of clasts of plagioclase, olivine, 
and pyroxene seated in a recrystallized granulitic matrix (Figure 
1II-3A). Besides occurring as obvious clasts, mafic minerals 
appear as spherical inclusions -in plagioclase and interstitially 
(or as"bead necklaces") around the larger plagioclases (Figure 
1II-3A) . 

The granulitic ANT breccias are highly variable in modal 
mineral content, ranging from mafic-rich types to anorthosites. 
Troctolitic varieties are about as abundant as noritic types. 
The bulk of the granulitic ANT breccias contain 22-30 wt. % A1 20 3 , 
and have MgO/(MgO+FeO) ratios in the range 005 to 0.7 (Figure 
111-4, this volume; Figure 111-22, Vol. 1). With the exception 
of a special group of granulitic breccias (K-ANT) in sample 72215, 
they contain only trace amounts of K20 and P205 (Figure 111-5, 
this volume; Figure 111-23, Vol. 1). The majority of granulitic 
gabbros have the composition of anorthosite gabbro or "Highland 
Basalt" (Reid, 1974). 

Granulitic anorthosite was described as "polygonal anortho
site" in Volume 1, but because clasts of granulitic anorthosite 
are often present in the granulitic ANT breccias, it is clear 
that they are cogenetic and should be classified together. 
The granulitic anorthosites consist of a mosaic of polygonal 
interlocking plagioclase crystals exhibiting the -120° interfacial 
angles typical of subsolidus recrystallization. Most are composed 
completely of plagioclase, but small inclusions of mafic silicates 
are present in some clasts. In general, the granulitic anortho
sites appear to have originated as coarse plagioclases that have 
been heavily shocked and then recrystallized to a fine-grained 
granulite. This idea is supported by the occurrence of a few 
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Figure III-3. Photomicrographs of ANT suite rocks , all to the 
same scale . 

A. 72235,52: Typical granulitic gabbroic ANT breccia containing 
large clasts of plagioclase and mafic silicates 
that have partially re-equilibrated wi th the re 
crystallized (granulitic) matrix. 

B. 72235,53 : Granulitic ANT breccia containing a clast of 
typical granulitic ANT in a fine - grained granulitic 
matrix . 

C. 72215,188 : Clast of poikiloblastic ANT breccia consisting 
largely of plagioclase and patches of poikilo
blastic pyroxene . 

D. 72215 , 108 : Poikilitic ANT consisting mainly of euhedr al to 
anhedral plagioclase crystals set in poiki litic 
orthopyroxene (crossed polarizers) . Note the 
small, spherical mafic silicate inclusions i n the 
plagioclases near the left hand margin , and the 
two amoeboid, partially- reacted olivines on either 
side of the plagioclase crystal in the center of 
the photograph . 
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Figure 111-4. Plot of A1 20 3 versus MgO/(MgO+FeO) for lithic clasts 
and matrices of samples 72215 and 72235. Abbrevia
tions used are: 75 = 72275; 55 = 72255; 35 = 72235; 
15 = 72215; ANT, ANT suite rocks; K-ANT, KREEPy ANT 
materials of 72215 (defined in subsection IIIe); 
POlK, poiliilitic ANT; DMB, dark matrix breccia; PSTB, 
pink-spinel troctolitic basalts; MTB, mafic trocto
litic basalts; QPB, quartz-normative pigeonite 
basalts; OLPB, olivine-normative pigeonite basalts; 
IMG, ilmenite microgabbros; and M, mesostasis of 
QPB. The 75/55 ANT, 75 DMB, and MTB fields, as 
well as the two points in the 75 DMB field which 
indicate the bulk matrix compositions of samples 
72275 and 72255, are taken from Figure 111-22, Vol
ume 1. In the DMB and K-ANT fields, plus signs (+) 
and solid points indicate clast and breccia matrix 
analyses, respectively. Hyphenated numbers refer to 
analyses of breccia matrices (~., 15-4 indicates 
lithic domain 4 of 72215. (The various lithic 
domains of samples 72215 and 72235 are defined in 
Figures 111-13 and 111-19 of subsections IIID and E.) 
The KREEP, mare basalt, and green glass fields are 
based on average analyses from Reid et al. (1972), 
Ridley et al. (1973), and Reid (1974~ 
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Figure 111-5. Truncated triangular normative mineral plot for lithic clasts and 
matrices of samples 72215 and 72235. The complete CIPW norm is used 
in the plot, and is divided into three fractions: orthoclase (OR) + 
apatite (AP) , anorthite (AN) + albite (AB) , and the remaining norm
stive components. The primary purpose of this plot is to indicate 
the KREEPiness of a sample by the amount of its normative OR + AP. 
Abbreviations used are the same as those in Figure 111-4. The 
KREEP-rich norite field is taken from Taylor et al. (1972). 
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clasts that appear to have been coarse gabbroic rocks at one time, 
but which now consist of patches of granulitic pyroxene or olivine 
set in a matrix of granulitic (polygonal) plagioclase texturally 
identical to that of the granulitic anorthosite. 

Poikiloblastic ANT 

The poikiloblastic ANT rocks were described under that name 
in Volume 1, but as "poikilitic gabbroic particles" in stoeser 
et al. (1974). Only rare, small specimens are present in samples 
72275 and 72255, but good examples were found in samples 72215 and 
72235. These are fine-grained rocks « 200~) consisting of patches 
of poikilitic pyroxenes which enclose small stubby euhedral plagio
clases « 20~) set in a mosaic of coarser anhedral plagioclase 
(Figure 1II-3C). 

No satisfactory analyses of members of this group are pre
sently available. The poikiloblastic rocks appear to be recrys
tallized ANT breccias that have experienced higher temperatures 
than the granulitic ANT breccias, sufficient either to promote 
melting or at least a more advanced state of recrystallization. 
That the poikiloblastic rocks are transitional to the granulitic 
ANT breccias is shown by the occurrence of occasional poikilo
blastic patches in typical granulitic rocks. The poikiloblastic 
ANT clasts in the boulder do not closely resemble the Apollo 16 
poikiloblastic rocks. 

Poikilitic ANT 

This distinct group of clasts is characterized by a relatively 
coarse poikilitic texture consisting of equidimensional euhedral 
to anhedral chadacrysts of plagioclase (An 90-960rO 5-3Ab4-8' 
average An940rlAb5) seated in poikilitic orthopyroxene (En74-77 
w03-5Fs19-2l), although augite and olivine (Fo70-72) are also 
present (Figure III-3D). It is difficult to give an average 
grain size for these rocks, but the plagioclase chadacrysts usually 
have diameters in the range 0.1 to 1.0 mm, and the orthopyroxene 
oikocrysts have maximum diameters greater than 4 mm. Several 
textural features suggest that these are "high-grade" metamorphic 
rocks; there are abundant small spherical inclusions of olivine 
and pyroxene(?) in some of the plagioclase chadacrysts, and sparse 
olivines which have reacted with and been partly replaced by 
orthopyroxene (Figure III-3D). The two clasts of this rock that 
have been analyzed (Table 111-2, anal. 7, 8) are anorthositic 
norites, and are compositionally similar to many of the granulitic 
ANT rocks (Figures 111-4 and 5). This clast type has not pre
viously been described in the boulder samples. It is common in 
sample 72215, sparse in 72235, and appears to be present in the 
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Marble Cake clast (clast #1 of sample 72275). All analytical 
data presented were obtained from clasts in thin section 
72215,180 (SAO 793). 

Coarse ANT 

This category is used to classify any ANT rock with an ave
rage grain size of >0.1 rom which does not clearly fit into any of 
the earlier ANT categories. Because a systematic study of these 
clasts has not been undertaken, it is not known how many different 
rock types might be present in this group. Most of these clasts 
are too small, relative to their grain size, to allow definition 
of their textures. Some appear to be coarse cataclastic anortho
sites and anorthositic gabbros, similar to 15415, but most have 
been heavily enough shocked to vitrify their plagioclases. It 
should be noted that an estimation of the total volume of coarse 
ANT rocks in the boulder would also have to include all mineral and 
maskelynite fragments larger than 0.1 rom in dimension. 

ULTRA1-1AFIC ROC:CS 

This category includes a diverse group of lithic clasts, and 
is used to classify any particle that consists of more than two
thirds mafic silicates (olivine and/or pyroxene). !1~ny of these 
particles are monominerallic and have a granulitic texture (Figure 
1II-8D, Vol. 1). Most of them appear to have been large olivines 
and pyroxenes in coarse-grained gabbroic rocks that were crushed 
and recrystallized (Figures 1II-8C and 8D of this volume show an 
in situ example). A systematic study of the ultramafic clasts has 
not been made. 

BASALTS 

The boulder samples contain a wide variety of clasts with bas
altic textures. In spite of their great textural variety, most of 
these fall into four main compositional groups. Two groups are 
dominated by rocks that contain abundant pigeonite, and thus are 
referred to as pigeonite basalts; the other two are distinctly 
troctolitic, containing little or no pyroxene. 

Olivine-normative pigeonite basalts 

This group of basalts is fairly common in samples 72215 and 
72235, and appears to be present in 72275. These basalts exhibit 
a variety of textures ranging from quench textures (olivine-pheno-
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crystal (Fo 65 ) basalts with fine-grained groundmasses, Figures 
1II-6A and 6B) to subophitic basalts (Figure 1II-6C). The suboph
itic varieties superficially resemble the quartz-normative pigeon
ite basalts, which are also very mafic, but differ in containing 
abundant chromite and lacking any obvious mesostasis. Few mineral 
analyses are presently available, but the primary mineral assem
blage appears to be pigeonite - subcalcic augite, plagioclase, 
chromite, and in most cases olivine. Because of their textural var
iety, these rocks were not recognized as a coherent group until 
their defocus ed-beam whole-rock analyses were available (Table 
1II-3). The latter indicate that they are olivine normative, very 
mafic (31~42% normative plagioclase), have low MgO/(MgO+FeO) ratios 
(0.45 to 0.3S), and in general are low in K20 and very low in P205 
(Figures 1II-4 and 5). The composition of these basalts is unusual; 
they do not closely resemble any known lunar rock type. They appear 
most akin to the mare basalts (Figure 1II-4), but differ in their 
considerablY lower contents of CaO and Ti0 2 . 

Quartz-normative (KREEPy) pigeonite basalts 

This group of basalts has already been described in Volume 1 
and in Stoeser et al. (1974), where it was referred to simply as 
"pigeoni te basal t~· " These basalts are only known to occur in sam
ple 72275, where they are present as individual clasts in the ma
trix and as clots and lenses of breccia composed almost entirely 
of clasts and fine debris of this rock type. Most clasts have a 
subophitic texture, but finer-grained equigranular and variolitic 
types are also found (Figure III-10, Vol. 1). Sparse, small, semi
opaque glass fragments containing relic mineral clasts also occur 
in the 72275 basalt breccias; these have quartz-normative pigeon
ite basalt compositions, and are presumed to be impact melts. 

The dominant subophitic variety is composed of equal propor
tions of pyroxene and plagioclase, plus 10 to 20% of opaque meso
stasis. The plagioclases of these basalts are normally zoned, and 
show a smooth compositional trend from An940rlAb5 to An760rSAb16. 
The latter value is typical of the plagioclase compositlon where 
it abuts the mesostasis. The only accessory mineral outside of the 
mesostasis is sparse chromi te « 5011 diameter). A typical maj or 
element analysis of the chromite is: MgO, 3.2%; FeO, 32.7%; A1203' 
21.1%; Cr203' 43.1%; Ti02, 1.2%; Cr/(Cr+Al), 0.58; Fe/(Fe+Mg), 0.85. 

In Volume 1 and Stoeser et al. (1974), it was reported that 
pyroxene fragments in the matrix of the pigeonite basalt breccia 
zone of 72275 had a much . wider range of composition than did those 
of the pigeonite basalt lithic clasts. Careful analytical work on 
the pyroxenes of the subophitic varieties now reveals the same 
range and compositional trends as did the pyroxene fragments in the 
breccia matrices. The quartz-normative pigeonite basalts contain 
only one pyroxene, which exhibits a marked continuous compositional 
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zoning from pigeonite through subcalcic augite to ferroaugite. 
Analyses from a typical, single subophitic pyroxene grain are 
shown plotted on the pyroxene quadrilateral of Figure 111-7; se
lected representative analyses of this pyroxene are presented in 
Table 111-4. The subophitic pyroxenes exhibit two stages of growth: 
(1) a core region consisting of pigeonite which exhibits a smooth 
compositional zoning from En7SwoS to ~En60Wo8 and (2) rims which 
grade into the mesostasis and show a wide range of compositions. 
During the second stage the pyroxene clearly was growing under con
ditions of disequilibrium, as indicated by wild fluctuations in the 
amount of Fs and Wo components relative to an essentially constant 
content of En. Figure 1II-7B shows the general pattern of compos
itional changes observed in all of the subophitic pyroxenes studied. 

The mesostasis of these basalts is mineralogically very com
plex. It consists of a very fine-grained intergrowth of ferroau
gite, ilmenite, Fe-metal, troilite, silica (cristobalite?), barian 
K-feldspar, plagioclase, a phosphate mineral, and at least one 
Zr-mineral (Figure III-IOD, Vol. 1). These minerals are not uni
formly distributed; the mesostasis is divided into two domains, 
granitic and pyroxenitic, which grade into one another. These two 
domains are aggregated in such a way that the granitic portions 
adjoin the main-sequence plagioclases, and the pyroxenitic domains 
adjoin an~ are an extension of the main-sequence pyroxenes. The 
granitic domains consist of a fine intergrowth of silica, barian 
K-feldspar, and plagioclase. The boundary between the main-sequence 
plagioclase and the granitic portion of the mesostasis is gradation
al, and in some cases is marked by inclusions of granitic globules 
( < lO]J) in the plagioclase. 

The pyroxenitic portion of the mesostasis is dominantly pyrox
ene containing abundant inclusions of Fe-metal, sulfide, and il
menite. The bulk of the mesostasis pyroxene is physically and com
positionally continuous with that of the main-sequence pyroxene. 
The boundary between the main-sequence pyroxene and mesostasis py
roxene is defined by the presence of small abundant inclusions of 
Fe-metal in the mesostasis pyroxene. These inclusions first occur 
where the pyroxene has a composition of En3S' thus this is the 
maximum enstatite content of the mesostasis pyroxene. Ilmenite 
begins to precipitate later than the Fe-metal and troilite, and is 
concentrated towards the center of the mesostasis areas. 

The occurrence of the granitic globules in the late-stage 
plagioclases suggests that a liquid phase of that composition ex
isted at some point during the formation of the mesostasis. This 
in turn suggests the possibility that silicate liquid immiscibility 
may have occurred during the evolution of the mesostasis (Roedder 
and Weiblen, 1972). It is assumed that the mafic fraction of the 
immiscibility pair has been consumed by addition to the main-se
quence pyroxene. 

The mineralogy, textures, and whole-rock major element chem-
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Table 111-2. 

WT . % OXIDES 

Si02 
Ti02 
A1203 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
BaO 
P205 

TOTAL 

CPIW NORM 
FO 
FA 
EN 
FS 
WO 
OR 
AB 
AN 
ILM 
CHR 
QTZ 
COR 
AP 

COMPo NORM. MIN. 

OL: FO 
PX: EN 

FS 
WO 

PLAG: OR 
AB 
AN 

atomic Mg/(Mg+Fe) 
MgO/(MgO +FeO) 

No. of analyses 

Electron microprobe defocused-beam analyses of ANT 
suite rocks in samples 72215 (analyses 1-10) and 
72235 (analyses 11 and 12). The sample locations 
of all analyses of ANT clasts and lithic domains 
(dom.) presented are shown on the thin section 
sketch maps of Figures 111-13 and 19 (in subsections 
IIIC and D). The sample numbers given at the top of 
each column refer to the laboratory thin section 
number, and in some cases to a particular clast in 
that thin section (~., 793C6 refers to clast #6 in 
thin section SAO 793). 

1. 2. 3. 4. 5. 6 . 7. 8. 9 . 10. 11. 

797C2A 797C2B 793 793C6 793C7 793 793C2 793C4 793C1 793C3 803 
anorth. "g lassy dom. 4 gran. g r an. dom. 6 poik. poik. glass gran. dom. 3 
breccia ve in " gran. ANT ANT ANT ANT ANT vein ANT gran. 
clast ANT clast clast breccia clast clast in clast ANT 

breccia poik. breccia 
ANT 

45.17 43.68 47.48 46.59 48 . 41 45.81 46.43 46.26 45.2 3 47.56 40.43 
0 . 50 1.17 0.79 0 . 43 0.11 0 . 61 0.12 0.19 0.11 0.18 0.15 

28 . 62 23.05 23.14 26.45 22.56 23.93 26.89 25.55 25.45 22.32 26.98 
0.05 0.05 0.04 0.51 0 . 07 0 . 07 0 . 07 0.10 0 . 06 0.04 0 . 08 
2.05 5.17 6.63 4.93 7.08 5.83 3.47 4.15 4.19 6.83 3.84 
0.06 0.11 0.05 0.07 0.08 0.05 0.06 0.10 0.09 0 . 15 0.04 
2.73 11. 48 6.37 5.12 8.17 7.09 6.97 7.76 7.65 7 . 77 5.85 

16.17 13 . 72 14.76 15.37 13.46 14 .72 15.15 14.40 15 .49 13.32 14.35 
1. 00 0.74 0.58 0.65 0.64 0.46 0.44 0.38 0.50 0.69 0.39 
0.31 0.19 0.34 0.17 0.14 0.28 0.08 0.11 0 . 11 0.33 0.06 
0 . 07 0.09 0.07 0.04 0.06 0.10 0.04 0.03 0.03 0.10 n.d. 
0 . 03 0 . 06 0.66 0.27 0.60 0 . 39 0.01 n.d. 0.02 0.10 0.04 

96.77 99.49 100.89 100.59 101 '.37 99 . 36 99.74 99.06 98 .93 99 . 39 92.23 

0.5 18.2 0 . 1 0.1 2.7 2.3 2.5 7.3 2.2 8.5 
0.2 5.4 0.1 1.7 0.9 1.0 3 . 2 1.6 4.4 
6.4 2.8 15.7 12.6 19.9 13.9 14.1 16 . 0 8.9 16.3 3.6 
2.8 0.8 10.8 7.9 12.6 7 .7 5. 1 6.1 3 . 6 10.5 1.7 
3.2 3.7 3.9 2.4 1.9 3.4 1.7 1.6 4 . 2 3.7 
1.9 1.1 2.0 1.0 0.8 1.7 0.5 0 .7 0.7 2. a 0.4 
8.8 6. 3 4.9 5 . S 5.4 3.9 3.7 3.2 4 . 3 5.9 3.6 

75.1 59 . 4 59 . 0 68 .4 57.5 62 . 9 71. 4 68.3 67.6 57.2 77. n 
1.0 2 . 2 1. 5 0 . 8 0.2 1.2 0.2 0 . 4 0.2 0. 3 0.3 
0.1 0.1 0 . 1 0.7 0.1 0.1 0.1 0 . 1 0 . 1 0 . 1 0.1 

0 . 6 
0.3 

0.1 0 . 1 1.5 0 . 6 1. 3 0 .9 0.2 0.1 

82.9 70.4 7Q . 6 77.4 76. 6 67.1 73.7 
56 . 5 42.7 57.5 60.8 63.8 61. 2 72.6 72.5 58.4 59.4 73.7 
19.0 8.8 30.1 29.1 30.9 25.9 19 . 8 21. 2 17. 8 29.2 26.3 
24.5 48.5 12.4 10.0 5.3 13. a 7.6 6.3 23.7 11.5 
2.2 1.6 3. a 1.3 1.2 2.0 0.6 0.9 0.9 3.0 0.5 

10.7 10.0 7.8 7.7 9.0 6.5 5.2 4.7 6.2 9.6 4.7 
87.1 88.4 89.2 91. a 89.8 91. 5 94 . 2 94.3 92.8 87.4 94.9 

0.704 0.798 0 . 631 0.650 0.672 0.683 0.781 0.769 0.765 0.670 0.731 
0.571 0.689 0.490 0.509 0.536 0.548 0.667 0.651 0.646 0.532 0.604 

7 6 14 8 7 15 20 23 15 22 

III-IS 

12. 

803 
dom. 5 
crushed 

gab. 
anorth. 

41. 72 
0.18 

27.41 
0.09 
4.00 
0.06 
5.02 

15.06 
0.40 
0.09 
n.d. 
0.09 

94 . 13 

5 . 8 
3.6 
5.0 
2.8 
0.6 
0 . 6 
3.6 

77.3 
0.4 
0.1 

0.2 

69.8 
64.8 
28 .0 

7.1 
0.7 
4.6 

94.7 

0 . 690 
0 .55 7 
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Table 1II-3. 

WT. % OXIDES 

Si02 
Ti02 
A1 20 3 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
BaO 
P20 5 

TOTAL 

CIPW NORM 

FO 
FA 
EN 
FS 
WO 
OR 
AB 
AN 
ILM 
CHR 
QTZ 
COR 
AP 

COMP. NORM MIN. 

OL: FO 
PX: EN 

FS 
WO 

PLAG: OR 
AB 
AN 

atomic Mg/(Mg+Fe) 
MgO/(MgO+FeO) 

No. of analyses 

1. 

803C1 
quench 
basalt 

48.04 
0.40 

12.26 
0.25 

15.02 
0.25 
9.25 

12.17 
0.40 
0.86 
0.05 
0.02 

98.98 

3.8 
4.9 

17.9 
21.1 
13.2 
5.2 
3.4 

29.4 
0.8 
0.4 

52.7 
39.5 
35.4 
25.1 
13.5 
9.4 

77.1 

0.526 
0.381 

16 

<: -( ·r T 0( 

Electron microprobe defocused-beam analyses of basalt clasts in samples 
72235 (analyses 1-6), 72215 (analyses 7 and 8), and 72275 (analyses 
9-12). All analytical conditions are as described in Analytical Methods 
except for analysis 11, for which a IO~ beam diameter was used. 

OL-NORM. PIGEONITE BASALTS 

2. 

803C4 
ol-pheno. 
basalt 

46.92 
0.84 

11. 52 
1. 23 

16.51 
0.28 

13.29 
10.26 

0.11 
0.07 
0.07 
0.02 

101.12 

6.1 
5.8 

24.0 
20.6 

8.3 
0.4 
1.0 

30.4 
1.6 
1.8 

60.5 
51. 2 
33.4 
15.4 
1.3 
3.2 

95.5 

0.589 
0.446 

16 

3. 

803C7 
ol-pheno. 

basalt 

46.17 
0.34 

10.99 
0.28 

14.89 
0.27 

11. 91 
10.42 

0.22 
0.20 
0.04 
n.d. 

95.75 

4.7 
4.7 

24.3 
22.1 
10.2 
1.2 
1.9 

29.7 
0.7 
0.4 

59.0 
48.7 
33.7 
17.6 

3.8 
6.1 

90.1 

0.588 
0.444 

17 

4. 

803C9 
equigran. 
basalt 

45.47 
0.49 

11. 03 
0.59 

16.97 
0.27 

13.17 
10.22 

0.16 
0.04 
0.05 
0.01 

98.46 

8.8 
9.0 

20.8 
19.2 

9.1 
0.2 
1.3 

29.7 
0.9 
0.9 

58.7 
48.0 
33.9 
18.1 

0.7 
4.5 

94.7 

0.580 
0.437 

17 

5. 

803C10 
suboph. 
basalt 

45.37 
0.23 

14.73 
0.88 

12.75 
0.26 

10.58 
11.45 

0.13 
0.08 
0.03 
0.02 

96.51 

3.8 
3.6 

21. 9 
18.9 

7.5 
0.5 
1.1 

40.8 
0.4 
1.3 

60.3 
51. 2 
33.7 
15.1 
1.1 
2.9 

96.0 

0.596 
0.453 

34 

PINK SPINEL 
TROCT. BASALTS 

6. 

803C5 

PSTB 

41.80 
0.82 

22.89 
0.05 
5.72 
0.06 

12.91 
12.89 

0.51 
0.16 
0.03 
0.11 

7. 

794Cl 

PSTB 

48.17 
0.36 

22.30 
0.05 
4.73 
0.07 
9.07 

14.44 
0.51 
0.35 
n.d. 
0.06 

8. 

794C2 
ol-pheno. 
basalt 

43.67 
0.20 

18.86 
0.04 
6.73 
0.07 

17.24 
11.31 

0.39 
0.09 
n.d. 
0.09 

97.96 100.11 98.71 

23.0 
7.3 

1.7 
1.0 
4.4 

60.7 
1.6 
0.1 

0.1 
0.3 

82.1 

1.4 
7.1 

91. 5 

2.2 
0.9 

19.5 
7.1 
5.7 
2.1 
4.3 

57.3 
0.7 
0.1 

0.1 

78.4 
65.3 
18.0 
16.7 

3.2 
7.1 

89.7 

25.1 
7.8 
7.7 
2.2 
2.6 
0.6 
3.3 

50.1 
0.4 
0.1 

0.2 

82.3 
66.3 
14 .4 
19.4 
1.0 
6.6 

92.4 

0.801 0.773 0.820 
0.693 0.657 0.719 

8 12 12 

QTZ-NORM. PIGEONITE BASALTS 

9. 

763C2 
vario1itic 
pigeonite 

basalt 

49.61 
1.18 

15.65 
0.33 

11. 26 
0.18 
6.98 

10.90 
0.60 
0.35 
0.06 
0.58 

98.13 

17.8 
17.3 

4.9 
2.1 
5.2 

39.8 
2.3 
0.5 
7.5 

1.3 

50.5 
37.5 
11.9 

4.5 
11. 7 
83.9 

0.525 
0.383 

26 

10. 

761C4 
suboph. 

pigeonite 
basalt 

49.37 
0.92 

18.12 
0.36 
8.45 
0.17 
4.23 

12.57 
0.56 
0.32 
0.08 
0.53 

96.40 

11. 0 
11.7 

5.6 
2.0 
4.9 

47.9 
1.8 
0.5 

11. 3 

1.3 

44.3 
36.1 
19.6 

3.6 
9.4 

87.0 

0.471 
0.334 

7 

11. 

761C4 

mesostasis 

54.28 
3.50 
6.53 
0.05 

18.49 
0.09 
1. 58 

10.56 
0.30 
1. 05 
0.32 
2.54 

101. 51 

3.9 
28.5 
9.4 
6.2 
2.5 

13.4 
6.7 
0.1 

22.6 

5.8 

11. 7 
64.2 
24.0 
27.8 
12.1 
60.1 

0.133 
0.079 

92 

12. 

763C45 
pigeonite 

basalt 
"glass ll 

48.05 
1.12 

14.45 
0.32 

14.44 
0.25 
7.85 

11. 20 
0.50 
0.59 
0.11 
0.42 

99.37 

19.7 
24.8 
7.3 
3.5 
4.2 

35.7 
2.2 
0.5 
0.9 

1.0 

43.9 
42.0 
14.1 

8.0 
10.3 
81. 7 

0.492 
0.352 

7 



Figure 111- 6 . Photomicrographs of basalt clasts . 

A. 72235,59: Porphyritic olivine- normative pigeonite basalt , 
with phenocrysts and xenocrysts{?) of olivine and 
sparse pyroxene and plagioclase in a quench 
textured groundmass (Table 111- 3 , anal. 3) . 

B. 72235,59 : Porphyritic olivine- normative pigeonite basalt , 
with phenocrysts of olivine and plagioclase in a 
fine - grained intergranular groundmass (Table 111-
3, anal. 2) . 

C. 72235 , 59 : Subophitic olivine- normative pigeonite basalt , 
which in addition to pyroxene and plagioclase con
tains abundant grains of chromite (opaque) (Table 
111- 3 , anal . 5) . 

D. 72215 , 183 : Typical intergranular textured pink-spinel 
troctolitic basalt . 
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Table III-4. Selected electron micropr obe analyses of pyroxene 
from the data plotted in Figure III - 7 (below). 

1. 2. 3. 

pigeonite? intermed . subca1cic 
pigeonite augite 

Si0 2 54.31 51. 96 50.58 
Ti02 0.16 0.40 0.70 
Cr203 0.62 0.83 0.69 
A1 203 0.96 1. 40 1. 57 
PeO 11. 44 21.10 20.21 
MgO 15.19 19.56 14.85 
CaO 1.71 4 . 58 9.44 

TOTAL 99.57 99.83 98.04 

Fis 23.50 34.13 34.39 
Wo 4.89 9.49 20.58 
En 71. 62 56.38 45.04 

30 

20 

10 

En 90 80 70 60 

4. 5. 

augite subca1cic 
ferroaugite 

51. 56 49.39 
0 . 78 1. 02 
0.79 0 . 52 
1. 80 1. 42 

17.06 27 . 46 
12 . 87 9 . 48 
14 . 29 8.65 

99.15 97.93 

29 . 27 49.53 
31. 40 19.98 
39.33 30 . 48 

•• 
• • . .... . ,.~. , . . ... 

• • • 

50 40 

6. 7. 

ferro- ferro-
augite augite 

49.92 48.86 
1. 21 1. 58 
0 . 50 0.26 
1. 93 1. 44 

21.82 25.61 
9 . 85 6 . 38 

13 . 97 14.64 

99 . 21 98.77 

38.10 45.95 
31.24 33.66 
30.66 20.39 

LJ'\ 
30 20 10 

Figure III- 7. Pyroxene quadrilaterial showing compositions of 
pyroxene from the quartz - normati ve pigeonite 
basalts. A: All of the data points shown are 
taken from a single large pyroxene in a sub
ophitic quartz - normative pigeonite basalt clast in 
the basalt breccia of 72275 , 128 (Figure III - IB, 
Vol. 1). Representative analyses from the data 
used for the plot are given in Table III - 4 (above). 
The solid line that encloses the data points is the 
compositional limit of all pyroxenes from clasts 
of quartz normative pigeonite basalt that have been 
analyzed by us . B: Generalized compositional 
zoning trend of the quartz-normative pigeonite 
basalt pyroxenes . 
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istry of the quartz-normative pigeonite basalts are similar to those 
of many of the Apollo 14 and Apollo 15 KREEP basalts. Their some
what lower contents of K20 (0.3-0.6%) and P205 (0.2-0.6%), in gen
eral, disqualify the quartz-normative pigeonite basalts from class
ification as true KREEP (Figure 111-5). It is interesting to note, 
however, that although somewhat impoverished in the KREEP elements, 
they have higher Fe/Mg ratios and lower A1203 contents than most 
KREEP rocks (Figure 111-4). The quartz-normative pigeonite basalts 
of sample 72275 are the only KREEP family basalts that have been 
reported from the Apollo 17 site. From their textures and lack of 
meteoritic trace elements (Morgan et al., Vol. 1), these rocks are 
interpreted to be fragments from volcanic lava flows. 

Mafic troctolitic basalts 

This group of basalts was described in Volume 1 (p. 59) and 
in stoeser et al., (1974), where they are referred to simply as 
"troctolite." They are common in samples 72275 and 72255, and are 
either rare or lacking in samples 72215 and 72235. They are typ
ically cataclasized, but where unaltered they are fine-grained and 
have a texture consisting of abundant microphenocrysts of euhedral 
to anhedral olivine, with interstices filled by very fine-grained 
or subpoikilitic plagioclase and sparse pyroxene. They have some 
of the most magnesian olivines (F09l-74) and highest MgO/{MgO+FeO) 
ratios of any lunar rocks (Figure 111-4). 

Pink spinel troctolitic basalts 

This group of basalts is present in all four of the Boulder 1 
samples, but is most common in samples 72215 and 72235. These 
basalts are almost invariably characterized by a distinct inter
granular texture which consists of a mosaic of small plagioclase 
laths accompanied by small olivine, pink spinel, and interstitial 
pyroxene (Figure III-6D). No mineral analyses are presently avail
able. From their textures and whole-rock compositions (Table 111-3) 
they are clearly similar to the Apollo 16 Type A FIIR (feldspathic 
intersertal igneous rocks) of Delano et ale (1973), and the Luna 
20 (spinel) troctolites (Prinz et al., 1973). 

MICROGRANITES 

One unique feature of Boulder 1 is that it probably contains 
a higher proportion of clasts of granitic composition than any 
other lunar breccia sampled, save possibly rock 12013. The gran
itic clasts are typically quite small (< 500~), but range in length 
up to 2 mm. They have been described extensively in Volume 1 
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(pp. 6S-72) and in Stoeser et al. (1974). Examination o f the new 
thin sections from samples 72215 and 72235 has produced a large 
number of new and important clasts (Tables 111-6 and 7) . Three 
general types, which grade into one another, have been recognized: 
(l) holocrystalline, (2) glassy, and (3)quench-textured . The holo-
crystalline varieties are generally an intergrowth of cristobalite 
and barian K-feldspar plus rare phosphate and plagioclase (Figure 
III- SA, this volume; Figure III-14B and C, Vol. 1). The glassy 
clasts consist of rods of silica and, in some cases, K-feldspar, 
in a matrix of clear brown glass (Figure III-14D, Vol. 1). The 
quench-textured type is rare in samples 72275 and 72255, but rel
atively common in 72215 and 72235. It displays textures character
istic of rapid quenching, in the form of a very fine intergrowth 
of silica and K-feldspar, feathery to hollow pyroxenes, and finely 
disseminated ilmenite, Fe-metal, and troilite (Figure III-SB). It 
appears that most of the glassy clasts are melts of the holocry
stalline varieties. The quench-textured granitic clasts , however, 
are different in that they contain significant proportions of mafic 
minerals that cannot be accounted for simply by melting of the holo
crystalline varieties, which are generally free of mafic minerals. 

The origin of the granitic clasts is still a mystery . One 
problem has been that the granitic clasts were not clearly assoc
iated with any of the other clast types, but sample 72215 has pro
vided a number of superb granitic clasts some of which include 
large plagioclases, pyroxenes, and olivines. We hope that a study 
of these clasts will lead us to an understanding of the origin of 
lunar granites. 

CIVET CAT NORITE 

The Civet Cat norite is named after a large clast in sample 
72255, but smaller clasts of identical material have been found in 
all four of the boulder samples. This rock-type is a coarse
grained (plutonic?), heavily shocked norite that is essentially 
biminerallic, consisting of plagioclase (An92-94) and orthopyrox
ene (En72 - 75Wo2-4). Minor and trace minerals « 1%) include augite 
(En42-45Wo46-4S), cristobalite, ilmenite, chromite, troil ite, 
Fe-metal, baddeleyite, zircon, Zr-bearing armalcolite , and Nb ru-
tile (?). The Civet Cat clast appears to be one of the oldest 
known lunar rocks, having been dated by Gray et al. (Section VII) 
at 4.lS .y. Complete descriptions of the 72255 Civet Cat clast 
can be found in Volume 1 (pp. 72-75) and in Stoeser et al. (1974). 

KREEP NORITE: CLAST Cl I N 72235 

One of the most conspicuous features of specimen 72235 was 
a 3-mm yellowish-brown clast embedded in a layer of light-colored 
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gabbroic anorthosite (see Figures 111-10, 11, and 12; on the maps, 
the clast is designated Cl). Macroscopically, the clast appeared 
to consist of coarse, anhedral grains of brown pyroxene and gray, 
translucent plagioclase. A very thin rim of undecipherable nature 
separated the clast from the anorthositic breccia. The holocry
stalline, "igneous-looking" texture and rounded form of the clast 
contrasted markedly with the angular, fragmental character of all 
surrounding lithologies. However, two smaller clasts of the same 
material as Cl were located nearby in a configuration suggesting 
that they had been broken and displaced from the main clast. If 
so, a Cl-type rock fragment was partially crushed during or after 
aggregation with the anorthositic breccia . 

Thin sections confirm a simple mineralogy and show that all 
pieces of Cl material are rimmed with dark matrix breccia of the 
type that is ubiquitous in the boulder. The clast consists of 49% 
plagioclase, 50% pyroxene, and about 1% accessory minerals, chiefly 
ilmenite and troilite, plus a trace of apatite or whitlockite. 
The plagioclase is bytownite that ranges in composition from An71 
to An79, averaging An76. The orthoclase component is uncommonly 
high for lunar plagioclase: Orl-9, predominantly Or6. The plagio
c~ase and pyroxene occur in large, interlocking domains up to 1 mm 
in diameter (Figure 1II-8C). The texture of the plagioclase varies 
from place to place. Large areas have well-preserved albite twins, 
others are partially glassy and isotropic, while still others 
show a leafy, subparallel structure that presumably results from 
shock-induced recrystallization. 

The bulk of the pyroxene yields analyses that form a tight 
cluster on the line between hypersthene and pigeonite: En59-61 
FS34-36W03-6. All sections of this mineral have an indistinct 
granulitic texture indicative of incomplete recrystallization of 
large, primary, individual crystals (Figure 1II-8D). At least one 
of the pyroxene domains has a fine-grained incipient (or remnant) 
poikilitic texture. In addition to the hypersthene/pigeonite, 
there are small (30-40~), highly birefringent grains of augite at 
some of the hypersthene/plagioclase grain boundaries. The augite is 
En41Fs17W042. 

The Cl clast of 72235 is a lunar rock-type unlike any other 
that has been described to date. (The clasts having a similar 
macroscopic appearance in 72215, and designated as Cl-type in 
Figures III-16 and 18, proved to be completely different. They 
are unusually coarse-grained, beautifully poikilitic, gabbroic 
anorthosites.) Mineralogically, Cl is a norite which we have 
classified as a KREEP norite because of its high content of K20 
and P205, although it has not been analyzed for rare earths. The 
pyroxenes of Cl are similar in composition to the pairs observed 
in a number of lunar norites. However, the plagioclase is mark
edly lower in CaO and higher in K20 than other norites. A bulk 
chemical analysis by the defocused-beam technique is still pend
ing, but from the information now available we conclude that Cl 
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is a partially recrystallized remnant of a plutonic KREEP-rich 
norite. 

ILMENITE MICROGABBRO 

The ilmenite microgabbros are a very special rock-type that 
appears to be restricted to the Marble Cake clast (clast #1 of 
72275). They have a microgabbroic texture and consist of abundant 
tabular to equidimensional ilmenite, intermediate pigeonite, Fe
rich augite, sodic plagioclase, and minor silica and phosphates. 
Their bulk composition is that of a titanium-rich KREEP. A com
plete description of the ilmenite microgabbros and the nature of 
their occurrence is presented in a later subsection of section III, 
devoted to the petrography of the Marble Cake clast. 

DEVITRIFIED MASKELYNITE 

Devitrified glasses which are interpreted as maskelynite form 
a volumetrically important group of clasts in all of the Boulder 1 
samples. Most of these clasts appear to consist solely of plagio
clase, but a moderate proportion also include small amounts of 
mafic silicates. Two main types are recognized. The first is sim
ilar to the shocked plagioclases of the Civet Cat norite, is char
acteristically fine-grained, and has a distinct re-equilibration 
rim against the surrounding matrix (Figure 1II-9A, Vol . 1). The 
second, somewhat more common type consists of a variolitic mosaic 
of radiating fibrous plagioclase (Figure 1II-7C and D, Vol . 1). 
No undevitrified maskelynites have been observed in the Boulder 1 
samples. A systematic study of this group of clasts has not been 
performed. 

GLASSY CLASTS 

Glasses in general are rare in the Boulder 1 samples, but 
sparse, small, undevitrified glassy fragments occur in samples 
72215, 72235, and 72275. Sparse devitrified brown glass clasts 
also occur in 72255. Most of these clasts are glassy-matrix brec
cia; pure glass fragments are rare. The few that have been ana
lyzed have the composition of anorthositic gabbro (Table 111-2, 
anal. 2, 9, this volume; Table 111-2, anal. 1, 2, Vol. 1). 
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MINERAL FRAGMENTS 

The subdivisions of the mineral fragment category of Table 
111-1 are self-explanatory. Only plagioclase, olivine, and py
roxene fragments are common; all other types are rare. The 
plagioclase fragments range from unshocked to heavily shocked, 
and grade into the maskelynites. The pyroxenes are a heterogeneous 
group, but contain a few distinct types, including examples similar 
to the orthopyroxene of Civet Cat and occasional fragments that 
contain broad exsolution lamellae. No systematic analytical study 
of the large (> 2 mm) mineral fragments has been performed, but 
such a study should be very fruitful in defining the types of 
coarse-grained gabbroic rocks that contributed to the boulder. 
Large fragments (Tables 111-6 and 7, this volume; Table I, 
Stoeser et al., 1974) constitute an important component of the 
boulder breccias. 

DARK MATRIX BRECCIAS 

The term "dark matrix breccia" (DMB) is commonly used to 
designate soil breccias which have matrices of brown glass (Delano , 
1973; LSPET, 1973); here the term is simply used to designate a 
group of matrix-rich breccias whose matrices are dark and opaque 
or semi-opaque when viewed macroscopically or microscopically in 
transmitted light (Figures 111-17 and 18, Vol. 1). Dark matrix 
breccias are the dominant component of the Boulder 1 samples. 
They occur as abundant clasts in sample 72275, and form the ma
trices of samples 72215, 72235, and 72255. There appears to be 
more than one generation of dark matrix breccias, because in 
samples 72215 and 72235 well-defined clasts of dark matrix breccia 
occur surrounded by DMB matrices. 

Macroscopically, the DMBs appear black to gray in color. The 
darker varieties have a vitreous luster and give the impression 
of being glassy. In thin section however, no glass is evident, and 
the DMBs are seen to be matrix-rich breccias consisting largely 
of very fine « 20~), densely "welded" crystalline fragments 
(Figures 111-17 and 18, Vol. 1). The opaque quality of the matrix 
is due at least in part to the presence of abundant, finely dis
persed metallic iron grains, at the limit of microscopic visibil
ity (approximately 0.1 to 0.5~ in diameter). If glass is present, 
the amount is small, and it is finely dispersed. The DMBs 
generally have a low porosity « 10%), but some of the clasts in 
samples 72215 and 72235 are very vesicular, and the degree of 
vesicularity appears to be proportional to the darkness of the 
matrix. 

The DMBs contain all of the lithic clast types listed in 
Table III-I, except the quartz-normative pigeonite basalts of 
72275. Compositional data for the monomineralic fragments of 
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Figure 1II- 8. Photomicrographs of microgranites an d KREEP norite . 

A. 72235 , 52 : Holocrystalline microgranite clast wi th a "graphic 
intergrowth" texture (crossed polari zers ). The 
clast consists of two domains of opti cal ly con
tinuous cristobalite(?) (one white ; one near the 
top that is at extinction) set in a single, 
optically continuous K- feldspar crystal (gray) . 

B. 72 2l5 ~ l83: Quench textured granitic clast , in which feathery 
quench pyroxene crystals are seated in a g l assy 
granitic groundmass . 

C. 72 235 , 52: Shocked KREEP norite clast which has preserved its 
original coarse-grained texture , but now consists 
of cataclastic plagioclase and patches o f recrys 
tallized (granulitic) pyroxene . 

D. 72 23 5 , 52 : Close- up of granulitic pyroxene domai n in the 
clast shown in C above (crossed polarizers). 
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Table 111-5. 

WT. % OXIDES 

Si0 2 
Ti02 
A1203 
Cr203 
FeO 
Mnf) 
MgO 
CaO 
Na20 
K20 
BaO 
P205 

TOTAL 

CIPW NORM 

FO 
FA 
EN 
FS 
WO 
OR 
AB 
AN 
ILM 
CHR 
QTZ 
COR 
AP 

COMP. NORM MIN. 

OL: FO 
PX: EN 

FS 
WO 

PLAG: OR 
AB 
AN 

Electron microprobe defocus ed-beam analyses of dark 
matrix breccias from samples 72215 (analyses 1-7) 
and 72235 (analyses 8-10). The sample location of 
all clasts of DMB and DMB domains (dom.) analyzed 
are shown on the thin section sketch maps of Figures 
111-13 and 19 (subsections IIIe and D). 

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 

794 794CI0 797 797C4 797C6 793 793 803 803C20 803C20 

matrix vesic. matrix vesic. nonvesic. matrix matrix matrix vesic. DMB 
dom. 1 DMB dom. 2 DMB DMB dom. 3 dom . 5 dom. 2 DMB rim 

46.20 
0.56 

18.30 
0.14 
8.39 
0.12 

11. 04 
12.01 

0.51 
0.21 
0 . 03 
0.24 

97.74 

5 .7 
3.3 

20.0 
10.6 

4.7 
1.3 
4.4 

48.1 
1.1 
0.2 

0 .6. 

71. 2 
62.1 
25.1 
12.7 

2.3 
8.7 

89.0 

clast 

48.04 
0.79 

16.86 
0.15 
8.30 
0.11 

13 .46 
10.80 

0.56 
0.29 
0 . 04 
0.19 

99.58 

5.8 
2.7 

25.4 
10.6 

4.1 
1.7 
4.7 

42.8 
1.5 
0.2 

0 .4 

75.9 
68.6 
21. 8 
9.6 
3.4 

10 .2 
86.4 

45.05 
0 .6 0 

19.81 
0.13 
7.32 
0 . 12 
9.71 

12.62 
0.56 
0.18 
0 . 09 
0 .21 

96.39 

5.8 
3.3 

16.8 
8.7 
4.5 
1.1 
4.9 

53.0 
1.2 
0 .2 

0.5 

71. 7 
61. 5 
24.3 
14.2 
1.8 
8.9 

89.3 

clast 

45.52 
0 .6 0 

17.38 
0.12 
8.40 
0 . 17 

14.16 
11. 31 

0.55 
0.21 
0.14 
0.19 

98.74 

13 .9 
6.4 

16.0 
6.6 
4.5 
1.3 
4.7 

44.9 
1.2 
0 .2 

0.4 

76.0 
64.1 
20.3 
15.6 

2.4 
9.9 

87.7 

clast 

46.78 
0.58 

18.31 
0.18 
8.86 
0.12 

11. 39 
12.10 

0 . 57 
0 .25 
0.11 
0 .21 

99.47 

7 . 0 
4.2 

18.5 
10.0 

5 .1 
1.5 
4.9 

47.0 
1.1 
0.3 

0.5 

70.8 
60.6 
25.0 
14.3 

2.7 
9.7 

87.6 

46.75 
0 .6 8 

19 .64 
0 . 14 
8.20 
0.11 

10.54 
12.73 

0 .4 9 
0 .22 
0.05 
0.18 

99.75 

5.7 
3.3 

18.2 
9 . 7 
4.7 
1.3 
4.2 

50.9 
1.3 
0.2 

0.4 

71.1 
61. 3 
24.9 
13.7 

2.3 
7.8 

89.9 

48.02 
0 .66 

18 . 79 
0.04 
8.00 
0.12 
7.32 

11. 81 
0.77 
1.02 
0 . 09 
0.34 

97.00 

18.8 
14.2 

5.0 
6.2 
6.7 

46.2 
1.3 
0.1 
0.6 

0.8 

55 .4 
31. 9 
12 . 8 
10.4 
12.0 
77.6 

45.68 
0.70 

21.15 
0.21 
8.00 
0.11 
8.92 

12 . 19 
0.49 
0.25 
0 . 05 
0.23 

97.98 

3.6 
2 .4 

17.6 
10.7 
1.8 
1.5 
4.3 

55.9 
1.3 
0.3 

0.5 

68.3 
17.6 
29.9 
5.7 
2.4 
7.3 

90.2 

clast 

46.71 
2.05 

20.11 
0.25 
8.44 
0.12 
8.99 

12.13 
0.68 
0 . 35 
0.02 
0.29 

100.17 

1.8 
1.1 

19.8 
10.7 

3 .2 
2 . 1 
5.8 

50.7 
3.9 
0. 4 

0.7 

70.8 
64.5 
26 . 6 

8.9 
3.5 

10 .4 
86.1 

45.81 
0 . 83 

21. 52 
0.28 
7 . 57 
0.13 
8 .3 3 

12.36 
0.55 
:l.20 
0.03 
0.31 

97.90 

1.8 
1.2 

18.7 
11.3 
1.6 
1.2 
4.7 

56 . 9 
1.6 
0.4 

0.7 

68.5 
65.3 
30.0 
4.7 
1.9 
7.9 

90.2 

atomic Mg/(Mg+Fe) 0.701 
MgO/(MgO+FeO) 0.568 

0.7 42 
0.619 

0.702 
0.570 

0.750 
0.628 

0 .696 
0.562 

0.696 
0 . 562 

0.619 0.666 
0.478 0.527 

0.655 
0.516 

0.662 
0.524 

No. of analyses 14 15 21 11 14 16 15 27 18 10 
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72255 and the DMB clasts of 72275 are presented in Volume 1 and 
Stoeser et ale (1974). Whole-rock analyses of dark matrix breccias 
in samples 72215 and 72235 are presented in Table 1I1-5 of this 
volume. (Whole-rock analyses for samples from 72255 and 72275 
will be found in Table 111-6, anal. 3 to 7, and 9, Vol. 1.) Pre
sumably the composition of the dark matrix breccias is the result 
of intimate mixing of crushed debris from all of the clast types 
present in them. Most of the dark matrix breccias have composi
tions that are either intermediate between anorthositic gabbro 
("Highland Basalt") and High Alumina Basalt (Low-K Fra Mauro 
Basalt), or are equivalent to the latter end-members (Reid et al., 
1972; Reid, 1974). Considered in terms of their important clast 
types, the dark matrix breccias are intermediate in composition 
between the granulitic ANT gabbros (anorthositic gabbro) and the 
pigeonite basalts (Figures II1-4 and 5). Their compositions can
not be explained by the proportions of lithic clast types observed, 
because all of the dark matrix breccias surveyed contained at most 
only a few percent of pigeonite basalt clasts (Tables I1I-6 and 7; 
Table 1, Stoeser et al., 1974). An electron microprobe study of 
pyroxene fragmentS-in-the DMBs indicates, however, that approxi
mately half of these pyroxenes were derived from rocks similar to 
the quartz-normative pigeonite basalts. This suggests that the 
pigeonite basalts are indeed an important component in the dark 
matrix breccias, but that little of this material was able to 
survive intact during the formation of the dark matrix breccias. 
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B. PETROGRAPHY AND PROCESSING OF SAMPLE 72235 (DYING DOG) 

This specimen is a resistant black knob, 4 cm in diameter, with a 
small piece of adhering matrix (Figure 111-9). The exposed sur-
faces show a light patina on the matrix and a" dark, almost vitreous 
patina on the knob. Both are marked by glass-lined zap pits. 

The matrix is a light-gray, friable breccia with numerous 
angular fragments of aphanitic gray material and a few yellowish 
patches of probable pigeonite basalt. In all respects the matrix 
appears similar to the bulk of specimen 72275. Only two matrix 
samples of 72235 have been distributed for study. 

When it broke away from the boulder, the knob proved to be a 
large clast of roughly layered, gray and white breccias, almost 
wholly enclosed within a gray-black, aphanitic rind. The general 
appearance of this specimen in one of the orthogonal photographs 
(Figure 111-9) earned it the nickname "Dying Dog:' The distrib
ution of the most prominent lithologies in the clast and matrix 
is shown in the surface maps of Figure 111-10. 

The materials of the dark rind and the lighter-colored layers 
appear to have been crushed and fluidized either before or during 
their aggregation. The rind varies in thickness from < 1 rom to 
5 mm as it bends around the roughly horizontal interior layers, 
conforming to their surface irregularities. Thin veinlets of rind 
material penetrate the interior along minute cracks, and reversing 
the relationship, veinlets of light material penetrate the rind. 
In one area, shown on the Bl map of Figure 111-10, a thin patch 
of light material lies outside the rind. 

In the hand specimen the rind looks markedly darker and more 
vitreous than any of the interior layers. Hence the maps of 
Figure 111-10 represent three main lithologies : black, white, and 
gray. During mapping, the rind was described by Marvin and Agrell 
as an annealed breccia with several percent of small, gray and 
white angular inclusions and at least a small component of de
vitrified glass. The white layers were described as cataclastic 
gabbroic anorthosite with 10-20% of yellow and brown pyroxenes 
or olivines plus traces of metal and troilite. The white layers 
include a few dark gray aphanitic clasts and at least two promi
nent holocrystalline lithic clasts of coarse-grained, yellow and 
brown mafic silicates (CI in Figure 111-10). These clasts are 
rounded, uncrushed, and look strangely out of place within the 
cataclastic white breccia. The gray layers were described as 
medium- and light-gray breccias resembling the matrix of the 
specimen outside the clast in color, but much more coherent. In
terestingly, these hand specimen descriptions were not borne out 
by the thin sections, which show that the gray interior layers are 
of substantially the same character as the black rind . 

Specimen 72235 is so small that wide distribution was deferred 
until preliminary studies of thin sections and chemical composition 
could be completed and used to guide Consortium members in their 
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sample requests. Cutting plans were devised to provide maximum in
formation on the sturcture and lithologies of the knob for compare
son with two other light-colored dark-rimmed clasts: the Marble 
Cake clast of 72275 (called Clast #1 in Vol. 1), and a knob on the 
east end of 72215. 

On March 26, 1974 a slab 1.5 cm thick was cut perpendicular to 
the layering within the knob of 72235. As the specimen was 
being positioned for sawing, the matrix broke away along a pre
existing crack and was put into storage. Photographs and maps of 
the sawed surfaces of the slab and of the knob are shown in Fig
ures III-II and 111-12. A second slab was cut from the first one 
along the dashed lines a-a' and b-b' on the map of sample 72235,16 
in Figure III-II. The outer portion (72235,28) of the original 
slab was made into thin sections for distribution to Wood, Wilshire, 
and the library. Small samples of about 0.6 g were taken from the 
white, gray, and black portions of 72235,29 and sent to Haskin 
and Anders fo~ chemical analyses. The lithologic character and dis
tribution of all the samples is documented in Appendix A. 

PETROGRAPHY 

Examination of a set of serial thin sections through the 
center of the clast in sample 72235 reveals that the clast is com
posed of a number of different breccias related by a complex 
structural history. In Figure 111-13 one of these thin sections 
is shown with a sketch that divides it into six lithic domains 
(most of which are present in all of the ' 72235 thin sections). 
These consist of: 

(Dl) anorthositic polymict breccia 
(D2) dense dark matrix breccia (DMB) 
(D3) white monomict granulitic ANT breccia 
(D4) "core" polymict breccia 
(D5) monomict gabbroic anorthosite breccia 
(D6) dark matrix breccia 

Domains 2 and 6 correspond to the macroscopically visible 
envelope or rind of dark, glassy-looking material that almost 
completely surrounds the clast. Domain 1 lies outside the rind; 
domains 3, 4, and 5 comprise the light-colored cataclastic inter
ior of the clast. The petrography of each lithic domain is 
briefly described below. 

Domain 1 (Dl), anorthositic breccia 

Domain 1 is a felsic polymict breccia composed predominantly 
of unshocked monomineralic fragments of plagioclase and pyroxene, 
with less abundant clasts of dark matrix breccia and granulitic 
ANT. The monomineralic fragments are concentrated along the con
tact with D2, and appear to be the crushed remnants of an anortho
sitic rock with an average grain size of >100~, which contained 
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10-20% mafic silicates. Domain 1 has an undulating, sharp contact 
against D2, with some ragged areas where small tongues of Dl 
protrude into D2. 

Domain 2 (D2), dark matrix breccia 

Although sample 72235 contains a variety of dark matrix 
breccias, that labeled D2 is the most dense (i.e., darkest in 
transmitted light and lowest in porosity when examined in reflected 
light) (see Figures 111-13 and III-14A, B). It is matrix-rich 
relative to other DMBs, and contains few clasts larger than 0.5 mm. 
In reflected light it does not appear notably recrystallized, and 
resembles some of the 72275 DMBs. A microprobe analysis of D2 
material is presented in Table 111-5 (anal. 8). 

Domain 3 (D3), granulitic ANT breccia 

Domain 3 is a monomict breccia consisting of clasts of granu
litic ANT seated in a crushed matrix of the same type of material. 
The porosity of the matrix is about 10%. A microprobe analysis 
of D3 matrix material is presented in Table 111-2 (anal. 11). The 
granulitic ANT of D3 contains somewhat more ilmenite than is usual, 
but otherwise it is indistinguishable in texture and composition 
from granulitic ANT clasts found elsewhere in the Boulder 1 samples. 

Domain 4 (D4), polymict breccia 

Domain 4, which forms the "core" of sample 72235, is a compli
cated polymict breccia consisting of crystalline lithic clasts, 
monomineralic clasts, and DMB clasts seated in a very complex 
matrix of lighter-colored DMB materials with stringers and clots 
of crushed ANT (Figures 111-13 and l4C). It is clear even from a 
superficial examination of the photographs that D4 was formed in 
a turbulent environment where pre-existing DMB and crystalline 
lithic clasts were broken up, mixed, and then sufficiently annealed 
to weld these materials together. Some of the DMB clasts are very 
dark and somewhat vesicular. They are generally embedded in a 
matrix of lighter, non-vesicular DMB material. It is clear that 
the lighter-matrix (second generation) DMBs are a reworking of 
older (first generation) DMBs, with contributions from other types 
of crushed lithic clasts. The two types of DMB matrix appear 
very similar by reflected light, and neither has experienced any 
significant recrystallization. Analyses of one dark vesicular 
DMB clast and its lighter DMB rind revealed no gross compositional 
differences, although the clast (803C20, by our numbering system) 
has the highest Ti02 content of any DMB analyzed to date (Table 
111-5, anal. 9 and 10). The rind of this clast is very similar in 
composition to the D2 DMBs and to DMBs in sample 72275. 

111-28 



" 
>-

'r 

.. 

! 
I>: 

.' 

.. 
.,. 

" 

~ 

o I .2 3 4 
~t .. _ ~ I • . I I 

.. . -, 
_ ~~. _-=-" k __ __ -• ...L_~ 

- ~ 

~ 
~ 

Figure 1II-9. Two views of specimen 72235. Puzzle: in the 
lower photograph, fine the "dying dog." 
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Figure III-13. Photograph and sketch map of thin section 72235,59 
(SAO 803). A: Whole thin section. 72235,59 is 
a complete section through the 72235 clast (Figure 
III-9B). B: Sketch map of the section outlining 
the lithic domains (indicated by large circled 
numbers) which are disc ussed in the text. Dark 
matrix breccia clasts and domains are indicated by 
barbed lines. Locations of 72235 whole-rock clast 
and matrix analyses are indicated by hyphenated 
numbers (~., 2-11 indicates Table III-2, analysis 
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Figure 111-14. Photomicrographs of lithic domains of sample 
72235 (thin section SAO 803) . 

A. Contact between the dark matrix breccia of Domain 2 (bottom) 
and the granulitic ANT breccia of domain 3 (top), showing a 
slab of DMB that has been pulled away from the contact, in
dicating a relative motion of the domain 3 breccia to the 
left (point (a) of Figure 111-13A] . 

B. Contact between domains 2 and 3, illustrating clasts of 
granulitic ANT that have been cleanly sheared off at the 
contact . 

C. Close-up of lithic domains 4 (core breccia) , 5 (cataclastic 
ANT breccia), and 6 (dark matrix breccia) . Note the varia
tions in the color density of the domain 4 dark matrix 
breccias , and the stringer of crushed ANT rock (far right) . 
Also, contrast the contact relationship between the domain 
6 dark matrix breccia and the domain 5 cataclastic ANT 
breccia to that of domains 2 and 3 . Here, large clasts of 
dark matrix breccia are dis aggregating from domain 6 and 
being incorporated into the domain 5 breccia . 
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Domain 5 (D5), gabbroic anorthosite breccia 

Domain 5 is a monomict breccia consisting entirely of crushed 
gabbroic anorthosite (Figures 111-13 and 14). The cataclasis was 
such that no polymineralic clasts of the parent rock remain. The 
parent rock apparently consisted of approximately 75% plagioclase 
and 25% pyroxene, with small amounts of clear pink spinel. The 
breccia has been thoroughly recrystallized, and any original poro
sity removed. An analysis of this material is presented in Table 
111-2 (anal. 12). 

Domain 6 (D6), dark matrix breccia 

The D6 DMB closely resembles that of D2, but is somewhat 
lighter in color, contains larger clasts, and is slightly more 
porous. No analysis of this material has been performed, but there 
is no reason to assume that it differs in composition from the 
other DMBs of 72235 . 

The relative proportions of lithic and mineral clast types 
within the DMBs of D2, D4, and D6 are shown in Table 111-6. The 
surveys include all clasts> 0.2 rom in dimension. Clasts in three 
size categories were counted: 0.2-0.5 romi 0.5-1.0 romi and > 1 rom. 
The largest lithic clast measured in sample 72235 was 2.5 romi few 
exceed 1 rom in largest dimension. 

TEXTURAL HISTORY OF THE 72235 CLAST 

We have previously suggested (Vol. Ii stoeser et al., 1974) 
that clasts coated by dark matrix breccia material-Were formed 
by the accretion of hot, fragmental debris onto coarser core 
fragments during the ejection phase of a basin-forming event. 
Microscopic study of the 72235 thin sections, however, does not 
support this mode of origin for the 72235 clast. A very dif
ferent history is indicated. 

The contact relationships between domains 2 and 3 are particu
larly revealing. At point (a) in Figure III-13B it can be clearly 
seen that the DMB Of D2 does not rim the clast, but wraps around the 
end of the cataclastic ANT of D3 and joins D4 where it has been frag
mented and is no longer a continuous unit. Thus at least some of 
the first generation DMB clasts of D4 are D2 material. Because D3 is 
monomict (contains only one type of clast), it almost certainly ori
ginated by the granulation and cataclastic flow of a single, large, 
pre-existing granulitic ANT clast. Considerable confining pressure, 
with only a small amount of transport, was required to crush a 
clast in this way, leaving it a coherent, lenticular mass that 
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has not mixed with adjacent materials. spalls and stringers of 
D2 material extend into the D3 breccia, indicating that the DMB 
of D2 does not post-date the cataclasis . that formed the D3 breccia. 
In Figure III-14A we can see where a small slab of D2 DMB has been 
pulled away from the contact and has been almost completely en
veloped by the D3 cataclasite. An examination of the D2/D3 contact 
suggests that both materials behaved as fluids: not only does D3 
show signs of flow, but clasts in the D2 DMB within lOOp of the 
contact are aligned parallel to the contact and closely follow its 
undulations. Another indication of the high confining pressures 
and shear involved in the formation of the D3 breccia is shown by 
clasts of D3 granulitic ANT that are sharply truncated at the D2/ 
D3 contact, as if they had been sliced off (Figure III-14B) . 

The monomict breccia of domain 5 clearly formed in a manner 
similar to that of D3. The contact between the D6 DMB and D5 ANT 
breccia is not sharp, however, and fragments of DMB were clearly 
spalled off of D6 and incorporated in the D5 cataclasite (Figure 
III-14C) . 

The internal structures of D4 also shed light on the conditions 
of formation of the 72235 breccias. As has already been noted, D4 
consists of monomineralic, lithic, and DMB clasts in a complex 
matrix of second generation DMBs, intimately mixed with a variety 
of lighter-colored anorthositic lenses and stringers that appear 
to be crushed anorthositic and gabbroic clasts (Figure III-13A). 
In addition to these inaications of strong cataclasis, many of 
the internal structures of D4 (as seen in Figure III-13A) give an 
impression of having undergone a slight counterclockwise rotation, 
al though -this is generally poorly developed . 

The DMBs of D2 and D6 do not have internal structures indic
ative of shearing and strong cataclasis, like those of DI, D3, D4, 
and D5 breccias, although some shearing did occur during their 
formation. This observation, ' combined with the contact relation
ships, suggests that the D2 and D6 DMBs pre-date, if only by 
seconds, the period of shearing and cataclasis that generated the 
DI and D3 to D5 breccias. It appears either that the D3 to D5 
breccias represent a zone of cataclastic flow that moved past 
static blocks of DMB (D2 and D6), or that D2 and D6 were relatively 
static blocks in such a flow. Domain 1 appears to represent a 
fragment of breccia that originated in another such zone of cata
clastic flow. Thus we interpret the "rimmed" clast of 72235 as a 
large fragment of cataclasite with a very complex history, rather 
than as a simple clast which has had a dark matrix breccia rind 
accreted on it. A discussion of the origin of breccias like 
72235 is deferred to subsection IIIE, where the petrogenesis of 
the entire boulder is examined. 
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Table III-6. Clast populations of sample 72235 dark matrix 
breccias. Percentages by volume, in three size 
catagories (subtotals in brackets). 

0.2-0.5 0.5-1.0 1.0 TOTALS 
mm mm mm 

ANT suite (46 . 4) (8 .6 ) (0 .2 ) (55. 2) 
ANT breccias (17 .5 ) (3 . 1) (20 .6 ) 

mafic 0.4 0.2 0.6 
gabbroic 13·0 2·3 15·3 
anorthositic 4.1 0.6 4.7 

Granulitic ANT (24 .8) (4 .3 ) (29 . 1) 
gabbroic 22·9 4.3 27·2 
anorthositic 1·9 1.9 

Poikiloblastic ANT 
Poikilitic ANT 
Coarse ANT 3·1 0.4 0.2 3·7 
Unclassified ANT 1.0 0.8 1.8 

Ultramafic particles 1.6 1.6 

Basalts (1.8) (0 .6 ) (0 .6 ) (3 .0) 
Ol.-norm. pig. bas. 0.4 0.6 0.6 1.6 
Pink sp. troct. bas. 0.8 0 .8 
Unclassified 0.6 0.6 

Microgranites 4.5 0.8 5·3 

Civet Cat norite 0.2 0.2 

KREEP norite 0.2 0.2 

Devitrified maskelynite 10.8 1.2 12 . 0 

Glassy clasts 2·3 2·3 

Mineral fragments (19.8) (0 .4) (20.2) 
Plagioclase 12·3 0.2 12.5 
Olivine 1.8 1.8 
Pyroxene 5·7 0.2 5·9 

TOTAL % 87.4 11.6 1.0 100.0 

NO. OF CLASTS 450 58 5 513 
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C. PETROGRAPHY AND PROCESSING OF SAMPLE 72215 

This sample, which the astronauts believed was a rounded 
clast, proved to be the most coherent of the four samples. It is 
a polymict breccia competent enough to maintain one rather large 
open crack and several subparallel cracks aligned with the main 
foliation of the boulder, rather than a single clast. The cracks 
appear to be an imposed cleavage due to shearing, which may be the 
prime cause of the foliation. To date we have found no evidence 
of any gross compositional layering to account for the foliated 
morphology of the boulder. 

72215 is a medium gray breccia with some small, irregular 
chalky patches. The most unusual features of the specimen are dark 
gray lenses and streaks of a material with uniform grain size and 
sugary texture. Figures III-IS and III-16 show such material 
occurring as an irregular band through the more heterogeneous 
matrix, and as a partial rim on a prominent knob. On close in
spection, the sugary gray material is seen to contain small, 
angular inclusions indicative of its origin as a breccia. This 
breccia, however, has been recrystallized to a more homogeneous 
texture than any of the other lithologies (with the exception of 
some of the clasts) in the four boulder specimens. 

On the surface of the knob are white cataclastic anorthosites 
that include at least three rounded clasts of greenish-brown holo
crystalline rock, similar in appearance to those designated as Cl 
in specimen 72235. (However, thin sections have shown that the 
Cl clasts of 72215 are actually coarse poikiloblastic gabbroic 
anorthosites.) Along the contact of the knob and the average 
gray matrix are several brownish basalt clasts with prominent 
white feldspar laths. Surface maps of the hand specimen are 
shown in Figure III-16. 

In order to sample all lithologies, a saw cut was made parallel 
to the Sl surface of the specimen. The resulting slab, which had 
one sawed surface and one irregular broken surface, varied in 
thickness from about 0.5 to 1.5 cm. During the cutting the knob 
(72215,26) became detached from the main slabe, and several small 
pieces such as 72215,16 ,19, and ,20 fell away along the pre-
existing cleavage cracks. The sawed surfaces (Figure III-17) re
vealed that the knob consists mainly of the sugary gray material 
with only a thin crust of anorthositic breccia. They also showed 
that the gray band near the west end of the specimen is irregular 
and has a gradational contact with the matrix. In the hand specimen, 
the gray band appeared to be a clearly distinct lithology, although 
its outlines were difficult to map. However, to anticipate the 
evidence, thin sections show that the gray sugary material in 
72215 is simply a dark matrix breccia similar in color and bulk 
composition to many others in the boulder. 
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The map of the Nl surface (Figure 111-18) of the original 
slab shows where two smaller slabs were cut from the main slab 
and the knob. The subslabs were made into thin sections for Wood, 
Agrell, Wilshire, and the library. The remaining portions of the 
slab and knob were subdivided as indicated in App ,ndix B. ' 

PETROGRAPHY 

A set of thin sections were taken such that sample 72215 is 
continuously traversed (with one gap) parallel to the long axis 
of the sample (Figure III-19A). As may be seen in Figure III-19B , 
72215 has been subdivided into seven lithic domains. These are: 

(DI-D3) dark matrix breccia (DMB) 
(D4) cataclastic granulitic ANT breccia 
(D5) dark matrix breccia 
(D6) cataclastic poikilitic ANT breccia 
(D7) cataclastic granulitic ANT breccia 

Domains 1-3 (DI-D3), dark matrix breccia 

Except for the white banded "knob" at one end, 72215 consists 
of dark matrix breccia (DI-D3). Domains 1 and 2 were recognized 
because of distinct megascopic differences: Dl is very dark 
compared to D2, which is a sugary light-gray. As may be seen in 
Figure III-19A, however, they do not appear distinct in thin 
section. Domains 1 and 2 consist of dark matrix breccia that 
contains the usual assortment of clasts, as well as various types 
of 'dark matrix breccia (DMB) clasts, which are darker in color 
than the matrix DMB. The darkest DMB clasts are generally quite 
vesicular, whereas some of the lighter-colored ones more closely 
resemble the matrix, although they generally have lower porosities. 
The matrix of the Dl and 2 breccias is generally rather porous 
(-5-20%) and somewhat recrystallized. The dark matrix breccias of 
Dl and 2 appear to be reworked; that is, it seems that older DMB 
material has been brecciated and then sintered. This chain of 
events, including the formation of the first generation DMB, may 
have occurred in a very short time (i.e., during a single event, 
such as the deposition of an ejecta blanket where autobrecciation 
and rewelding might occur). 

The D3 dark matrix breccia is undoubtedly continuous with that 
of D2; the two are distinguished only because material is missing 
between them. There appear to be two types of dark matrix breccia 
present in D3. The material to the right of the dashed line that 
cuts D3 (Figure III-19B) is very similar to that of Dl and 2. To 
the left of the dashed line, the dark matrix breccia is dense, 
darker, somewhat vesicular, and its matrix is thoroughly recrystal-
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lized. It appears that the dashed line of Figure III-19B that cuts 
D3 probably represents a shear boundary, such that the DMB to the 
right has been rebrecciated and sintered, while the DMB to the left 
has been unaffected. This is also indicated by the fact that in 
two places the D4 breccia is also sharply terminated by this boundary. 

The matrices of DI-D3 are all compositionally similar (Table 
111-9, anal. 1, 3, and 6) and closely resemble those of samples 
72275, 72255, and 72235 (Figures 111-4 and 5). Several of the DMB 
clasts, however, are compositionally somewhat distinct, being low 
in A1203 and having an abnormally high MgO/(MgO+FeO) ratio (Figure 
111-4). It should be noted that the D3 analysis was taken from 
the portion to the right of the shear plane, and we have no assur
ance that the dense DMB to the left of it has the same composition. 

Table 111-7 presents a survey of lithic and mineral fragments 
in the dark breccia domains 1 to 3 and 5. This was done in the 
same manner as the clast survey of 72235, presented earlier. Ref
erence should be made to Subsection IlIA for detailed descriptions 
of the various clastic materials of Boulder 1. 

Domain 4 (D4), cataclastic granulitic ANT breccia. 

Domain 4 is essentially a monomict, clast-rich, cataclastic 
breccia composed of crushed granulitic ANT (Figure III-20A). 
We presume it represents a single large granulitic ANT clast that 
was cataclastically crushed, strung out into a lenticular mass, 
and mixed to some degree with the neighboring DMBs of D3 and D5 . 
Following cataclasis the breccia was sufficiently annealed that 
its matrix was completely recrystallized and any original porosity 
lost (Figure III-20B). 

Domain 5 (D5), dark matrix breccia 

The dark matrix breccia of D5 is comparatively dark, and has a 
recrystallized, somewhat vesicular matrix (Figure III-20C). Al
though in Figure 111-19 it appears that D5 is separate from D3, 
another thin section shows the former to be continuous with the 
dense portion of D3. Domain 5 is distinguished from all other dark 
matrix breccias in Boulder 1 in having by far the highest content 
of granitic clasts (23% of all clasts> 0.2 mm , Table 111-7). One 
region in the D5 dark matrix breccia is equally unique in having a 
composition which corresponds superficially to that of typical 
KREEP (Table 111-5, anal. 7). This is interesting because it sug
gests that the composition of a dark matrix breccia is, at least in 
part, a function of the local clast population. This in turn 
implies that the dark matrix breccias are cataclasites generated by 
the crushing and mixing of debris from these local clasts, not that 
the latter are foreign components that were simply mixed into the 
dark matrix breccia . 
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Figure III- IS . Two views of specimen 72215 . The subparallel 
cracks across the S face are aligned with the 
dominant foliation ~f the parent boulder . The 
upper photograph shows the vertical streak of 
dark sugary gray material through the matrix 
and the chalky area at the west tip of the sp e c 
imen . The lower photograph highlights the knob 
(lower right) , which has a partial r i m of dark 
sugary gray material and an interior of gray 
and white breccias . 
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Figure 111-18. 72215: maps of the sawed surface on the main mass 
and slab. 
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Figure 111-19. Photographs and sketch maps of thin sections 72215,180, 183, and ,190. 
A: The photographs represent an almost complete section through 
sample 72215. The knob described in the text appears at the left. 
B: Sketch map of thin sections seen in A, outlining lithic domains 
described in the text (indicated by large circled numbers). Also 
shown are large dark matrix breccia clasts (barbed lines), lithic 
clasts (lighter solid lines), and crushed ANT rocks (fine dashed lines) • 
The locations of 72235 whole-rock microprobe analyses are indicated by 
small hyphenated numbers (e.g., 5-6 indicates Table III-5, analysis 6). 
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Figure 111-20. Photomicrographs of sample 72215 lithic domains 
(thin section SAO 793) . 

A. Close-up of lithic domains 4 (granulitic ANT breccia), 5 
(dark matrix breccia), and 6 (poikilitic ANT breccia, includ
ing one large relic clast of poikilitic ANT). Note that the 
domain 4 breccia is very clast-rich, and that a clast of 
domain 4 granulitic ANT appears in the middle of the central 
strip of domain 5 dark matrix breccia . In other places tails 
of domain 4 matrix material connect such clasts back to domain 
4. 

B. Contact between a domain 4 granulitic ANT clast (bottom) and 
the domain 4 recrystallized matrix (top) as seen in both re
flected light (left) and transmitted light (right). 

C. Reflected light photomicrograph of the domain 5 dark matrix 
breccia showing that the DMB matrix consists of ragged, 
partially reacted mineral clasts in a recrystallized matrix 
which includes sparse laths of ilmenite. 
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Table III-7. Clast populations of sample 72215 dark matrix breccias . Percentages by 
volume, in three size categories (subtotals in brackets). 

DOMAINS 1 + 2 DOMAIN 3 DOMAIN 5 

0.2-0.5 0.5-1.0 >1.0 TOTALS 0.2-0.5 0.5-1.0 >1.0 TOTALS 0.2-0. 5 0.5 - 1.0 > 1.0 TOTALS 
rom rom rom rom rom rom rom rom rom 

ANT s uite (26.1) (5.5) (3·7) (35 .3) (32 .6) (7.7) ( 1.5 ) (41. 8) (31.9 ) (4 .3) (2.6 ) (38.8 ) 
ANT breccias (4.4) ( 1.8) (2.0) (8.2) (5.7) ( 0. 5) (0.5) (6.7) (7.8 ) - - (7.8 ) 

mafic 0.6 0.2 0.2 1.0 - - - - - - - -
gabbroic 2.1 1.1 1.2 4.4 4.3 0.5 0.5 5·3 7·8 - - 7.8 
anorthositic 1.7 0.5 0.6 2.8 1.4 - - 1.4 - - - -

Granulitic ANT (15.5) (2.3) ( 1.0) (19.8) (16.3) (6.2) ( 1.0) (23.5) (18 . 1) (4 .3) (2.6) (25.0 ) 
gabbroic 13.6 2.3 0 .8 16.7 13·9 6.2 1.0 21.1 16.4 4 .3 2.6 23·3 
anorthositic 2·9 - 0.2 3·1 2.4 - - 2 .4 1.7 - - 1.7 

Poikiloblas tic ANT 0.6 0.3 - 0·9 1.0 - - 1.0 - - - -
Poikilitic ANT 0.9 0.2 0.2 1.3 5.3 - - 5.3 2.6 - - 2.6 
Coarse ANT 3 · 1 0·9 0.5 4.5 4.3 1.0 - 5.3 3·4 - - 3.4 
Unclassified ANT 0.6 - - 0.6 - - - - - - - -

Ultramafic particles 2 . 0 0.2 0.2 2.4 1.4 - - 1.4 1.7 - - 1.7 

Basalts ( 1.6) (1.1 ) (0.9) (3.6) (1.4 ) - - (1.4 ) (0 .9) - - (0·9 ) 
Ol. - norm. pig. bas. - 0·3 0.5 0.8 - - - - - - - -
pink sp. troct. bas. 0·9 0.6 0.2 1.7 1.4 - - 1.4 0.9 - - 0·9 
mafic troct. bas . 0 . 2 - - 0.2 - - - - - - - -
u~classified bas. 0.5 0.2 0.2 0·9 - - - - - - - -

Microgranites 3.4 0.6 0.2 4.2 8.6 2.4 - 11.0 19·8 3.4 - 23·2 

Civet Cat norite - - 0. 2 0.2 0.5 - - 0.5 - - - -
Devitrified maskelynite 12.0 1.7 0.3 14.0 8.6 1.4 - 10.0 2.6 - - 2.6 

Glassy clasts 0.2 0.2 - 0.4 - - - - - - - -

Mineral fragments (38.3) (2.1) - (40.4) (31.5) ( 2.5) - (34.0) (30.2) (2.6) - (32.8) 
Plagioclase 23.4 1.1 - 24.3 16.7 1.0 - 17·7 19·0 2.6 - 21.6 
Olivine 4.9 0.2 - 5.1 6.2 0.5 - 6·7 1.7 - - 1.7 
Pyroxene 9·8 0.8 - 10.6 8.1 1.0 - 9·1 9·5 - - 9.5 
Chromite 0.2 - - 0.2 - - - - - - - -
Silica phases - - - - 0.5 - - 0.5 - - - -

TOTAL % 83.6 1l.4 5.5 100.5 84.6 13.0 1.5 100.1 87. 1 10.3 2.6 100.0 

NO. OF CLASTS 547 72 33 652 177 29 3 209 101 12 3 116 
- -
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Domain 6 (D6), cataclastic poikilitic ANT breccia 

Domain 6 consists largely of a cataclasite of poikilitic ANT, 
but other materials are also present. These consist mainly of 
some clear brown and finely devitrified glass and granulitic ANT. 
The granulitic ANT has probably been mixed in from D7. The glass, 
however, appears to be genetically related to the poikilitic ANT 
because it is not only attached to clasts of this type, but has a 
composition very similar to that of the granulitic ANT (Table 
111-2, anal. 6-9). In reflected light it can be seen that D6 has 
a dense low-porosity zone adjacent to the D5 DMB, but elsewhere 
is quite porous. It appears that the porous portion is a zone of 
shearing that post-dates the solidification of D6. 

Domain 7 (D7), cataclastic granulitic ANT breccia 

Domain 7 is a cataclastic granulitic ANT breccia very similar 
to that of D4. It has a sharp contact with the cataclastic poik
iIi tic ANT breccia of D5, and does not appear to have mixed with 
it to any extent. Domain 7 also appears to have been affected by 
the post-solidification shearing that transects D6 . . 

The cataclastic ANT breccias of sample 72215 are unusual in 
that they all contain abnormally high concentrations of K20 and 
P205 and have low MgO/(MgO+FeO) ratios compared to typical granu
litic ANT rocks (Table 111-2, anal. 3-10; Figures 111-4, 5). 
These ANT breccias may simply owe their KREEPy character to a 
granitic component in their matrices that was obtained by mixing 
with the granitic clast-rich dark matrix breccia of D5. If this 
were true, however, it would be expected that the ANT clasts would 
have typical concentrations of K20 and P205, but would not explain 
their unusually high content of these elements. 

TEXTURAL HISTORY OF 72215 

In spite of their distinct macroscopic differences, it is 
clear that samples 72215, 72235, and the Marble Cake clast of 
72275 (Subsection IIID) are close kin. All consist of an inter
layering and mixing of dense dark matrix breccias with lenticular 
masses of cataclastic ANT breccias. The origin of these breccias 
is obviously not simple, but basically two stages are required: 
(1) cataclasis and lithification under high confining pressures, 
to generate the cataclastic ANT breccias and · at least some of the 
dark matrix breccia materials, and (2) a period of shearing, which 
occurred after the primary breccias had solidified. During stage 
1 the materials were cataclasized and fluidized. That both the 
cataclastic ANT breccias as well as the dark matrix breccias acted 
as fluids is clearly displayed in 72215. An examination of the 
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contact between the dark matrix breccia of domains 3 and 5 and 
the cataclastic ANT breccias shows that stringers of each material 
intrude and , to some degree , mix with the other (Figure III - 19A) . 
At the contact of domains 3 and 4 a stringer of the D3 dark matrix 
breccia was drawn out into the cataclastic ANT breccia, and iso
lated clots of DMB are seen well out into the middle of D4 . For 
the ANT rocks to be crushed and drawn out into lenticular masses 
clearly calls for high confining pressure but little shearing 
transport , otherwise they would have been more extensively mixed 
with the enclosing dark matrix breccias . Considering the low 
porosity and degree of recrystallization of these breccias , they 
must have been annealed or shock welded , or both . Porous zones 
of brecciation cross- cut the structures just described and must 
represent a period of cataclasis and shearing that post - dates 
their formation . The porosity suggests that the initial high 
confining pressures must have been relaxed during this second 
period of cataclasis . The relationship of 72215 to the other 
boulder samples, and questions of their petrogenesis, are addressed 
in subsection IIIE . 
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D. THE MARBLE CAKE CLAST IN 72275 

The exposed surface of specimen 72275 was rough and irregular, 
containing several small black knobs and one conspicuous dark
rimmed white clast, 3 cm in diameter. The clast (designated 
Clast #1 in Vol. 1) was coated with a light brown patina and a 
sprinkling of zap pits. It appeared to be the exposed remnant of 
a knob that was broken from the boulder in pre-Apollo time. (For 
photographs and maps, please refer to Volume 1, Figures 1I-2A, 
11-6, II-SA, and A-S.) During macroscopic examination the clast 
was described as a cataclastic gabbroic anorthosite crudely inter
layered with gray breccia and dark rim material. The white core 
was estimated to contain 10-20% of yellow olivine or pyroxene. 
The dark rim was described as aphanitic material with a vitreous 
luster and abundant inclusions of angular white feldspar. 

Thin sections show that the rim and core of the clast are both 
polymict breccias that have been fluidized and interlayered in a 
more complex manner than was evident in the hand specimen. The 
light and dark layers form a marble cake pattern-- hence the new 
descriptive name to replace the unimaginative designation Clast #1. 
The rim proved to be a dark matrix breccia much like those that 
occur in abundance throughout the boulder. However, it is some
what darker in color, more vesicula and has a higher content of 
K20 and P205 than most other such breccias. 

The white core material (labeled Anorthositic Breccia in Figure 
111-21) consists of two dominant lithologies: gabbroic anortho
sites and ilmenite microgabbros. The gabbroic anorthosites are 
coarse-grained and range in texture from cataclastic breccias to 
unshocked lithic clasts, some of which are poikilitic. (The com
positions of two typical anorthositic clasts are given in Table 
III-S; compositions of their pyroxenes are shown in Table 111-9). 
The parent rocks appear to have been plagioclase-rich (> SO%; 
An95-9s0rO.l-0.4; average An 96)' and contain olivine (Fo60-6S), 
bronzite, and augite (Figure 1II-22A). 

The ilmenite microgabbros are a new variety of fine-grained, 
holocrystalline rock that has not been reported in any other lunar 
samples (Figure 1II-22B and C; Table III-S). They contain 43-57% 
modal plagioclase (An65-S00r5-LS)' 25-46% pyroxene (salite to 
ferrosalite, En30-34Wo45, and lntermediate pigeonite, En4S-53 W0 6_ S ' 
in approximately equal abundance), 9-lS% ilmenite, and mlnor 
amounts of cristobalite, troilite, and metallic iron. The only 
similar lunar rocks are clasts of sodic ferrogabbro in Apollo 16 
breccia 67915 (Roedder and Weiblen, 1974). However, the sodic 
ferrogabbros are markedly higher in Na and Fe and lower in Ti 
than the ilmenite microgabbros of the Marble Cake clast. The 
pyroxene compositions of these two types of lunar rocks are shown 
in Figure 111-23. The fine grain size of these rocks suggests 
recrystallization, but the wide pyroxene solvus and the presence 
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of pigeonite are consistent with a high-temperature origin, pos
sibly by crystallization from a melt. Roedder and Weiblen (1974) 
interpret the sodic ferrogabbros as products of crystal fraction
ation and silicate liquid immiscibility. Although the ilmenite 
microgabbros almost certainly represent what was originally a 
highly fractionated liquid, we are unable to infer whether that 
liquid was an early partial melt or a late magmatic residuum. 

Figure 111-23 shows the compositions of the main phases and 
lamellae of some large (0.2 mm) fragments of exsolved pyroxenes 
that are abundant in the Marble Cake clast. These pyroxenes have 
not been found in situ in the coarse-grained rock from which they 
must derive. However, as they are essentially identical in compo
sition to the pyroxenes of the ilmenite microgabbros, we suggest 
that their parent was a coarser variety of that rock. 

A closely related rock-type is represented by rare fragments 
of "basalt" in the Marble Cake clast (Figure 111-220). These so
called basalts are very fine-grained materials with pyroxenes 
that range in composition from augite to pigeonite, as shown in 
the dotted field on Figure 111-23. Such a range reflects 
quenching at a high temperature. The ilmenite content of the 
basalts is relatively low (Table 111-8). In other respects 
(pyroxene and plagioclase content and bulk composition) the basalts 
bear a close resemblance to the ilmenite microgabbros. 

An uncommon variety of orange glass with tiny embedded flakes 
of plagioclase occurs as sparse fragments « 0.2 mm) in the Marble 
Cake clast. The glass has the composition of a spinel troctolite 
(Table 111-8). 

Granitic clasts are a rather common constituent of Boulder 1, 
being specially abundant in the Marble Cake clast. Detailed 
descriptions of the granitic clasts will be found in Volume 1 
and in Stoeser et a1. (1974). Two other components of the Marble 
Cake clast, the~ark matrix breccias of the rim material and their 
included clasts of granulitic ANT breccia, have been described in 
Volume 1. 

Our maps, tables, and descriptions of the Marble Cake clast 
show that the white component is a highly complex admixture of 
materials, including crystalline and glassy varieties of unusual 
lunar rocks. Those of special interest are the ilmenite micro
gabbros, which are intermediate in composition between Ti-rich 
mare basalts and Ti-poor, KREEP-rich norites. Wakita, Laul, and 
Schmitt (1974) have postulated, on the basis of rare earth dis
tributions, that the differentiating lunar crust should include 
a thin layer of rock having this composition. Possibly the 
Marble Cake suite includes recrystallized clasts of such a rock 
and some of its close relatives. 
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Figure III-2l. Sketch map of the distribution of matrix materials and clasts in 
the interior of the Marble Cake clast. The white streaks 
consist of an admixture of finely crushed gabbroic anorthosites 
and ilmenite microgabbros. Uncrushed remnants large enough to 
be mapped are indicated by clast type. 



Figure 111-22. Photomicrographs of lithic clasts in the Marble 
Cake clast (thin section 72275,142) . 

A. The right-hand half of the photograph shows a typical cata
clastic gabbroic anorthosite clast, consisting mainly of 
shocked plagioclase, and including an area of finely granu
lated olivine (bottom) which must originally have been a 
single large grain. Also shown are an unshocked plagioclase, 
fragment (top), an area of dark matrix breccia (bottom right) , 
and the typical matrix of the anorthositic breccia of Marble 
Cake. 

B. Ilmenite microgabbro clast as seen in reflected light (clast 
790Cl of Table 111- 8). The bright tabular grains are ilmen
ite set in plagioclase (darker gray) and pyroxene (lighter 
gray). 

C. Reflected light close-up of an ilmenite microgabbro clast 
rich in cristobalite{?) and a phosphate mineral (clast 790C2 
of Table 111-8). The photgraph was taken slightly out of 
focus to enhance the cristobalite, which is very dark gray 
(plagioclase is somewhat lighter in color). 

D. Quench textured basaltic clast seen in reflected light (clast 
790C5 of Table 111-8). 
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Figure III - 23. Compositions of the pyroxenes in ilmenite micro
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Table III-S. Defocused-beam electron microprobe analyses and 
normative compositions of four types of clasts in 
the white portion of the Marble Cake clast. 

1. 2. 3. 4. 5. 

790C10 790C18 790C1 790C2 790C5 

6. 

790C6 
anorth. gabbroic ilmenite ilmenite orange 
gabbro anorth. microgab. microgab. "basalt" glass 

WT. % OXIDES 

Si0 2 43.38 41.16 45.89 48.48 47.10 43.20 
Ti02 0.08 0.06 4.38 6.59 2.89 0.26 
A1203 20.87 29.96 14.70 14.54 10.09 13.96 
Cr203 0.06 0.03 0.05 0.05 0.11 0.05 
FeO 7.85 4.16 11.70 10.01 15.19 8.49 
MnO 0.13 0.04 0.17 0.14 0.19 0.05 
MgO 8.79 3.56 5.67 3.38 7.32 22.87 
CaO 12.70 16.01 12.16 9.42 13.08 8.96 
Na20 0.28 0.26 0.91 0.85 0.37 0.66 
K2 0 0.05 0.05 0.92 0.90 0.25 0.23 
BaO 0.04 0.04 0.11 0.11 0.09 0.04 
P20 5 0.02 0.03 0.46 0.42 0.35 n.d. 

TOTAL 94.29 95.43 97.27 95.05 98.02 98.81 

CIPW NORM 

FO 6.1 5.3 38.5 
FA 4.4 4.9 11. 3 
EN 14.5 1.8 14.5 8.9 18.7 2.7 
FS 9.6 1.5 14.6 7.7 20.6 0.7 
WO 3.3 10.3 4.8 16.1 4.2 
OR 0.3 0.3 5.6 5.6 1.5 1.4 
AB 2.5 2.3 7.9 7.6 3.2 5.6 
AN 58.9 83.1 34.3 35.0 25.8 34.9 
ILM 0.2 0.1 8.6 13.2 5.6 0.5 
CHR 0.1 0.1 0.1 0.2 0.1 
QTZ 2.7 15.8 5.3 
COR 0.4 
AP 0.1 0.1 1.1 1.0 O. 8 

COMPo NORM MIN. 

OL: FO 66.5 60. 7 83.2 
PX: EN 58.9 60.7 42.0 47.0 39.0 39.2 

FS 29.7 39.3 32.2 31.1 32.1 7.9 
WO 11. 4 25. 8 21. 8 28.9 52.9 

PLAG: OR 0.5 0.3 11. 5 11. 5 5.0 3.3 
AB 4.3 2.9 17.4 16.5 11. 0 14.1 
AN 95.3 96.8 71. 0 72.0 84.0 82 . 6 

atomic Mg/(Mg+Fe) 0.666 0.604 0.463 0.375 0.462 0.827 
MgO/(MgO+FeO) 0.528 0.461 0.326 0.252 0.325 0.729 

No. of analyses 26 16 12 4 3 1 
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Table 111-9. Electron micropr obe analyses of pyroxenes in lithic 
clasts in the Marble Cake clast . 

1. 2 . 3 . 4 . 5 . 

790CI0 790CI0 790Cl 790Cl 790C7 
cat . cat . ilm . ilm . granitic 

gab . anorth . gab . anorth . microgab . microgab . clast . 
opx . augite inter . pig . augite augite 

Si02 54 . 08 53 . 05 52 . 07 51 . 69 53 .4 1 
Ti02 0 . 24 0 . 42 0.37 0 . 89 0 . 39 
Cr203 0 . 27 0 . 47 0 . 10 0 . 13 0 . 31 
A1203 0 . 43 0 . 97 0 . 27 0 . 81 0 . 44 
FeO 19 . 14 8 . 67 27 . 45 14 . 98 13 . 32 
MgO 23 . 98 14 .7 8 17 . 19 1 2. 68 11 . 97 
CaO 1. 50 20 . 24 2 . 42 18 . 69 20 . 62 

TOTAL 99 . 65 98 . 60 99 . 86 99 . 87 100 . 46 

Fs 30 . 00 14 . 22 44 . 87 24 . 35 21 . 81 
Wo 3 . 02 42 . 56 5 . 07 38 . 93 43 .25 
En 66 . 98 43 .2 2 50 . 06 36 . 72 34 . 94 
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E. HISTORY OF THE BOULDER 1 BRECCIAS 

Boulder 1 is a friable, matrix-rich and glass-poor polymict 
breccia with a distinct but poorly developed foliation. Its two 
most conspicuous types of inclusions are large competent clasts 
of dark matrix breccia and smaller light-colored clasts with 
dark "rims." The four specimens from different parts of the 
boulder include three samples of the large dark clasts (most of 
72255, most of 72215, and Clast #2 of 72275); two samples of the 
dark-rimmed clasts (72235 and the Marble Cake clast of 72275); and 
two samples of the boulder matrix (most of 72275 and a small 
portion of 72235) . 

Hallam (Vol. 1) described attempts to duplicate the texture 
of 72255 by sintering sawdust from 72275. It now seems probable 
that the reverse has occurred: 72275 was formed by cataclasis and 
shearing of materials like those of the large competent clasts. 
We suggest that these large clasts (such as 72215) are relic 
samples of the parent material of Boulder 1 that were rounded by 
abrasion during cataclasis, and that the foliation of Boulder 1 
represents the plane of cataclasis and shearing. 

In Volume 1 we proposed that the light-colored clasts with 
dark rims were formed by the accretion of hot dark breccia particles 
onto light-colored fragmental nuclei during the ejection phase of 
a major impact. The dark rinds do indeed appear to be welded on 
angular cores of ANT rocks. However, careful examination of the 
Marble Cake clast and of 72235 has persuaded us that the rims and 
cores of these clasts are cogenetic. The rim materials are contin
uous with some of the interior layers, and in one or two places 
white layers lie outside the dark rims. Thus it appears that both 
light and dark materials have acted as very viscous, semi-miscible 
fluids that have undergone a moderate amount of stirring . We 
believe that the present clasts are small remnants of larger vol
umes of layered Marble Cake-type materials, most of which were 
destroyed by crushing and shearing. Only ~ few pods have survived 
as discrete clasts, where the more resistant dark layers were bent 
in such a way that they acted as a protective shield. 

The genesis of the dark-light banded rocks must have involved 
large pre-existing clasts of ANT breccia (mainly of the granulitic 
anorthositic gabbro type that is commonplace in lunar highland 
breccias and soils) lying in a matrix similar to the dark matrix 
breccias. The two materials were simultaneously crushed and 
smeared out into distorted lenses and layers with relatively little 
mixing. Some time after the period of cataclasis and flow both 
both types of breccias had some (but not all) of their matrices 
recrystallized. Even where the dark matrix breccia matrices do not 
appear to be recrystallized, they are very dense and low in porosity. 
This might be due to thermal annealing, shock welding, or both. 
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Clearly, such a process could only have occurred under very high 
confining pressures. There are only two obvious places where 
the conditions required for the generation of such breccias might 
be found: in the lunar crust adjacent to a growing transient 
cavity during a large impact, or within a thick ejecta blanket 
during deposition. 

That the proposed cataclasis and shearing which generated 
the overall boulder texture post-dated formation of the parent 
breccias themselves is indicated by the marked porosity of the 
boulder matrix (as seen in 72275). Such porosity is incompatible 
with the high confining pressures required for the formation of 
the parent breccias. In Volume 1 and Stoeser et al . (1974) we 
presented several lines of evidence indicating~hat the substance 
of the Boulder 1 breccia was deposited at initial temperatures of 
at least lOOO°C, but this inference may apply only to the form
ation of the parent breccias. Indeed, all of our evidence was 
based on observations of the main mass of 72255 and dark matrix 
breccia fragments in 72255. Our original inference still holds 
for the substance of the dark matrix breccias, although we do 
not know when or where they formed on the moon. The very friable, 
poorly sintered nature of sample 72275 suggests either that the 
temperature prevailing at the time of this second stage of cata
clasis was well below lOOO°C, or that such a temperature was not 
sustained long enough to promote sintering. Additional evidence 
fOr cataclasi's at low temperature is provided by Banerj ee and Swi t 
(Section I X of this volume), who observed a marked disorienta
tion of the magnetic poles measured on different fragments of the 
boulder. His observation indicates that shearing (the probable 
cause of the disorientation) took place below about 800°C, the 
Curie temperature of Fe metal. 

We have defined a two-stage history for the boulder involv
ing (1) high-temperature and pressure assembly of the dark matrix 
breccia materials and (2) shearing and cataclasis of these breccias 
at lower temperature to produce the friable breccias that con
stitute the bulk of the boulder. How do these two events relate 
to the formation of the Serenitatis basin? There are five 
possibilities: 

(1) Both events pre-date the Serenitatis impact. 

(2) The parent breccias are pre-Serenitatis, and the cata
clasis was due to the Serenitatis impact. 

(3) Both are related to the Serenitatis impact. 

(4) The parent materials were generated by the Serenitatis 
impact, and the cataclasis is related to some later event. 

(5) Both are post-Serenitatis. 
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Schmitt (Section II of this volume) has presented arguments 
for a pre-Serenitatis origin of the bedrock of North and South 
Massifs. His principal argument is that the horst and graben-
like structures of the Taurus-Littrow region, which is on one of 
the structural rings of the Serenitatis basin, were probably formed 
by the Serenitatis event. Therefore, the country rock of the massif 
units must have existed prior to the event. By Schmitt's model, 
the Boulder 1 parent breccias would be pre-Serenitatis materials, 
but the stage 2 brecciation and shearing could have occurred before, 
during, or after the Serenitatis impact. 

Wolfe and Reed (Section I of this volume) present evidence 
indicating that the massifs consist of Serenitatis ejecta. They 
conclude that this ejecta deposit consists of a megabreccia with 
clasts up to 10 meters or more in diameter. They suggest that 
Boulder 1 may be a sample of one of these clasts and nearby 
Boulder 2 at Station 2 may be a sample of the matrix that once 
surrounded it. Their model explains how Boulders 1 and 2, which 
are lithologically quite different, may have come from the same 
"outcrop" region on the slope of South Massif. At present this 
model is based on rock colors and textures visible in the field; 
petrographic and geochemical comparisons of all the boulder 
samples will be needed to test it. Wolfe and Reed minimize the 
importance of the blue-gray and tan-gray color differences that 
were described by the astronauts on the upper and lower slopes of 
South Massif. 

Even if we accept the Wolfe-Reed model as correct, it is not 
possible to define when our two stages of cataclasis occurred. 
The formation of the parent breccias may have occurred prior to 
or during some stage of the Serenitatis event . 

Wilshire and Moore (1974) have examined sample 72235 macro
scopically and described it as a "crudely banded rock with a 
vitreous [glassy] selvage [which is] continuous with portions 
of bands in the core." Although the rind is not in fact glassy, 
we concur with their interpretation that it is continuous with 
the interior portion of the clast and thus is not an accretionary 
coating. Wilshire and Moore interpret the structures and lith
ology of 72235 as resulting from the compressional deformation of 
target material near a large impact. If Wolfe and Reed are 
correct, this impact could have been the Serenitatis event. The 
stage 2 cataclasis could have occurred later, during excavation 
of the Serenitatis basin, or during deposition at the Taurus-
Li ttrow site. 

Another possiblity is that the materials of Boulder 1 were 
assembled from diverse materials during the deposition of a large 
ejecta unit (from Serenitatis?) that is represented by all of 
South Massif, or at least by the upper light blue-gray unit (which 
may be more than 1000 m thick). In that case the requisite high 
confining pressures and initial (stage 1) cataclasis would be 
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provided by the high load pressures and shearing during deposition 
of a massive amount of ejecta. The second stage of cataclasis, 
which produced the boulders friable matrix, could then have been 
due to post-Serenitatis tectonic adjustments or some other, later 
event. 

The possibility that the boulder breccias are wholly post
Serenitatis seems unlikely if Boulder 1 is indeed derived from the 
area of outcrop exposed on the slope of South Massif (Wblfe and 
Reed, Section 1 of this volume). The stratigraphic thickness of 
ejecta above this outcrop approaches a thousand meters. Such a 
thick layer of ejecta requires a nearby source, and the only 
close major basin is that of Serenitatis. We have, however, 
noted in Stoeser et al. (1974) that Boulder 1 has a number of 
petrographic characteristics which are traditionally associated 
with Imbrium ejecta, and the possibility that Boulder 1 is related 
to that event cannot presently be ruled out. Alternatively, 
Morgan et al. (Vol. 1) propose a Crisium origin for Boulder 1, 
based on-siderophile and volatile trace element data. 

Early work on the various Apollo 17 boulder breccias, which 
included analyses exclusively of 72275, indicated that Boulder 1 
was compositionally distinct from the other boulders (LSPET, 1973). 
However, when the compositions of all the Boulder 1 samples are 
taken into account, it appears that except for lower Ti02 contents, 
there are no gross compositional dissimilarities between Boulder 1 
and the other Apollo 17 boulder breccias (LSPET, 1973; Chao and 
Minkin, 1974a, b; Rhodes et al., 1974; Taylor et al., 1974). In 
addition to its Fra Mauro-or-rmbrium characterIStICs, the boulder 
as a whole has a composition similar to that of the Low-K Fra 
Mauro basalts (High Alumina Basalt of Reid, 1974). It is inter
esting that the Apennine Front at the Apollo 15 site was thought 
to be atypical of highlands material because it was dominated by 
material of Low-K Fra Mauro composition (Reid et al., 1972). If 
we assume that Boulder 1 is a sample of SerenitatiS-target mater
ial, then such material may have been widely distributed in the 
Serenitatis-Imbrium impact areas. The lack of impact melting in 
Boulder 1, together with a wide range of ages reported by Gray et 
al. (Section VII of this volume) and the indicated low temperature 
of formation of the 72275 matrix, suggests that Boulder 1 may be 
a window which allows us to look through the Serenitatis event. 
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IV. MAJOR AND TRACE ELEMENTS IN ROCKS 72215, 72235, 72255, AND 
72275 FROM BOULDER 1, STATION 2, APOLLO 17 

D.P. Blanchard, L.A. Haskin 

NASA Johnson Space Center 
Houston, Texas 77058 

J.W. Jacobs, J.C. Brannon 

Lockheed Electronics Company 
Houston, Texas 77058 

R.L. Korotev 

University of Wisconsin 
Madison, Wisconsin 53706 

A total of 27 samples from the four rocks collected from 
Boulder 1 at Station 2, Apollo 17 have now been analyzed for ma
jor and several trace elements. Atomic absorption spectrophoto
metry (AAS) was used to determine Si, AI, Fe, Mg, Ca, K, and Ti. 
Instrumental neutron activation was used to determine seven rare
earth elements (La, Ce, Sm, Eu, Tb, Yb, Lu) and Na, Mn, Cr, Co, 
Sc, Hf, Ta, Th, Ni, and Fe. Iron was determine~ by both 
techniques and thus provides a measure of sample homogeneity. 
Major element concentrations (which include FeO determined by AAS) 
are given in Table IV-I. Trace element concentrations (and FeO 
values determined by INAA) are given in Table IV-2. In Tables 
IV-l and IV-2, results from previously reported analyses are in
cluded for completeness. Such columns are marked with an aster
isk and include only elements common to both data sets. It 
should be noted that except for Cr203, major element concentra
tions previously reported (Haskin et al., Vol. 1) for 72275,83 
and 72275,91 were interchanged; i.~,~he values reported for 
72275,83 correspond to the analySIS of 72275,91, and vice versa. 
Cr203 and trace element concentrations for these two samples 
were reported correctly. 

The accuracies of the AAS determinations, as based on 
repetitive analyses of USGS standard rocks, are ±2% of the 
determined values for A1203, FeO, CaO, and MgO; ±3% for Si02 and 
K20; and ±10% for Ti02. The precisions and, presumably, the 
accuracies for MnO, Na20, and Cr203 (as analyzed by INAA) are 
2-3%. Uncertainties for the other elements (analyzed by INAA) 
can be estimated from the typical uncertainties listed in the 
first column of Table IV-2. These uncertainties are mainly a 
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result of counting statistics. Note from Table IV-l that samples 
72255,52 , 72255,69, 72275,57, 72275,83, and 72275,91 were ana
layzed in duplicate for major elements. Differences in elemental 
concentrations that fall outside of the stated analytical errors 
are real differences which illustrate the inhomogeneity of the 
samples. Thus, interpretations based on the compositions given 
here must take into account the extent to which the samples ana
lyzed are representative. 

Information regarding the gross appearance and uses of the 
various samples we received, portions of which we analyzed, is 
given in our appendix (at the end of this section) . It is of 
particular interest to note that the two samples of sawdust, 
72255,73 and 72275,101, are heavily contaminated with Ni, Co, 
and Cr, and presumably with some Fe as well. One other sample, 
72235,36 , also suggests contamination as a result of sawing. 
However, no saw marks were found when that sample was examined 
prior to analysis. 

REE distributions relative to chondrites are shown in Figure 
IV-I. Figure IV-2 is a variation diagram for A1203 vs. Sc. 
Diagrams similar to Figure IV-2 result when FeO or Cr203 is 
plotted against A1203, but the relationships between mafic com
ponents and feldspar are less distinct in those diagrams. Figure 
IV-3 is a variation diagram for A1203 vs . La and is typical of 
variation diagrams between A1203 and incompatible large-ion 
lithophile elements. From examination of the three figures, we 
identify six types of material. These include anorthosite 
(72255,45), gabbroic anorthosite (72215,76 and 72235,36), "Civet 
Cat" norite (72255,42), pigeonite basalt (72275,91), black rind 
material (72275,80 and 72275,166), and a variety of materials 
which are clearly mixtures--a number of which are very similar 
in composition (most samples from 72215). Strictly from the 
point of view of chemical composition, only four materials are 
required to provide most of the rest. This observation has con
siderable potential for defining original rock types and genetic 
relationships among the materials sampled. We are still attempt
ing to determine any quantitative relationships that may exist 
among these materials. On the basis of preliminary qualitative 
studies, we suggest that the following may represent distinct, 
primary rock types for the provenance which was brecciated to 
produce the materials collected. These are anorthosite, 
gabbroic anorthosite , "Civet Cat" norite , and pigeonite basalt. 
These four materials fall outside of the main group of points in 
Figures IV-2 and IV-3. They are discontinuously set apart, as 
would be expected for surviving "end-member" rock types compared 
with their enclosing matrices, which in most cases are petro
graphically known to be extensive mixtures (Stoeser et al., Vol. 
1) . Other materials may be present (e.g., dunite) but were not 
directly observed , and on the basis of elements analyzed do not 
appear to be needed to generate the mixtures. We suggest that 

IV-2 



H 

< 
I 

w 

Si02 
Ti02 
A1 203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
Cr203 

Total 

Orthoclase 
Albite 
Anorthite 
Diopside 

Eri 
Fs 
WO 

~ • ~ ~ « • 

Table IV-l. Major element concentrations (wt. % oxide) and norms for samples from 
72215, 72235, 72255, and 72275. 

72215,64 72215,60 72215,47 72215,92 72215,76 72235,46 72235,36 
Average Dark sugary Light-gray Competent 99% gabbroic gray Gabbroic 
natrix gray material breccia gray breccia anorthosite breccia anorthosite 

1% Cl clast 

45.1 44.9 45.1 45.6 44.7 44.6 44.5 
1.0 0.9 0.7 0.8 0.5 0.8 0.8 

20.7 21. 2 21.4 20.9 27.3 23.1 25.8 
8.44 8.49 8.35 8.44 4.80 6.19 
0.133 0.124 0.129 0.125 0.067 0.111 0.08 
9.81 11. 5 11. 3 10.1 7.19 9.9 8.52 

12.0 11. 9 12.0 12.3 14.9 13.2 14.4 
0.500 0.524 0.548 0.504 0.483 0.514 0.424 
0.323 0.235 0.195 0.253 0.113 0.2 0.112 
0.265 0.250 0.251 0.224 0.126 0.210 0.146 

98.27 100.02 99.97 99.25 100.18 100.97 

1. 91 1. 39 1.15 1. 50 0.67 1.18 0.66 
4.23 4.43 4.64 4.26 4.09 4.35 3.59 

53.29 54.80 55.36 54.02 71. 99 60.14 68.17 
5.08 3.43 3.38 5.69 1. 56 4.33 2.65 

[ 1. 57] [ loll] [ 1. 09] [ 1. 71 [ 0.52] [ 1.41] [ 0.87] 
0.89 0.55 0.55 1. 00 0.23 0.69 0.41 
2.61 1. 77 1. 74 2.92 0.81 2.23 1. 37 

Hypersthene 19.93 14.92 15.43 19.55 9.18 10.91 8.95 
En [12.71] [ 9.98) [10.25] [12.50] [ 6.33] [ 7.33] [ 6. 081 
Fs 7.21 4.94 5.17 7.04 2.85 3.59 2.87 

Olivine 11. 55 19.00 18.32 12.36 11. 59 17.18 15.19 
Fo [ 7.11] [12.29] [11. 77] [ 7.62] [ 7. 751 [11. 161 [10.00] 
Fa 4.45 6.70 6.55 4.73 3.84 6.02 5.19 

Chromite 0.39 0.37 0.37 0.33 0.19 0.31 0.22 
Ilmenite 1. 90 1. 65 1. 33 1. 58 0.89 1. 52 1. 60 

" 



Table IV-1 (Cont.) 

72255,73 72255,79 72255,52* 72255,52 72255,64 72255,69 72255,69* 72255,42* 
Sawdust Interior White to Gray to Medium Dark Dark Civet 

chip light- medium gray material material Cat 
gray gray material clast 

matrix matrix 

Si02 44.8 45.0 49 45.0 45.1 44.7 46 52 
Ti02 0.9 0.9 1.4 0.75 0.8 0.8 0.7 0.3 
A1203 19.4 20.7 14.5 20.4 21. 9 20.5 19.8 15.5 
FeO 9.05 8.31 14 8.55 7.42 9.5 9.8 7.4 
MnO 0.127 0.129 0.163 0.129 0.12 0.108 0.111 0.122 
MgO 10.5 11. 3 9.7 11. 3 10.7 10.5 10.4 15.9 
CaO 11. 5 12.0 10.7 12.0 12.4 12.3 12.3 9.1 

H Na20 0.495 0.584 0.32 0.563 0.496 0.400 0.38 0.33 <! 
I K20 0.393 0.214 0.27 0.231 0.268 0.280 0.25 0.08 

"'" Cr203 0.630 0.234 0.22 0.232 0.231 0.308 0.46 0.16 

Total 97.80 99.37 100.27 99.16 99.44 99.40 100.20 100.89 

Orthoclase 2.32 1. 26 1. 60 1. 37 1. 58 1. 65 1. 48 0.47 
Albite 4.19 4.94 1. 86 4.76 4.20 3.38 3.22 2.79 
Anorthite 49.55 53.23 37.78 52.46 56.74 53.32 51. 58 40.58 
Diopside 6.09 5.10 12.65 5.73 3.74 6.28 7.70 3.66 

En 
[ 1. 89] [ 1. 6j [ 3.17] [ 1. 84] [ 1. 24] [ 1. 9~] r 2. 29] r 1. 32] Fs 1. 07 0.82 3.09 0.94 0.57 1.16 1. 47 0.44 

WO 3.13 2.63 6.39 2.96 1. 93 3.22 3.94 1. 91 
Hypersthene 19.65 15.11 41. 40 15.30 15.93 15.81 21. 94 51. 02 

En [12. 5~] (10.12] [20.98] [10.14] [10.90] [ 9.80] [13.36] [38.28] 
Fs 7.12 4.99 20.42 5.16 5.03 6.01 8.59 12.74 

Olivine 13.38 17.71 17.67 15.34 16.96 12.28 
Fo [ 8.22] (11. 47] [11.32] [10.17] [10.13) [ 7.19J 
Fa 5.15 6.24 6.35 5.17 6.84 5.09 

Chromite 0.93 0.34 0.32 0.34 0.34 0.45 0.68 0.24 
Ilmenite 1. 65 1. 61 2.66 1. 42 1. 56 1. 56 1. 33 0.57 
Quartz 1. 90 1. 56 

* Previously reported analyses (see text). 
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Table IV-l (Cont. ) 

72255,45 72255,45 72275,57 72275,57* 72275,101 72275,76* 72275,80* 
White from Black from Matrix Matrix Sawdust Light Dark rind 
black and black and core Clast #1 

white white Clast #1 
clast clast 

Si02 43.0 45.7 48.6 48 46.2 47 47 
Ti02 0.65 1.2 1.2 0.8 0.94 1.8 1.8 
A1203 35.8 19.7 14.7 17.9 18.4 23.5 17.9 
FeO 9.05 13.8 9.9 11. 9 7.4 10.3 
MnO 0.003 0.136 0.22-6 0.12 0.182 0.077 0.104 
MgO 1. 43 11. 3 9.52 11. 0 9.9 5.24 9.43 
CaO 18.9 11. 5 11. 0 11. 0 11. 7 14.2 11. 7 

H Na20 0.631 0.542 0.480 0.40 0.49 0.36 0.39 <: 
I K20 0.118 0.277 0.276 0.22 0.265 0.32 0.47 U1 Cr203 0.003 0.263 0.444 0.25 0.383 0.20 0.46 

Total 99.67 100.25 99.59 100.36 100.10 99.55 

Orthoclase 0.0 1. 64 1.63 1. 30 1. 57 1. 89 2.78 
Albite 0.0 4.59 4.06 3.38 4.15 3.05 3.30 
Anorthite 93.77 50.50 37.14 46.40 47.23 61. 56 45.71 
Diopside 5.31 14.41 6.66 8.89 7.30 10.08 

En 
[ 1. 691 [ 3.59] [ 2.01] [ 2. 4~] [ 1. 98] [ 2.95] Fs 0.88 3.54 1.24 1. 98 1. 61 1. 98 

WO 2.73 7.28 3.41 4.52 3.71 5.15 
Hypersthene 21.10 39.93 37.15 22.96 20.04 31. 72 

En p~. 88] [20.11] [22.99] [12.59] [11. 07J [18.99J Fs .. 22 19.82 14.16 10.37 8.98 12.73 
Olivine 2.50 13.85 2.81 12.92 1. 88 

Fo 
[2. 5~] [ 8.80] [ 1.68] [ 6.77] [ 1. 081 Fa 0.00 5.04 1.14 6.15 0.80 

Chromite 0.00 0.39 0.65 0.37 0.56 0.29 0.68 
Ilmenite 0.28 2.32 2.32 1. 52 1. 79 3.42 3.42 
Quartz 0.12 2.54 
Nepheline 2.89 
Kalsilite 1. 30 
Corundum 0.27 
Rutile 0.50 * Previously reported analyses (see text). 



Table IV- l (Cont. ) 

72275 ,1 66 72275,83** 72275,83 72275,91** 72275,91 
Dark rind Dark Dark Pigeonite Pigeonite 
Clast #1 Clast #2 Clast #2 basalt basalt 

Si02 47.3 46 46.1 48 48.1 
Ti02 1.11 0 . 7 0.9 1.5 1.2 
A1203 18.2 19 . 8 19.5 13.9 13 . 1 
FeO 10.9 9.8 10 . 0 15 
MnO 0 .1 67 0.111 0.156 
MgO 9 .14 10.4 10.3 9.38 10 .7 
CaO 11. 2 12 . 3 11. 7 10.9 9 . 9 
Na20 0.63 0.38 0 . 29 
K20 0 .4 9 0.25 0.23 0 . 26 0 . 226 

H Cr203 0 . 27 0.24 0 . 46 
<:: 
I Total 99 .41 99 . 98 99 . 85 0'1 

orthoclase 2.90 1. 48 1. 54 
Albite 5.33 3 . 22 2.45 
Anorthite 45.39 51. 58 35 . 86 
Diopside 8.36 7.70 15.11 

En [ 2.28] [ 2. 2~] [ 3.63] 
Fs 1. 83 1. 48 3.87 
Wo 4.25 3 . 94 7.61 

Hypersthene 29.50 21.80 40 . 82 
En [16.37] [13. 2~J [19.73] 
Fs 13.13 8 . 59 21.08 

Olivine 5 .4 3 12.52 
Fo [ 2 . 88J [ 7 . 30J 
Fa . 2.55 5 . 23 

Chromite 0.40 0.35 0 . 68 
Ilmenite 2 .11 1. 33 2 . 85 
Quartz 0 . 55 

** Previously reported analyses for these two samples were interchanged (see text) • 
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Table IV-2. Trace element concentrations (ppm) for samples 
from 72215, 72235, 72255, and 72275. 

72215,64 72215,60 72215,47 · 72215,92 72215,76 72235,46 
Average Dark sugary Light gray Competent 99 % gabbroic Gray 
matrix gray material breccia gray breccia anorthosite breccia 

1 % Cl clast 

La 28 ±1 30 30 30 7.3 23 

Ce 73 ±2 81 76 79 18.3 58 

Sm 13.0 ±0.1 1 4.5 15.0 15.4 3.36 10.6 

Eu 1.34±0.03 1. 41 1. 44 1. 34 1. 00 1. 25 

Tb 2.3 ±0.2 2.6 2.7 2.6 0.66 2.1 

Yb 9.6 ±0.3 10.7 11.1 9.9 3.1 8.9 

Lu 1.32±0.OS 1. 45 1. 47 1. 25 0.44 1.2 

Co 23.8 ±0 .6 29.5 31. 6 23.0 11.9 24.0 

Sc 18.9 ±0.2 18.4 18.5 18.5 7.68 15.4 

Hf 9.4 ±0.4 9 .9 9.9 9.4 2.4 9 .5 

Ta 1.4 ±0.2 1.4 1.4 1.3 0.31 1.1 

Th 4.5 ±0.2 5.5 4.8 5.1 1. 30 4.0 

Ni 120 ±1 0 120 250 140 50±l0 190 

FeO (pct) 8. 45±0. 08 8 .2 5 8.57 8.19 4 .59 7.28 

.. 72235,36 72255,73 72255,79 72255,52* 72255,52 72255,64 72255,69* 
Gabbroic Sawdust Interior White to Gray to Medium Dark 

anorthosite chip light- medium gray material 
gray g ray material 

matrix matrix 

La 7.2 25 31 31 35 26 43 

Ce 20 62 79 80 94 69 95 

Sm 3.66 11. 7 15.7 15.5 16.5 13.2 20 

Eu 0.92 1. 26 1. 45 1. 49 1. 44 1. 32 1. 76 

Tb 0.66 1.9 2.8 3.8 3 .0 2.2 4.7 

Yb 2.91 8.55 10.5 11.6 12.3 9.04 14.8 

Lu 0.414 1.10 1. 34 1. 69 1. 66 1.15 2.25 

Co 43 .7 2530 28.9 28 25.6 26 . 6 21 

Sc 9.84 15.5 18.2 19.8 18.3 17.3 19.5 

Hf 2.2 9.1 11. 2 9.8 10.4 9.9 13.1 

Ta 0.5 1.5 1.6 1.0 

Th 1.6 6.6 5.4 5.8 4.3 

Ni 500 7700 260 150 180 

FeO (pct) 6.06 9.38 8.48 8.35 8.02 

* Previously reported analyses (see text). 
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Table IV-2 (Cont.) 

72255,45 72255,45 72255,42* 72275,57 72275,57* 72275,101 72275,76* 
White from Black from Civet Matrix Matrix Sawdust Light 
black and black and Cat core 
white clast white clast clast Clast #l 

La 1.15 40 16 50.5 4 7 38 4 8 

Ce 2.68 102 46 130 150 104 131 

Sm 0.39 18 .8 7.6 24 . 6 24.5 19.1 22.5 

Eu 1. 39 1. 53 1. 75 1. 57 1. 67 1. 46 1. 81 

Tb 0.08 3.4 1.9 3.9 6.1 3.4 4.7 

Yb 0.202 14.2 6.6 15.0 15.1 13.3 13.9 

Lu 0.030 1. 88 1. 01 2.01 2.21 1. 74 2 . 04 

Co 0.33 24.9 29 30.4 27 226 18.7 

Sc 0.45 20.1 13.2 44.7 39 30.6 25 

Hf 0.10 14.2 5.5 l6.5 14.0 14.1 14 

Ta 1.7 1.7 1.6 

Th 6.6 6.1 5.6 

Ni 140 75 950 

FeO (pet) 0 . 13 8.77 14.2 11 . 8 

72275,80* 72275,166 72275,83* 72275,91* 
Dark rind Dark rind Dark pigeonite 
Clast #l Clast #l Clast #2 basalt 

La 78 78 41 48 

Ce 220 206 112 131 

Sm 35.5 36.3 18 .7 23 

Eu 2.18 2.10 1. 50 1. 58 

Tb 7.6 6.7 3.8 4.5 

Yb 23 25.4 12.1 11. 9 

Lu 3.5 3.5 1. 82 1. 75 

Co 28 22.5 30 37 

Sc 34 26.3 28 61 

Hf 19.8 25.1 13.7 18 

Ta 3.5 

Th 12 . 8 

Ni 130 

FeO (pet) 10.8 

*Previously repo rted analyses (s ee text). 
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the black rind material which is so rich in the typical KREEPy 
elements may be or contain a product of partial melting during 
the brecciation process because it falls outside of the compo
sitional range that can be produced by simple mixing of the 
suggested primary rock types. Other samples qualify as mixtures, 
principally of gabbroic anorthosite, "Civet Cat" norite, and 
pigeonite basalt. An exception is 72275,76, which appears to be 
petrographically and chemically a mixture of gabbroic anortho
site and enclosing black rind. 

REFERENCES 

Vol. 1 is a reference to: 

Consortium Indomitabile (J.A. Wood, Leader) (1974). Inter
disciplinary Studies of Samples from Boulder 1, Station 2, 
Apollo 17, Vol. 1, printed at the Smithsonian Astrophysical 
Observatory, Cambridge, 191 pp. 

Appendix IV-I. Physical description of samples analyzed. 

Sample Weight (mg) 

72215 

72215,47 127.5 

72215,60 597.9 

72215,64 627.8 

72215,76 89.01 

Description 

Light-gray breccia at west end of slab. 
3 small chunks; no saw marks; homogenized 
for INAA and AAS. 

Dark sugary gray material in knob and slab. 
3 chunks; no saw marks; some gray matrix on 
one piece. Gray material removed from 1 
piece; 3 pieces homogenized-- 513.29 mg to 
Reynolds, rest for INAA and AAS. 

Ordinary breccia (average matrix of slab). 
5 small chips, 1 saw marked; sawed chip 
was broken and sawed surfaces removed; re
maining material was combined with the 4 
other chips and homogenized. 388.42 mg sent 
to Reynolds, rest for INAA and AAS. 

99% gabbroic anorthosite, 1% cl-type clast 
(holocrystalline clast in GA). 3 chips, 1 
with sawed tip. Sawed chip was coarse 
crushed and sawed surface removed. Other 
chips were added, homogenized, and sampled 
for INAA and AAS. 
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Sample 

72215,92 

72235 

72235,36 

72235,46 

72255 

72255 , 42 

72255 , 45 

72255 , 52 

Weight (mg) Description 

796 . 3 Competent gray breccia in knob. 

112.0 

168 . 6 

8 chunks , fine- grained; no large clasts; 
1 chunk saw marked . Sawed chip coarse 
crushed and sawed surfaces picked away . 
Remaining material homogenized-- 528 . 7 
mg to Reynolds, rest to INAA and AAS . 

Gabbroic anorthosite . 
Many small fragments ; no saw marks; fine
grained. Crushed to finer than coarse , 
sampled for INAA and AAS . 

Gray breccia within clast . 
Angular chunk ; no saw cuts ; variegated gray
white lenses and streaks; dark clasts up to 
2 mm . Piece was crushed to homogenize 
material, then sampled for INAA and AAS. 

Civet Cat clast . 
Several chips , some free of matrix , one 
saw marked . Anders removed a 63 mg chip . 
Reynolds was sent a 225 . 3 mg chip . Re
maining chips were cleaned of matrix 
(sawed chip was separated) and ground for 
RNAA (159 . 9 mg) and AAS (20 mg) (first 
analysis) . Remaining material, mostly 
matrix (including sawed chip), was ground 
for AAS (10 mg) . 

Black and white material with some matrix . 
Anders too k 19 mg chip of white material 
and 45 mg chip of black material . White 
material was separated from the dark mate 
rial and bot h from adhering matrix . Dark 
may have a fraction of a percent of white 
material , but the white is entirely free of 
dark material . White and dark homogenized and 
sampled for INAA and AAS . 

12 chips of white , 40 medium gray matrix , 
fine - grained . Anders took a 71 mg chip . 
Lighter material separated from darker-
Reynolds sent 406 . 6 mg of lighter material . 
Remaining lighter chips ground for RNAA and 
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Sample 

72255,52 
(cont. ) 

72255,64 

72255,69 

72255,73 

72255,79 

72275 

72275,57 

72275,76 

72275,80 

72275,83 

Weight (mg) 

188.2 

-130 

86.5 

2.048 g 

Description 

AAS (first analysis). Darker material was 
crushed and picked free of sawed material 
and sampled for INAA and AAS (second 
analysis). 

3 chips, 2 sawed~ medium gray material, 
uniform. Crushed unsawed chip for INAA. 
Same chip sampled for AAS. 

Single chip of dark, homogeneous material. 
Ground for RNAA, first and second AAS 
analyses . 

Sawdust. Sampled for INAA and AAS. 

Interior chip. Coarse crushed and sampled 
for INAA and AAS. 

Very uniform gray matrix, 1 sawed face. 
Anders took 120 mg chip. Sawed face re
moved. About 250 mg ground for RNAA and 
AAS (first analysis). Fragment chipped 
from remaining material for INAA. Sample 
for second AAS taken from the same powder 
as the first. 

Several chips, some dark, most lighter. 
Anders picked 74 mg chip(s). Entire sample 
ground to fine powder. Reynolds was sent 
273 mg. 72.31 mg for RNAA, 22.16 mg for 
AAS. 

3 chips: (1) very dark material with some 
light surface material; (2) small, mostly 
gray material; and (3) mixture of gray and 
very dark material. Anders took 104 mg chip 
from (1). Dark material sampled for RNAA 
and AAS . Remaining 212 mg sent to Reynolds. 

Several chips of very uniform dark black 
material. Anders took one chip, 96 mg. 
Light material removed from 1 piece. Re
maining sample ground and 157.9 mg sent to 
Reynolds. Same powder used for RNAA, AAS, 
and second AAS. 
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Sample 

72275,91 

72275 , 101 

72275,166 
,1 67 

Weight (mg) Description 

Basalt material, very homogeneous . 
Some light material removed, then 67 mg 
split off for Anders . A chip ground for 
RNAA, another for AAS, and 190 mg sent 
to Reynolds . Some remaining material 
sampled for AAS (second analysis) . 

Sawdust sampled for INAA and AAS . 

Samples , 166 (Reynolds) and 167 (Haskin) 
were combined . - 180 mg of white material 
was removed and returned to Reynolds . 
-250 mg of dark rind material was homo
genized and -200 mg sent to Reynolds . 
Same powder was sampled for INAA and AAS. 
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V. U-Th-Pb-SYSTEMATICS OF APOLLO 17 BOULDER 1, STATION 2 

P.D. Nunes and M. Tatsumoto 

u.S. Geological Survey 
Federal Center 

Denver, Colorado 80225 

The following Boulder 1 samples were analyzed for U, Th, and 
Pb concentrations and for Pb isotopic compositions: 

72215,15 
72215,15 
72215,51 
72215,68 

Dark clast 
Light-gray breccia 
Dark sugary gray breccia 
Ordinary breccia 

These new data supplement our previous work on Boulder 1 samples 
72275 and 72215 (Nunes and Tatsumoto, Vol. 1; Nunes et al., 1974). 

CONCENTRATION DATA 

The 72215 clast and matrix samples so far analyzed have 
rather high U, Th, and pb concentrations (Table V-I) similar to 
the matrix samples of 72275 and 72255. These concentration data 
and associated high 238U/204 Pb ratios reflect a substantial 
KREEP component. 232Th/238 U values of 72215 samples are about 
3.8--a value typical for lunar highlands samples and all mare 
basalts yet analyzed, with the exception of the Apollo 17 basalts. 

AGE RELATIONSHIPS 

The data from Tables V-I and V-2, in addition to previous 
Boulder 1 data (Nunes et al., 1974), are plotted on a concordia 
diagram (corrected for:primordial Pb) in Figure V-I [new decay 
constants of Jaffey et ale (1971) were used]. The new data en
hance the linear trend we previously documented for Boulder 1 
(Nunes et al., 1974). These data reflect one or more "pre-Imbrium" 
(-4.0 b.y.-old) events which occurred $-4.5 b.y. ago. The Civet 
Cat clast (72255,49, Figure V-I) is the only sample which plots 
above concordia, yielding clear evidence of Pb gain relative to U. 
The remaining data all plot within error of the flat portion of 
concordia, making it impossible to uniquely interpret the obtained 
ages. The spread in the nearly concordant data could be inter
preted as reflecting: (1) Pb mobility resulting from one or more 
thermal "event (s)" [impact (s) ?] --the younges t being ::; 4.18 b. y. 
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old (the "age" of matrix sample 72275,73); (2) a mixing of ma
terials of originally different ages; or (3) a combination of 
mechanisms (1) and (2). The excess pb in the Civet Cat clast 
above concordia indicates that mechanism (1) has been operative 
to some extent. l'Jhether or not mechanism (2) has occurred to any 
significant extent is not yet clear. It is interesting that the 
sample with the youngest apparent age (72275,73) is the most 
porous sample so far analyzed (Hallam, Vol. 1), in contrast to 
the other more coherent samples. This observation suggests that 
Pb loss may be more efficient in porous material. The cluster of 
data in the -4.28 b.y. region of concordia mayor may not reflect 
a distinct event at that time. 

REFERENCES 

C0nsortium Indomitabile (J.A. Wood, Leader) (1974). Interdisci
plinary Studies of Samples from Boulder 1, Station 2, Apollo 
17, Vol. 1, printed at Smithsonian Astrophysical Observatory , 
Cambridge, 191 pp. 

Jaffey, A.A., Flynn, K.F., Glendenin, L.E., Bentley, W. C. , and 
Essling, A.M. (1971). Precision measurement of half-lives 
and specific activities of 235 U/238U• Physics Reviews, 
vol. 4, p. 1889. 

Nunes, P.D., Tatsumoto, M., and Unruh, D.M. (1974). U- Th- pb 
systematics of some Apollo 17 lunar samples and implications 
for a lunar basin excavation chronology. Proc. Fifth Lunar 
Science Conference, Geochim. Cosmochim. Acta, Suppl. 5 (in 
press) . 

Vol. 1 is a reference to Consortium Indomitabile (J.A. Wood, 
Leader) (1974), above. 
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Table V-I. Concentrations of U, Th, and Pb in some Apollo 17 whole-rock samples from Boulder 1. 

Concentrations (ppm) 

Weight 
23 2Th/ 23 8U 238U/204Pb Sample Description Run (mg) U Th Pb 

72215,15 Dark clast Cl 46.1 1. 408 (4.633) 2.987 (3.40) 

72215,15 Light-gray Cl 4 6 .0 1. 232 (4.081) 2.464 (3.42) 
breccia 

*C2 85.5 1.369 5.084 2.743 3.84 

72215,51 Dark sugary Cl 48.8 1.31-6 4.871 2 . 936 3.82 
gray breccia 

*C2 98.1 1. 290 4.635 ** 3.71 

72215,68 Ordinary Cl 55.0 1.272 4.656 2.658 3.78 
breccia 

*C2 101. 8 1.179 4.327 2.371 3.79 

*Totally spiked sample data; other data were spiked after solution aliquoting . 

**Underspiking and uncertainty in the sample 208Pb/ 206 Pb yielded poor Pb 
concentration data. 

Data in parentheses uncertain owing to poor Th concentration data. 

2801 

3227 

1876 

2069 

** 

1010 

24.57 
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Table V-2. Isotopic composition of Pb in some Apollo 17 whole-rock samples from Boulder 1. 

Observed ratios* 

Sample Description 

206 b 
Weight P 

Run (mg) 204Pb 

207Pb --
204 Pb 

208Pb 
----

204 Pb 

72215,15 Dark clast P 49.8 1402 786.6 1363 

C 46.1 1118 628.7 

72215,15 Light-gray P 48.5 1593 837.3 1545 
breccia 

Cl 46.0 1040 549.3 

tC2 85.5 1382 714.6 

72215,51 Dark P 47.3 505.7 293.2 498.1 
sugary 
gray Cl 48.8 1010 580.1 
breccia 

tC2 98.1 1059 628 

72215,68 Ordinary P 37.2 933.0 514.2 902.2 
breccia 

Cl 55.0 662.9 366.9 

tC2 101. 8 1716 891. 5 

P composition run; C concentration run 

Corrected for analytical blank** 

206 Pb 
--

204Pb 

4491 

2730 

207Pb 

204 Pb 

2508 

1528 

208Pb 
-----

204Pb 

4323 

(36,540) (19,073) (34,980) 

3016 1581 

1752 904.7 

686.0 396.0 668.4 

2094 1198 

1218 720.8 

2899 1586 2759 

979.1 539.3 

2306 1196 

207Pb 

206 Pb 

0.5584 

0.5596 

0.5220 

0.5226 

0.5163 

0.5772 

0.5720 

0.5920 

0.5471 

0.5508 

0.5186 

208Pb 

206 Pb 

0.9625 

0.9573 

0.9744 

0.9520 

*Raw data corrected for mass discrimination of 0.15% per mass unit. 208Pb spike contribution 
subtracted from concentration data. 

**Pb blanks were 2.1 ng for the solution aliquoted data and 1.05 ng for the totally spiked data. 

tTotally spiked runs from solid sample splits; other runs were obtained from samples which were 
divided from solution. 

Data in parentheses subject to extreme error owing to Pb blank uncertainty. 
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VI. RARE GAS STUDIES OF BOULDER 1 ROCKS 72255 AND 72275 

Abstract 

D.A. Leich, S.B. Kahl, A.R. Kirschbaum, 
S. Niemeyer, and D. Phinney 

Department of Physics 
University of California 

Berkeley, California 94720 

Rare gas analyses have been performed on both neutron-ir
radiated and unirradiated samples of rocks 72255 and 72275. 40 Ar _ 
39 Ar plateau ages for the Civet Cat clast and for a sample of 
adjacent matrix from rock 72255 are 4.01 ± 0.03 b.y. and 3.99 ± 
0.03 b.y., respectively, probably placing the formation of the 
boulder in the Serenitatis event. No datable features were ob
served in the release patterns for samples from rock 72275, 
although a lower limit of 3.96 b.y. is indicated. Cosmic ray ex
posure ages obtained by the 81 Kr - Kr method are 44.5 ± 2.9 m.y. and 
54.3 ± 1.9 m.y. for rocks 72255 and 72275, respectively. Ages 
estimated from the abundance of cosmogenic 38Ar are in good agree
ment with the 81 Kr- Kr ages, but production rates for cosmogenic 
3He , 21 Ne , and 126 Xe have apparently been significantly lower than 
surface production rates, leading to low ages based on these 
isotopes. The pattern of slightly lower exposure ages for rock 
72255 than for 72275 is probably indicative of a difference in the 
degree of shielding experienced by the two rocks; however, incom
plete chemical data and apparent sampling inhomogeneity prevent 
detailed interpretation of the isotopic evidence for differential 
shielding. 

INTRODUCTION 

We had the following primary objectives in performing rare 
gas analyses of Consortium Indomitabile samples: 

1. Complete study of rare gas components: trapped, radio
genic, and cosmogenic 

2. Determination of the irradiation histories of the 
several rocks to the extent possible from various cosmogenic gases 

3. A study of the dependence of.production rates for cosmo
genic rare gas isotopes on variation in target element abundances 

4. 4oAr-39Ar dating and trace element neterminations on 
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neutron-irradiated samples. 

SAMPLES AND EXPERIMENTAL PROCEDURE 

Instead of the original plan of homogenizing each parent 
sample and distributing aliquots among Anders, Haskin, and 
Reynolds, a chip judged to be representative under microscopic 
examination was sent to Anders, and the remainder was divided 
between Haskin and Reynolds as indicated in Table VI-I. Thus, 
the only chemical data measured on aliquots of our samples are 
the data of Haskin et al. (Vol. 1) on the clasts of rock 72275. 
For the matrix and CIvet Cat samples we must rely heavily on the 
assumption that the parent samples were sufficiently homogeneous 
that the chips allocated to Haskin and Reynolds were at least 
very similar in their chemical compositions. We have crushed our 
portions of these samples prior to subdivision into duplicate 
sets of samples . One set was irradiated in the U.S. Geological 
Survey TRIGA reactor at Denver, Colorado . The neutron-irradiated 
samples were analyzed using the system designated "BMS2" in 
Alexander and Davis (1974), using the experimental procedures and 
data reduction techniques reported there . Unirradiated samples 
were analyzed in a separate system (BMS4) using procedures sim
ilar to those described by Srinivasan (1973) and Hohenberg et al. 
(1970) . -- --

NEUTRON-IRRADIATED SAMPLES 

We have final results for six of seven n-irradiated Consor
tium samples . The age monitor for 40 Ar_39 Ar dating is a sample 
of the st. Severin meteorite, irradiated along with the lunar 
samples . The irradiation also included K2S04 and CaF2 monitors. 
The 40 Ar_39 Ar ages, K contents, and Ca contents of our samples 
are thus independent of systematic errors in our measurements of 
absolute gas amounts . 

We have found evidence that gas amounts measured on the 
BMS2 system are systematically too high , resulting in high 38Ar _ 
Ca exposure ages. For this reason, exposure ages for the 
irradiated samples do not appear in Table VI-6, where the ex
posure ages for the unirradiated samples are tabulated. The 
offset will be calibrated, and the ages corrected in the final 
Consortium report next spring . 
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Table VI-I. Samples from rocks 72275 and 72255. 

Sample number Sample description 

72275,57 Matrix; chips and powder 

72275,76 Light interior, clast #1 {Marble Cake}; 
aliquots shared with Haskin 

72275,80 

72275,91 

72275,166 

72255,42 

72255,52 

Dark rim, clast #1 {Marble Cake}; 
aliquots shared with Haskin 

Clast #5 {basalt clast}; aliquots shared 
with Haskin 

Dark rim, clast #1 {Marble Cake}; 
aliquots shared with Haskin 

Civet Cat clast; single chip and powder 

Matrix; chips and powder 
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Ages 

Figure VI-l is a conventional 40 Ar_39 Ar release pattern for 
72255,42, the Civet Cat clast. The plateau is clear-cut and 
corresponds to an ~pparent age of 4.01 ± 0.03 b.y. (10). The 
K/Ca ratio and the release of cosmogenic Ar in the plateau 
temperature steps are well-behaved. We therefore accept the 
apparent age as documentation of a significant event in the 
history of the Civet Cat clast. Since the 4.18 b.y. Rb-Sr iso
chron for this clast (Compston and Gray, Vol. 1) has been iden
tified with its formation, we tentatively assign the 40 Ar_39 Ar 
age to the time of brecciation of 72255. This assignment is 
within error of the time deduced for the Serenitatis impact 
(see, e.g., Turner et al., 1974) and is not inconsistent with 
other arguments (see; e.g., Stoeser et al., Vol. 1) that the 
source-crop for Boulder 1 Station 2-WaS-laid down in the 
Serenitatis event. The 46 Ar_39 Ar release pattern of 72255,52 
(Figure VI-2) has a datable intermediate temperature feature 
which gives an age of 3.99 ± 0.03 b.y., in agreement with the age 
of the Civet Cat clast. 

The 38Ar- Ca exposure age for both 72255 samples is 64 ± 10 
m.y. As explained above, this number is subject to change, 
pending the outcome of a series of system calibrations. 

In contrast to 72255, none of the 72275 samples analyzed 
has yielded a meaningful age with the 40 Ar_39 Ar method. Figure 
VI-3 shows a typical release pattern. The "drop off" at 1000°C 
is a consistent feature in all the 72275 samples, and it is 
accompanied by a significant change in the K/Ca ratio. Assuming 
that 72275 is the same age as 72255, this behavior (1) signals 
the onset of outgassing from at least one new mineral phase and 
(2) suggests that the second mineral has suffered 4oArradiogenic 
loss. It thus appears that mineral separates will provide the 
only means of dating 72275 by the 40 Ar_39 Ar dating technique. 
For the purpose of calculaing radiogenic He and fissiogenic Kr 
and Xe in the unirradiated aliquots of these samples, we have 
used an age of 3.96 b.y., the average of ages derived formally 
from the 80ifand 900 0 steps in the release curve. 

There is also an abrupt increase in the (38Ars allation/Ca) 
ratio in the 72275 samples at -lOOO°C. This indica~es that an 
Fe-enriched mineral (pyroxene?) becomes the dominant outgassing 
phase at this temperature. The resulting scatter in (38Arspallation/ 
Ca) ratios makes it difficult to assess the 38Ar-Ca exposure ages 
for these samples. Based only on 1200o-1400°C data from our 
samples, we find an age of 94 ± 15 m.y. covers all the cases, 
subject as before to correction when final calibration data are 
available. 

VI-4 



t- . 

)0-

.. 
.. 

... 

" t , 

'f 

~ 

... 
.... 

.. 

------~----~------r_----~----~------~----_r------~----~-----14.3 

4 
600 L 

14 

16 

5001 -
5 

8 9 10 11 12 14.0 ~ t=::j 

6 

I.... 4001~ 
<{ 

" ~ 
'-4: 300· -
" o .. 

200 .--

100 

01 
0 

600 

500 
4 

..... 400 
« 
" 0-
M 

---
r=-s 
f-

4: 300 . 
'2i 

200 

-

100 -

-

6 

I 
0.1 

1 

I o 
o 0.1 

Figure VI-l (above). 

Figure VI-2 (below). 

72255,42 

Plateau age = 4.01 ± 0.03 by 

1 I I I 1 I I 

>-
3.5...ci 

(1)

Cl 
o 
C 

3.0 ~ o 
a. 
a. 
« 

2.5 

2.0 

l.0 

]0 
0.2 0.3 0 .4 0.5 0.6 0.7 O.B 0.9 l.0 

Cumulative fraction 39* Ar 

1 I I 1 I 

8 9 10 

7 I I 11 

72255,52 

Plateau age = 3.99 ± 0.03 by 

I I I I 

1 1 1 

16 

14 

12 I 

4.3 

4.0 

>-
3.5 ...ci 

(1)-

Cl 
o 
c 

3.0 ~ 
o 
a. 
a. 
« 

2.5 

2.0 

l.0 

0.2 0.3 0.4 0.5 0.6 0.7 O.B 0.9 
o 

l.0 

Cumulative fraction 39 * Ar 

Argon release from irradiated aliquot of 
72255,42 (Civet Cat) clast. 4o*Ar is radio
genic argon. 39*Ar is kaliogenic argon 
resulting from the neutron irradiation. 
Numbers adjacent to each step are extraction 
temperatures in 100°C. width of each step 
"box" corresponds to the uncertainty in 
4o*Ar/ 3 *Ar. 

Argon release from irradiated aliquot of 
72255,52. See above for explanation of symbols. 



600 

500 

.... 400 
<t: 
* 0-
M 

-------
.... 

<t: 300 
* o ... 

200 

100 

7 

6 

4 
- 5 

8 9 

70 
17 

72275,57 

4.3 

4.0 

>-
3.5 ...0 

Q)' 

C> 
a 
"E 
Q) 

3.0 C 
0. 
0. 

<t: 
2.5 

2.0 

j .0 

01 I I I I I I j 0 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 .9 1.0 

Cumu lative fraction 39*A r 

Figure VI-3. Argon release from irradiated aliquot of 72275,57. 
4o*Ar is ragiogenic argon. 39*Ar is kaliogenic 
argon resulting from the neutron irradiation. 
Numbers adjacent to each step are extraction 
temperatures in 100°C. width of each step "box" 
corresponds to the uncertainty in 4o*Ar/ 39 *Ar . 



" 

.. 
.. 
.. 

'" 

I' 
v 
, 

~ 
I 

.r 

I· 
I 

T 

to 

.,. 

Element Concentrations 

Table VI-2 summarizes elemental concentration results de
rived from our n-irradiated samples. The K results agree fairly 
well with those of Haskin et ale (Vol. 1) except for the Civet 
Cat clast. The Ca abundances-run about 15% lower than the Haskin 
et ale numbers, except for the Civet Cat, which is -15% high. As 
wilr-be discussed later, chemical heterogeneity (at least for Ca) 
cannot be ruled out. The relative U amounts between 72255,42 and 
72275,91 may also reflect sample heterogeneity. Our result 
[U(72275,9l)/U(72255,42)] is a factor of three lower than that 
of Morgan et ale (Vol. 1) . 

There are as yet no Ba abundances available for comparison 
with our results. The Br and I amounts are included only for 
the sake of completeness. These values represent only the re
tentively sited Br and I since no attempt was made to measure 
the Br- and I-related gases lost in the irradiation and sample 
handing. 

Trapped Ar 

Samples from 72255 have a higher proportion of trapped to 
cosmogenic Ar than the 72275 samples. These may be the result 
of contamination by a few lunar dust grains. On the other hand, 
the effect could be due to trapped gases incorporated when 
72255 began to retain Ar (i.e., 4.00 b.y. ago); such trapped Ar 
would be from an ancient solar wind exposure or an indigenous 
lunar Ar. 

We expect to have at least the contamination aspect of this 
problem resolved by the final Consortium report. 

RARE GAS ANALYSIS OF UNIRRADIATED SAMPLES 

After removing the amounts of sample necessary for the 
neutron irradiations described in the preceding section, rare 
gas analyses were performed on the bulk of the remaining material. 
Gases were extracted in one-, two-, or three-step temperature 
runs, with the last temperature step always being at l6S0°C for 
1/2 hour. Air calibrations were performed before and after each 
sample and used to interpolate sensitivities and mass discrim
inations. The preliminary data presented in Table VI-3 have been 
derived from the raw data by first applying mass-discrimination 
and blank corrections and then summing the temperature fractions. 
One-half the blank correction has been added as an error. Con
centration errors include an uncertainty due to deviations in 
sensitivity, but do not include an absolute calibration un
certainty which is estimated to be ±10%. Data for the individual 
temperature fractions have been omitted to conserve space, since 
only the total analyses are relevant to the present discussion . 
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Helium 

Helium data are of limited validity since the Pyrex glass 
used in the construction of the mass spectrometer and some por
tions of the sample extraction system is permeable to helium. 
Consequently, the blank corrections to the measured He abun
dances tend to be rather larg e. Nevertheless, !tHe abundances in 
the blanks are quite consistent, so the blank-corrected He 
contents should be fairly reliable. Using uranium concentrations 
measured by Morgan et ale (Vol. l) and Th/U ratios from Nunes and 
Tatsumoto (Vol. l) we have estimated a radio~enic component of 
He (from a-decay of U and Th) based on !t° Ar- 9 Ar ages of 3.96 
b.y . for 72275 and 4.00 b.y. for 72255. Except for the Civet Cat 
clast (72255,42), the measured !tHe abundances are lower than the 
calculated radiogenic components by significant amounts (30-50% 
lower). For the Civet Cat, however, there is an apparent 40% 
excess of !tHe. While this apparent excess could represent a 
He-U-Th age significantly greater than 4 b.y. or a significant 
concentration of trapped helium, we have several reasons to sus
pect that the U content of our Civet Cat sample is somewhat 
higher than in the sample measured by Morgan et ale First, the 
K/U ratio (based on U from Morgan et ale and ~from Haskin et al., 
Vol. 1, or from the n-irradiated portIOns of our own sampleS) -
appears to be a factor of two or three higher in the Civet Cat 
than in any other sample from either rock. Second, Nunes and 
Tatsumoto (Vol. l) measured a U content in a Civet Cat sample 
~60% higher than Morgan et ale Third, xenon analyses of n
irradiated portions of our own 72275,91 and 72255,42 samples 
imply a relative U content of (1.9 ± 0.6}:1 instead of 6:1 as in 
the analyses reported by Morgan et ale on chips of these same 
sam~les. For these reasons, we conclude that the apparent excess 
of He in our sample of 72255,42 is most probably due to - a higher 
U content in our chip. This conclusion results in a simple 
picture of partial loss of radiogenic helium by diffusion over 
the last 4 billion years. Although appreciable amounts of trap
~ed helium might be present, we assume that all of the measured 

He abundances are spallogenic. The resulting exposure ages, 
using 'a production rate of 1.0 x 10-sccSTP/g-m.y. range from 24 
to 50 m. y. 

Neon 

The 20~~/22Ne ratios listed in Table VI-3 have been correct
ed for !teAr • Due to the high relative abundances of !teAr com
pared to 20Ne in these samples, this correction was, at times, 
quite large. Consequently, the errors in the 2o Ne/22Ne ratios 
for a few of these samples are dominated by the uncertainty in 
this correction. (Half the correction has been added as an error.) 
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Table VI-2. Elemental concentrations in irradiated samples. 

K(wt. %) 

Ca(wt. %) 

Br* (relative 
amounts) 

1* (relative 
amounts) 

Ba (relative 
amounts} 

U (relative 
amounts) 

72255,42 

0.120 
±.003 

7.51 
±.10 

1. 00 

1. 00 

1. 00 

1.00 

72255,52 

0.204 
±.004 

7.07 
±.09 

72275,57 72275,76 72275,83 72275,91 

0.221 0.290 0.200 0.205 
±.004 ±.005 ±.004 ±.004 

6.84 8.59 7.01 6.74 
±.10 ±.Oll ±.09 ±.010 

1.00 ± .05 

1.90 ± .11 

1.66 ± .08 

1.91 ± .60 

*The amounts do not include bromo-and iodogenic rare gases lost during sample 
irradiation and handling. They thus probably represent only the retentively 
sited Br and I. (See Davis et al., 1971 and Alexander et al., 1972 for a 
complete discussion.) -- -- ----

, 



Table VI -3. Rare gas analyses of unirradiated samples. 

72275,57 

3 He 43.6 
(x 10- B cCSTP/g ) ±3 . 1 

4 He 15.72 
(x 10- 4 ccSTP/g) ±1.19 

22Ne 4.897 
(x 10- BccSTP/g) ±.094 

20Ne/22 Ne 1.32 
±.61 

2 1Ne/22Ne 0.859 
±.0092 

3G Ar 4.36 
.(x 10- BccSTP/g ) ±.22 

3BAr/ 3G Ar 1.324 
±. 012 

40 Ar /3G Ar 2488 
±I55 

B4 Kr 106.1 
(x 10- 12CCSTP/g) ±3.1 

72275,76 

26.06 
±1 . 84 

13 .19 
±1.15 

7.351 
±.145 

3.896 
±.086 

0 .644 
±. 0097 

6.63 
±. 33 

1.100 
±. 014 

2690 
±l70 

416 
±25 

72275,80 

36.5 
±2.9 

23.4 
±2.4 

9.48 
±.164 

6.405 
±.116 

0 . 4376 
±.0058 

22.1 
±1.1 

0.4296 
±. 0075 

1288 
± 81 

559 
±24 

7BKr/B 4Kr 0.23 25 0 . 0637 0.0667 
±. 0070 ±. 0019 ±.0022 

BO Kr/ B4 Kr 0.611 0 .2 019 0.2066 
±. 016 ±.0 071 ±.0062 

B1Kr/ B4 Kr 0.00372 0.00100 0.00097 
±.00016 ±. 00013 ±.00023 

B2Kr/ B4 Kr 0.960 0.4151 0.4119 
±. 025 ±.0085 ±.0083 

B3 Kr/B4 Kr 1.208 0.4829 0.4697 
±. 047 . ±. 0099 ±.0103 

BG Kr/B4 Kr 0.2012 0 .2743 0 .2 777 
±. 00 30 ±.0 015 ±. 0018 

132Xe 50.11 137.2 209.1 
(x 10- 12CCSTP/g) ±.70 ±2 .1 ±5.1 

124 Xe/132 Xe 0 . 3276 0.1049 0.1116 
±. 0032 ±. 0013 ±.0021 

1 2G Xe/1 32 Xe 0 . 5575 0.1800 0.1924 
±. 0049 ±. 0022 ±.0033 

12B xe/132 Xe 0.8636 0.3301 0 . 3522 
±. 0053 ±.0031 ±.0056 

1 29 Xe/ 1 32 Xe 1 .359 5 1.0808 1 . 096 
±. 0059 ±.0053 ±.011 

1 30xe/1 32 Xe 0.6014 0.2953 0.3119 
±. 0029 ± .0022 ±.0042 

131 xe/132 xe 2.9320 1.4665 1 .5 16 
±. 0115 ±.0078 ±. 032 

13 4xe/132 xe 0.3230 0.3837 0 .3641 
±.0012 ± . 0022 ±.0074 

13 Gxe/13 2xe 0.2828 0.3348 0.3290 
±.0012 ±.0018 ±.0023 

72275,91 72275,166 72255,42 

50.1 
±5.1 

11 . 58 
±1. 58 

4.10 
±.22 

1. 0084 
±.0078 

0.995 
±. 055 

5.24 
±.29 

1. 201 
±.035 

2117 
±115 

181 
±45 

33.6 
±2.6 

27.0 
±2 . 3 

5.160 
±.100 

1. 81 
±1. 07 

0 . 829 
±.009 

5 . 94 
±.29 

1.1214 
±. 0078 

4434 
±263 

445.9 
±I0.2 

0 . 081 0 . 0832 
±.017 ±.0016 

0.271 0.2724 
±.058 ±. 0039 

0.00125 0.00128 
±.00065 ±. 00006 

0 .565 0 .4 822 
±. 090 ±.0052 

0.672 0 . 5530 
±. 115 ±.0067 

0.260 0.2729 
±.013 ±.0009 

72.5 223.7 
±8.8 ±2.8 

0.192 0.1279 
±.023 ±.0014 

0.315 0.2186 
±. 038 ±.0023 

0 . 538 0.3795 
±.056 ±; 0036 

1.213 1.0996 
±.029 ±. 0050 

0 .4 12 0.3295 
±. 032 ±.0019 

2.08 1.6136 
±.16 ±. 0078 

0.3582 0 . 3776 
±.0051 ±.0012 

0.3115 0 . 3308 
±.0024 ±.0010 

24.36 
±1. 68 

4.36 
±. 81 

3 . 933 
±.096 

0.992 
±.066 

0.865 
±.014 

3.95 
±.20 

1. 261 
±.024 

1703 
±86 

217 
129 

0.0337 
±. 0023 

0.1123 
±.0078 

0.00085 
±.00029 

0.313 
±.012 

0.364 
±.016 

0.2835 
±.0038 

81. 9 
±2.9 

0.0483 
±.0019 

0 . 0828 
±.0034 

0.1897 
±.0054 

1.0038 
±.0060 

0.2211 
±. 0038 

1. 055 
±.012 

0.3810 
±. 0042 

0 .3 329 
±.0028 

72255,52 

27.3 
±2.1 

12 . 02 
±1. 07 

5 . 072 
±.095 

3.000 
±.129 

0 .6913 
±.0086 

7.59 
±.38 

0.729 
±.011 

1787 
±113 

294.5 
±8 . 1 

0.05259 
±.00070 

0.1632 
±.0020 

0.00100 
±.00008 

0 . 3703 
±.0026 

0.4275 
±.0032 

0.2806 
±. 0009 

92.27 
±1.39 

0.1017 
1.0016 

0.1788 
±.0020 

0.3194 
±.0035 

1. 0827 
±.0050 

0.2974 
±.0014 

1.3554 
±.0087 

0.3822 
±.0020 

0.3343 
±.0020 

Isotopic ratios include all known sources of error (at the 10 level), including un
certainties in the mass-discrimination and blank corrections. Abundances include 
all errors except an untabulated uncertainty in the absolute calibration which is 
estimated to be ±10%. 
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2I Ne/12 Ne ratios near unity for most of these samples indicate 
that most of the 2INe is spallogenic; however, a small correc
tion for trapped 2INe has been applied to obtain the abundances 
of spallogemic 2INe listed in Table V!-4. (The term "cosmogenic" 
includes products of spallation reactions as well as possible 
products of secondary particle reations.) Production rates were 
calculated based on Mg, Si, AI, and Na abundances taken from 
Haskin et al. (Vol. 1) and yield exposure ages ranging from 18-
37 m.y.--These are the lowest radiation ages inferred from the 
rare gas measurements in this report. While low 2INe exposure 
ages can easily be explained by gas loss, it is difficult to 
accomodate higher 3 He exposure ages with such an explanation. 
It appears more likely that the cosmogenic prod.uction rates for 
both isotopes have suffered from shielding effects, with the 
reduction from surface production rates being more pronounced 
for 2INec than for 3 Hec • 

Argon 

The 38Ar/36Ar ratio was used to partition these isoto~es 
between trapped (38Ar/36 Ar ~ 5.32) and s~allogenic (38Ar/3 Ar ~ 
0.65) components. Production rates for 8Ar were first calcu
lated using the Ca, Fe, and Ti abundances of Haskin et al. and 
then recalculated substituting the Ca abundances measured in 
the n-irradiated portions of our own samples (see Table VI-2) • 
Exposure ages range from 41 to 53 m.y. and from 44 to 59 m.y, 
respectively, using these two sets of Ca determinations. A clear
cut difference between the samples of rock 72275 and 72255 is 
obtained only if our own Ca detenninations are used (see Table 
VI-5). As pointed out earlier, the Civet Cat clast (72255,42) 
is the only sample which departs radically from a systematic 
discrepancy of -15% between the two sets of Ca determinations. 
Sampling inhomogeneity is the most likely cause for this de
parture, suggesting that our own relative Ca determinations, if 
not the absolute abundances, are more likely to be correct for 
this sample. We can conclude, therefore, that. the 38Arc abun
dances listed in Table VI-4 lead to reproducibly higher exposure 
ages for samples from rock 72275 than for samples from rock 
72255. A similar effect was seen in the provisional 38Ar- Ca 
ages inferred above from the n-irradiated samples. 

Almost all of the 40 Ar in these samples is from decay of 
40 K. Conventional K-Ar ages calculated from the Ar data in Table 
VI-3 and K determinations by Haskin et al. range from 3.9 ± 0.2 
b.y. for 72275,91 to 5.0 ± 0.2 b.y. for~he Civet Cat clast. 
Using the K abundances determined on the n-irradiated portions of 
our own samples, however, the conventional K-Ar ages range from 
3.9 ± 0.2 b.y. to only 4.3 ± 0.2 b.y. The age calculated for 
the Civet Cat clast based on the latter K determination is 4.0 
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± 0.2 b.y., in excellent agreement with the 40 Ar_39 Ar age of this 
sample. 

Krypton 

The 81 Kr/84Kr ratios in Table VI-3 have been corrected for 
a small hydrocarbon background based on the measured abundance at 
mass 79. One-half the correction has been added as an error. 
Cosmogenic krypton compositions were calculated by first sub
tracting a small amount of 8 sKr (~1% of the total) produced by 
spontaneous fission of 238U and then subtracting a trapped com
ponent of atmospheric composition (Eugster et a1., 1967) based 
on the remaining 8S Kr • (See, for example, Srinivasan, 1974, and 
references therein.) The fissiogenic component was determined 
using the U abudances measured by Morgan et a1. Vol. 1) and the 
40 Ar_39 Ar ages indicated in this work. Abundances of cosmogenic 
83 Kr are listed in Table VI-4 and the isotopic compositions of 
the cosmogenic components are given in Table VI-6. (Sample 
72275,91 is omitted from Table VI-6 since experimental uncer
tainties were too large to make this calculation meaningful.) 
The data of Morgan et a1. (Vol. 1) indicate that the sample most 
likely to exhibit the effects of neutron-capture reactions on Br 
are the samples of dark rim material from the Marble Cake clast, 
since the highest reported Br abundance (290 ppb) is in 
72275,80. This is a factor of six higher than the Br content of 
the .matrix sample (72275,57) from the same rock. Inspection of 
the isoto~ic ratios of cosmogenic Kr reveals that, indeed, the 
highest { °Kr/ 83 Kr)c ratios appear in the two dark rim samples 
72275,80 and 72275,166. These samples also have the highest 
(82 Kr/83 Kr )c ratios, although the fractional enhancement is not 
as great. The above observations are consistent with the iso
topic signature of n-capture on Br. The best comparison is with 
the matrix sample 72275~57, in which the {78/83)c ratio is al
most identical to the 72275,80 and 72275,166 values. The two 
dark rim samples show an average 15% enhancement in the {80 Kr/ 
83 Kr )C ratio relative to this ratio in the matrix saMple. The 
(82 Kr/83 Kr )c ratios suggest a lesser enhancement, although they 
do agree with the matrix sample within the stated uncertainties. 
This pattern of relative enhancements at mass 80 and 82 is at 
least suggestive of n-capture effects on Br in the dark rim 
material. 

Kr-Kr exposure ages were calculated usin~ two separate 
estimates of the relative production rates of 8 Kr and 83 Kr • 
The conventional estimate (Marti, 1967) is based on an average 
of the {80 Kr/83 Kr )c and (82 Kr/83 Kr )c ratios and can overesti
mate the relative production rate for 81 Kr if n-capture effects 
on Br are present. The second estimate uses an empirical re
lation developed by Lugmair and Marti (1972) for Apollo 14 rocks: 
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This relation is only applicable to rocks with a limited range 
of Sr/Zr ratios, but since the LSPET (1973) Sr/Zr ratio for 72275,2 
falls within that range, use of this formula should be permis
sible. The exposure ages calculated using both estimates of the 
production rates are given and compared with exposure ages de
rived from cosmogenic rare gas abundances in Table VI-5. The 
listed errors are at the la level and do not include uncertain
ties in the relative production rates or in the 81 Kr decay con~ 
stant. Excellent agreement is obtained for samples from rock 
72275, especially if the production rates based on the (78 Kr/ 
83 Kr )C ratio are used. The 72255 samples, however, appear to 
give a distinctly lower age: 44.5 ± 2.9 m.y. compared to 54.3 
± 1.9 m.y. for rock 72275. (Errors are la and lOmean' respec
tively.) 

Xenon 

Xenon isotopic spectra were decomposed following the treat
ment of Srinivasan (1974). First, fission xenon produced in 
situ by spontaneous fission of 238 U is calculated in a manner 
analogous to the similar calculation performed for the Kr de
composition. Next, the remaining 134 Xe and 136 Xe is partitioned 
between a trapped component of "SUCOR" composition (Podosek et 
al., 1971) and xenon from fission of 244pU (Alexander et al.-,-
1971), assuming negligible spallation yields for these~wo-iso
topes. The appropriate amounts of each of these components is 
then subtracted from the measured spectra leaving the cosmo
genic compositions given in Table VI-6. The high cosmogenic 
abundances calculated for 129 Xe and 132Xe in samples 72275,80 
and 72255,42 indicate a failure of the decomposition model for 
these two samples, since it is apparent that too little trapped 
gas has been subtracted. For the civet Cat sample, this prob
lem is directly traceable to the small U abundance used for this 
sample (taken from Morgan et al., Vol. 1). While the U contents 
measured by these workers account for about 50% of the fissio
genic 136 Xe in most of the samples, the U number for their sample 
of 72255,42 can only account for 7% of the fissiogenic 136 Xe in 
our sample! This result cannot be taken as evidence for an un
usually high initial 244pU/

238U ratio, since we have already 
given fairly conclusive evidence for sampling inhomogeneity with 
respect to U as well as K and Ca. We have, instead, an addition
al piece of evidence for this inhomogeneity. 
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72275,57 

72275,76 

72275,80 

72275,91 

72275,166 

72255,42 

72255,52 

Table IV-4. Cosmogenic rare gas abundances. 

3He 21Ne 38Ar 83 Kr 126 Xe c c c c c 

x 10-sccSTP/g x 10-12 CCSTP/g 

44 4.17 5.64 113 27 . 7 
±7 ±. 46 ±. 62 ±17 ±2.8 

26 4.63 6.89 123 24 . 2 
±4 ±.51 ±.76 ±21 ±3 . 5 

37 3.95 6.08 159 39.5 
±6 ±. 43 ±. 67 ±25 ±5.S 

50 4.06 6.05 91 22.5 
±8 ±. 45 ±.66 ±34 ±5 . 5 

34 4 . 23 6.32 165 48.0 
±5 ± . 47 ±.69 ±26 ±7.0 

24 3.37 4.83 38.2 6.5 
±4 ±.37 ±.53 ±8.4 ±l.l 

27 3.44 4.68 71 16.1 
±4 ±.38 ±.51 ill ±2.0 

Data are from unirradiated samples only. Abundance 
data from n - irradiated samples have not been in
cluded pending the system calibrations mentioned 
in the text. 
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Table VI-5. Exposure ages. 

Method 
72275,57 72275,76 72275,80 72275,91 72275,166 72255,42 72255,52 

3He c 44 26 37 50 34 24 27 

21Ne 
c 27 37 27 30 29 IS 24 

38Ar * 
c 49 47 49 51 53 51 41 

38Ar ** c 56 55 59 44 44 

81 Kr- Kr 53.S 57.2 59 73 59.3 35 44.5 
±2.6 ±6.0 ±12 ±42 ±3.5 ±10 ±2.9 

81 Kr_78 Kr 54.4 55.0 56 70 54.2 36 44.6 

126 Xe c 

±2.6 ±5.S ±12 ±40 ±3.2 ±10 ±2.9 

33.9 32.5 32.0 30 41 23.4 32.5 
±S.3 ±S.6 ±S.4 ±10 ±13 ±6.6 ±S.3 

Exposure ages calculated from the cosmogenic rare gas compositions 
given in Tables VI-4 and VI-5 are given in units of millions of years. 
Production rates for the light isotopes are the same as used by Eberhardt 
et ale (1974). Errors in the light isotope ages are estimated to be ±15% 
not-rncluding the uncertainties in the production rates. The production 
rate for 126 xec was taken from Srinivasan (1974). The listed errors are 
dominated by the uncertaint¥ in estimating the Ba abundances necessary 
to infer an age from the 12 Xec content. For explanation of Kr age de
terminations, see text. 

*Based on Ca abundances from Haskin et al. (Vol. 1). 
**Based on Ca inferred from 37Ar content-of n-irradiated portions of 

these samples. 



SAMPLE 

72275,57 

72275,76 

-< 72275,80 
H 
I 

I-' 

""" 72275,166 

72255,42 

72255,52 

Table VI-6. Isotopic composition of cosmogenic Kr and Xe. 

Krypton Xenon 

(H) (~~) (~~) (~;) (~j) e24
) 

(128) (ili) (130) 126 126 I2'b 
c c c c c c c c c 

0.2123 0.5290 0.003469 0.767 0.3246 0.5848 1.4497 1. 086 0.870 
±.0085 ±.0207 ±.00017 ±.030 ±.0124 ±.0084 ±.0184 ±.028 ±.028 

0.1936 0.551 0.00334 0.775 0.3390 0.5721 1. 482 1. 21 0.903 
±.0076 ±.025 ±.00035 ±.033 ±.0178 ±.0115 ±.042 ±.4l ±.064 

0.2136 0.594 0.00338 0.796 0.3240 0.5720 1. 556 1. 96 1. 049 
±. 0084 ±.025 ±.00070 ±.033 ±.01B5 ±. 0175 ±.058 ±.43 ±.068 

0.2087 0.618 0 . 00346 0.809 0.2949 0.5767 1. 451 1.16 0.912 
±.0102 ±.027 ±.00020 ±.036 ±.0154 ±.013l ±.046 ±.43 ±.067 

0.1594 0.432 0.00484 0.729 0.418 0.562 1. 543 2.05 1.131 
±.0152 ±.049 ±.00137 ±.075 ±.066 ±.034 ±.110 ±.69 ±.112 

0.1932 0.5141 0.00412 0.7604 0.3558 0.5587 1. 428 1.20 0.916 
±.0036 ±.0097 ±.00027 ±.0137 ±.O125 ±.0114 ±.035 ±.30 ±.0 48 

For method of calculation, see text. Uncertainties include all 
known sources of error at the 10 level including an uncertainty 
of 10% in the U contents of the samples where such data was 
available. Larger uncertainties were assigned where the U 
abundance had to be estimated. We suspect that Xe results for 
72255,42 may be unreliable due to sampling inhomogeneity in the 
U content. 

(131) I26 (132) 126 
c c 

4.200 0.429 
±.062 ±.023 

4.35 0.59 
±.33 ±.42 

4.86 1.10 
±.39 ±.43 

4.33 0.57 
±.35 ±.43 

4.68 1. 48 
±.60 ±.69 

3.75 0.60 
±.25 ±.3l 
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126Xe exposure ages have been calculated using the production 
rate given by Srinivasan (1974). Ba concentrations had to be es
timated from the rare earth element (REE) data of Haskin et ale 
(Vol. 1) assuming Ba/REE ratios typical of Apollo 14 and ApoIro 
16 KREEP rocks. The resulting exposure ages are included in Table 
VI-5. 

CONCLUSIONS 

Srinivasan's production rate for 126 Xe in rock 14066 is a 
surface production rate, derived under conditions of a very simple 
exposure history with minimal shielding. Recent target experi
ments by Kaiser et ale (1974) confirm the strong depth dependence 
of this rate, an~add weight to the conclusion that the low 126 Xe 
exposure ages are an indication of shielding. (131 xe/126 xe )c 
ratios of about 4.2 indicate a moderate degree of shielding con
sistent with the suggestion of n-capture effects in the Kr iso
topes. The dimensions of Boulder 1, Station 2 are sufficiently 
large that self-shielding would be adequate to explain these 
results, but a prior irradiation in a different orientation ap
pears necessary since the position of rock 72275 at the very top 
of the boulder indicates minimal shielding in this orientation. 
The low 3He and 21Ne exposure ages also appear to be due to 
shielding effects. The 81 Kr- Kr ages are the most reliable expo
sure ages, and the agreement of the 38Ar ages with the 81 Kr - Kr 
ages adds additional weight to this conclusion. The general 
trend of slightly lower ages in samples from rock 72255 as com
pared with rock 72275 is suggestive of differential' self-shield
ing. But isotopic effects [no neutron-capture effects in the Kr 
isotopes and a lower (131 xe/126 xe )c ratio of 3.75 ± 0.25 for 
72255,52J suggest that the less shielded rock was 72255, while 
the pattern of exposure ages suggests the reverse. It is diffi
cult to resolve this puzzle without detailed target element data 
for Br, Sr, Zr, Y, Ba, REE, and U measured on truly representative 
samples. 

Complete analyses of trapped rare gas contents have not been 
given in this report, pending a more thorough examination of the 
available data. However, preliminary data indicate that the 
trapped rare gases are depleted by two or three orders of 
magnitude relative to typical soil breccias. 

We propose the following scenario for Boulder 1: The boulder 
was formed 4.00 ± 0.03 b.y. ago, probably in the Serenitatis event. 
About 54 m.y. ago, the boulder was exposed to cosmic radiation 
for the first time, probably still emplaced in the outcropping of 
similar appearance near the top of the South Massif. During this 
stage rocks 72275 and 72255 experienced shielding effects, due 
either to a different orientation of the boulder or to partial 
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burial in a similar orientation. At some later time the boulder 
was separated from its source-crop and rolled to its position at 
the foot of the South Massif. Hutcheon's (Vol. 1) fission track 
ages (-20 m.y.) probably date this event, making it contempora
neous with the emplacement of Station 6 boulders (Bogard et al., 
1974) at the foot of the North Massif. An alternative history 
for Boulder 1, Station 2 is that it was excavated and rolled to 
its present position about 54 m.y. ago, but rocks 72275 and 72255 
remained shielded. About 20 m.y. ago, a change in the orientation 
of the boulder or a large-scale spalling event could have freshly 
exposed rocks 72275 and 72255 to a solar-flare irradiation and to 
the conditions of minimal shielding implied by the positions from 
which these rocks were sampled. 

ACKNOWLEDGMENTS 

We would like to thank Professor J.H. Reynolds for his 
guidance and criticism of this work, Professor E.C. Alexander ~ Jr. 
for planning and executing the neutron irradiation, Mr. G. McCrory 
for invaluable technical support, and Messrs R. Moniot and 
M. Sadoff for their assistance with the data analysis. 

EPILOGUE 

We have not yet completed the analysis of all the rare gas 
data we have generated. But even if we had, we would necessarily 
fall far short of fulfilling one of our primary objectives. The 
dependence of fine-scale variations in the isotopic compositions 
and abundances of cosmogenic rare gases on variations in target 
element chemistry cannot be deduced without complete chemical 
data on the relevant target element abundances in truly representative 
samples (i.e., aliquots). The lack of Sr, Zr, and Ba analyses in 
samples 72255,52, 72275,57, and 72275,166 is particularly crip-
pling. A 10-20 mg aliquot of each of our samples has been re-
tained for this purpose. 
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VII. RB-SR AGES OF CLASTS FROM WITHIN 
BOULDER 1, STATION 2, APOLLO 17 

C.M. Gray 

Department of Geology 
La Trobe University, Bundoora, Victoria 

W. Compston, J.J. Foster, R. Rudowski 

Research School of Earth Sciences 
Australian National University, Canberra 

AGE OF THE CIVET CAT CLAST 

Introduction 

We have previously reported an age of 4.18 ± 0.04 b.y. for 
this clast of shocked norite from Boulder 1 at the Apollo 17 Sta
tion 2 (Vol. 1). The age was based principally on replicate total
rock samples of white plagioclase-rich material, dark pyroxene-rich 
material, and a physical mixture of white and dark portions of the 
rock. Plagioclase separates and one "green" pyroxene from the 
"mixed" material fitted the total-rock line to within experimental 
error. The age was interpreted as the original igneous age of the 
norite, on the implicit assumption that the clast had remained a 
closed chemical system during its subsequent history . 

Analyses of two out of four new mineral separates do not fit 
the 4.18 b.y. isochron, due we believe to the metamorphism that 
accompanied the assembly of the breccia. Consideration of the 
extent of isotope redistribution, both from these data and from 
new data for the breccia matrix, strengthens our interpretation 
of 4.18 b.y. as the igneous age, and shows that assembly of the 
breccia took place at approximately 3.9 b.y. 

Sampling of 72255 

The sampling details are crucial to our interpretation of 
the Rb-Sr results, and are summarized below. 

The Civet Cat clast 72255,41 is composed of deformed 
plagioclase phenocrysts set in a finer-grained matrix of ortho
pyroxene and plagioclase. After coarse crushing of the clast, 
these two components were handpicked as bulk "white" (plagioclase 
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phenocrysts) and bulk "gray" (orthopyroxene-plagioclase matrix) 
fractions, each being composed of chips several millimeters in 
size. Because they formed during igneous crystallization, these 
fractions are the most likely to record the original igneous age . 
Most of the clast remained as a finer mixture of the above two 
fractions and was prepared as a bulk "mixed" fraction that should 
also preserve the igneous age . 

The "gray" and the "mixed" fractions were sufficiently 
abundant for mineral separation, and both yielded plagioclase and 
pyroxene concentrates (Table VII - I) . The mineral data provide a 
test for internal isotopic redistribution within the "gray" 
fraction : the minerals will exchange Sr isotopes during meta
morphism faster than the coarse bulk fractions and should give a 
younger age unless heating was so prolonged that the entire clast 
was equilibrated. In terms of their original affinities, the 
plagioclase from the "mixed" fraction should be considered as 
mainly contributed by the "white" fraction , and its pyroxene 
completely contributed by the "gray" fraction. 

Components of two specimens of the breccia matrix immediate
ly adjacent to the Civet Cat clast (see cutting diagrams by 
Marvin, Vol. 1) were separated to test for Rb- Sr equilibration 
during assembly. Sample 72255 , 59 yielded an anorthosite clast 
and "gray" and "light-gray" fractions, and sample 72255,53 pro
vided a bulk sample and two separates of plagioclase clasts. 
The first would reveal equilibration on the 2 to 3 mm scale of 
the fractions, and the second on the 0 . 05 to 0.1 mm scale of the 
plagioclase crystals . 

Civet Cat clast : "bulk" or igneous age 

Data for the six "bulk" samples alone define an excellent 
isochron of age 4.20 ± 0 . 07 b . y. and initial 87sr/86Sr 0.69918 + 
12. We continue to interpret this as the original igneous age 
because (1) the igneous texture is partially preserved, (2) the 
initial 87Sr/86Sr is low whereas the mean Rb/Sr of the clast is 
rather high, and (3) metamorphic equilibration within the breccia 
matrix of 72255 is limited to much smaller volumes than those of 
the bulk samples, as shown below . 

Data for the plagioclase separates from the "mixed" bulk 
sample fit perfectly to the same isochron , refining the age to 
4.18 b.y. as originally reported. A good fit for these particu
lar samples must be expected even if short-range Sr isotope 
exchange has occurred, as the ratio Rb/Sr within the large 
plagioclase phenocrysts will be comparatively uniform and very 
low. 
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Civet Cat clast: mineral or metamorphic age 

Although the "black" and "green" pyroxenes (Table VII-I) will 
fit the bulk isochron to within experimental error, it is plain 
from Figure VII-l that the two separates from the "gray" bulk 
fraction, plagioclase 5, and the "green + black" pyroxene will not 
do so. The pattern in Figure VII-I, of plagioclase above the 4.18 
b.y. isochron and pyroxene below it, resembles the classical 87Sr 
equilibration response of minerals to a younger heating event. 
However, such internal equilibration has not been complete. We 
have previously indicated that all the pyroxene separates belong 
to the "gray" bulk fraction, but they do not fit a single meta
morphic isochron together with plagioclase 5 to within experi
mental error. In these circumstances, it is doubtful whether any 
regression method is a valid estimator of the later thermal event • 
Nevertheless, using the Model 3 method of McIntyre et al. (1966), 
the data give an "age" of 3.89 ± 0.23 b.y., which weview as an 
approximation to the time of mineral disturbance. This result is 
consistent with the stratigraphic control provided by the age of 
the younger mare basalts at the Apollo 17 site (3.80 ± 0.05 b.y. 
by many authors) . 

The above description of "pyroxene" and "plagioclase" as the 
mineral separates is much too simple as regards the distribution 
of Rb and Sr. Comparison of various pyroxene analyses in Table 
VII-l shows that Rb in the "green" and "green + black" separates 
is probably dominated by small amounts of a Rb-rich mineral, and 
plagioclase 5 is likewise diluted by aRb-rich, Sr-poor phase in 
comparison with the other plagioclases. Consequently, the response 
to reheating of Rb-rich minor minerals may be more relevant to the 
interpretation of the pyroxene data than the question of 87Sr 
exchange between plagioclase and pyroxene proper. 

A further complication is the fact that the element Rb is 
substantially more mobile than Sr, so that the discordant plagio
clase and pyroxene data could be interpreted as the result of 
redistribution of Rb rather than Sr between the minor mineral 
phases that dominate the system. On this model, an estimate for 
the age of proposed Rb mobilization follows if we make the 
assumption that the black pyroxene is completely unaffected. The 
slope of the tie-line between the points for the black pyroxene 
and the green + black pyroxene then gives the ratio radiogenic 
87Sr/87Rb for the added Rb, which is equivalent to an age of 
3.92 ± 0.11 b.y. This is a reasonable estimate for the age of 
breccia formation relative to the mare basalts. Note that the 
green pyroxene point may also fit the same line. 

The question of matrix equilibration 

Table VII-2 shows new Rb, Sr analyses of total-rock and 
separated lithic and mineral components of the matrix for 72255 
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Table VII- I . Rb , Sr , and 87Sr/86Sr for samples of the "Civet Cat " clast 72255,41. 
Samples marked * are new since Volume 1 . Total-rock samples are in
dependent fragments rather than homogenized aliquots , so analytical 
differences are expected due to sampling effects . Mineral separates 
are grouped with the total-rocks from which they were separated. 

Plagioclase-rich total-rock (1) 

Plagioclase-rich total-rock (2) 

"Mixed " total - rock (1 ) 

"Mixed " total-rock (2) 

Plagioclase (1) 

Plagioclase (2) 

Plagioclase (3) 

Plagioclase (4)* 

Pyroxene (green) 

Pyroxene (black) * 

Pyroxene-rich total-rock (1) 

Pyroxene-rich total-rock (2) 

Plagioclase (5)* 

Pyroxene (green + black) * 

Weight 
(mg) 

5 . 2 

4.3 

15 . 8 

14 . 6 

4.5 

4 . 6 

3 . 6 

3.7 

8 . 8 

3 . 7 

15 . 5 

1 4. 4 

5 . 6 

4 . 3 

Rb 
(ppm) 

4 . 20 

3 . 96 

2 . 56 

3 . 02 

3 . 59 

3 . 60 

3 . 29 

2 . 89 

1. 09 

0.7 4 

5 . 68 

5 . 75 

6 . 67 

1.80 

Sr 
(ppm) 

219.5 

226 . 5 

101. 4 

100 . 9 

224 . 6 

221 . 2 

209 . 5 

198 . 0 

16 . 12 

22 . 08 

79.8 

99 . 7 

147 . 1 

19 . 16 

87Rb/86Sr 87Sr/86Sr ± se 

0 . 552 0.70250 ± 7 

0 . 504 0 . 70217 ± 3 

0 . 0729 0.70355 ± 2 

0 . 0864 0.70443 ± 2 

0 . 0461 0 . 70203 ± 3 

0 . 0469 0 . 70202 ± 3 

0 . 0453 0.70168 ± 8 

0 . 0421 0.70175 ± 3 

0 . 1956 0 . 71080 ± 15 

0 . 0972 0 . 70518 ± 6 

0.2053 0 . 71148 ± 3 

0 . 1662 0 . 70919 ± 4 

0 . 1309 0 . 70743 ± 3 

0 . 2721 0 . 71498 ± 8 
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Table VII-2. Rb, Sr, and 87Sr/86 Sr for matrix materials from breccia immediately 
surrounding the Civet Cat norite clast. A,B denote duplicates from 
reasonably homogeneous powders. The plagioclase separate (1) is 
principally composed of transparent grains, but separate (2) is mainly 
white shocked plagioclase with other minerals. 

72255,59 
(dark gray clast) 

72255,59 
(light-gray matrix) 

72255,59 
(anorthosite clast) 

72255,53 
(light-gray matrix) 

72255,53 
(plag ioc1ase) 

A 
B 

(1) 
(2 ) 

(1) 
(2 ) 

Weight 
(mg) 

16.2 
16.8 

19.7 

4.3 

29.0 
14.0 

0.8 
3.1 

Rb 
(ppm) 

14.95 
14.63 

9.79 

1.11 

5.69 
5.78 

5.52 
5.75 

Sr 
(ppm) 

145.6 
141. 7 

141.2 

140.6 

137.0 
141. 2 

319.7 
190.6 

8 7Rb/ 8 6 Sr 

0.2967 
0.2983 

0.2001 

0.02275 

0.1198 
0.1183 

0.0499 
0.0871 

87Sr/86 Sr ± se 

0.71693 ± 6 
0.71695 ± 4 

0.71119 ± 3 

0.70050 ± 8 

0.70673 ± 9 
0.70642 ± 3 

0.70223 ± 11 
0.70450 ± 8 

~ 



·716 

-714 

·712 
J.n 
" 

~ 
'710 

'708 

·706 

-704 

·712 

·710 

·708 

.Vi -706 
~, 

~ 
·704 

-702 

·700 

·699 

PYROXENE- RICH TOTAL ROCKS 
AND MINERAL SEPARATES 
CIVET CAT CLAST 

/ 

./ ° TOTAL 1 
3·9 b.y. REFERENCE 

PYROXENE 

·10 u 

./ GREEN 

.'/ 010TAl 2 PYROXENE 

PlAGIOCLASE 5 

·14 ·16 ·18 

"Rb /"Sr 

·20 ·22 ·24 

UGHT GRAY MATRIX 72255 

1 

t/ 
72255. 53 MATRIX 

! 

·26 

/ PLA"OClASE 2 
4·4 b.y. REFERENCE 

t 

! 

/ PLAGIOCLASE 

72255.59 ANORTHOSITE 

·02 ·04 ·06 ·08 ·10 ·12 ·14 ·16 ·18 

"Rb ;"'Sr 

·28 

72255.59 

MATRIX 

·20 

Figure VII-l (above). Mineral data for orthopyroxene-rich matrix. 
the 3.9 b.y. reference isochron is an approximation 
to the time of redistribution of 87Sr and/or Rb after 
the original igneous event at 4.18 b.y. 

Figure VII-2 (below). 4 . 4 b.y. mixing-line for plagioclase 
crystals separated from the light-gray matrix of 
72255 . The light-gray matrix component of 72255,59 
and the dark gray component of the same sample (not 
shown) do not fit this mixing-line. The old "age" 
for the mixing-line demonstrates that Sr isotope 
equilibration between small plagioclase inclusions 
and matrix did not occur. 
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taken immediately adjacent to the Civet Cat clast. If Sr isotope 
equilibration had occurred during the high temperatures of 
formation of the breccia, then the mineral - total-rock tie-line 
will measure the age of the event. Otherwise, the tie-line will 
be a physical mixing-line of no definite time significance. 

A first-order result is that the matrix samples do not all 
fallon a straight line (Figure VII-2). The light-gray matrix of 
72255,59 is significantly below the good alignment that is defined 
by the others, so that isotopic heterogeneity has been preserved 
over at least a 10 cm scale despite the high temperature of 
assembly. The anorthosite-matrix tie-line for 72255,59 is 
identical in slope and intercept to the 4.18 b.y. isochron for the 
Civet Cat total-rock samples. 

Plagioclases separated from 72255,53 combine with the matrix 
total-rock sample to form a 4.39 ± 0.24 b.y. "isochron" (Figure 
VII-2), but this should be viewed as a mixing-line for two 
reasons. First, the apparent age of 4.4 b.y. is much too old for 
the breccia-forming event (which is thought to be the Imbrium or 
Crisium impact), and hence younger than or equal to about 4.0 b.y. 
(~., Compston et al., 1972). Second, the line points directly 
at the probable lithIc component that is producing plagioclases, 
the anorthosite clasts, as typified by the fragment from 72255,59. 
It is exactly the kind of mixing-line that must be expected be
tween anorthosite and whatever component in the 72255,53 matrix 
is displacing it above the general 4.18 b.y. alignment. It 
follows therefore that Sr isotope equilibration did not occur 
within 0.5 ml volumes of the matrix for plagioclase grains of the 
order 200 ~m size • 

A maximum age for Civet Cat on the hypothesis of Rb addition to 
the total rock 

It may be supposed as a rather speculative hypothesis that 
the Civet Cat clast was not a closed system to Rb movement during 
its emplacement in the breccia. A net gain in mobilized Rb could 
have occurred, so that the portion of the clast richest in Rb, 
the pyroxene-rich total-rock, has its total-rock age lowered • 
Plagioclase 5 may now be viewed differently. Instead of regarding 
it as displaced above the isochron by loss of Rb or gain in 87Sr, 
it may be supposed instead to correctly register its original age . 
It will in fact align perfectly with the black pyroxene, the 
plagioclase-rich total-rocks, and with the other plagioclases 
(Figure VII-3) to give an age of about 4.46 ± 0.13 b.y. This 
value can be regarded as a maximum estimate for the original 
igneous age of the clast. On the open-system hypothesis, the pre
vious good but younger alignment of the "mixed" total-rocks and 
the pyroxene-rich total-rocks is the simple consequence of the 
physical mixing of unaltered plagioclase, pyroxene, and minor 
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Rb-bearing minerals with pyroxene-rich portions of the clast that 
contain a substantial amount of new Rb added to it during shock
ing and cataclasis of the norite. 

MODEL RB-SR AGE OF THE GRANITIC CLASTS 

According to Stoeser et al. (Vol. 1), sample 72255 contains 
about 2.6% of discrete high-potassium, high-silica clasts, compo
sitionally equivalent to "granite," that originally were probably 
fine-grained acidic rocks such as granophyric veins or rhyolitic 
flows. The K content of the matrix, and hence also its Rb con
tent, is almost certainly dominated by this small, K-rich component 
(see chemical analyses in Stoeser et al., Vol. 1), and consequently 
the high-Rb/Sr end-member of the 7225~matrix mixing-line of 
Figure VII-2 can be equated with the same component. The model 
Rb-Sr age of the end-member must be younger than the model age of 
the sample having highest Rb/Sr, the dark gra~ portion of 72255,59, 
which is 4.17 b.y. for an (assumed) initial 8 Sr/ 86 Sr of 0.69920 
(the latter represents basaltic achondrites on our measurement 
scale). Another estimate for the model age of the end-member is 
given by the reasonable expectation that its Rb/Sr is much greater 
than any of the matrix samples. The model age then closely ap
proximates to the slope of a mixing-line joining the three matrix 
samples, which is equivalent to 4.10 b.y. Thus the granitic 
clasts have model ages between the limits 4.17 and 4.10 b.y. 
These values are themselves older limits to the age of formation 
of the granitic clasts, as their initial 87Sr/86 Sr may have been 
greater than 0.6992. 

It is likely that the Rb-Sr ages of individual granitic 
clasts have been reset by redistribution of Rb and Sr during the 
reheating that is evident in at least some of them (up to partial 
melting, according to Stoeser et al., Vol. 1). However this is 
not a substantial objection to-rhe-above evaluation of their 
original age. The resetting process will produce clasts that 
have lowered ages and clasts that have increased ages, and it is 
reasonable to assume that both types were incorporated into the 
matrix without bias. 

AGE OF THE PIGEONITE BASALT CLASTS 

Stoeser et al. (Vol. 1) have described the occurrence, pet
rology, and ma]or=element chemistry of clasts of pigeonite basalt 
from the less-indurated breccia sample from Boulder 1, 72275. 

Fragments of a single basalt clast, amounting to 240 mg in 
weight, were provided for an internal Rb-Sr age determination. 
The basalt was of medium grain-size, and plagioclase, pink 
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pyroxene, and dark gray mesostasis were identifiable under the 
binocular microscope. Some fragments appeared to be shocked. 
The least shocked fragments (amounting to 80 mg) were crushed 
for duplicate total-rock samples and small amounts of very pure 
plagioclase, pyroxene, and mesostasis were recovered by hand
picking. 

The results of standard Rb-Sr chemistry and mass analysis 
are given in Table VII-3. The mesostasis proved to have favor
ably high Rb and Sr concentrations and blank corrections to 
them; the plagioclase and the total-rock were negligible. On the 
other hand, the pigeonite was very low both in Rb and Sr, and as 
its Rb/Sr was close to that of the total-rock, the analysis using 
a low-intensity signal was not extended to improve its precision 
in 87Sr/86 Sr . 

Figure VII-4 shows that the dispersion in Rb/Sr between 
plagioclase and mesostasis is very satisfactory for a precise 
age-determination. All samples, including the pigeonite, 
fit a single regression line to within experimental error, giving 
an age of 4.01 ± 0.04 b.y. and initial 87sr/86 Sr 0.69957 ± 14. 
This is probably the original age of the basalt, and certainly a 
reliable minimum estimate for its original age. An older limit 
to the age is given by the total-rock model age, assuming a 
closed system, which is 4.12 b.y. for BABI. 

The internal mineral isochron for 72275,171 is significantly 
younger than the 4.18 b.y. age interpretation for the Civet Cat 
norite. This adds to he evidence already provided by the dis
cordant norite mineral separates that the high temperature thought 
to be associated with the breccia-forming event did not reset the 
Rb-Sr record in all samples. The 4.0 b.y. pigeonite basalt age 
is also significantly older than the 3.80 b.y. age for the Apollo 
17 mare basalts, as required for the observed stratigraphic order . 
The impact event that produced the stratified breccias of Boulder 
1 is thus fairly closely bracketed in time, between the limits 
4.0 and 3.8 b.y • 

CONCLUSIONS 

(1) If the Civet Cat clast remained a closed chemical 
system during late shock and thermal events, then its original 
cooling age as a plutonic igneous rock was 4.18 ± 0.06 b.y. On 
the other hand, its original age could be as great as 4.46 ± 0.13 
b.y. if Rb entered the clast during later impact events. 

(2) Most of the Rb in pyroxene separates from the Civet Cat 
clast is contributed by small amounts of Rb-rich mineral impuri
ties. The Rb-Sr age of some of these impurities has been reset 
to about 3.9 b.y., either by 87Sr equilibration or by Rb movement, 
and the reset age probably denotes the time of assembly of the 
breccia. 
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Table VII-3. Rb, Sr, and 87Sr/86 sr analyses for pigeonite 
basalt 72275,171. Blank levels for these data 
are 0.035 ng Rb and 0.10 ng Sr. 

Mesostasis 

Plagioclase 

Pigeonite 

Total-rock 
(1) 

Total-rock 
(2) 

Weight 
(mg) 

1. 48 

1. 05 

1.93 

1L3 

11. 9 

Rb 
(ppm) 

18.8 

1. 68 

0.427 

6.34 

7.53 

Sr(tota1) 
(ppm) 

122.9 

173.3 

5.80 

81.1 

91. 8 

VII-9 

87Rb/86Sr 87Sr/86 Sr (±se) 

0.4417 0.72489 ± 6 

0.02799 0.70117 ± 4 

0.2127 0.71124 ± 42 

0.2260 0.71262 ± 3 

0.2370 0.71307 ± 9 
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Figure VII-3 (above). This diagram assumes that new Rb entered 
the pyroxene-rich component of the Civet Cat clast 
during its deformation and heating at the time of 
breccia assembly, but that all the plagioclase 
separates and the black pyroxene were unaffected • 
The 4.2 b.y. alignment of the different total-rock 
samples becomes a mixing-line on this model, of no 
simple time significance. 

Figure VII-4 (below). Internal mineral age for a pigeonite 
basalt clast from sample 72275 of Boulder 1. The 
age of breccia assembly must be equal to or younger 
than this. 



(3) Fine-grained plagioclase clasts from the indurated 
breccia 72255,53 did not noticeably exchange Sr isotopes with the 
surrounding matrix despite the elevated temperature during breccia 
assembly. 

(4) The original igneous age of granitic clasts that dominate 
the Rb content of the 72255 matrix is less than 4.2 b.y. and prob
ably equal to or less than 4.1 b.y. 

(5) The mineral age of a pigeonite basalt clast is 4.01 ± 
0.04 b.y., which is probably the original age of extrusion, to 
judge from its young model Rb-Sr age (4.12 b.y.), its lack of iso
chron discordance, and its good mineralogical preservation. 

(6) Different igneous clasts within Boulder 1 at Apollo 17 
Station 2 thus exhibit a variety of apparently original ages, 
rather than a near-uniform age reset by the thermal events that 
preceded and accompanied the final assembly of the boulder. 
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VIII • FISSION TRACK STUDIES IN 72215 AND 72255 

D. Braddy and I.D. Hutcheon 

Department of Physics 
University of California 

Berkeley, California 94720 

Track studies of Consortium Indomitabi1e boulder fragments 
in recent months have concentrated on efforts to map the distri
bution of uranium in polished thick sections of 72255 and 72215, 
in order to find uranium-rich minerals suitable for fission 
track dating. In lunar rocks, uranium [in sufficient ~uantity 
for the number of tracks from spontaneous fission of 2 8U (and 
possibly 2~~PU) to greatly exceed the background of tracks 
produced by cosmic ray Fe-group nuclei] is typically present 
only in accessory minerals such as whitlockite and zircon. These 
minerals suitable for fission track dating generally comprise 
less than 1% of the total rock and have characteristic dimensions 
of :£ 1001lm. 

In our contribution to Vol. 1 and in our paper submitted to 
the Fifth Lunar Science Conference we reported a fission track 
age of -3.9 Gy for a whit10ckite crystal from 72255. The 
greatest uncertainty in this age was created by the undetermined 
cosmic ray exposure age, preventing us from accurately assessing 
the contribution to the observed track density from cosmic ray 
induced fission of 235 U and 232 Th. Using the exposure age of 
45 x 10 6 years reported in the present volume by Reynolds et ale 
(Section VI) we have reanalyzed our data and now report an-age-
of 3.95±g :g~ Gy for the whit10ckite grain, based on an initial 
Pu/U ratio of 0.015. Data from this analysis is summarized in 
Figure VIII-l. The agreement between this age and the ~oAr-39Ar 
age, 4.00 ± 0.03 Gy, determined by Reynolds' group, strongly 
suggests that the boulder was compacted -4 Gy ago. We have 
found no evidence to suggest that breccia components have re
tained tracks prior to breccia formation and conclude that the 
fission track and radiogenic Ar clocks were reset by the same 
event. 

We have just begun our study of 6 polished thick sections from 
72215 to see if different areas on the parent boulder may yield 
varying fission track ages. Ages older than 4.0 Gy might refer 
to the original igneous age of the material or imply that the age 
of 4.0 Gy discussed above applies only to 72255 and does not refer 
to the compaction time of the boulder. Ages substantially less 
than 4.0 Gy would be indicative of a small scale metamorphic 
event causing track annealing in 72215. As our samples have just 
returned from a reactor irradiation, we present only a progress 
report on our uranium mapping studies and indicate future plans 
for these samples. 
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The most interesting features observed in our fission track 
maps of the uranium distributions are large ( ~500~m) potassium
rich clasts. Figure VIII-2 shows an SEM reflected-electron 
micr~graph of one such clast together with a map of the K dis
tribvtion. Reflected light examination shows that most of the 
K-rLCh (U-rich) clasts appear similar to the partially melted 
gran~tic clasts reported by Stoeser et al. in Vol. 1. Their 
chem~cal composition, estimated by energy dispersive x-ray 
anaL~sis, falls within the range of potash feldspar compositions 
giverl by Stoeser et al. The large area and moderate uranium 
content (-7ppm) make these clasts feasible objects to date by 
the £ission track technique once we have learned how to etch 
trac1<s in them. Partially melted clasts from Apollo 14 and 16 
breccias similar in appearance to these have proven difficult 
to etch due to the presence of metamorphic effects, presumably 
intre>duced during the formation of the clasts. Assuming that 
the J<-rich clast was formed and/or partially melted during the 
breccia-forming event, the fission track age should establish 
the timing of that event to be compared with track retention age 
determined for 72255. 

If we are unable to etch fission tracks in the clasts them
selves, we plan to utilize an alternative technique which, al
though less precise, will enable us to search for large track 
exceSses due to spontaneous fission of 244pU and indicative of 
ages greater than 4 Gy. Large, U-poor plagioclase or pyroxene 
crystals are frequently situated adj acent to or wi thin these 
clasts. While there are essentially no tracks due to fission of 
238U or 244pU within these crystals, at the grain boundaries 
there should be an increased track density due to fission of 
uranium atoms in the clast located within one track length 
(-lo~m) of the mutual boundary. The increase in the track den
sity at the boundary relative to that at the center of the U
poor grain, should enable us to calculate the length of time the 
grain and clast have been in intimate contact, presumably equal 
to the compaction age of the breccia. 

Shock effects are also all too evident in the several 
apatite crystals we have found in 72215. Attempts to reveal 
trackS in these crystals have not been successful, presumably 
due t9 the high density of shock-induced dislocations. 
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Figure VIII-2. Above, reflected electron SEM micrograph of a 
typical K-rich, U- rich clast . The large crystal 
in the upper right-hand corner is unshocked plag
ioclase. Below, distribution of K in the same 
area, from non-dispersive analysis of x-radiation 
emitted. 
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IX. VARIATIONS IN THE LUNAR PALEOINTENSITY DURING THE FORMATION 
OF LUNAR SAMPLES 72255 AND 72275 

S.K. Banerjee 

Department of Geology and Geophysics 
University of Minnesota 

Minneapolis, Minnesota 55455 

G. Swits 

Gulf Oil Company 
Exploration Division 
Casper, Wyoming 82601 

This report updates our previous pUblication (Banerjee et al., 
1974) on the measurements of the magnetic properties of orientea
samples 72255 and 72275 from the large, layered breccia boulder 
(no. 1, Station 2, Apollo 17). After carefully checking the 
original orientations recorded in the Lunar Receiving Laboratory, 
it was found that the average directions of natural remanent 
magnetizations (NRM) of the two rocks were coincident within a 95% 
cone-of-confidence. However, it was also found that the directions 
of the stable part of the NRMs, as revealed by partial alternating 
field (AF) demagnetization of one sub-sample from each rock, were 
not coincident but at an angle of about 130 0 from each other. We 
can assume that these two directions were the primary directions of 
the magnetizing field during the formation of the boulder prior 
to its excavation by the Serenitatis event. In that case, we are 
faced with the possibility that the local ambient magnetic field 
was undergoing a rotation as the layers representing 72255 and 
72275 were cooling through the Curie points (and blocking tempera
ture~ of the magnetic carriers (iron). In view of the chemical 
and petrological homogeneity of the boulder, we hazarded a guess 
that the time-interval between the imparting of thermoremanence 
(TRM) to the two layers was of the order of days. If this is 
true, this is obviously of great import to the mechanism for the 
acquisition of NRM for lunar rocks. Such a fast, time-varying 
model is incompatible with the behaviours to be expected from a 
deep-seated core-dynamo (Runcorn et al., 1971; Pearce et al., 
1972) or a single pulse of a large-(-lO to 20 Oe) magnetiC-field 
in early lunar history (Runcorn and Urey, 1973; Strangway and 
Sharpe, 1974) • 

We have now carried out paleointensity experiments on these 
two rocks in order to check if the two rocks have recorded the 
possible rotation of a unique magnetic field. It will be re
called that the observed NRMs were one order of magnitude larger 
in 72275 than in 72255 (Vol. 1), which could be due to variations in 
TRM capabilities. Thus it was essential to carry out paleointensity 
experiments in which the respective susceptibility coefficients of 
each rock were determined so as to lead to the proper value (or 
values) of paleointensity to be attributed to each rock. 
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We (Banerjee and Mellema , 1974a) have recently developed a 
new technique (an A. R. M. -method) of paleointensity determination 
which does not require repeated heatings , and have shown its ap 
plication to three Apollo 15 samples (Banerjee and Mellema , 1974b) . 
This method , with a slight modif i cation i n order to take into 
account the multi-domain nature of the iron grains in 72255 and 
72275 , was applied to the present case . In order to obtain an 
average paleointensity from a variety of remanence coercivities 
(HCR ' representing a variety of grain sizes) , a number of paleo
intens i ty values were determined from sub - samples 72275 , 56 and 
72255 , 36 (Table IX- l ; the respective means and one standard 
deviation are also shown) . The conc l usion is obvious that within 
one standard deviation the two rocks reco r ded the same average 
magnetic field ( - 0 . 27 Oe) when they were emplaced . It therefore 
r einfo r ces our previous suggestion that the two rocks have indeed 
recorded the fast , time- dependent secular variation of the same 
field . S . Reed (personal communication) has recently concluded 
that the samples were originally buried to a depth of perhaps 
600 - 700 m down in the South Massif . This would obviously require 
a s low cooling , and a time- difference of , say , 100 days Or more 
in the TRM- acquisition of the two layers would be reasonable . 
Stoeser et al . (Section III of this volume) have uncovered evi
dence that these rocks have suffered shocks in the past . This 
could , perhaps , provide another explanation for the difference in 
the directions of the stable components of the NRM . However , an 
inhomogeneous process (such as shock- remagnetization) is less 
compatible with a unique paleointensity for the two rocks than 
the conventional e xplanation , thermoremanenc es acquired during a 
t i me of fast field- fluctuation . 

Table I X- l. Paleointensities (H~aleo) by A. R. M.-method from 
samples 72275 and 7 255 . 

Sample HCR (Oe) Hpaleo(oe) Mean S . D. 

722 75 , 56 25 0 . 40 
50 0 . 23 
75 0 . 12 0 . 19 0 . 10 

100 0 . 13 
150 0 . 1 4 
200 0 . 12 

7225 5 , 36 25 0 . 55 
50 0 . 50 
75 0 . 32 0 . 35 0 . 13 

100 0 . 24 
150 0 . 28 
200 0 . 20 
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X. HALOGENS AND OTHER TRACE ELEMENTS 
IN STATION 2 BOULDER SAMPLES 

S. Jovanovic and G.W. Reed, Jr. 

Chemistry Division 
Argonne National Laboratory 

Argonne, Illinois 60439 

INTRODUCTION 

We have measured the halogens, P205' Li, and U in a number 
of samples from hand specimens chipped from Station 2 boulders • 
Hg, Ru, and Os have been measured in a few of these samples. In 
this progress report we emphasize Boulder 1 samples, but include 
data for Boulders 2 and 3 and other South Massif samples . 
Results are given in Table X-l. 

DISCUSSION AND RESULTS 

C~, P205, and U relationships 

Of the elements studied, C~, Br, U, and P205 appear to offer 
some insights into and perhaps restrictions on the formation of 
the clasts and breccias that constitute the boulders. Three 
samples studied (72275,110 matrix; 72275,161 dark breccia clast 
#2; 72255,61 matrix) are reported to be basically the same 
noritic material, subjected to increasingly intense thermal re
gimes (stoeser et al., 1974). Two samples are igneous rocks: 
gabbroic anorthosite 72215,102 and dunite 72417. Our data on the 
sugary dark breccia 72215,100 indicate that it is probably the 
most KREEP-rich of these samples. Although its P205 and U 
contents are essentially the same as those of the 72275,161 dark 
breccia clast, its residual halogen contents (i.e., the amounts 
not leached in 10 minutes by hot H20) are all ~2x higher. 
Boulder 2 rock 72395 is reported to be noritic (Albee et al., 
1974) and has a medium K content (Laul and Schmitt, 1974)-.- Its 
halogen contents are very similar to the 72255 matrix. 

We have noted previously (Jovanovic and Reed, 1974) that 
the C~r/P205 ratios in lunar samples tend to cluster. Five 
groups have been observed. Two of these groups, which include 
the Station 2 and 3 rocks, are listed in Table X-2. Dunite 72417, 
with a C~r/P205 ratio of 0.015, may fall in a third group con
sisting of Apollo 16 ray samples. The 72275 matrix sample gives 

X-l 
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Table X-I. Halogens, lithium, uranium, and P205 in Apollo 17 South Massif samples.* 

Sample F (ppm) 

72275,110** 
gray matrix (ext) 

72275,161 
clast #2 

72255,61 
dark matrix (int) 

117t 

77 

41 

72215,100 129 
sugary dark material 

72215,102 
gabbroic anorthosite 

72 3 9 5 , 4 3 ( in t) * * 

72417,1,1 (int) ** 

73235,48** 
white lithology 

73235,48** 
dark lithology 

73275,27** 

41 

154 t 

30 

30 

ct (ppm) 
r t 

28 1.6 

28 0.9 

7.4 1.3 

57 1.8 

8.9 1.3 

7.4 1.0 

5.9 0.79 

17 4.8 

17 3.0 

11 0.89 

Br(ppb) 
r t 

94 30 

370 25 

28 54 

695 37 

25 27 

42§ 14§ 

18 10 

58§ 100§ 

58§ 57§ 

71 44 

I (ppb) Li(ppm) U(ppm) P205(wt. %) 

3.3 

1.5 

0.8 

1.1 

1.6 

1.7 

0.9 

4.4 

1.9 

0.9 

12 

8 

11 

11 

9.2 

2.3 

8.1 

5.5 

9.4 

1.6 

2.7 0.6 

1 0.25 

3.1 0.57 

0.59 0.12 

0.59 

0.002 

0.48 

1.2 

1.1 

*The counting statistical errors are usually 10% or less. Errors in Br are up to 30% in 
indicated samples (§). Tellurium detected in greater than ppb level only in 72255,61 
(4.5 ppb). I detected in leach only. r = residue after leaching; t = leaching solu
tion; ext = exterior sample; int = interior sample. **Reported in Jovanovic and Reed 
(1974) . tindicates F values taken from interior sample 72275,66 and exterior sample 
72417,1,7, rather than from the listed sample. 
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Table X-2. Station 2 and 3 samples that fall into two 
groups on the basis of correlations of 
residual chlorine with P205 and uranium. * 

ct r /P205 0.003 ± 0.002 0.008 ± 0.002 

ctr/u 

members 
of 

group 

10 ± 2 16 ± 2 

72255,61 matrix 72275,110 matrix 

1 
72275,161 clast #2 72215,100 sugary dark material 

72395,43 72215,102 gabbroic anorthosite 

73275,27 73235,48 dark lithology 

* P205 data for 7 275 and 73235 are from Rhodeset ale 
(1974); P205 data for 72395 from A.L~ Albee (personal 
communication) . 

X-3 



equivocable ratios, depending on whose P205 is used: 0.008 
(LSPET, 1973) or 0.006 (Stoeser et al., 1974). Ratios of 0.003 ± 
0.002 are typical of Apollo 12 ana ~ mare basalts; those of 
0.008 ± 0.002 are associated most frequently with KREEPy material. 

High temperatures may be considered as accounting for lower 
C~r/P20~ ratios in these rocks by volatilizing C~. The order of 
the ratlos is 72275 matrix> 72275 dark breccia clasts > 72255 
matrix, and is that expected from the temperature order. The 
close U-P205 parallel (Table X-I) would tend to preclude P205 
loss, at least by volatilization. Relative to its P205 content, 
72255 matrix would have had to lose even more of its C~r than 
72275 dark breccia; this appears to be the case. However, 72255 
matrix (and 72395) may simply have had less P205 and C~r to start 
with. This would be consistent with our impression that these 
C~r/P205 ratios are fundamental parameters of ·the material they 
are found in. The lack of positive evidence for metamorphic 
fractionation of trace elements in these samples has been noted 
by Morgan et al. (Vol. 1). 

Halogens and breccia evolution 

We have noted (Jovanovic and Reed, 1974) that there appears 
to be a coherence among the residual halogens in Apollo 17 rocks 
(Table X-3, below). One trend involved 72275 matrix and 72255 
matrix, 72417, and both white and dark lithologies in 73235. The 
other trend included 72395 and 73275. New data indicate that 
72275 dark breccia clasts and 72215 sugary dark material may be 
part of still another trend, whereas 72215 gabbroic anorthosite 
is collinear with the 72275 matrix trend. 

Table X-3. C~r/Brr ratios. 

300 

72275 matrix 
72255 matrix 
72215 gabbroic anorthosite 
72417 dunite 
73235 dark lithology 
73235 white lithology 

167 

72395 
73275 

X-4 

80 

72275 dark breccia clast #2 
72215 sugary dark material 
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From the point of view of the three samples whose textures 
reflect a thermal history (72275,110, 72275,161, and 72255,61), 
the ratios indicate that the heated dark breccia clasts of 72275 
have gained or retained both C~r and Brr relative to friable 
72275 matrix and heated 72255 matrix, and that the relative en
hancement of Br is greater than C~. It appears that this is 
possible only if these rocks evolved in different environments • 
Whether this environment is pre-massif or concurrent or subse
quent to emplacement in the massif is not obvious • 

One type of environment the breccias were exposed to can be 
inferred from the leachable ct and Br (C~~, Brt) data. Eight of 
the eleven samples listed above fall along a single correlation 
line with a C~~/Brt ratio of -55 and an average deviation of -10. 
An even better fit (45 ± 6) is obtained if an apparent 0.24 ppm 
excess ct~ is subtracted from this set of samples. Only 72255 
matrix and 73275 deviate appreciably from this trend • 

This result seems to infer that either the breccias that 
constitute the boulders were exposed to a single C~-Br vapor that 
deposited on grain surfaces, or that such a ~tBr~ content was 
indigenous to the fragments prior to brecciation. If c~~ and Br~ 
were exsolved as a result of brecciation, or even earlier when the 
rock solidified, then it may be difficult to explain why they 
exsolved in proportionate amounts in rocks as diverse as dunite, 
norites, and gabbroic anorthosite. We should point out that both 
C~t and Brn contents appear to be independent of C~ and Br 

N r r 
contents. 

The simplest explanation probably is exposure to C~ and Br 
from an exogenous source during or subsequent to brecciation, 
but possibly at the time of the event that raised the massifs. In 
this regard Marvin (Vol. 1) notes that one possible accounting 
for a rippled area on a protected surface of 72275 requires the 
distribution of material by a moving medium, i.e., passage of a 
cloud of gas or fine particles. ---

It appears, then, that the breccias were indeed exposed to 
the same gases at some time in their history. However such a 
cloud of gas could not have been the source of C~ and Br incor
porated in the samples, since, at least for Boulder 1 samples~ 
two different environments are implied (see above) • 

Ru, Os, and Hg in boulders 

Ru, Os, and Hg have been measured in only three station 2 
rocks: 72275 matrix, 72417, and 72395 (Jovanovic and Reed, 1974) • 
We have reported that these rocks gave meteoritic RulOs ratios 
and we suggested that these samples, in contrast to most others 
measured, are composed of relatively unreworked primitive materials 
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that have preserved their original complements (on a relative 
basis) of these platinum metals. 
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APPENDIX A 

SPECIMEN 72235 DOCUMENTATION 

Ursula B. Marvin 

This specimen was left intact throughout the PET investiga
tions of January-February 1973. 

Surface maps were made on May 7-8, 1973. Despite careful 
handling, a substantial chip (72235,1) loosened and broke away 
from the 8 1 surface (Figure 111-10). That chip, which consists 
mainly of a curved shell of dark, aphanitic material similar to 
the rind of the main clast, formerly constituted the tongue of 
the Dying Dog (see Figure 111-9). 

On May 31, three small chips were taken from 72235,1: 

72235,3 
,4 
,5 

Thin Section Lab 
Thin Section Lab 
PRICE 

Matrix 
Black rind 
Matrix 

On March 26-27, 1974, a slab about 1.5 cm thick was cut 
from the center of the large clast. While the specimen was 
being positioned for sawing, most of the matrix broke away along 
a conspicuous pre-existing crack (see maps Nl and Bl of Figure 
111-10). The sawing and consequent breakage produced the fol
lowing subdivisions (see Figure A-I): 

72235,6 
,11 
,13 
,14 
,15 
,16 
,17 

12.86 g 
17.05 

4.39 
0.81 
4.15 

15.97 
1.41 

Matrix 
Clast; east end 
Clast; west end 
Matrix; 3 small particles 
Matrix; 3 chips 
Clast; slab 
Sawdust 

After appropriate consultations with LSAPT, the slab 
(72235,16) was cut into three segments. The sawing was done on 

May 29, and further subdivision, by means of careful chipping 
and chiseling, was completed by June 6. One of the three main 
segments (72235,16) was placed in storage; a second (72235,28) 
was wholly devoted to thin sections cut parallel to the Bl face; 
the third (72235,29) was divided into 18 subsamples, most of 
which consist of several small similar particles. The distribu
tion of the samples is documented in Figure A-I and Table A-I • 

A-I 
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I 
tv 

Number Grams 

,1 
,2 
,3 
,4 
,5 
,6 
,7 
, 8 
,9 
,10 
,11 
,12 
,13 
,14 
,15 
,16 
,17 

2.08 
0.30 
0.02 
0.02 
0.02 

12.87 
0.01 
0.01 
0.01 
0.01 

17.06 
2.23 
4.41 
0.82 
4.14 
4.08 
1. 38 

,18 - ,27 

,28 0.00 

,29 0.56 

Table A-1. 72235: Inventory of daughter samples. 

Key: 

Distribution 

storage 
Attrition 
Storage 
Storage 
PRICE 
Storage 
WOOD 
Library 
WOOD 
I,ibrary 
Storage 
Storage 
Storage 
Storage 
Storage 
Storage 
Storage 

Numbers not used 

Consumed 

Storage 

M = 
BR = 
GA = 
GB = 
CL = 

Rock 
Type 

BR+M 

M 
BR 
M 
M 
M 
M 
BR 
BR 
CL 

CL 
M 
M 
CL 

CL 

GB 

Matrix; outside of clast 
Black rind 
Gabbroic anorthosite 
Gray breccia within clast 
Main clast 

Description 

Chip; tongue of "Dying Dog" 

Potted butt from thin sections ,7 and ,8 
Potted butt from thin sections ,9 and ,10 
Thick section from chip of ,1 
Main piece of matrix 
Thin section from ,1 via ,3 
Thin section from ,1 via ,3 
Thin section from ,1 via ,4 
Thin section from ,1 via ,4 
East end piece of clast plus adhering matrix 
Freon fines 
West end piece of clast 
3 undocumented crumbs from ,11 
3 documented chips from ,11 
Remainder of slab (after subJivision, June 6, 1974) 
Undocumented chips and fines 

Thin sections ,52 to ,62 for WOOD, WILSHIRE, 
PRICE, and Library 

Irregular chunk, 1 x 0.5 x 0.5 em, with saw cuts 
on 2 surfaces; final remnant of slab 
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Number Grams 

,30 0.23 

,31 0.55 

,32 0.45 

,33 

,34 

,35 

,36 

,37 

,38 

,39 

,40 

0.21 

0.14 

0.13 

0.12 

0.05 

0.28 

0.35 

0.07 

'I( 

" , .. .. .. • .. 

Distribution 

Storage 

HASKIN 

Storage 

Storage 

Storage 

storage 

HASKIN 

ANDERS 

Storage 

Storage 

ANDERS 

.. ., ,. " " " ... .. • 
" 

---~-.. 
.. " ... " .. .. . ., ,. '" 

-t 
'I 

.. 
'" 

'" 
'" .. .. 

Table A-l (Cont.) 

Rock 
Type 

M 

BR 

BR 

BR 

BR} 
GA 

GA 

GA 

GA 

BR} 
GA 

BR 

BR 

Description 

2 large chips and 3 crumbs of fine-grained matrix 
from outside clast; some sawed surfaces 

Several irregular chips of black material with a
bundant small white anaular clasts; 1 or 2 saw cuts 
on very thin edges -

Numerous chunks of dark rind; some with bits of 
adhering GB 

3 thin chips; each with patina on one surface 

5 small chips of black rind with attached white a
northosite; 1 chunk 0.5 x 0.2 x 0.2 cm is 85% black 
rind with 15% white anorthosite on 1 side; 2 saw 
cuts 

Numerous small fragments; saw cuts common 

Many small fragments; a few with dark clasts; gen
erally fine-grained material; no saw cuts 

6 small flakes of fine-grained white material, 1 
thin chip 0.5 em long, and several small crumbs; 
minute red "rust" on some pieces 

9 black and white fragments with sharp contacts 
between dark rind and white anorthosite; sawed 
faces on some 

5 irregular chips and 3 crumbs; saw cuts on most; 
GB adhering to some 

Several chunks of black rind with small white 
inclusions which are ubiquitous in this material 

r 
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,j:::. 

Number 

,41 

,42 

,43 

,44 

,45 

,46 

,47 

,48 

,49 

Grams 

0.32 

0.17 

0.62 

0.12 

0.49 

0.16 

0.28 

0.12 

0.47 

Distribution 

storage 

storage 

Storage 

Storage 

Storage 

ANDERS 

storage 

HASKIN 

Storage 

Table A-I (Cont.) 

Rock 
Type 

85% GA} 
15% BR 

GB 

GB 

GB 

90% GB} 
10% BR 

GB 

GB 

GB 

Description 

One large irregular fragment 1 cm in longest di
mension; dominantly grayish-white breccia with 
thin black rind on one edge; white material has 
1 large dark clast with 2 white inclusions; saw 
cuts on 3 faces 

2 pieces; 1 thin chip, 1.2 cm long, with I saw 
cut surface; 1 smaller chip , very thin, 0 . 3 cm 
long with 1 saw cut 

1 irregular chunk, 1.2 x 0.5 cm, with 2 sawed sur
faces; variegated GB with large dark clasts; 
whiter breccia zone along I edge; 1 small chip 
with sawed surfaces 

3 thin chips, each with 1 sawed surface 

1 large chunk and 2 small chips; large chunk is 
1.5 x I x 0.5 cm, with 3 sawed faces; has I large 
white clast and a thin layer of black rind on I 
surface; the small chips are GB with saw cuts 

Angular chunk, approximately 0.8 x 0.5 x 0.3 cm, 
with no saw cuts; has variegated gray-white 
lenses and streaks and dark clasts up to 2 mm 

5 chunks with saw cuts 

1 irregular chunk of variegated GB with no saw 
cuts 

Chips and fines 
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BR 
,34 
,39 

ANDERS ,40 

GA 
,35 

HASKIN ,36 
ANDERS ,37 

,41 

CI 

~ 

72235,29 

o 

CB 
,29 
,42 
,43 
,44 
,45 
,46 ANDERS 
,47 
,48 HASKIN 

,28 

306-075 

,16 

BR 
,31 HASKIN 
,32 
,33 

~ 

Figure A-I. 72235: The main subdivisions, areas sampled, and 
an outline of allocations. For weights, descrip
tions, and other details see Table A-I. 



. Table A-I (Cont.) 

Number Grams Distribution Rock Description rrype 

,50 0.746 Storage Bane!. saw and freon fines 
,51 0.89 Attrition 
,52 0.01 WOOD CL Thin section from ,28 
,53 0.01 WOOD CL Thin section from ,28 
,54 0 . 01 Library CL Thin section from ,28 
,55 0.01 WOOD CL Thin section from ,28 
,56 0 . 01 WOOD CL Thin section from ,28 
,57 0.01 WILSHIRE CL Thin section from ,28 
,58 0.01 WOOD CL Thin section from ,28 
, 59 0.01 WOOD CL Thin section from ,28 
,60 0.01 Library CL Thin section from , 28 

:;::. ,61 0.01 WOOD CL Thin section from ,28 
I ,62 0.02 Storage CL Potted butt VI 
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APPENDIX B 

SPECIMEN 72215 DOCUMENTATION 

Ursula B. Marvin 

During the PET investigations of January and February 1973 
one documented chip (72215,1) was taken and used for thin sec
tions 72215,7 and ,8. On May 5, 1973, two more documented chips 
were taken and divided into samples 72215,2, 3, 4, and ,5 • 
72215,2 and ,3 were exterior chips from the Bl surface with pa
tina and zap pits; 72215,4 and ,5 were interior chips from the 
Sl surface. 72215,2 and ,4 were made into thin sections for 
Agrell and the library; ,3 was made into a thick section of 150-
200 microns for track study by Price; ,5 was made into a thin 
section for Price. 

Surface maps of the hand specimen were drawn July 18-
19, 1973 by Marvin and Agrell. In order to section all features 
of interest, a single saw cut was planned parallel to the Sl sur
face, which is approximately parallel to the main foliation of 
the boulder (see maps Tl, Sl, and Bl of Figure III-16). During 
the sawing, which took place on March 25, 1974, the knob broke 
from the main slab and several substan-tial pieces fell off 
along cleavage cracks in both the main mass and the slab. Photo
graphs and maps of the sawed surfaces are shown in Figures 
III-17 and III-18. The sawing and breakage produced the fol
lowing samples: 

grams 

72215,14 286.06 Main mass 
,15 66.91 Slab 
,26 25.48 Knob, broken from slab 
,16 8.98 Piece broken from Bl surface of slab ( ,15) 
,17 0.23 " 
,18 0.61 " 
,19 0.25 " 
,20 0.80 " 
,21 0.57 Piece broken from Bl surface of main mass 

( ,14) 
,22 1.19 " 
,23 0.53 " 
,24 1. 88 " 
,25 0.26 " 
,27 1. 90 Sawdust 
,29 3.60 Undocumented chips 

On May 23, 1974, two thin sub-slabs were cut through the 
matrix and knob of the original slab as indicat2d in Figure B-1. 
The subslabs were devoted wholly to thin sections and the re
maining pieces were distributed as shown in Figures B-1 and B-2 
and Table B-1 . 

B-1 



Number Grams 

,1 1 . 29 

to 
,2 0.14 

I 
IV 

,3 0.03 

,4 0.02 

,5 0.01 
, 6 0.77 
,7 0.01 
,8 0.01 
,9 0 . 01 
,10 0.01 
,11 0.01 
,12 0.01 
,13 0.84 
,14 286.06 

,15 1. 77 

Table B-1. 72215: Inventory of daughter samples. 

Key: OB = 
DSG = 

LB = 
CB = 
GA = 
Cl = 

Distribution 

Storage 

Storage 

PRICE 

Consumed 

PRICE 
Attrition 
Library 
AGRELL 
AGRELL 
Library 
AGRELL 
Library 
Storage 
Storage 

TATSUMOTO 

Ordinary breccia (average matrix of slab) 
Dark sugary gray (in knob and slab) 
Light-gray breccia at west end of slab 
Competent gray breccia in knob 
Gabbroic anorthosite in knob 
Holocrystalline clasts in GA 

Rock 
Type 

80% DSG 
20% OB 

OB 

Description 

Potted butt of documented chip used for thin 
sections ,7 and ,8 

Potted butt of documented chip used for thin 
sections ,9 and ,10 

Thick section from ,1 

LB Documented chip used for thin sections ,11 and 
,12 

Thin section from documented chip 

Thin section from ,1 
Thin section from ,1 
Thin section from ,2 
Thin section from ,2 
Thin section from ,4 
Thin section from ,4 
Undocumented chip 
Main mass 

LB 2 pieces, no saw cuts or patina; specks of chi
sel metal on 1 or 2 edges; larger piece has 
prominent dark clast at one end; small chip has 
rounded GA clast along thin edge. 
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Number 

,16 

,17 

,18 

,19 

,20 

,21 

,22 

,23 

,24 

,25 

.. 
" 

Grams 

8.98 

0.25 

0.63 

0.28 

0.81 

0.59 
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Table B-1 ( ~ont.) 

Rock 
Type 

90 % DSG 
10 % DB 

DB 

DB 

DB 

DSG 

90 % DB 
10 % DSG 

DB 

DSG 
DB 

90 % DSG 
10 % DB 

70 % DSG 
30% DB 

0 13 
GA 
DSG 

Description 

Saw cut on 1 surface and patina on other; DB 
adheres to both sides of DSG layer 

Thin chip 0.5 x 0.5 x 0.1 cm with patina on 1 
surface 

Thin chip 2 x 0.8 cm with patina on 1 corner; 
prominent white clast with dark rim 

Irregular chunk; no saw cuts or patina 

1 surface with patina; 1 sawed surface; group 
of cinnamon pyrox enes on 1 edge 
Small chip 

Small chunk with 1 saw cut 

Rectangular block 1 cm long; 1 saw cut 
Gray-wh ite breccia chunk 

1 sawed surface; 1 surface with patina and 
zap pits 

Large elongate block with patina on 1 edge; no 
saw cuts ; conspicuous golden pyro xenes in 
dense gray zone 

Thin chip 1 cm long with 3 lithologies; patina 
on 1 surface 

... 
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Number Grams 

, 26 2 . 90 

, 27 
, 28 
, 29 
, 30 

, 31 

, 32 

,33 

, 34 

,35 

, 36 

5 . 40 
1.16 
1. 72 
2 . 25 

4 . 13 

3 . 59 

0 . 28 

4 . 29 

0 . 94 

2 . 49 

Distribution 

BAN~~ RJEE 

Storage 
Storage 
Storage 
Storage 

Consumed 

Storage 

Storage 

Consumed 

Storage 

Consumed 

Table B-1 (Cont . ) 

Rock 
Type 

DSG 
(from 
knob) 

M 

OB 

M 

M 

Description 

1 . 5 x 1 x 1 cm ; oriented ; 2 sawed surfaces , 3 
smooth fractures , 1 rounded surface at former 
contact with other lithologies ; clean surface ; 
a few small angular white clasts and 1 small 
rounded zone of lighter gray on 1 surface 

Sawdust 
Band saw and freon fines 
Assorted small undocumented chips 
Small chips with sawed surfaces 

Subslab from knob ( , 31) used for thin sections 
, 1 78 , 179 , 180 , 194 and thick sections , 181 
and , 182 

Matrix from edge of slab ; 2 chunks , each with 1 
sawed surface ; 2 small thin chips 

2 chips and several crlli~S with saw cuts or 
patina 

West half of subslab; used for thin sections 
, 183 , 184 , 185 , 195 and thick sections , 186 
and ,187 

Band saw a n d freon fines 

East half of subslab; used for thin sections 
, 188 , 189 , 190 , 193 and thick sections , 191 
and , 192 
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Table B-1 (Cont.) 

Rock 
Type 

LB 

80 % DSG} 
20 % OB 

70 % OB J 
30 % LB 

OB 

OB 

LB 

LB 

LB 

LB 

LB 

LB 

LB 

Description 

Large blockey piece and 3 small chips; saw cut 
on thin edge of 1 small ' chip 

Dense gray material has 2 prominent white clasts 
and a wavy white streak; 2 saw cut surfaces : 
edge between them is 2 cm long 

Irregular fragments; no saw cuts or patina 

Thin triangular chip; trace of patina on 1 
surface 

Long narrow chip 2 x 0.2 cm; 1 saw cut; patina 
and zap pits on 1 surface 

6 thin chips with saw cuts or patina 

Chunk with saw cut on 1 surface; prominent white 
clast in 1 end 

2 small chunks; thinner one whiter than other 
piece 

5 small chunks; no saw cuts 

2 small chunks; sawed surface on larger; sawed 
tip on other 

3 small chunks; no sawed surfaces 

1 irregular chunk plus 2 crumbs; no sawed sur
faces 

,. 
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0"1 

Number Grams 

, 49 2 . 53 

, 50 2 .4 2 

, 51 2 . 00 

, 52 1. 80 

, 53 0. 86 

, 5 4 1. 30 

, 55 0 . 29 

, 56 2 . 63 

, 57 0 . 26 

, 58 0 . 71 

, 59 0 . 10 

Distribution 

Attrition 

Storage 

TATSUMOTO 

Table B-1 (Cont . ) 

Rock 
Ty pe 

66% DSG \ 
33% OB J 

DSG 

Description 

Rectangular chunk 1 x 0 . 7 c m: 3 white clasts 
with dark rims ~ 0 . 25 rnrn ; prominent dark clast 
with interior white streak: saw cut on 1 edge 

Very thin patch of OB adhering to 1 end : no saw 
cuts : a few specks of chisel metal 

storage DSG- OB 1 Mostly variegated gray breccia with large dark 
contact zoneJ clasts and small whitish zones : 2 sawed 
gradational surfaces 

Storage 

COMPSTON 

Storage 

BANERJEE 

Storage 

ADAMS 

ANDERS 

DSG 

DSG 

OB 

70% DSG } 
30% OB 

OB 

DSG 

DSG 

3 pieces : 1 large : 1 . 5 x 0 . 5 x 0 . 7 cm : 2 
smaller : all have 1 sawed surface 

12 chunks : smooth fractures , no saw cuts--good 
collection 

2 thin chips with 1 sawed surface each 

Piece 1 . 3 x 1 x 1 cm with 1 sawed s u rface: 
contact gradational 

Small chunk with 1 sawed surface 

Thin wedge 1 . 7 cm long : OB at each end «10 %) : 
1 sawed surface 

1 irregular chunk from contact zone with OB i no 
saw cuts or patina 
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,60 0.60 

,61 0.22 

,62 2.68 

,63 0.46 

,64 

,65 
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0.69 
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Table B-1 (Cont.) 

Rock 
Type 

DSG 

DSG 

OB 

OB 

OB 

OB 

Description 

3 chunks; no saw cuts; thin patch of gray breccia 
adhering to 1 piece 

3 small chunks; 1 sawed edge on smallest piece, 
none on others 

Rhombic chunk 1.4 x 1 x 0.7 cm; prominent dark 
clasts; small whitish zone at 1 end; 1 sawed 
surface 

Triangular piece; no saw cuts 

5 small chips; 4 have no sawed surfaces; 1 has 1 
sawed surface 

Combined with ,64 

90% OB 1 
10% whitish 

zone 
1 large saw cut surface 

OB 

OB 
OB 
OB 
OB 

80% GA } 
10% DSG 
10% LB 

Combined with ,64 

1 small fragment; no saw cuts or patina 
Combined with ,64 
1 light gray chip with a sawed surface 
1 chip with sawed surface 

Banded chip; cl-type clast in the white area 

,. 



tJj 
I 

00 

Number 

, 73 

, 74 

, 75 

, 76 

, 77 

,7 8 

,79 

, 80 

, 81 

, 82 

,83 

,84 

Grams 

0 . 09 

0 . 29 

0 . 26 

0 . 11 

0.47 

0 . 09 

0 . 23 

0 . 03 

0 . 29 

0.46 

0 . 64 

0 . 09 

Table B-1 (Cont . ) 

Distribution 

storage 

storage 

.Consumed 

HASKIN 

storage 

storage 

Storage 

storage 

Storage 

Storage 

Storage 

storage 

Rock 
Type 

CB 
DSG 

96% GA } 
4% DSG 

GA 
Cl 

99% GA } 
1% Cl 

Description 

Thin chip with sharp lithologic contact ; no 
saw cuts 

Chip from , 26 with 1 sawed edge; white material 
includes one Cl - type clast 

Chip of GA including 3 Cl-type clasts ; used for 
thin sections , 106 , 107 , 108 

3 chips ; sawed tip on 1 

DSG J 5 very thin chips with lithologic contacts 
CB 

CB 

60% OB 1 
40% DSG 

GA } 
DSG 

GA \. 
CB ) 
CB 

DSG 

GA 

2 thin irregular chips sawcut on 1 thin edge 

3 thin chips ; largest is 98% DSG, with 1 sawed 
edge ; other 2 are mostly gray breccia; saw cuts 

18 small crumbs of mixed materials ; a few saw 
cuts 

Chip with contact ; 2 saw cuts 

Chip with prominent dark clast and thin whitish 
zone in matrix ; saw cut at 1 end 

1 piece from knob 

1 chip of white material with a fine - grained 
cloudy gray zone ; 1 sawed surface 
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Grams 
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Distribution 
Rock 
Type Description 

Storage 

Storage 

Storage 

ANDERS 

ANDERS 

ADAMS 

REED 

HASKIN 

BANERJEE 

Storage 

Storage 

GA} 
CB 

DSG 

DSG} 
LB 
OB 

CB 

GA 

CB 

CB 

CB 

4 small chips; white on 1 surface, gray on other; 
too thin to subdivide; thin sawed edges on 1 

1 small chip 

4 chunks with mixed lithologies 

1 small chip 

6 tiny white chips; pure as feasible; no saw 
cuts 

Thin chip 0.75 cm wide with patina and zap pits 
on 1 surface 

4 chips; fine-grained with no large clasts; no 
saw cuts or patina 

8 chunks; fine-grained with no large clasts; no 
saw cuts or patina 

90% CB 1 
10% dark clast 

1 irregular chunk; no saw cuts 

OB 

CB 

2 pieces; triangular chip 1 cm across; 1 dark 
clast from OB with 1 sawed surface 

Small hexagonal chunk 0.5 cm wide; 2 white 
clasts, each 0.5 rom; no saw cuts 

,.. 
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Number 

, 96 

, 97 

, 98 

, 99 

, 100 

, 101 

,1 02 

, 103 

, 104 

Grams 

0 . 30 

1. 48 

0 . 56 

0 . 54 

0 . 18 

0 .21 

0 .0 2 

0 . 11 

2 . 08 

Distribution 

Storage 

TATSUMOTO 

Storage 

HASKIN 

REED 

ADAMS 

REED 

ANDERS 

cm·1PSTON 

Table B-1 (Cont . ) 

Rock 
Type 

DSG } 
GA 
CB 

DSG 

DSG 

85% DSG ) 
15% CB 

DSG 

GA } 
DSG 

GA 

DSG 

DSG 

Description 

15 chips , 1-3 rnm in size ; 3 mainly CB ; 2 mainly 
GA ; 10 DSG ; all have saw cuts : rejects from , 87 

2 chunks from knob with no saw cuts or pat i na ; 
larger chunk has thin patches of CB on 2 sur
faces ; smaller has patch of GA on 1 surface 

4 chips ; 1 saw cut on each 

Large , thin chip from knob 1. 5 x 1 cm ; gray
black contact ; no saw cuts 

1 triangular chip with trace of GA on 1 edge 

Thin chip 1 x 0 . 8 x 0 . 2 cm with contact sub
parallel to surfaces ; 2 good lithologies 
exposed on smooth fracture surfaces ; white side 
incl udes a small Cl-type clast 

2 small chips , 98% white ; 1 has bit of g r ay 
breccia on 1 side 

Small pyramid of dark east end material; 1 
prominent white clast of type that is ubiquitous 
in the DSG ; trace of gray breccia on top corner ; 
no saw cuts ; specks of chisel metal on 1 edge 

3 chunks ; all have prominent white clasts; thin 
patches of gray breccia on second largest ; 
largest chunk has saw cut on 1 small end ; round 
blue-white clast near saw cut 
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,105 4.37 
,106 0.01 
,107 0.01 
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,110-,177 
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t:I:l ,181 0.03 I 
...... ,182 0.03 
...... ,183 0.01 

,184 0.01 
,185 0.01 
,186 0.03 
,187 0.03 
,188 0.01 
,189 0.01 
,190 0.01 
,191 0.03 
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Table B-1 (Cont. ) 

Distribution 
Rock 

Description Type 

Storage Chips and fines from chipping cage 
WOOD Thin section from ,75 
AGRELL Thin section from ,75 
WOOD Thin section from ,75 
Attrition 

Numbers not used 

WOOD Thin section from ,31 
AGRELL Thin section from ,31 
WOOD Thin section from ,31 
PRICE Thick section from ,31 
PRICE Thick section from ,31 
WOOD Thin section from ,34 
AGRELL Thin section from ,34 
WOOD Thin section from ,34 
PRICE Thick section from ,34 
PRICE Thick section from ,34 
WOOD Thin section from ,36 
AGRELL Thin section from ,36 
WOOD Thin section from ,36 
PRICE Thick section from ,36 
PRICE Thick section from ,36 
AGRELL Thin section from ,36 
AGRELL Thin section from ,31 
AGRELL Thin section from ,34 
Attrition From ,31 
Attrition From ,34 
At-trition From ,36 

.. "\ ... ... ... 
... .. 
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,15 TATSUMOTO 
,37 
,42 
,43 
,44 ANDERS 
,45 ADAMS 
,46 BANERJEE 
,47 HASKIN 
,48 REED 
,49 

,31 THIN SECTIONS 
,34 THIN SECTIONS 
,36 THIN SECTIONS 

72215 

SLAB 

SUBDIVISIONS OF SLAB 

DSG 

,16 
,23 
,24 
,25 
,38 
,50 
,51 TATSUMOTO 
,52 
,53 
,54 COMPSTON 
,55 
,56 BANERJEE 
,57 
,58 ADAMS 
,59 ANDERS 
,60 HASKIN 
,61 REED 

GA 

, 17 
,18 
, 19 
,20 
,21 
,22 
,32 
,33 

306 - 075 

OB 

,39 TATSUMOTO 
,40 ANDERS 
,41 REED 
,62 BANERJEE 
,63 ADAMS 
,64 (,65 ,67 ,69) HASKIN 
,66 
,68 TATSUMOTO 
,70 
,71 
,79 
,94 

Figure B-1. 72215: The main subdivisions and an outline of 
allocations from the slab (72215,15). For weights, 
descriptions, and other details see Table B-1. 
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GA 

,72 
,74 
,76 HAS KIN 
,80 
,81 
,84 
,85 
,89 ANDERS 

,101 ADAMS 
,102 REED 

,31 THIN SECTIONS 
,75 THIN SECTIONS 

@ 
CI 

72215 

I 1 
1,311 

SUBDIVISIONS OF KNOB 
DSG 

,26 BANERJEE 
,73 
,77 
,83 
,86 
,87 
,97 TATSUMOTO 
,98 
,99 HASKIN 

,100 REED 
,103 ANDERS 
,104 COMPSTON 

...-CB 

DSG 

306 - 075 

,78 
,82 

CB 

,88 ANDERS 
,90 ADAMS 
,91 REED 
,92 HASKIN 
,93 BANERJEE 
,95 
,96 

Figure B-2. 72215: The main subdivisions and an outline of 
allocations from the knob (72215,26). See also 
Table B-1 . 






